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Abstract. Sliding Rotary Vane Expanders (SVRE) are widely used in ORC-based power units 

for waste heat recovery in internal combustion engine (ICE) thanks to the capability to handle 

off-design conditions and their lower speed. In particular, SVRE revolution speed is usually 

varied together with the pump one to regulate the recovery unit. Nevertheless, this parameter 

affects SVRE performance and such effects should be taken into account. Thus, in order to reach 

this goal, in this paper a control strategy based on revolution speed variation was developed for 

SVRE. Its suitability and effects on expander performance were analyzed through a SVRE model 

developed in GT-Suite™ environment. The model was experimentally validated thanks to an 

extensive experimental campaign carried out on a 1.5 kW SVRE installed on an ORC-based 

power unit fed by the exhaust gases of a 3 liters supercharged Diesel engine. The results confirm 

the regulation strategy effectiveness as the maximum deviation between the intake-end pressure 

(object of regulation) and the set-point is 4% of its value for a wide range of operating conditions. 

Moreover, the numerical results show that the increase of revolution speed until a certain value 

leads to the expander global efficiency increase and mechanical power too. 

1. Introduction 

In recent years International attention has been moved towards the reduction of the atmospheric CO2 

concentration which has reached unprecedented peaks. Regarding this issue, a lot can be done in the 

road transportation sector which is responsible approximately for one fourth of greenhouse gases 

emissions in Europe [1]. In order to face this problem, European legislation has put more stringent limits 

related to fleet specific CO2 emissions [2]. This latter aspect determined the need of finding new 

solutions with the aim of increasing the efficiency of internal combustion engines (ICE). For these 

systems, in fact, roughly one third of the chemical energy of the fuel is transferred as thermal energy in 

the exhaust gases and thus lost. Among the different technologies which are able to recover this waste 

heat, a promising solution is represented by Organic Rankine Cycle (ORC) systems. The use of organic 

fluids in power generation plants based on Hirn or Rankine cycles has reached through the years the 

right know how to become commercially available for stationary applications. However, there are 

several issues that limited their full potential in mobile applications as in vehicles propelled by Internal 

Combustion Engines, ICE. Some of these limits are related to ICE efficiency reduction due to 

backpressure effect produced by the Heat Recovery Vapor Generator (HRVG), space availability [3], 
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working fluid thermal degradation [4], safety, reliability and cost which have to be carefully evaluated 

in order to design the appropriate components [5]. Moreover, in this kind of applications, the power 

recovery units based on ORC system has to deal with a hot source which varies in terms of temperature 

and flowrates according to the engine operating points and these aspects lead frequently the unit in off 

design conditions with a very low recovery capability. For this reason, recently, many scientific studies 

on this matter have focused on the characterization of the off-design behavior of the ORC-based power 

units with the aim of defining a control strategy ([6],[7]). In [8] the authors studied the different behavior 

between ideal transformations and real operating conditions during the expansion in a radial turbine 

highlighting strong differences. Same considerations apply for volumetric machines, of a Sliding Vane 

Rotary type, [9]. In [10] and [11] the authors made use of semi-empirical models in order to define the 

expander and overall performances of the unit highlighting the need of a well-defined experimental data 

range to accurately extrapolate results outside the range itself. A novel layout characterized by two 

expanders in series has been evaluated in [12]. In this case a further degree of freedom is added to the 

system with the possibility of making profit of it in off-design situations. However, the greater 

complexity could not justify the increase in the efficiency in small size applications. HRVG‘s 

characteristics are also important in off-design situations [13] having the capability of dumping thermal 

fluctuations of the hot source and of reducing the overall weight of the unit and volume if the 

corresponding thermal inertia is correctly designed, [14]. Different control strategies have been 

investigated in literature both experimentally or theoretically studied through ORC unit off design 

models. In [15] three control strategies have been compared with the best solution represented by a 

combination of sliding pressure & sliding velocity, varying both expander and pump speed according to 

the best efficiency point for each engine thermal load evaluated at steady state conditions. On the other 

hand, the analysis reported in [16] shows that best performances can be obtained varying pump speed 

using superheating degree as a control parameter, at least for small sized ORC unit. However, the 

variation of the pump revolution speed and expander affects the expander intake pressure [17] which set 

the maximum pressure of the plant: this appears quite important for the recovery unit, influencing both 

the evaporator and the expander behavior. Therefore, SVRE regulation strategy based on these 

parameters should be furtherly analysed. 

In order to achieve this goal, in this paper a regulation strategy of the expander intake-end pressure 

was developed and the effects of speed variation on SVRE performance were numerically investigated 

through a GT-Suite™ experimentally validated model developed by the author in [9]. The regulation 

strategy proposed is a simple iterative procedure easily implementable in an ECU based on a theoretical 

relation between the intake-end pressure and mass flow rate and expander revolution speed [17].  Thanks 

to the numerical model the regulation strategy suitability to follow the set point in terms of intake-end 

pressure was assessed and the effects of revolution speed variation on expander performance were 

predicted. 

 

2. Experimental layout 

The numerical model developed and used in this paper in order to evaluate the performances of the 

volumetric expander at different rotational speeds has been calibrated through experimental data 

collected in a wide range of operating conditions. The experimental setup shown in figure 1 consisted 

of: a volumetric gear pump controlled in speed by mean of an electric motor and an inverter; a plate and 

fin evaporator fed by the exhaust gases of a Diesel engine; a 1.5 kW Sliding Vane Rotary Expander 

SVRE connected to an electric generator which is linked to the electric network so the SVRE is 

constrained to rotate at 1500 RPM; a plate heat exchanger cooled by tap water as condenser; a 3 L tank 

upstream the pump to dump the mass flow rate fluctuations.  

In addition to these, piezoresistive pressure transducers were mounted on the cover of the expander 

in order to analyse the indicated cycle and a torque meter between the expander and the electric 

generator. In this way the evaluation of the mechanical power together with the mechanical efficiency 

of the expander was possible. More details on the experimental campaign and on experimental set-up 

can be found in [9]. 
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Figure 1. ORC experimental layout 

3. SVRE GT-Suite™ model 

In order to develop expander speed control strategy, it is fundamental the assessment of its performance 

when the revolution speed varies. To do so a numerical model developed and validated by the Authors 

in previous work [9] was used. As the experimental campaign was conducted keeping constant the 

expander revolution speed, the model acts as a software platform and allows to extend the analysis of 

expander behavior outside the operating conditions experimentally observed, in particular, when the 

revolution speed changes. The model was developed in GT-Suite™ environment and combines a mono 

(1-D) and zero-dimensional (0-D) thermo-fluid-dynamic analysis. In particular, the 1-D analysis 

involves the discretization of the fluid domain in multiple sub-volumes and for each sub-element the 

Navier-Stokes equations expressing the mass, momentum and energy conservation are solved. This 

procedure was applied to reproduce the fluid behavior in correspondence of intake and exhaust pipes as 

these phases are characterized by a high transient rate. Otherwise, the 0-D approach was employed to 

treat the expander vanes which are modeled as phased volumes (in the sense of revolution speed) which 

vary according to the rotation angle. The 0-D approach was used to model also the volumetric losses 

and three major leakages path have been considered: the leakages through the gap between the rotor 

face and the casing; the leakages through the gap between blade tip and stator; the leakages through the 

gap between the blade side and rotor slots. The model allows the evaluation also of the power losses 

Ploss due to dry and viscous friction effects. The quite total amount of mechanical power is lost due to 

the dry friction between blade and stator inner surface. This contributes is represented by equation (1): 

 

𝑃loss = 𝐶tip𝑁V𝐹N𝑟V𝜔                                                            (1) 

 

Where Ctip is the friction factor, Nv is the blade number, rv is the actual distance between blade tip 

and rotor center and FN is the force acting on the blade due two contributes: the first one is due to the 

action at blades bottom due to the fluid which fill the space between the rotor slots and the blades pushing 

them against the stator inner surface; the second one is the centrifugal force applied on the blades center 

which contributes to push the blades against the stator. Subtracting Ploss to the indicated power, evaluated 

in equation (2) (where pi and Vi is respectively the actual pressure and volume in the i-Vane during 

rotation while tcycle is the time cycle), the mechanical power produced by the expander can be obtained 

as in equation (3). More information about the model can be found in [9].  

 

𝑃ind =
∮ ∑ 𝑝𝑖𝑑𝑉𝑖

𝑁𝑣
𝑖=1

𝑡cycle
                                                             (2) 

 

 𝑃mech = 𝑃ind − 𝑃loss                                                         (3) 

 

Legend 

 

EM- electric motor 

EG- electric generator 

Evap- Evaporator 

PHX- Plate Heat Exchanger 

PP- Gear rotor pump 

Thsin- Exhaust inlet gas temperature 

Thsout- Exhaust outlet gas temperature 

Twin- Cooling water inlet temperature 

Twout- Cooling water outlet temperature 

 

Twout- Cooling water outlet temperature 
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The boundary conditions of the model are the mass flow rate elaborated by the machine ṁWF, the 

intake end pressure pin,end and temperature Tin, the pressure exerted by the circuit at expander outlet pexh 

and the revolution speed kept constant to 1500 RPM. The model has been validated in the authors 

previous work, [9] and it allows to reproduce with good accuracy the real expander behavior. Indeed, 

the Root Mean Square Errors RMSE in terms of intake pressure, mechanical power, volumetric 

(equation (4) - where ρin,end and Vin,end are respectively the density and volume at intake end) and global 

efficiency (equation (5) where hin and hout,is are respectively the specific enthalpy at intake and outlet side 

in isentropic condition) are 2%, 7%, 2% and 5% respectively.  

 

𝜂vol =
𝜌in,end𝑉in,end𝑁v𝜔

ṁWF
                                                                 (4) 

 

   𝜂exp =
𝑃mec

ṁWF(ℎin−ℎout,is)
                                                                 (5) 

4. Results  

The variation of ω has a great influence on pin,end value as demonstrated through the theoretical analysis 

performed by the authors in [17]. Indeed, in [17] it was found that the main driver of the expander intake 

pressure variation is ω and ṁWF. This can be observed introducing ρin,end (eq.6) in the ideal gas equation 

corrected by the compressibility factor Z (equation (7)), obtaining equation (8) describing pin,end variation 

as function of ṁWF, ω and ηvol. R is the particular gas constant and Tin intake end fluid temperature. 

 

𝜌in,end =
𝜂volṁWF

𝑉in,end𝑁v𝜔
                                                              (6) 

  

          𝑝in,end = 𝑍𝑅𝑇in𝜌in,end                                                              (7) 

 

    𝑝in,end = 𝑍𝑅𝑇in
𝜂vol(𝜔,ṁWF)ṁWF

𝑉in,end𝑁v𝜔
                                                    (8) 

 

It is worth to notice that equation (8) was developed to control pin,end, however, if ∆ploss is introduced 

in equation (8) to take into account the pressure losses between the start and the end of intake phase the 

control of the pressure at expander inlet (and that of the HRVG operation) would result more reliable. 

It is evident how ṁWF and ω are respectively directly and indirectly proportional to pin,end. Thus, pin,end 

raises with ṁWF increase and ω decrease. On the other hand, the dependence on ηvol is not linear and 

should be carefully analyzed. Indeed, ηvol depends on ω so equation (8) cannot be used as a linear relation 

unless some assumption on relationship between ηvol and ω are made. So, in order to find this 

dependence, the numerical model was used. In particular, ηvol of the expander was evaluated varying 

ṁWF and ω and the results were fitted in a mathematical form for control purposes (equation (9)).  

 

𝜂vol = 0.076 + 3.7 ∙ 10−4𝜔 − 0.25ṁWF − 3.9 ∙ 10−8𝜔2 − 4.5 ∙ 10−4𝜔ṁWF + 3.9ṁWF
2                 (9) 

 

Once this relation is known, equation (10) can be obtained rearranging equation (8) in terms of 𝜔. It 

can be used for regulation purpose when ṁWF is known and pin,end is desired: 

 

 𝜔 = 𝑍𝑅𝑇in
𝜂vol(𝜔,ṁWF)ṁWF

𝑉in,end𝑁v𝑝in,end
                                                         (10) 

 

In fact, equation (10) allows to predict the expander revolution speed needed to ensure a certain pin,end 

for a given ṁWF entering the machine known when the pump speed is fixed. However, equation (10) 

cannot be solved in closed form being not linear in ω. To overcome this issue, the iterative procedure 

reported in figure 2 was proposed. The following steps apply:  
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1) Definition of the two set points pin,end and Tin; acquisition of the mass flow rate circulating inside 

the plant by the knowledge of the pump revolution speed. Another input is the initial value of 

volumetric efficiency to start the iterative procedure; 

2) Evaluation of ω through equation (9) to achieve the desired set-points for the mass flow rate sent 

by the pump;  

3) Evaluation of the volumetric efficiency through equation (9); 

4) Evaluation of ρin,end with the value of ηvol obtained at point 3; 

5) Comparison of the calculated working fluid density with the values obtained when the pressure 

and the temperature are equal to the set-point values.  

6) If the condition 5 is achieved the procedure ends and the expander revolution speed was defined; 

if the condition 5 is not respected, the procedure was repeated introducing in the calculation the 

volumetric efficiency value obtained at step 3. The procedure was repeated until the condition 5 

is satisfied. 

 

Figure 2: Scheme of expander speed regulation strategy. 

In order to check the validity of the regulation strategy proposed (control of the intake-end pressure 

acting on ω when ṁWF varies), a theoretical procedure was run. For each ṁWF considered (in a range 

between 0.05 kg/s and 0.25 kg/s), the expander is rotated at the ω set by equation (10). The set-points in 

terms of pressure was 12 bar while in terms of temperature 361 K which allows to achieve 10 K of 

superheating degree. As reported in figure 3(a) the model is able to keep the pin,end close to the set point 

for a wide range of ṁWF. Indeed, if ṁWF is comprised between 0.1 kg/s and 0.225 kg/s the maximum 

relative error between pin,end and the set-point is equal to 4% of the set point. This value represent a good 

result considering the simplicity of the strategy proposed and its ability to maintain pin,end close to the set 

point, even for high excursion of ṁWF. The design value for the working fluid mass flow rate was equal 

to 0.12 kg/s. On the other hands, the regulation strategy does not allow to keep pin,end equal to the set 

point chosen when ṁWF is outside the range (0.1 kg/s - 0.225 kg/s). Indeed, for ṁWF comprised between 

0.05 kg/s and 0.1 kg/s and for ṁWF higher than 0.225 kg/s the maximum error between the controlled 

pin,end and the set point is unacceptable and, respectively, equal to 40% and 12.3%. The first situation is 

the worst that can happen because ṁWF are too low for the volumes inside the machine defined when it 

was designed. In order to match the desired pin,end the procedure decreases ω till to values lower than 300 

RPM (according equation (10)), very far from the design revolution speed of the machine (1500 RPM). 

This causes a severe reduction of ηvol lower than 20% (figure 3(b)) and this prevents the achievement of 

the desired pin,end. At so low revolution speed, the stability of the expander is not insured too. The 

situation is less critical for ṁWF higher than 0.225 kg/s. In this condition, ω increases till to a value of 

3450 RPM (to elaborate the higher mass flow rate entering the machine) thus avoiding that pin,end 
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increases too much from the desired set point value: in any case a difference close to 13 % is still present 

with respect to the desired value. In this situation ηvol decreases up to 60% (figure 3(c)) while in the 

mass flow range between 0.05 kg/s to 0.225 kg/s the maximum value was 80 % when the flow rate was 

equal to 0.225 kg/s. 

 

Figure 3: Effect of regulation strategy on intake-end pressure and expander revolution speed (a) and 

Mechanical and Volumetric Efficiency (b); Effect of revolution speed variation on intake period and 

mass aspirated by a vane in a cycle (c) and on volumetric and mechanical efficiency (d); Effect of 

regulation strategy on Global efficiency (e) and Mechanical Power (f). 

This is due to the fact that at a so high revolution speed (3450 RPM) the time available to fill the 

vanes was not sufficient. Indeed, it decreased too much in correspondence of this ω (figure 3(c)), 

negatively affecting the mass aspirated by a vane in a cycle (figure 3(c)) and the volumetric efficiency 

(figure 3(d)). This means that the increase of ω has a global positive effect on ηvol due to the lower 

pressure value inside the vanes (which favor the filling process) and the enhancement of the sealing 

action at tip blades which reduces internal leakages (figure 3(d)). On the other hand, if ω is too high the 

time during which the intake port is reduced decreases and the filling action can’t happen completely, 

so ηvol gets worse. Concerning the mechanical efficiency ηmech, it decreases with ω from 96% to 91% due 

to the enhancement of the centrifugal force acting on the blades which leads to a higher power lost by 

friction between the blades themselves (at tip) and the stator inner surface (figure 3(b) and figure 3(c)). 



ISROMAC18
Journal of Physics: Conference Series 1909 (2021) 012064

IOP Publishing
doi:10.1088/1742-6596/1909/1/012064

7

 

 

 

 

 

 

 

Thus, ηvol and ηmech show an opposite behavior when ω varies. Nevertheless, the effects of ω variation 

are higher on ηvol with respect ηmech as it can be seen in figure 3(d). Therefore, the increase of ω has a 

positive overall effect on expander performance as shown by the global efficiency ηglob in figure 3(e). 

Observing the results, it can be concluded that the expander suffers more the volumetric losses with 

respect the mechanical ones. When ω increases, Pmech grows as it can been seen in figure 3(f). Indeed, 

Pind enhances as the numerator of eq.2 remains quite constant because the intake pressure was regulated 

while the denominator decreases as the machine performs more cycles per unit time. On the other side, 

the power lost by friction shows a weak growth with ω (as shown by the trend of ηmech in figure 3(d)).  

Pmech globally increases from 0.08 kW to 2.9 kW when ω passes from 115 RPM to 3025 RPM. 

 

5. Conclusions  

In this paper a regulation strategy based on the expander revolution speed variation was proposed in 

order to keep the intake-end pressure close to a certain set-point value when the working fluid mass flow 

rate entering the machine varies. The regulation strategy is based on an iterative procedure which, with 

few iterations, allows to define the ω at which the expander must rotate to ensure the desired intake-end 

pressure. The procedure was based on the following passages: 

1) Definition of intake-end pressure and temperature set points, the mass flow rate entering the 

machine (known from the revolution speed of the pump) and an initial value of volumetric 

efficiency; 

2) Evaluation of the expander revolution speed and volumetric efficiency through a law derived 

by a fitting of numerical data of ηvol as function of ṁWF and ω; 

3) Evaluation of intake-end density and comparison with the one corresponding to the pressure 

and temperature defined by the set points: if the two values are equal (under a certain tolerance), 

the calculation ends and ω can be defined, otherwise, the procedure was repeated updating the 

volumetric efficiency of the previous step until the stop condition was satisfied. 

The suitability of the proposed regulation strategy was tested through a numerical model developed 

in GT-Suite™ environment by the authors and validated on the results of a wide experimental activity. 

The expander was a 1.5 kW SVRE used in an ORC based power unit tested when it was fed by the 

exhaust gas of a 3 L supercharged Diesel engine. The numerical analysis shows: 

1. The regulation strategy allows to keep the intake-end pressure close to the set point value for a 

range of ṁWF comprised between 0.1 and 0.225 kg/s. For mass flow rate lower than the minor 

limit of this range the machine cannot be regulated due to the too low revolution speed to which 

correspond a volumetric efficiency comprised between 10 and 20%; 

2. For mass flow rate higher than the upper limit of the range the maximum deviation is lower with 

the previous case (13%) and it is due to the reduction of intake phase time. 

The model allows to evaluate the following effects of revolution speed variation on the expander 

performances: 

1. ηvol and ηmech shows an opposite trend with ω variation. In particular ηvol increases and ηmech 

decreases.  

2. The effect of ω is higher on ηvol which shows a higher variation with respect ηmech. This was 

confirmed by the global efficiency curve ηglob which reproduce the ηvol trend as function of ω; 

3. The mechanical power Pmech grows with ω. 

It can be concluded as the proposed regulation strategy allows to maintain the intake-end pressure 

close to the set point value with a maximum deviation of 4% of the set point. This is a good result 

considering the simplicity of the regulation and the capacity to regulate the machine even when the 

operating conditions are very far from the ones considered during its design. 

 

Acknowledgments 

The authors are grateful to Ing. Enea Mattei S.p.A, its CEO, Dr. Giulio Contaldi and Dr. Stefano Murgia 

for the support given during this research activity. 



ISROMAC18
Journal of Physics: Conference Series 1909 (2021) 012064

IOP Publishing
doi:10.1088/1742-6596/1909/1/012064

8

 

 

 

 

 

 

 

References 

[1]. European Environment Agency. European Environmental Agency (EEA) 2018 Greenhouse gas   

emissions from transport in Europe 

[2]. REGULATION (EC) No 443/2009 OF THE EUROPEAN PARLIAMENT AND OF THE 

COUNCIL of 23 April 2009, setting emission performance standards for new passenger cars 

as part of the Community’s integrated approach to reduce CO2 emissions from light duty 

vehicles 

[3]. Di Battista D, Di Bartolomeo M, Villante C and Cipollone R 2018 On the limiting factors of the 

waste heat recovery via ORC-based power units for on-the-road transportation sector Energy 

Conversion and Management 155 68–77  

[4]. Shi L, Shu G, Tian H and Deng S 2018 A review of modified Organic Rankine cycles (ORCs) 

for internal combustion engine waste heat recovery (ICE-WHR) Renewable and Sustainable 

Energy Reviews 92 95–110 

[5]. Pantano F and Capata R 2017 Expander selection for an on board ORC energy recovery system 

Energy 141 1084–1096  

[6]. Koppauer H, Kemmetmüller W and Kugi A 2017 Modeling and optimal steady-state operating 

points of an ORC waste heat recovery system for diesel engines Applied Energy 206 329–

345  

[7]. Quoilin S, Aumann R, Grill A, Schuster A, Lemort V and Spliethoff H 2011 Dynamic modeling 

and optimal control strategy of waste heat recovery Organic Rankine Cycles Applied Energy 

88 2183–2190  

[8]. Alshammari F, Karvountzis-Kontakiotis A, Pesiridis A and Giannakakis P 2018 Off-design 

performance prediction of radial turbines operating with ideal and real working fluids Energy 

Conversion and Management 171 1430–1439  

[9]. Fatigati F, Di Bartolomeo M and Cipollone R 2020 On the effects of leakages in Sliding Rotary 

Vane Expanders Energy 192 116721 ISSN 0360-5442 

[10]. Dumont O, Dickes R and Lemort V 2017 Extrapolability and limitations of a semi-empirical 

model for  the simulation of volumetric expanders Energy Procedia 129 315–322  

[11]. Lecompte S, Gusev S, Vanslambrouck B and De Paepe M 2018 Experimental results of a small-

scale organic Rankine cycle: Steady state identification and application to off-design model 

validation Applied Energy 226 82–106  

[12]. Ibarra M, Rovira A and Alarcón-Padilla D C 2019 Performance of an Organic Rankine Cycle 

with two expanders at off-design operation Applied Thermal Engineering 149 688–701  

[13]. Chatzopoulou M A, Simpson M, Sapin P and Markides C N 2019 Off-design optimisation of 

organic Rankine cycle (ORC) engines with piston expanders for medium-scale combined 

heat and power applications Applied Energy 238 1211–1236 

[14]. Jiménez-Arreola M, Wieland C and Romagnoli A 2019 Direct vs indirect evaporation in 

Organic Rankine Cycle (ORC) systems: A comparison of the dynamic behavior for waste 

heat recovery of engine exhaust Applied Energy 242 439–452 

[15]. Baccioli A and Antonelli M 2017 Control variables and strategies for the optimization of a WHR 

ORC system Energy Procedia 129 583–590 

[16]. Pang K C, Hung T C, He Y L, Feng Y Q, Lin C H and Wong K W 2020 Developing ORC 

engineering simulator (ORCES) to investigate the working fluid mass flow rate control 

strategy and simulate long-time operation Energy Conversion and Management 203 112206  

[17]. Fatigati F, Di Bartolomeo M, Di Battista D and Cipollone R 2019 Experimental and Numerical 

Characterization of the Sliding Rotary Vane Expander Intake Pressure in Order to Develop 

a Novel Control-Diagnostic Procedure Energies 12 1970 


