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ARTICLE INFO ABSTRACT
Keywords: A promising solution for the Combined Heat and Power (CHP) micro production is certainly represented by
Solar ORC-based power unit Organic Rankine Cycle (ORC)-based power units. In the domestic appliances with electrical power range of the

Sliding rotary vane expander

ORC control

Domestic micro-cogenerative application
Model-based analysis

units below 1 kW, the reduced dimensions of the components represent a critical aspect as well as the need to
guarantee a high reliability. When the hot source is represented by solar energy, the optimization of the elec-
tricity production keeping insured the thermal energy availability represents an aspect which invites to a proper
management of the unit. Solar-based ORC-recovery units frequently work in off-design conditions due to the
variability of the hot source and to the Domestic Hot Water (DHW) requirements. For this reason, the design and
the selection of the components should be carefully performed. The expander is commonly retained the key
component of the unit being the one that mainly affects the behaviour. For the mentioned power ranges, the
volumetric expander is the best technological option and, among those available, Sliding Rotary Vane Expander
(SVRE) are gaining a sensible interest. At off design conditions, according to permeability theory, the expander
intake pressure linearly varies with mass flow rate of the Working Fluid (WF) which is the most suitable and
easiest parameter to be changed. This modifies the performances of the unit, both from a thermodynamic and
technological point of view. In this paper, the speed variation of the expander is considered as control parameter
to restore design expander intake pressure. In order to assess a strategy for the speed variation of the expander, in
this paper a comprehensive model of the SVRE is presented when it operates in a solar-driven ORC-based unit.
The model is physically based and recovers and widens the permeability theory developed by the authors in
previous works. An experimental ORC-based unit was fully instrumented and operated, coupled with a reservoir,
usually present when flat plate solar collectors are used, which store the thermal energy which fulfils thermal
energy requests and feeds the generating unit. The model was widely validated with the experimental data
properly conceived for the purpose. In the unit the expander speed was varied and, thanks to the permeability
theory, the relationships between WF flowrate variations, inlet expander pressure and expander speed variation
were investigated. The potentiality of a control strategy of the expander revolution speed of the expander was
fixed as well as a deeper understanding of the SVRE behaviour and relationships between operating variables. In
particular, it was observed that varying the speed from 1000 RPM up to 2000 RPM, the expander behaviour was
optimized ensuring proper working condition matching with a (30-100 g/s) flowrate range.

accounts the 27% of total energy and process related direct and indirect
CO,, emissions, [2]. Indeed, the residential sector is responsible for over
20% of the World’s natural gas demand, and despite a contraction
during the pandemic event a rebound is observed after 2021, [3]. The
troubled gas events that today characterize gas availability is an addi-
tional reason to boost the development of technological solutions that
reduce consumption, by maximizing contributions from renewable
sources.

1. Introduction

Primary energy demand is rapidly increasing in recent years due to
the growing world population and higher living standards. This aspect,
in conjunction with an energy mix still largely dominated by fossil
sources [1], contributes to higher greenhouse gas emissions and atmo-
spheric CO, increase. Among the different sectors, in 2020 buildings
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Nomenclature

Symbols

A cross sectional flow area [rnmz], [m?]

A cross sectional flow area [mm?], [m?]

Cq pressure drop coefficient

Ce Fanning friction factor

Degq equivalent diameter [mm], [m]

dx discretization length [mm]

dp pressure differential across dx [bar], [Pa]
dv; infinitesimal increase of i-chamber volume [m®]
e total specific internal energy [kJ/kg]

F Force [N]

f friction factor

fluid working fluid

H total specific enthalpy [J/kg]
h enthalpy [J/kg]

m mass of the volume [kg]

m mass flow rate [kg/s]

p pressure [Pa],[bar]

N, number of vanes

K, pressure loss coefficienct

L leakage path characteristic length [m]-[mm]

R specific gas constant [J/(kg-K)]

Ty instantaneous distance between blade tip and rotor centre
[m]-[mm]

T Temperature [°C], [K]

teycle time of a complete cycle [s]

Vi peripheral blade tip speed [m/s]

u velocity at boundary [m/s]

A% volume [m3]-[L]

wall wall

Z compressibility factor

Subscripts

c centrifugal force

exp expander

i internal pressure i-chamber
in inlet

int intake

is isentropic

ind indicated power

Leak leakages

Losses  power losses

mech expander mechanical power
Neh chambers number

o outlet

p pressure force

static static pressure

total total pressure

Th theoretical

Wi working fluid

Greek letters

o permeability [kg/(MPa-s)]

Ap pressure difference [bar]

) leakage clearance gap [m]-[p]

n dynamic viscosity [Pa-s]

p density

[} expander speed [rpm], [rps], [rad/s]
Acronyms

ORC Organic Rankine Cycle

HRVG  Heat Recovery Vapor Generator
SVRE Sliding Rotary Vane Expander
WE Working fluid

To overcome this issue, solar thermal collectors have been widely
adopted to provide thermal energy and (DHW) needs [4] with a total
installed capacity of 472 GWy, worldwide (data referred to 2017). This
technology has been proven to be particularly efficient in highly radi-
ated areas [5], being considered also for aggregated consumptions as it
happens for district heating systems to significantly reduce natural gas
demand [6,7].

The main drawback of this technology derives from the variable
nature of the solar source which determines fluctuations of the produced
thermal power not always time-aligned with the thermal needs. Several
systems have been studied in scientific literature to limit this effect. In
[8] Visa et al. experimentally assessed the performances of vertically
installed solar thermal collectors on a facade of a building to improve the
coverage factor at the expense of the produced specific thermal energy.
In [9] a similar technology has been considered in three different cli-
matic scenarios for the production of Domestic Hot Water (DHW)
showing satisfactory results. Dehghan et al. [10] found that a simple
solar system in conjunction with phase change materials and electric
heaters can provide sufficient thermal energy also during winter in
Norway taking advantage of thermal storage. On the other hand, in [11]
a life cycle assessment of this technology in hotel buildings proved that
biomass auxiliary boilers are the best choice in terms of environmental
performance. The control strategy of these systems plays a crucial role in
the fulfilment of thermal energy needs and received a significant interest
in literature. In [12] the impact of control strategy of the solar collector
on the performance of a building integrated solar heating system was
assessed through dynamic system simulation. Results show that the
storage volume is minimized through the application of low flow
controller with a constant nominal flow rate equal to 12.5 L/hm? In

[13] optimized control strategy for the Drake Landing Solar Community
in Okotoks (Alberta, Canada) were developed. Control strategies are
based on the application of model predictive control concepts. Results
show how updating the supervisory control strategies ensures to reduce
by 5% primary energy consumption. The results reported in [14] shows
the adoption of control strategies were significant for improving the heat
collection performance of solar receiver.

A way to improve the flexibility of the solar energy recovery is to
convert it into electrical energy. Among the different available tech-
nologies, power units based on Organic Rankine Cycles (ORC) represent
a viable solution to exploit medium and low temperature heat sources.
Its potential is assessed in different waste heat recovery applications like
waste forest biomass [15], wastewater treatment systems [16],
geothermal energy [17] and Internal Combustion Engines [18].
Although these cited fields are usually characterized by higher tem-
perature levels, several studies investigated the potential of this tech-
nology when the hot source has low temperature value (100 °C) as it
happens with thermal mediums heated by solar energy. Hossin et al.
[19] analysed a small-scale solar ORC-based unit using evacuated flat
tube collectors and a simple thermodynamic layout of the cycle. The
results show that an efficiency of 6.75% is achievable for a hot water
inlet temperature of 120 °C. Gilani et al. [20] investigated a similar solar
system paired with a recuperative ORC-bases unit to assess the possi-
bility to supply electric energy for the conditioning in a two-story office
building located in Cyprus. The analysis found that 97 % of the energy
demand of the refrigeration system can be supplied by the solar recov-
ery, leading to a saving of 2000 USD per year. In [21] an exergy-enegy
analysis was carried out for a solar-driven trigeneration system
employing parabolic solar collector. Results shows as an exergy
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efficiency of 21% and an electrical-exergy efficiency of 17.5% can be
achieved. Moreover, suitable parameter to control the unit are the
variation of the solar fields outlet temperature and the ORC condensa-
tion temperature.

In [22] the integration of a 1 kW ORC based power unit with a res-
idential thermal installation was assessed. It was found a high depen-
dence of viability of the retrofit with the electricity prices due to the
variability of solar radiation and the demand of DHW affecting respec-
tively the outlet temperature level of the collector water and the input
water to the ORC evaporator.

The implementation of a suitable control strategy in ORC-based
power units relies on the number of control parameters. The regula-
tion of the pump speed allows to control the mass flow rate of working
fluid circulating inside the plant. Such parameters is varied to follows
the availability of thermal power of hot source. Other parameters are the
mass flow rate of the hot and cold source. An important degree of
freedom in the control system is certainly the regulation of expander
speed. In [23] the optimal design and control strategy of a solar driven
ORC based power unit was assessed. The system employs two tank
sensible thermal energy storage and it was controlled acting on Heat
Transfer Fluid (HTF) flow rate.

In [24] the authors conducted an exergy-based and economic anal-
ysis on a small-scale ORC-based solar unit bottoming different solar
architectures providing thermal energy to the evaporator through an
intermediate circuit. In addition, several locations have been consid-
ered. The maximum exergy efficiency (6.2%) is achieved with evacuated
tube collectors using R245fa as the thermodynamic working fluid in
Istanbul. Ancona et al. [25] developed a semi-empirical model of an
ORC-based unit equipped with a piston expander bottoming a solar
system with thermal storage for residential applications. The analysis
found that approximately 15 % of the yearly electric energy demand can
be satisfied. Furthermore, the analysis pointed out that an optimized
control strategy could increase the production capability, especially at
lower solar irradiation leading to better overall performances. A fast and
robust control of the expander inlet pressure is the control of the
expander speed [26]. As the superheating degree and expander intake
pressure are strongly correlated [27], the control loop of the intake
pressure should be one order of magnitude faster than the superheating
controller in order to prevent interactions between the control loops,
[26]. Hence, changing the expander speed allows the optimization of the
expander performances at different WF flow rates [28], varying the
maximum pressure of the cycle and consequently the overall perfor-
mance of the unit [29]. The variation of the WF flow rate is the easiest
way to exploit the possibility to vary the thermal power from the hot
source which follows its variations during time.

Expanders can be divided into dynamic and volumetric machines
[30] with the former more suitable for use in larger power plants for
stationary applications [31] and the adoption of standard turbine allow
to reduce the development and manufacturing cost, [32]. On the other
hand, volumetric expanders include a wide variety of different machines
[33] mostly preferred in small-scale power units because of their ease of
operation, wider range of operativity and off-design better performances
[34].

Among volumetric expander, sliding rotary vane machine are less
used with respect to other technology such as scroll and twin screw and
piston for larger application. Moreover, for this kind of device there are
few integrated and experimental analysis about the impact of expander
speed variation on the performance of SVRE and of solar micro-ORC
based power unit (power < 1 kW) in which the expander are intro-
duced. Therefore, to fill this gap, in this study a wide experimental ac-
tivity was developed on the variable speed SVRE. The experimental
database allows to validate a detailed model of SVRE build according an
integrated zero and mono dimensional approach. The model approach
was the same followed by author for a larger SVRE employed for Internal
Combustion Engine Waste Heat Recovery application. Nevertheless, in
this case the expander present a different port structure (radial intake
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and exhaust port) and lower dimensions. Moreover, a novelty with
respect the previous model [29] is the model was experimentally vali-
dated considering multiple expander speeds SVRE was introduced inside
an ORC test bench to be integrated with flat solar thermal collector in
residential application. In laboratory scale, the hot source is represented
by hot water inside a reservoir usually operated with the flat panels. The
temperature of the water inside the reservoir is approximately close to
100 °C as it is in real applications. Previously, a similar layout was used
to understand the influence of the expander type on the performance of
the whole unit [35]. In that case, the main objective was to experi-
mentally assess the performance of the unit at different rotational speeds
with the final aim to optimize the electric power production when the
operating conditions of the recovery unit are far from the design one. As
already observed, the off design of the recovery unit is a usual situation
considering that the temperature of the water inside the reservoir
continuously changing for the thermal demand by the users which is
substantially unpredictable. The solar energy restoring, as well, is
changing during time, here simulated modulating the electrical energy
delivered by the resistances.

The management of the speed of revolution of a SVRE in order to
maximizes the electricity production keeping the same frequency of the
electricity is a new concept in literature, mainly when the recovery unit
is characterized by a reduced power produced (0.5-1 kW). In the specific
application for a domestic CHP unit, the maximization of the electricity
production is particularly suitable for the fulfilment of the daily-varying
electric needs which with a small electrical battery can cover completely
the requests. The study is based on an updated modelling of the SVRE
which supported a model-based control strategy.

2. Material and methods
2.1. Experimental layout

A fully instrumented ORC-based power unit was developed (Fig. 1)
simulating the solar power with two electric resistances (12 kW each),
which provide the thermal power to 135L of water stored in a pressur-
ized tank (p). The hot water flows in a plate heat exchanger (o),
exchanging heat with the working fluid (R245fa). The superheating
degree has been fixed at 10 °C in design operating conditions.

The working fluid circulation was ensured by a diaphragm pump (c)
(whose volumetric capability is equal to 6.1 cm®) actuated by an electric
motor. Thanks to a dedicated inverter, its revolution speed can be varied
to regulate the mass flow rate of the working fluid to follow the variation
of the hot source thermal energy in the most efficient way.

Downstream the Heat Recovery Vapor Generator (HRVG) (e), the
superheated working fluid enters the Sliding Rotary Volumetric
Expander (SVRE) (f) producing mechanical power which is converted
into electric form through an electric generator (1). The working fluid
exiting the expander flows in a recuperator heat exchanger (g), thus
preheating the working fluid entering the HRVG.

The mechanical connection between the expander and the electric
generator is worth mentioning. The expander shaft was coupled with the
electric generator (1) through a torque meter (m) and flexible joints (o)
(Fig. 2). In this way, the measurement of mechanical power can be
provided. Moreover, a regenerative inverter was adopted to vary the
expander revolution speed. This feature is a fundamental peculiarity of
the ORC plant, which ensures widening the regulation degree of freedom
of the unit. Indeed, the pump speed defines the mass flow rate circu-
lating inside the plant. In contrast, the expander speed sets the plant’s
permeability and maximum pressure for a given flow rate.

If the expander speed is fixed, the plant permeability remains con-
stant and the maximum pressure follows a univocal linear increase with
mass flow rate. Therefore, the present experimental campaign provides
an experimental demonstration of the permeability theory. The working
fluid leaving the expander enters the hot side of a regenerator (g) to pre-
heat the working fluid at the cold side sent by the pump (c). Once the
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Fig. 1. Solar ORC-based power unit. (a) condenser; (b) 3L plenum; (c) pump; (d) Coriolis R245fa flow meter; (e) Heat Recovery Vapor Generator HRVG; (f) Sliding
Rotary Vane Expander SVRE; (g) recuperator; (h) Control Unit; (i) 12 kW electric resistance; (1) electric generator; (m) torque-meter; (n) hot water pump; (p) hot

water tank; (q) temperature and pressure transducers.

Expander
\ R i
@ exhaust pipe
- "

BT

Expnder
|intake pipe

Fig. 2. The connection between expander, torque-meter, flexible joints and electric generator; (f) SVRE expander; (o) flexible joints; (m) torquemeter.

working fluid leaves the regenerator hot side, it is gathered in a 3 Liters
plenum, introduced to dump the flow rate fluctuations. Subsequently, it
flows into a plate heat exchanger, where it condenses.

The test bench is fully instrumented to assess all the operating
quantities characterizing the unit. A Coriolis (d) flow meter was adopted
to measure the mass flow rate of R245fa, while the flow rate of hot and
cooling water was measured with magnetic flow meters at the HRVG
and the condenser. Pressures and temperatures were assessed upstream
and downstream of each component and the pump power was measured
through a wattmeter. Concerning the expander, the torque meter (m)
allows the evaluation of the mechanical power via torque and revolution
speed measurement. Table 1 reports the uncertainty of the measure-
ments of each instrument.

2.2. Experimental procedure and uncertainty analysis

The SVRE was tested in steady state conditions over a wide operating
range characterized by a flow rate varying between 30 g/s and 80 g/s

Table 1
Measurement uncertainty.
Variable Sensor Type Measurement
uncertainty
Temperature T-type Thermocouple +0.75°C
Pressure IFM electronics Pressure + 1.5% of full-scale

Mass flow rate
(R245fa)

Mass flow rate
(water)

Power

Torque

Revolution speed

transducers

Coriolis Flow meter- Optimass

5300 Khrone™

Magnetic Flowmeter- Optiflux

4000 Khrone™
Wattmeter PCE™

Torque-meter Kistler™ 4503B

Torque-meter

+ 0.15% measured
value

+ 0.5% measured
value

+ 1% measured value
+ 0.2 Nm

+ 1 rpm




F. Fatigati et al.

Energy Conversion and Management: X 20 (2023) 100428

and an expander revolution speed ranging from 1250 RPM up to 1750 2. The data-acquisition was performed thanks to a customized software
RPM. The adopted procedure was the following:

developed in the Siemens Simatic HMI™. The software allows to
collect the data with a sampling time of 2 s and to manage the main

1. The acquisition starts after the ORC-based unit reaches the steady operating quantities such as the working fluid mass flow rate;
state conditions at the fixed working point
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Expander intake pressure [bar]
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Fig. 3. Selected and discarded data in terms of expander intake pressure (a), power (b), efficiency (c), backwork ratio (d), ORC unit power (e) and ORC unit ef-

ficiency (f) as function of mass flow rate.
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3. The uncertainty analysis was carried out following the approach of
[36] where the uncertainty Uy of a quantity y as function of
measured variables x3,X5,..X;,...X, are evaluated as in Eq. (1):

n ay 2 )
Uy=4/3 <$) U, €8]

Where Uy; is the uncertainty of the i-variables. In Table 1 the uncertainty
of the measurements of each measurement is reported.

The data was then post-processed, averaged and filtered. In partic-
ular, only the data corresponding with a superheating degree comprised
between 2 and 10 °C were collected. Superheating degree ATsy was
defined as in (2), where Texp,in, Tsat and Pexp,in are respectively the
expander intake temperature and pressure and the saturation tempera-
ture in correspondence of pexp,in.

ATsiy = Tespin — Toar (Pespin) (@)

Hence, the data corresponding to two-phase working fluid conditions
are discarded as it can be seen in Fig. 3. In it, the discarded values of
expander intake pressure (a), expander power (b) and efficiency (c),
Back-work ratio (d), ORC-based power (e) and efficiency (f) have been
also reported. It is interesting to observe how despite the SVRE elabo-
rates a two-phase working fluid, it is still able to produce useful power.
Nevertheless, the performances are significantly penalized as it can be
seen by the lower expander and unit efficiencies referred to the dis-
carded points.

In order to assure a high rate of the accuracy, the heat exchangers,
the connecting pipe, the expander and pumps are insulated in order to
avoid thermal losses which could affect the measurement reliability.
Moreover, thermocouple and pressure sensors are located close each
other on T connectors. Finally, the alignment of expander, torque-meter
and electric generator are carefully verified.

2.3. SVRE theoretical model

The novelty of the validation is that it accounts for the expander
speed variation. Indeed, authors previous model developed with the
same approach was validated on a constant rotational speed. Speed
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variation modifies many processes (most important are vane filling and
emptying which are unsteady processes which behave as boundary
conditions of the connecting pipes) and, due to this, the model accuracy
was improved. The experimental agreement with theoretical data con-
firms a wider validity of the model and an increased capability to predict
phenomena. Hence, to the author best knowledge, a so deep analysis on
a Sliding Rotary Vane Expander for micro ORC-based application are
still not available in literature.

The expander speed variation was realized introducing a regenera-
tive inverter on the electric generator entrained by the expander. This
aspect also represents a novel contribution to the sector. Usually, the
generator fixes a constant speed of revolution due to the frequency of the
grid to which it is connected. The size of the expander, as well, falls in
that class which can be defined mini or micro, being the rated power
equal to 750 W. This power level is not so frequent in literature.

The experimental data ensured to validate a comprehensive model of
SVRE when the expander revolution speed varies. This model has never
been validated before against experimental data referred to revolution
speed variation which introduces variable phenomena. Despite the
novelties introduced by the experimental validation and the adaptation
of the model to a smaller expander with a different ports architecture,
the model structure is the similar to that adopted by the authors for the
characterization of a larger size SVRE in [29].

The model reported in Fig. 4 was developed adapting to the new
machine the approach followed for a higher capacity SVRE expander
[35].

The approach follows a mono and zero-dimensional thermo-fluid-
dynamic analysis and it was developed in GT-Suite™. The mono-
dimensional approach was adopted to reproduce the dynamic process
taking place inside the intake (b) and exhaust pipes (d). It involves the
discretization of intake and exhaust pipes into sub-elements, solving for
each of them the Navier-Stokes equation systems (3).

dm

dr & (3.1)
dir APA+ Cparie) — 4GP 84— K () A
dr dx

(3.2)

0D- analysis

© Casing/Stator
/__—1(:) <+ Blade expander shaft
° w
( ~
(b) © Rotor N
gl Boundary conditions

on the shaft

Volumetric losses assessment

Mechancial losses assessment

(a) Blade tip-Stator Leakage

(b) Blade side-Rotor Leakage

(¢) Casing-rotor Leakage

(d) Recirculated flow at seal arc (tangency)

F,. - Friction Force at tip blade

F, - Normal Force

F - Centrifugal Force

F, - Force exerted by the fluid under the blade

Fig. 4. Scheme of OD-analysis.
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d(me)

dv .
dt = —pP— Z (mH) - hA.x (T/Zuid - Twa[[) (3~3)

boundaries

Equations are integrated through an explicit solver. It is important to
notice that scalar variables such as pressure, enthalpy, etc... are
assumed to be uniform over each volume while vector variables (mass
flowrates) are calculated for each boundary separating the sub-volume
in which an element is discretized.

The inlet and outlet boundary conditions are considered as infinite
capacity plenums, represented by total conditions imposed by the HRVG
at its outlet and a static pressure at the condenser fixed by the temper-
ature of the cooling fluid (tap water). In this way it was possible to
extract the expander from the whole circuit considering it separately.

The right boundary conditions of the inlet pipe and the left one of the
outlet pipes are represented by the expander chambers which fill or
empty. They have been simulated by plenums having finite capacity
whose total conditions change during time according to flowrate
entering or living them and to the volume variation due to the rotation.
Expander rotational speed can be imposed through the element (m)
which is directly linked to the expander shaft sub-model.

In Fig. 4, the 0-D analysis was schematized in the assessment of
volumetric and mechanical losses. The expander speed, which is exter-
nally imposed through the regenerative inverted.

The volumetric losses are given by the difference between the
experimental and theoretical volumetric flow rate. These parameters
assume the same value only if leakage losses are absent. The theoretical
flow rate is given by the product of the working fluid density p, the
expander chamber intake volume Vi, the number of vanes N, and the
revolution speed, Eq. (4):

’hwf = mlh + mleak = pNv Vint@ ~+ Myear (4)

Therefore, the ratio between theoretical and experimental flow rates
represents the volumetric efficiency.

The model evaluates the leakage losses occurring in the gaps be-
tween the blade tip (a) and the stator inner surface, the blade sides and
rotor slots (b) and between the rotor face and the machine casing (c).

The first two leakages are evaluated according to the Poiseuille-
Couette approach (5) whereas the latter is evaluated according to the
equivalent diameter approach (6). This method assumes that leakages
take place across an equivalent orifice whose area is equal to that of the
gap between the rotor faces and the machine casing.

SAap 1
l eak,i — oW -V, .
ki =0 (12/4L+2 ) 5)
D, otal — P2.static
Mieari = Cy 45"/; 2(17“”’%”) ©

In Fig. 4, the procedure to evaluate the mechanical power losses is
depicted. The mechanical losses are mainly caused by the dry contact
between the blade tips and the stator inner surface. Thus, the friction
power losses depend on the normal force that the blade exerts on the
stator inner surface (7). This in turn depends on the centrifugal force and
the pressure exerted by the working fluid filling the gap under the blades
when they outstand towards the stator inner surface. The mechanical
losses are evaluated thanks to the subroutine (1).

Plosses = N, (F( + E}) rnw @

Such relation was implemented inside subroutine (1) which ensures
to represents all the dry and viscous friction phenomena. Indeed, (1)
subroutine allows to consider the effects of viscous friction on bearings,
and between the rotor face and casing, blades tips and rotor slot, blades
tips and stator inner surface. Nevertheless, the only dry friction losses
between blade tips and stator inner surface has been considered, rep-
resenting almost the 95% of the whole power losses, [29].
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Subtracting the power losses to the indicated power given by the area
of the indicated diagram of the chambers (8) the expander power
available on the shaft is obtained (9).

Ziv:l $pidV;

t(ycle

Pia = (€)]

Prech = Ping — Plogses (9)

Concerning the expander global efficiency, it is given by the ratio
between the mechanical power and the one corresponding to an adia-
batic isentropic transformation (10).

P mech

mWF (hexpjn - heprout)

The boundary conditions are set through the intake (a) and exhaust
plenum (e). These are represented by mass flow rate and inlet temper-
ature in (a) -total temperature condition- and exhaust pressure in (e). In
Fig. 4 a scheme was developed to summarize the approach followed. The
model was experimentally validated thanks to a wide set of experi-
mental data which included the speed variation of the expander, so
widening its validity in a manner never considered untill now.

Hence, The model of the SVRE is physically based and the validation
phase ensures to calibrate some parameters which cannot be stated in an
analytic manner. For instance, the clearance gap between blades tip and
stator inner surface was experimentally identified also considering that
it depends on operating conditions. Nevertheless, its identification is
univocal as there is only one values which ensures that the expander
intake pressure and expander power are properly predicted with respect
to the experimental data. Moreover, thanks to the wide calibration phase
the trend of this parameter with the main operating quantities (mass
flow rate, operating speed) is identified ensuring to widen their pre-
diction outside the experimented working range.

10)

r]exp =

3. Results
3.1. Experimental results and model validation

The experimental analysis was focused on the effect of the revolution
speed variation on the expander performance. The expander is
commonly retained as the critical component of the whole unit since its
behavior affects the operating conditions and the performance of the
whole unit. If a volumetric expander is employed, it can be seen as a
revolving valve, influencing the maximum pressure of the unit with its
permeability. The permeability is defined as the attitude of the expander
to be crossed by the working fluid. The lower the permeability, the
higher the maximum plant pressure. This parameter can be varied to set
the maximum plant pressure since the permeability depends on the
expander speed [23]. Furthermore, the expander performances are
particularly sensitive to revolution speed variation and its impact should
be carefully considered.

To experimentally analyse these aspects, a dedicated experimental
campaign was carried out considering 3 expander speeds (1250 RPM,
1500 RPM, and 1750 RPM). The results were reported in terms of
expander intake pressure (Fig. 5(a)), power (Fig. 5(b)), and global effi-
ciency (Fig. 5(c)) as a function of the mass flow rate provided by the
pump.

It can be seen from Fig. 5(a) that the expander intake pressure fol-
lows a different linear growth path with mass flow rate according to the
expander speed. Increasing the revolution speed the slope of the linear
growth diminishes due to the increase of the expander permeability. It
passes from 0.08 kg/(MPa-s) when the expander rotates at 1250 RPM to
0.01 kg/(MPa-s) for a revolution speed of 1750 RPM. This means that
keeping constant the mass flow rate, the higher the revolution speed the
lower the expander intake pressure which, net to the pressure drop be-
tween HRVG and SVRE, coincides with the maximum plant pressure.
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Fig. 5. Effects of revolution speed variation on Expander intake pressure (a), power (b) and efficiency (c) as a function of mass flow rate.

Considering a mass flow rate equal to 62 g/s, the expander intake
pressure is equal to 10.3 bar, 9.6 bar and 9.1 bar when the expander
speed is respectively equal to 1250 RPM, 1500 RPM and 1750 RPM.

The different pressure trends affect the expander power, which fol-
lows a linear growth with the mass flow rate in each case. Indeed, for
mass flow rates between 38 g/s and 62 g/s, the maximum power is
achieved at 1250 RPM (760 W).

It is important to notice that increasing the revolution speed, the
slope of the linear growth of power with mass flow rate diminishes as
can be observed in Fig. 5(b). This is a consequence of the permeability
increase with expander speed increase. In fact, the higher is the
expander speed, the lower is the expander intake pressure growth with
mass flow rate (Fig. 5(a)). As the exhaust pressure depends by the cold
source conditions and it is quite constant with mass flow rate, also the
linear growth of expander pressure ratio diminishes with mass flow rate,
increasing the expander speed. Anyway, the increase of expander speed
allows to widen the operability because if this parameter remains fixed
with mass flow rate growth, the expander intake pressure could reach
very high pressure values, reducing the machines efficiency and
increasing the expander cost. Hence, results mean that the revolution
speed should be increased with the mass flow rate to provide the best
operating conditions for the SVRE [23].

Experimental results reported in Fig. 5 are in accordance to the

permeability theory, [28]. Indeed, the experimental trend confirms the
theoretical relation of permeability expressed in [28]. As reported in
[28], it can be obtained integrating the mass conservation (11) and the
real gas behaviour relation (12).

Mooty

o an
Pt wexp Vim ch
Pimt = ZRTintpim 12)
Hyor oy
it = ZRTj——— 13
Pin ,wexp VimNch ( )

Observing equation (13), it can be seen as once the expander speed is
fixed, all the quantities reported are constant with the exception of the
intake pressure and temperature and mass flow rate which is intrinsi-
cally related to the expander intake pressure. Nevertheless, it was
observed [28] that for low superheating degree variations (typical of
such application where superheating rarely exceeds 20 °C) its effect is
negligible on expander intake pressure (and mass flow rate). Hence,
eq.10 can be retained linear and the slope is equal to the reciprocal of
permeability. Indeed, permeability is defined by the ratio between the
mass flow rate and pressure rise and the (14):
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Therefore, Eq. (15) can be written:
a= Uil (15)
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However, as the exhaust pressure is quite independent from mass
flow rate, permeability can express the linear relation between mass
flow rate and expander intake pressure. In particular, the higher is the
permeability, the lower is the expander intake pressure for a given mass
flow rate. Furthermore, equation (12) puts in light the role of expander
speed. Indeed, the higher is the expander speed the larger is the
permeability and the lower is the slope of the curve. This demonstrates
the slope reduction observed by the experimental results for expander
speed increase in Fig. 5(a). The working fluid can assume a different
value for a given mass flow rate and this leads to a slight variation of the
permeability. Consequently, on the linear relation of pressure with mass
flow rate. This explains why for a given mass flow rate, the expander
intake pressure and power could be different. The reason is the super-
heating degree in this case which doesn’t remain constant. Indeed, the
higher is the superheating degree the higher is the expander intake
pressure (and the power) for a given mass flow rate and, consequently,
the lower is the permeability.

This aspect can be seen also from the expander efficiency point of
view. As shown in Fig. 5(c), the revolution speed regulation flats the
efficiency curve. In this way, the efficiency is always comprised between
0.4 and 0.45 for mass flow rate comprised between 38 g/s and 75 g/s in
accordance with the best literature results, [37]. It is worth observing
that the expander performance decrease at 38 g/s in terms of power and
efficiency. This happens because at 38 g/s the expander intake pressure
is too low for the considered revolution speed (1250 RPM). Hence, the
performance in this point could improve by reducing the expander
revolution speed to increase the intake pressure and consequently the
pressure ratio at the expander side.

It is worth to notice how the pump power is a significant part of that
produced by the expander as expressed by backwork ratio (Fig. 5(d))
defined as the ratio of pump and expander power. It reaches value up to
70 % for the upper limit mass flow rate.

Given the influence of the expander on the unit performance, the
revolution speed has effects also on the ORC-based unit output power
(16) and efficiency (Fig. 6). Nevertheless, the ORC-based unit net power
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(Fig. 6(a)) shows a maximum for a mass flow rate of 60-65 g/s. This is
due to the impact of pump power which for higher mass flow rate rep-
resents almost the 70% of the expander power. As the ORC-based unit
efficiency (17) is highly dependent on the power of the unit, a maximum
can be observed also for the efficiency. It interesting to observe how the
mass flow rate which allows to maximize the power (60 g/s) is close to
that allowing to maximize the efficiency (55 g/s). Hence the mass flow
rate maximizing the power can be chosen without penalizing the effi-
ciency (Fig. 6(b)).

(16)

ORC = Lexp — Fpmy
P Poyy = Ppup

Porc
MpyyCp hw (Thw,[n - Thw,am)

Nore = a7)

It is worth noting how varying the expander revolution speed, the
efficiency is comprised between 2% and 4 % for a huge mass flow rate
interval of 50-75 g/s. This can be furtherly enhanced by reducing or
increasing the revolution speed at lower or greater mass flow rates.
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Fig. 6.1. Experimentally optimized expander speed trend allowing to maximize
expander and ORC plant performance.
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Therefore, for SVRE an optimized trend can be defined varying properly
the revolution speed. Such trend (Magenta scattered lines in Fig. 5(b)
and 5(c)) is achieved with a proper variation of the expander speed with
working fluid mass flow rate. This law was achieved from the analysis of
the experimental data. Hence, for each mass flow rate was selected the
expander speed maximizing the expander power according to the
experimental law reported in Fig. 6.

The trend of Fig. 6.1 was achieved selecting the revolution speed
that, for each mass flow rate, allows to maximize the expander power
(Fig. 5(b)). It is important to observe how the trend corresponds to fit the
higher values of the expander efficiency (Fig. 5(c)) and the ORC-based
power (Fig. 6(a)) and efficiency (Fig. 6(b)).

The experimental data ensured to validate the theoretical model.
Intake pressure, power, expander outlet temperature and efficiency
were selected as validation parameters.

Fig. 7(a) demonstrates the good agreement between experimental
data and theoretical prediction. Fig. 7(a) shows how the model is
capable to represent the expander intake pressure when the revolution
speed varies. In this case, the maximum deviation is 6.4% whereas the
Root Mean Square Error (RMSE) is 6.4%. Concerning the expander
power, the model provides an accurate representation of the real values
as it is demonstrated in Fig. 7(b). In this case, the maximum deviation is
8.4% and the RMSE is 2%.

Moreover, the expander outlet temperature (Fig. 7(c)) presents good
accordance between experimental data and theoretical predictions. The
maximum absolute deviation is equal to 5.6 °C and the average error is
2.23 °C. As a consequence of the correct representation of the considered
quantities, also the global efficiency is properly evaluated by the model
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(Fig. 7(d)). In this case, the RMSE is equal to 2.1% whereas the
maximum deviation is 7.1%.

3.2. Theoretical analysis of the impact of revolution speed on expander
and plant performance

Once the model has been validated, it was used as a software plat-
form to assess the impact of the revolution speed variation on the
expander and plant performance over a wider operating range. The re-
sults were reported in maps showing expander and plant performances
as a function of the mass flow rate provided by the pump and the
expander speed. In Fig. 8(a) and Fig. 8(b) the ORC maximum pressure
and expander pressure ratio are reported. Both parameters depend on
the expander permeability in accordance with the analysis developed in
[28].

Fig. 8(a) shows how the slope of the linear growth between
maximum pressure and mass flow rate diminishes when expander rev-
olution speed increases. Hence, as shown in the previous section, by
changing properly the revolution speed with the mass flow rate varia-
tion (black lines in Fig. 8(a)), the maximum pressure at expander inlet
can be kept close to the design value. In this way, the reduction of the
revolution speed for limited mass flow rates prevents too low maximum
pressures, thus ensuring appropriate working conditions of the recovery
unit. On the other hand, when the WF mass flow rate grows, the
expander speed increase allows to avoid the reaching of unsuitable
values of maximum pressure, undermining the components’ integrity
and the recovery unit operation. Thus, a proper variation of the
expander revolution speed according to the WF mass flow rate provides
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Fig. 7. Comparison between experimental and theoretical expander intake pressure (a), power (b), expander outlet temperature (c) and expander efficiency.
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Fig. 8. Iso-contours of maximum pressure (a) and expander pressure ratio (b) as a function of the working fluid mass flow rate and speed.

that the expander pressure ratio varies in a proper interval (2-5) despite
the significant operating conditions change (black lines in Fig. 8(b)).
Hence, if the pressure ratio remains closer to the built-in volume ratio of
the machine equal to 5, the under and over expansion phenomena can be
prevented.

In the present analysis, the pressure ratio is obtained by keeping
constant the expander exhaust pressure at 2.61 bar since this value de-
pends only on the condenser condition. Anyway, if the variation of the
exhaust pressure would change (according, for instance, with a different
temperature of the condensing medium), the corresponding value of the
expander pressure ratio can be obtained by interpolation.

Therefore, once a given optimized pressure or pressure ratio profile is
defined, the reported maps (Fig. 8) can be used as a control tool to set the
revolution speed that allows achieving the desired values in terms of
pressure. Indeed, entering the mass flow rate value provided by the
pump (which is defined according to the thermal power availability at
the hot source) when the curve corresponding to the required pressure

(or pressure ratio) is intersected, the expander revolution speed can be
evaluated. As discussed in previous section, the expander intake pres-
sure and pressure ratio profile are achieved properly varying the
expander speed to maximize the expander power (Fig. 9(a)). From Fig. 9
(a) it can be seen how if the expander speed is kept constant, the value of
expander power is lower than the one achieved varying the expander
speed (black line). Despite the optimization is performed on expander
power, the expander speed variation allows to achieve efficiency close to
the maximum value (Fig. 9(b)). In this case also it can be seen that to the
optimized line corresponds the highest efficiency for each mass flow
rate. Exception is present in the range 60 g/s-100 g/s where the
maximum efficiency is achieved for the case of 2000 RPM. Nevertheless,
the difference is limited to few points while the advantage to vary the
expander speed allows to significantly improve the efficiency for mass
flow rate lower than 60 g/s.

In Fig. 9(a) and 9(b) the values of expander power and efficiency
corresponding to the case in which the revolution speed was varied to
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follows the black path of Fig. 7 are respectively reported.

It can be seen from Fig. 9(a) how the power follows a linear trend
from 300 W to 1200 W for the considered mass flow rate excursion. The
expander speed regulation should preserve the linear growth of the
maximum pressure of the unit with mass flow rate limiting its slope,
[29]. In fact, a volumetric expander presents a self-regulation capability
even if its speed is not regulated. So, the revolution speed variation
ensures that the maximum pressure does not reach too high or too low
values for high increase or decrease of mass flow rate entering the ma-
chine, respectively.

Concerning the efficiency, Fig. 9(b) shows a flat overall trend being
the excursion in the 0.4-0.45 range. So, with a proper revolution speed
variation, the efficiency of the machine sees a slight reduction from the
design value (0.45).

The expander speed optimization profile also allows to maximize the
power of the unit (Fig. 10(a)) and efficiency (Fig. 10(b)) confirming the
validity of the expander speed optimization observed in the previous
section for a wider mass flow rate range.

In Fig. 10(a) can be seen how a properly change of the speed the unit
produces a higher power for each mass flow rate with respect to the case
of a fixed speed. The same happens for the ORC efficiency (Fig. 10(b))
and in this case it is important to observe that after 60 g/s, the efficiency
reaches a flat trend close to 3%.

Hence, the main limit of the efficiency of the unit is constituted by
the high power required by the pump as it usually happens when the
power of the unit based on a Rankine or Hirn cycle decreases. This aspect
is particularly severe for the condition at hand where the rated power of
the expander is limited to value lower than 1 kW.

For this reason and due to the limitation of the hot source, the
operating of the expander is higher than that of the whole ORC unit. This
means how he same expander can be suitable also for larger scale.

Anyway, it is shown as a wider revolution speed variation ensures to
widen the machine and plant operability with respect to the experi-
mental cases. Indeed, reducing the revolution speed at 1000 RPM for a
mass flow rate lower than 50 g/s, the unit produces a power up to 300 W
with a maximum efficiency of 2.3%. On the other hand, for mass flow
rates higher than 80 g/s, at 2000 RPM it is possible to avoid unsuitable
maximum pressure ensuring a power production up to 700 W with a
maximum plant efficiency of 3%.
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4. Discussions

In the present paper it was seen as the adoption of a variable speed
sliding rotary vane expander allows to widen the operating flexibility of
a solar driven ORC-based power unit. Indeed, it can be seen as varying
the expander speed, the expander permeability can be managed to set
the desired expander intake pressure can be assured for a given mass
flow rate (and consequently pump speed). Consequently, the super-
heating degree of working fluid at expander inlet can be kept close to
design condition (10) °C) for all the experimented test range. Hence,
results shows that a control of the ORC unit based on the expander speed
regulation is a fast and robust strategies [26].

Concerning the ORC performance they are in line with the literature
results about ORC-based unit with the same size. Indeed, A maximum
plant efficiency close to 4% is already observed in [21] (4-6%), [38]
(3-4%), [37] (4%), [25]. It was found that the main limit of the unit is
the higher power as confirmed by the high backwork ratio up to 70% in
line with [25].

Besides such parameters there are many others which could be
considered (thermal power availability at the hot source in terms of
water flow rate from the reservoir or the temperature at evaporator inlet
or the availability of solar power). Nevertheless, the main scope of the
present study is to evaluate the operability of a small Sliding Rotary
Vane Expander which suffers severe off design conditions (low hot
source temperature is the most critical aspect). Hence, main parameters
characterizing the SVRE operating conditions identified as expander
intake pressure, efficiency, power delivered and expander speed were
considered being the last one an important degree of freedom for plant
management. Indeed, when this parameter is matched with pump speed
(WF flow rate) a reliable control strategy allows to limit the maximum
pressure of the unit. Such concept was introduced inside the text.

An interesting results of the present research is the variable speed
expander present a wide a wider operating range with respect to that of
the unit. In fact, the limited thermal power of the hot source and the high
power requirement of the pump reduce the mass flow rate range in
which the unit can operate (30-100 g/s). Consequently, the present
machine properly setting the revolution speed could be suitable for
different scale of ORC based power unit.

Concerning the expander performance, they are comparable with
results collected on expanders with similar size in literature. In the
present work it is found an isentropic efficiency comprised between 40
and 50% similar to what found by [39,40] in which SVRE of a similar
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Fig. 10. ORC power (a) and ORC efficiency (b) as a function of R245fa mass flow rate and expander speed.
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size were tested.

Scroll expander presents a higher efficiency for the same scale as
reported in [41] (50%) and in [42] (70%).

SVRE performance could be enhanced introducing the dual intake
technology which allows to reduce the performance gap as observed in
[43].

Hence, SVRE allows to widen the solar ORC unit operating range
allowing to deal the severe off-design operating conditions taking place
for the high variability of the solar source and the demand of DHW. In
this sense, an important feature of SVRE is that reducing the expander
speed, a proper expander pressure ratio is guaranteed when the working
fluid flow rate is reduced due the scarce thermal power availability of
the hot source. On the other hand, if the expander speed is increased the
expander could elaborate more mass flow rate keeping constant the
intake pressure. This feature allows to size the plant not in correspon-
dence of the maximum operating point but for the most probable
reducing the risk that the plant is oversized. So, the situation of extra
availability of thermal power are fulfilled with the increase of expander
speed. A further aspect is the reduction of the mechanical stresses which
machine components must face decreasing the expander intake pressure
for a given mass flow rate if its rotation increases.

So, the coupling of an ORC-based power unit fed by the hot water
inside a reservoir usually present in a conventional flat plate solar col-
lector plant consents a much wider exploitation of the solar energy
which irradiates the panels. Thermally discharging the reservoir thanks
to the electricity generation allows a continuous solar energy recovery.
In fact, in real operating conditions when the reservoir reached the pre-
set temperature level, the solar energy recovery is stopped. Considering
that the thermal energy inside the reservoir in domestic applications is
usually greater that real use (the system is almost always overdesigned),
flat plate solar collectors are simply irradiated losing a potential greater
recovery which, on the contrary, is guaranteed by the generating unit. A
continuous recovery is enhanced is the unit can properly work as much
as the temperature of the hot source (the one inside the reservoir) de-
creases, The speed of the SVRE is an effective control parameter to insure
this. It appears noteworthy to observe that a greater exploitation of the
solar energy of a plant already built significantly contributes and ap-
pears to be relevant with respect to energy sustainability. This is even
more underlined by the fact that the greater exploitation produces
electrical energy which has a greater values from a thermodynamic
point of view with respect to thermal energy which, anyway, is kept
available for users. The electricity stored inside a battery at domestic
level contributes to reduce the requests from the grid insuring also an
economic saving.

5. Conclusions

In the present paper, the impact of the expander revolution speed
variation on a solar micro-cogenerative ORC-based power unit was
experimentally and theoretically characterized.

A fully instrumented ORC-based power unit was developed simu-
lating the solar power through two electric resistances heating 135 Liters
of water stored in a thermal storage tank. To make the plant more robust
to the variation of the operating conditions, a sliding rotary vane
expander SVRE was adopted with the possibility to regulate its revolu-
tion speed without changing the electrical energy frequency. By varying
the revolution speed, in correspondence variations of the WF mass flow
rate, ensures to control maximum pressure of the plant, so the expander
working conditions. Varying the expander speed, the machine and plant
permeability change breaking the linear growth of the maximum pres-
sure. In other words, for a given WF mass flow rate which depends on the
thermal recovery at the HRVG, a desired maximum pressure of the plant
or a desired expander pressure ratio can be achieved by varying the
expander speed which revealed a suitable control variable in accordance
with literature.

This was widely demonstrated by the experimental analysis which
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shows that the slope of the linear growth of the intake pressure with
mass flow rate decreases with the WF mass flow rate. This provides also
an experimental demonstration of the permeability theory developed by
the authors in previous works. Indeed the following experimental evi-
dences was observed:

1. Increasing the expander speed from 1250 RPM up to 1750 RPM, the
expander permeability grows from 0.08 kg/(Mpa-s) up to 0.1 kg/
(Mpa-s);

2. Increasing the expander speed allows to avoid too high excursion of
expander intake pressure thus keeping the expander pressure ratio
close to the design value;

3. An optimized speed profile is experimentally derived selecting for
each mass flow rate the expander speed allowing to maximize the
expander power;

4. It was seen as the optimized speed profile ensures also to optimize
the expander efficiency and the ORC plant power and efficiency;

Tanks to the comprehensive validation of the expander model which
accounted for the revolution speed, a wider analysis concerning the
power producible by the recovery unit was predicted as well as the ex-
pected performances of the expander. The model results show:

1. SVRE allows to widen the ORC unit operability over a mass flow rate
range comprised between 30 and 100 g/s;

2. Optimized speed curve maintains its validity also for a larger oper-
ating range;

3. SVRE presents a higher operating range than the ORC unit due to the
lower hot source power and high backwork ratio;

4. The maximum power (800 W) and plant efficiency (3-4%) are
limited by the high pump power requirement which represent the
most critical element also for the lower expander rated power.

The expander revolution speed variation allows to avoid the ORC
plant is over-desinged. Indeed, it can be sized considering the most
probable working point and not the one characterized by the maximum
power. The expander speed variation allows to set the plant scale ac-
cording to the operating conditions variations.
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