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Abstract: Sliding Rotary Vane Expanders (SVRE) are often employed in Organic Rankine Cycle
(ORC)-based power units for Waste Heat Recovery (WHR) in Internal Combustion Engine (ICE) due
to their operating flexibility, robustness, and low manufacturing cost. In spite of the interest toward
these promising machines, in literature, there is a lack of knowledge referable to the design and
the optimization of SVRE: these machines are often rearranged reversing the operational behavior
when they operate as compressors, resulting in low efficiencies and difficulty to manage off-design
conditions, which are typical in ORC-based power units for WHR in ICE. In this paper, the authors
presented a new model of the machine, which, thanks to some specific simplifications, can be
used recursively to optimize the design. The model was characterized by a good level of physical
representation and also by an acceptable computational time. Despite its simplicity, the model
integrated a good capability to reproduce volumetric and mechanical efficiencies. The validation of
the model was done using a wide experimental campaign conducted on a 1.5 kW SVRE operated on an
ORC-based power unit fed by the exhaust gases of a 3 L supercharged diesel engine. Once validated,
a design optimization was run, allowing to find the best solution between two “extreme” designs:
a “disk-shaped”—increasing the external diameter of the machine and reducing axial length—and by
a “finger-shaped” machine. The predictions of this new model were finally compared with a more
complex numerical model, showing good agreement and opening the way to its use as a model-based
control tool.

Keywords: ORC; Waste Heat Recovery; Sliding Rotary Vane Expander; volumetric expander design;
geometric optimization

1. Introduction

The reduction of harmful emissions and that of fuel consumption (i.e., CO2 emissions) in the
Internal Combustion Engine (ICE), keeping at the same time traditional mechanical performances, is
today the main driver of the research in the automotive sector. Among the technologies that allow the
achievement of these goals, Waste Heat Recovery (WHR) has attracted very wide scientific attention.
Indeed, this technology shows great potential in terms of ICE efficiency gain [1] as about two-third
of the fuel energy is lost in exhaust gases and engine coolant [2]. In order to recover the thermal
energy of the exhaust gases, several opportunities have been introduced and compared [3]. Direct heat
recovery options aim to exploit the residual enthalpy of the exhaust gases [4,5], but they still introduce
unavoidable backpressure effects on the engine, also if sub-atmospheric turbines are considered, losing
in many cases the effectiveness of the recovery [6,7]. Thermoelectric devices have been studied for

Energies 2020, 13, 4204; doi:10.3390/en13164204 www.mdpi.com/journal/energies

http://www.mdpi.com/journal/energies
http://www.mdpi.com
https://orcid.org/0000-0003-1187-4996
https://orcid.org/0000-0002-9572-9595
https://orcid.org/0000-0001-5466-6383
http://dx.doi.org/10.3390/en13164204
http://www.mdpi.com/journal/energies
https://www.mdpi.com/1996-1073/13/16/4204?type=check_update&version=2


Energies 2020, 13, 4204 2 of 23

many years [8,9], but their high costs and very low efficiencies prevent their massive introduction
in the market. A viable way seems to be represented by indirect heat recovery through Organic
Rankine Cycles (ORC): many thermodynamic and experimental studies have been done, showing high
theoretical performances, but lower realistic mechanical power recoverable [10–12]. In fact, the thermal
components of a small-scale ORC unit have to face to very frequent off-design working conditions,
which lower their energy conversion efficiencies during real operation [13]. The variation of the hot
source (flow rate and temperature of the exhaust gas) is the most important off-design condition and
can lead the unit to work significantly far from the design points, with a very low recovery capability.
For these reasons, the design of the ORC components assumes fundamental importance in such
applications. One key component of an ORC-based power unit is certainly the expander, and, for
Waste Heat Recovery in ICE, volumetric machines are preferred to dynamic machines, axial, or radial
turbines. Dynamic machines in small scale applications, in fact, are limited by their high revolution
speed and the necessity to work close to steady-state operating conditions [14,15]. The high speed of
rotation introduces some limits concerning the subsequent conversion in electrical energy, the most
usable energy source onboard. These machines, mainly when are of the axial type, suffer working
fluid flow rate variations, which are indispensable to match the hot source variation. On the contrary,
volumetric machines are characterized by lower rotational speeds, which are compatible with a direct
driving of an alternator, the capability to work with two phases working fluid [16], and to accept flow
rates also strongly different from the rated one [14]. For all these reasons, volumetric expanders are
considered as one of the key components for obtaining high performances and, so, the commercial
success of the small and micro-scale ORC-based power units [17].

Among the different volumetric technologies, there is no prevailing solution: scroll [18,19],
screw [20–22], piston [23,24], and rotary vane machines [25,26] have been successfully discussed in the
literature. Scroll machines are a good candidate to be used as an expander in small-scale ORC-based
power units, thanks to their compact structure, reliability, and smooth operation [27]. The most current
applications were derived from the retrofit of the scroll compressor, but series products gradually
increase their presence on the market [28]. Low capacity and more complex geometry in comparison
to other volumetric technologies [17] are the main disadvantages. Concerning piston expanders, they
have been widely used [29] and, as claimed in [30], when they work with a large expansion ratio, their
performances can be higher than those of scroll expander. Despite these advantages, piston expanders
have some drawbacks, such as torque pulsation, lubrication difficulties, high manufacturing cost,
and reliability, due to the great number of parts in relative motion [17]. Screw expanders have been
also widely employed in the ORC-based power unit [31]. Among the advantages offered by screw
expanders, there are compactness, capacity to reach high revolution speed (2000 RPM), and to deal
with wet expansion [32]. They are commonly used in a power range higher than screw and piston
expanders, while the main disadvantages are the difficult and complex manufacturing and sealing
problems [17], which lead to lower volumetric efficiency.

Sliding Rotary Vane Expanders (SVREs) present a much simpler structure, lower cost, and easier
manufacturing with respect to other volumetric machines [33]. Thus, these aspects ensure that SVRE
technology represents an interesting alternative, even though its efficiency is lower than that of other
technologies [34]. The main reasons are due to friction losses (mechanical efficiency) and leakages
across chambers (volumetric efficiency) and end-wall plates. The mechanical losses increase with
vane number and rotational speed, producing a reduction of expander performance [35]. However,
the greater impact on expander performance is exerted by volumetric losses which significantly
contribute to SVRE efficiency reduction, [36]. The main cause of such losses is the leakage occurring in
the gap created by the absence of contact between the stator surface and blade tip, especially during the
filling process [37]. Thus, a correct and reliable representation of the volumetric losses is fundamental
to understand the behavior of the expander and to optimize the performance [34]. Indeed, there is a
large room for improvement of the machine design to increase SVRE efficiency [38]. In fact, from an
engineering point of view, more conventional are the sliding vane rotary compressors often operated as
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expanders, simply reversing the speed of rotation and exchanging filling and emptying ports. In order
to assist a proper design of the SVRE, the development of a suitable mathematical model could allow
to specifically design these machines through a model-based approach; the comprehension of the
processes inside the machine certainly helps the behavior of the single machine, as well as that one
when the machine operates in the recovery unit [39]. Comprehensive models of SVRE are available
in the literature, published also by the authors [40,41], but their use is characterized by a certain
complexity: difficulty to define the boundary conditions at the inlet and exhaust ports, matching
of 1D transient phenomena (during filling and emptying of the vanes) with lumped parameters
approaches (thermodynamic properties inside the closed vanes), long computational times due to
the representation of transient phenomena. These models have a high capability of predicting real
phenomena but are unsuitable to be used as a design tool and to approach the control needs with the
help of a mathematical model (model-based control).

In this paper, a new theoretical model of an SVRE was presented, conceived differently from
those already available. The model simplified the filling and emptying processes of the intaking and
discharging vanes, assuming a fixed pressure during both processes. This eliminated the coupling
with 1D unsteady models, which described the pressure waves (and so the mass pulsations) inside the
pipes, significantly reducing the computational times. Fluid leakages were, on the contrary, carefully
represented both among adjacent chambers and across the end-wall plates. The effects produced by
the fluid that passes between chambers on the pressure inside the chambers were represented as well,
catching some important phenomena, which were experimentally observed and theoretically justified
by the use of the aforementioned more complex models. In particular, the deviation of the pressure
inside the chambers is from an adiabatic transformation [41,42]. Care was also used to represent friction
losses in all their contributions (at tip blade, inside the rotor slots, etc.). This new modeling intended
to represent volumetric and mechanical efficiencies, without losing too much for what concerns the
indicated power. The simplicity of the model represented an added value: it could be used to optimize
the geometry, finding the best solution for the product given by volumetric and mechanical efficiencies.

The model was validated, thanks to a wide experimental campaign done on an SVRE with rated
power equal to 1.5 kW, operated within an ORC-based power unit, fed by the exhaust gas of a 3 L
turbocharged diesel engine (IVECO F1C). The validation demonstrated that the real volumetric and
mechanical efficiency was reproduced by the model, and how an acceptable confidence level of the
indicated power was reached. The model was organized in order to behave as a design platform: the
optimum design was reached by means of an iterative procedure, which evaluated the performances
of the expander when most relevant geometry variables were changed, for a given flow rate and
revolution speed.

2. Materials and Methods

2.1. Mathematical Model of SVRE

The reason for a new model of an SVRE stands on the need to have a good compromise between
the existing models and a simpler representation that doesn’t sacrifice the representation of the
most relevant phenomena, which influence volumetric and mechanical efficiencies of the machine.
Existing models have a high degree of reproducibility of real phenomena [40,41]. They are based
on matching a 1D transient model, which represents the filling and emptying of the vanes facing
intake and exhaust ports, with a lumped parameter approach, which describes the thermodynamic
properties of the working fluid inside the chambers. This class of models represents also the leakage
paths between vanes and across the end-wall plates, as well as the friction losses inside the machine
produced by the contact at tip blades and inside the rotor slots. The high accuracy of these models is
witnessed by several contributions in the literature [40,41]. Of course, also the indicated diagram is
well represented and the effects produced by some unconventional solutions, like for instance, a double
port intake technology [43,44]. Weakest points of the SVREs are the low values of the volumetric and
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mechanical efficiencies, which risk vanishing the superior characteristics of these machines when
compared with the dynamic or volumetric reciprocating machines (low revolution speed, absence of
vibrations, wide off design capabilities, management of mixtures of liquid and vapor at saturation,
flexible shaping, etc.). Hence, the model has been oriented to be precise as much as possible concerning
these two parameters (volumetric and mechanical efficiencies) and leave sufficiently described other
aspects, like the indicated efficiency. Concerning this last parameter, three phenomena are dominant:
(1) the quantity of the working fluid inside the chambers at the intake port closing; (2) the quantity of
the working fluid inside the chamber at the exhaust port closing; (3) the effect of the leakages on the
pressure inside the chambers. Among these, the first and the second one would require an unsteady
approach (here neglected), while the third one has been solved in the new model with a simpler
approach, without losing accuracy.

The volumetric losses are due to the leakages that take place among the geometric and functional
gaps of the machine. They are:

1. Between blade tip and stator inner surface;
2. Between rotor face and casing;
3. Between blade side and rotor slots.

The first leakage is recognized to have a heavier detrimental effect on expander volumetric
efficiency. Indeed, the gap puts into communication adjacent chambers, thus affecting the phases
(intake, expansion, and exhaust), which each chamber performs. In particular, when a chamber is
performing the intake phase, part of the entering working fluid escapes towards the adjacent chambers
across the gap. A suitable quantity of oil mixed with the working fluid reaches the stator surfaces,
thanks to the centrifugal forces, and ensures the absence of dry contact and a sensible contribution to
the sealing of the vanes but, anyway, leakages occur. This causes the real mass flow rate entering the
expander (ṁWF) to be higher than the maximum allowable theoretical one (ṁth, Equation (1)). The ratio
between these two values is the volumetric efficiency of the machine (Equation (2)):

ṁth = ρin,endVin,endNvω (1)

ηvol =
ṁth

ṁWF
=
ρin,endVin,endNvω

ṁWF
(2)

ṁWF being easily measurable upstream of the machine. The leakages taking place between adjacent
chambers are driven by the angular phase shift of the pressure profiles [41]. The geometrical choices of
the machine influence these volumetric losses through the leakage area too.

In the new model here presented, the filling and emptying of the vanes have been assumed
as steady, fixing the pressure inside the vanes simultaneously faced with the ports. For the inlet
port, the static pressure at the expander inlet is represented by the highest pressure of the plant, i.e.,
the thermodynamic top pressure of the Rankine’s cycle. Similarly, during the emptying phase, all the
vanes faced to the exhaust port assume instantaneously the downstream pressure (at the condenser).
The intake phase phenomena and leakages are described according to the procedure reported in
Figure 1. For the sake of comprehension, consider that the angular displacement of the intake port area
can feed two chambers simultaneously (see Figure 1). The pressure inside the chambers is assumed to
be equal to the upstream static pressure, known immediately before the port opening. In Figure 1,
three chambers are considered: the one that is performing the intake phase (named ch1), the following
(ch2), and the previous chamber (ch7), seen in the revolution speed sense. After the filling, during the
expansion phase, the pressure is calculated during rotation, considering an adiabatic transformation.
The initial mass inside the vane, when it is fully closed (having crossed the inlet port), tends to be
varied due to leakages. An iteration procedure is needed in order to respect the continuity equation
and energy conservation inside the rotating cells.
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Figure 1. The theoretical model of the expander filling. Step (1): Definition of pressure inside the
chamber without leakages; Step (2): Evaluation of leakages at tip blade and at the end-wall plate
with equivalent orifice theory (Step (3)); Step (4): Calculation of leakages as a function of rotation
angle; Step (5): Evaluation of real mass inside chambers; Step (6): Updating of the indicated cycle
considering leakages.

The model considers the leakages among vanes and between rotor face and end-wall plates
following a lumped parameter approach. This consists of representing the leakage area as an equivalent
orifice, whose diameter is evaluated through Equation (3a) for tip blade leakages and through
Equation (3b) for leakages at the end-wall plate (Steps 2 and 3 in Figure 1).

deq =

√
4Aleak
π

=

√
4
(
δtipWexp

)
π

(3a)

deq =

√
4Aleak
π

=

√
4(δend−walldstat)

π
(3b)
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Clearances at blade tip (δtip) and between rotor face and end-wall plate (δend-wall) are experimentally
identified, and the chamber width (Wexp) comes from geometrical data. Once the equivalent orifice
is defined, as well as the pressure difference across vanes (also during subsequent iterations before
convergence), the leakage mass flow rate (ṁleak) can be evaluated. The relation that rules this
phenomenon is the one representing the flow across a lumped orifice ([45]), and it is depicted by
Equation (4a) for leakages at tip blade and Equation (4b) for leakages taking place at the end-wall plate:

ṁleak,tip(θ) = cdAleakρ

√
2
∣∣∣pi(θ) − pi−1(θ)

∣∣∣
ρ

(4a)

ṁleak,end−wall(θ) = cdAleakρ

√
2
∣∣∣pintake − pexhaust

∣∣∣
ρ

(4b)

The relation allows to evaluate ṁleak among one chamber and the adjacent as a function of rotor
angle (θ), represented by Step 5 in Figure 1. The absence of the occurrence of the sonic flow on the
leakage area allows to consider Equation (4) of a wide validity. A sketch of the leakage representation
is given in Figure 1: the fluid moves toward the passage area, contracting its fluid vane in an adiabatic
reversible way. So, when the fluid approaches the area, a nozzle flow is considered, followed by a
sudden enlargement flow in which kinetic energy is lost, and the static pressure at the throat area
is assumed to be equal to the static pressure inside the vane where the fluid is escaped. The same
phenomena are repeated for a subsequent couple of vanes. A similar representation applies also for
the leakages across the end-wall plates.

The solution of the mass and energy conservation equations allows to evaluate, after a simple
iterative procedure, the pressure inside chambers during rotation, the flow rates in-taken and expelled,
the leakages between vanes and the indicated work (5). Once the pressure is known during the whole
vane rotation, the indicated power Pind can be calculated according to Equation (5) (Step 6 of Figure 1).

Pind =

∮ ∑Nv
i=1 pidVi

tcycle
(5)

Considering the geometry of the expander and the boundary conditions as in Table 1, the volumetric
efficiency can be evaluated, as well as the intrinsic behavior of the machine expressed in terms of
pressure profile and the corresponding leakages (Figure 2).

Table 1. Expander geometry and input data.

Expander Geometry

Number of vanes 7
Angular chamber extent [deg] 51.4

Stator diameter [mm] 75.9
Rotor diameter [mm] 65

Eccentricity [mm] 5.45
Expander width [mm] 60
Blade thickness [mm] 3.96

Blade length [mm] 17
Intake port opening angle [deg] 4.4
Intake port closing angle [deg] 48

Exhaust port opening angle [deg] 180
Exhaust port closing angle [deg] 322

Boundary conditions
Static pressure at intake [bar] 10.5

Static pressure at exhaust [bar] 4.8
Temperature at intake [◦C] 83.6

Expander revolution speed [RPM] 1500
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chamber 1 and chamber 2 (next in the sense of rotation) (c) and corresponding leakages at tip blade (d).

In Figure 2a, the indicated cycles referred to chamber 1 and chamber 7 (which precedes chamber
2 in the sense of rotation) are reported. Here, the constant pressure intake and discharge phases
are evident, as well as the expansion and recompression, which deviate from an ideal adiabatic
transformation (due to leakages). Indeed, the pressure trend during the expansion departs from the
one obtained considering mass constant during the adiabatic isentropic transformation (represented by
the dashed line). The pressure difference is the main driver of the leakages among the chambers [41];
indeed, for what concerns the one at tip blades between chamber 1 and 7 (Figure 2b), it takes place in the
angular interval in which there are pressure differences among the adjacent chambers. Differences occur
between the present new model and the advanced theoretical model (which considers a 1D transient
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phenomena inside the pipes connecting vanes and ports, so closely reproducing real phenomena), but
the basic variations are caught vs. rotor angle, Figure 2b. The advanced theoretical model is the one
discussed in [40,41]: when the fluid leaves chamber 1, it assumes a negative sign; otherwise, if the
fluid coming from chamber 7 enters chamber 1, it assumes a positive sign. The results indicate a good
matching, considering that the theoretical model adopts the following simplifications:

1. The intake and exhaust phases are considered as isobaric transformations;
2. The dynamic phenomena taking place at intake and exhaust phases are not considered.

The same conclusion applies also for the indicated cycle angular shift (Figure 2c) between chamber
1 and chamber 2 (which follows in the sense of rotation) and the corresponding leakages (Figure 2d).

Besides the volumetric machine characterization, the theoretical model allows also to reproduce its
mechanical behavior. In Figure 3, the procedure adopted is shown. The evaluation starts introducing
in a mechanical subroutine the indicated power carried out by the volumetric analysis reported above.
Subtracting to this value the power loss due to friction Ploss, the mechanical power can be evaluated as
in (Equation (6)):

Pmech = Pind − Ploss (6)

Thus, Ploss results from the contact at tip blade between the blade and inner stator surfaces
mediated through the oil film, inside the slots of the rotors where the blades move alternately and at
the contact between the rotor and end plates [41]. When all the forces are accounted for, the resulting
component normal to the surfaces in relative motion can be obtained; the product of this component
with the friction coefficient gives the power lost by friction. In the new theoretical model, only the
contribution at tip blade is considered, having observed that it is the main term [40,41]. The friction
power at tip blade has been expressed as in Equation (7):

Ploss = CtipNVFNrVω (7)

In particular, FN is given by the sum of the centrifugal force (FC, Equation (8)) and the force
exerted by the fluid under the blades (Fp, Equation (9)). It is worth noting that friction coefficients have
been identified by experimental comparisons.

FC = mbω
2rv (8)

Fp = pbWexptb (9)

Once the mechanical and indicated powers are known, it is possible to evaluate the mechanical
ηmech (Equation (10)) and indicated efficiency ηind (Equation (11)). In particular, mechanical efficiency
is expressed as the ratio between mechanical and indicated power, while the indicated efficiency by
dividing the indicated power by the power associated with an isentropic expansion (having accounted
for the residual power due to the recompression).

ηmech =
Pmec

Pind
(10)

ηind =
Pind

ṁWF(hin − hout,is)
(11)

The product of indicated and mechanical efficiency provides the value of the global efficiency
(Equation (12)).

ηglob = ηindηmech =
Pind

ṁWF(hin − hout,is)

Pmech
Pind

=
Pmec

ṁWF(hin − hout,is)
(12)
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Concerning the thermal losses, they are not considered by the model because the expander in
the real experimental condition is fully insulated. Moreover, all the transformations inside the device
can be considered adiabatic as they are very fast. In reality, as it has been assessed by the authors
in previous work [40,41], the observation of the real pressure trace measured by a sequence of fast
response pressure transducers shows values greater than those obtainable, considering an adiabatic
transformation. The reason is due to the leakages, which allow the hotter fluid to enter an adjacent
vane through clearances, modifying the pressure.Energies 2020, 13, x FOR PEER REVIEW 9 of 24 
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2.2. Experimental Validation

In order to use the model as a design software platform, a validation, thanks to the data collected
during the experimental campaign [40,41], was needed. In Figure 4a and in Figure 4b, the experimental
setup is reported. It was composed of:

- A volumetric gear pump, which circulates the fluid. Thanks to an inverter, the revolution speed
(and consequently the mass flow rate) can be changed;

- A plate and fin evaporator;
- A Sliding Vane Rotary Expander, linked to the electric grid via an electric generator;
- A plate heat exchanger, acting as a condenser and cooled by tap water;
- A tank, upstream the pump, which allows to dump the mass flow rate fluctuation and to decouple

the minimum plant pressure from the mass of working fluid inside the plant.

The working fluid was R236fa, mixed to 5% of the working fluid mass of POE oil to lubricate the
rotating machines and to behave as sealing fluid. In particular, the mass flow rate of working fluid was
measured by a Coriolis flow meter, while the cooling water mass flow rate by a magnetic flow meter.
The pressure inside chambers was measured by sequencing a series of piezoelectric transducers in order
to experimentally reconstruct the thermodynamic cycle. Pressures and temperatures upstream and
downstream of each component were measured as well. Finally, thanks to two torque-meter installed
on the pump and on the expander shafts, the corresponding mechanical powers could be measured.
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For what regards the acquisition of the experimental data, the same procedure reported in [41]
was adopted. Once the ICE working condition was set, before starting the acquisition, the time needed
by the ORC-based power unit was waited (10 min). The data acquisition was performed through
a software developed by the authors in NI Labview™ software (National Instruments, Austin, TX,
USA). Data were acquired for 5 s at 4500 Hz. This high value was chosen to reconstruct with good
accuracy the p-θ indicated cycle. Indeed, being the expander revolution speed fixed at 1500 RPM,
the expander in the acquistion period performed 125 revolutions with a pressure value measured every
2◦ of rotation. The uncertainty of measurement of the different quantities is reported in Table 2, while
more details on the experimental campaign and on the experimental facility are reported in [40,41].
The experimental campaign was focused on the expander as it is considered the key component of the
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ORC-based power unit. The expander tested presented the intake and exhaust port, respectively, in
radial and axial positions. Its main geometric features are reported in Table 1.

Table 2. Uncertainties of measurement.

Physical Quantities Uncertainty of Measurement

Working fluid temperature ±0.3 K
Working fluid pressure ±0.3 bar

Indicated cycle ±0.1% of the full-scale sensor output
Working fluid mass flow rate ±0.5% [kg/s]

Water mass flow rate ±0.5% [kg/s]
Mechanical power ±0.8% [W]

Volumetric efficiency ±0.6%
Mechanical efficiency ±2%

Global efficiency ±2.2%

Mass flow rate, volumetric efficiency, and indicated and mechanical power predicted by the
theoretical model were compared with the experimental data when certain values of intake and
exhaust pressure and temperature and expander revolution speed were set as boundary conditions.
In particular, the revolution speed was set equal to 1500 RPM, as the expander was constrained to
rotate at such velocity. Moreover, also the predictions of the advanced theoretical model developed by
the authors [40,41] were considered in the comparison: as already observed, these results came from
a much more complex and comprehensive model, but high demanding in terms of computational
time and prediction set up. This model could be considered as reference one because the hypotheses
introduced for the simplified model here presented were not assumed.

Nonetheless, the simplified theoretical model (black points in Figure 5) allowed to predict the
value of mass flow rate (Figure 5a), volumetric efficiency (Figure 5b), and indicated (Figure 5c) and
mechanical power (Figure 5d), satisfactorily close to the corresponding experimental values.

Indeed, for the mass flow rate, the maximum deviation was equal to 13%, while the Root Mean
Square Error (RMSE) equaled 3.6%. Similarly, volumetric efficiency predictions showed a maximum
deviation equal to 6%, and the RMSE was 2.3%. Concerning Pind, the theoretical model allowed to
achieve an RMSE of 5% with a maximum deviation of 19%, while for Pmech, the RMSE was 3%, and
the maximum deviation was 18%. Figure 5 reports also the predictions obtainable with an advanced
theoretical model [41] (red point), and it can be noticed that they were close to the theoretical ones
given by the new model. Indeed, when the new model was adopted to reproduce the expander
behavior in terms of ṁWF, ηvol, Pind, and Pmech, the RMSE and maximum deviation were slightly higher
but comparable to the theoretical predictions obtained, thanks to an advanced theoretical model.
The main reason for these differences between the two theoretical models is due to the indicated
power prediction, with the intake and the exhaust phases being considered at constant pressure in the
new model. The effects were evident when the indicated power was represented. This can be seen
in Figure 6, where the indicated cycle measured and predicted by the theoretical simplified and the
theoretical advanced model is shown.

Two intake pressure values (10.2 bar (a) and 8.5 bar (b)) were considered. It can be noticed how,
despite the theoretical simplified model is not able (by definition) to catch the pressure oscillation during
intake, it allowed to reproduce the overall trend of the pressure inside the vanes and, consequently,
the area below the cycle (as confirmed by the low errors in terms of Pind, shown in Figure 5c).

In Figures 5 and 6, reference was made to an advanced theoretical model, which was developed by
the authors in previous works [40,41]. It was used because it represents an advanced comprehensive
model of the expander, which suitably mixes the unsteady nature of the flow on the intake and exhaust
pipes, a lumped parameter model when the vanes don’t exchange mass across the inlet and outlet ports
but exchange mass across leakages with more complex modeling. The 1-D analysis was employed to
reproduce the dynamic phenomena inside the intake and exhaust pipes; the pipes were discretized
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into small elements and the Navier-Stokes equation (mass, momentum, and energy conservation
equations). During the filling and emptying processes, vanes facing ports behaved like boundary
conditions. This required complex modeling because vanes changed their volumes during the flow
rate in/out, and the kinetic energy was lost or recovered or partially lost and recovered at the pipe
end for the intake and at the pipe inlet for the exhaust. When the exhaust started, according to the
pressure difference, the chocked flow could happen. During vane rotation, leakages modified the
pressure inside vanes, producing a pressure during time diagram greater than the adiabatic trend,
which should be the most suitable assumption considering the very fast process. So, an accurate
leakage flow among vanes was modeled considering all the contributions. In this way, a very good
agreement was reached for the volumetric efficiency of the machine. This allowed to identify the
most suitable values for the clearance gap at tip blade δtip and between rotor face and end-wall plate
δend-wall: 85 µm and 48 µm were found and used also in the simplified model presented here. In a
similar accurate way, the mechanical efficiency was determined by measuring the shaft power and
also the indicated power, thanks to a series of fast response pressure transducers, which record how
pressure varies during rotation inside the vane. The advanced theoretical model solved the dynamic of
the blade during its motion, deriving the forces applied to it. The friction coefficient was identified as
equal to 0.01. These values were assumed in the simplified model.
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Moreover, the theoretical advanced model tried to reproduce the pressure oscillation during intake
and exhaust, thanks to the 1D transient model, which was needed to reproduce pressure oscillation
(and masses pulsation), mainly at high pressure (intake). The new simplified model tried to stay
on the experimental data, but secondary phenomena occurred, which could be represented neither
by the theoretical advanced model. Pressure trace during exhaust was more correctly reproduced
when the pressure before the exhaust port opening approached the downstream pressure. In this
situation, pressure waves were negligible during exhaust. The simplified model predicted sudden
recompression at the exhaust port opening, which didn’t take place in reality: this was due to the
overestimation of the initial pressure from which expansion started at the intake port closing and to an
only partial representation of the pressure inside the vane during expansion in the presence of leakages.
As Figure 5d shows, the new theoretical model allowed to reproduce, with satisfactory accuracy, also
the measured mechanical power (Pmech) through the correct representation of Ploss due to friction. Thus,
a final confirmation of the capability of the simplified theoretical model to represent the expander
performance was given by the comparison of mechanical efficiency (ηmech, Figure 7a). In Figure 7b,
global efficiency (ηglob) is also shown. Indeed, in both cases, the simplified theoretical model ensured
to reproduce the real data with a comparable accuracy with respect to the advanced theoretical model
catching the trends.

Hence, the two main difference between the two models can be outlined:

1. The representation of the leakages;
2. The intake and exhaust phases were represented as isobaric transformation.

Concerning the first aspect, the representation of the leakages highly affected the capability of the
model to return an accurate evaluation of the mass flow rate, volumetric efficiency, and, consequently,
mechanical power produced by the machine form the influence on the indicated power. The simplified
model assessed the leakages among adjacent chambers and between rotor face and end-wall plate
through the equivalent orifice representation. Despite this approach was assessed as reliable, it led
to higher errors than that of Poiseuille–Couette flow, which was implemented in the comprehensive
advanced numerical model [41,42]. Concerning the second aspect, an instantaneous filling and
emptying process was considered, neglecting the real processes, which involved pressure waves
traveling inside the inlet and discharge pipes and the behavior of the vanes as boundary conditions of
the 1D flows.
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The simplified isobaric model had a great advantage for what concerns the computational time.
Few seconds (less than 5 s for each case) were needed for a complete prediction of the expander
performances, while the numerical advanced model required a computational time hundreds of times
larger (10–15 min for each case). When used as an optimization tool, multiple cases were considered,
so this version of the model required several hours, while the simplified model presented in this paper
only very few minutes.
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2.3. Model-Based SVRE Design

The validation process demonstrated as the new theoretical model presented allows to predict the
expander performance with good accuracy.

These aspects give a strong expectation of the possibility of employing it in a model-based
design procedure.

In order to verify this capability, the model can be used to evaluate the best geometry, which
maximizes the machine performance (the combination of volumetric and mechanical efficiencies).
The whole design procedure has an iterative nature and can be summarized in the flow chart reported
in Figure 8.

The first step of the sizing process is the definition of the intake Vint and exhaust volumes Vexh
(shown in Figure 9): the first is defined rearranging properly Equation (2) in order to obtain a Vint,
which, for a given mass flow rate, ensures the desired intake pressure. Regarding volumetric efficiency,
an initial value should be considered, which will be updated during the calculation. Concerning
Vexh, this volume should guarantee the correct exhaust pressure according to the design pressure
ratio. It could be preliminarily obtained, considering the expansion phase as an adiabatic-isentropic
transformation with no leakages. So, the best Vexh is that value, which ensures that the chamber
pressure at the exhaust start is equal to that exerted by the circuit at the expander outlet. This condition
ensures that neither recompression during the discharge nor a sudden expansion will happen, both
introducing a loss, Figure 10. Another important parameter, shown in Figure 9, is the eccentricity of
the expander, which is the radius difference between the rotor and stator. This determines also the
swept volumes and the size of the machine.
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The ratio between Vint and Vexh represents the built-in volume ratio βV (Equation (13)).

βV =
Vexh
Vsuc

(13)

However, in real situations, during the expansion phase, there is a mass exchange between
adjacent chambers. For this reason, Vexh can’t be imposed as design input, but only preliminarily
assumed and subsequently evaluated, thanks to the optimization procedure.

Once Vint is defined, and a proper βV is set, the same value of Vint could be achieved with different
combinations of dstat, drot (and consequently the eccentricity), and Wexp. The geometric configuration of
the SVRE can be described by the Aspect Ratio (AR) (Equation (14)), here defined as the ratio between
the axial height (Wexp) and stator diameter (dstat).

AR =
Wexp

dstat
(14)
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AR will be the result of the optimization procedure in order to guarantee the optimum global
efficiency of the machine.

The theoretical model considers all the possible geometric configurations that ensure the intake
volume provided by the preliminary design. Therefore, varying the expander width, the stator diameter
must assume a certain value to guarantee that the intake volume is kept constant. Thus, if the expander
width increases, the stator diameter decreases, as well as the eccentricity, because the rotor diameter is
kept constant. On the other hand, if the expander width is reduced, the stator diameter must grow to
avoid the intake volume variation. So, for each geometrical configuration, volumetric and mechanical
efficiencies are calculated (for a given angular displacement of the intake and exhaust ports, Table 1)
for different Aspect Ratios. The geometrical solution, which will predict the highest value of global
efficiency, will be the optimum one.

3. Results

In order to assess the benefits introduced by the model-based design, the SVRE used in model
validation was redesigned according to the presented procedure.

The first step was the definition of Vint, according to the operating conditions, in the pre-design
phase. The operating condition considered was the one reported in Table 3. It is important to observe
that the set point on the intake static pressure depended on the geometry of the machine, being it
among the main cause of the permeability of the plant: from an engineering point of view, in fact,
the maximum pressure (chosen after some thermodynamic evaluations) depends on the hydraulic
“reaction” of the plant to a specific mass flow rate of the working fluid [40,41]. The concept of the
permeability of the plant is very significant, and the SVRE (and its geometrical configuration) is the
most influencing component.

Table 3. Operating conditions.

Operating Conditions

Static pressure at intake [bar] 13
Static pressure at exhaust [bar] 3

Temperature at intake [◦C] 90
Expander revolution speed [RPM] 1500

Mass flow rate [kg/s] 0.150
Initial value of volumetric efficiency 0.5

Seven blades were considered, respecting the initial machine design; in reality, also this number
should be chosen as the best compromise between the maximization of volumetric efficiency
(which tends to increase with blade number) and that of mechanical efficiency (which increases,
reducing blade number).

Equation (2) gives the preliminary design for Vint equal to 5.4 cm3. Knowing Vint, the iterative
procedure was started in order to evaluate the best AR among the possible geometric configurations.

In Figure 11a, all the possible geometric configurations, which guarantee the achievement of the
designed Vint, are reported. Here, it can be observed that when the vane axial height Wexp decreased
from 80 mm to 30 mm, the eccentricity (keeping constant the rotor diameter at 65 mm) must grow
from 4.1 mm to 11.3 mm. In other words, the SVRE passed from a “finger-shaped” to a “disk-shaped”
geometry, depending on which dimension (the axial or radial one) was dominant. The AR reported,
therefore, the shape appearance of the expander: its value ranged from 0.3 (when Wexp was 30 mm,
and dstat was equal to 87.6 mm, like a “disk”) to 1.2 (when Wexp was 80 mm, and dstat was equal to 73.2,
“finger-shaped”).

All these AR values ensured that the SVRE had a Vint close to 5.4 cm3, as shown in Figure 11b.
However, despite Vint was the same, the built-in volume ratio (and consequently Vexh, which was a
result of the calculation only preliminary imposed) varied from 4.1, when AR was 0.3, until to 3.3,
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for AR equal to 1.2. The results showed that when the AR decreased, the Vexh increased. The model
consented to evaluate the performance of the SVRE for each AR. According to Figure 12a, the minimum
AR (0.3) ensured to maximize both volumetric and mechanical efficiencies. Indeed, the volumetric
efficiency increased from 0.44 to 0.50 when AR decreased from 1.2 to 0.3. Similarly, the mechanical
efficiency grew from 0.89 to 0.95 for the same variation of AR. Concerning the global efficiency, despite
it exhibited quite the same trend ranging from 0.34 to 0.33 (the maximum fell for AR = 0.7, but the
values were very close in the AR range between 0.3 and 0.7), the benefits were lower compared to those
observed for volumetric and expander efficiencies. This is because the indicated efficiency decreased
with AR reduction. In fact, in higher AR machines (finger-shaped), the volumetric efficiency was
lower (Figure 12a). This aspect involved that the machine should intake more mass flow rate to ensure
a certain intake pressure, as reported in Figure 12b. This extra mass flow rate represented a severe
penalization of the machine volumetric performance; however, similarly to what observed in [41], part
of volumetric losses recirculated inside the chambers, providing a partial recovery effect in terms of
indicated power. This recovery effect allowed to partially reduce the penalization in terms of global
efficiency and to provide a slight increase in mechanical power. This effect can be seen in Figure 12b,
where it can be observed that as AR increased from 0.3 to 1.2, the mechanical power grew from 977 to
1082 W, with an increase of about 10%.

Nevertheless, despite this effect on mechanical power, the high volumetric losses experienced
for high AR significantly penalized the whole expander performance. Indeed, as aforementioned, for
higher AR, the expander should intake a larger mass flow rate (up to 15%) with respect to the case of
lower AR to achieve the required intake pressure (Figure 12b). Hence, when the AR was 0.3, the mass
flow rate was 131 g/s, while when AR became 1.2, the mass flow rate increased up to 155 g/s. This extra
mass flow rate led to a higher power required by the pump, which eroded the mechanical power
advantage observed for higher AR. So, adopting lower AR, benefits could be observed, also from the
whole plant point of view.

Therefore, considering all these results, the best design configuration, which ensures to achieve
the best compromise between the maximization of global efficiency and mechanical power, was the
one that showed an AR equal to 0.7. This expander shape involved a chamber width of 50 mm and an
eccentricity of 6.6 mm (the stator diameter was 78.2 mm as the rotor diameter was kept constant to
65 mm). However, from the plant point of view, lower AR (0.3) ensured to obtain the minimum mass
flow rate, which allowed ensuring the required intake pressure with a comparable mechanical power
produced by the expander (Figure 12b). In this way, as the power required by the pump diminished,
the advantages of the net power produced by the unit could be achieved. In any case, a “disk-shaped”
machine (AR lower than one) was more efficient than a “finger-shaped” one (AR higher than one).
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Obviously, other eventual geometrical constraints could be imposed in the optimization procedure
in order to consider specific cases or boundaries.

With the aim to observe if the expander revolution speed can change the main features of the SVRE
design, the model-based procedure was repeated considering a different revolution speed (2000 RPM).
The results showed that a lower AR ensured to maximize the expander global efficiency. A higher
revolution speed, of course, decreased the dimensions of the machine. This can be observed in Figure 13a,
where, for the same expander width excursion (30–80 mm), the eccentricity (and consequently the
radial encumbrance) was lower with respect to the previous case (lower revolution speed). For these
values, AR varied from 0.3 to 1.2. The reduction of the dimensions was confirmed also by Vint, which
was equal to 4.4 cm3 instead of 5.4 cm3, observed in the previous case (Figure 13b). The built-in volume
ratio varied in a narrower range: in particular, from 3.86 to 3.22 when AR passed from 0.3 to 1.2.
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Concerning the SVRE volumetric efficiency (Figure 14a), it increased with AR reduction in analogy
with the lower speed case. However, the values were higher, because a reduction of volumetric losses
due to the revolution speed increase was obtained, in accordance with the theoretical expectation.
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On the contrary, the higher revolution speed led to a lower mechanical efficiency with respect to the
previous case. Indeed, when the revolution speed increased, the power loss due to friction grew
(Equation (7)), and the mechanical efficiency decreased with AR. From the global efficiency side, which
depends on the combined effect of volumetric, indicated, and mechanical SVRE performance, it can be
noticed that it decreased with AR.

Moreover, at 2000 RPM, a slight improvement could be observed with respect to the lower
revolution speed. In fact, for the higher revolution speed, when AR ranged from 0.3 to 1.2, the global
efficiency varied from 0.35 to 0.32.

SVREs designed at higher revolution speeds presented slight benefits, also in terms of mechanical
power produced. Indeed, even though the elaborated mass flow rate was equal in the two cases
(Figure 14b) when the machine rotated at higher speed, it performed more cycles in a second, thus
producing more power.

In fact, when AR was decreased from 1.2 to 0.3, the mechanical power decreased from 1100 W to
1055 W. The revolution speed at design point could not be increased too much because the higher was
the revolution speed, the higher were the wear phenomena, which reduced the life of the machine.
Thus, for all these reasons, an intermediate revolution speed between 1500 RPM and 2000 RPM was a
good compromise.
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4. Discussion

In the present paper, a new simplified theoretical model of the volumetric and mechanical
performance of a Sliding Vane Rotary Expander is developed. Indicated performances are also
represented. Models of SVREs have been extensively treated in the literature and have reached a
very good level of prediction, but they are unsuitable to be used as design tools, considering the long
computational times and general modeling set up. The model presented is conceived as a compromise
between physical consistency and computational resources because the goal is the development of a
suitable tool to assist the geometry optimization of the machine.

The physical consistency of the new model is displayed toward the predictions of volumetric and
mechanical efficiencies, the most important parameters for these machines. Reduced computational
times are reached, thanks to a specific simplification, which doesn’t affect the quality of the two
aforementioned parameters. Intake and exhaust phases are simplified with respect to a 1D transient
dynamic filling and emptying approach, while leakages among vanes and friction losses are represented
with care as well as friction losses.



Energies 2020, 13, 4204 20 of 23

The model is validated, thanks to a wide experimental activity performed on an SVRE installed on
an ORC-based power unit, built to recover the thermal energy of the exhaust gases of a 3 L supercharged
diesel engine. The results show that, in spite of the intrinsic simplicity, the volumetric and mechanical
efficiencies are represented with a satisfactory degree of precision, close to the real data, and those
produced by a more complex model. Furthermore, the simplified theoretical SVRE model shows two
main advantages:

1. It presents simulation times significantly lower with respect to the numerical model; few seconds
characterize a complete prediction of the machine, while a more advanced theoretical model
requires few hours;

2. Once experimentally validated, the simplified model allows representing the whole behavior
of the SVRE. Indeed, the predicted mass flow rate, volumetric efficiency, and indicated and
mechanical power show a Root Mean Square Error equal to 3.6%, 2.3%, 5%, and 3%, respectively.
Moreover, for all the quantities object of validation, the maximum deviations are lower than 20%.

5. Conclusions

In conclusion, the theoretical model is used as a virtual platform to optimize the geometry of
a machine. An iterative procedure is developed, and, for a specific set of boundaries (static intake
and exhaust pressure, intake temperature, expander revolution speed), a geometry is developed,
which optimizes the whole performance of the machine (product of the volumetric and mechanical
efficiencies). The results show that the best design strategies require:

(1) Reduction of the chamber axial length, increasing the machine eccentricity, to keep constant the
intake volume. This orients the design toward a “disk-shaped” machine (instead of considering a
“finger-shaped” type), which reduces the leakage area, thus improving the volumetric efficiency
(up to 8% with respect to the tested configuration), which shows the heaviest effects on machine
global efficiency. Moreover, an improvement of up to 4.3% of mechanical efficiency is also
obtained. This indicates that vane axial length reduction produces also a stronger reduction in
mechanical losses due to friction. In order to define a geometry type, a geometrical Aspect Ratio
has been defined as the ratio between expander width and stator diameter;

(2) The increase of the Aspect Ratio (toward a “finger-shaped” machine) leads to a reduction of the
SVRE efficiency. In particular, the volumetric and mechanical efficiencies decrease, respectively,
up to 5% and 3%. On the other hand, an increase of the mechanical power is observed (+10% with
respect to the original design), caused by the higher mass flow rate required by a “finger-shaped”
configuration to guarantee the set point on the design intake pressure. Nevertheless, this
power advantage is partially eroded by the higher power required by the pump to circulate the
working fluid;

(3) If the revolution speed increases, the overall machine performance increases too. Too high
revolution speed, moreover, should be avoided because of the wear phenomena, which grow,
as well as the centrifugal force (and consequently the friction losses). For these reasons,
the intermediate value of design revolution speed (1500–2000 RPM) should be adopted for
expander design for a machine mechanical power range of less than 5 kW.

Finally, the model opens the way to the possibility of implementing a model-based control, which
is particularly useful for Waste Heat Recovery in mobile applications, where the high-temperature
source significantly varies with time.
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Nomenclature

Symbols eq—Equivalent Orifice
A—Area [m2] exh—Exhaust
AR—Aspect Ratio exp—Expander
cd—Pressure Loss Coefficient glob—Global
C—Friction Coefficient i—Index of Chamber/Pressure Profile
ch—Chamber in—Intake
d—Diameter [mm] ind—Indicated
e—Eccentricity [mm] leak—Leakages
FN—Normal Force [N] loss—Mechanical Losses
h—Specific Enthalpy [kJ/kg] mech—Mechanical
mb—Blade Mass [g] out, is—Isentropic Condition at Expander Outlet
ṁ—Mass Flow Rate [kg/s] rot—Rotor
pb—Pressure Under the Blades [barg] stat—Stator
P—Power [W] th—Theoretical
p—Pressure [bar] tip—Tip Blade
Nv—Number of Vanes/Blades vol—Volumetric
rv—Blade Tip/Rotor Center Distance [mm] WF—Working Fluid
tb—Blade Thickness [mm]
tcycle—Time Cycle [s] Greek Letter
T—Temperature [K], [◦C] βv—Built-in Volume Ratio
Vint—Intake Volume [cm3] δ—Clearance Gap
Wexp—Expander/Chamber Axial Height [mm] η—Efficiency

θ—Rotational Angle
Subscripts %—Density
end-wall—Leakages at End-Wall Plate ω—Expander Revolution Speed
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