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Yrnevoduvn dnAwon yia AoyokAomn kot yia KAOT MVEUUTIKAG LOLOKTNOLG:
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avadopds TwWV TNYwWV Mov TEPLEXOVTAL oTov 08nyo ocuyypadng AumAwpatikwy Epyaociwv.
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Ta televtaia xpovia €xel yivel pia otpodr) mpog eVAAAAKTIKOUG KUKAOUG Tapaywyng
NAEKTPLOUOU, BEppavongkat Puénc. Mpog autn tnv KatelBuvaon, N CUYKEKPLUEVN SUTAWUATLKA
gepyaoia eotidlel otnv mpooopoilwaon evog KUKAou Ericsson. ZUuykeKpLUEva, n Asltoupyia evog
EMKOELOOUC EKTOVWTN EPEUVATAL EKTEVWG HECOW TNG OVATITUENG EVOC VTETEPULVIOTIKOU
pHovtélou. H dnuoupyla autol tou poviéhou Paciletat -oto umapyov PDSIim- povtéAlo
OVOLKTOU KWwSLKa Kal mepAapBAveLl TNV Tpoodnkn HOVTEAWV HeTtadopdc Bepudtntag Kol
HOVTEAWV PONG €VIOG Tou PDSIim. Apxikd, HeAETATOL €VOG EAKOELSNG CUMILECTAG O Omolog
Aettoupyel avtiotpoda, SnAadn wg ektovwtig. H amoddoon Tou €KTOVWTA TIOU TPOKUTTEL
e€etaletal pe tnv aAlayn Stdpopwv MAPaUETPWY, cUUTEPAAUPBAVOUEVOU TOU AGYOU Tiieong,
™C¢ ENpotnTag €l0aywyng Kol TNV meplotpodikry taxUtnTta TOu €eKtovwtr. Emumpdobeta,
SlEPEUVWVTALOLETIIOPACELS TWV ECWTEPLIKWV ATIWAELWY OTNV AmOS00n ToU eKTOVWTH. 20udwva
HE Ta amoteAéopata, otav n Enpotnta otnv €icodo tou ektovwtn eival 0.8, 0 HEYLOTOG
LOEVTPOTILKOG Babudg amdédoong mou amodidel o ektovwtng eivat oxedov 65%, evw
HeyLoTOTOLE(TaL 0T 66% OTav 0 Adyog Tieong eival ehadpwg peyaAutepog amno 3.3, o onoiog
amoteAel kol tov Adyo mieong tou onueiou oxedlaopou. H mpoPAedn OtL n emppon Twv
Slappowv otnVv anddoon Tou EKTOVWTH €lval LEYAAUTEPN ATIO QLUTH TIOU A.0KOUV Ta paLvopeva
HeTadopdcBepudTNTOC EMBERALWVETAL KL ATIO TA ATOTEAECHATA. H pEYAAUTEPN TTWAON OTOV
Babud anddoongAoyw twv dtappowv BpeBnke lon pe 3%. Eniong, n avénon tng meplotpodIkng
TOXUTNTAG TOU EKTOVWTN EMNPEATEL APVNTIKA TNV LOEVIPOTIKI) TOU Amodoaon, HELWVOVTAC TNV
and 81% yia 3000 rpm o€ 57% yla 6000 rpm. AkOUN, TLOTOTOLE(TAL WG N AgLToupyla Tou
pevotou R1233zd(E) otn povodaoikn por) odnyel o peyaAltepn anddoon CUYKPLTIKA PE T
Aeltoupyia tou otn Supaoikn MEPLOXN. XTN CUVEXELX, ELOAYETAL TO YEWUETPLKO LOVTEADO EVOC
TIPWTOTUTIOU €ALKOELON EKTOVWTI] £€TOL WOTE VO EEETAOTEL N EMISPAON TWV YwVLwY Evapéng tng
E0WTEPLKNG KaL TNG EEWTEPLKNG KAUMUANG TNG otabepn¢ oneipag kat tng emdaveiag eLloodou
TOU EKTOVWTH OTOV aSLaBaTIKO KoL OTOV OYKOUETPLKO BaBuo anmddoong tou ektovwrtr. TEAoOG,
HeTaBAAOVTAC TwWV €0WTEPLKO AOYO OYyKwv Kal TNV emupAvela €l00860U OTOV €KTOVWIN
ToutOXpova ylo. TNV TEepimtwon koatd tnv omoia o adlafatikog PBabuog amdédoong
BeAtiotomoleital, eKkTUWVTAL oL OANAYEC OL Omoile¢ ouvtelouvtal otnv amodoon Tou
TIPWTOTUTIOU EKTOVWTH.
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In recent years, the alternative trigeneration cycles constitute a promising technology to
produce electric, heating and cooling power. For this reason, this diploma thesis is focused on
the simulation of an Ericsson cycle. More specifically, the operation of a scroll expander has
been studied extensively by applying a deterministic model. The development of this model is
based on the existing open-source PDSim model and is conducted by integrating the heat
transfer and flow models. Firstly, a commercial scroll compressor model considering its use in
reverse as an expander is investigated. The performance of this scroll expanderis examined by
changing several parameters, namely the pressure ratio, the inner vapor quality and the
rotational speed of the expander. The effects of the internal losses on the expander efficiency
are also estimated. According to the results, when the inlet vapor quality is 0.8, the commercial
expander exhibits its maximum isentropic efficiency equal to just below 65%, while it peaks at
66% for a pressure ratio of a little more than 3.3, which constitutes the design one. The
prediction that leakages influence the expander performance more than heat transferis verified
by the results, with the highest degradation due to leakages being found at 3%. Additionally, the
increase in the rotational speed exerts profoundly negative impacts on the isentropic
performance of the expander, dropping from 81% for 3000 rpm to 57% for 6000rpm. Also, it is
verified that the single-phase operation of R1233zd(E) leads to higher expander performance
comparing to the respective two-phase. Subsequently, the geometrical model of a prototype
scroll expander is applied to examine the influences of the inner and outer starting involute
angles of the fixed scroll and inlet port area on the adiabatic and volumetric efficiencies. Finally,
by altering the built-in volume ratio and the inlet port area of the prototype expander
concurrently for the case of maximum adiabatic efficiency, the changes in the scroll expander
performance are reexamined.
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Mass flux
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Entrainment factor
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1. Introduction

1.1 Compressionand Expansion devices

1.1.1 Compressors

Not only do compressors contribute to the fluid pressure increase from the evaporating
pressure to the condensation pressure, but they also facilitate the circulation of working fluid
through the vapor compression cycle. There are two generic principles for compression of air or
gas, positive displacement compression and dynamic compression.

In positive displacement compressors, the volumes are decreased and increased kinematically.
This implies that one position input regulates the compression volumes positively. Positive
displacement compressors include piston, screw, tooth and scroll compressors.

On the other hand, dynamic compression is conducted due to dynamic forces and takes place
constantly. This kind of compressor accelerates the air flow, converting the velocity head into
pressure. The capacity of a dynamic compressor changes in accordance with the working
pressure. Dynamic compressors can be characterized either as axial or centrifugal. In axial
compressors, the acceleration of air is achieved due to the action of a bladed rotor, covered at
the blade ends. In centrifugal compressors, one or more impellers are rotated, and as a result,
the air is accelerated. [1]

Positive displacement compressors are more suitable for small/medium-scale applications, such
as Organic Rankine Cycle, air conditioning, refrigeration and water heating, because of their
lower design volumes, higher pressure ratios and lower rotational speed in comparison with

dynamic compressors.

1.1.2 Expanders

There are two main categories of expanders, positive displacement (or volumetric) and dynamic
(or turbines), depending on their operating principle, shown in Figure 1.

volumetric expanders dynamic expanders
work = [ vdp work ~ u?
é/
L\
scroll vane axial cantilever radial

Figure 1.Types of expanders [2]
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Turbines increase the internal energy of the fluid by using rotating blades. In this case, pressure
and forces are quite low, but there are high flow velocities. Dynamic turbomachines are divided
into axial, cantilever and radial. [2] The axial turbines differ from radial due to the fact that any
change in average flow radius occurs in the first. For this reason, the axial turbines are
appropriate to manage high mass flows; however, the expansion ratio, which these turbines can
handle in an efficient way, is limited. On the other hand, the simple flow path through the
machine allows the use of multistage axial turbines, in which high pressure ratios are reached.
In an axial turbine, the flow passes through the impulse and the reaction stages. In the impulse
stage, the total pressure drop realized by stator converging nozzle design, to accelerate flow and
decrease pressure. On the other hand, rotor blades change the flow direction, but the pressure
remains constant. The force that moves rotor blades is caused partially by flow impingement
and reaction due to the flow acceleration at the last convergent part. In radial turbines, because
of stator blades, the flow is deflected and enters the rotor with a high peripheral component of
absolute velocity. Turbine expanders are usually efficient for large-scale systems with an output
power above 50 kW. [3]

On the other hand, volumetric expanders produce mechanical work by altering the volume of a
working chamber. These expanders are more suitable for high pressures, huge forces, relatively
low rotational speeds and small flow velocities, and consequently, positive displacement
expanders are more favorable for small ORC applications.

In the following, an analysis of the main types of volumetric expandersused in ORC applications
is included.

1.1.2.1 Scroll expanders

Scroll expanders are positive displacement machines with orbital motion. Due to the wide use
of scroll compressorsin refrigeration, air conditioning and heat pump applications, it is common
to modify scroll machines and create scroll type expanders from them for commercial and
scientific purposes. This type of expander is involved in small-scale power generation units,
below 50 kWe, with a representative value of isentropic efficiency equal to 65% [4]. However,
in applications with low power output, namely below 10 kW, scroll expanders are cost-effective.
In general, their overall isentropic efficiency can be as high as 87%. [5]

The geometrical model of scroll expanders is based on Archimedean spirals using the same
generating circle and separated by a given offset. Scroll expanders consist of a fixed and an
orbiting wrap. In Section 1.2.1, the operating principle of a scroll expanderis described.
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Moving Scroll

Fixed Scroll

/i [ I
= Expansion Chamber

Figure 2.Typical schematic of a scroll expander [6]

1.1.2.2 Screw expanders

Being a positive displacement type, screw expanders can substitute turbo machines because of
their high efficiency, high pressure ratio, low rotational speed and tolerance of two- phase fluids.
[7] A single-screw expander consists of a screw and two symmetrically collocated planar gate
rotors. The working process is carried out concurrently on both sides of the main rotor, and as
a result, only the one side of the rotor is mainly analyzed in the literature. The screw expander
operation is linked to the variation of volumetric rates in three dimensions. That means that the
intake port is located at the top of the housing. In this stage, the fluid entersthe screw expander
with high pressure and moves towards the rear edge by increasing its volume. When a total
revolution of chambers occurs, the volume of the chamberis at its maximum and the fluid covers
the entire length of the screws. The exhaust port of a single screw expanderis constructed in
the bottom of the housing. As a result, the mixture of lubrication oil and working fluid flows

from the high-pressure to the low-pressure edge and circulates smoothly in the system.

Low Pressure
Port Expander

High Pressure
Port

o

Figure 3.The principle of a single- screw expander [8]

The low leakages at the intake port are attributed to the minor clearance volume. For an efficient
operation of a screw expander it is necessary to exist an adequate area between the screws in
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order to prevent working fluid, which does not produce work, entering. The extension of the
paths between the two lobs facilitates the rising of the fluid displacement per revolution.
Moreover, the interaction between the screws provokes contact forces, and as a result, friction
losses. In contrast with scroll expanders, screw expanders can achieve much higher rotational
speedsdue to the uninterrupted rotation of all moving parts during the ex pansion process.

Screw expanders are more appropriate for applications with a power output higher than 3.5 kW
and up to 200 kW [9], [10]. The isentropic efficiencies fluctuate from 27.3% to 56.35% based on
severalscientific data [11], whereas state-of-the-art models reach 70%. [5] Both scroll and screw
expanders can present over or under expansion, because they have a specific internal built-in
volume ratio.

1.1.2.3 Piston expanders

Among the different types of positive displacement expanders, the piston-type shows some
advantages over the others, such as higher built-in volume ratio, high achievable operating
pressures and temperatures, their ability to take in liquid and low rotational speeds. Piston
expanders are suitable for applications with low volume flow rates and low power production.
The improvement of a piston expander performance can be reached applying many technics,
such as expansion in stages with three coupled pistons. The disadvantage of this method is the
increase of cost and construction complexity.

Piston expanders can present high internal volume ratios and their values fluctuate from 6 to
14, while their poweroutput can reach 2 MW [12], [5]. Due to their high internal volume ratios,
piston expanders can sustain large pressure ratios with reasonable efficiencies. In general,
pressure ratios for piston expanders are higher than 4.5 [13]. However, these expanders only
deal with restricted wet expansion. The shaft speed at maximum efficiency is 3000rpm for this
type of volumetric expanders. According to [5] , in case of piston expanders, the maximum
pressure is achieved before the higher possible temperature. This means that the supply
pressure is forced to be the highest one, and respectively, the supply temperature is increased
in order to satisfy the broad range of power.

Inlet and outlet valves are adjusted in the piston expandersin order to regulate suction and
discharge processes. A piston expander contains two cylinders which form four chambers. The
high-pressure working fluid enters from the inlet valves towards the center and the piston is
imposed to move. This motion results in work production.
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Expander

Figure 4.Schematic of piston expander structure [14]

Aux.
Plston

Rubtar
Spring

Piston

\/I

Aux. Compressor

Taking all the above into account, as well as the data presented in [5], the subsequent table,

Table 1, can be created.

Table 1.Working range for innovative scroll, screw and piston expanders [5]

Variable Scroll Screw Piston
Maximum Electrical 10 kW 200 kW 2 MW
Power
Maximum Isentropic 87% 70% 84%
Efficiency
Built-in Volume 1.5-3.5 n.a.-8 6-14
Ratio
Maximum 10000 rpm 21000 rpm 3000 rpm
Rotational Speed
Maximum Inlet 165 °C for air 490 °C for water 500 °C
Ti t
emperature 215 °C for water vapor
vapor
Maximum Pressure 40 bar - 70 bar
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1.2 Scrollexpanders

1.2.1 General description

In this section, the operating principles of the scroll expanders are described. Each expansion
chamber volume (i.e.the chambers enclosed by the walls of the two scrolls) changes during an
expansion cycle, because of the continuous circular motion, as illustrated in Figure 5. The
working fluid enters the machine at the central suction chamber at high temperature and
pressure, forcing the orbiting scroll to rotate as it expandsinthe chambers of increasing volume.
At the end of this process, the working fluid passes in the discharge stage and exits the wraps at
the discharge chambers.

First Vapour Pocket Two intermediate Vapour Pockets Final Vapour Pocket

Figure 5.0perating principle of a scroll expander [15]

The built-in volume ratio of the scroll expanderis the ratio of the volumes of the discharge and
suction chambers. The volume ratio should be attuned to the volume expansion ratio of the
working fluid based on its imposed to prevent under or over expansion. Under- expansion,
Figure 6(a), takes place when the system specific volume ratio is higher than the internal built-
in volume ratio of the expander. Inthat case, the pressure in the discharge line is lower than the
pressure in the expansion chamber at the end of the expansion. On the contrary, over-
expansion, Figure 6(b), happens whenthe imposed volume ratio to the expanderis lower than
the internal volume imposed by the expander. Consequently, the pressure in the discharge line

is higher than the pressure in the expansion chamber at the end of the expansion. [16]
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Figure 6.Under (a) and over (b) expansion losses [15]

Despite the benefits of a scroll expander working on a small-scale application, there are also
some significant disadvantages. These drawbacks are associated with the existence of a tight
manufacturing tolerance that ensuresthe suitable adjustmentbetween the two scrolls. In case
of failure, there is a huge flank clearance betweenthe moving parts. According to [15], internal
leakages, which occur in this situation, affect the isentropic efficiency of a scroll expander
negatively. There are two types of leakages, flank and radial. The path caused due to the
clearance between the flanks of scroll profiles, can be characterized as flank leakage &+ Radial
leakages are connected with the clearance betweenthe bottom and the top layers of scrolls &,
as depicted in Figure 7.

Low Pressure

W
High Pressure Radial Leakage

Figure 7.Flank and radial leakages occurring in a scroll expander [17]
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1.2.2 Applications of scroll machines

First of all, it should be mentioned that scroll expanders are not used commercially. There are
only commercial scroll compressors involved in Vapor Compression Cycles. Consequently, scroll
expanders are constructed by modifying the respective compressors to work in a reverse mode

for Organic Rankine Cycle configurations.

1.2.2.1 Vapor Compression Cycle

The main application of the VCC is in chillers and heat pumps. The working fluid circulates
through fourstagesin which it is successively compressed (powerinputto the cycle), condensed

(heatrejection), throttled (pressure/temperature drop) and evaporated (heat absorption).

QH\

AN
AN

Condenser

Throttling X
device
Compressor

Evaporator

© LY
AY

\a.

Figure 8.Vapor Compression Cycle configuration using expansion valve

A vapor compression cycle consists of four main components:

» acompressor
» acondenser
» athermal expansion valve

» an evaporator
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Figure 9.P-h diagram for Vapor Compression Cycle

The refrigerant enters the compressor as saturated vapor. In this stage the working fluid is
compressed to a higher pressure with the simultaneous increase of its temperature and
enthalpy. The compressed vapor refrigerant, in the thermodynamic state of superheated vapor,
is next condensed. The condensation takes place in a heat exchanger, where heat is expelled
from the refrigerant to cooling water or cooling air. This stage is usually completed when the
working fluid becomes saturated liquid. Then the refrigerant is forced to flow through the
expanderor the thermal expansion valve where it is subjected to a sudden pressure reduction.
As a result, the fluid temperature becomes lower and the refrigerant enters the two-phase
region with the concurrent acquisition of the corresponding properties. The liquid and vapor
mixture are then routed through the evaporator. The mixture absorbs the heat from the
ambient air with the assistance of fans. Therefore, the evaporation and the saturation of
working fluid happen and the VCC s finalized. Moreover, the ambient air is cooled in a specific
temperature which is determined by the required conditions for the enclosed space.
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1.2.2.2 ORCtechnology

ORCs are capable of absorbing heat from low energy and temperature sources (<300 °C) to
produce electricity [18]. Therefore, heat sources characterized by low-grade energy, such as
geothermal, solar energy, heat absorbed from biomass combustion, waste heat recovery from
divergent industrial activities and heat from diesel engines, are suitable for ORC applications.
This cycle differs from the conventional Rankine cycle in terms of the working fluid; namely,
ORCs utilize organic fluids instead of water as working fluids. These fluids present lower critical
temperatures and pressures than water. ORC configurations constitute also an attractive and
sustainable solution for small-scale decentralized combined heat and power production (CHP).

Figure 10 illustrates the main parts that compose a plain recuperative ORC configuration. A feed
pump contributes to the pressure increase of working fluid and facilitates its passing through
the regenerator, in which the refrigerant is preheated. The incorporation of a regenerator in an
ORC is not always feasible. It is necessary that the outlet turbine temperature is quite higher
than the outlet pump temperature. After this stage, the working fluid is evaporated and
superheated, reaching its maximum temperature. An expander connected with a generator
expands the working fluid. It should be highlighted that there are no commercial scroll
expanders. There are only commercial scroll compressors that can be modified and usedin ORC
systems as expanders if their operation is reversed. The condensation stage of the
desuperheated vaportakes place in a condenser.

Expande
E—
Evapo Recuperator
rator 1
N T—
>
Condenser
! p .
Feed Pump

Figure 10.Typical ORC configuration

In order to selectthe working fluid of an ORC application, environmental factors and availability
should be taken into account. The environmental factors are associated with the global
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warming, a low GWP value is desired, and ozon layer, the ODP value should be exact or almost
zero. Amongthe divergent refrigerants, their saturation temperatures determine to what extent
they are suitable to be used for each ORC application. Figure 11 shows the T-s diagrams of some

organic fluids.
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Figure 11.T-s diagrams for neopentane, n-Pentane, R1233zd(E), R1234ze(Z) and R245fa

1.3 Literature review on expanders

Several studies have been conducted to investigate the influence of scroll expander features
and flow characteristics on expander performance, and as a result, overall system efficiency.
Computational Fluid Dynamic (CFD) and numerical simulations are performed on scroll
expanders based on theoretical models to predict the general behavior of an expander and

system.

1.3.1 Theoretical studies

P.Songetal. [19] and M.Wei et al. [20] have engaged in a scroll expanderfor a small-scale ORC
system. The calculation of transient characteristics of the aerodynamic variables, such as
pulsating mass flow rate through the suction port, asymmetric spread of the internal flow, gas
forces and applied moments on the orbiting scroll are described in detail on these papers. For a
known geometrical formation, the unsteady flow has been examined in the suction stage of a
scroll expander, in which the circulated refrigerant was R123. Moreover, the finite volume
method has been used for the simulation. The flow model and the dynamic mesh were
constructed based on the Reynolds Averaged Navier-Stokes turbulence model. To increase the
precision for rapidly strained flows and whirling flows, they introduced k-epsilon model. The
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main simulated operation conditions were the inlet temperature (132 °C), suction pressure (11
bar), discharge static pressure (4.4 bar) and rotational speed (2000 rpm). It was also estimated
how the grid density affects the efficiency of the scroll expander. For different grid numbers,
namely 56x104, 82x10% and 125x10%, the corresponding expander efficiency is estimated equal
10 40.5%, 41.7% and 41.8% respectively.

Deforming
Surface
Radial
Clearance

Plenum

Axial
Clearance

Figure 12.Computational domain of Wei’s scroll expander model [20]

Kim et al. [21] presented the influence of the incorporation of a combined scroll expander-
compressor unit in a two-stage compression CO2 trans-critical cycle onthe COP of the cycle. This
design leads to the recovery of throttling losses, and as thus, the improvement of the total COP
was achieved. Apropos the scroll expander simulation, the isentropic, volumetric and
mechanical efficiencies were assumed equal to 90%, 85% and 90% respectively. The initial
design conditions were restricted by the suction pressure (3.5 MPa), discharge pressure (10
MPa) and expanderinlet temperature (35°C). The rotational speed was regulated constantly at
2000rpm. In this case the isentropic efficiency of the scroll expander was 86.12%. Then, the
effect of scroll expandersuction and discharge pressure on the performances was examined, as

it can be shown in Figure 13 and Figure 14.
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Figure 13.Scroll expander efficiencies for different suction pressures [21]
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Figure 14.Scroll expander efficiencies for different discharge pressures [21]

In paper [22], the efficiency of a scroll expander used for regaining the energy of the exhausted
high-pressure air from a PEM fuel cell has beeninvestigated. Not only was energy conservation
equation involved in the numerical analysis, but the radial leakage model also has been
expressed according to Liansheng model (1998). The definitions and the equations of both radial
and flank leakages are determined. Additionally, the main performance parameters, which are
the theoretical expansion ratio (p), the delivery (Q), the indicated work (W), the indicated
isentropic efficiency (nie) and the isentropic efficiency (ne), were calculated. The geometry of the
scroll expander was constructed in line with a prototype expander designed and invented by
National Engineer Research Center (NERC) for Fluid Machinery & Compressors at Xi’ an Jiaotong
University. The suction pressure fluctuated from 1.5 bar to 4 bar, when the rotating speeds
ranged from 900 to almost 2800 rpm. Changing the suction pressure and the rotational speed
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during the simulation, variations in expansion ratio and isentropic efficiency took place in

accordance with Figure 15 and Figure 16.
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Figure 16.Fluctuation of isentropic indicated efficiency due to the change in rotating speed

[22]

In [23], the theoretical study of a scroll expander- generator for small scale Organic Rankine
Cycle with R123 as the working fluid was carried out. To achieve this, several models were
introduced to calculate the thermodynamic, mechanical and load resistance. The geometric
variables were not modified in the simulation. The formula used for the energy conservation of
a specific control volume is described in [24]. Moreover, leakage and heat transfer affected the
whole procedure and the scroll expander efficiency. The definitions of leakage areas were taken
from [25], aswell as the throttle nozzle modelfollowed the principles from [24]. The suction and
discharge process were analyzed using equations from [25], while the heat transfer model was
presented in [26]. To construct the mechanical model, the vapour force, which increases the
friction loss of the bearings and creates a rotary moment to move the orbiting scroll, was
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estimated by the equations from [25]. During the simulation, the rotating speed varied from
1266.6 to 2103 rpm. The results of the simulation indicate that the stable rotating speed,
volumetric and isentropic efficiency change with the variation of suction pressure, discharge
pressure and generated current. As for the stable rotating speed and volumetric efficiency, a
rise in suction pressure could cause their increase. However, if the discharge pressure or
generated current increase, it can be observed a decrease in the stable rotating speedand the
volumetric efficiency. The suction pressure fluctuated between 5 and 7 bar. The increase of
suction pressure leads to the maximization of isentropic efficiency, from 0.61 to 0.69, as shown
in Figure 17.
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Suction pressura (kPa)
Figure 17.The variation of isentropic and volumetric efficiencies with the concurrent increase
of the suction pressure [23]

Three-dimensional numerical simulations of a scroll expander integrated in an ORC were
executed with the dynamic mesh technology in [27]. The refrigerant used for this project was
R245fa. The unsteady flows and thermodynamic efficiencies were performed in this study.
Firstly, the grid model of the scroll expanderwas made in accordance with Figure 18.
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Figure 18.Computational unstructured mesh of the scroll expander [27]

The k-e turbulent model with renormalization group was adopted for the construction of flow
model. As for the simulation initial parameters, the inlet pressure and temperature were
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adjusted to 0.9 MPa and 405 K, respectively. The discharge pressure was considered equal to
0.3 MPa. In this paper, the numerical analysis was conducted for two divergent rotating speed
values, 1000 and 1500 rpm. However, the unsteady flows were examined only for the case of
1000 rpm. Pressure, velocity vector and temperature distributions are presented and illustrated
in report [27]. Therefore, the following figure, Figure 19, demonstrates the pressure variation

on a cross-section area perpendicular to z-axis.

| B
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|2 |
p
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Figure 19.Pressure distribution in the working chambers on a cross-section area
perpendicular to z-axis [27]

To investigate the efficiency of a small- scale ORC, S. Clemente et al. [28] merged the code of a
one-dimensional model of a scroll expander with a thermodynamic model of a whole ORC
system. By changing the geometric parameters of scroll devices and the working fluid, the
performance of both scroll compressor and expander could be estimated by the detailed model
of scroll machines. A deterministic model of scroll expander was introduced to calculate its
geometry. This model was based, among otherstudies referred on [28], on Chen’s deterministic
model [26]. The R245fa was selected as the working fluid of ORC. To predict the scroll expander
performance, the rotational speed was regulated to 3000 rpm and the superheating
temperature (inlet expandertemperature) could be 130 °C, 140 °C or 150 °C. The pressure ratio
in this numerical simulation varied between 3 and 7. Consequently, an isentropic efficiency
equal to 65% was achieved. Following the same methodology, the code was modified and
executed for a new scroll geometry in order to increase the scroll expander performance. To
attain this, the length of the wraps was increased from 2.75 to 4.75 revolutions, and as a result,
a larger build-in expander ratio became feasible. The main coding parameters were remained
stable. In this case, the pressure ratio could take a value from 4 to 9, when the isentropic
efficiency of the scroll expanderreached the 70%. In the following figures, the quantification of
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each type of losses for both short and long scroll design are presented. As illustrated in Figure
20 and Figure 21, the optimum expansionratio is displaced from 3.5 to 5.5.
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Figure 20.Scroll efficiencies as a function of expansion ratio for the short scroll expander [28]
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Figure 21.Scroll efficiencies as a function of expansion ratio for the long scroll expander
(28]

In the second part of Clemente’s study, several applications were simulated based on a cycle
parameter analysis. However, in this project, only the case of heat recovery from an internal
combustion engine is presented. The configuration of this implementation can be shown in
Figure 22.
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Figure 22.Micro-CHP configuration [28]

This engine can be applied for residential and commercial buildings, in which the recovered heat
is exploited in order to make domestic hot water. It was assumed that the expander’s suction
temperature is 150 °C and the expander’sinlet pressure was equal to 12.59bar. The circulated
refrigerant was R245fa. Asforthe isentropic efficiency of the expander, it was adjusted to 67.3%,
when the expansion ratio was 5.

All the previous studies are concentrated on a brief table (Table 2). This table consists of the
inlet temperatures (°C), suction pressures (bar), pressure ratios, types of expanders, working
fluids, isentropic efficiencies (%) and rotational speeds (rpm) which characterize the expanders
included in the referred theoretical investigations.
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Table 2.Non-exhaustive list of theoretical studies on expanders

Type  offlinlet Pressurqll Type of
study temperature Ratio expande.
&Y
CFD - Scroll R123 40.5, 41.7,| 2000 P. Song et al. (2015) [19],
41.8 M.Wei et al. [20]

Theoretical 35 35 2.86 Scroll CO 86.12 2000 Kim etal. (2008) [21]

Theoretical - 15,2, 3,4 1.67-1.96 | Scroll Air 85-97 900- Gao, Li, Zhao, Shu (2004) [22]
2800

Theoretical - 5-7 - Scroll R123 61-69 1266.6- | L.Guangbin, Z.Yuanyang,
2103 L.Yunxia, and L.Liansheng

(2011) [23]

CFD 132 9 - Scroll R245fa - 1000, Song, Wei, Shi, Ma (2013) [27]
1500

Theoretical 130, 140, 150 | - 3-7 Scroll R245fa 65 3000 S.Clemente et al. (2012) [28]

Theoretical 130, 140, 150 | - 4-9 Scroll R245fa 70 3000 S.Clemente et al. (2012) [28]

Theoretical 150 12.59 5 Scroll R245fa 67.3 3000 S.Clemente et al. (2012) [28]




1.3.2 Experimental studies

In [29], the operation of a scroll, screw, root and piston expandersintegratedinto two different
small-scale ORC configurations using R245fa was tested. Although the nominal power of these
fourtypes of expander was different, to determine their performance in relation tofilling factors
and isentropic efficiencies, this test concentrated on expanders’ behaviorin divergent operating
conditions, including the nominal power. Moreover, the experimental configuration consisted
of a brazed evaporatorand recuperator, shell and tube water-cooled condenser, gear pump and
a receiver. The highest isentropic efficiency was performed by the scroll expander(76%), while
the screw and the piston demonstrated efficiency 53% and the roots a 47% isentropic efficiency.
Additional results of this study are presentedin Table 2.

Root Scroll Screw Axial piston

vef=

Figure 23.Types of volumetric expanders [29]

Additionally, several experiments were conducted by Lemort et al. [30] to examine a template
of an open-drive oil-free scroll expander used for an ORC. The working fluid of this application
was HCFC-123. The efficiency of the scroll expander was determined due to the calculation of
specific parameters, such as mass flow rate, discharge temperature, ambient losses and internal
leakages. This experiment was conducted by changing the mass flow rate (from 45.13g/s to
86.25 gr/s), the supply temperature (from 101.7°C to 165.2°C), the exhaust pressure (from 1.38
to 2.66bar), the rotational speed (1771, 2296 and 2660rpm) and the torque. The isentropic
efficiency of the scroll expander in this certain test-rig fluctuated between 42.4% and 68%. To
validate the experimental expander model, the following method was applied. At a first stage,
the basic variables of the semi-empirical simulation model of the scroll expander were
calculated based on the experimental results. Then, this model, in which the estimated
parameters were included, anticipated the outlet temperature, the shaft power and the mass
flow rate. All kinds of losses could be evaluated by the validated expander model. Moreover,
the validated model could assess to what extent the design of the expander affects its
performance and how to modify its design in order to improve the expander efficiency. This
examination identified that the main reason why the expander performance was decreased,
were the mechanical leakages and the supply pressure drop. Internal leakages also influence d

the expander efficiency, but to a smaller degree.

Miao et al. [31] examined, an ORC system absorbing heat from a lubricant oil circuit. The test rig
included the following circuits: the refrigerant R123, the cooling water, the conductive oil and
the lubricant oil circuits. Figure 24 illustrates the thermodynamic changes occurred in the ORC
working fluid, the cooling water and the fluid of heat source (conductive oil). In addition, the
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main operating parameters in this experimental investigation were the temperature and the
mass flow rate of cooling water and conductive oil, the air temperature, the shaft torque or
rotational speed and R123 pumping frequency. These conditions influenced the application
performance. The optimization of the total efficiency was achieved by decreasing the
backpressure of the expander, rising the build-in expander’s volume ratio and increasing the
heat transfer happened in the evaporation stage. To analyze the scroll expander model,
Lemort’s [30] semi-empirical model was introduced. The measured thermal efficiency and shaft
power were 5.64% and 2.65 kW, but in the optimum cycle they could reach 6.05% and 10.7 kW
respectively. A comparison between mathematical calculations and experimental results was
carried out. The most significant deviation between the experimental measurements and
calculations was 5.5%.
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Figure 24.T-s diagram of Miao et al. ORC configuration [31]

The developed diagrams of this study display the relevance of expanderrotational speed, shaft
power and system thermal efficiency to R123 mass flow rate for divergent variations on
operating conditions. Thus, Figure 25 presents the influence of the ambient temperature on the
produced shaft power for a range of refrigerant mass flow rate values. The scroll expander
produced more electricity for lower air temperatures. The maximum expander shaft power,
equaled 2630W, was performed for mass flow rate 700 kg/h and air temperature equal to -5°C.
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Figure 25.Expander shaft power as a function of air temperature and R123 mass flow rate

(31]

Ziviani et al. [32] investigated an open-drive oil-free scroll expander characterized by nominal
capacity of 5kW through experiments. The build-in volume ratio of this expander was equal to
3.5 and the scroll machine operated for a range of rotational speeds, from 800 rpm to 3000rpm.
The scroll expander was used for an ORC application that was working with R245fa. The inlet
temperature of the heat source fluid could be either 85°C or 110°C. In addition, the development
of the expander model was based on Lemort’s [30] semi-empirical model. The isentropic
efficiency of the expanderbecame maximum and equal to 58% for 1600rpm, but the maximum
output power, 3.75kW, was achieved for 2500rpm.
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Figure 26.The effects of internal losses on expander isentropic efficiency for rotational
speeds of 3000rpm [32]

The isentropic efficiency of the expanderas a function of the pressure ratio is illustrated in Figure
26. It can be observed that the isentropic efficiency presented a significant increase when the
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pressure drops, leakages and frictional torque were eliminated. Moreover, the heat transfer off
curve performed a lower deviation from the no frictional torque curve. As a result, the impact

of heat losses on expander’sisentropic efficiency could be neglected.

Z. Liu et al. [33] developeda CFD model to simulate the scroll expander with the FEM method,
and then, they conducted an experimental validation. Using the surface pressure and the
temperature of the scroll expander components as boundary conditions, this CFD model
evaluated the thermal loads and pressure. They also calculated the deformation happeneddue
to the loads which stressed the expander. The scroll expander of this certain experiment was
integrated in an ORC waste heat recovery system utilizing R123 as the working fluid. Both the
numerical analysis and the experiments were carried out under four combinations of rotating
speeds, discharge temperatures, inlet pressures and temperatures.

D. Ziviani et al. [34] tested a single- screw expander integrated in an ORC with liquid flooded
expansion using R245fa as circulating fluid. To determine the heat and friction losses, the build-
in volume ratio and the operation with lubricant oil, the experimentsand the simulations were
based on a semi-empirical model of the expander. Apropos of the working fluid, the refrigerants
R245fa and R1233zd(E) were both selected and compared in order to examine a potential
replacement of R245fa with R1233zd(E), and consequently, investigate the advantages of
flooded expansionin a screw expander. In the following figure (Figure 27), it can be shown the
impact of the expander internal volume ratio on the expander isentropic performance (circle
markers) and cycle performance (triangle markers) as a function of pressure ratio. It is obvious
that the maximum isentropic efficiency could be 80% for a specific value of the pressure ratio
dependingon the build-in volume ratio.
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Figure 27.Total isentropic efficiency (circle markers) and cycle efficiency (triangle markers)
for three expander build-in volume ratios and different pressure ratios [34]

Lei et al. [9] tested a single screw expander employed for an ORC system. The working fluid of
this application was the R123. The aim of this experimentalinvestigation was mainly to increase
the screw expander efficiency in a wide range of expander conditions. The influence of supply
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pressure and the expansion ratio was investigated for divergent rotational speeds. Based on the
concept of increasing the internal volume ratio suitably and modifying the screw expanderfrom
single to double- stage by exploiting the screw grooves outlet velocity, they designed and
constructed a new prototype (Figure 28). The maximum isentropic efficiency, shaft power and
expansion ratio presented by experiments was 56%, 8.35 kW and 8.5, respectively. It was also

ascertained that the under-expansion losses were eradicated.

< W ~_ gate rotor
A/\ﬂ /> =
screw (S, &

Figure 28.Structure of the Lei’s single screw expander prototype [9]

F. Ayachi et al. [35] tested a hermetic scroll expanderapplied for a small- scale ORC suitable for
low grade heat recovery. Using the semi-empirical expander model proposed by Lemort [30]
and R-245fa as refrigerant, they investigated the expander prototype changing the supply and
discharge operating conditions. Supply temperature fluctuated from 105 °C to 135 °C, while the
pressure ranged between 10.3 bar to 22.5 bar. The experiments showed that the hermetic scroll
expander achieved high efficiencies when high supply conditions were imposed. For supply
pressure equal to 20 bar, the net performance of the combined expander- generator took its
maximum value (70%). In addition, the maximum power was measured equal to 2.9 kW with
temperature, inlet pressure and pressure ratio at 135 °C, 22.5 bar and 3.8, respectively.

R. Bracco et al. [36] simulated and investigated a hermetic expander integrated in a domestic-
scale ORC. For this study, a commercial HYAC compressor was converted into a scroll expander
with a potential power output of 1.5 kW. Refrigerant R245fa was selected as the working fluid
of ORC. Based on results taken from several studies, numerical simulations were carried out.
The experimental calibration of the expander model revealed sufficient accuracy in the
preliminary variables predicted by the relevant literature review. Firstly, several tests were
conducted in order to examine the deviations between the calculated and the measured
efficiencies and acquire the data for the model calibration in constant operating conditions. To
optimize the system performance, determine the system potentialities and define the more
effective operating conditions, more experiments were carried out. The expander shaft speed
ranged from 3000 rpm to 4500 rpm. The following figure (Figure 29) presents the isentropic
expander efficiency as a function of the expansion ratio for pump rotational speeds 300 rpm and

400 rpm and vapor temperatures 120 °C, 130 °C and 150°C.
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Figure 29.Expander isentropic efficiency for divergent expansion ratios, vapor temperatures
and pump rotational speed equal to (a) 300 rpm and (b) 400 rpm [36]

A scroll expanderwith nominal power production equal to 1.8 kW was used for an ORC tested
by S. Declaye et al. [37]. As for the expander construction, an air compressor was converted
appropriately in orderto operate as an expander. R245fa was chosen as the working fluid of this
experimental investigation. The main goal of the experiments was to create the expander
performance map in different operating conditions. Therefore, the suction pressure fluctuated
from 9 to 12 bar, the discharge from 1.5 to 4 bar and the rotating speed varied from 2000 to
3500 rpm. For these testing conditions, 74 values of expander isentropic efficiency were
calculated and displayed in the following figure (Figure 30). Asit can be observed, the maximum
isentropic efficiency is 75.7%.
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Figure 30.Isentropic efficiency of expander as a function of the pressure ratio for arange of
rotational speeds and inlet pressures [37]

The following table includes the main parameters and results of the aforementioned
investigations analyzed in this section as well as the educed data from other relevant
experimental studies.
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Table 3.Non-exhaustive list of experimental studies on expanders

Inlet on \W Pressurdq@ Type offll Working

temperature Ratio expanderjffluid

(°C)

122-133 . . 1.4-7.4 Scroll R245fa 76 1137- | O. Dumont et al. (2018) [29]
7920

75-130 6.4-12 1.9-4.17 Screw R245fa 53 500- O. Dumont et al. (2018) [29]
12450

70-124.4 2.7-10 1.14-4.47 | Roots R245fa 47 1000- | O. Dumont et al. (2018) [29]
11000

118-153 17.7-30.7 | 6.2-10.6 Piston R245fa 53 1000- | O. Dumont et al. (2018) [29]
4000

101.7-165.2 5.45- 2.7-5.4 Scroll HCFC-123 | 42.4-68 1771- | V. Lemort et al. (2009) [30]

11.12 2660

142.9 7.82 3.11-5.22 | Scroll R123 70 2569 | Z. Miao etal. (2017) [31]

110 13.8 5.95 Scroll R245fa 58 1600 | D. Ziviani et al. (2018) [32]

110-176.07 8.35-10 2.94-3.87 | Scroll R123 - 1986- | Z. Liu etal. (2018) [33]
2010

120 - 9.34 Screw R245fa 80 - D. Ziviani et al. (2017) [34]

120-130 11.5 8.5 Screw R123 73 3000 | B.Leietal. (2016) [9]

105-135 10.3-22.5 | 2-3.8 Scroll R245fa 70 3000 F. Ayachi et al (2016) [35]

100 3.3-4.7 2.35-3.35 | Screw R123 87.5 1500 | Tang etal. (2015) [38]

65.85 19.28 2.5-3.0 Scroll R134a 40-80 2000 | Hoque (2011) [39]

- 4.5-4.8 4.4-4.8 Scroll R123 36.4 1200- | Liu etal. (2013) [40]
2066
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120-150 5 4.6 Scroll HFE-7100 | 75 - M. Jradi et al. (2014) [41]

70 - 2.4-4.0 Scroll R134a 63-65 2400- | Zanelli and Favrat (1994) [42]
3600

120-150 - 1.6-4.8 Hermetic | R134a, 50-68 - M. Kane et al. (2003) [43]

Scroll R123

90-130 13-17.5 5-6.5 Scroll R245fa 57-75 3000, | R.Bracco etal. (2013) [36]
4500

136 - - Scroll R113 63 1500- | Saitoh, Yamada, Wakashima
5000 | (2007) [44]

77.3 - - Scroll R134a 10-65 250- Manolakos et al. (2007) [45]
4000

97.5 12 3-8 Scroll R245fa 55-75.7 2000- | S. Declaye et al. (2013) [37]
3500

68-140 - - Scroll R123 65 300- N. Zhou et al. (2013) [46]
1300
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1.4 Thesis scope

Given the literature review above, it is found a gap of knowledge in the studies of two-phase
flowsin expanders and specifically for scroll expanders. Therefore, this study aims to investigate
the performance of conventional scroll expandersin two phase region, by modifying an existing
deterministic model of expander and evaluate the effect of specific design variables and

implementedtheoretical sub-modelsin the overall expander’s performance.
More specifically, this study aims to answer in the following questions:

e How can a deterministic model for a scroll compressor be modified to simulate the
performance in expander mode?

e How important is the influence of the pressure ratio, the rotational speed and the
inlet stream’s quality in the two-phase expander’s performance?

e Which is the difference in performance loss by the introduction of two-phase flows
in comparison to conventional single-phase flows?

e How much do the geometrical aspects of the scrolls impact the overall expander's
efficiency?
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2. Deterministic model

2.1 Introductioninto expander modelling

Modelling can be an effective tool for the design procedure of scroll expanders, since it can
improve their performance. Different types of modelling approaches exist. Deterministic models
are based on the application of physical equations of mass and energy balance to predict the
behavior of the expander and take into account the detailed thermodynamic processes
occurring during the expansion of the working fluid. Because of this, their scope is more general,
while they are more complicated and more computationally intensive. On the other hand,
empirical models typically are based on constants without a physical meaning and are calibrated
based on experimental data. As a result, their scope is usually limited, but they are simpler
(usually in the form of polynomial regression formulas) and less computationally intensive.
Finally, semi-empirical models fall combine features of both deterministic and empirical models.

The empirical and semi- empirical models are often developed to describe mostly the
thermodynamic phenomena occurred during the function of scroll expanders. The direct
correlation between performance parameters and operating parameters is integrated to
empirical analysis. The critical parameters are extracted from experimental results. However,
the complicated geometrical features of scroll expanders and their working fundamentals are
eliminated when empirical modelling is applied. The semi- empirical models examined focusing
on thermodynamic equations inferred from mass, energy and momentum conservations. The
validation of empirical and semi- empirical models is restricted to a specific range.

A semi- empirical model of an open-drive oil-free scroll expander integrated into an ORC is
presentedin [30]. The refrigerant circulated in the ORCis HCFC- 123. As illustrated in Figure 31,
the expansion process can be separated into two main stages: isentropic and isochoric
expansion. Eight variables of the scroll expandersemi-empirical model can be calculated, using
the expander performance measurements. In addition, supply pressure drops, internal leakages
and internal expansions take place in this modelling. There are also estimated the mass flow

rate, the distributed shaft power and the discharge temperature.
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Figure 31.Lemort’s semi- empirical model of a scroll expander [30]

2.1.1 Deterministic model of scroll compressor/expander

The presentwork is based on the deterministic scroll compressor model developed by lan Bell
[47]. The modelincludes two main sub-models, ageometric and a thermodynamic model. More
specifically, the scroll compressor geometry, the definitions of the control volumes, leakage
areas and forces are computed in the geometric model. On the other hand, the thermodynamic
model simulates the expansion process of the working fluid during the operation of the machine
aiming at the prediction of its performance. At the beginning of the execution process, the
geometric model produces the geometric variables which, in turn, are used by the other sub-
models. At every step of the overall model, the geometric parameters are updated. Therefore,
the divergentsub-models are executed in an effort to find a solution for all the combinations of
geometric inputs and system state points.

2.1.2 Introducing PDSim

The model developed by Bell is implemented in PDSim software. PDSim is developed mainly in
the Python programming language and it covers both 2.x and 3.x versions. The reasons why
Python was selected for the PDSim code are its free availability, the ability to be attuned to any
type of device and software, the diverse packages accessible and the dynamic community [48].
To attain high computational performance, PDSim combines the high- level characteristics of
Python with the low- level development through Cython. Python can be defined as an object-
oriented programming language. That leads to a much simpler model forming and helps the
extension of the current libraries. Moreover, GUI (Graphical User Interface) is included in PDSim

due to wxPython package.
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Each category of positive displacement engine constitutes a class in PDSim. These classes can be
used to create a certain compressor or expander model. In Figure 32, the general construction
of a class of a simulation model in PDSim is represented. Three main folders form the PDSim
source code: PDSim, GUl and examples. PDSim folder consists of the following sub- folders: core,
flow, misc, plot, recip, rolling and scroll. All core parts of PDSim are involved in core. The flow
sub- folder contains all the flow models and flow path methods, while miscellaneous items are
included in misc sub- folder. Reciprocating machine, rolling piston machine and scroll machine
core classes located in recip, rolling and scroll folder respectively.

Graphical user interface is available through files integrated into GUI sub- folder. Finally, there
are some examples of expanderand compressor models in examplesfolder. [49]

| Compressor/Expander class

Geometry inputs

._.| Inlet/Outlet thermodynamic u.m--.]

-—15L—I{-ct MOLOL/ generator nlodul]

Constant efficiency
Torque-slip-efficiency map

Detailed mode]

........................

—1 Add Energy Balance r,:;.||1;;,.-ku|

Defing solver

Figure 32.A common class in PDSim for a compressor or an expander model
[49]

The usual process of description for a model of positive displacement machine is displayed in
Figure 33 in pseudocode. The core class of a specific machine structure is located at the main

PDSimCore class (PDSim/core/core.py).
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Statel=inletState.copy(),
conp. TubeCode

koy2= t t i D,
StatelZ=cutlet3tate.copy(),

Figure 33.Pheudo-code of a compressor in Python-like form [48]

The PDSimCore class minimizes the computational work required to execute a model program
due to some integrated methods. These techniques are: add_CV() for control volumes,
add_flow() for flow paths (inlet and outlet flows, suction and discharge flows, leakage flows),
add_tube() for both inlet and outlet tubes of the machine and possible injection lines and

add_valves() for valves. [49]

2.1.3 Adaptation of PDSim models

In the original version of PDSim there were some gaps and simplifications with respect to the
modelling of a scroll expander and in particular in two-phase expansion. Therefore, in the
following subsections, the modifications and development of additional scripts on the existing
classes of PDSim will be to cover the “gaps” and develop a detailed model for the respective
scroll expander of the test rig.

Primarily, the way that the control volumes (CVs) are defined is altered in order for the model
to work as a scroll expander instead of scroll compressor. In other words, in the split and
discharge angles, the created pockets differ depending on the type of the scroll machine, namely
compressor or expander. The following figure, Figure 34, illustrates the expander pockets
formed over the course of one rotation. More specifically, the name of the suction chamber is
sss, a pocket which, during the rotation, is divided into ss, s; and s, in the split angle due to the
contact of the scroll wraps. These certain three control volumes are not fully separated, but they
communicate through some small orifices. That leads to the pressure difference between ssand
S1, S,. In the next stage, both s; and s, are converted into e; and e, and then into d; and d,
correspondingly. For larger volume ratios, more expansion control volumes are introduced. All

these modifications are carried out in the expander.py situated in the subfolder PDSim/scroll.
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Figure 34.Scroll expander’s generated chambers during one rotation [50]

In addition, the functions that use the function Flowpath, which is calculated in the file
PDSim/flow/flow.pyx are adjusted to the expander mode. In particular, the functions S_to_SS
and DA_to_D, which are calculated in expander.py, use the Flowpath function as an objectin an
effortto determine the mass flow rate of the refrigerant that circulates in suction and discharge
chambers respectively. By calculating the Flowpath.A, which is an attribute of Flowpath and
describes the area of a specific flow path, as well as by using the attributes Flowpath.State_up
and Flowpath.State_down that refer to the high- and low- pressure states in the isentropic
nozzle correspondingly, the IsentropicNozzle function (defined in PDSim.flow.flow_models.pyx)
is applied for the mass flow rate determination depending on the flow. The exact operation of
this function is described in the following subsection, in flow models. Undeniably, so as to find
the flow mass rate that enters from the inlet port to the suction chamber, the same process is
necessary to be done. On the other hand, the mass flow rate delivered from the discharge
pocket to the outlet port is considered fixed.

It is also essential that the definitions of all the efficiencies as well as of the mechanical losses
are modified in order to describe the expander operation. These interferences take place in
expander.py file. Their accurate definitions are given in the next paragraphs.

Apart from the alterations affiliated with the expander operation, several changes in terms of
the conversion of single-phase to two-phase flow are conducted. First of all, new heat transfer
and pressure drop models for the inlet and outlet tubes are introduced in the function
IsothermalWallTube (PDSim/flow/flow_models.pyx) so as to describe these phenomenain wet
expansion. The relative equations are given in the flow models section. Furthermore, the
leakage modelis changed in an effort to operate for the two-phase flow. These are defined in
function FrictionConnectedlsentropicNozzle in the folder PDSim/flow/flow_models.

Finally, in order for the above alterations to be attuned to the existed code, several computing
changes are carried out in other files, such as in PDSim/scroll/core.py, PDSim/core/core.py and
PDSim/core/containers.pyx.
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2.2 Scrollgeometry

2.2.1 Scope

As for the geometric model, the base circle and the involutes of the scroll compressor are
defined. This geometry is relied on a specific form in which the involutes are unwrapped from
a circle. In particular, the displacement volume Vy;,, the volume ratio Vy.4¢;0, the thickness of
the fixed scroll wrap, the orbiting radius and the angles ¢;9, ¢,s and @;s are known and
constitute the input variables of the geometric function defined in scroll_geo.py. By applying
this function, all the geometric parameters, namely the base circle radius, the scroll height, ¢;,,
Poe aNd @, can be specified. Having defined the basic geometric variables, all the formed
control volumes during a whole rotation, namely the suction, compression and discharge
chambers, and their corresponding derivatives are calculated in symm_scroll_geo.pyx.
Especially for the discharge chamber, two models are proposed, the two-arc and the arc-line-
arc geometrical types, which are fully analyzed in the two subsequent subsections. This is
followed by describing all the flow paths that take place throughout the scroll operation. To be
more precise, the equations that describe the radial and flank leakages as well as those
connected with the suction and discharge areas and discharge port are given. Concluding the
above, the main aim is to determine the volume of every chamber, their derivatives and the
flow areas in every rotating angle (6). The description of these operationsis presented in section
2.1.3 in detail.

2.2.2 Two-Arc geometry

As for the two-arcgeometry, the curvesin this case can be determined by the Figure 35, in which
the arc 1 is integrated with the inner involute, whereas the arc 2 is connected with the outer
one. Asdepicted in this figure, the arcs and their respective involutes are tangentand coincident
simultaneously. Taking this fact into consideration and analyzing their normal vectors, the
coordinates of the center of each arc are easy to be prescribed. [47] Inthe nextexpressions, ¢;
and ¢, s are the starting angles of inlet and outlet involutes and constitute the key geometri_c
parameters in the investigation described in section

Xa1 = Xfi s — SINQY; 5" Tgq 2.1
Ya1 = YVfis T COSQ; 5" Ty 2.2
Xaz = Xfo_s = SIN Qg 5" Tg2 2.3
Yaz2 = Yfos T COSQp 5" Tg2 2.4
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Figure 35.The illustration of the two-arc geometry [47]

Consequently, the depicted geometrical parameters can be expressed by the following
mathematical equation:

\/(xal_xaz)z‘l' Va1 _yaz)z =Tg1 +7a2 2.5

In addition, this geometry respects the correlation 1,4 = 14, + 19, Where ro constitutes the
orbiting radius of the scroll machine, in order for the scroll involutes not to collide into each
other. After defining all the above, the correlations that connect the radii of the two arcs with
the @; ¢ and ¢, ¢ are given in [47]. The perfect matching of arcs 1 and 2 is achieved for the
following equation:

Pis=@ostT 2.5
In this case the radius of the arc 1 is provided by:

Tg1 =Taz + 1, 2.6

2.2.3 Arc-Line-Arc geometry

Firstly, according to [47], in order to specify the discharge geometry in an arc-line-arc scroll
compressor (equivalent with the suction area in a respective scroll expander), the radii of the
two arcs are needed to be estimated. In an effort to discourage the collision, the geometry
should also respect the correlation 1,1 = 1,5, +15. As well for the Arc-Line-Arc geometry, the
most suitable meshing profile is acquired based on the equations 2.5 and 2.6. The distance (d)
betweenthe centers of the two arcs is given by the equation:

\/(xaz_xal)z'i'(YaZ_Yal)z: d 2.7
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In the subsequent figure, Figure 36, the set of the curves included in the Arc-Line-Arc geometry
is presented.

Figure 36.The geometric parameters of an Arc-Line-Arc machine [47]

2.3 Deterministic model description

2.3.1 Flow models

First of all, the divergent flow models contained in PDSim are used so as to define the mass flow
rate in all paths. The inputs of flow modelsindulged in the deterministic model are the flow area
and the pressure difference through a certain flow path. Moreover, apressure model is adapted
to the flow models’ script in order to calculate any pressure drop that occurs in the inlet and
outlet tubes. Apart from the pressure model, a heat transfer model is also included in flow
models. This model determines the amount of heat transfer exchanged not only between the
working fluid and the shell of the expanderin both inlet and outlet tubes, but also between the

working fluid and the shell of the expanderin the CVs.

The refrigerant flows between two adjoining CVs or from one CV to a tube, and as a result, many
flow paths are constructed throughout the rotation of the scroll expander. The formed flow
paths can be separated into two categories. There are the primary flow paths affiliated with
flows carried out between CVs and tubes openly associated and constitute extensive flow areas.
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As for the other type, there are also, because of the existing small cavities, the leakage flow
paths refer to non-openly associated CVs. Suitable flow models render the calculation of the
mass flow rate for both types of flow paths feasible relied on their flow area and pressure
difference.

2.3.1.1 Primary flow models

Initially, in terms of the type of primary flow, it can be assumed that flow is adiabatic and
compressible since it can be simplified by a respective flow conducted in a convergent nozzle.
Consequently, to evaluate the mass flow rate of the primary two-phase flow, the following

equation is used [50]:

2 Pup 2.9

Pdown

Vedp

m = XqCqAen
2 2
Vedown™ — OVeup

Where:

e Xyisthe area correctionfactor (vena contracta coefficient). More specifically, due tothe fact that
the flow passes through orifices, a flow contraction slightly downstream of these orifices takes
place, and as a result, the cross-section area and the mass flow rate become minimum and
maximum respectively. It is assumed that X4=1, but there is a need for an experimental
verification.

e (yisthedischarge coefficient (C4=0.77) presented by Morris (1991)

e Ay isthe throatarea of the nozzle and is defined in every rotation angle of scroll expander

e s the arearatio of downstreamto upstreamregions

e V. isthe effective mixture specific volume

The effective mixture volume is calculated from the following equation for both downstream
and upstream areas.

1—x 2.10
vez[x-vg+Ke-(1—x)vl] [x+(K—)
e

Where Ke constitutes the effective slip ratio and can be calculated as

+(1_—¢)2 2.11

Ke=19y K-

Where K represents the entrainment slip ratio obtained from
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2.12
1-x)v
K=y+(1-y) Yy l. Y
1+¢(1;X) 4]

Where  is the mass fraction of liquid which circulates through the gas phase, beingat the same
velocity with the gas. Should there is no entrainment, { is equal to zero.

2.3.1.2 Leakage flow models

As it has been mentioned, there are two genres of leakage flow paths, radial and flank. The
leakage models are formed in the PDSim/flow/flow_models.pyx file. The specific function in
which all the below calculations take place is the FrictionCorrectedlsentropicNozzle.

» Radial flow paths

Primarily, in the radial flow path, the flow circulates through a cylindrical section characterized
by a height §,, which constituted the gap between the top and the bottom layers. The radii of
the inlet and outlet scroll wraps, r; and r, respectively can also be defined with their difference

being equal to the wrap thickness.

The fluid is assumed as ideal and compressible, and hence, an isentropic compressible nozzle
flow model is adapted. The flow passes from an upstream state characterized by higher pressure

to a downstream state during the expansion procedure.

As a result, the mass flow rate is given by

2k 2 k+1 2.13
m =A- . o kK _4H k.
nozzle pup pup k _ 1 pratlo p‘ratlo
The throat area for the radial leakages is calculated relied on the following correlation:
A=s,6, 2.14
In the above equation, s; depicts the arc length of the leakage path and it is equal to 2nr; .

Thus, the Reynolds numberis determined by:
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m-d 2.15

Re=——
e A1

Where d is the hydraulic diameter, standing at 26, whereas [ is the viscosity of the upstream
state.

However, the isentropic nozzle model does not include the frictions appeared due to the small
orifices, and as a result, a correction term is required for the radial gaps. For this reason, a
numerical process is introduced in an effortto predict the mass flow rate of the radial losses
including the real fluid properties and a variable area. To achieve this, in [47], the frictional flow
modelis developed by conducting a numerical investigation for four refrigerants. In particular,
the upstream pressureis changed with a restriction of a maximum value of the pressure ratio.
In this stage, mass flow ratio is defined to describe the deviation of the mass flow rate of the
isentropic nozzle and this of the real model.
M = m.nozzle 2.16
Myeal

The values of the mass flow ratio are illustrated in the next figure, Figure 37, which is obtained
from the simulation data for the radial leakages.

10° = 25
20
10° F E
= s §
= o
10" F £
410
IOOE— E
S 1 — 1 . 1 — l. - L1 5
10! 102 10° 104 10°

Re [-]
Figure 37.Mass flow ratio calculations for the radial leakages depending on the Reynolds
number and the radial leakage gap [47]

This correction term can be acquired from the following correlation which is developed based
on 12000 simulation points [47]:

October 2021



Diploma Thesis — Amalia Steinhauer

ao(i)al 2.17
M= a L(‘S ) [f(azl-Reas + 056) + (1 - f)(a7Rea8 + a9)] + o

8o
The § refersto the cross-over term and is calculated by:

_ 1 2.18
1+ exp [-0.01- (Re —Re')]

§

Moreover, the coefficients fromaoto aioas well as the Re’ are given by the following table, Table
4. [47]

Table 4.Coefficients used for the radial leakage model

Ao 2.59321070e+04 as -1.28861161e-02
a1 9.14825434e-01 az -1.51202604e+02
a -1.77588568e+02 as -9.99674458e-01
as -2.37052788e-01 ag 1.61435039e-02
a4 -1.72347611e+05 a1 8.25533457e-01
as -1.20687600e+01 Re’ 5.24358195e+03

Consequently, the corrected mass flow is given by:

_ mnozzle 2.19

mCOTT M

» Flank flow paths

The flank flow paths are situated between the scroll wraps of the expander. Following the same
methodology as with the radial leakages, the isentropic nozzle model (through the relative
IsentropicNozzle function) is used for the calculation of the mass flow rate.

Although the M, correlation is also the same even for the case of flank leakages, the throat
area for the flank leakages is defined:

A=hg- 5 2.20

In this analysis, both 6rand - amount to 20pum.
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Where the hs presents the height of the scroll and &+ is the flank gap betweenthe inner wall of
one scroll and the outer wall of the otherscroll. The numerical data which referto the mass flow
ratio connected with the flank leakages are presented in the following figure, Figure 38, as a
function of the Reynolds numberand the flank leakage gap.

|

103 10*

Re [-]

25

10

6 [pm]

Figure 38.Mass flow ratio calculations for the flank leakages dependingon the Reynolds
number and the radial leakage gap [47]

By this investigation, the coefficients for the mass flow ratio linked to the flank leakages are
given in the subsequenttable, Table 5.

Table 5.Coefficients used for the flank leakage model

Ao -2.63970396e+00 as -5.10200923e-01
a1 -5.67164431e-01 az -1.20517483e+03
a 8.36554999%¢e-01 as -1.02938914e+00
as 8.10567168e-01 a9 6.89497786e-01

a4 6.17402826e+03 a10 1.09607735e+00
as -7.60907962e+00 Re’ 8.26167178e+02

2.3.2 Heat transfer and pressure drop models

Primarily, the heattransfer andthe pressure drop models are usedin an effortto determine the
heatflux and the pressure drop that occur in the inlet and the outlet tubes of the scroll expander.
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In each tube either the inlet node or the outlet node is known. More specifically, in the tube
affiliated with the suction of the scroll expander, the thermodynamic state of the node in the
inlet of this tube is known, whereas in the outlet tube, the outlet conditions are known. By using
the function IsothermalWallTube for a given mass flow rate, the conditions in the outlet of the
inlet tube and in the inlet of the outlet tube are calculated. This function involves all the
correlations, which are described in the following sections of this report, associated with the
heat transfer and pressure drop models.

Furthermore, some assumptions are established in the formation of these models. In other
words, the flow can be characterized as homogeneous and turbulent simultaneously. Apart from
that, in the case of two-phase flow, the evaporation or the condensation of the working fluid is
carried out.

It can be also mentioned that the refrigerant exchanges heat with the expander shell. The
temperature linked to the expander wall is equal to Twai, and as a result, the respective heat
delivered from the working fluid to the wall and vice versa, Qual, is defined by the following
expression:

Qwall =a (Twau — Tmean) "D 1+ L 2.21

In eq. 2.21, the a presents the heat transfer coefficient in the tube, Tmean is the mean
temperature related to the known state and D and L are the inner diameter and the length of
the tubes correspondingly. Having calculated the exchanged heat transfer and determined the
mean enthalpy in a specific node and the mass flow rate of the working fluid, the enthalpy of
the refrigerant in an unknown state can be evaluated using the following equation:

Qwall 2.22

h = hmean

2.3.2.1 Heat transfer calculation in the tubes

Two-phase

First of all, depending on the direction of the heat transfer that happens in the tubes, the
procedure can be characterized either as evaporation or as condensation. To be more precise,
if the temperature of the tubes’ walls (Twan) is higher than the mean temperature of the
refrigerant (Tmean), an evaporation process will be conducted. The condition in which Twan is
lower than Tmean entails the condensation procedure. In this section, the semi-empirical
correlations related to both evaporation and condensation are presented for two-phase flow.
[51]
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» Correlations of Shah evaporation

Primarily, the two-phase heat transfer coefficient is defined as:
A=Y q 2.23

In eq. 2.24, a depicts the pure-liquid heat transfer coefficientand is calculated by the following
equation:

0.8
G-(1-x)-D k 2.24

a; = 0.023
: ( Hr D

In this certain correlation, G constitutes the mass flux and can be estimated by:

m 2.25
G=—
A
Moreover, ps, Priand kr are the viscosity, the Prandtl number and the thermal conductivity of
the refrigerant. For a given isobaric heat capacity (cp), the Prandtl number can be estimated as:

K 2.26
Pr = :
k
In order to determine the Y parameter, it is necessary to conduct the following calculations:

In the first stage, three non-dimensional numbers are defined, with x being the vapor quality of
the working fluid:

The convection number:

1 0.8 2.27
P By
X Pg
The Froude number:
F G? 2.28
Y =
"7 pe2gD
The boiling number:
" 2.29
Bo = q
G " hfg

The pg and pi refer to the densities of the saturated vapor and liquid of the refrigerant
respectively, whereas hrg depicts the vaporization enthalpy. Finally, g’ constitutes the heat flux.
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e {14.70,30 > 0.0011 230
15.43,B0 < 0.0011

N = {CO ,Fr; = 0.04 2.31
~10.38, Fr, %3¢, Fr; < 0.04

Before the coefficient Y being computed, the Wps, Unband Ye» should be calculated by utilizing
the nextequations:
The convective boiling number:

1.8 2.32

¢cb=W

The nucleate boiling number:
Wy = {230\/30, N > 0.1 and Bo > 0.00003 2.33
"™ " |1 + 46VBo, N > 0.1 and Bo < 0.00003

The Yys:
Dy m {F\/Bo exp(2.74N~015), 0.1 <N < 1.0 2.34
5" | FVBo exp(2.74N-010), N < 0.1
And lastly:

_ {max(t/)bs,lpcb),N <0.1 2.35
l,b - maX(lpnb,lpCb),N > 0.1

> Correlations of Shah condensation

In terms of the Shah condensation, the overall two-phase heat transfer coefficient for a specific
vapor quality is:

Ay = al<(1 —x)08 +

3.8x076(1 — x)004 2.36
O

In the above equation, p*=psat/pcritand a; is estimated by:

0.8
G-D Kk 2.37
a, = 0.023 (T) Pyt
i

Single-phase
In the case of single-phase flow, the heat transfer coefficient is calculated based on the
Gnielinski model. Thus, the Nusselt number is given by:

October 2021




Diploma Thesis — Amalia Steinhauer

f Pr 2.38

Nu =2 (Re — 1000)
14127 \/g-Reo-““ -1

Where f constitutes the friction factor and can be estimated by applying the eq. 2.41.
Consequently, the heat transfer coefficient is given by:

_Nu 2.39

2.3.2.2 Pressure drop calculation in the tubes

In the following calculations, it is assumed that the flow is homogeneous. Firstly, the pressure
gradient is given by the following correlation:

dp —fG? 2.40

dz 2-D-p

Where p is the density of the fluid, G is the mass flux and D is the hydraulic diameter. The
parameterf presentsthe friction factor and depending on the flow’s genre (single ortwo phase),
the following correlations are used.

The friction factor is computed for the single-phase flow based on the Churchill (1977)
correlation (relied on a Darcy friction factor where f_laminar=64/Re):

BTN
~ “|\Rep (A+B)1/3

And A and B parameters are defined:

09 16 2.42
7 : £
A=|-2.457-1 (—) 0.27 (=
ogl Re, + (D)]
<37,530>16 2.43
- ReD

Where € is the roughness and D is the hydraulic diameter of the tube.

To estimate the friction factor when the flow is two-phase, the Blasius (1913) correlation is used:

0.079
f=——5 3,000 < Reg, < 100,000 244

)
RedhO.ZS
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Once the pressure gradient is calculated, the pressure drop is easy to be prescribed by
multiplying with the length (L) of the tube.
_d 2.45

Ap_dz

2.3.3 Performance assessment indexes

In this section, the divergent performances of a scroll expander as well as the electrical and
mechanical powerare defined.

Primarily, the adiabatic efficiency of a scroll expander:
_hi—hy 2.46
nad h]_ _ hzs

Where h; and h, constitute the enthalpies in the inlet and outlet of the working fluid at the
machine correspondingly. Moreover, h, is the isentropic enthalpy that refers to the outlet of
the expander. The adiabatic efficiency contributes to the determination of the deviation
betweenthe real and the isentropic expansion of the fluid.

The volumetric efficiency can be computed by:
Thref 247

w/2m - Vdisp /Vratio " Pintet

Nvol =

In eq. 2.45, m,.y is the mass flow rate that circulates through the scroll machine, Vy;), is the
displacement volume, V,4tio is the built-in volume ratio and pj,er is the density of the
refrigerant in the inlet of the scroll expander. The volumetric efficiency represents the ratio of
the real mass flow rate to the theoretical mass flow rate for the same rotational speed.

The isentropic performance is calculated according to the following correlation:

B W, 2.48
mref (hl - hZS)

Nis

The Wez depicts the net electrical power produced by the scroll expanderand is estimated by:

Wer = Wiech — Wmotor,los 2.49

The mechanical poweris:

Winech = N WPV 2.50
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Where 1,y is the mechanical efficiency and is equal to:

Myer - (hy — hy) 2.51
Wpy

N =1 —

Finally, using the generator efficiency 14, the motor losses can be calculated.
Winotor,los = (1- ng)Wmech 2.52

2.3.4 Scroll energy balance

In order to apply the energy conservation balance on the scroll expander, a single-lump energy
balance modelis established. A crucial assumption introduced in the modelis that there are no
temperature deviations in the scroll shell and every point of the scroll shell has a temperature
value equal to T,,4;;. The following equations describe the heat transfer phenomenathat occur
during the scroll expanderoperation.

Primarily, the heat transported from the scroll shell to the ambientand vice versa is given by the
next correlation:

Qamb = Namp * Ashewr * (Twall - Tamb) 2.53

Where h ), constitutes the free convection heat transfer coefficient between the shelland the
ambient, with its value standing at 0.02 kW/mZ2K, and Ageq; is the shell external surface.

The heat exchanged between the refrigerant and tubes is described in the previous section in
detail, while the heat transfer conducted between the CVsis not analyzed in this thesis.

Lastly, the mechanical losses of the scroll turned into heat transmitted to the scroll shell. Using
the mechanical performance of the scroll, nmi, is easy to define these mechanical losses:

I/i/ml =(1- nml) ’ WPV = m(hin - hout) 2.54

As it is illustrated in the following equation, the heat delivered by the scroll to the ambient is
equal to the total heat exchanged from the working fluid in the control volumes and tubes to
the shell summing them with the heat due to the mechanical losses. In this study, the heat flux
among the divergent CVs is disabled.

mees + I/i/ml + QCV = Qamb 2.55
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2.3.5 Deterministic model solution algorithm

The deterministic model algorithm involves the flow, heat transfer and pressure drop model
described in the previous sections. In the next figure (Figure 39) the applied solver of the

deterministic modelis illustrated.

Initialization
Tshell
CV states (8= 0)

Calculations for one
revolution
New Tshell
I calculation Lr
)

Calculation of energy balance
error (ry7)
Calculation of the deviation

CV states, new(8=0) =
CVs old (B=2m

New discharge
enthalpy calculation

Figure 39.Deterministic model solver

The key stages of this algorithm are the following:

e By giving some initial inputs to the model, the modelbegins the calculations by assuming
guess values for the wall temperature, mass flow rate, adiabatic efficiency (and hence
state of the refrigerant at scroll outlet) and working fluid states at the CVs of the scroll
at the beginning of the rotation (6=0rad).
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e Subsequently, the heattransfer and pressure drop models for the tubes are executed so
as toidentify the states of refrigerant at the inlet and outlet of the scroll chambers (outlet
of inlet tube and inlet of outlet tube).

e The simulation is carried out for one revolution and for sequentially timesteps (angles)
starting from 6=0 until 6=2rn. At each timestep/angle, firstly the flow models are
implemented to evaluate the mass flow rates which circulate through the CVs and
betweenthe inlet/outlet tubes and the CVs of the scroll. Next, the heat transfer model
in the CVsis executedto identify the heat exchanged between the working fluid in each
control volume and the shell. In the subsequentstage, relied on the calculated flow CV
heat transfer and mass flow rates, the states of the working fluid in the CVs at the next
timestep/angle are determined by applying the correlations of the mass and energy
balance in CVs. In the PDSim model, an adaptive Runge—Kutta—Fehlberg (RK45) method
is usedfor the incorporation of these equations.

e At the end of the rotating procedure, not only is the deviation between the state
parameters of the CVs at 8=0 and 2nt defined, namely the error_CVs, but the residual of
the scroll energy balance equation is also calculated, given by the next equation:

Tyr = Qtubes + QCV + Wml - Qamb 2.56

While the values of error_CVsand the energy balance residual are higher than a certain
tolerance threshold, the states of the CVs at the end of the revolution are implemented
as inputs in order to initialize the CVs for the nextrevolution. Atthe same time, a new
guess value is selected for the shell temperature using the relaxed secant method.

e Once the error_CVs and rur values become smaller than these particular tolerance
thresholds, the discharge enthalpy is specified by using the following equation:

o 2aisc™h 2.57
dise = =25
= 2discm'

To be more precise, the discharge enthalpy is calculated as the average enthalpy of the working
fluid at the scroll outlet throughout a whole revolution. The discharge energy residual is
estimated as the product of the difference of the calculated (hdisc) and assumed (hudisc,a) discharge

enthalpies and the mass flow rate, according to the following equation:

mh = m(hdisc - hdisc,a) 2.58
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Should the energy residual be lower than the specific tolerance threshold, the solver stops.
Unless this happens, a new discharge enthalpy is calculated with the relaxed secant method and

is used as assumed value in the nextsolver repetition.

2.3.6 Deterministic model limitations

The developed deterministic model involves several empirical or semi-empirical parameters.
These variables should be verified with experimental data or computational fluid dynamics (CFD)
methods in order to ensure the model’s accuracy in predicting the actual performance of scroll
devices. To be more precise, both evaporation and condensation heat transfer coefficients as
well as the pressure drop correlations in the tubes need to be calibrated. In particular, these
certain correlations should be adjusted to refer to non-homogenous flow effects and
discrepancies between transport properties of pseudo-pure fluids and real fluids in the case of
refrigerant-oil mixtures. Furthermore, experimental data could render the calculation of the

accurate correlations for the behavior of R1233zd(E) feasible.

It must be noted that the mechanical losses in scroll expanders are difficult to be determined
accurately because of the multitude of phenomena and components involved (dry friction,
elasto-hydrodynamic lubrication, journal bearings, roller bearings). This is partially due to the
incapability of decoupling the mechanical losses from the rest of the working process of the
scroll machine. This model involves a simplified approach of a fixed mechanical efficiency.
However, the experimental results could render the adaptation of accurate correlations for the
mechanical efficiency of the scroll expander as a function of operating parameters such as its
rotational speedfeasible.

Furthermore, the discharge flow path correction factor introduced because of the existence of
vena contracta should be recalibrated based on the experimental data for the two-phase scroll
expander using R1233zd(E) as the working fluid. The main reason for this necessity is that the
adiabatic efficiency of the scroll machine is intensively influenced by this factor. According to
Bell's [47] experimental results, this factor is equal to 0.5 for the developed model.

Finally, apart from the discharge flow path correction factor, the other key empirical parameter
that should be calibrated is the flow path area correction factor. The effective slip ratio, which
constitutes an empirical parameter, accounts for non-homogenous flow effects and exerts a
negative impact on the calculated mass flow rate, need to be estimated by taking into account
experimental results. The discharge coefficient, which is determined by the geometry of the
scroll expander, is necessary to be adapted so as to be attuned to the experimental data.
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3. Deterministic model results and discussion

3.1 Commercial scroll expander simulation results

In the first section of the chapter, the results of the simulation of the operation of a commercial
scroll compressor model considering its use in reverse as an expander as well as a prototype
scroll expanderare presented. In both cases, the expanders are intended for the realization of
a two-phase expansion process which occurs within an Ericsson cycle operating with working
fluid R1233zd(E) in the context of the “REGEN-BY-2" research project.

The boundary conditions of the aforementioned two-phase expansion process, which are also
the inputs to the deterministic model presented in the previous chapter, are summarized in
Table 6.

Table 6.0perating conditions of the expansion

Refrigerant R1233zd(E)

Inlet temperature, T, (°C) 60-90

Outlet temperature, T ,¢1e¢ (°C) 30

Ambient temperature, T4, (°C) 25

Rotational speed,n (rpm) 5250 and 3000-6000
Inlet vapor quality, X;,zet (-) 0.65-0.85
Mechanical efficiency, 17,,,; (%) 98

Generator efficiency, n, (%) 98

Under the base-case conditions, the suction and discharge saturation temperatures are 70°C
and 30 °C respectively, with the corresponding pressure ratio amounting to 3.3. The base-case
inlet vapor quality is 0.83 and the base-case rotational speedis 5250 rpm.

In order to investigate the effect of operating conditions, namely the inlet temperature and
vapor quality, these are varied while all other operating parameters are assigned theirbase-case
values.

The input geometric parameters to the deterministic model are the displacement volume, the
build-in volume ratio, the maximum number of the expansion chambers, the ¢, the ¢is, the bie,
the oo, the ¢os, the radius of base circle, the height of scroll and the orbiting radius. It is also
worth pointing out that the discharge geometry of this scroll machine is arc-Line-arc. The exact
values of every geometric parameterare not published due to reasons related to confidentiality.
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3.1.1 Investigation of heat transfer in the tubes

Figure 40 illustrates the values of both isentropic and volumetric efficiencies for different
expanderinlet qualities, with expanderworking in a certain pressure ratio for either enabled or
disabled heat transfer mode in the inlet and outlet tubes of the device.

nis & nvol - xin
for Pressure Ratio equal to 3.3, Tin=70°C, Tout=30°C,
n=5250 rpm
Leakages & Pressure Drop off

70
68
66 ,
< nis_heat transfer off
< 64
= nis_heattransferon
62
€0 nvol_heat transfer off
58 nvol_heat transfer on
0,65 0,7 0,75 0,8 0,85

xin (-)

Figure 40.1sentropic and volumetric efficiencies as functions of the inlet vapor quality for
activated and deactivated heat transfer and a fixed pressure ratio

As can be clearly seen from this figure (Figure 40), the increase in the inlet vapor quality leads
to increased isentropic performance. In particular, for inlet quality equal to 0.65, the isentropic
efficiency reaches approximately 59%, while it peaks at almost 66% in 0.83. Meanwhile,
increased inlet vapor quality results in higher generated electrical power but lower mass flow
rate. Therefore, according to eq.2.36, it is indisputable that the isentropic efficiency experiences
an increase. Another noticeable feature is that the heat transfer in the tubes exerts a small
impact on the isentropic efficiency, with the deviation averaging at around 1%. For inlet vapor
gualities near 0.75, the percentages connected with the executions that indulge the heat
transfer effectsare presented lower than those that referto the disabled heat transfer. This is
due to the fact that the condensation that occurs in the outlet tube is more important than the
evaporation conducted in the inlet tube of the scroll expander as the inlet quality drops. More
specifically, in the inlet tube, heat is transported from the refrigerant to the tube’s walls and
hence the enthalpy of the working fluid in the outlet of this tube is decreased. That contributes
to the drop of the produced electrical power. In comparison with this, the evaporation carried
out in the outlet tube is beneficial for the expander’s efficiency. To be more precise, with the
enthalpy in the outlet of this specific tube being fixed, the increased heat transfer from the wall
to the refrigerant means the decrease in the enthalpy in the discharge region of the expander.
Thus, because of the increase in heat transfer Shah’s coefficient in low vapor qualities in
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condensation, the discharge enthalpy reduces at a lower rate than the suction one, and as a
result, the isentropic efficiency is presented lower than the respective without involving the heat
transfer phenomenon forthese values of inlet vapor qualities. As the quality rises, this deviation
becomes smaller because of the gradual weakening of condensation carried out in the suction
tube.

Regarding the volumetric efficiency, it increases as the inlet vapor quality goes up. In particular,
theincrease of inlet quality contributes to the substantial reduction of refrigerant density. Since
this decline is more significant than those of mass flow rate, according to equation 2.35, the
volumetric efficiency experiences a growth. In inlet quality equal to 0.65 and 0.83, the values
average at approximately 64.4% and 67.7% correspondingly. Finally, it is observed that the heat
transferis advantageous to a small extentin terms of volumetric efficiency.

The following figure, Figure 41, presentsthe influence of the heat transfer to the isentropic and
volumetric performances for different pressure ratios corresponding to expander inlet

saturation temperatures from 60°C to 90°C for inlet vapor quality of 0.83.

nis & nvol - pressure ratio
for xin=0.83 , Tout=30°C , n=5250 rpm
Leakages & Pressure Drop off

nis_heat transfer off
nis_heat transferon
58 nvol_heat transfer off

56 nvol_heat transfer on

2,5 3 3,5 4 4,5 5 5,5
prratio(-)

Figure 41.1sentropic and volumetric efficiencies as functions of the pressure ratio for
activated and deactivated heat transfer and a fixed inlet vapor quality

The isentropic efficiency is maximized for a pressure ratio of 3.3, under which the volume
expansion ratio matches with the expander built-in volume ratio. For lower or higher values of
pressure ratios, over- and under- expansion losses occur and hence the performance of the
scroll expander is penalized. In other words, the expander operation in lower pressure ratios
entails the decrease of the specific volume ratio, and consequently, provokes over-expansion
losses. When the imposed pressure ratio overcomes the pressure ratio of the design point,
under- expansion losses take place. For T;,,=60°C, the isentropic performance reaches 54.97%,
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and after its maximization at almost 66%, it undergoes a downward trend, until it stands at
around 57.8%. These results verify that the over-expansion phenomenon is more detrimental
for the isentropic efficiency. Finally, it is also worth pointing out that throughout the pressure
ratio range, the deviation between the two curves is marginal.

Furthermore, the increase in the inlet temperature leads to the steady linear decline of the
volumetric efficiency, as can be noticed from Figure 41. Although the mass flow rate increases
with the growth of the pressure ratio, the rise of density has stronger effects on the volumetric
efficiency. It can also be observed that despite the positive influence of heat transfer in the
volumetric efficiency, the latter peaks only at just below 68% for inlet temperature equal to
60°C.

3.1.2 Investigation of pressure drop in the tubes

Figure 42 displays the effect of pressure drops in the tubes on both isentropic and volumetric
efficiencies for differentinlet vapor qualities. Increasing inlet vapor quality causes the decline of
isentropic performance rise at increasing qualities. As the increase of the inlet quality provokes
the decrease in the working fluid density in the suction line and the pressure drops are more
intense. However, the aforementioned degradation has a minimal influence on the isentropic
efficiency, which shows a moderate growth from 59% to 65.67% from inlet vapor qualities
varying from 0.65 to 0.8, while it is stabilized at 65.82% for 0.84.

As it can be seenin Figure 43, for pressure ratios lower than 3.3, which is in accordance with the
built-in volume ratio, the isentropic efficiency decline reaches just above 3%. When under-
expansion losses take place, the reduction of this efficiency is not substantial. It can be also
mentioned that the isentropic efficiency is maximized for higher pressure ratio when the
pressure drop modelis implemented. This is due to the fact that the pressure drops contribute
to the decrease in the over-expansion losses.

Finally, the tube pressure drop does not significantly affectthe volumetric performance, which
exhibits a small increase due to the pressure drop in the suction.
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nis & nvol - xin
for Pressure Ratio equal to 3.3, Tin=70°C, Tout=30°C,
n=5250 rpm
Leakages & Heat Transfer off

70
68
66
< —8— nis_pr.drop off
< 64
ot —®— nis_pr.drop.on
62
vol_pr.drop off
60 nvol_p p
58 nvol_pr.drop on
0,65 0,7 0,75 0,8 0,85

xin (-)

Figure 42.1sentropic and volumetric efficiencies as functions of the inlet vapor quality for
activated and deactivated pressure drop and a fixed pressure ratio

nis & nvol - pressure ratio
for xin=0.83 , Tout=30°C , n=5250 rpm
Leakages & Heat Transfer off

=@ nis_pr.drop off
60 =—®— nis_pr.drop on
nvol_pr.drop off

54 nvol_pr.drop on

2,5 3 3,5 4 4,5 5 5,5
prratio(-)

Figure 43.Isentropic and volumetric efficiencies as functions of the pressure ratio for
activated and deactivated pressure drop and a fixedinlet vapor quality
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3.1.3 Investigation of leakages

Primarily, Figure 44 illustrates the influence of leakages in the isentropic and volumetric
efficiencies of the scroll expanderforvaried inlet vapor qualities. The former performance grows
for the highest qualities. Apart from that, it can be noticed that whenthe inlet quality becomes
higher than 0.7, the negative effects of the leakage losses are more considerable. However, the
related deviations never exceed 2.5%. It is important that, compared to the other two models,
namely heat transfer and pressure drop, the consequences derived from the existence of
leakages are more severe. Moreover, because of the use of semi-empirical correlations the
leakage model, their accurate calculation requires model calibration with experimental data.
Figure 44 also shows how the existence of leakages, both radial and flank ones, affects the
volumetric efficiency for the divergent inlet vapor qualities. Undeniably, this influence can be

considered negligible.

nis & nvol - xin
for Pressure Ratio equal to 3.3, Tin=70°C, Tout=30°C,
n=5250 rpm
Pressure Drop & Heat Transfer off

70
68
66
o —&—nis_leakages off
< 64
ey 6 nis_leakages on
60 nvol_leakages off
P
58 nvol_leakages on
0,65 0,7 0,75 0,8 0,85

xin (-)

Figure 44.1sentropic and volumetric efficiencies as functions of the inlet vapor quality for
activated and deactivated leakages and a fixed pressure ratio

In the nextgraph, the isentropic and volumetric performance as functions of the pressure ratio
are presented for enabled and disabled leakages. Note that the semi-empirical correlation that
describes the leakages are applied for pressure ratios ranged from 1.58 to 4.87. As a result, the
maximum inlet temperature that is used in the simulations is 85°C.

Asit can be seenin Figure 45, there is only a small divergence between the two curvesjust above
the optimum and designed pressure ratio (3.3). The maximum value when the leakage losses
are included is approximately 66%. For higher pressure ratios, the leakages bear no effect on
the expander performance. It is also worth pointing out then for lower pressure ratios, the
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leakage losses deteriorate the over-expansion phenomenon, penalizing more the isentropic
efficiency. Regarding the volumetric efficiency, the leakages exert some small positive impacts

throughout the whole pressure ratio range.

nis & nvol - pressure ratio
for xin=0.83 , Tout=30°C , n=5250 rpm
Pressure Drop & Heat Transfer off

64 TSN
\ —8— nis_leakages off

60 \ nis_leakages on
58

nvol_leakages off

56
54 F nvol_leakages on
52
2,5 3 3,5 4 4,5 5 5,5
prratio(-)

Figure 45.1sentropic and volumetric efficiencies as functions of the pressure ratio for
activated and deactivated leakages and a fixed inlet vapor quality

3.1.4 Totalinfluence of the internal losses

In this stage, heat transfer, leakages and pressure drop models are simultaneously enabled in
an effort to examine their cumulative influence. As depicted in Figure 46 leakages and heat
transfer lead to lower isentropic performance. For inlet vapor quality equal to 0.65, the
isentropic efficiency is 58.53%, exhibiting a moderate increase until it peaks at around 65% for
inlet quality being 0.8 and subsequently decreasing to 64.6% for inlet vapor quality of 0.83.
Furthermore, Figure 46 shows the variation of the volumetric efficiency for different values of
inlet vapor quality. Although the corresponding executions indicate the positive impacts that
these two modes exert in the volumetric, which are caused mainly by the heat transfer
operation, the influence is slightly insignificant. That is why the highest deviation between these
two curvesis about 0.42%. Finally, as can be seenfrom this graph, these performances fluctuate
from 64.65% to approximately 68%.
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nis & nvol - xin
for Pressure Ratio equal to 3.3, Tin=70°C, Tout=30°C,

n=5250 rpm
70
68
66
< —8— nis_total losses off
< 64
[ nis_total losseson
62 nvol_total losses off
60 nvol_total losses on
58
0,65 0,7 0,75 0,8 0,85

xin (-)

Figure 46.1sentropic and volumetric efficiencies as functions of the inlet vapor quality for
activated and deactivated total internal losses and a fixed pressure ratio

Figure 47 depicts the correlation between isentropic efficiency and pressure ratio when both
leakages, pressure drops and heat transfer are activated. It is evident that the maximum
isentropic efficiency is achieved for a pressure ratio equal to 3.3, being equal to 66%. The total
influence is small because the higher deviation is around 3% and happensfor a pressure ratio of
2.89.

As Figure 47 demonstrates, the volumetric efficiency is slightly below 68% for a pressure ratio
equal to 2.5, reaching 67.14 % for a pressure ratio of 4.79. The cumulative phenomena do not
affect the volumetric efficiency as the pressure ratio changes. In general, as the suction pressure
is increased, the volumetric efficiency drops as the increase in the suction pressure leads to the
increase in the leakage mass flow rate that circulates through the orifices and throttling losses
occur in the suction and discharge ports, according to [38]. Thus, the mass flow rate is reduced,

and in turn, the volumetric performance declines.
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nis & nvol - pressure ratio
for xin=0.83 , Tout=30°C , n=5250 rpm

P

62 \ —8— nis_total losses off
60 \ nis_total losseson
58 nvol_total losses off

| nvol_total losses on

2,5 3 3,5 4 4,5 5 5,5
prratio(-)

Figure 47.Isentropic and volumetric efficiencies as functions of the pressure ratio for
activated and deactivated total internal losses and a fixed inlet vapor quality

3.1.5 Parametricinvestigation of the influence of the rotational speed

In this section, for these conditions, fixed pressure ratio and inlet vapor quality adapted to the
design point, the isentropic and volumetric performances are investigated for divergent values
of rotational speeds, varying from 3000rpm to 6000rpm. Firstly, the pressure drops in the tubes
are activated and the impacts of leakages and heat transferare evaluated and then, the pressure
drops are disabled and this procedure is repeated. As can be seen clearly from the Figure 50,
Figure 51, Figure 52 and Figure 53, both efficiencies decrease for higher rotational speed. Itis
indisputable that the increase in the rotational speed entails the deterioration of the throttling
losses and hence the reduction of the time required for the filling of the expansion chamber.
That provokesthe decrease of both mass flow rate and output power, whereas these variables
increase as the rotational speed goes up ideally. As a result, the volumetric efficiency is
subjectedtoadownward trend as the Figure 50 and Figure 52 illustrate. It can be also mentioned
that this phenomenon is not influenced substantially by the imposed conditions (leakages,
pressure drops in tubes and heat transfer in tubes). In addition, since the increasing rotational
speed provokes the decline in the suction pressure, it results in a drop in the isentropic
performance. That decrease in the suction pressure is illustrated in Figure 48 and Figure 49, in
which the pressure distribution in the chambers of the expander is depicted for rotational
speedsequal to 3000 rpm and 6000 rpm respectively. Although more severe under-expansion
losses occur in the case of 3000 rpm, the drop in the suction pressure values causes the
isentropic performance decrease as the rotational speed increases.
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Figure 48.Pressure distribution in scroll expander chambers as a function of the rotating
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Figure 49.Pressure distribution in scroll expander chambers as a function of the rotating

angle for 6000 rpm

In particular, the isentropic efficiency is 82% in 3000rpm and drops significantly to almost 57%
in 6000rpm. Finally, it is observed that the concurrent existence of pressure drops, leakages and
heat transfer exert a negative impact on the isentropic performance.
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nis-rotational speed
for xin=0.83, Tin=70°C,Tout=30°C, including pressure
drop losses
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Figure 50.Isentropic efficiencyas a function of the rotating speed for activated and
deactivated both leakages and heat transfer, fixed inletvapor quality and enabled pressure
ratio
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Figure 51.Volumetric efficiency as a function of the rotating speed for activated and
deactivated both leakages and heat transfer, fixed inletvapor quality and enabled pressure
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Figure 52.I1sentropic efficiencyas a function of the rotating speed for activated and
deactivated both leakages and heat transfer, fixed inlet vapor quality and disactivated
pressure ratio
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Figure 53.Volumetric efficiency as a function of the rotating speed for activated and
deactivated both leakages and heat transfer, fixed inletvapor quality and disactivated

pressure ratio
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3.1.6 Comparison between single-phase and two-phase flows

Primarily, in the two-phase region, the latent heat of boiling is added to the liquid portion of the
two-phase flow. This phenomenon can lead to the conversion of the liquid to vapor in the
mixture, but without the rising of the mixture’s temperature. Thus, the main advantage of two-
oversingle-phase expansionis the possible increase in specific expansion work due to the higher
density and mass flow rate of the refrigerant, despite the lower volumetric efficiency, as shown
in Figure 54.

Mass flow rate & Volumetriceff. - Pressure ratio
Leakages: off, Heat transfer: off, Pressure drop: off
Rotating speed: 5250 rpm
Single-phase: Tout =30 °C, AT=10 °C, Two-phase:Tout=30 °C,

qin=0.83
— 014 78
)
ED 0,12 ———* | 76
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o 0,02 68
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prratio (-)

Figure 54.Mass flow rate and volumetric performance as functions of pressure ratio for both
single-phase and two-phase flows, leakages off, heat transfer off, pressure drop off

Nevertheless, as shown in Figure 55, the two-phase expansion is associated with substantially
lower enthalpy drop in the expander (as reflected by the lower isentropic) efficiencies, resulting
in overall lower expansion work compared to single-phase expansion.

The aforementioned reduced enthalpy drop in two-phase expansion can be explained through
Figure 56 and Figure 57, in which the pressure variation of the working fluid in the expansion
chambers as a function of the rotation angle is depicted.

More specifically, in two-phase expansion, due to the greater mismatch between the expansion
volume flow ratio and the built-in volume ratio, severe over-expansion losses occur. This is
displayed in Figure 56 and Figure 57, since the deviation of the pressure at the end of the
expansion chamber with the pressure in the discharge line is higher for the two-phase flow.
Notably, the difference in the isentropic efficiency is about 15%.
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Electrical power & Isentropiceff. - Pressure ratio
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Rotating speed: 5250 rpm
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Figure 55.Electrical power and isentropic performance as functions of pressure ratio for both
single-phase and two-phase flows, leakages off, heat transfer off, pressure drop off
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Figure 56.Pressure distribution in scroll expander chambers as a function of the rotating
angle for the single-phase flow
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Figure 57.Pressure distribution in scroll expander chambers as a function of the rotating

angle for the two-phase flow

The same procedure is carried out for the investigation of single-phase flow that involves

leakage, heat transfer and pressure drop (Figure 58 and Figure 59).
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Figure 58.Mass flow rate and volumetric performance as functions of pressure ratio for both
single-phase and two-phase flows, leakages on, heat transfer on, pressure drop on
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Even though the produced electrical power and isentropic efficiency are slightly lower when
heat transfer, pressure drop and leakage losses are integrated in the executions, the qualitative
results in this occasion are similar to those in which these losses are absent. This is shown in
Figure 59. Comparing these data with the resultsillustrated in Figure 55, the isentropic efficiency
experiences a marginal decrease due to the activation of the leakages, pressure drop and heat
transfer. For pressure ratio equal to 3.3, the isentropic efficiency drop for single-phase
expansionis around 1%, whereas for two-phase expansion reachesonly about 0.1%.

Electrical power & Isentropiceff. - Pressure ratio
Leakages: on, Heat transfer: on, Pressure drop:on
Rotating speed: 5250 rpm
Single-phase: Tout=30 °C, AT=10 °C, Two-phase:Tout=30 °C,

qin=0.83
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2,5 3,5 4,5 5,5

prratio(-)

Figure 59.Electrical power and isentropic performance as functions of pressure ratio for both
single-phase and two-phase flows, leakages on, heat transfer on, pressure drop on

3.2 Prototype scroll expander simulation results

In this section, the impacts of some geometrical variables on the adiabatic and volumetric
efficiencies for four different geometries of a prototype scroll expander. The operating and
other boundary conditions are similar to the case of the commercial scroll, shown in Table 6.
The nose profile in all cases is arc-arc (or two-arc). As for the given parameters, @; ,, @; s, @; e
Vo 0 Po_s» Po_e, theradii 1y, 1, as well as both the thickness (t) and the height of the scroll wraps
(H) are inputs to the geometry model. Meanwhile, a perfect meshing profile is considered; thus,
the equation 2.6 is implemented. Finally, for all geometries, the pockets of the expander are
considered symmetrical. The main geometrical parameters (¢; s, ¢, s and inlet port area) are
firstly varied so as to examine their influence on expander performance. Afterwards, ¢; ¢ and
@, s are keptconstant in order for the expander performance to be maximized and the suction

port area and built-in volume ratio are varied.
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3.2.1 Investigation of involutes angles and inlet port areas

The involute angles and inlet port area are varied simultaneously. The changes in angles take
place in order to increase the suction area by exploiting the entire surface area between the
scrolls. However, the volume ratio should not be decreased substantially.

In the analysis of the present section, Case 1 refers to the lowest values of these parameters,
whereas the Case 4 to the highest ones. As it can be seen from the Figure 60 (a), the initial
increase in all these parameters from Case 1to Case 2 exerts beneficialimpacts on the expander
adiabatic efficiency, which is maximized at 81.8 % in Case 2. However, as the respective angles
and the initial port area are increased further, the adiabatic performance drops steadily. It is
worth pointing out that the sharp growth of the inlet port surface betweenthe Case 3 and Case
4 results in a further decrease in this performance, standing at a little more than 65%. On the
otherhand, the volumetric efficiency is constantly increasing from 70% (Case 1) to 85.47% (Case
4) According to Figure 61, the electrical power also follows this trend, varying from 1.66 kW to

2.84 kW.

Adiabatic efficiency of the Volumetric efficiency of the
scroll expander for different scroll expander for different
geometric parameters geometric parameters
100 100
80 80
T 60 & 60
=1 3
2 40 > 40
20 20
0 0
Casel Case2 Case3 Case4 Casel Case2 Case3 Case4d
(a) (b)

Figure 60.(a) Adiabatic and (b) volumetric efficiency for each geometry case
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The electrical power of the scroll expander for
different geometric parameters
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Figure 61.Produced electrical power for the four applied cases

In the investigated expander geometry, suction chambers s; and s, are turned into expansion
chambers e; 3 and e, 3, and then into e; , and e, ,, and afterinto e; ; and e, ; respectively. The
existence of additional expansion chambers e; ; and e, ; requires a relatively high built-in
volume ratio. This is followed by the creation of the discharge chambers, d; and d,, in the
discharge angle. The pocket dais formed at the end of the expansion process.

Primarily, in the next line graphs, namely in Figure 61, Figure 62, Figure 63 and Figure 64, the
pressure distribution in the chambers of the expander for the four cases is shown. In all
diagrams, there is a continuity in pressures that characterizes each pocket. Asit can be observed,
at the beginning of the expansion procedure, the pressure of sss chamber drops because of the
intense decline of the effective suction area. That is due to the fact that the suction port is cut
off by the rotating scroll wrap, according to Lemort et al. (2009) [30]. Furthermore, the pressure
is represented on an equal footing at the split angle for the ss and for the s; and s,, which
constitute the suction chambers. However, in terms of the central pocket (ss), the relative
pressure decreases steadily until it reaches its minimum value as a result of the rise of the
suction chamber volume. Hereupon it increases since the flow area betweentheinlet port and
the suction chamber grows and hence the throttling losses go down. On the other hand, the
pressure of the two symmetrical chambers ( s; and s,) declines due to the leakages occurred
through scroll wrap clearance. Subsequently, s; and s, are replaced by the expansion chambers,
namely e; 3 and e, 3 and then by e; , and e, , and possibly by e; 1 and e, 1, with the substantial
decline of the corresponding pressures, while ss is transformed to sss. It should be mentioned
that the downward trend is more abrupt in cases of the e; 3 and e, 3 formation and the e; , and
e, , creation than this of e; 1 and e, ;. This is because, at the switching from s; and s, to e; 3 and
e, 3 correspondingly, the refrigerant that circulates from the suction pockets to the expansion
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ones has extremely high velocity. This phenomenonis also encouraged by the important radial
leakages that take place in this certain stage. These results can be also verified by the study of
M. Wei et al. [20]. The higher volume increase during the creation of e; ; and e, contributes
to the gradual decrease of their pressure loads. Finally, the dominant pressure in chambers d;,
d, and da should be almost equal to the respective pressure of the discharge line. However, due

to the model’s instability, these values vary throughout the expander rotation.

In Figure 62, Figure 63, Figure 64 and Figure 65, the influence of the ¢; 5, ¢, s and inlet port
area on the pressure profile in each chamber is depicted.

First of all, it is observed that the increase in these geometrical parameters entails the rise of
the pressure loads in the suction chambers. In particular, in Case 1, the suction pressure does
not exceed 500 kPa, butin Case 4 (Figure 65), the pressure in sss, ss, s; and s, overcomes this
number. As for the impacts of the suction pressures on the volumetric efficiency, it is essential
to highlight that the suction pressure does not affect it but influences the adiabatic performance
of a scroll expander considerably. To be more precise, this growth contributes to the increase in
the adiabatic efficiency. However, this trend is not depicted in Figure 60 (a) because of the
intense over- or under- expansion losses that take place and are described in the next
paragraphs in detail. Moreover, the extremely small inlet port area in Case 1 leads to pressure
lossesthat occur between the inlet port and the suction chamber. This is one of the reasons why
the adiabatic performance in Figure 60(a) is presented lower for Case 1 comparing with the
efficiency displayed for Case 2. It is also observed that as the initial involute angles go up and
the surface of the suction line increases, the split and discharge angles are transferred into
higher rotating angles. Case 4 constitutes the most noticeable case since the suction stage
begins with the ss, s; and s, pocketsinstead of the creation of sss.

The values of pressure that characterize the expansion stage are inextricably linked to those of
the suction process. In other words, the higher the amount of the fluid pressure in the suction
pockets, the larger the imposed pressures in the expansion chambers. It is also worth pointing
out that in Case 4, due to the excessive increase in the inlet port area and the growth of ¢; ¢ and
@, s, Which are related to the reduction of the volume ratio, resulting in the nonexistence ofe; ;
and e, 1. From a design standpoint, the dimensions of the scroll expander should be smaller in
this case.

According to Figure 62 that refers to Case 1, in which the built-in volume ratio is the highest,
over-expansion losses occur because the pressure in the discharge line is higher than the
pressure at the expansion chamber at the end of the cycle. That may lead to a back flow, and
consequently, there is a need for valve involvement into the simulation model. As Figure 63
illustrates for the Case 1, the pressure at the end of e, ; chamber is equal to the pressure of the
discharge line, leading to the nonexistence of both over- and under- expansion losses. This fact
combined with the relatively high suction pressure values result in an optimized adiabatic
efficiency. In the rest cases, namely in Case 3 and Case 4, only under- expansion losses occur,
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based on Figure 64 and Figure 65 correspondingly. These under-expansion losses are directly
associated with the fact that the pressure at the end of e, ; is higher than the pressure in the
discharge line (the lowest broken grey line). Although the over- expansion losses are more
detrimental for the scroll expander’s efficiencies than the under- expansion losses in general,
the scroll expanderexhibits the lowest adiabatic performance for the Case 4 due to the largest
deviation between the pressure at the end of the expansion chamber and the discharge line
pressure.

Regarding the volumetric efficiency, the mass flow rate upward trend is dominant due to the
substantial increase in the inlet port area and thus resulting in the rise of the volumetric
performance of the expander. (Figure 60 (b))
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Figure 62.Pressure distribution in scroll expander chambers as a function of the rotating

angle (Case 1)
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Figure 63.Pressure distribution in scroll expander chambers as a function of the rotating

Pressure [kPa]

300 4

150 1

angle (Case 2)

3504

— da
——- d1
—- a2
— sl
-—- 2
—- s
— sss

=== el3
—-- €23
el.2
e2.2
el.l
— e2.1

6 [rad]

10

Figure 64.Pressure distribution in scroll expander chambers as a function of the rotating

angle (Case 3)
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Figure 65.Pressure distribution in scroll expander chambers as a function of the rotating
angle (Case 4)

First of all, the subsequent graphs (Figure 66, Figure 67, Figure 68, Figure 69) illustrate the values
of pocket’s volumes throughout the overall expansion procedure. Taking into consideration the
following figures, the volume values do not differ significantly among the cases. However, the
split and the discharge angles are presented in divergent rotating angles in the same way as the
corresponding pressure graphs. It is also observedthat in all cases there is a discontinuity in the
volume lines that referto sss and ss, s; and s, pockets in the split angle. That is because the sss
chamber is divided into ss and s; and s, equally. Furthermore, in both suction and expansion
stages the volumes in the expanderchambers increase gradually facilitating the electrical work
generation. In terms of the discharge volumes, it should be mentioned that at the beginning of
the rotation the volumes in the discharge area (da) undergo a marked growth, and then, they
experience adownward trend that is due to the important decrease of the volumesin chambers
d, and d,. This is also the reason why the pressuresin the above line graphs rise in the discharge
pocketsfor all cases. The values of the volumes that are dominant in each chapter of every case

are disclosed due to confidentiality reasons.
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Figure 66.Volume changes in scroll expander chambers as a function of the rotating angle
(Case 1)
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Figure 67.Volume changes in scroll expander chambers as a function of the rotating angle
(Case 2)
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Figure 68.Volume changes in scroll expander chambers as a function of the rotating angle
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Figure 69.Volume changes in scroll expander chambers as a function of the rotating angle

(Case 4)
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3.2.2 Investigation of inlet port area and built-in volume ratio

Taking into consideration the results of the section 3.2.1, ¢; s and ¢, s are fixed and equal to
those corresponding to Case 2. To achieve the adiabatic effici_ency maximization, an
investigation betweenthe Cases 2 and 3 is conducted. In this analysis, both inlet port area and
volume ratio change simultaneously, with change step of the former being equal to 10mm.
Moreover, the operational conditions are the same as those describedin the section 3.1.

As it can be seenclearly from Figure 70, the inlet port area experiencesa downward trend as a
function of the built-in volume ratio. It is noted that the exact values of these parameters are
not given due to the confidentiality of project Regen by 2. As a result, the values of inlet port
area and volume ratio are illustrated in a nondimensional form, by dividing each variable with
the initial ones.
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Figure 70.Correlation betweenthe inlet port area and the volume ratio in a nondimensional
form

Therefore, the equation that describes the relationship between the inlet port area and volume
ratio is the following:

Apore = a x e TPXVR 3.1

Where VR constitutes the volume ratio and a, b are constant values obtained from the
production company.
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In terms of the adiabatic efficiency, the respective feature undergoes a marked rise for the first
two values of inlet port area, while it drops considerably as the inlet port area grows (Figure 71).
The exact opposite trend of the adiabatic performance is presented in Figure 72. The adiabatic
efficiency is maximized for a built-in volume ratio, for which the filling factor approaches unity.
More specifically, the maximum adiabatic performance amountsto 81.83%. Moreover, it can be
observed that for the lowest inlet port areas and highest volume ratios, the adiabatic
performance drops. These downward trends are due to the suction pressure drops. In
particular, as the inlet port diameter becomes smaller, the pressure drops that occur between
the suction line and suction chamber deteriorate. Note also that the increase in the volume ratio
entails the increase in the length of the scroll wraps, and in turn, results in increased leakage
losses. Therefore, a decrease approximately 0.3% in adiabatic efficiency takes place when the
inlet port area reaches the starting value. However, the adiabatic performance undergoes an
abrupt decline by increasing the inlet port area or decreasing the volume ratio below the built-
in volume ratio. Since the increase in the inlet port area entails the growth of the suction volume,
and consequently, the ratio of discharge and suction volumes declines. In other words, it drops
from 81.83% to 79.54% because of the over-expansion that happensin volume ratios lowerthan
the internal ratio of the scroll expander. The fact that the pressure in the discharge line is higher
than the pressure in the chamber situated at the end of the expansion provokes the expander
under filling affiliated with negative repercussions on the adiabatic performance. That means
that the losses connected with over-expansion are more severe than those derived from under-
expansion. It should be mentioned that if the imposed volume ratio is close to the built-in
volume ratio, either the over-expansion losses or the under-expansion losses are minimized.
These results can also be verified from the related literature. [30], [34], [52]

The volumetric efficiency increases with the inlet port area. More specifically, for the starting
value of inlet port area, it is 77.6% while it is increased to 80.52% for the latest port area value.
As the port diameter is increased, the working fluid mass flow rate is increased at a higher rate
than the ratio of the displacement volume to volume ratio. As a result, based on equation 2.44,
when the built-in volume ratio is increased, it exerts negative impacts on the volumetric
efficiency. Finally, it is also essential that a higher built-in volume ratio of a scroll expanderleads
to higher pressure difference between the expander suction and discharge chambers, hence
causing increased leakages. Consequently, the mass flow rate is reduced because of the increase
in the leakage flow, leading to lower values of volumetric performance.
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Figure 71.Adiabatic and Volumetric efficiency as functions of the nondimensional inlet port
area for an investigation between Case 2 and Case 3
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Figure 72.Adiabatic and Volumetric efficiency as functions of volume ratio for an
investigation between Case 2 and Case 3
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4. Discussion

In this work, a deterministic model is developed in order to describe the expansion of pure
R1233zd(E) in the two-phase region. To achieve this, the existing open-source PDSim is modified
by adding the heat transfer and flow models. Through a series of sensitivity analysis involving
divergent pressure ratios, inlet vapor qualities and rotational speeds, this deterministic model
is applied in order to examine the performance of a commercial scroll expander and the way
that it is influenced by of the various types of internal losses. Subsequently, the model is
executed for the single-phase of R1233zd(E) to compare the results connected with the
expander efficiency with the respective of those affiliated with the two-phase expansion. In the
next stage, the geometrical model of a prototype expander is introduced to investigate the
impacts of the involute angles and inlet port area on the adiabatic and volumetric efficiencies of
the scroll expander. Finally, for fixed involute angles, the inlet port area and the built-in volume
ratio are changed simultaneously, and thus, the adiabatic and volumetric performance are
expressed as functions of them.

Based on the results, a positive correlation between the isentropic efficiency of the commercial
expander and the inlet vapor ratio can be observed. More specifically, if all internal losses
modules are activated and the inlet vapor quality fluctuates from 0.65 to 0.85, the isentropic
performance varies between almost 59% and 65% correspondingly. The same trend can be
mentioned also for the isentropic efficiency as a function of the pressure ratio. Namely, the
isentropic performance amounts to a little less than 56% for a pressure ratio of 2.5 and
undergoes an increase until it reaches approximately 61% for pressure ratio equal to 4.75,
peaking at 66% when pressure ratio is almost 3.75. In terms of rotational speed, the increase of
this variable entails the decline of the isentropic efficiency. In other words, in case of including
the total losses, this performance reaches just above 78% for 3000 rpm, whereas after being
subjectedintoa downward trend, it stands at around 65%. However, if a single-phase expansion
occurs, the isentropic efficiency experiences a marked decrease, reducing from 76% to 71% for
pressure ratios 2.5 and 5.38 respectively. That means that although the increase in the mass
flow rate in the case of the wet expansion, the expanderyields better efficiencies for the single-
phase conditions.

First of all, according to the results of this work, the existence of the internal lossesleads to the
isentropic efficiency penalization only for pressure ratios lower than its design point. In other
words, they deteriorate the over-expansion losses and the under-expansion losses remain
almost intact. It can be also observed that the tube heat transfer losses exert a negligible
influence on the isentropic efficiency when compared to pressure drop and leakage losses.
However, the maximum deviation reaches only 3%. The drop of the isentropic efficiency due to
the tube heat transfer is also insignificant. The main reason why the effects of internal losses
are insignificant is that the correlations implemented for the description of heat transfer,
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leakages and pressure drop losses introduce empirical and semi-empirical variables and it is
difficult to be fully representative without being calibrated by accurate experimental data.

By using the geometrical model of the prototype scroll expander and increasing both the starting
inner and outerinvolute angles and the inlet port area, the changes that happenin the adiabatic
and volumetric efficiencies are investigated. More precisely, by means of adiabatic efficiency,
the respective percentage goes up from 78% to almost 82%, and then it decreases until it
reaches 65%. On the other hand, the volumetric performance is influenced positively by these
alterations, beingincreased from 69% to 85% as these geometrical parameters grow. Finally, by
using fixed values of the starting angles of both inner and outer involutes, the inner port area
and the built-in volume ratio are changed. It should be mentioned that these parametersfollow
opposite trends. As the inlet port area rises, the adiabatic performance rises from 81.5% to just
below 82%. The adiabatic efficiency peaks at almost 82%, when the pressure ratio is almost the
same with the design one. For higher inlet port areas, the adiabatic performance drops. These
results are in line with the literature, namely with studies Lemort etal. (2009) [30], Ziviani et al.
(2017) [34] and [52], as it has been described in detail in section 3.2.2. At the other end of the
spectrum, the volumetric performance is subject to a gradual decline with the increase of the
built-in volume ratio, taking values between 77.6% and 80.5%.
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The existed modified PDSim model rendersthe calculation of the two-phase expansion of pure
R1233zd(E) feasible. However, in terms of the two-phase expansion of refrigerant-oil mixtures,
in order for the thermodynamic properties of R1233zd(E)-oil mixtures to be determined by the
model, additional fluid data is required associated with the thermodynamic properties of the
used oil. Consequently, this data should be integrated into the PDSim model so as to calculate
the scroll expander performance taking into account the oil properties for a specific oil fraction.

Moreover, several key variables of this model should be validated and calibrated relied on
experimental results. More specifically, some used parameters are retrieved from empirical or
semi-empirical models. To certify the model's accuracy in estimating the scroll expander’s
efficiencies, these variables should be verified by carrying out some experimental tests or by
applying computational fluid dynamics (CFD) methods. These parameters referred to the
evaporation and condensation heat transfer correlations in the tubes and the scroll chambers
as well as to the pressure drops correlations in the tubes. Furthermore, the experimental tests
or the numerical analysis could ensure that both non-homogenous flow impacts and differences
between the transport properties of pseudo-pure fluids and real fluids for refrigerant-oil
mixtures would be involved in the heat transfer and pressure drop equations.
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