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ABSTRACT. This study presents the numerical adaptations to the semi-empirical expander model in order to examine the feasibility of
piston expanders under off-design and two-phase scenarios. This expander model considers supply valve pressure drop, condensation
phenomena, heat losses, leakage losses and friction losses. Using Aspen HYSYS®, the expander model is utilised in simulating the next
generation of integrated engine cooling and exhaust heat recovery system for future heavy-duty engines. The heat recovery system utilises
water-propanol working fluid mixture and consists of independent high pressure (HP) and low pressure (LLP) expander. The results of
off-design and two-phase operation are presented in terms of expander efficiency and the different sources of loss, under two distinctive
engine speed-load conditions. The heat recovery system, operating with the LP expander at two-phase and the HP expander at
superheated condition, represented the design point condition. At the design point, the system provided 15.9 kW of net power, with an
overall conversion efficiency of 11.4%, representing 10% of additional engine crankshaft power. At the extreme off-design condition, the
two-phase expander operation improved the system performance as a result of the nullification of leakage losses due to the much denser
working fluid. The optimised two-phase operation of the LP expander (x=0.55) and the HP expander (x=0.9) at the extreme-off design
condition improved the system power by nearly 50% (17.4 vs. 11.7 kW) compared to the reference state. Finally, adapting piston air motors
as two-phase expanders for experimental evaluation and reduction in frictional losses was a recommended research direction. ©2019.
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consideration of a two-phase expansion approach,
volumetric expanders additionally allow unique
investigations in ORC improvements (Pikra & Rohmah,
2019; Tchanche, Lambrinos, Frangoudakis, & Papadakis,
2011) and moisture control (Kana$, dJedlikowski, &
Anisimov, 2019). These can be either to limit the
challenges of ensuring superheat to prevent condensation
under dynamic conditions or by improving the overall
conversion efficiency under lower grade heat recovery.

1. Introduction

The efficiency improvements for the heavy-duty
combustion engines are being driven by issues such as
increasing greenhouse emissions, stringent
fuel-consumption regulations and diminishing fossil fuel
supplies (EU Energy Efficiency Plan, 2011). Research and
development efforts are focusing on: new engine
architectures (e.g. split cycle), powertrain efficiency

enhancements (e.g. waste heat recovery) and sustainable
fuels (e.g. biodiesel) (Automotive Council and Advanced
Propulsion Centre, 2018). In the haulage sector, the
demonstrated versions of thermo-electric generators and
Organic Rankine Cycle (ORC) systems on exhaust heat
recovery are prospective starting points for improving the
overall system efficiency (BorgWarner, 2018).

An influential component in the ORC systems is an
efficient and versatile expansion device (Lemort, Declaye,
& Quoilin, 2012). They can be either velocity based (e.g.
axial turbine, radial turbine), which are preferred for
medium kW output and beyond (Saghlatoun, Zhuge, &
Zhang, 2014); or volume based (e.g. screw expander, piston
expander) which are suitable for low to medium kW output
(Imran, Usman, Park, & Lee, 2016). By allowing

*
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The two-phase expansion approach is also appealing in
Liquefied Natural Gas (LNG) plants. It has been
demonstrated that a preferred option in the liquefaction
process of natural gas, which 1is required for
transportation purposes, is introducing a two-phase
expansion approach combined with single phase
Joule-Thompson (JT) valve (Amsyari et al., 2007). The
two-phase expansion exploits the isentropic expansion,
instead of the isenthalpic JT valve, providing increased
cooling capacity and reducing the energy consumption by
nearly 60% compared to the standard N2 single LNG
expander (Qyyum, Qadeer, Lee, & Lee, 2018).

The research on two-phase expanders is additionally
motivated by the interest in the trilateral flash cycle for
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lower grade heat recovery (Bianchi et al., 2017).
Vasuthevan and Brimmer (Vasuthevan & Brimmer,
2016) proposed and experimentally validated the
thermodynamic two-phase model of a screw expander
where mass and energy balance equations were separated
for vapour and liquid states of water. Their major
assumption was to consider the thermodynamic
equilibrium of the phases during calculation of chamber
states, which was identified as the cause of deviations
from the experimental data. Bianchi et al. (Bianchi et al.,
2017) modelled a twin-screw expander for two-phase
operation in the GT-SUITE platform, employing
REFPROP for the two-phase properties calculations of
R245fa. They achieved the modelling of under/over
expansion, as well as leakage losses. However, the
two-phase mixture was treated as an equivalent gas and
this work excluded the frictional losses.

There are three distinctive approaches for modelling
the performance prediction of a volumetric expander,
namely deterministic, empirical and semi-empirical
(Dumont, Dickes, & Lemort, 2017). However, the
semi-empirical model, where a selected number of
equations best describe the important parameters of the
system, represents a proven compromise between the
limitations of validity range of the empirical models and
the computational demand of the deterministic models.
Lemort et al. (Vincent Lemort, Quoilin, Cuevas, & Lebrun,
2009) initially presented a semi-empirical model of a scroll
expander, which was recently extended by Giuffrida
(Giuffrida, 2017) for improvements in the modelled
mechanical losses for a single-screw expander utilising the
Stribeck’s theory. A low error of around 2% in the output
power was reported when comparing the expander model
to the experimental data.

This work presents the numerical adaptations to the
above semi-empirical model in order to examine the
feasibility of piston expanders under off-design and
two-phase scenarios, in an integrated cooling and heat
recovery system for future heavy-duty engines. Firstly,
the numerical model of the expander is detailed, including
the two-phase adaptations in suction valve pressure drop,
heat transfer losses and piston frictional losses. Secondly,
a next generation of integrated engine cooling and exhaust
heat recovery system, first introduced by the authors
(Panesar, 2016), is examined under two distinctive engine
speed-load conditions. Finally, using Aspen HYSYS®, the
effects of the two-phase expansion approach on the
performance of the two independent expanders utilised by
the system and on the overall system performance are
reported.

2. Numerical Model of the Expander

The expander model presented in this section has been
adapted following the efforts of Lemort (Vincent Lemort et
al., 2009) and Giuffrida (Giuffrida, 2017) for two-phase
operation. The model accounts for several sources of power
losses; including, suction pressure loss, leakage loss, heat
loss and friction loss, using the following initial
assumptions:

e Inlet valve is considered as a throttling valve, i.e.

isenthalpic transformation;
e Pressure drop at the outlet is zero;

e Leakages are adiabatic;
e Additives to the working fluid are neglected,;
e Expander envelope is isothermal.

The chosen numerical methodology for the expander
model was the lumped parameter approach, in which the
physical and geometrical properties of real sections are
assigned to the corresponding nodes through rational
assumptions. Hence, the complexity of introducing the
real geometry is avoided, allowing to obtain near-accurate
results. Such a modelling strategy has already been
adopted by the authors in thermal management works for
automotive applications (Bernagozzi et al., 2018), where
the lumped parameter model was able to replicate
experimental data with an accuracy of nearly 99%.

The  abovementioned  assumptions allow a
one-dimensional representation of the expander, as
depicted in Fig. 1. The sub-modelling processes are as
follows:

e (0-1) pressure drop through the supply valve;

e (1-2) heat transfer lost with the expander
envelope at the inlet;

e (2-3) isentropic expansion;

e  (3-4) isochoric expansion;

e  (4-5) reunion of nominal mass flow rate m;, with
leakages mgq;

e  (5-6) heat transfer loss with expander envelope at
the outlet.

Therefore, P;,; is the net power generated whereas,
Prric and Ppq are the friction and leakage losses,
respectively. Hence, such a model provides the advantage
of a common framework for all volumetric expanders by
applying an appropriate friction model.
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Fig. 1 One-dimensional representation of the expander, showing
nodes and losses considered in the numerical model.

Expander envelope

The present expander model was coupled with Aspen
HYSYS® for calculating at every node the working fluid
properties such as, density, specific enthalpy, specific heat
at constant pressure, thermal conductivity, viscosity and
entropy. Due to the available extensive fluid database and
property packages, the earlier identified preferred
working fluid for the combined engine cooling and exhaust
heat recovery, i.e. water-propanol mixture, was utilised
(Panesar, 2017).

The present expander model requires limited input
data, which includes:

e Boundary conditions: initial pressure, initial
temperature, initial vapour quality, mass flow
rate, desired pressure ratio and ambient
temperature;

e Expander geometry: inlet radius, diameter,
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length, maximum displacement volume, built-in
volume ratio and RPM;

e Fluid properties: critical pressure and
co-simulation with Aspen HYSYS®.

2.1 Supply Valve Pressure Drop (0-1)

Aspen HYSYS® is an advanced process modelling software
which allows the definition of all the thermo-physical
properties of a working fluid, once two out of either
temperature, pressure or vapour quality are fixed by the
user. In the expander model, the starting pressure py,
vapour quality x, and the mass flow rate m are considered
to be known, and consequently, all the remaining
properties at point O are defined.

If the fluid is in a two-phase state at the inlet, i.e.
x < 1, the vapour and liquid fractions are utilized to
calculate the equivalent properties in the two-phase state.
An example of a generic two-phase (2p) property &, is
given below:

&p = X8, + (1 = x)g D

To calculate the pressure drop at the expander inlet,
the isentropic nozzle theory is adopted, considering the
vapour properties as:

2

m
. =hy,—0.5" 2
s = ho =05+ (2) @

In case of an isentropic transformation, this gives the
entropy at point 1. Which allows identification of
pressure p; = f(hy;s). Therefore, the resulting vapour
pressure drop is calculated as:

Apiniet vap = Po — P1 3

A thermo-physical fluid property which is directly
proportional to the pressure drop through a valve is
density. Hence, if the fluid is in a two-phase state at the
inlet, then to account for the increased inlet pressure drop,
APiniet vap 1S multiplied by the ratio of the two-phase and
vapour densities as:

2
Apiniet 2p = p_vp ADiniet vap 4)

Since an isenthalpic transformation is considered, i.e.
ho = hy, the remaining properties at node 1 are fully
defined.

2.2. Heat Transfer with Expander Envelope (1-2)

To calculate the heat loss from the working fluid to the
envelope wall of the expander, the equation for convection
heat transfer is used as:

Q= hcA(Tl - Tw) (5)

If the fluid is in two-phase state, the Shah correlation
(Shah, 2009) for heat transfer coefficient is used. Since,
compared to other published correlations, it has a lower
average prediction error of 20% (Derby, Lee, Peles, &
Jensen, 2012) as:

Page 1205

3.87(0'76(1 _ x)0.04-

h'c = af (1 - x)O.S + 40.38 (6)
p

where p* is the reduced pressure, i.e. actual pressure
divided by the critical pressure p., and ayis the liquid
convection coefficient from Dittus-Boelter (Santa, 2012)
as:

k
a = 0.023Re°'8Pr°'32—l 7
Ti
. P
=— 8
Pe ®)

where k; is thermal conductivity of the liquid fraction, r; is
the internal radius.

The pressure at point 2 is calculated using the
distributed losses formula (Idel’chik, 1960) as:

P2 = p1 — MRy ©
R _ 8ul
dist — pn_r;l. (10)

where Ryis is the distribute hydraulic resistance, p is
kinematic viscosity, L is the length of the considered part
of the expander and p is the density.

When utilising pure working fluids and azeotropic
mixtures, temperature is considered constant during the
phase change process. Therefore, by knowing the heat loss
at this point, the new specific enthalpy, and hence, the
vapour quality is extracted as:

Q
Rnew = hy — pry 1D
h —h
Xnew = 7;lew_ hll (12)
v

As a result, the two-phase state equivalent of all the
fluid properties is calculated, and hence, the node 2 is fully
defined.

2.38. Isentropic Expansion (2-3)

There is a defined mass flow rate (1;;,) that an expander
can host, which is a function of the fluid properties, the
geometrical design and the operating condition. Therefore,
the excess mass flow (1.4), due to off-design operation is
considered to be leakages as:

p2NV
nj‘in = B.V;W. 13)
Mieqr = M — Mip (14)

where N is the RPM, V;, is the maximum displacement
volume and BVR is the built-in volume ratio, which is
defined as the volume of the expansion chamber at the end
of the expansion process over the volume of the expansion
chamber at the beginning of the expansion process (Oralli,
Tarique, Zamfirescu, & Dincer, 2011).

Assuming isentropic expansion, it is possible to deduce
point 3 values as:

S32p = S2.2p (15)
vy = BVR - v, (16)
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Therefore, utilising the above two values in Aspen
HYSYSC, it is possible to identify the pressure and vapour
quality, and hence, the node 3 is fully defined.

2.4. Isochoric Expansion (3-4)

The outlet pressure (P,) is governed by the expander
pressure ratio (PR). Therefore, considering an isochoric
expansion leads to identification of point 4 values as:

_Po a7
Da PR
Va2p = V3,2p (18)

Utilising the above two values in Aspen HYSYS®, it is
possible to identify the single-phase properties as well as
the vapour fraction, and hence, the node 4 is fully defined.
Furthermore, point 4 gives an indication on the level of
under/over expansion due to the equation describing the
off-design expansion process as (Giuffrida, 2017):

h4,2p = h3,2p - 773,2p(P3 —D4) (19)

During under-expansion, the pressure at the end of the
isentropic processes is higher than the expander outlet,
vice versa occurs during over-expansion.

2.5. Mass Flow Rate Reunion (4-5)

Point 5 accounts for the reunion of the mass flow rate from
the expansion process at point 4 and leakage process at
point 2. This results in the change in specific enthalpy as:

he = hy2pms + N opMiear
5 = N 5
(m4 + mleak)

(20)

Utilising the above value in Aspen HYSYSS, it is
possible to identify the vapour fraction, and hence, the
node 5 is fully defined.

2.6 Heat Transfer with Expander Envelope (5-6)

The total working fluid mass flow rate exchanges heat loss
again with the envelope. Assuming no change in the
temperature for pure working fluids and azeotropic
mixtures during the phase change process, the heat
transfer calculation is carried out using the same
procedure detailed in section 2.2. This allows the node 6 to
be fully defined.

2.7 Expander Efficiency and Power

Fig. 2 illustrates the overall real expansion process in the
model (solid black line) and compares it to an ideal
isentropic expansion (dashed grey line) when the enthalpy
value of the fluid (hg;5) brought down to the pressure
maintained by the condenser (pg).

In this analysis, the net expander work (P;,:), is
produced by the expander taking only the mass flow rate
hosted during the expansion (i.e. node 2-4), and is
calculated as:

Pine = Mine(hy — hy) — Pfric — Preat (21)

Fig. 2 Representation of the change in enthalpy, entropy and
pressure in the overall generic real expansion process modelled
against the ideal isentropic expansion.

where Ppeq: 1s the cumulative power loss due to heat
transfer, calculated as the sum of the heat losses between
1-2 and 5-6. Since the piston expander was considered in
the present work, a modified Chenn-Flynn model (Chen &
Flynn, 1965) is used to estimate the frictional losses.
According to this model, the Friction Mean Effective
Pressure (FMEP) is a function of the in-cylinder maximum
pressure P, and a speed factor S.

FMEP = A+ B Ppgy +C-S; +D - Sf (22)

where invariable factors include, A (0.9 bar) which
accounts for the auxiliary losses, B (0.018) which accounts
for the in-cylinder pressure, and C (0.15 bar 's/m) and D
(0.000255 bar 's%/m) which accounts for rotational speed.
The above considered constants are representative of
comparable scale of automotive piston engines. The speed
factor is calculated using the piston stroke (S) as:

NS
f = 60 (23)

The FMEP is translated into power loss as:

_ FMEP Vg, -N (24)
Prriccr = -3

A thermo-physical fluid property which is directly
proportional to friction power is viscosity. Hence, if the
fluid is in a two-phase state, in order to account for the
increased friction power, Priccr is multiplied by the ratio
of the two-phase and vapour viscosities as:

.uZp
PfricCF,Zp = PfricCF (25)
Ky
Therefore, the accurate overall real isentropic

efficiency for the expander is defined as:

Pint

= 2
"= (e — hag) (26)
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3. Next Generation of Heat Recovery System for
Heavy-Duty Engines

This section presents the new research and development
direction for the next generation of heat recovery systems
applied to heavy-duty combustion engines, in particularly,
long-haul Diesel vehicles. An integrated engine cooling
and exhaust heat recovery system (Fig. 3), which was first
proposed by the authors (Panesar, 2017), is considered
using two-phase and superheated expansion approach.
This integrated system uses a single working fluid to
recover heat directly from the engine block and the
exhaust heat exchanger by utilising a dual pressure
architecture. In Fig. 3, the pumps (low pressure LP, high
pressure HP) are responsible for generating the different
optimal sub-system pressure levels. Power is produced
using two mechanically independent versatile piston
expanders (low pressure LP, high pressure HP). A water
blend screening study involving over 500 working fluid
candidates indicated, the azeotropic water-alcohol blend
as 27% water and 73% 1-propoanol by mass (hereafter
referred to as W28), as the preferred solution. The key
thermo-physical properties of the blend and its pure
constituents at 100°C liquid are given in Table 1
Compared to a conventional cascade system, it has been
shown that this integrated system with conventional
expansion has the potential to deliver an average of 20%
improvement in the system power and a 50% reduction in
the total heat exchanger footprint (Panesar, 2017).

HP Pump

Exhaust HEX

3-way
Distributor

Engine Blogk Mixer

3
LP Expander
=

LP Pump

1 Air Condenser

Fig. 3 Schematic of the dual pressure level system for integrated
engine cooling and exhaust heat recovery using two phase and
superheated expansion approach (Panesar, 2017).

Table 1
Water, propanol and W28 fluid properties at 100°C saturated
liquid condition for comparison.

Mol

; 4 p hyy 1 U

‘[’;’/"Iﬁf [kg/m?] [J/kg K] [I/kg] [W/m K] [Pas]
Water 18 709 4198 23105 3.53 1.3-104
Propanol ~ 60.1 634 3308 6.9-10° 0.29 4.7-10+
was 369 651 3736 1.1-10° 0.89 2.310+

The above heat recovery system was coupled with a
validated 10L Euro-6 Diesel engine model. Two distinctive
engine speed-load conditions were considered, a typical
cruise condition (B50) as the design point, and the
high-speed high-load condition (C100) as the extreme off-
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design point. Table 2 summarises firstly, the engine
parameters; secondly, the exhaust heat exchanger or the
high-pressure loop parameters; thirdly, the engine block
or the low pressure loop parameters; and finally, the
engine radiator or the air condenser parameters utilised.

To estimate the varied heat recovery and heat rejection
thermal loads during the design point and the off-design
point conditions, the overall heat transfer coefficient
(U, W/m2C) multiplied by the heat transfer area (A, m2)
for the exhaust heat exchanger (1000 W/°C) and the air
condenser (5000 W/°C) were kept fixed. The size of the
heat transfer equipment’s was modelled such that, the
existing cooling margin available in the engine cooling
module from 6.35 kg/s of air flow was fully utilised at B50,
without any additional fan power consumption.

Table 2.

Combustion engine, exhaust heat exchanger/high pressure loop,
engine block/low pressure loop and engine radiator/air condenser
parameters for the coupled engine and heat recovery analysis.

Variable Value
Engine parameters (B50 / C100)
42.9/41.4%

Nbrake thermal

Werankshast 158 /316 kW
Speed 1440/ 1720 rpm
Exhaust heat exchanger or HP loop parameters
T exnaust max 423/ 493 °C
TMexnaust 0.212/0.408 kgls
Cp exhaust 1.15 kdJ/kg°C
APy nix 0.25 bar
UAgxn nex 1000 W/°C
T pxn pinch point 40 °C
max HP 250 °C
evaporation HP 202 °C
PR xpanaer np 10:1
Engine block or LP parameters
) it 69 /139 kW
AP o gine block 0.25 bar
T eyaporation L 113 °C
PRexpander LP 4.4:1
Engine radiator or air condenser parameters
W ositing it files 30 °C
cooling air exit 50 °C
Nfan cona. 65%
APran cona. 250 Pa
APona. 0.25 bar
UAcona. 5000 W/°C
T 30 °C

cond. pinch point

m 6.35 kg/s

cooling module

Npump LP, HP 55%

4. Results and Discussion: Expander and System
Level Model

This section presents the results of the two studies, in
which the HP expander designed for a superheated state
(50°C superheat) and the LP expander designed for a
two-phase state (0.75 vapour quality) were considered for
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off-design operation. Firstly, by fixing the design point
BVR, and secondly, by utilising the inlet fluid conditions,
the two expander efficiencies were optimised by varying
the inlet and the displacement geometrical dimensions.
Table 3 summarises the design point fluid and geometrical
parameters for the two piston expanders, using the B50
engine condition for heat recovery. Additionally, the
expanders were considered geared 1:1 to the engine
crankshaft.

Table 3.
Key design point parameters for the high pressure vapour and the
low pressure two-phase expander.

HP Expander LP Expander

50°C superheat 0.75 vapour quality
23.8 bar (fixed) 2.6 bar (fixed)

Inlet fluid condition

0.1 kg/s 0.3 kg/s
Pressure Ratio 10:1 4.5:1
Built-in Volume Ratio  8:1 8:1
Inlet radius 0.005 m 0.01 m
Maximum displacement ( 9007 m® 0.00027 m®
volume (Bore ‘Stroke)
Ambient temperature 25 °C 25 °C
Expander efficiency 86% 62%
Expander power 9.1 kW 7.3 kW

Table 4
Evolution of temperature, pressure and vapour quality for the
high pressure vapour and the low pressure two-phase expander
at the design point condition.
Node HP Expander
(T[°C] / P[bar] / x)

LP Expander
(T[°C] / P[bar] / x)

0 250/ 23.5 / superheated 112.7/2.35/0.75
1 250/ 23.42 / superheated 112.3/2.33/0.75
2 249.9/23.41 / superheated 112.3/2.32/0.73
3 117.2/ 2.4 | superheated 57/0.25/0.73
4 117/ 2.35 / superheated 73.2/0.53/0.7
5 117/ 2.35 / superheated 73.3/0.53/0.7
6 116.9/ 2.34 / superheated 73.2/0.53/0.69
7] = 2] [ 7]
R
a2 18123 =2
0.80+ 25 -e- Vapour Quality
i -m- Pressure
’? 20 R
T 0.754 3
3 F15 &
o a
3 o —
2 0.704 e
© 4 =
= - E-——$05
0.65 T T T T T 0.0
0 1 2 3 4 5 6
Nodes

Fig. 4 Vapour quality and pressure evolution inside the
two-phase low pressure expander nodes at the design point
condition.

The model described in Section 2 allows the tracking of
the thermo-physical properties along the different nodes
in the overall expansion processes, including temperature,
pressure and vapour quality. For the two piston
expanders, the design point values at the different nodes
are presented in Table 4. Additionally, Fig. 4 shows the
evolution of vapour quality and pressure for the LP two-
phase expander nodes. A key contributor to the limited
design point efficiency of the LP vs. the HP expander in
Table 3 (62 vs. 86%) is due to the noticeable thermal losses
shown in Fig. 4 (Node 1-2 and 5-6), as a result of the
increased heat transfer for two-phase flow.

Two studies were conducted at the B50 and C100
engine heat recovery conditions following the optimisation
of the design point expanders:

e  Study 1 - Reducing the HP expander inlet vapour
quality from superheated state to 0.8, while
maintaining the near design point operation of
the LP expander.

e Study 2 - Varying the LLP expander inlet vapour
quality from 0.95 to 0.45, while maintaining the
design point operation of the HP expander.

The following sub-sections present the findings of
these studies.

4.1 Study 1 - Off-design Operation of the HP Expander

Presentation and discussion of the results are divided into
the main parameters of interest, namely, expander
isentropic efficiency and losses (i.e. heat, friction and
leakages). In Fig. 5, it can be noticed that, at the
design-point B50 engine condition, the HP expander
efficiency decreases significantly (Fig. 5a) with the
reduction in the vapour quality, due to increased heat
transfer (Fig. 5b) and frictional losses (Fig. 5¢). However,
at the extreme off-design C100 engine condition, the HP
expander offers an interesting opportunity. As expected,
initially superheated HP expansion at C100 presents a
lower efficiency compared to B50, due to the increased
leakage losses (Fig. 5d) as a result of higher mass flow rate
(0.06 kg/s vs 0.13 kg/s). Nonetheless, with the reduction in
the vapour fraction to 0.9, an HP expansion efficiency peak
is observed. This counter intuitive result is due to the
nullification of the leakage losses (Fig. 5d), due to greater
mass flow rate being admitted into the expander as a
result of the two-phase fluid being denser. Hence, the HP
expander offers improvement in efficiency (58% vs. 48%)
when operated with a vapour fraction of 0.9 at C100
compared to the reference superheated inlet state.
Reducing the vapour fraction beyond 0.8 negates the
efficiency gains due to increasing heat transfer and
frictional losses.

The heat transfer loss (Fig. 5b) in the HP expander
increase with the reduction in the vapour quality due to
the increasing convective heat transfer coefficient. At the
C100 off-design condition, heat transfer losses are more
pronounced due to the higher mass flow rate (increased
fluid velocity), and therefore higher convective heat
transfer coefficient. Moreover, the C100 higher mass flow
rate is also the reason why the slopes of the two HP cases
are diverging below a vapour quality of 0.9
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Fig. 5. Study 1: a) expander efficiency, b) heat losses, c) friction losses and d) leakage losses, when HP inlet vapour quality was reduced,

whereas LP inlet vapour quality was fixed at 0.75.

Table 5.

Integrated engine cooling and exhaust heat recovery results at
the B50 design-point, C100 extreme off design point with
non-optimal and C100 extreme off design point with optimal HP
expander inlet vapour quality. All with fixed LP vapour quality.

Study 1 Units B50 C100 C100
HP HP HP
Expander Expander Expander
50°C 50°C x=0.9,
Superheat Superheat Optimal
Design- Non- oft-design
point optimal
oft-design
Psystem min bar 0.3 1 1
Tsystem min °C 59 89 89
VFRexpander(HP) 8.6:1 9.6:1 9.9:1
Wexpanaer(HP) kKW 9 10.6 12.2
Woimp (HP) kW 0.3 0.6 0.7
Myryia(HP) kg/ls  0.047 0.1 0.12
Tcandensatian(LP) oC 66 93 93
VFRexpander(LP) 4.2:1 1.8:1 1.8:1
WerpanaerLP) kW 7.3 4.9 4.8
Wpump(LP) kW  0.05 0.09 0.08
Mia (LP) kg/s 0.13 0.3 0.3
Q. vnaust HEx kW 705 137.5 139.9
Qair condenser kW 123.6 261.8 262.5
mcooling air kgls 6.1 12.9 12.9
Wadditional fan kW 0 3.1 3.1
Wsystem kW 15.9 11.7 13.1
Nsystem % 11.4 4.2 4.7

The frictional losses (Fig. 5¢) in the HP expander at the
design-point B50 condition increases with the reduction in
the vapour quality, due to the increasing two-phase

viscosity (Eq. 25). The increased frictional losses from
superheated to the saturated state are linked to the
expander exit being in a two-phase state. However, at the
C100 extreme off-design condition, from superheated to
saturated state, the HP expander frictional losses remain
constant, due to the high leakages, that when reunited in
node 5 (Fig. 1), increases the vapour quality to near
saturated state.

The LP pump flow rate was controlled to maintain an
LP expander inlet quality of 0.75, hence, the LP expander
efficiency (Fig. 5a) is only marginally influenced by the
reduction in the vapour quality of the HP expander. The
marginally increasing heat transfer and leakage losses are
attributed to a slightly increasing mass flow rate at the LP
expander inlet with mixing of streams 2 and 5 (Fig. 3).

Table 5. presents the system level results for the
integrated engine cooling and exhaust heat recovery at
three points: B50 design-point; C100 off-design point with
superheated HP expansion; and optimised C100 off-design
point with two-phase HP expansion. Firstly, the
combination of a two-phase LP expander and a
superheated HP expander at the B50 design-point
provided additional 10% of engine crankshaft power
(15.9 kW of system net power). Secondly, operating the HP
expander under the optimised two-phase state at the C100
extreme off-design point provided a 15% increase in the
expander power (12.2 vs. 10.6 kW). Note that, the results
presented here reflect the real world constraints for heat
recovery systems in transport applications. For example,
the condensing temperature range (66-93°C) was typical
of that observed in a truck cooling module and the pump
efficiencies (55%) were representative of cost-effective
components.
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4.2. Study 2 - Off-design Operation of the LP Expander
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Fig. 6 Study 2: a) expander efficiency, b) heat losses, c) friction losses

whereas HP inlet fluid flow condition was fixed.

Table 6.

Integrated engine cooling and exhaust heat recovery results at
the B50 design-point, C100 extreme off design point with
non-optimal and C100 extreme off design point with optimal LP
expander inlet vapour quality. All with fixed HP expander fluid
flow.

B50 C100 C100
LP LP LP
Unit Expander Expander Expander
Study 2 x=0.75 x = 0.75, x = 0.55,
Design- Non- Optimal
point optimal off-design
off-design
Psystem min bar 0.3 1 1
Tsystem min °C 59 89 89
VFRexpander(HP) 8.6:1 9.6:1 9.6:1
Worpanaer(HP) kKW 9.1 10.6 10.6
W, mp (HP) kW 0.3 0.6 0.6
My1yig (HP) kg/s  0.047 0.099 0.099
Tcondensation(LP) °C 67 95 95
VFRexpander(LP) 4.2:1 1.8:1 1.9:1
Werpanaer LP) KW 7.3 4.9 9.1
Wpump(LP) kW 0.05 0.09 0.13
Mia (LP) kg/s  0.13 0.3 0.39
Quinausensx KW 70.5 137.5 137.5
Qai”ondenser kW 123.6 261.6 257.6
mcaoling air kg/s 6.1 12.9 12.7
Wadditionul fan kW 0 3.1 3
Wsystem kW 16 11.7 16
r]system % 115 42 58

b) 15-

g

= 104

[}

(]

(72

[72]

S

= 51

©

(]

T
c L} L} 1
0.4 0.6 0.8 1.0

Vapour Quality

) 40-

=

=

o 301

(]

(72}

3

S 204

[}

(5]

g

£ 104

©

[-4]

-
0+— T T 1
0.4 0.6 0.8 1.0

Vapour Quality

and d) leakage losses when LP inlet vapour quality was varied,

The heat transfer losses in the LP expander increase
with the reduction in the vapour quality (Fig. 6b), due to
the increasing convective heat transfer coefficient. At the
B50 design-point condition, nearly 60% of the losses were
attributed to heat. At C100 off-design condition, absolute
heat transfer losses are more than double than at B50
design condition, due to the higher mass flow rate
(increased fluid velocity), and therefore, higher convective
heat transfer coefficient.

The frictional losses in the LP expander increases
with the reduction in the vapour quality (Fig. 6¢), due to
the increasing two-phase viscosity (Eq. 25). At the B50
design-point condition, nearly 40% of the losses were
attributed to friction. Compared to the HP expander (Fig.
5c), the variation in frictional losses between B50 and
C100 conditions for the LLP expander were insignificant,
firstly, due to a much lower enthalpy drop and viscosity
variation across the expander nodes, and secondly, due to
the increase in mass flow rate at the C100 condition
somewhat being matched by the increased expander
rotational speed (1440 vs. 1720 rpm).

Increasing the LP expander inlet vapour quality from
the 0.75 value at the B50 design-point introduced leakages
(Fig. 6¢), due to lower mass flow rate being admitted into
the expander as a result of the reducing inlet density.
However, at the C100 condition, the LLP expander presents
an interesting opportunity, where by reducing the vapour
fraction to 0.55, a new efficiency peak is observed (Fig. 6a).
Here, the increasing heat transfer and frictional losses due
to lower vapour quality are negated by the increased
power output due to mass flow rate utilisation. Hence, the
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LP expander offers significant improvement in expander
efficiency (80% vs. 45%) under an inlet vapour fraction of
0.55 at C100 when compared to the reference two-phase
inlet state.

Furthermore, for B50 and C100 condition, decreasing
the LP expander vapour quality results in lower rate of
efficiency drop compared to increasing the vapour quality.
Interestingly, this trend matches the behaviour reported
in the literature for the case of under/over expansion [24].
Since, higher vapour quality leads to higher specific
volume, hence for a fixed BVR, lower outlet pressure and
higher enthalpy drop can be achieved.

Table 6 presents the system level results for the
integrated engine cooling and exhaust heat recovery at
three points: B50 design-point; C100 off-design point with
reference two-phase LP expansion; and optimised C100
off-design point with two-phase LP expansion. Operating
the LP expander under optimised two-phase state at the
C100 extreme off-design point provided an 85%
improvement in expander power (9.1 vs. 4.9 kW).
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Fig. 7 Temperature-Entropy diagram for the considered next
generation of heat recovery system using W28: a) B50
design-point condition in association with two-phase LP
expansion and superheated HP expansion, b) C100 extreme
off-design optimised condition with two-phase LP and HP
expansion.

Fig. 7a presents the T-S diagram for the considered
next generation of heat recovery system at the B50
design-point. Recovery of heat, directly from the engine
block and the exhaust heat exchanger is performed using
W28 as the common working fluid, in association with
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two-phase LLP expansion and superheated HP expansion.
Furthermore, findings from Study 1 and 2 now allow a
combined optimisation at the C100 extreme off-design
condition. Fig 7b presents the corresponding T-S diagram
with LP and HP expansion inlet vapour fraction of 0.55
and 0.9. The combined optimisation of the two-phase
operation of the two expanders provided nearly 50%
improvement in the system performance (17.4 vs. 11.7 kW
of net system power), adding a total of 5.5% to the engine
crankshaft power. Note that, the results presented here
reflect the real world constraints for heat recovery systems
in transport applications. For example, the design pinch
point temperature difference (40°C) in the exhaust heat
exchanger was representative of low footprint
cost-effective components and the fan efficiency (65%) was
typical of that observed in a truck cooling module.

In summary, this work introduced the numerical
adaptations in the supply valve pressure drop, the heat
transfer losses and the frictional losses, which allowed the
investigation of two-phase piston expanders for the next
generation of integrated engine cooling and exhaust heat
recovery system. The rational for the numerical
adaptations were functions of the key thermo-physical
fluid properties and published findings from comparable
applications. The optimised LP and HP expanders allowed
for a combined increase of 5.5% and 10% of engine
crankshaft power, during extreme off-design and design
point conditions, respectively. When considering the
optimised two-phase expander operation without
leakages; i.e. design point of the LP expander with x=0.75
at B50 in Fig. 6, and the extreme-off design point of the
HP expander with x=0.9 at C100 in Fig. 5; the friction
accounted an average of nearly 25% of the total losses and
the heat transfer accounted an average of nearly 20% of
the total losses. Due to insufficient experimental results
published using two-phase expanders, the scope of future
works should include evaluation and reduction in
frictional losses by adapting piston air motors as two
phase expanders.

5. Conclusions

This work has introduced three numerical adaptations to
the semi-empirical expander model, in order to allow
investigation of two-phase piston expanders in the next
generation of heat recovery systems. The considered
expander model accounts for: supply valve pressure drop,
heat transfer loss to the expander envelope, leakage mass
flow, condensation during expansion and piston frictional

losses. The heat recovery system analysed consisted of a

low pressure (LLP) and a high pressure (HP) expander for

integrated engine cooling and exhaust heat recovery using

a common water-propanol mixture. Two distinctive engine

speed-load conditions were considered, namely, the design

point (B50) and the extreme off-design point (C100).

Studies were conducted varying the mass flow and the

vapour quality for the LLP (x=0.45 to 0.95) and HP (x=0.8

to superheat) expander. The key expander and system
level results were:

1. At the design point, the 50°C superheated HP
expander with pressure ratio of 10:1 was 86% efficient
providing 9.1 kW of power; and the x=0.75 two-phase
LP expander with a pressure ratio of 4:1 was 62%
efficient providing 7.3 kW of power.
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2. The HP expander, operated with the preferred
two-phase state (x=0.9) at the extreme off-design
condition provided a 15% improvement in expander
power (12.2 vs. 10.6 kW) over the reference inlet state.

3. The LP expander, operated with the preferred vapour
quality (x=0.55) at the extreme off-design condition
provided an 85% improvement in expander power (9.1
vs. 4.9 kW) over the reference inlet state.

Findings 2 and 3 from above demonstrate that
improvements in expander power can be achieved by
moderating the inlet vapour quality during extreme-off
design condition. This was as a result of reduction in the
leakage losses due to a density increase following the
vapour quality decrease, despite the higher heat transfer
and the frictional losses compared to the saturated vapour
state.

4. The analysed heat recovery system wusing the
two-phase LP expander and the superheated HP
expander provided 15.9 kW with an overall conversion
efficiency 11.4%, resulting in 10% additional engine
crankshaft power at the design-point.

5. The optimised combined two-phase operation of the
expanders at the extreme-off design point improved
the system power by nearly 50% (17.4 vs. 11.7 kW),
resulting in 5.5% of additional engine crankshaft
power.

Finding 5 from above demonstrated that an average of

nearly 25% of the total losses were attributed to friction.

Therefore, adapting piston air motors as two-phase

expanders for experimental evaluation and reduction in

frictional losses was a recommended research direction.
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Nomenclature
Abbreviations
LNG Liquefied Natural Gas
FMEP Friction Mean Effective Pressure [bar]
ORC Organic Rankine Cycle
JT Joule Thompson
LP Low Pressure
HP High Pressure
C100 High-Speed High-Load Condition
B50 Cruise Condition
Variables
Mip Nominal Mass Flow Rate [kg/s]
P Net Power [W]
Preak Leakages Power Loss [W]
x Vapour quality
3 Generic Property
p Mass Density [kg/m3]
ADiniet vap Suction Pressure Drop (Vapour Only)
Q Heat Exchange [W]
A Heat Loss Area [m?]
p* Reduced Pressure
Pr Prandtl Number
T Internal Radius [m]
R Hydraulic Resistance [m/s]
L Expander Length [m]
Vow Displacement Volume [m3]
s Specific Mass Entropy [J/kg K]
PR Pressure Ratio
S¢ Engine Speed Factor
Myoar Leakages Mass Flow Rate [kg/s]

Prric Friction Power Loss [W]
D Pressure [bar]

m Total Mass Flow Rate [kg/s]
h Specific Mass enthalpy [J/kg]
A, Inlet Cross Sectional Area [m?]

ADiniet 2p Suction Pressure Drop
h. Convective Heat Transfer Coefficient [W/m?2
K]
as Dittus-Boelter Coefficient
Re Reynolds Number
k Thermal Conductivity [W/m K]
Pe Critical Pressure [bar]
u Dynamic Viscosity [Pa ‘s]
N Engine or Expander Speed [rpm]
BVR Built-in Volume Ratio
v Specific Volume [m3/kg]
n Isentropic Efficiency
S Piston Stroke
Subscripts
v Vapour
2p Two-Phase
l Liquid
is Isentropic
dist Distributed
0 Node 0
1 Node 1
2 Node 2
3 Node 3
4 Node 4
5 Node 5
6 Node 6
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