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In the endeavor towards distributed power systems, not seasonal-dependent micro-power generation technologies are 

expected to integrate the energy scenario in the years to come. In this context, the Organic Rankine Cycle (ORC) in 

the (1-10) KWe scale has chronically lacked a suitable expansion device, hindering its market attractiveness. As scroll 

expanders have been pointed out as strong potential candidates, performance correlations and pre-design maps based 

on a review and analysis of published experimental data are presented. A dimensionless approach based on the 

traditional Ns, Ds dimensionless numbers stemming from turbomachinery has been chosen for greater generality. In 

addition, the lubricating oil mass fraction effect on the scroll expander performance has been included. The generated 

maps contribute to accelerating the pre-design phases at the system and component level with beneficial effects for 

the overall development process. Basic geometry and size characteristics are considered as well, acknowledging their 

importance in micro-power embedded applications; these considerations are illustrated in a passenger car waste-heat 

recovery case study. Findings suggest that optimized scroll expanders may potentially reach very interesting nominal 

electric isentropic efficiencies (up to 80% for an oil lubricated scroll expander). 

Introduction 

Decentralized energy conversion is growing more and more since it is needed for transitioning towards 

low-carbon energy systems [1]. In this context, the significant potential of micro-power generation 

(<10kWe) based on low-temperature heat sources has been identified by various authors [2–5], while the 

Organic Rankine Cycle (ORC) has been widely studied and recognized as one of the leading candidates for 

such tasks [6–9]. Literature considers the expander device as one of the key technologies for both 

performance and commercial success of micro-scale ORC [10–14]. Hence, considerable attention has been 

paid to expanders [15,16], in particular to piston, rolling piston and scroll expanders. Piston and rolling 

piston expanders, although inexpensive, are mainly penalized due to the requirement of check valves and a 

limited lifetime. The scroll technology has received significant attention in research in recent years, 

reinforced by its success as a compressor in the refrigeration and air-conditioning industry. Since it is being 

mass produced already for these markets, this clearly proves its feasibility also in terms of cost [17,18]. 

Further, the scroll technology offers interesting volume ratios and efficiencies while maintaining acceptable 

manufacturing complexity [14,16,19].  

Scroll systems can be classified according to several criteria. In terms of the relative motion between scroll 

involutes, the co-rotating and orbiting mechanisms are to be distinguished. In co-rotating scrolls, the two 

involutes rotate in a carefully synchronized manner. In the orbiting scroll case, one of the scroll plates 

remains stationary while the other follows an orbital motion. Co-rotating scroll machines have lagged 

behind orbiting scrolls in the compressor scroll market due to a series of technical difficulties mainly 

associated with the synchronization of the scroll volutes [20]. However, they are still a subject of research 

and study, in particular due to their tolerance to liquid injection [21]. In terms of the driving type: direct-



drive or open-drive systems are available. Hermetic and semi-hermetic systems belong to the direct-drive 

type, in which generator and expander are mounted on a single shaft avoiding the need for shaft seals. In 

hermetic and semi-hermetic systems, all of the elements required for the scroll operation are integrated 

inside a housing. These configurations are air-tight, thus avoiding working fluid leakage into the 

environment. The difference between hermetic and semi-hermetic systems is that the former cannot be 

opened without damaging the housing since it is a welded single piece, whereas the latter is accessible for 

maintenance [22]. Hermetic and semi-hermetic systems are commonly intended to be used in stationary 

applications where tightness during an extended lifetime is a priority. Scroll open-drive systems do not 

integrate the prime mover with the scroll expander on a single shaft and housing, thus allowing power 

transmission via a drive belt or equivalent mechanisms. The downside of open-drive systems is that 

refrigerant tightness can be compromised as the shaft seals degrade over time. Scroll expanders may be 

further categorized with respect to their internal kinematics. The kinematically rigid configuration 

constraints physical contact between orbiting and stationary scrolls through a dedicated guiding mechanism, 

thus allowing for operation without a lubricant. However, they are subject to more internal leakage, with 

respect to the compliant type [23]. In contrast, compliant scrolls provide the orbiting scroll with additional 

degrees of freedom, in both radial and/or axial directions, with the beneficial effect of increased robustness 

with regards to liquid ingestion and increased tightness [24,25]. Compliant orbiting scrolls require internal 

lubrication to avoid premature wear. 

Modeling of scroll systems has been addressed by different authors, with proposed models ranging from 

empirical to deterministic ones [26]. For scroll expanders, empirical models have been mainly focusing on 

the expander isentropic efficiency and filling factor [27]. Such empirical models have commonly originated 

from calibrated semi-empirical models. Quoilin [28] proposed empirical logarithmic correlations based on 

a particular scroll expander test campaign. Lemort et al. [29] expressed the isentropic efficiency and filling 

factor of a particular scroll expander using polynomial regressions. Declaye et al. [30] proposed an 

isentropic efficiency parameterized expression inspired by Pacejka's equation whereas the filling factor was 

correlated through a linear regression based on rotor speed, supply pressure and pressure ratio. Mendoza et 

al. [32] correlated an experimentally identified leak area parameter from the semi-empirical model used by 

Lemort et al [33] to operating conditions of a specific scroll expander. Ibarra et al. [34] proposed the 

estimation of the mentioned leak area parameter for a specific scroll expander assuming a geometrical 

scaling law, without including the influence of operating conditions. Unfortunately, the proposed empirical 

models for scroll expanders are limited to a specific geometry and operating range. Hence, they cannot be 

used outside of the validated range for general design purposes without incurring significant errors. In 

contrast, deterministic models offer a more detailed scroll expander description in which the 

thermodynamic state during the expansion process is coupled with a spatial variable defining the scroll 

chamber geometry evolution. These models are of far wider applicability than calibrated semi-empirical 

models but are impractical to use for general pre-design purposes due to the requirement of a considerable 

number of detailed geometrical design parameters.  

Nature of the Issue. In the context of expander selection for micro-scale ORC, general non-dimensional 

scroll expander performance maps are not available in the literature. Hence, the quick identification of the 

optimum scroll expander design for a given set of specifications is currently very difficult.  

Goal and Objectives. The goal of this research is to achieve a general performance analysis and qualitative 

characterization of scroll expanders applied to micro-scale ORC. The objectives are: (1) to establish a 

methodology to determine the scroll expander performance based on a general semi-empirical model with 

correlated parameters from a literature data review. (2) To devise a unified set of design guidelines to 

determine qualitative scroll expander characteristics such as size and weight. (3) To apply the developed 

methodology for the scroll expansion device to a case study based on waste heat recovery for passenger 

cars. 



The technological roadmap in this paper takes advantage of published experimental data using scroll 

expanders - which are mostly based on inverted commercial scroll compressor machines - along with the 

use of semi-empirical models. This procedure coupled to a non-dimensional representation allows to 

elaborate non-dimensional performance maps, size and weight correlations for scroll expanders.  

1. Scroll expander analysis  

1.1 Dimensionless performance maps 

Dimensionless maps predict performance as a function of operating conditions and of a minimum number 

of variables, while covering a range as large as possible of machine sizes to be of practical interest. 

Experimentally validated simulation models offer the best trade-off for map reliability and range; however, 

these models become inaccurate, when used outside of their validated range. 0D models for scroll expanders 

are based on a classical volumetric machine description as presented by Kane [35]. The working fluid 

expansion is described as a two-step process as shown in Figure 1 (a): an isentropic expansion is followed 

by an expansion at constant machine volume. Loss mechanisms responsible for reducing isentropic 

efficiency are leakage 𝐋𝐯, unadapted expansion losses 𝐋𝐨𝐮, pressure drops 𝚫𝐏𝐬𝐮, heat exchange with 

ambient �̇�𝐚𝐦𝐛 and mechanical losses 𝐋𝐦𝐞𝐜𝐡. The model presented in Figure 1 (a) requires 7 input variables 

(supply temperature 𝐓𝐬𝐮, exit pressure 𝐏𝐞𝐱, rotor speed 𝐍, working fluid, swept volume 𝐕𝐬𝐰 and built-in 

volume ratio 𝐕𝐫) and 6 calibration parameters to compute the individual losses. The calibration parameters 

have to be determined experimentally. To overcome the explicit parameter calibration for each new scroll 

geometry or operating condition, and thus allowing the 0D model to be used in a general manner, two steps 

are undertaken. The first one regroups isentropic degradation mechanisms such as thermal losses Q̇amb and 

pressure drops 𝚫𝐏𝐬𝐮into a lumped loss term Llump. The second step consists in the expression of the 

calibration parameters uniquely as a function of operating conditions and machine geometry. This 

dimensional reduction clearly results in a decrease in accuracy with respect to a dedicated calibrated model, 

however, a wider-reaching pre-design and rating tool is gained instead. The resulting reduced-dimension 

model in Figure 1 (b) needs the 7 same mentioned inputs but no additional experimental parameter 

determination is required. In addition, it expands the system boundary to account for electricity conversion 

(boundary SBIII). 

ηis,I  =   ηv. ηou∙ηlump  (𝑆𝐵𝐼) 

ηis,II  =  ηis,I ⋅ ηmech   (𝑆𝐵𝐼𝐼) 

 ηis,III  =  ηis,II ⋅ ηelec  (𝑆𝐵𝐼𝐼𝐼) 

 (1)  (a, b, c) 

According to Figure 1 (b) and Figure 2, the following isentropic efficiencies are defined, depending on the 

considered system boundary: 

where ηis,I is the isentropic efficiency considering the internal expander work: Ein =  ηis,I Ysu,is where 

Ysu,is =  ṁsu Δhsu,is corresponds to the effective isentropic fluid power. By further considering the 

system’s shaft power Emech, ηis,II is defined such that: Emech =  ηis,II Ysu,is . Finally, when the electrical 

conversion is of interest, the electrical output can be calculated as: Eelec =  ηis,III Ysu,is. 

The development of the generalized scroll performance map requires a simulation model free from 

experimental calibration for each new calculated point. Hence, the factors in Eq. 1 such as over-under 

expansion losses, volumetric efficiency, lumped losses and mechanical efficiency have to be computable 

solely with the model inputs. The efficiency factors and their modeling are explained in more detail: 



Over-under expansion ηou. The mismatch between imposed pressure ratio (operating conditions) and actual 

adapted pressure ratio achievable with the scroll’s chamber geometry may lead to under/over expansion 

losses which can be predicted by a simple model presented by Lemort et al. [30]: 

 

 ηou =
∆hadap,is + vadap(Padap − Pex)

∆hsu,is
 (2) 

Volumetric efficiency ηv. According to [36] the volumetric efficiency ηv for positive displacement 

machines can be expressed as follows:  

   
1

ηv
= 1 +

Ψ√ r Tsu A G

πωD
  (3) 

 where Ψ ∝ √1 − 1/Er2  embodies a leakage fluid velocity coefficient and Er is the expansion ratio; A is 

a dimensionless leak area, G a machine geometric characteristic, D the characteristic expander diameter and 

ω the rotational angular speed. Unfortunately, Eq. 3 requires detailed geometrical data (A and G), which 

are difficult to obtain or unavailable at pre-design stage. In order to avoid the need of dimensional expander 

data for predicting volumetric efficiency a set of non-dimensional parameters can be used as follows to 

non-dimensionalize Eq. 3: 

 

  Π1 = √1 − 1/Er2                                Π2 =
 asu 

ωD∗ (4)(a, b)  

where Π1 accounts for Ψ, and Π2 for the 
√rTsu   

ωD
 factor in Eq.3. Π2 corresponds to the non-dimensionalized 

speed of sound at supply conditions relative to the scroll tip speed. Note that in the reference Eq. 3 the speed 

of sound of a fixed ideal gas is approximated by the numerator√rTsu, (r is the gas constant) whereas in the 

present investigation REFPROP has been used to calculate all of the used thermodynamics properties, 

including asu. The definition of the diameter D∗ used in the experimental data collection is a normalized 

scroll diameter such that:  

  
πD∗2

4
=  

(Vsw+Vex)

b
=  

Vsw(1+Vr)

b
       [m2] (5) 

where D∗ corresponds to the diameter of a cylinder of height b and volume V = Vsw + Vex. D∗ has been 

employed instead of the scroll wrap diameter  D , since the latter is only occasionally reported in the 

literature, whereas the geometric values needed to compute D∗ are more accessible and provide a 

characteristic shape factor, since D∗ condenses main scroll geometrical features such as Vsw, Vr and b into 

a single number. Note that the derived quantity D∗2 is proportional to the product of the scroll pitch, the 

shape factor 𝑆𝑓 and the crankshaft radius (see Appendix C ). For sake of reduced dimensionality, the number 

ΠB =  Π1 ∙  Π2 is introduced. A typical dimensionless power law expression stemming from Eq. 3 to be 

fitted with experimental data found in literature is given in Eq. 6: 

 
1

 ηv
  =  1 +  c0 ∗ ΠB

  αb 

 (6) 

 

Note that Eq. 6 does not specifically take into account the effect of lubricating oil on the volumetric 

efficiency. Yet, its effect needs to be accounted for since it acts as a sealing agent between the scroll 



involutes and is well known to influence the volumetric efficiency. In order to express this impact, an oil-

to-void fraction ratio is proposed as follows:  

 
 Πvf =

 ϵoil 

ϵf
=  

 1 − ϵf 

ϵf
  0 < ϵf  ≤ 1 

(7) 

 

 dwhere the void fraction ϵf is defined as: 

 1

ϵf
=  1 + χ ∙

ρref

ρoil
S 

(8) 

 

With  χ =
xoil

xref
 the oil-to-refrigerant mass fraction ratio and S the slip ratio defined according to [37]: 

 
S = K + (1 − K) [

(
ρoil
ρref

) + K ∙ χ

1 + K ∙ χ
]

0.5

[−] 
(9) 

where K is the fraction of liquid (oil) entrained in the refrigerant as droplets. A value of 0.4 is commonly 

used [37]. The oil density is estimated according to Eq. 10, a density correlation for an Alkylbenzene oil 

[50] (Tridecylbenzene) used in ORC applications [51]. 

 
 ρoil  = 1055 − 0.7 ∙ Tsu          [

kg

m3] 
(10) 

   

The void fraction number Πvf defined above could be easily included as a factor or a quotient in the rearranged 

dimensionless power law: 

 
1

 ηv

 − 1 =   
c0 ∙ ΠB

  a1

Πvf
a2

 

 (11)   

 

 

Unfortunately, such an expression would lead to an incoherent volumetric efficiency in the absence of oil since:  

xvf = 1 ↔  Πvf =   0,   →  ηv ≈  0,  
 

Therefore, a constant c1 is introduced to appropriately account for the oil-free cases such that: 

 
1

 ηv
 − 1 =   

c0 ∙ ΠB
a1

c1 
 

 (12)   

 

Writing c2 = c1
1/ a2, noting that c2 ≪ Πvf  and considering the fact that the term Πvf vanishes under oil free 

operation, allows to reduce (11) and (12) into a single expression for all cases: 

 
1

 ηv
 ~ 1 + 

c0 ∙ ΠB
a1

(c2 +  Πvf )
a2  

 (13) 

In order to identify the parameters of Eq. 13 a curve fitting of experimental data points collected in the 

literature and summarized in Appendix A and B is performed in two steps. The experimental data used for 

fitting the parameters (c0, a1, a2) of Eq. 13 include various working fluids (N2, Air, NH3, R245fa, R134a, 

and R123), both compliant (cp.) and kinematically constrained (k.c) scroll expanders, and operation with 

and without oil. The constant c1 is determined for the oil-free case (xref = 1 →  Πvf = 0) with points 

corresponding to the R123 oil-free study [33]. The reason inorganic fluids have been included in the fitting 

is to take advantage of the dimensionless nature of Eq. 13, which suggests it is applicable independently of 

the working fluid. In addition, the use of inorganic fluids provides further insights on the scroll expander 

performance as it is discussed in the following lines. 



Table 1 summarizes the statistical evaluation quality for Eq. 13, including the interval of confidence for 

estimators and the R2 model coefficient of determination. Figure 3 represents the volumetric efficiency ηv 

according to the obtained fit in Eq. 13 as a function of ΠB and void fraction ϵf  (and thus Πvf as a parameter) 

Solid ϵf isolines conform to the range of reported experimental ϵf  values, including oil fraction 

uncertainties, while dashed lines extend beyond the experimental ϵf  values. The experimental volumetric 

efficiency of the collected experimental points is plotted on top of the identified reduced-dimension model. 

In order to visually inspect the model accuracy against the experimental data points Figure 4 (a) compares 

model training data with volumetric efficiency values obtained by the fitted Eq. 13. The results clearly 

suggest that higher volumetric efficiency can be achieved both through increased oil fractions and a higher 

B, which corresponds to a higher product of rotor speed and D*. Good agreement is achieved for R245fa 

and ammonia. Larger discrepancies appear for Nitrogen and for the Air I data sets. This is most likely due 

to the high uncertainty level in reported oil fraction values of 17.7 - 90.7% for Nitrogen and up to 40% of 

relative error for Air I data sets. Note, that the authors of these two studies explicitly varied the oil fraction 

in order to measure its impact on the scroll expander performance, providing an interesting range of oil 

mass fractions at different operating conditions. 

Figure 4 (b) shows the accuracy of Eq. 13 by comparing it to experimental data points which were not part 

of the model training data and for which oil mass fractions have been inferred from Figure 3, since the 

experimental oil fractions were not availabl Rough estimations of constant oil fraction values were imposed: 

0.5% and 1.7 % for Air II and R134 data sets respectively, suggesting conservative oil mass fractions were 

used. 

Regarding the kinematically constrained data set for R123, oil lubrication was reported, however, no details 

are given on its mass fraction. Nonetheless, assuming standard oil mass fractions in the range of 0.5-5%, 

Figure 3 suggests that the addition of oil does not have the same beneficial effect on the volumetric 

efficiency as for compliant scroll expanders. As a matter of fact, the data points with oil-lubrication perform 

only slightly better than the oil-free cases. This is due to the fact that the oil sealing capability results from 

the centrifugal sealing effect present in compliant scrolls, which is neutralized in the kinematically 

constrained configuration as noted by Peterson et al. [38].  

The results in Figure 4 suggest a good agreement between the experimental data and the reduced order 

volumetric efficiency model for both inorganic and organic fluids, across a wide range of operating 

conditions and scroll geometries. Hence, the selected approach based on the identified non-dimensional 

groups is validated.  

  



Lumped losses ηlump. Lumped losses collect pressure losses, thermal losses, and other degradations 

occurring during the expansion process. With the available experimental data, they can be defined as 

follows: 

  ηlump =
ηis,II,exp

ηv,exp.ηou.ηmech,exp
  (14) 

 

It is suggested, however, that the largest contributors to these losses are the pressure drops [22,28,33], which 

can be represented as an expansion through a convergent nozzle with a given throat area [33]. According 

to [33], for a stationary and isentropic nozzle, the kinetic energy due to a pressure drop is expressed as 

follows: 

 
 C2/2 =  {

Δhis                 if          Δhis <  Δhis,lav 

 Δhlav               if          Δhis >   Δhis,lav 
 

  
(15) 

where Δhis,lav is the isentropic enthalpy drop at choked conditions (Laval point). As a consequence, the 

velocity in a convergent nozzle can be expressed as follows: 

 
C2

2
  =  f0(Δhis, Δhis,lav)  (16a) 

By dimensional analysis, two Π-groups are defined ΠΔP =  
C2/2

Δhis
,   Πlav =  

Δhis,lav

Δhis
 such that: 

 ΠΔP =
C2/2

Δhis

 =  f1 (
Δhis,lav

Δhis

) = f1(Πlav ) (16b) 

 

Where ΠΔP is a metric of the relative energy loss due to a pressure drop. Therefore, the lumped efficiency 

ηlump, which is mainly driven by the pressure drop, has a functional dimensionless dependence with the 

number ΠΔP. Since from a phenomenological point of view the lumped efficiency is also a function of the 

rotor speed, the volumetric flow and the machine dimensions, the specific speed Ns =
  ω∙  V̇0.5

Δhis
0.75  and the 

machine specific diameter Ds =
D∗ ∙  Δhis

0.25 

V̇0.5  stemming from the turbomachinery analysis are introduced: 

 ηlump = f2(ΠΔP, Ns, Ds) (17a) 

 

Combining Eq. 16b and Eq. 17a the lumped efficiency can be equivalently expressed as a function of Πlav: 

 ηlump = f3(Πlav, Ns, Ds) (17b) 

In order to further decrease the number of dimensions, the number Ds,lav = Ds ∙ Πlav
0.25 =  

D∗ ∙  Δhis,lav
0.25  

V̇0.5  is   

defined. The dimensionless correlation based on a classical power law to be fitted is finally given as follows: 

 

1

ηlump
= 1 + 10b0Ns

m1Ds,lav
m2  

 

(18) 



Experimental data from five studies shown in Appendix A and B, for which isentropic efficiency values in 

the sense of ηis,II, ηv,exp and ηmech,exp, are available with sufficient accuracy, allow the identification of 

the fitting parameters of Eq. 18 presented in Table 2. Figure 5 (a) shows the penalizing effect of increasing 

rotational speed for a given Ds value, which is consistent with the observation that pressure losses increase 

with rotor speed, in contrast to volumetric efficiency which increases with Ns (or rotor speed). The lumped 

losses do not integrate the effect of oil nor distinguish between the kinematically constrained from 

compliant scroll case. As suggested by Figure 5 (b), the compliant, oil lubricated experimental data sets 

(N2, Air I, NH3 and R245fa) present a satisfactory agreement while the oil-free kinematically constrained 

data set (R123) shows a larger error spread, remaining nonetheless, within a 16% relative error band. 

 

Mechanical losses Lmech The mechanical losses can be estimated with good accuracy based on the scaling 

law proposed by Lemort et al. [33]: 

   Lmech = ω ∙ τ ∙ (
Vsw

Vsw,ref
)

2
3⁄

[W] and  ηmech = 1 −
Lmech

Ysu,isηis,I
 (19)(a, b) 

with τ = 0.47 [N. m] and  Vsw,ref = 36.54  [cm3]  

  



Scroll design map. Assuming adapted expansion, the fitted expressions of the volumetric efficiency (Eq. 

13) and lumped efficiencies (Eq. 18) allow to predict the achievable isentropic efficiency as a function of 

Ns and Ds and to plot a generalized scroll design map based on the ranges established in Table 3. Figure 6 

shows predicted isentropic efficiency contours as a function of Ns, Ds for a scroll expander operated in 

adapted expansion (ηou = 1) with oil lubrication at an oil mass fraction of 2%. At large Ns-values the 

isentropic efficiency is limited due to high lumped losses (mainly pressure losses). At small Ns-values, it 

is the low volumetric efficiency restricting the isentropic efficiency. This competing behavior of the two 

loss mechanisms with respect to the scroll expander rotor speed has been highlighted by Quoilin [28]. 

However, it is interesting to note, that the optimum trade-off between these two loss mechanisms shifts 

with Ds. Note that expander efficiency calls for larger Ds values at low specific speeds, and conversely, 

lower Ds at higher specific speeds. The overall optimum efficiency zone, is concentrated in the high-Ns 

low-Ds region, which suggests that scroll expanders are expected to perform better when operated at high 

rotor speeds with reduced characteristic diameter and larger wrap heights. For an optimum shaft power or 

optimum efficiency ηis,II , the penalty of the mechanical torque losses of Eq. 19 has to be included in the 

calculation of the optimum Ns-Ds pair. 

 

As a final remark, the effect of refrigerant kinematic viscosity on the isentropic efficiency of scroll 

expanders was further investigated based on a machine Reynolds number (Re =
ωD

μ
) with the available 

data. No concluding statistical significance was found. This is probably due to the fact that in the studied 

data range, the Re number variance is dominated by the inertial factor (which is already included in the ΠB 

number). This outcome suggests that the refrigerant viscosity influence on the scroll expander performance, 

within the ORC typical operating conditions, can be neglected. 

 

Model limitations. The fitting of the volumetric efficiency and lumped losses is based on a limited number 

of published experimental data, which may be biased by the accuracy in the reported machine geometries 

and measurement procedures. Nonetheless, great care has been applied in the selection of published data 

and only measurements with a satisfactory number of indicated variables have been considered in this work.  

Further, the model dimension reduction based on the similarity concept, the fitting procedure with 

experimental data and the lumping of various loss mechanisms are inherently reducing the model accuracy. 

Although the agreement between model prediction and experimental data is remarkable, particular care 

needs to be taken when extrapolating outside of the boundary of the original data, which is summarized in 

the Appendix A and B. 

In addition, the majority of scroll expander data used for the model fitting is based on commercial scroll 

compressors, which do not necessarily coincide with optimum expander configurations. It follows that the 

scroll expander design maps are limited to the current scroll compressors state-of-the-art.  

However, given the model limitations and considering the overall coherence of results, it can be stated that 

the presented dimensionless approach yields a robust methodology to capture the described phenomena 

based on a very limited amount of information. The satisfactory agreement of the obtained results suggests 

that the hypotheses made are adequate for generalized scroll expander pre-design tool. 

 

1.2 Scroll system mass and volume 

In order to extend the scroll expander design maps, insights with respect to mass and volume are 

investigated. These criteria are of relevance for applications where size and weight come at a premium, in 

particular in the transportation or aerospace industry. Scroll expander size and mass depend not only on 

geometry but also on the driving type: open or direct-drive. The volume and mass of scroll expanders may 

be estimated from existing scroll compressor systems since both systems are virtually reversible. 

Open-drive systems. The scroll total mass and volume, including the weight of the transmission clutch are 

presented as a function of the scroll chamber volumes (Vsc =  Vsw + Vex) in Figure 7. The data points 



correspond to scroll systems, which have been optimized for lightness and compactness since they were 

designed for passenger cars [40]. Mass and volume correlations for open drive systems are given in Eq. 20. 

In order to discount the clutch, a mass of 1.9 kg and a volume of approximately 0.4 L can be subtracted. 

(Squared points in Figure 7). 

 mtot  =  0.0151 ∙  Vsc  +  3.77 [kg]        Vtot  =  2.29 ∙ Vsc  +  4.23 ⋅ 103 [cm3] (20)(a, b) 

Direct-drive systems. Hermetic and semi-hermetic scroll systems integrate the prime mover and all the 

subsystems needed to run the compressor, including oil management. For these systems, the total weight 

and volume is mainly driven by the rated power of the prime mover, as represented in Figure 8. 

 mtot  =  18.33 ∙  Eelec
0.522  [kg ]     Vtot  = 1.39 ⋅ 104 ⋅  e(0.0187∙mtot) [cm3] (21)(a, b) 

Data points (Copeland ZB and ZH series) are based on the most compact and lightest scroll series identified 

by comparing products of leading compressor manufacturers. Figure 7 and 8 suggest that the total scroll 

system mass and volume can be estimated as a function of the rated power, since the variation in the scroll 

chamber mass with the increase of total chamber volume Vsc is negligible with respect to the system overall 

dimensions. Eq. 21 (a,b) shows the obtained fits for the scroll system total mass mtot as a function of the 

rated electric power Eelec (in kW) and the scroll system total volume Vtot (in cm3) as a function of the 

former. 

Based on geometrical data from scroll expanders presented in the Appendix A, an empirical relationship 

between the swept volumes, volumetric ratios and wrap heights has been established as follows: 

 D∗ = 0.03387 ∙ Vo +  4.213 [cm] (22) 

where D∗ is defined in Eq. 5 and Vo corresponds to the scroll outer chamber in cm3. Depending on the 

original scroll configuration it may be the swept Vsw  or the exhaust Vex  chamber volume. Eq. 22 being 

established across different scroll manufacturers and models highlights a design trend, which is neither 

universal nor necessarily the optimum design for scroll expanders. It contributes, however, to the 

description of scroll geometries currently available on the market and can therefore be used as a reference. 

Indeed, once the swept volume and volumetric ratio have been defined for a given operation, combining 

Eq. 22 and Eq. 5 allows deducing the scroll wrap height b As a reference, Orosz provides b = 7 ⋅ V𝑜
0.58 mm 

with Vo in cm3 based on an empirical fitting [41].  

  



2. Case study 

The following section provides an example where the Ns-Ds map for scroll expanders introduced in this 

paper are used to pre-design a micro ORC system. The selected case study is a waste heat recovery 

application from the internal combustion engine exhaust gases of a passenger car. The ORC is composed 

of a feed pump, which brings the refrigerant to a high-pressure level, an evaporator harnessing energy from 

the exhaust gasses, a scroll expander and a condenser, which condenses the refrigerant with ambient air. 

Table 4 summarizes the boundary conditions of the cycle for the scroll expander, based on work for a 

similar application presented by Rosset et al. [42]. A 5K pump inlet subcooling is imposed to avoid 

cavitation. Finally, a variable pressure ratio ranging from 2 to 8 is used as a sensitivity analysis parameter. 

The scroll expander performance with the imposed cycle conditions is first examined with indicators based 

on efficiency and power. These indicators are further completed with rotor speed and size such as 

normalized diameter, mass and volume. Rotor speeds, which are intrinsically related to the expander size, 

are decisive for a number of engineering choices such as materials, bearing design or the eventual need of 

an electrical converter. 

The volumetric flow and the isentropic enthalpy drop are calculated through the thermodynamic cycle 

subject to the boundary conditions presented in Table 4. Once the volumetric flow and the isentropic 

enthalpy drop within the expansion process are computed, the optimal rotor speed ωopt and the scroll 

optimal diameter D*
opt are retrieved from the Ns-Ds values yielding the best isentropic efficiency in terms 

of the ηis,II definition. 

The overall generator efficiency is set to constant values as presented in Table 5 and is composed of an 

electric converter efficiency ηcv and of an induction generator efficiency ηgen,ind. The mechanical 

efficiency is computed according to Eq. 19. 

The scroll expander is defined as a compliant semi-hermetic machine operating with 2% mass fraction of 

oil. The scroll case feasibility constraints are listed in Table 3. According to these, an optimal characteristic 

diameter D∗ -where the wrap height b and swept volume Vsw vary independently within the geometrical 

constrains- can be found. For the scroll expander, a second case is analyzed where the scroll expander 

exhaust (outer) chamber volume is linked to the normalized diameter D* such as previously identified in 

the case of commercial scroll compressors shown in Figure 9 and expressed in Eq. 22. Compared to the 

first case, this second one represents a constrained optimization in the sense that the normalized diameter 

is not independent of the swept volume Vsw anymore. 

The resulting performance indicators of the optimized expanders are presented in Figure 10. The first 

observation is a significant performance shift between the constrained scroll shape model and the optimum 

shape case. The reason is that the maximum efficiency line projected onto the Ns-Ds plane for the 

constrained model lies below the theoretical maximum efficiency line, because of the added constraint, 

reaching thus only mediocre efficiencies. On the contrary, the best efficiency line for the unconstrained 

normalized diameter is able to reach higher values, limited, however, by other geometrical constraints such 

as the maximum wrap height b at low Pr or the maximum Vr at high Pr (see Figure 12).  

In terms of isentropic efficiency ηis,III, the optimum scroll expander ranges from 70 % at the lowest  and 

peaks at 80 % for a pressure ratio close to 6.8 before falling by the penalizing effect of unadapted expansion 

due to the maximum allowed volumetric ratio (Figure 10 and Figure 12). Shaft powers achieve 2.7 kW for 

the optimum scroll expander while the constrained scroll only approaches 1.4 kW. Finally, the maximum 

ORC net power and cycle thermal efficiency are close to 2.2 kW and 11 % for the optimum scroll case. The 

constrained scroll yields 1.2 kW maximum ORC net power and ~6% maximum cycle thermal efficiency. 



Figure 11 presents the evolution of optimal rotor speeds, normalized diameters, as well as expander mass 

and volume, as a function of the installed pressure ratio. The rotor speeds are limited below 4 krpm by the 

effect of the lumped losses, (mainly pressure drop) at higher Ns values (Figure 5) and the activation of the 

minimum scroll normalized diameter constraint of 50 mm. The optimum swept volume of the scroll 

expander initially reduces steeply as the rotor speed increases (Figure 11), to subsequently moderate the 

decrease as the scroll diameter reaches a minimum (Figure 12). The swept volume continues its decrease 

despite a lowering rotor speed because of the reduced volumetric flow at the expander supply with higher Pr. 

The volume decrease is then driven by a scroll wrap height decrease without reaching the minimum 

constraint value of 20 mm.  

From the presented scroll expander analysis and case study, the following conclusions can be drawn:  

1. For given operating conditions, scroll expander performance is closely related to machine geometry 

and rotor speed. The comparison suggests that the expander normalized diameter, plays a 

significant role in the scroll expander performance. 

2. The predicted performances and geometries are based on the premise of maximum efficiency at 

nominal operation. This implies that additional design or engineering constraints will downgrade 

the expected efficiency of the expanders. Consequently, a more detailed simulation model will 

yield a closer-to-reality performance.  

3. Scroll expanders operate best when using compliant mechanisms and lubricating oil. The results 

suggest over 10 points of volumetric efficiency gain when operated in the high efficiency region 

since oil acts as a sealing agent.  

4. The presented study simplifies the pre-design task to a set of single best-operating-points, but a 

more complete study should consider the expander and performance over a full operating range 

(off-design). In this regard, scroll expanders are penalized by both unadapted expansion and 

pressure losses. 
  



3. Conclusion 

The present investigation offers a synthesis of the scroll technology used as expansion device for micro-

ORC and contributes to the generation of scroll performance maps by combining semi-empirical models 

with a range of published experimental data. The analysis of data shows that better scroll expander 

performance is expected from compliant mechanisms with respect to kinematically constraint systems, 

mainly due to more pronounced leakage of the latter. The oil mass fraction effect on volumetric efficiency 

can be accounted for in terms of void fraction; it is observed to increase sealing over 10 points compared 

to oil-free operation. The use of traditional dimensionless numbers Ns, Ds appears to be adequate to 

characterize scroll expanders as suggested by Balje, noting nonetheless the opportunity to further 

refinement by integrating more detailed simulation models. The use of a normalized diameter D∗ was 

proposed for the scroll expander Ds definition, integrating key geometrical parameters such as the volume 

ratio Vr and the scroll wrap height b. A strong penalty related to an inadequate scroll geometry for given 

operating conditions was observed, suggesting that an adapted geometry should provide improvement 

opportunities in future scroll expander designs. 

Additionally, mass and volume correlations for scroll expander systems were provided, based on 

commercial scroll compressors, which can be of considerable importance depending on the targeted 

application. 

The novel performance maps have been applied to a passenger car waste heat recovery case study 

suggesting maximum isentropic electrical efficiencies at design point of 80 %, on the condition that the 

scroll expander is run with lubricating oil. A more detailed study considering expander performance over a 

range of off-design conditions would provide further useful insights about the considered expanders.  

  



Nomenclature 

Symbol Meaning Unit 

a speed of sound m/s 

A dimensionless leak area - 

b height m 

C fluid velocity  m/s 

D expander diameter m 
Ds specific diameter - 
E technical power W 
Er expansion ratio - 
G scroll geometric 

parameter 
- 

h enthalpy kJ 
K fraction of liquid - 
L power loss/dissipation W 
m mass kg 
N rotor speed rpm 
Ns specific speed - 
P pressure Pa 

Q̇ heat flow rate W 

r specific gas constant J kg−1 K− 
Re Reynolds number - 
S slip ratio - 
T temperature K 
V volume m3 

V̇ volumetric flow m3/s 
x mass fraction - 
Y fluid power W 

 

 

Greek 
letter 

Meaning Unit 

η efficiency - 

 ϵf void fraction - 

μ kinematic viscosity Pa.s 

Π1 Dimless. approx of  Ψ  Pa 

Π2 dimless fluid speed of 
sound at supply conditons 

- 

 ΠB . Π1 ∙ Π2 - 

ΠΔP Relative kin. energy loss 
due to pressure drop. 

- 

Πlav Δhis,lav

Δhis

  
- 

Πvf 
1−ϵf

ϵf
 oil-to void fraction 

ratio 

- 

ρ Density kg.m-3 

τ torque N.m 

  χ  mass fraction ratio - 

Ψ leakage fluid coefficient - 

ω rotor speed rad/s 

 

 
Subscripts  
I before mechanical loss (See Fig 1;Fig2) 
II after mechanical loss 
III after electrical loss 
adap Adapted 
amb Ambient 
cond Condensation 
ex Exhaust 
exp Experimental 
gen electric generator 
in Inlet 
ind Induction 
is Isentropic 
lav de Laval (Point) 
lump lumped(loss) 
mech mechanical 
oil scroll volute lubricating oil 
ou over/under expansion 
r ratio 
ref reference 
rot rotor 
rs reference scroll 
sc scroll chambers total volume 

 
Acronyms  
  

cp. compliant 
k.c. kinematically constrained 
ORC Organic Rankine Cycle 
SB System Boundary 

 

  



 Figure Captions  

Figure 1 (a) Original 0D scroll expansion model. (b) Simplified model with extended system boundaries. 

Figure 2 Scroll expander Sankey diagram for simplified scroll model of Figure 1 (b). 

Figure 3 Volumetric efficiency based on Eq. 13 as a function of ΠB and of the void fraction ϵf(lines). 

Experimental scroll expander data out of literature is plotted for comparison (points) for the various working 

fluids, and scroll concepts (compliant and kinematically constrained). 

Figure 4 (a) Accuracy of calculated volumetric efficiency ηv (Eq. 13) against training data. (b) Accuracy of 

predicted ηv against experimental data not included in the training set. (But xoil rough estimation based on 

Figure 3). 

Figure 5 ηlumped based on the identified Eq. 18 and the comparison with experimental data as a function of 

specific speed Ns. 

Figure 6 Scroll isentropic efficiency contours for adapted expansion as a function of Ns, Ds with normalized 

scroll diameter D* and oil mass fraction xoil= 0.02. 

Figure 7 Open-drive scroll system total mass mtot (a) and volume Vtot (b) as function of total scroll chamber 

volume Vsc. 

Figure 8 Direct-drive scroll system mass (a) and total volume (b) as a function of scroll total chamber 

volume according to manufacturer. 

Figure 9 Normalized scroll diameter fit based on Eq. 22 as a function of scroll outer chamber volume Vo 

according to commercial compressors from Appendix A. 

Figure 10 Performance indicators for ORC and scroll expanders for the waste heat recovery case study for 

passenger cars as a function of pressure ratio. 

Figure 11 Scroll expander rotational speed and system sizing comparison under case study conditions as a 

function of pressure ratio. 

Figure 12 Scroll expanders best theoretical geometries under imposed operating conditions with varying 

pressure ratio. 

  



 

4. Appendices  

4.1 Appendix A – Scroll Geometrical Data 

 

  



 

Table A-1 Scroll expander geometrical data. 

 

  



 

4.2 Appendix B – Scroll Expanders Operating Data 

 

Table B-1 Scroll expander geometrical data. 

  



4.3 Appendix C – Derivation of D*, the normalized scroll diameter 

 

Based on the basic scroll geometry definition, it is possible to highlight the relationship between the scroll chamber 

volumes and height to the scroll pitch and crank radius. 

 
π D∗2

4
=

Vsw  +  Vex

b
 AC(1) = Eq. (5) 

 

By inspecting AC(1), one can see that D* has the dimension of a length [m] and corresponds to the diameter of the 

basis of a cylinder of total volume Vsw  +  Vex and height b. Critically analyzing the relationship of the characteristic 

scroll device dimension and leakage, the sought dimension should reflect the length with which the sealing force 

varies. The crankshaft radius is a good indicator since the sealing force is proportional to the crankshaft radius. A 

machine shape factor reflecting for instance, the ratio of radial to flank leakage, would complement the relationship 

we are trying to establish. This shape factor is determined by the ratio of the scroll height and the volumes of the 

suction and exhaust chambers (Vr  the built-in volume ratio) and the number of scroll wraps N. 

 

The dependence of D∗ with the crankshaft radius and the scroll shape factor can be verified with the basic scroll 

geometry definition with the compressor nomenclature [49]: 

 Vsw  = π p(p − 2t)b(2N − 1) AC(2) 

 
Vr  =

Vsw

Vex

 
AC(3) 

 

Where p is the scroll pitch and N the number of scroll wraps. 

 

Combining Eq. AC (1-3) yields: 

 
Vsw  +  Vex

b
=

πD∗2

4
=   (2N − 1) (

Vr + 1

Vr

) ∗ p(p − 2t)π AC(4) 

Therefore, 

 D∗2 ∝   Sf ∗ p(p − 2t)  =  Sf ⋅  p ⋅  rcrank AC(5) 

The shape factor is represented by the product: Sf =  
Vr+1

Vr
(2N-1) 

 

Thus, the derived quantity D*2
 is proportional to the product of the scroll pitch, the shape factor Sf and the crankshaft 

radius. 
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Figure 1 (a) Original 0D scroll expansion model. (b) Simplified model with extended system 

boundaries. 

 

Figure 2 Scroll expander Sankey diagram for simplified scroll model of Figure 1 (b). 



 

Figure 3 Volumetric efficiency based on Eq. 13 as a function of ΠB and of the void fraction ϵf (lines). 

Experimental scroll expander data out of literature is plotted for comparison (points) for the various 

working fluids, and scroll concepts (compliant and kinematically constrained). 

  



 

 

 

Figure 4 (a) Accuracy of calculated volumetric efficiency ηv (Eq. 13) against training data. (b) Accuracy 

of predicted ηv against experimental data not included in the training set. (But xoil rough estimation 

based on Figure 3). 

  



 

 

Figure 5 ηlumped based on the identified Eq. 18 and the comparison with experimental data as a 

function of specific speed Ns. 

  



 

 

Figure 3 Scroll isentropic efficiency contours for adapted expansion as a function of Ns, Ds with 

normalized scroll diameter D* and oil mass fraction x_oil = 0.02. 

  



 

 

Figure 4 Open-drive scroll system total mass 𝑚𝑡𝑜𝑡 (a) and volume Vtot (b) as function of total scroll 

chamber volume Vsc. 



 

Figure 5 Direct-drive scroll system mass (a) and total volume (b) as a function of scroll total chamber 

volume according to manufacturer. 

  



 

 

Figure 6 Normalized scroll diameter fit based on Eq. 22 as a function of scroll outer chamber volume 

Vo according to commercial compressors from Appendix A. 

  



 

 

Figure 7 Performance indicators for ORC and scroll expanders for the waste heat recovery case study 

for passenger cars as a function of pressure ratio. 

  



 

 

Figure 8 Scroll expander rotational speed and system sizing comparison under case study conditions as 

a function of pressure ratio. 

 

 

Figure 9 Scroll expanders best theoretical geometries under imposed operating conditions with varying 

pressure ratio. 
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