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Abstract: This paper provides an overview of a one-dimensional modelling methodology for
equipment and systems for heat to power conversion based on a staggered grid space discretization
and implemented in the commercial software GT-SUITE®. Particular attention is given to a newly
developed modelling procedure for twin-screw machines that is based on a chamber modelling
approach and considers leakage paths between cells and with the casing. This methodology is then
applied to a low-grade heat to power conversion system based on a Trilateral Flash Cycle (TFC)
equipped with two parallel two-phase twin-screw expanders and a control valve upstream of the
machines to adapt the fluid quality for an optimal expander operation. The standalone expander
model is used to generate performance maps of the machine, which serve as inputs for the TFC
system model. Parametric analyses are eventually carried out to assess the impact of several operating
parameters of the TFC unit on the recovered power and cycle thermal efficiency. The study shows
that the most influencing factors on the TFC system’s performance are the inlet temperature of the
heat source and the expander speed. While the first depends on the topping industrial process, the
expander speed can be used to optimize and control the TFC system operation also in transient or
off-design operating conditions.

Keywords: one-dimensional modelling; GT-SUITE®; energy conversion; positive displacement
machine

1. Introduction

The use of numerical simulations to support the design activities of engineers and researchers
has been constantly increasing over the years. A numerical model indeed frames a simplified version
of the reality in a “digital twin”, a powerful tool to develop and test new ideas without the same
commitment of resources and time that such trials would require if done experimentally. Significant
progress in numerical methodologies, exponential growth in computing power, and dramatic cost
reduction for computing hardware have been the three major drivers for the success of numerical
simulation in industry and research [1]. In particular, the availability of more computing power,
envisaged by the well-known Moore’s law, has led to more complicated numerical problems both
in terms of size and formulation. For instance, in the field of Computational Fluid Dynamics (CFD),
modelling techniques for turbulent flows have evolved from empirical correlations to a direct solution
of the Navier-Stokes equations (DNS). Furthermore, today, multi-physics simulations are feasible.
Among them, fluid-structure interaction (FSI) allows a two-way coupling between the deformation
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of the physical structure due to the flow, as well as a change of flow topology due to the change of
structure. Another trend noticed with the increase of computing power is the greater complexity of the
simulations. Indeed, if in the early days two-dimensional wings were analyzed [2], today, CFD on the
full aircraft allows an understanding of the interactions between different parts of a system [3].

Notwithstanding the increase of cheap computational power, model developers and simulation
engineers still have to balance the complexity, time, and cost of their calculations. For these reasons,
the lower order models that have been developed in the past are still highly beneficial for today’s
simulations. For instance, in the analysis of a lubricated positive displacement compressor, one could
think of doing transient CFD studies to investigate the air and oil flows throughout the machine,
including coolers, filters, etc. [4]. This approach is theoretically feasible but would require a substantial
investment in resources with limited additional outcomes than more simplified simulation approaches.
Similarly, for optimization and control purposes, models must be light and quick enough to be recalled
several times.

In this work, a one-dimensional modelling methodology developed in the software environment
GT-SUITE® is presented. After a brief overview on the modelling theory, a test case related to a
low-grade heat to power conversion system is discussed. In particular, the model of a two-phase
twin-screw expander is recalled and eventually integrated in the system model, which performs a
series of thermodynamic transformations according to a Trilateral Flash Cycle (TFC), an alternative
variant to the Organic Rankine Cycle (ORC).

Despite the fact that ORC systems have been successfully applied for large scale heat sources in
the medium-low temperature range (i.e., between 100 °C and 300 °C [5]), as well as for lower power
scales [6], TFC systems are characterized by a higher exergy efficiency and superior power output [7].
On the other hand, greater equipment is needed (i.e., heat exchangers) to handle larger volumetric flow
rates of working fluid [8], and the technical aspects of the two-phase expansion have not been fully
addressed yet. In particular, to fill this gap, several studies on screw machines have been carried out to
assess different aspect as optimization [9], leakage [10] and suction, and discharge phenomena [11,12],
which, however, require the development of complex models whose validity usually holds only for the
particular component considered.

With respect to the literature, which considers ad-hoc modelling approaches tailored on the
machines [13], the novel aspects of the research herein presented are the modelling methodology
for the twin-screw expander, which is also applicable to air and refrigeration compressors, pumps,
superchargers, etc. Moreover, the complex modelling of the TFC system has allowed it to perform
holistic considerations that a standalone expander model would have prevented. These integration
issues are highly significant to ensure that the design specifics for the expander are the ones provided
by the TFC loop.

2. Modelling Theory

The commercial software GT-SUITE™ is based on a one-dimensional formulation of Navier-Stokes
equations and on a staggered grid spatial discretization. According to this approach, and with
reference to Figure 1, each system is discretized into a series of capacities such that manifolds are
represented by single volumes while pipes are divided into one or more volumes. These volumes are
eventually connected by boundaries. The scalar variables (pressure, temperature, density, internal
energy, enthalpy, etc.) are assumed to be uniform in each volume. On the other hand, vector variables
(mass flux, velocity, mass fraction fluxes, etc.) are calculated for each boundary.
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Figure 1. One-dimensional staggered grid formulation (courtesy of Gamma Technologies) [1].

The continuity equation (1) in a given capacity takes into account the algebraic sum of all the
inflow and outflow contributions from the neighboring capacities that occur through the boundaries
that characterize the reference element [14]:

’il—”: — Z ;. (1)

The momentum equation (2) neglects body forces and takes into account the algebraic sum of
momentums through the boundaries, pressure forces, and dissipations due to friction and pressure
drops [14]. In pipes, the latter two terms are respectively related to distributed (i.e., due to surface
finish) or concentrated (i.e., due to bends) pressure losses:
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The energy Equation (3) states the conservation of total internal energy, i.e., the sum of internal
energy and kinetic energy [14]. This formulation applies when using the explicit solver, as in the case
of standalone machines. On the other hand, in the solution of circuits, an implicit solver is used and the
energy equation becomes an enthalpy balance. Neglecting variations of potential energy, for a given
capacity, the rate of change of total internal energy depends on the volume capacity variations, on the
enthalpy fluxes and on heat transfer phenomena. The first term on the right-hand side of Equation (3)
relates to the cell volume, so it is of paramount importance in positive displacement machines:
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When the conservation equations are solved through an explicit method, a fifth order Runge-Kutta
integration scheme is usually employed. With this approach, the primary solution variables are mass
flow rate, density, and internal energy. In particular, to calculate mass and energy in a given volume at
the following time step (that needs to satisfy the Courant condition for numerical stability), continuity
and energy equations are firstly used and involve the reference volume and its neighbors. With the
volume and mass known, the density is calculated, yielding density and energy.

Using a dynamic-link library (DLL) of the NIST REFPROP database [15] embedded in the software
package, the solver iterates on pressure and temperature until they satisfy the density and energy
already calculated for this time step.

3. Modelling of Energy Conversion Systems Based on Bottoming Thermodynamic Cycles

A typical energy conversion system based on thermodynamic cycles includes, in its simplest form,
two heat exchangers, to reject and adsorb thermal power to and from external sources; two machines,
a pump to pressurize the working fluid and an expansion device to convert its thermal energy into
mechanical power; tanks, to prevent pump cavitation and the working fluid thermal expansion during
transients; and a series of pipes and valves to connect all the system components. All these devices
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can be separately modelled and calibrated in GT-SUITE® by using data obtained from more complex
models or experimental tests. Afterwards, the different components can be linked together to form the
model of the whole energy conversion system.

3.1. Modelling of Dynamic and Positive Displacement Machines

GT-SUITE® allows the modelling of machines in different ways depending on the operating
principle. In particular, for dynamic machines, such as centrifugal pumps, fans, and turbines, a
map-based approach is considered. As such, the user will need to input data either from experiments
or from more detailed models [16]. As an example, Figure 2 reports two performance maps related to a
centrifugal ORC pump and a radial turbo-expander (not used in this study) [16].
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Figure 2. Performance maps used as inputs for models of dynamic machines: (a) efficiency map of a
centrifugal pump for heat to power applications based on Organic Rankine Cycles (ORC); (b) Turbine
total-static efficiency map of a radial ORC turbo-expander [16].

Positive displacement machines are modelled using a lumped parameter approach for fixed
and variable capacities. Ducts are instead modelled with the 1D formulation recalled in Section 2.
The chamber model available in the software is a general one. Hence, there is no formal difference
between the simulation of a vane expander and that of scroll pump. For this reason, reference is here
made to a twin-screw TFC expander, whose scheme is reported in Figure 3.

Once discretized, in the inlet and outlet pipes, the scalar equations (mass, energy) are solved
at the centers of finite volumes, and the vector (mass flow) at the boundaries between them. The
intake and exhaust manifolds are modeled as capacities of finite volume and connect the pipes with
the filling and emptying expander cells, respectively. These components are named “flowsplits” and
have multiple openings whose number depends on the number of cells and of the leakage paths. The
solution of the flowsplit is similar to the pipe. The scalars are solved at the center of the volume,
while the solution of the momentum equation is carried out separately at each of the volume openings
(boundaries). In particular, the intake process is modelled with reference to the intake manifold shown
in Figure 3 as control volume. The inlet flow is the one coming from the inlet pipe of the expander while
the outlet flows are the ones that periodically fill the expander cells. Heat losses are here neglected.
The governing equations are the ones presented in Section 2.

The expander cells that are physically generated when male and female rotor lobes engage are
treated as capacities with uniform properties, and whose volume varies according to a law that is given
as the input of the calculation.
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Figure 3. Modelling scheme for a twin-screw machine.

The angular evolutions of cell volume, suction, and discharge areas, as well as leakage paths are
key information for the modelling of positive displacement machines. These inputs derive from a
geometrical preprocessor that allows the analytical calculation of these quantities based on fundamental
features of the machine, for instance, the one available in the commercial software SCORG®. The same
information can be also retrieved through CAD measurements. The modelling methodology developed
by the Authors in [17] has been now implemented in SCORG® and GT-SUITE® through an interface
that allows an easier workflow. Table 1 summarizes the main geometrical features of the twin-screw
expander while Figure 4 reports the angular trends required for setting up the simulation.

Table 1.
Compressors Ltd.).

Main geometrical and operating data of modelled expander (courtesy of Howden

Rotor Diameter 204.0 mm Built-In Volume Ratio 5.0
Aspect ratio (L/D) 1.93 Suction/discharge ports axial/axial
Male/female rotor lobes 4/6 Revolution speed range 1500-6000 RPM
Male rotor lead length 405.0 mm Tip speed range 16-64 m/s
Female rotor lead length 607.5 mm Weight 887 kg
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Figure 4. Geometrical input data for chamber modelling: (a) cell volume and ports areas; (b) leakage
paths with reference to Figure 5 (courtesy of Howden Compressors Ltd.).

In positive displacement machines, the cycle duration of a cell is usually a sub-multiple of 360°.
For instance, in a four-vane pump, the duration of a cycle requires 90° to complete. On the other hand,
in twin-screw machines, depending on the geometrical feature of the rotors, the cycle duration is not
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a sub-multiple of 360°. In the current case, as shown in Figure 4, the angular cycle duration of the
twin-screw expander cell is 917°. Since GT-SUITE® does not accept angular inputs different from
360° or 720°, to make the simulation of twin-screw machines possible, a scaling factor needs to be
introduced. In particular, with reference to Equation (4), the number of cells in a twin-screw machine
is the next integer (ceiling function) of the ratio between the real cell duration (Ax = 917°) multiplied
by the number of male rotor lobes (Zn1e = 4) and 360°. Therefore, the number of simulated cells Zgjn,
is equal to 10 in the current case. To ensure the same volumetric flow rate, the inverse of the scaling
factor becomes a correction factor for the revolution speed. An extensive explanation of the approach
here outlined is reported in [17]:

Aa Z
Zsim = ceil(M).

360 @)

The different leakage paths identified in Figure 5 are modelled as orifices whose equivalent areas
show the angular trends reported in Figure 4b. Depending on the flow regimes, different formulations
are used to model the leakage flow, namely the Bernoulli equation for liquids (not used in the current
study) and the isentropic nozzle relationships for gases in subsonic and chocked conditions.

Two-phase flows are treated as gases having a specific heat equal to the weighted average, based on
quality, of the specific heats of the saturated liquid and vapor states. Further details on the methodology
and correlations are reported in [14,17].

~ w |~

N LT

_-High pressure End Wall
/

cell #2

cell #1

expansion

L2

I

Low pressure End Wall

Figure 5. Leakage paths in a twin-screw machine.
3.2. Heat Exchangers

Depending on the geometry specified, the software builds an equivalent one-dimensional heat
transfer network for the hot and the cold side of the heat exchanger, which are discretized along the
flow path in a specific number of sub-volumes set by the user. The example shown in Figure 6 relates
to Plate Heat Exchangers (PHE), which is a typical technology for energy conversion systems that do
not involve exhausts. The hot and the cold sides of the PHE are considered as a series of interconnected
pipes whose hydraulic diameter and wetted perimeter are equal to the ones of the heat exchanger
flow passages (i.e., flow channel between two plates). The metallic part of the PHE is also discretized
as a series thermal masses linked through convective connections to the pipes sub-models. These
thermal masses account for the thermal inertia of the heat exchanger wall by considering the material
properties of the metal composing the device.
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The staggered approach described in Section 2 is, therefore, applied to each sub-volume to
calculate the pressure and the main thermodynamic quantities at their boundaries. In particular, the
modelling methodology requires both performance data and the geometrical features of the device as
inputs. This information can be inserted with reference to templates, as in the case of PHE, or even
using the actual CAD model of the heat exchanger. To characterize instead the performance of the heat
exchanger, data referring to different operating points of the device at design and off-design conditions
can be used. In particular, the inputs required are the mass flow rates, the inlet temperatures, and
the inlet and outlet pressures of hot and cold flows. These data are used to calculate the best fitting
coefficients of Nusselt-Reynolds correlations that are used in the heat transfer calculation along the
equivalent one-dimensional passages, with whom the heat exchanger channels are approximated.

With reference to PHE, pressure drops across the heat exchanger are calculated through an
approximation of the Colebrook equation proposed by Serghides [18]. On the other hand, the
Dittus—Boelter correlation is used in single phase heat transfer [19], while in the two-phase region the
correlation from Yan et al. [20] and the one from Donowsky and Kandlikar [21] are used to model
condensation and vaporisation respectively. It is worth mentioning that even though the correlation
from Yan et al. was developed for R134a, later studies on plate heat exchangers using R245fa used this
correlation as baseline [22].

In the current study, the heat transfer and pressure drop correlations have been calibrated against
performance data provided by the manufacturer of the PHEs in 10 operating conditions where mass
flow rates, inlet pressures and inlet temperatures of the hot and cold streams were varied.

Legend
@ thermal convective connection hot side 1D channel
@® thermal conductive connection cold side 1D channel
discretized mass of the plate

length of the heat exchanger

Figure 6. 1D heat transfer network.

3.3. Pipes, Valves, and System Auxiliaries

Straight pipes or bends are also treated with the staggered approach described in Section 2.
To model the heat transfer through the external environment, a different heat loss model or customized
heat transfer correlations can be used. Distributed pressure drops are instead calculated knowing the
material properties of the tube material, including the surface roughness, as well as the pressure loss
model or correlation considered. This approach has been adopted also for the current study.
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The valves, on the other hand, can be considered as a look-up table, inserting as input their flow
characteristic (the flow coefficient as a function of the pressure difference across the device), or more
detailed models, which consider the device geometry and dynamics. In the current study, the valve
opening was taken into account through the diameter of the cross section, which could vary from the
pipe diameter (130 mm) to nearly one third of the maximum cross section (40 mm). Hence, the opening
varied from 100% to 9% of the full flow passage.

Finally, receivers or tanks can be modelled using available templates, which require only the device
volume and the initial phase composition of the fluid contained, or they can be customized by means
of a CAD tool and consequently imported in the software platform as an equivalent one-dimensional
series of discretized volumes. In the current case, the receiver was modelled using only the volume of
the tank as input data, i.e., the simplest approach.

4. Results and Discussion

The reference test case relates to a low-grade heat to power conversion system from a tire press
exhaust. The energy recovery unit has been designed based on a bottoming Trilateral Flash Cycle;
the first law analysis and the working fluid selection is presented in [23]. The theoretical system
performance, i.e., the one resulting from the cycle analysis carried out in [23], are summarized in Table 2,
where the net power output is the difference between expansion and pumping powers while the cycle
thermal efficiency is the ratio between net power output and the heat gain, all of them expressed as
absolute enthalpy differences. The working fluid at the end of the heat recovery phase was assumed
to be in saturated liquid conditions. This fact motivates why this study relates to a Trilateral Flash
Cycle rather than an Organic Rankine Cycle, while the full or partial vaporization to the working fluid
takes place.

Table 2. Results from the cycle analysis at design point [18].

Hot Water R245fa Cold Water
Mass flow rate (kg/s) 7.84 25.34 89.56
Inlet/Max pres (bar) 4.0 7.2 4.0
Outlet/Min pres (bar) 35 1.2 4.0
Inlet/Min temp (°C) 85.0 19.0 12.0
Outlet/Max temp (°C) 24.0 76.5 17.0
Expander isentropic eff. 75%
Net power output (kW) 129 kW
Cycle thermal efficiency 6.4%

Figure 7 shows the model block diagram of the TFC system, which is composed of a centrifugal
pump, two twin-screw expanders operating in parallel, and plate heat exchangers having R245fa as
working fluid and water streams as heat source and sink. The reason for using two expanders in
parallel related to the lack of machinery with a size capable to deal with the large mass flow rate of the
organic fluid. Furthermore, a control valve upstream of the expanders was considered to optimize the
fluid quality for a correct intake through the suction port.
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Figure 7. Trilateral Flash Cycle (TFC) model scheme developed in GT-SUITE®.

4.1. Twin-Screw Two-Phase Expander

With reference to the data listed in Table 1 and the methodology reported in paragraph 3.1,
the expander was modelled as a 10-cell positive displacement machine, where the number of cells
results from Equation (4). The expander model block diagram is displayed in Figure 8 and shows
the intake and exhaust manifolds interacting with the expander cells but also the different leakage

paths. The boundary conditions for the simulations were the revolution speed, the pressures across the
machine, and the inlet quality.

L = -
" ﬂln Male Tip Leakage Interlobe Leakage
Inlet Boundary Condition (p,x) 75 Fimaie Tip leakage
Intake Manifold o U%‘ High Pressure End Wall Leakage  Low Pressure End Wall Leakage
|
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m Speed
e
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Exhaust Manifold
Outlet Boundary Condition (p)

Figure 8. Twin-screw expander model block diagram (data refer to Table 1).

Although the model is capable of extracting detailed information about the expander operation as
the indicator and quality diagrams, for the sake of the study, the results here presented focus on the
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expander performance maps since this information was eventually used as input data for the TFC
system simulations. A suggested reference for detailed expander results is [17].

The performance maps shown in Figure 9 refer to a constant manometric pressure ratio across the
machine and report the effect of inlet quality and revolution speed on the expander performance in
terms of mass flow rate (Figure 9a) and power output (Figure 9b). Inlet and outlet pressure boundary
conditions are the ones showed in Table 2. This simulation setup does not constrain the mass flow rate
required by the expander; on the other hand, in the TFC system simulations reported in paragraph 4.2,
there is a strict interaction between the mass flow rate supplied by the pump and the one required by
the expander. Matching these two mass flow rates is essential to ensure an operation of the heat to
power conversion unit at design conditions.

Mass flow rate [kg/s] Power output [kW]
6000 : : : —7 6000 . . : : — —
tass I/ >
55001 = > & & K 1 5500 1
200

5000 1 5000 1
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Figure 9. Twin-screw expander performance maps at constant manometric pressure ratio (Table 2):
effects on the mass flow rate (a) and mechanical power output (b).

Figure 9 shows that, for a given expander speed, the specific power output increases with the fluid
quality at the inlet of the expander. Indeed, even though Figure 9a reports a rather constant power
output at speeds lower than 3500 RPM, the mass flow rate of the working fluid that expands in the
machine decreases, as per Figure 9b. The reason for the trend observed in the power are due to two
concurrent phenomena: (1) For the same inlet pressure, the higher the quality, the higher is the fluid
specific enthalpy, thus leading to a greater specific enthalpy drop for the same manometric pressure
ratio; (2) a higher inlet quality ensures a better filling of the expander cells that, in turn, minimizes the
pressure drop which occur at the expander manifold [17]. This pre-expansion, which is usually not
taken into account in cycle analysis of TFC systems, is a crucial factor. Indeed, thermodynamic studies
assume saturated liquid conditions for the working fluid at the inlet of the expander. With reference to
positive displacement machines, and particularly twin-screw expanders, due to their high revolution
speeds, this saturated inlet state shall take place at the suction port of the machine and not at the inlet
duct. Otherwise, especially if the inlet manifold is not properly designed, the claimed benefits of the
flash expansion would be partly dissipated before the actual intake. This requirement introduces some
challenges both from control and operational perspectives. Indeed, the control of the suction fluid
quality is a challenging task that is still an open question for research. Should the fluid intake take
place at liquid conditions, the non-compressible nature of the fluid might induce significant stresses to
the expander. As can be noticed in Figure 9a, a small variation of quality for the same volumetric flow
rate (i.e., revolution speed), implies a significant change in the density that reflects on the mass flow
rate. For instance, at 3000 RPM, the mass flow rate doubles if the quality drops from 0.20 to 0.05.
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4.2. TFC System

With reference to the model block diagram of the whole TFC unit shown in Figure 9, the boundary
conditions used in the system simulations were pump and expander revolution speeds, the inlet
conditions of the heat sink and heat source (mass flow rate, pressure and temperature), and the control
valve opening. Table 3 shows the simulation results at the design point, which also served as reference
for the off-design analysis. Compared to the initial layout presented in [23], where one third of the flow
rate was sent to the pump through an additional connection on the receiver, in the one-dimensional
model an additional condenser was considered. This explains the discrepancy in the cold water flow
rate between Tables 2 and 3. Moreover, with respect to the TFC system performance resulting from the
cycle analysis, the one-dimensional model predicts a lower power output (80 kW instead of 129 kW)
due to a slightly lower R245fa mass flow rate but mostly to a maximum cycle pressure that is equal to
6.4bar instead of 7.2 bar. This is due to the actual R245fa circuit properties that, for the same mass flow
rate, is more permeable than the theoretical assumptions and, in turn, does not provide to build up
the required pressure ratio in the circuit. In this simulation case, the effect of the control valve was
discarded (valve fully opened).

Table 3. Results from the one-dimensional model at design point.

Hot Water R245fa Cold Water
Mass flow rate (kg/s) 7.84 24.65 130.30
Inlet/Max pres (bar) 4.0 6.4 3.0
Outlet/Min pres (bar) 39 1.1 2.7
Inlet/Min temp (°C) 85 18 12
Outlet/Max temp (°C) 25 63 17
Pump speed (RPM) 3000
Expanders speed (RPM) 4500
Expander isentropic eff. 74%
Net power output (kW) 80 kW
Cycle thermal efficiency 4.3%

In order to analyze the system behavior and performance during off-design conditions, the
boundary conditions of the simulation have been varied with respect to the system reference point
presented in Table 3. For each variable changed, the remaining ones have been maintained constant
and equal to the design values. The effect of these variations has been assessed in terms of power
output from both expanders, net cycle power output as well as cycle thermal efficiency. All the
results reported are thermal powers, i.e., they are expressed as absolute enthalpy variations, without
considering mechanical and electrical efficiencies of the machines.

Figure 10 shows the effect of expander and pump revolution speed variations. It is possible to
notice that the expander substantially affects the system performance. Indeed, when the expander
speed is increased from 3000 RPM to 6000 RPM, the system power output and overall cycle thermal
efficiency drop from 88 kW to 60 kW and from 4.7% to 3.0% respectively (Figure 10a). The expander
speed increase leads to a drop of the overall efficiency of the machine, with a consequent impact
on the TFC unit performance. On the contrary, when the pump revolution speed is changed, minor
effects can be noticed on the system power output and cycle thermal efficiency, which decrease
from 88 kW to 72 kW and from 5.3% to 3.5% respectively when the pump speed is increased from
2500 RPM to 3500 RPM (Figure 10b). Due to the low hydraulic resistance of the R245fa loop, increasing
the pump speed does not allow to increase considerably the maximum cycle pressure and thus the
system performance.

Anincrease of the system performance can be noticed instead when the hot source inlet temperature
and mass flow rate are increased. In the temperature case, the rise is steeper (Figure 11b), while for the
mass flow rate one, smoother trends can be observed (Figure 11a). Indeed, an increment of the hot
source inlet temperature from 75 °C to 95 °C increases the net power output from 60 kW up to 116 kW
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and the cycle thermal efficiency from 3.7% up to 5.2% (Figure 11b). For the same percentage change of
the hot source mass flow rate, the power output and the thermal efficiency of the TFC unit rise from
63 kW to 97 kW and from 4.2% up to 4.7% respectively (Figure 11a). This performance increase is not
due to an augmented expansion ratio across the expander but rather to an increase of the refrigerant
quality at the inlet of the machine, which rises from 0.10 up to 0.16 and from 0.11 up to 0.14 when the
temperature and mass flow rate of the hot source are increased from 75 °C to 95 °C and from 5.84 kg/s
to 10.19 kg/s, respectively.

—@— Cycle efficiency —#A— Net power output —W¥— Expander power output
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Figure 10. Results of the system and expander performance in on and off-design conditions varying:
(a) the expander revolution speed and (b) the pump revolution speed.
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Figure 11. Results of the system and expander performance in on and off-design conditions varying:
(a) the hot source mass flow rate and (b) the hot source inlet temperature.
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After the off-design analysis, a series of simulations have been carried out to assess how the valve
opening affects the system and expander performance, considering as well its effect on the expander
isentropic efficiency and the refrigerant quality at the inlet of the machine. Therefore, the valve area
has been varied from the 9% (valve fully closed) to 100% (valve fully open) of the adjacent pipes flow
area, while the other variables of the system were set at their reference value (Table 3). The results of
the analysis are shown in Figure 12. It can be seen that the closing of the valve does not produce any
sensible effect on the expander isentropic efficiency, which remains almost constant around the value
of 74%, while it affects the working fluid quality at the expander inlet, which goes from 0.11 when the
valve is fully opened up to 0.16 (Figure 12b) when it is closed until its maximum position (9% control
valve opening).

The increment of refrigerant quality is beneficial for the power generated by the expander, since
it ranges from 105 kW up to 123 kW. This output increment consequently leads also to a higher net
power output and the cycle thermal efficiency, which increase from 80 kW to 100 kW and from 4.3%
to 5.2% respectively when the valve is closed (Figure 12a). The minima noticeable in Figure 12 can
be explained by the not linear trend between the valve opening area reduction and the consequent
pressure drop introduced in the circuit. For small area reductions, the pressure drops introduced by
the valve are not significant and do not affect considerably the refrigerant quality at the expander
inlet. Reducing further the control valve area increases the dissipative action with a consequently more
pronounced effect on the refrigerant conditions at the inlet of the expanders.

—@— Cycle efficiency —A— Netpower output —W¥— Expander power output o Expander efficiency A— Expander inlet quality

140 0.18 — 80
% © © o) o o Q
120 0.16
— 70
2 100 £ o144 a - R
= 3 = 3
g ] (258 & ] A 05
g &0 359 Tgqp - L&
a i A i L
] - 3,0 § a4
- 50
60 — i 0.10
— 25 L
40 T T T | T | T T T 2v0 0.08 T T T T T T T T T 40
20 40 60 80 100 20 40 60 80 100
Control valve opening [%] Control valve opening [%]
(a)
(b)

Figure 12. Results obtained by the off-design model simulations varying the control valve opening
area: (a) Cycle thermal efficiency, net and expander power output; (b) expander isentropic efficiency
and refrigerant quality at the inlet of the machine.
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5. Conclusions

This paper presented a one-dimensional modelling methodology for a low-grade heat to power
system based on a Trilateral Flash Cycle (TFC) and equipped with two-phase positive displacement
twin-screw expanders, which require information of the chamber volume and leakage areas from an
external geometrical pre-processor.

The standalone model of the twin-screw expander was used to generate performance maps of the
machine that functioned as input data for the TFC system simulations. The maps show that, for a given
expander speed, the specific power output increased with the fluid quality at the inlet of the expander.
For instance, at 3000 RPM, the specific power output at a quality of 0.05 was 4 kW/(kg/s) while at
a quality of 0.40 the specific power reached 12 kW/(kg/s). This was due an increase of the specific
enthalpy at higher vapor fractions but also to a better filling of the expander cells that minimized the
pressure drop which occur at the expander manifold. The pre-expansion at the inlet manifold is, in
fact, a key phenomenon that leads to a deviation from a theoretical perspective of the Trilateral Flash
Cycle, where the saturated liquid conditions at the end of the heat recovery are also the ones at the
beginning of the actual expansion process.

Compared to the cycle analysis, the one-dimensional model of the TFC system reported lower
performance at design conditions, namely 80 kW instead of 129 kW and 4.3% instead of 6.4%. This
discrepancy is due to a lower maximum cycle pressure achievable in the R245fa loop.

The performance of the TFC system was investigated at off-design conditions. In particular, the
sensitivity analysis considered pump and expander speeds, hot source mass flow rate and temperature,
and the opening of a valve upstream the expanders as exploratory variables. The most significant
variable for the TFC system performance was the expander revolution speed. Indeed, when the
expander speed is increased from 3000 RPM to 6000 RPM, the system power output and overall cycle
thermal efficiency drop from 88 kW to 60 kW and from 4.7% to 3.0% respectively. Another important
process parameter for the TFC system performance was identified in the hot source temperature.
However, unlike the expander speed, this parameter relates to the topping industrial process. As such,
it cannot be used to control the unit.
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Abbreviations

e specific total internal energy (J kg™')

m mass (kg)

m mass flow rate (kg s™')

p pressure (Pa)

t time (s)

u velocity at the boundary (m s71

A area (m?2)

B total number of boundaries

Cyr Fanning friction factor

D (equivalent) diameter (m)

H heat transfer coefficient (W m™2 K1)

Ky pressure loss coefficient

L length (m)

T temperature (K)

|4 volume (m?)

z number of cells

a crank angle (°)

y ratio of specific heats

C spatial reference (m)

P density (kg m™3)

12 revolution speed (RPM)

Aa angular cycle duration (°)

s heat transfer surface

sim simulated
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