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HIGHLIGHTS GRAPHICAL ABSTRACT

o Sliding valve in the expander casing
used to vary the built-in volume ratio
(BIVR)

® Lower BIVRs improve volumetric effi-
ciency but worsen specific indicated
power.

® Expander BIVR and revolution speed
affect most the heat to power conver-
sion.

® Control variables optimised to boost
nominal performance from 81 kW to
103 kWw.
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ARTICLE INFO ABSTRACT
Keywords: This research work presents a numerical chamber model of a two-phase twin-screw expander and its further
Trilateral flash cycle integration in a one-dimensional model of a Trilateral Flash Cycle (TFC) system for low-grade heat to power
Twin-screw expander conversion applications. The novel feature of the expander is the capability of changing the built-in volume ratio

Two-phase expander
Low-grade waste heat recovery
Built-in volume ratio

(BIVR) of the machine through a sliding valve in the casing that opens an additional suction port. Lowering the
BIVR from 5.06 to 2.63 results in an improvement of the volumetric efficiency from 53% to 77% but also in a
reduction of the specific indicated power from 4.77 kJ/kg to 3.56 kJ/kg. Parametric analysis on several degrees
of freedom of the full TFC system concluded that expander speed and BIVR are the variables that mostly impact
the net power output of the unit. An optimisation study enabled the net power output of the TFC system, at
design point, to increase from 81 kW to 103 kW.

1. Introduction waste heat sources at temperatures below 100 °C has been estimated at

468 TWh on a European scale [1] and 43.2 PWh worldwide [2]. Ac-

Low-grade waste heat to power conversion has recently attracted cording to the aforementioned studies, the most promising sectors for

increased attention by the academic and industrial communities. The harvesting this potential are the chemical and petrochemical, the non-
potential for thermal energy recovery and conversion to electricity from metallic minerals as well as the food and tobacco industries.
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Nomenclature

specific total internal energy [J kg™']
specific heat at constant pressure [J kg~! K™']
specific enthalpy [J kg™ ']

mass [kg]

mass flow rate [kg s~ ']

pressure [Pa]

specific internal energy [J kg’l]

time [s]

velocity [m/s]

quality

area [m?]

total number of boundaries

heat transfer coefficient [W m =2 K™ !]
ind indicated power [W]

equivalent gas constant [J kg ™! K™ 1]
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T temperature [K]

v volume [m?]

VA number of rotor lobes

y ratio of specific heats

7 efficiency

P density [kg m~3]

0 valve lift

[0) control valve area ratio
W revolution speed [RPM]
01 total upstream conditions
2 static downstream conditions
is isentropic

hot heat source

leak leakage

s heat transfer surface

suc suction

vol volumetric

Among the available technologies, heat to power conversion sys-
tems are characterised by higher flexibility than heat exchanger net-
works for recovery and internal reuse of the energy and for over the
fence export. Bottoming thermodynamic cycles, and particularly
Organic Rankine Cycles (ORC), are a mature technology for waste heat
to power conversion especially at medium heat source temperature
levels in the range 150-300 °C and at power sizes in the order of
megawatts [3]. For low-grade heat recovery applications, the academic
literature proposes the trilateral flash cycle as a promising candidate for
heat to power conversion [4].

The TFC differs from the ORC in the absence of phase change during
the heat addition and expansion in the two-phase region of the organic
working fluid. In [5], a TFC using water and four ORC configurations
were compared considering an expander isentropic efficiency of 85%.
The findings revealed 14-29% higher values of exergetic efficiency in
the case of TFC depending on the inlet temperatures of heat source and
sink. Moreover, the volume flow rate at the expander outlet was sig-
nificantly higher in the TFC system, from 2.8 to 70.0 times greater than
the ORC in the same operating conditions. Therefore, it was suggested
the utilization of fluids with higher vapour pressures such as cyclo-
pentane and butane. In a later study, based on the same conditions
described in [5], a comparison was carried out between TFC operating
with organic fluids and water, an ORC and a Clausius-Rankine cycle.
The TFC with water outperformed all the other cycles in terms of ex-
ergetic efficiency [6].

Two-phase expansion technologies are commercially available for
some niche applications. In the context of mechanical power generation
from geothermal fluids, impulse steam turbines are the state of art at
megawatt scale [7]. In addition to that, a 1 kW two-phase reaction
turbine, whose concept was patented by Fabris [8], has been recently
analysed and optimised through multi-phase Computational Fluid Dy-
namics (CFD) using the Thermal Phase-Change model [9]. In Liquefied
Natural Gas (LNG) applications, a commercial radial turbine [10] re-
sulted in an empirical isentropic efficiency up to 85% [11] with a power
size in the order of tens megawatts.

To seize the opportunity provided by distributed low-grade waste
heat sources, an ideal electrical power size for TFC systems ranges
around 100 kW. In fact, this allows transportability of the power re-
covery units, use of off-the-shelf equipment, low footprint and in-
stallation complexity, and a still adequate business case [12]. At this
scale, positive displacement machines are more preferable than the
dynamic ones given the high-pressure ratios and the relatively small
mass flow rates. Nonetheless, research is also ongoing to develop TFC
impulse turbines. In particular, an experimental study on the con-
verging—diverging nozzle of a TFC impulse turbine showed a pro-
gressive increase in the nozzle efficiency by a rise in the inlet

temperature of iso-pentane up to 45% at 68.3 °C [13]. On the other
hand, an Euler impulse turbine operating with R245fa resulted in an
experimental power recovery up to 7 kW. The study further highlighted
a number of advantages of TFC compared to ORC, such as up to 80%
additional power output at the same operation conditions as well as
simplified control of the heat to power block [14].

Unlike those positive displacement technologies that experience a
limitation in the revolution speed to minimise the friction losses oc-
curring between stationary and moving parts, twin-screw expanders
can operate at high speeds, up to 6000 RPM. This feature results in the
capability of processing large quantities of flow and reduced investment
costs. As such, even though some studies on reciprocating TFC ex-
panders are also available [15], most of the published literature focuses
on the twin-screw technology.

Twin-screw machines have been thoroughly investigated through
numerical and experimental approaches when used as air or refrigera-
tion compressors and as ORC expanders [16]. Among them, some
commercial solutions for two-phase ORC expanders have been also
developed [17,18], while a recent analysis concluded that for heat
source temperatures ranging between 80 °C and 200 °C, the optimal
critical temperature of the working fluids ranges between 125 °C and
175 °C, (e.g. R245ca, iso-pentane and n-butane) [19]. Nonetheless, to
the best of the authors' knowledge, the availability of literature on two-
phase twin-screw expanders for TFC applications is not sufficiently
thorough to provide a deep understanding of the underpinning physics
of the flash expansion in these machines.

The first research outputs on twin-screw expanders for TFC appli-
cations are from the research group at City University London. In [20],
a 10 year study on TFC and twin-screw expanders is presented. Ex-
tensive numerical and experimental activities were carried out with the
then available working fluids. Results reported an output power in the
order of 25 kW and isentropic efficiency close to 70%. The authors also
highlighted the issue of pre-expansion during the initial filling working
chambers. The chamber model developed, assuming homogeneous two-
phase flow, also showed a good agreement with the experimental re-
sults. In [21], the geometrical optimization of a twin-screw machine for
the expansion of wet steam is presented. With reference to a model
which calculated the two-phase fluid properties as the average of the
single phase ones weighted on the quality, the numerical work pro-
posed a multi-variable geometric optimization to maximise the output
power. The optimized geometry was tested at different expansion ratios
and achieved isentropic efficiency greater than 70% at nominal con-
ditions.

In [22], a thermodynamic modelling for TFC twin-screw expanders
is presented. The modelling approach considers the filling process as if
the working chambers are filled with a hot liquid over an injector
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nozzle rather than an inlet area to improve flash vaporization of the
fluid. The leakage calculation is instead handled with a homogeneous
mixture approach. As concerns the energy equation, a thermodynamic
equilibrium is considered. This assumes that sufficient heat transfer
exists between the phases to reach a stable state within a time step. The
simulations showed good agreement with measurements performed on
a steam expander, even though deviations on the power output and
indicator diagram were noticed especially at low revolution speeds.

In [23], extensive experimental investigations are carried out on a
water injected twin-screw expander, including indicating pressure
measurements. The experiments showed a better volumetric efficiency
at lower revolution speeds and an almost constant mechanical effi-
ciency when the quality ranged between 0.97 and 0.99. This result
agrees with the simulations performed in [24] in which it is concluded
that at high steam qualities, the specific flow consumption (i.e. ratio
between power recovered and steam used) is optimal.

In [25], the impact of different rotor-tip clearance heights was in-
vestigated concluding that greater rotor-tip gaps, albeit providing a
greater mechanical efficiency, result in lower power recovery perfor-
mance due to worse indicated and isentropic efficiency.

In [26], a correlation between isentropic efficiency and inlet quality
is proposed based on data from previous experimental works on two-
phase twin-screw expanders, [20,27,28]. The correlation indicates that
differences in adiabatic efficiency tend to level out with reducing va-
pour fraction. Designs with poor peak efficiency tend to improve at low
vapour fraction conditions while designs with high peak efficiency
become less efficient at lower vapour fractions.

The effects of surface condensation in steam-driven twin-screw ex-
panders were recently assessed through a chamber model simulation
coupled with a thermal analysis for the heat transfer between fluid and
metallic surfaces. The study concluded that, due to the short time scales
and the periodicity of the expansion, the condensation process is best
described by models for dropwise condensation. Moreover, the research
asserted that condensate is trapped in the working chamber at the end
of the filling period, thus increasing the mass flow rate of the machine
but with no effects on the power output [29].

All the research works agree on the complexity of the phenomena
involved in a flashing expansion in screw machines. Hence, some re-
searchers began to investigate the fundamentals in more simplified
machines, namely piston geometries [30]. A two-phase piston expander
was also experimentally and numerically investigated in [31]. From the
experimental investigations, it was identified that the mixing of the
liquid due to boiling bubbles was found to have a strong impact on
pressure change during adiabatic expansion. Hence, two-phase adia-
batic vaporization in a cylinder is considered to be mainly dominated
by the heat transfer between the bulk liquid and the gas-liquid inter-
face. These operating conditions, however, are not fully representative
of the reality in twin-screw machines since the phase change process
takes place while the fluid in the control volume rotates and simulta-
neously mixes with other flows.

In this context, the current research proposes to address the
knowledge gap related to the expander operation as well as the inter-
action effects between the different components of a TFC system in
terms of sensitivity and impact on recovery performance also at off-
design conditions. The novelty of the research methodology employed
in this work lies in the scalability of the results for optimization and
control studies. Another element of novelty compared to the state of the
art is the numerical investigation of the effects that a variation of the
expander built-in volume ratio has on the machine performance and the
overall power recovery. This work also expands recently published
work on Trilateral Rankine Cycles and partial-evaporating cycles, such
as [32,33] and [34] respectively.

In Section 2, after introducing modelling methodology, the concept
of variable built-in volume ratio (BIVR) presented. Section 3 instead
focusses on the novel modelling features of the TFC heat to power unit
presented in [12]. In Section 4, a first set of simulations on the
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standalone twin-screw machine is followed by the off-design perfor-
mance assessment of the TFC unit. Maps reporting the optimal oper-
ating conditions for given temperatures and flow rates of the heat
source are eventually presented and discussed.

2. Twin-screw expander modelling
2.1. Fundamentals

The twin-screw expander and the other components of the TFC
system have been modelled in the commercial software platform GT-
SUITE™ [35]. In this environment, positive displacement machines are
modelled through lumped parameter formulations, also known as
chamber models [36]. As concerns piping and heat exchangers, a one-
dimensional formulation of the conservation equations solved with a
staggered grid approach is instead considered. Dynamic machines such
as the centrifugal pump of the TFC system are eventually modelled
using a map-based approach [37].

The expander performance maps discussed in Section 3.1 were
generated through the standalone expander model presented in [36]
and adapted to include the variable built-in volume ratio capability.
The cornerstone of this modelling approach, which applies to any po-
sitive displacement machine, is the energy equation expressed in terms
of conservation of total internal energy, i.e. the sum of internal energy
and kinetic energy (e = r + u?/2). The energy Equation (1) states that,
neglecting variations of potential energy, the rate of change of total
internal energy in the expander chambers depends on their volume
variation, the enthalpy fluxes through the boundaries (leakages, suction
and discharge ports) and the heat transfer phenomena with casing and
the rotors (neglected in the current case).

B
% = _pC;_I[/ + [ml (ei + %)] - HAS (Tﬂuid - Twall)
i=1 i €))
This lumped parameter formulation assumes no spatial variation of
the fluid properties inside the expander chamber. The two-phase fluids
are treated as equivalent gases whose thermophysical properties are
calculated as the weighted average of the saturated liquid and vapour
states based on quality. Eq. (2) reports an example for the ratio of
specific heats.

Y= yvapx + yliq(]' - X) (2)

Leakage flows as well as filling and emptying processes are treated
as flow through an orifice whose equivalent diameter is an input of the
calculation. In the case of subsonic flows, Eq. (3) applies.

y—1\\1/2

P
In absence of friction losses, the expander power output equals to
the indicated power Eq. (4).
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The volumetric efficiency is defined as the ratio between the mass
flow rate resulting from the simulation and the theoretical value that
can be calculated from the geometrical and operational characteristics
of the machine according to Eq. (5).

60 1

Dol =
vl Paue Vsuczmale @ (5)

The isentropic efficiency is eventually calculated as the ratio of the
real and the isentropic enthalpy drops across the expander, i.e. with
inlet and outlet enthalpies measured at mid-length of the intake and
exhaust ducts respectively, Eq. (6).
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2.2. Variable built-in volume ratio

In positive displacement expanders, the fluid intake occurs through
a narrow port which is designed to guide the high-pressure compres-
sible flow through the expander cells. In TFC applications, this port has
to provide suitable opening for a flow whose density can easily fluc-
tuate if the system is not operating at design or steady state conditions
(startup, transients, shutdown). From test experience, it has been
identified that a large amount of liquid flowing through the suction port
creates severe instability in the expander operation and significant
noise and vibrations. The purpose of the sliding valve is therefore to
mitigate these phenomena as well as change the built-in volume ratio
(BIVR) of the machine to cater for different operating conditions.

The variation of the expander BIVR takes place through a sliding
valve, i.e. a regulation screw that drives the linear motion of the bottom
part of the casing. This approach essentially creates an additional suc-
tion port that, unlike the one on the high-pressure end wall of the ex-
pander, is radial and not axial. When the screw is completely tightened,
the expander has a conventional layout with only the axial suction port.
Otherwise, there is a cubic relationship between number of turns of the
regulation screw and expander BIVR. The opening of the radial suction
port requires an accurate modelling of the twin-screw expander geo-
metry to be retrieved and, in the current study, it was provided by the
manufacturer. The implementation of the sliding valve in the modelled
twin-screw expander is reported in Fig. 1 while Fig. 2 shows the angular
evolution of cell volume, discharge port area as well as radial and axial
suction ports areas; the data reported span the available BIVR range
(2.63-5.06) in four positions of the regulation screw.

The availability of the geometrical data of Fig. 2, together with the
equivalent areas of the leakage paths, is essential for the expander
modelling using the approach proposed in this paper. As such, should
not these data be available, one should either liaise with the manu-
facturer or rely on geometrical pre-processors for twin-screw machines
commercially available [38] or even measured from Computer-Aided
Design software [39]. Additional information on the expander used as
test case in the current work are reported in Table 1 [36].

Boundary conditions for the simulations were pressure and enthalpy
at the inlet duct of the expander, pressure and quality at the outlet duct
and revolution speed (Table 2). The variable combination used for the
inlet boundary conditions allows single and multi-phase simulations.
This is particularly relevant when the expander is integrated in the full
TFC system model. Moreover, the quality boundary condition at the
outlet of 0.4 applies only in the case of backflows, which is unlikely to
happen in this application.

3. TFC system modelling

To assess the effect of the variable expander geometry on the system
performance, a holistic model of a TFC-based heat to power conversion
system has been also developed in GT-SUITE™. The model block dia-
gram is shown in Fig. 3.

In the application here considered, the heat source and sink are both
water streams while the working fluid is R245fa, whose thermophysical
properties are retrieved through an interface with the NIST Refprop
database [40]. Although it is being phased out, the reason for choosing
this working fluid is to align the simulations with the ongoing experi-
ments. Furthermore, in the TFC prototype being tested, a small quantity
of POE oil was diluted in the R245fa since the expander bearings are
lubricated through the working fluid. However, in the current study,
the TFC was assumed to operate with pure working fluid since the ac-
tual quantity of oil through the expander and not accumulated in the
heat exchangers is hardly quantifiable.
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A control valve is eventually considered upstream of the expanders
to regulate the fluid inlet conditions. In particular, if on one hand
throttling the flow leads to a pressure loss, on the other one the higher
quality of the working fluid may ensure a better expander operation.
The novel modelling features developed in the current study deal with
the expanders performance maps and the control valve.

3.1. Multi-dimensional expander performance maps

The performance maps of the expander are calculated using the
model presented in the Section 2. In particular, the expander perfor-
mance depends on the inlet quality of the working fluid, the mano-
metric expansion ratio, the revolution speed and the BIVR [36]. Thus,
all these parameters have been considered to predict the behaviour of
the machine in the full TFC system model. To do that, the conventional
templates available in the software cannot be used. Therefore, multi-
dimensional look-up tables have been implemented. In these tables, the
expander revolution speed, pressure ratio, inlet quality and the BIVR
constitute the independent variables, while the mass flow rate and the
isentropic efficiency of the machine are the dependent ones.

Each multi-dimensional map requires the combination of several
two-dimensional maps having revolution speed and pressure ratio as
independent variables. For instance, assuming three levels of variation
for the inlet quality and three for the BIVR, the multi-dimensional map
would require nine two-dimensional maps across which interpolations
are performed.

The operating ranges of the independent variables were selected
based on geometrical (BIVR) or functional characteristics or the ma-
chine (revolution speed) [36] as well as considerations resulting from
the cycle analysis (cycle pressure ratio, fluid quality at the expander
inlet) [12]. More specifically, the revolution speed was varied between
1500 RPM and 6000 RPM, the expansion ratio from 1.5 to 8.5, the
refrigerant quality between 0.0 and 0.6, and the BIVR from 2.63 to

Fig. 1. Sliding valve implementation in the modelled twin-screw expander: (a)
picture of the expander with the valve fully tightened, (b) 3D view of the
machine having the sliding valve fully open (courtesy of Howden Compressors
Ltd.)
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rad. suction BIVR 4.29
ax. discharge rad. suction BIVR 3.16
ax. suction BIVR 5.06 rad. suction BIVR 2.63

volume

port areas
|
T

cell volume

[ [ [
0° 230° 460° 690° 920°
crank angle

Fig. 2. Angular evolution of expander cell volume and ports areas in four po-
sitions of the sliding valve (courtesy of Howden Compressors Ltd.)

Table 1
Main geometrical and operating features of the modelled expander.
Rotor diameter 204 mm
Aspect ratio(L/D) 1.65
Built-in volume ratio 2.63-5.06
Male/female rotor lobes 4/6
Suction/discharge ports arrangement axial/axial
Revolution speed range 1500-6000 RPM
Tip speed range 16-64 m/s
Weight 887 kg
Table 2
Simulation setup for Figs. 4 and 5.
Working fluid R245fa
Revolution speed 3750 RPM
Inlet pressure 5.0 bar
Outlet pressure 1.3 bar

Outlet quality 0.4
Inlet enthalpy (quality = 0.1) 301 kJ/kg

5.06.

The multi-dimensional look up is carried out as follows: (1) the
expander pressure ratio is calculated from the high and low cycle
pressures which output from the heat exchangers sub-models; (2) the
fluid quality at the expander inlet results from the energy balance at the
heater; (3) the expander BIVR and revolution speed are given as
boundary conditions; (4) mass flow rate and isentropic efficiency result
from the multi-dimensional interpolation while, beyond the range of
independent variables considered, a linear extrapolation method is
employed.

3.2. Control valve and other sub-models

The globe control valve has been modelled as an orifice with a
variable diameter. For a given lift 0, i.e. position of the stem, the valve
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area ratio @ is defined as the current flow passage area divided by the
maximum one. The relationship between the two parameters is re-
ported in Eq. (7).

A6)
®(6) = i@~ 1.151/6 — 0.1516
When the valve is fully open (6 = 1), the flow passage area is equal to
the cross section of the adjacent pipes, whose inner diameter is
130 mm. To prevent any blockage of the flow, the minimum value
considered for ¢ during the analysis is 9%. This corresponds to an
equivalent diameter of the flow passage area of 39 mm and a lift 6 equal
to 0.63%.

The plate heat exchangers (heaters and condensers), the centrifugal
pump, the receiver and the piping have been modelled using a set of
dedicated templates available in the software platform and thoroughly
presented in [37].

3.3. Simulation setup

The boundary conditions imposed for the system model are: the
pump and expander revolution speed, the expander BIVR, the control
valve area ratio, and the inlet temperatures, mass flow rates and pres-
sures of hot and cold sources (all indicated in lowercase letters in
Fig. 3). The numerical problem is solved with an implicit method that
approximates the set of algebraic differential equations to a set of
nonlinear algebraic ones [35].

The simulation outputs are thermal quantities since no mechanical
and electrical losses have been taken into account. More specifically:
the expanders power output is the twice the indicated power of each
expander; the net power output is the difference between expanders
and pump powers; the cycle thermal efficiency is the ratio between the
net power output and the thermal power recovered at the heater (Eq.

(7).
2Pind - Ppump

mhot Cp,hot (Thot,in - Tizot,nut) (7)

Nrre =

4. Results and discussion
4.1. Twin-screw expander simulations

Prior to integration of the expander model in the TFC system one,
some expander-focussed simulations are presented. With reference to
the boundary conditions reported in Table 2, Fig. 4 provides a com-
parison of the pressure and quality indicator diagrams for the BIVRs
resulting from the configurations reported in Fig. 2. Fig. 5 instead
summarizes the key performance parameters such as efficiency and
power. Since the modelling approach herein considered does not take
into account friction losses, the power reported in Fig. 5 is the indicated
one, not the one at the shaft; consequently, no mechanical efficiency
could be estimated.

Even if the inlet pressure was set to 5 bar, Fig. 4 shows that, re-
gardless of the BIVR, the actual value during the suction process is al-
ways lower; this is due to the pre-expansion in the suction manifold that
feeds the expander cells [36] as well as the throttling loss through the
suction port, whose opening is reported in Fig. 2. Moreover, this phe-
nomenon increases with the revolution speed. In the case of lower
BIVRs, a reduction of pre-expansion is observed: for a BIVR of 5.06 the
suction pressure is 4 bar, while when the BIVR is equal to 3.16 the
expander cells are filled at 4.4 bar. This is consistent with findings in
[22]. Beyond a BIVR of 3.16, the benefit on the pre-expansion reduction
is marginal, even if the duration of the suction process is longer as one
would expect from the extended positioning of the radial suction port.
This phenomenon can be explained with the support of Fig. 5, which
shows an increase of mass flow rate at lower BIVR for the same pressure
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Fig. 3. TFC system model: lower case labels refer to boundary conditions.

boundary conditions of the simulations. Therefore, the larger opening
due to the radial suction port allows to intake a larger amount of fluid
which consequently leads the volumetric efficiency of the machine to
increase. Hence, the pre-expansion decreases thanks to the increased
volumetric performance. In a fixed BIVR expander operating at steady
state conditions, the same benefits could be achieved through a suitable
design of the intake manifold.

For the same manometric pressure ratio, lower BIVRs lead to under-
expansion phenomena that can be clearly seen from Fig. 4. Moreover,
one can notice that the cell pressure does not suddenly adapts to the
discharge value. Similar trends have been found experimentally [25],
even though the data refer to water as working fluid. This deviation
from an ideal isochoric process may be due to the finite capacity of the
discharge plenum as well as the gradual opening of the discharge port
(Fig. 2). This aspect was also noticeable in simulations performed using
the same modelling platform but with reference to a single phase ORC
sliding vane expander [41]. The under-expansion leads to a decrease of
the expander isentropic efficiency, as reported in Fig. 5. The total in-
dicated power instead increases at lower BIVR due to the larger mass
flow rates involved. However, due to the lower isentropic efficiency, at
lower BIVRs correspond lower specific indicated powers.

4.2. TFC system simulations

To assess the impact of the main process variables on the TFC
system and expander performance, a parametric study has been carried
out varying the model boundary conditions with respect to the re-
ference point presented in Table 3. For each variable changed, the re-
maining ones have been kept constant and equal to their reference
values. The effects of these variations have been assessed from a system
perspective by evaluating the cycle thermal efficiency and net power
output, and from the expander one, by analysing the isentropic effi-
ciency and the refrigerant quality at the inlet of the machine. The in-
vestigated range of the parameters varied is reported in Table 4.

4.2.1. Control valve opening

Fig. 6 shows the effects of the flow throttling through the globe
valve with reference to the operating point reported in Table 3. Al-
though the results are focussed on the valve, the simulations were
carried out at system level and not considering the globe valve as a
standalone component. The analysis is presented in terms of lift and
area ratio, both defined in Section 3.2, and considers the pressure drop
across the valve as well as the percentage variations of the volume and
mass flow rates as dependent variables.

When the valve area ratio is decreased from 100% (valve fully open)
to 9% (valve lift of 1%), the pressure drop increases from 0.01 bar to
3.5 bar. At the same time, the valve throttling results in a volume flow
rate reduction from 100% to 15%. Since the refrigerant flashing is
shifted from the heater to the control valve, the substantial decrease in
the volumetric flow rate is compensated by an increase of the working
fluid density at the inlet of the control valve. As such, the decrease in
mass flow rate is only limited from 100% to 8%.

This phenomenon can be explained as follows: the additional
pressure drop introduced by the closure of the valve undoubtedly
modifies the circuit impedance. This leads the pump to supply a greater
head and, in turn, a flow at higher pressure. For the same heat input at
the heater, since the latent heat of vaporisation reduces at increasing
pressures, the high-pressure refrigerant flow now requires a larger pre-
heating compared to the reference case. As a result, at the inlet of the
control valve the refrigerant flow has a higher density, because of the
higher pressure, and a lower quality, due to the larger pre-heating.
These operating conditions allow to balance the volume flow rate re-
duction.

The effects of the flow throttling via the control valve on the TFC
system performance are presented in Fig. 7. From a theoretical per-
spective, throttling a flow upstream of an expander would have a det-
rimental impact on the overall power output since an expansion process
across the valve does not perform any work. In the current case, how-
ever, the mass flow rate compensation discussed in Fig. 6 and the higher
refrigerant quality at the inlet of the expanders instead lead to a 22%
increase of the specific power output. In fact, when the valve area ratio
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Fig. 4. Indicator pressure (a) and quality (b) diagrams at different BIVRs; si-
mulation conditions reported in Table 2.

goes from 100% to 9%, the refrigerant quality at the inlet of the ex-
panders increases from 0.11 to 0.16 (Fig. 7.b). For the same mass flow
rate (Fig. 6), this results in an overall higher absolute enthalpy of the
two-phase refrigerant flow upstream of the expanders which, in turn,
generate a power output increase from 110 kW to 123 kW. With respect
to the overall heat to power conversion unit, this results in a perfor-
mance increase: the net power output and thermal efficiency go from
80 kW to 101 kW and from 4.3% to 5.2% respectively (Fig. 7.a).

4.2.2. Expander revolution speed

Fig. 8 shows the results obtained by varying the expander speed and
maintaining constant the pump one. In particular, it is possible to ob-
serve that when the revolution speed of the expander increases from
3000 RPM to 6000 RPM, the efficiency of the machine decreases from
the optimal value of 78% to the minimum of 66% (Fig. 8.b), with a
consequent decrease in the power generated, from 110 kW to 90 kW.
An increase of revolution speed negatively affects the filling of the
machine, with a resulting drop of volumetric efficiency and power
output. The reduced power generated by the expanders also leads to a
decrease of the system net power output and thermal efficiency, which
go from 85 kW to 61 kW and from 4.3% to 3.0% respectively (Fig. 8.a),
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Table 3

Reference operating conditions.
Cycle variables Hot water R245fa Cold water
Mass flow rate [kg/s] 7.84 24.80 130.30
Inlet/Max pres [bar] 4.0 6.4 3.0
Outlet/Min pres [bar] 3.9 1.1 2.7
Inlet/Min temp [°C] 85 18 12
Outlet/Max temp [°C] 25 63 17
System performance and setup
Net power output [kW] 81
Thermal efficiency 4.0%
Expander efficiency 74.0%
Valve opening 100.0%

Table 4

Simulation matrix for the off-design analysis of the system.
Hot source Min Ref Max
Mass flow rate kg/s 5.49 7.84 10.19
Inlet temperature °C 75 85 95
Inlet pressure bar 4
Cold source
Mass flow rate kg/s 130.3
Inlet temperature °C 12
Inlet pressure bar 3
TFC equipment
Pump speed RPM 2500 3000 3500
Expander speed RPM 3000 4500 6000
Expander BIVR 2.63 5.06 5.06
Control valve area ratio 9.0% 67.5% 100.0%

being the pump power consumption constant (fixed pump revolution
speed).

For the same expander revolution speed variation, the refrigerant
quality at expander inlet increases from 0.15 to 0.20 (Fig. 8.b). In
particular, higher expander speeds lead to higher volumetric flow rates
processed by the machine, while the mass flow rate in the system is
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Fig. 6. Pressure drop across the globe control valve at different openings and
effects on the flow rate with respect to the conditions listed in Table 3.

fixed by the constant revolution speed of the pump. Then, to balance
these two quantities, the pressure at the expander inlet has to decrease,
with a resulting increment of the organic fluid quality.

4.2.3. Expander built-in volume ratio

Another variable that allows further controlling of the expander
operating conditions is the position of sliding valve, which affects the
machine Built-In Volume Ratio (BIVR). The results of the analysis are
presented in Fig. 9.

When the BIVR is increased from 2.63 (sliding valve fully open) to
5.06 (sliding valve fully closed) the pressure ratio across the machine
rises from 2.2 to 3.7; as a consequence, the expander power output
increases from 80 kW to 110 kW. Thus, being the pump power con-
sumption and the thermal load at the heater fixed (pump revolution
speed and inlet hot source conditions constant during this set of si-
mulations), the TFC net power output and thermal efficiency also in-
crease from 60 kW to 80 kW and from 3.0% to 4.5% respectively
(Fig. 9.a). The lower pressure ratio achieved by lowering the expander
BIVR also leads to a refrigerant quality increase at the inlet of the
machine, which goes from 0.12 for a BIVR of 5.06 to 0.24 for a value of
2.63 (Fig. 9.b).

4.3. Sensitivity analysis

The impact of the operating parameters investigated in paragraph
4.2 on the TFC system performance have been compared in Fig. 10
together with the effects of pump revolution speed and heat source
mass flow rate and inlet temperature. As for the methodology pre-
viously described, each variable has been individually changed from
the minimum to the maximum value of their respective range (reported
in Table 4), while keeping constant and equal to the reference values
the remaining ones. Compared to the previous analysis, instead of
considering the control valve as fully open (100% of the opening area)
and the sliding valve fully tightened (BIVR of 5.1), to make a reasonable
comparison, the minimum, reference and maximum values of the
aforementioned variables have been set equal to 9%, 67.5%, 100%
(control valve area ratio) and 2.5, 3.7, 5.1 (BIVR) respectively.

Fig. 10.a presents the analysis referred to the net power output of
the TFC unit, while Fig. 10.b relates to the refrigerant quality at the
expander inlet. Apart from the hot source inlet conditions, which are
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mainly related to the topping process variability, the net power output
of the TFC system is particularly sensitive to a variation of the BIVR and
revolution speed of the expander. The net TFC power indeed varyies
from 57 kW to 83 kW and from 90 kW to 60 kW when the afore
mentioned parameters span their whole ranges. The other parameters
as the control valve area ratio and the pump revolution speed have a
lower impact (Fig. 10a). Therefore, since the expander revolution speed
and the BIVR mainly affect the efficiency of the machine and the cycle
pressure ratio, these latter parameters show the most prominent impact
on the system performance.

Besides the expander BIVR, the refrigerant quality at the expander
inlet is strongly affected also by the pump revolution speed and the



G. Bianchi, et al.

—@— Cycle thermal efficiency O
—a&— Net power output AN
—V¥— Expanders power output =

Expander efficiency
Expander inlet quality
Expander volumetric efficiency

140 — — 5.5
@ |
1 - 5.0
120 — L
— 4.5
s - ¥
_i 100 — — 4.0 E
3.5 C
n? 80 — E
7 3.0
60 —
25
40 T | T | T | T | 20
3000 3750 4500 5250 6000
Expander revolution speed [RPM]
85
0.24 %
°o o (b)
7 = o)
B 75
0.20 9
a S
2z i A >
= 5
© X - 65 ¢
S 0.16 —
Gk s
. i L
0.12 — 55
008 T | T | T | T 45
3000 3750 4500 5250 6000

Expander revolution speed [RPM]

Fig. 8. Effect of the expander revolution speed on: net TFC thermal efficiency
and expander power output (a), expander isentropic and volumetric efficiency
as well as refrigerant quality at the expander inlet (b).

control valve area ratio. For instance, when the pump speed is varied
between its minimum and maximum values, the refrigerant quality
decreases from 0.25 down to 0.18. While a decrease from 0.24 to 0.18 is
observable for the same variation of the control valve area ratio. These
results suggest the regulation of the expander operating conditions (i.e.
revolution speed and BIVR) are of paramount importance to optimise
the system performance. The pump revolution speed could be adopted
as control variable to regulate the refrigerant quality at the expander
inlet, which, apart from a performance perspective, it is also crucial to
avoid the suction of sub-cooled liquid refrigerant at the expander inlet,
which could be detrimental for the operating lifetime of the machine.
Closing the control valve could be also used to regulate the vapour
fraction of refrigerant, notwithstanding the dissipation introduced by
its operation.

4.4. System optimisation

After the sensitivity analysis, an optimisation of the system
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performance has been performed for several heat source inlet condi-
tions, i.e. inlet temperature and mass flow rate. In particular, a single
objective optimisation procedure has been carried out aiming at the
maximisation of the net power output. The independent variables
considered were the expander BIVR and revolution speed, the pump
revolution speed and the control valve area ratio. The optimisation
algorithm employed was the Nelder Mead SIMPLEX one, which is a
free-derivative method suitable for finding a local minimum when a not
well-behaved function is considered as optimisation objective, which
would make the calculation of derivatives impractical or expensive
from a computational cost perspective [42].

For four independent variables as in the current case, the simplex is
a pentagon and the method is a pattern search that compares function
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values at the five vertices of the regular polygon. The worst vertex is
rejected and replaced with a new one. A new pentagon is formed and
the search continues. The process thus generates a sequence of penta-
gons for which the values of the optimization function at the vertices
get smaller and smaller. The size of the polygons is reduced and the
coordinates of the minimum point are found [35,42,43].

The results of the optimization procedure are shown in Fig. 11.a. It
is possible to notice that the system optimisation allows to actually
increase the power output achievable at reference conditions. Reducing
the pump and expander speeds at 2300 RPM and 4300 RPM respec-
tively as well as setting an expander BIVR and control valve area ratio
to 3.1 and 60% respectively, the TFC unit is able to generate 103 kW
instead of the 81 kW obtained in not optimised conditions. The opti-
misation of the main process parameters is effective when both the heat
source inlet temperature and mass flow rate are varied.

At higher hot source inlet temperatures (85 °C-95 °C), when the
optimised power output achieved assumes values between 85 kW and
140 kW, the optimal expander BIVR and revolution speed are in a range
of 2.8-3.0 and 4500-4700 RPM respectively; the control valve is fully
opened (100% of the adjacent pipe area), while the trend for pump
revolution speed is not significant.
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The lower BIVR and the full opening of the control valve lead to a
higher mass flow rate of refrigerant processed by the expanders and
consequently higher power generated. Furthermore, the reduced BIVR
also leads to an increase of the refrigerant quality at the expander inlet;
this guarantees a better machine operation. For reduced thermal loads
(i.e. inlet temperature and mass flow rate of the hot source lower than
85 °C and 7.84 kg/s), on the contrary, closing the valve (27% of the
adjacent pipe area) allows to generate a greater power, since it allows
to balance the reduced vapour fraction due to a lower amount of
thermal energy adsorbed by the fluid.

Fig. 11.b shows the system thermal efficiency achieved when the
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Table 5
Optimised variables for the four cases highlighted in Fig. 11 (red triangles) and related system performance.
Design not opt Design opt Case 1 Case 2 Case 3 Case 4
INPUTS HS inlet temperature [°C] 85 85 75 95 85 85
HS mass flow rate [kg/s] 7.8 7.8 7.8 7.8 5.5 10.2
OPTIMISED VARIABLES Exp BIVR [-] 5.06 3.5 4.7 2.9 2.5 3.0
Exp revolution speed [RPM] 4500 4217 2684 4477 2576 4610
Pump revolution speed [RPM] 3000 2448 2493 2555 2870 1635
Control valve area ratio [%] 100 70 61 66 40 86
OUTPUTS Net power output [kW] 81 103 79 124 81 122
Thermal efficiency [%] 4.0 6.4 6.4 6.5 5.5 9.2

unit power output is optimised. As one could expect, the lowest effi-
ciency for the TFC unit is observable for lower thermal loads (heat
source mass flow rate below 6 kg/s and inlet temperature below 85 °C),
whilst at the heat source reference conditions a value of 6% is achieved.
Higher efficiency values up to 9% are obtained for lower hot source
mass flow rates and higher inlet temperatures (5.85 kg/s and 90 °C),
and for higher hot source mass flow rates and medium inlet tempera-
ture (10.19 kg/s and 80 °C-87 °C). In these cases, the optimal system
power output is achieved by lowering the pump revolution speed rather
than varying other process parameters, with a consequent more bene-
ficial effect on the unit thermal efficiency.

Table 5 provides a summary of the independent variables optimised
and the corresponding TFC performance in terms of power output and
thermal efficiency.

5. Conclusions

The purpose of this work was to provide insights on the operation of
Trilateral Flash Cycle (TFC) systems for the conversion of low tem-
perature (< 100 °C) waste heat sources into electricity. In a TFC system,
the expansion machine can operate with different working fluids that
theoretically expand from liquid saturated conditions. In the current
study, a two-phase twin-screw expander with variable built-in volume
ratio (BIVR) was numerically investigated as a standalone component
as well as when integrated within a TFC system. The expander BIVR can
be changed acting on a sliding valve on the casing of the machine that
opens an additional suction port. The standalone expander simulations
show that when lowering the BIVR from 5.06 to 2.63, the volumetric
efficiency of the machine increases from 53% to 77%. However, the
resulting under-expansion of the R245fa working fluid also leads to a
drop in the isentropic efficiency from 82% to 63%, and to a reduction in
the specific indicated power from 4.77 kJ/kg to 3.56 kJ/kg. On the
other hand, lower BIVRs allow the expander to operate with larger mass
flow rates and thus, for the same manometric pressure ratio, the total
power output increases from 52.4 kW to 92.7 kW. Furthermore, the
expander BIVR and revolution speed are the operating parameters that
mostly affect the performance of the whole TFC system. In particular,
the net TFC power output increases at higher revolution speeds and
BIVRs. Besides these parameters, a lamination of the flow upstream of
the expander helps to improve the power conversion even if some of the
pumping power is dissipated through the valve. An optimisation study
based on the Nelder-Mead Simplex algorithm enabled maximisation of
the TFC power output at different mass flow rates and temperatures of
the water heat source between 75 °C and 95 °C. In particular, at the hot
source reference conditions (mass flow rate of 7.84 kg/s and inlet
temperature of 85 °C) an optimal net power output of 103 kW and a
TFC thermal efficiency of 6.4% were achieved.
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