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Abstract

Increasing fuel prices and G@missions have increased

interest in the application of waste heat to poea@version for
heavy duty Diesel engines. A systems approach & us

research the benefits of a Bottoming Cycle (BC)liapgpto an

engine utilising a high Exhaust Gas RecirculatideGR)

emissions control strategy. The fuel economy impnoent

from the use of a BC largely depends on the salesterking

fluid, the cycle operating condition and the asatmd process
integration. The present simulation study uses rathanol,

R30, acetone, R245fa and E152a as working fluidd¢He BC

while recovering heat from combinations of high pamature
after-cooler, EGR cooler and exhaust gas streamastiryy the

working fluid expansion from saturated, superheatstd

supercritical phase, 10 different cycle arrangesieatre

investigated for maximum power recovery with leiagpact on

the engine cooling module. The two best BC arrareggsand
operating conditions from optimal performance arndtem

related trade-offs show an additional 9 and 9.5%irenpower
recovered at a high load condition.

Keywords: Heavy duty Diesel engine, Exhaust gasaelation,

Waste heat recovery, Bottoming cycle, Working

fluid selection, Process integration
1 Introduction
Set to take effect in 2014, the Euro 6 emissionadsrds

of NOx limits of 0.4 g/kWh stipulate tighter emisas controls.
The use of such regulatory technique to limit gheerse

emissions (Cg) for heavy duty Diesel engines is also expected.

To comply with the Euro 6 NOXx legislations, thredfetent
emissions control strategies are possible, thesg beombined
Selective Catalytic Reduction (SCR) and Exhaust

Recirculation (EGR), SCR only, and EGR only. Stadiave
shown an EGR only engine to be the least favouyalith a 6%

Gas

fuel penalty compared to a combined SCR and EGRopfa

[1].

With over 40% of the fuel energy wasted throughapped
exhaust heat, Waste Heat Recovery (WHR) offers laatte
alternative approach in improving overall fuel esoy of an
engine with an EGR NOx control strategy. WHR tedbgies
exist in several forms (mechanical/electrical turbo
compounding, thermo-electric generators, bottomaygles),
most of which are still under development. Desfiie various
challenges, Bottoming Cycle (BC) systems are shtmalve one
of the most promising solutions for long haul apation,
leading to a fuel efficiency improvement of aro8%{2].

2 Combined EGR and WHR approach

An EGR only engine relies on an efficiently cooleGR
system, high pressure fuel injection and two-stafjeharging
arrangement for in-cylinder NOx reduction. EGR oehgines
are expected to have lower overall weight, and tan&tallation
and operational cog®&. However, due to the use of extremely
high recirculation rate of 35-45%, EGR only engitese the
drawback of increased load on the engine coolingut® The
total heat rejection is expected to be around tulam that of
the combined EGR and SCR platform.

With an innovative approach for the post 2014 dedsaof
efficiency and emission requirements, this papenatestrates
the use of a systems approach to WHR and NOx rieduict
Mitigation of an EGR only engines inefficiency ixptored
through WHR. To generate waste heat data typiced ¢dng
haul engine at a high load condition (C100), ait@ (L) EGR
only engine model was developed in Ricardo WAVE BiL
running with the NOx strategies derived from a 2search
engine[5].The running conditions used were, air to fuelorati
(24.6:1), inlet pressure (4.8 bar), inlet tempemii9°C), EGR
gas fraction (35.5%), start of injection (5°BTDdjection
duration (30°) and fuel rail pressure (2300 bar).



Nomenclature

AIC After-Cooler

BC Bottoming Cycle

BTDC Before Top Dead Centre
DPF Diesel Particulate Filter
El52a Difluoromethyl-Methyl-Ether
EGR Exhaust Gas Recirculation
EXH Exhaust

EXP Expander/Turbine

HT High Temperature

HP High Pressure

L Litre

LMTD Log Mean Temperature Difference [°C]
LT Low Temperature

LP Low Pressure

R245fa 1,1,1,3,3-Pentafluoropropane
R30 Dichloromethane

CR Selective Catalytic Reduction
WF Working Fluid

WHR Waste Heat Recovery
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Fig. 1 Cooling module of the 10L engine
Table. 1 Available waste heat in the 10L engine
Duty (kW) Inlet °C Outlet °C

High temperature EGR 372 465 325
Inter-cooler 10.76 146 121
Engine cooling 53.76 80 90
Low temperature EGR 58.02 325 95
High temperature after-cooler 4522 200 95
Low temperature after-coolercondenser ~ 14.13 95 62
Low temperature radiator 101.36 80 65
High temperature radiator 103.6 88.8 80
Air, low temperature radiator 20 35
Air, high temperature radiator 35 50

The arrangement of the cooling system for the 10gire
is shown inFig. 1 The cooling system comprises of two indirect
cooling circuits. The low temperature cooling citazools the
Low Temperature EGR (LT EGR) cooler and the High
Temperature After-Cooler (HT A/C). The high tempera
cooling circuit dissipates heat from the High Tenapere EGR
(HT EGR) cooler, Inter-Cooler (I/C) and engine codl As

shown inFig.1, the after-cooler is divided into two stages, the
first is integrated into low temperature circuitdathe second
covers the remaining cooling procelsy employing direct air
cooling (LT A/C cond).Table 1 shows the quantities and
qualities of the available heat sources. The cdolan
(water/glycol, 50:50) in the low and high temperatu
condensers is cooled down to 65 and 80 °C, resedgti

At the selected C100 condition the 10L engine mddel
an efficiency of 40.2% and produces 296 kW of sipafiver.
The total heat being rejected by the two condenséds up to
205 kW. A further of 98.2 kW of heat (from 300-95°G
available in the exhaust flow downstream of the sBie
Particulate Filter (DPF). WHR is investigated reeong heat
from the combinations of high temperature afterlenoEGR
cooler and exhaust gas streams. BC simulations ewréucted
using Aspen HYSYS V7.3]. The thermodynamic properties
of the various fluids have been calculated using Beng-
Robinson equation of state.

3 Bottoming cycleswith single expansion stage
3.1 Arrangement 1: EGRand HT A/C

At the selected C100 condition, the EGR coolerrsffagh
quality (from 465-95°C) and quantity (95.2 kW) okdt.
However, in a high EGR rate engine there is alsmnaquality
(from 200-95°C) and high quantity (45.2 kW) of heagilable
in the HT A/C. In this context, arrangements thabwert this
low grade heat source into power are of great Bagmce.
When the arrangement proposedHig. 2ais implemented, it
can convert heat from HT A/C and EGR cooler to powih
minimal impact on the engine cooling load whilstrigasing
engine power.

In Fig. 2athe working fluid leaving the Low Pressure (LP)
pump is distributed into the HT A/C and LT EGR czrolvhere
it is preheated. The working fluid then enters lttigh Pressure
(HP) pump where the pressure is further raised. Tigh
pressure working fluid is evaporated in the HT EGRler. The
working fluid leaving the HT EGR cooler is at satied vapour
state in the case of dry and isentropic fluids afightly
superheated in the case of wet fluids. After exjmmsthe
condenser finally sub-cools the working fluid byC1°

In arrangement 1, increasing the working fluid tengpure
in the preheating section of the cycle increases tttermal
efficiency and net power. The pressure at the LRpexit was
controlled to provide a working fluid maximum prefieg
temperature of 170°C, whilst maintaining the heat exchanger
pinch point limitation> 25°C. As the condensing pressure was
kept constant, increasing the evaporation pressuriae HT
EGR cooler by the HP pump to slightly subcriticavdls can
remarkably increase the efficiency. For such pnessthe isobar
of the working fluid matches much better to thebaoof the
high temperature EGR and the enthalpy drop acrbss t
expansion increases. However, as arrangement lausigle
stage expansion, the maximum pressure was linotd® bar.

Fig. 2b and 2c show the cycle T-S diagram using an
isentropic fluid, acetone and a dry fluid, R245&spectively.
These two fluids are not superheated as dry amdrdgec fluids
may leave the expansion stage with substantial atmaof



superheat, increasing the load on the condensevetdw, in the
presented T-S diagrams, the expansion carriedsositich that
the expansion goes through the two-phase regiorsufh a
process only extremely fine droplets (fog) are expea to form
in the two-phase region without any liquid that Ivakttually

damage the turbing].
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Fig. 2 (a) Arrangement 1: EGR and HT A/C, (b) Cycle
operation using acetone, (c) Cycle operation using R245fa

For all the simulations, heat in the BC condenser i
rejected directly to the air as it offers higherneersion
potential. Boundary conditions and assumptions rcigg the
simulations are detailed table 2

The selection of the working fluid is critical irclieving
high overall conversion efficiencies (product ofaheecovery
and thermal efficiency). The critical point of a rkimg fluid
suggests the possible operating temperature asdyseerange.

Table. 2 Boundary conditions and assumptions

Cooled HT A/C, EGR and EXH temperature =95 °C

Max. BC pressure (single stage) =40 bar or 98% of critical pressure
(whichever is lower)

Max. BC pressure (dual stage) = 60 bar

All heat exchanger pinch point > 25 °C

AP, HT A/C, EGR and EXH (gas side) = 0.05 bar/heat exchanger
AP, working fluid = 0.2 bar/heat exchanger

AP, working fluid condenser=0.1 bar

Turbine/expander efficiency = 75%

Pump efficiency =65%

Min. condenser temperature = 65°C

Fromtable 3and Fig. 2b , 2cit can be seen that R245fa
can absorb more HT A/C heat (45.22 kW) than ace{@Bel8
kW) but only at a lower evaporation temperature 1(Ms.
224°C). Although the net heat input to the R245€ B higher
(140.42 vs. 118.37 kW), it has lower thermal effigy (8.67
vs. 15.17 %). This is as a result of its much lowsitical
temperature (154 vs. 235°C) which results in higher
irreversibilities in the heat exchangers (magnitutierence
between the source and working fluid profile). Am tarea
enclosed by the cycle curve is also small the oetgp produced
is much lower (12.18 vs. 17.95 kW). Therefore sinecessary
to select working fluids that optimise the heatapson profile
for maximising the work output.

Table. 3 Heat duty, net power and relative sizefor
arrangement 1

Ethanol R245fa R30  Acetone
HT EGR coolerduty (kW) 68.18 23.90 67.94 67.94
LT EGR cooler duty (kW) 27.02 71.30 27.26 27.25
HT A/C cooler duty (kW) 13.79 4522 12.37 23.18

LT cond. duty (kW) 91.95 12824 9096 100.42
Net power (kW) 17.04 12.18 16.60 17.95
Thermal efficiency (%) 15.64 8.67 15.43 15.17
Total area/Net power 1.04 1.71 1.10 1.01

In table 3 one criterion used as an indicator in estimating
the relative size and cost of BC is the ratio ofaltcheat
exchanger area to the net power produced. For latitoy the
heat exchangers surface area, numerical corretatiescribed
in [8] are used. Assumptions and restrictions relativeht
design of the heat exchangers are givetaite 2 All the heat
transfer elements are divided into 50 equal workihgd
enthalpy change sections. The working fluids amesimtered for
flow inside the tubes and the air and exhaust lgagsfthrough
the shell. Ethanol, R30 and acetone show net panemrelative
heat exchanger size within £10%. However, R245fawsha
70% increase in relative heat exchanger size (¥€911.71
m?/kW). For arrangement 1, the maximum generategoeer
is 17.95 kW with acetone as the working fluid. td#ion to the
energy recovered there will be a reduction in the power
requirement and engine cooling load.

3.2 Arrangement 2 EGR and EXH parallel

A source of medium quality (from 300-95°C) and high
quantity (98.2 kW) heat is the exhaust (EXH) floamshstream
of the turbocharger and DPF. The combination of E&l
EXH are the most promising heat sources due tligir &xergy
value. Fig. 3aconsiders a parallel arrangement for EGR and
post DPF exhaust. The distributed working fluideats are



preheated, evaporated and superheated (if necpasdhe two
heat exchangers. In this analysis the maximum esthgas
temperature was fixed at 300°C. However, in a @R rate
engine the more frequent active DPF regeneratidinpnovide
higher exhaust temperatures (500-600°C) with lorrgsident
times. If the BC can harness this added energy,othezall
conversion efficiency will improve.

WF EGR in HT EGR in

L) EGR cooler

EGR out
L WF EGR out
TEE-LT &
WF EXH in EXH in MIX-HT]
E EXH cooler
EXH out
WEF LP pump out
WF EXH out
HP EXP in
L honp LT cond
I‘g WFLP pumpin [ HP EXP out
—J j
A HP EXP
—4— WF EGR Cooler WF EXH Cooler
—#—HT EGR —t— EXH
500
400 &
300 £
3
200 3
=y
100 =
\
~
0
-200 -150 -100
B Entropy (kJ/kgmole-K)
500
400 o
o0
]
300 g
2
200 =
100 2
200 -150 -100 -50 0
C Entropy (kJ/kgmole-K)

Fig. 3 (a) Arrangement 2: EGR and EXH parallel, (b) Cycle
operation using R30, (c) Cycle operation using water

Fig. 3band 3c show the cycle diagram using wet fluids
R30 and water, respectively. With wet fluids, iragi|ag
evaporator pressures shifts the expansion exie d&ft and
increases the moisture content. Wet fluids are rhiga¢ed to
have expansion exit vapour fractio®.99. As water is the
wettest known fluid the control strategy to redumeisture at
the expansion exit is different from that of R30h&4 using

R30 slight superheating in the two heat exchanigessfficient
to reduce moisture. Hence, the working fluid pesibverlap for
the EGR and EXH coolerF{g. 3bH. However for water, as
sufficient superheat cannot be generated in the EXbler,
large superheating takes place in the EGR coolerc#n be
seen fromFig. 3¢ the steam temperature exiting the EGR and
EXH cooler is at 430 and 265°C, respectively. Thése
streams mix to form a superheated vapour at 370&ford®
entering the turbine.

For ethanol, R30 and acetone the maximum cyclespres
was limited to 40 bar. For the selected organiédfluhigher
pressures increase the net power produced, cortvawater.
For water the cycle pressure corresponding maxinpamver
recovery was 23 bar. This is due to the largesintaheat of
water, leading to the largest latent to sensiblat hatio of any
known fluid. Raising the evaporator pressure beyihed23 bar
limit will only increase the thermal efficiency buéduce the
heat absorbed by the cycle. So these positive auhtive
effects result in an optimal evaporator pressurehmaower than
that of the organic fluids.

It is vital for working fluids in a high EGR ratengine to
not only provide high net power but also to coot tARGR
temperature close to 95°C, without requiring anitamithl air
cooled LT EGR cooler. R30 is able to recover afl 5.2 kW
heat available in the EGR cooletalfle 4. Whereas water
recovers only 72.42 kW of heat available in the EGRIer,
rejecting 25% of the EGR heat. R30 provides 20% emuest
power (25.1 vs. 20.5 kW), nonetheless with reducgdle
efficiency (15.56 vs. 19.38 %) due to the energndperoduced
by steadily decreasing EGR and EXH temperatures.higher
net power advantage with low boiling point of RZB.8°C)
becomes obvious for these temperature levels.

Another interesting conclusion is not only thathiyerall
conversion efficiencies are attainable with R30 blgo that
these efficiencies are possible with lower tempeeatifference
across the expansion stage (155 vs. 305°C). Lovpeesture
drop during expansion will reduce thermal stres$ @an be an
interesting solution to reduce expansion machirst. co

Table. 4 Heat duty, net power and relative sizefor
arrangement 2

Water Ethanol R245fa  R30 Acetone
EGR cooler duty (kW) 7243 9520 9520 9520 9520
EXH cooler duty (kW) 3337 6470 9695 66.15 77.58

LT cond. duty (kW) 8530 13473 17549 136.25 146.25
Net power (kW) 2050 25.17 16.65 2510 2653
Thermal efficiency (%) 1938 15.74 8.67 1556 1535
Total area/Net power 0.67 0.73 1.38 0.76 0.71
A Rad. load (kW) 1287 3953 80.29 4105 51.05

The large latent heat of water reduces the requineds
flow by 12 times (0.036 vs. 0.44 kg/s), this resuh a feed
pump power consumption that is 16 times lesser R (0.13
vs. 2.06 kW). However, in transport applicationsitcolling a
small water flow rate precisely with the changingvitig
condition will be a challenge. For higher overatingersion
efficiency using water, other arrangements or s®urc
temperatures higher than 600°C will be needed.

Like arrangement 1, ethanol, R30 and acetone shatw n
power and relative heat exchanger size within +188%acetone



has the lowest latent to sensible heat ratio anioeghree fluids
it recovers the largest tail pipe heat (77.58 kWjth nearly

equal thermal efficiency (15.35-15.74 %), acetormpces the
maximum net power of 26.63 kW for the parallel EGRd

EXH arrangement.

BCs that capture heat from the exhaust will inceetie
engine cooling load. The increase in the engindirgpdoad is
dependent on the amount of exhaust heat recoverddttee
cycle efficiency. For such a trade off it may bendfécial to
select working fluids that will provide net poweppoaching
that of acetone but with lower increase in the eagiooling
load. Selecting R30 may offer such a solution. R@80deliver
around 10% lower net power (25.1 vs. 26.53 kW)Haute 20%
lower increase in heat rejection (41.05 vs. 51¥05.k

As the exhaust heat exchanger is size constrairgwuld
stay efficient and limit backpressure. Simulatioisgng the 10L
model have shown around 1% increase in fuel consamgue
to the increased back pressure. At conditions wiereeased
heat rejection by the engine cooling module is pugsible, an
exhaust bypass has to be provided.

3.3 Arrangement 3; EGR and EXH for maximum power

In arrangement 2, R245fa recovers 96.95 kW form the

EXH cooler, cooling the exhaust stream to 98°C. Duehe

pinch point limitations, higher critical temperagsr and higher
latent heat to sensible heat ratio, ethanol, R30 acetone
recovered lower amounts of exhaust heat (64.7-KWY. The

arrangement 3, proposedHhig. 4ais the only solution that will
recover maximum EGR and exhaust heat for highespower

for these fluids.

Fig. 4b shows the cycle operating condition with R30 as

the working fluid. The distributed working fluid i®nly
preheated in the LT EGR cooler whereas the workinig is
preheated and partially evaporated in the EXH codMorking
fluid leaving the EXH cooler mixes with the prereghtvorking
fluid reducing its dryness fraction from 0.77 to4®. The 2
phase fluid finally enters the HT EGR cooler wheee
evaporated and slightly superheated.

ComparingFig. 3band4b for the heat source and working

fluid profile match in the heat exchange proceks, superior

profile match offFig. 4bbecomes evident. This is also reflected

in the lower Log Mean Temperature Difference (LMTiD)the
EXH cooler (44.3 vs. 51.7°C).

The additional heat rejection requirements owingthe
future utilisation of exhaust gas heat for wastat iecovery is
anticipated. This makes new low temperature
necessary or, alternatively, the efficiency of 8w engine
cooling modules must be significantly
arrangement 3, maximum power benefit can be actiierging
acetone (29.32 kWtable 5. However, the drawback of
arrangement 3 is the severe impact on the engimdingo
module. The total cooling module heat rejectionréases by
66.54 kW to 271.5 kW. Since this cooling requiremerust
compete with those for engine cooling and chargecablers,
effects upon the fan power requirement and engimebcistion
have to be minimised.

increased. r Fo
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Fig. 4 (a) Arrangement 3: EGR and EXH for maximum
power, (b) Cycle operation using R30

Table. 5 Heat duty, net power and relative size for
arrangement 3

Ethnaol R30 Acetone
HT EGR coolerduty (kW) 4343 52.37 4343
LT EGR cooler duty (kW) 51.76 4283 51.76
EXH cooler duty (kW) 76.01 80.01 9587
LT cond. duty (kW) 14431 14799 161.74
Net power (kW) 26.89 27.21 2932
Thermal efficiency (%) 15.71 1553 1535
Total area/Net power 0.80 0.87 0.86
A Rad. load (kW) 49.12 52.80 66.54

3.4 Arrangement 4;: EGR and EXH series

The drawback of arrangement 2 and 3 is the inccelasel

ragiato On the engine cooling module (e.g. R30: 41.05 ah®@ &KW,

respectively). For EGR and EXH heat recovery whh teast
impact on the engine cooling module series arraegenas

shown inFig. 5ais proposed. As exhaust temperature is lower

than EGR temperature (300 vs. 465°C), to obtainighen
thermal efficiency, the exhaust stream should hesl Usr pre-
heating and partial evaporation and the EGR strelould be
used for evaporating and superheating. The approaeld in
arrangement 4 as depicted by the cycle operatimglitton as
shown in Fig. 5b involves EGR for preheating and partial
evaporation and exhaust for evaporating and supgnge This
approach resulted in slightly lower cycle efficieas but was



nonetheless able to provide the required EGR coolglet
temperatures with least impact on the engine cgatiodule.
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Fig. 5 (a) Arrangement 4: EGR and EXH series, (b) Cycle
operation using ethanol

An additional parameter of interest in this arrangat is
the cooled exhaust temperatures. Using the thuesfshown in
table 6§ the exhaust temperatures were kept above 230°C
Contrary to arrangements 2 and 3, arrangement 4athay the
EXH cooler to be placed post turbine but pre DPF.
Temperature levels over 230°C may allow uninteedpDPF
operation and reduce the thermal cycling in theaesh heat
exchanger. Frontable § BC using acetone cooling EGR to
95°C and receiving 95.2 kW of heat, and coolingaash to
254°C by topping up with 22.27 kW of heat is coesatl the
most optimal. It will produce 18.4 kW of net powaii|l require
the smallest heat exchanger size and will increhseengine
heat rejection by only 4.23 kW.

Table. 6 Heat duty, net power and relative sizefor
arrangement 4

Ethanol R30 Acetone

EGR cooler duty (kW) 95.20 95.20 95.20

EXH cooler duty (kW) 26.16 30.89 2227
LT cond. duty (kW) 102.24 106.46 9943

Net power (kW) 19.12 19.63 18.04

Thermal efficiency (%) 15.75 15.57 15.36
Total area/Net power 0.83 0.85 0.79
A Rad. load (kW) 7.04 11.26 423

3.5Arrangement 5: EGR, HT A/C and EXH

To realise the benefits of arrangement 1, i.e.wegofrom
HT A/C heat and arrangement 4, i.e. least impactengine

cooling module, arrangement 5 is consideredFig 63 the
working fluid is distributed in the LT EGR coolendHT A/C

where it is preheated to a maximum temperatur& 0fQ. After
the preheated working fluid is mixed, the HP purajses the
cycle pressure to a maximum of 40 bar. The worKlogl is

again distributed between the HT EGR cooler and Exdler
where it is evaporated and superheated (if neggssar
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Fig. 6 (a) Arrangement 5: EGR, HT A/C and EXH, (b) Cycle
operation using acetone, (c) Cycle operation using ethanol

Fig. 6band6c describe the cycle operating condition using
acetone and ethanol as working fluids. When conisigethe
heat sourcesHg. 6b, 6cand table 73, two differences are
observed in the HT A/C and exhaust heat profilésaBol cools
exhaust stream to 225 vs. 238°C recovering lapgetion of
exhaust heat (40.54 vs. 30.07 kW) and cools HT #f€am to
112 vs. 95°C recovering lower portion of HT A/C hé¢a7.72



vs. 45.22 kW). With nearly equal thermal efficiendp.63 vs.
15.17%), ethanol results in higher increase in magiooling
load (13.43 vs. 4.21 kW).

expansion machine. When comparing the 5 fluids,, R315fa
and acetone provide the best combination of highesipower
for the lowest volume flow ratios, resulting in dhaa

With arrangements 1 and 5 the average heat additio expanders/turbines.

temperature reduces due to heat recovery from HI. & such
arrangements acetone is most suited offering highbyed EGR
and HT A/C temperatures. For the arrangemeifiign 6, using
acetone will result in a net power of 25.86 kW watf increase
of only 4.21 kW in the heat rejection by the engtuoling
module {able 3. When compared to arrangement 4, for
equivalent increase in engine cooling load (4.214/23 kW)
arrangement 5 delivers 40% greater net power (26s86.8.04
kW).

Table. 7 Heat duty, net power and relative sizefor
arrangement 5

Ethanol R30 Acetone
HT EGR coolerduty (kW) 68.32 68.15 68.01
LT EGR cooler duty (kW) 26.87 27.04 27.19
HT A/C cooler duty (kW) 37.72 35.36 4522
EXH cooler duty (kW) 40.54 41.96 30.07
LT cond. duty (kW) 14633 14591 14463
Net power (kW) 27.11 26.61 25.86
Thermal efficiency (%) 15.63 1542 15.17
Total area/Net power 0.98 1.02 1.04
A Rad. load (kW) 13.43 15.35 421

3.6 Suitability of acetoneand R30

To date there is no consensus as to which worklind fs
best suited for HDDE. Working fluids under investign by
other authors include water, ethanol, and R248fe, 10] A
fluid selection study conducted by the authors highlighted
the advantages of acetone and R30 over these [lLifls

At the selected 65°C condensing temperature acetnde
R30 offer super atmospheric condensing pressur&8,(2.28
bar) compared to sub-atmospheric pressures showwabgr
and ethanol (0.25, 0.62 bar). With sub-atmosphmessures the
ambient air may leak into the system and the thdgmamic
efficiency will reduce.

Acetone and R30 also offer a higher overall corigars
efficiency when compared to water and R245fa. Tikislso

¢Water  MEthanol R245fa
60
50
40
30
20
10

0
0

®R30 X Acetone

Volume flow ratio

n

10 15
Net Power (kW)

Fig. 7 Expansion volume flow ratio vs. net power produced
for arrangement 2.

20

o
n
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When acetone and R30 are compared to the only other

high net power working fluid i.e. ethanol, they efflow
pressure ratios (27.9:1, 16.7:1 vs. 55.2:1) anddensing
specific volume (0.35, 0.13 vs. 0.84%ky). They also offer
higher mass flow rate (0.27, 0.44 vs. 0.15 kg/splecular
weight (58.1, 84.9 vs. 46.1 g/mol) and comparabienhigher
liquid densities (785, 1318 vs. 792 kdJmAll these properties
shown by acetone and R30 are preferable for tusbimed
positive displacement expanders. With the lowestime flow
ratio per net power output, R30 is considered tlostrsuitable.
For maximum power with least impact on the coolingdule
(table 3 R30 produces an additional 9% of engine shaftggow
at the C100 condition with a 15.35 kW increasehia tooling
load.

4 Bottoming cycleswith two expansion stages
4.1 Arrangement 6: Dual loop parallel expansion

As the selected engine platform offers heat atediffit
temperature levels, cycle arrangements using 2ereifit

evident when comparing the results of net power foreévaporating temperatures are also analysed. Tostigeée

arrangement 2. Acetone and R30 produce 26.53 arid K¥B,
respectively compared to water and R245fa whichipece only
20.5 and 16.65 kW, respectively.

arrangements that deliver higher power than armraegé 3
whilst recovering heat from HT A/C, arrangementwhan Fig.
8a was examined.Fig. 8b shows the corresponding cycle

The development of a suitable expansion machine isOPerating condition with R30.

lagging that of the heat exchangers, whether ituibine or
positive displacement expander coupled electricalby

mechanically to the driveline. The properties o€ thelected
working fluid greatly influence the design parametd-or the
arrangements 1 to 5, ethanol, R30 and acetone skbpower,
relative heat exchanger size and change in engiokng load
within £10%. A second valuable criteria used asralicator of
estimating the relative size and cost of BC is egpan volume
flow ratio. To compare all the five fluids discudsso far,Fig. 7

shows the expansion volume flow ratio vs. net popreduced
for arrangement 2. The volume ratio depends orptbperties
of the fluid and gives an idea of the compactnetshe

The working fluid leaving the condenser is disttémiand
pumped by 2 pumps for different temperature levefs
evaporation. The high temperature high pressurp fegovers
heat from the EGR and HT EXH cooler, whereas the lo
temperature low pressure loop recovers heat fram_ih EXH
cooler and HT A/C. The working fluid in all heata®angers are
preheated, evaporated and superheated (if needdthr
expansion at 2 different pressure levels, workilgdfstreams
are mixed prior to the condenser inlet.

BCs with 2 pressure levels have to operate undebést
thermodynamic conditions to achieve a better ireégn. As the
high pressure expansion inlet condition (tempeeatand
pressure) is same as that of arrangements 1 fatifisation of



such cycles are subjected to parametric study ef ltw

pressure cycle.
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Fig. 8 (a) Arrangement 6: Dual loop paralle expansion, (b)

Cycle operation using R30, (c) Parametric optimisation of

theLP cycle

Fig. 8cshows the results of the parametric optimisatipn b
varying the pressure of the low pressure cycleo Msluded are
the heat load of all the heat exchangers and thed@@enser.
For maximum combined net power the pressure lewetke 2
cycles is 40 and 7 bar, respectively.

Since the heat input into the low pressure loopf ibwer
quality (163-134 and 200-126 °C) and quantity (1&81d 32.15
kW), the evaporation temperature is only 107 °CaAesult the
low pressure loop has lower pressure ratios (2ntl) expander
power (4.7 kW). Due to the capacity and pressuiesgositive
displacement expanders like the scroll expandees rapst
suitable. For the high pressure loop, evaporatmmditions are
the same as that considered in arrangement 1 ihé&.high
pressure loop will require a high pressure ratgiqr expander
(16.6:1) for R30.

At this condition the net power produced using RS0
28.27 kW and the total increase in heat reject®©n1.65 kW
(table §. When this result is compared with arrangemetiie3
net power increases only by 4 % (28.27 vs. 27.2) WWile the
increased heat rejection load remains nearly sabfie6g vs.
52.8 kW). Arrangement 6 recovers an additional 82 & heat
compared to arrangement 3, however at a 12% lowele c
efficiency (13.36 vs. 15.53%). The added complexityl cost
of a scroll expander for such small benefits in petver by
arrangement 6 is not justifiable.

Table. 8 Heat duty, net power and relative size for
arrangement 6

Ethanol R30 Acetone
EGR cooler duty (kW) 9520 9520 9520
HT EXH coolerduty (kW) 64.69 66.15 77.58
HT A/C cooler duty (kW) 2943 32.15 3495
LT EXH coolerduty (kW) 1151 13.77 323
LT cond. duty (kW) 72.55 179.00 182.20
Net power (kW) 28.29 2827 28.75
Thermal efficiency (%) 14.08 13.64 13.63
Total area/Net power 0.78 0.84 0.79
A Rad. load (kW) 47.92 51.65 52.06

4.2 Arrangement 7: Dual loop series expansion

An important limitation of the 40 bar maximum cycle
pressure considered in arrangements 1 to 6 witlre working
fluid is the large heat absorbed during isotherimaling. To
improve high temperature thermal match, workingd8uwill
require higher pressures. As higher pressure ayilerequire
higher average source temperature the most
arrangement to explore high pressure expansiory etimanol,
R30 and acetone will be arrangement 2. Howeversidering
R30 with increased maximum pressure in arrangerdent 60
bar increases the cycle efficiency (16.7 vs. 15.p68thout
increase in the net power (25 vs. 25.1 kW). Thibésause at
such high pressures, following the pinch point fations
imposed, the heat recovered in the EXH cooler reslifocom
66.15 to 55.3 kW. As a result, the exhaust streaomily cooled
to 186°C instead of the 163°C as showikig. 3h Furthermore,
to realise the high pressure cycle two stage expasisvill be
needed. The additional cost of the second expansiachine
for no gains in net power produced is unfavourable.

suitable
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Fig. 9 (@) Arrangement 7: Dual loop series expansion, (b)
Cycle operation using R30, (c) Parametric optimisation of
the LP cycle

To exploit maximum exhaust heat with higher cycle
pressures whilst recovering HT A/C heat, arrangemlown in
Fig. 9ais proposed. Like arrangement 6, this layout atstsists

of two different evaporating pressures and the ecyerating
condition is shown inFig. 9b using R30. The working fluid
leaving the low pressure pump is separated intreams. For
the high pressure loop the high pressure pumpduridises the
pressure to 60 bar. The working fluid is then distted in the
high pressure loop. In the EGR and HT EXH coolerworking

fluid is preheated, evaporated and superheatedrt Amen an

increase of maximum cycle pressure from 40 to 60 the

working fluid is also superheated to 260°C. It ssmed that
ethanol, R30 and acetone do not undergo thermahdatijon at
this temperature. This maximum temperature i25°C above
the critical temperature of the working fluids.

For the low pressure loop, the maximum pressure is
governed by the low pressure pump. In the low pres$oop
heat from the HT A/C is used to preheat and péytataporate
the working fluid. The remaining portion of the exist heat is
then used to fully evaporate the working fluid. Tdrg working
fluid stream exiting the high pressure expansiosuissequently
mixed with the low pressure stream and injected ihe low
pressure expansion stage.

Fig. 9cshows the results of parametric optimisation ef th
combined arrangement subjected to varying the maxim
pressure in the low pressure cycle. With the highsgure
expansion inlet condition fixed at 60 bar and 260Fg. 9c
shows the maximum net power being generated whenoth
pressure cycle is at 9 bar. Similar optimisationswalso
performed for other fluids resulting in high andvigressure
ratios of 13:1 and 6.4:1, 6.3:1 and 4.1:1, 13:1 &mi1 for
ethanol, R30 and acetone, respectively. Such preesatios are
favourable for use with positive displacement exjgas.
Furthermore, this is the only arrangement consitlspefar that
has sufficiently low pressure ratios with ethaniod allows the
use of only positive displacement expanders.

Considering R30, arrangement 6 has shown the gteate
power output (28.27 kW). However due to greaterdivare
complexity for only 4% increase in net power conggato
arrangement 3, the arrangement was considered tainksui
Table 9shows the optimised results for arrangement 7. Whe
compared to arrangement 3, R30 produces almost dré%der
net power (29.86 vs. 27.21 kW). The advantage a$ th
arrangement is not restricted to higher net powdr ib also
reduces the increase in engine cooling load from &2 40.35
kW.

Table. 9 Heat duty, net power and relative sizefor
arrangement 7
Ethanol R30 Acetone

EGR cooler duty (kW) 95.20 95.20 95.20
HT EXH cooler duty (kW) 54.80 54.15 65.55
HT A/C cooler duty (kW) 30.17 2954 35.19
LT EXH coolerduty (kW) 16.00 16.06 11.14

LT cond. duty (kW) 166.62 165.09 77.52
Net power (kW) 29.54 29.86 29.55
Thermal efficiency (%) 15.06 1532 1427
Total area/Net power 0.82 0.83 0.81
A Rad. load (kW) 41.26 40.35 47.13

Furthermore, due to improved thermal match in high
pressure loop and additional benefits of increase the
evaporation temperature of low pressure loop fro@Y 1o



114°C the combined cycle efficiency for arrangemeht
improves from 13.64 to 15.32 % over arrangement 6.

The cycle operating condition of arrangement 7 with
acetone differs to that of ethanol and R30. Thibdsause the
critical pressure of acetone is reached at mucledqgwessure
(44.7 vs. 61.4, 60.8 bar). Therefore supercritidalid
parameters are realised. Supercritical state bgpase two-
phase region, which allows it to have a betterrtteémmatch as
evident with the reduced LMTD in the EGR coolemfr¢76.78
to 71.78 °C) when compared to arrangement 6.

4.3 Arrangement 8: Cascade

As shown, arrangement 7 is considered most favéairab
with a maximum power output of 29.86 kW. However order
to evaporate the working fluid in the low pressiwep, the
cycle has to use the low quality exhaust heat rexithe HT
EXH cooler. The low cycle efficiency of the low graire loop
results in an increased load on the engine coafindule (40.35
kW). Considering acetone, with the exception odlagement 5
which recovers all the HT A/C heat (45.22 kW), tbther
arrangements that recover HT A/C heat do not slnisvitenefit
(arrangement 1,6 and 7: 23.18, 35.19 and 34.95 kW
respectively). Hence, high pressure solution tleabver large
amounts of HT A/C heat, with least impact on thaiea
cooling module were investigated by the use of adsc
arrangement as shownhig. 10a

Cascade arrangement consists of two inter-relatéd. B
The high temperature cycle utilises heat from the EGR
cooler and EXH cooler and low temperature cyclevecs heat
from the LT EGR cooler and HT A/C. The condensiogd of
the high temperature cycle is used to fully evafgorthe
working fluid of the low temperature cycle.
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Fig. 10 (a) Arrangement 8: Cascade, (b) Cycle operation
using acetone, (c) Cycle operation using water/acetone (d)
Parametric optimisation of the LT R30/acetone cycle

Fig. 10bshows the cycle operating condition with acetone
as the working fluid. When using organic fluids tihégh
pressure expander inlet conditions are kept cohstal®0 bar
and 260°C.Fig. 10b shows the high temperature cycle with
supercritical mode. Depending on the heat loadalaiin high
temperature condenser, the working fluid in the temperature
cycle may either leaves as saturated or as twoeplgsd. In
Fig. 10h the low temperature working fluid enters the high
temperature condenser with a dryness fraction1f.0.

Using single fluids cascade cycles were investijatgng
ethanol and acetone. However, if leakage and mixihghe
working fluids in the high temperature condensen dze
guaranteed, the possibility also exists of using tifferent

10



working fluids for more suitable operation and/@rformance. isobars) while it increases for wet fluids (divergisuperheated
Fig. 10cshows such a case. Here water is used as thengorki isobars). As the increase in rate of heat additémnperature is
fluid for the high temperature cycle and acetone tfe low lower than that of the heat rejection temperatwgperheat
temperature cycle. Contrary to the maximum presstii® bars  contributes negatively to the cycle efficiency @y fluids.

when using organic fluids, the maximum pressure Wwast
fixed at 20 bars when using water. This upper pressf 20
bars provided the highest overall conversion efficy for the
high temperature cycle.

With the high pressure expander inlet pressure ant
temperature fixed, optimisation of net power wagestigated WF HP pump in WE EXH in
by varying the pressure in the low temperature ecyeig. 10d
shows the results with R30 (high temperature) aredome (low
temperature). With cycle pressures of 60/25 bar dascade W EXHout
cycle generated a maximum net power of 23.68 kat#l¢ 1. WF Recupe in e
For this condition 44.23 kW of HT A/C heat is reeosd with Hib EXF el

. . . . Recupe
an increase in the engine cooling load of 11.75 kW. g De-sup WF Recupe out

HT EGRin
EGR cooler
EGR out MIX-HT

WF EGR in

HP pump TEE-LT1

WF EGR out
EXH in
EXH cooler

HP EXP in

TEE-LT

Table. 10 Heat duty, net power and relative size for WELP pump out VRl MR
arrangement 8

Acetone Acetone
HT EGR coolerduty (kW)  67.12  67.15  67.98  64.48 Zlge S
EXH cooler duty (kW) 34.13 37.62 3543 31.22 A
HT cond. duty (kW) 94.77 98.34 96.64 90.35
HT A/C cooler duty (kW) 37.86 44.16 4423 41.73
LT EGR cooler duty (kW) 27.20 27.92 27.00 30.58
LT cond. duty (kW) 14281 152.73 150.97 14585
Net power (kW) 23.50 24.11 23.68 2217
Thermal efficiency (%) 14.13 13.64 13.56 13.19
Total area/Net power 1.18 1.23 1.23 1.12
A Rad. load (kW) 10.63 13.51 11.75 9.05

W / LT cond
Ethanol Acetone R30 ater [’g_LP pump WF LP pump in = §
)

—— WF EGR Cooler WF HT A/C Cooler
—3#—EGR »—EXH
500

400
300

When results of acetone are compared for arrangegien
and 5, it is seen that arrangement 8 produce 6%rloet power
(24.11 vs. 25.86 kW) and increases the additiorat ho be
rejected by the engine cooling module from 4.123b1 kW. -
With marginally higher net heat input (176.85 v305 kW), -400 -350 -300 250
arrangement 8 delivers a 13% lower cycle efficie(i3.19 vs. B RRERopy RHRPGIo R
15.17%).This is primarily due to the 30°C minimuippeoach
considered for the high temperature condenser. As = —®— NetPower —&—BCEGR Duty BC EXH Duty
consequence of this the heat exchanger footprinnpepower —»—BC Cond. Load #—BC Recupe. Duty
is 20% greater compared to arrangement 5 (1.231\34 215 200
m?/kW). Hence, cascade systems are considered ahkuidue
to no added benefit in net power, higher systensqumees, and
instillation cost and size (due to the HT condenser
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4.4 Arrangement 9: Regener ative power cycle L 50
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As shown byFig. 26 R245fa shows the worst performance 195 | : . |
due to its lower critical temperature. The maximtimermal 210 220 230 240 250 260
efficiency using R245fa is only 8.67%, this is doets lowest C Max Cycle Temperature (Deg C)
evaporation temperature of 151°C. However, the fiterod Fig. 11 (a) Arrangement 9: Regener ative power cycle, (b)
fluids with lower critical temperatures then ethari@30 and Cycle operation using E152a, (c) Sensitivity analysis of the
acetone are the lower volume flow rati&sg( 7). high pressure expander temperature

Dry fluids discussed in arrangements so far invblve
saturated vapour expansion. To increase the avecgge The expansion of superheated vapours of dry flshifts
temperature, working fluids can be superheated. &ffect of  the expansion exit further away from the two-phasgion
superheating a working fluid can be governed by rdte at  towards the superheated region. This substantiate@sed
which the isobars diverge in the superheated regith  amount of superheat will adds to the cooling load the

increasing superheat between two isobaric curvesthermal  condenser. As the temperature of the expanded vapitibe
efficiency decreases for dry fluids (converging exiyeated

0
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more than that of the liquid at the inlet of theslpeater, it is
possible to use a regenerator. A regenerator ingsraliermal
efficiency in the case of dry fluids, due to in®eain the
average heat addition temperature. However, a szgtor also
reduces the net heat recovered, increasing thetityuah low

temperature unrecovered heat. Therefore, a
regenerative cycle will increase the system cosmpaiexity,

total heat exchanger area without increasing thie posver

output.

To take the advantage of lower volume flow ratiffered
by low critical temperature fluids, while increagithe thermal
efficiency and net power produced arrangement 9vslio Fig.
1lais proposed. To comply with directive 2006/40/E&lqbal
Warming Potential < 150 years), E152a is consideasda
substitute to R245fa (110 vs. 1030 years). E152ferof
comparable critical temperature (148.9 vs. 154.1) &od
pressure (43.3 vs. 36.4 bar).

exchanger size due to the regenerator is consiggradgement
8 shows a 9% increase in the heat exchanger areanftenet
power output (1.49 vs. 1.38%kW). No other arrangement
considered generates higher net power for low caititi
temperaturex150 °C) fluids than arrangement 9.

standal

4.5 Arrangement 10: Superheated power cycle

For ethanol, R30 and acetone, one means of impydbie
performance was shown in arrangement 7. By usirgh hi
pressures (60 bar), the improved thermal matchiag ebserved
in high temperature loop. However, even arrangentemas
drawbacks. The increased high pressure from 4®tbad will
require relatively more expensive heat exchandgarghermore,
the heat recovered in the LT EXH cooler to evaportite
working fluid (R30) in the low temperature loop tdiputes
significantly to the 40.35 kW added to the coolingdule. This

Fig. 11bshows the cycle operating condition using E152a.40.35 kW is much lower than 51.65 kW as seen iangement

Arrangement 9 consists of two evaporating tempegalevels
where the high pressure pump is used to raise thking fluid

pressure to 60 bar. The working fluid exiting EGRda&EXH

cooler is at high temperature and supercriticabguees. After
the high pressure expansion, the working fluid wigige

amounts of superheat is used to preheat and evepbe low
pressure fluid entering the regenerator. In thigt heansfer, the
post expansion superheated stream is reduced toatt
vapour levels. This stream is mixed with the evated low
temperature stream and injected into the low presexpander.
A pinch point of 30 °C was considered in the regatuoe.

Table. 11 Heat duty, net power and relative size for
arrangement 9

R245fa El152a

EGR cooler duty (kW) 95.50 93.46
EXH cooler duty (kW) 95.50 93.46
Recupe. duty (kW) 58.06 58.61

LT cond. duty (kW) 16941 166.63
Net power (kW) 21.28 22.02
Thermal efficiency (%) 11.14 11.78
Total area/Net power 1.49 1.48
A Rad. load (kW) 74.22 71.43

The pressure at the exit of the low pressure pusp i

controlled by the amount of heat available in tegenerator.
With the maximum pressure of the cycle fixed at l&0 to
complete the optimisation of the combined unit, easdivity
analysis of the high pressure expander inlet teatper was

performed.Fig. 11cshows no added benefit in the net power

produced with high pressure expander temperatules/ea
245°C. At this point the maximum net power produied?2.02
kW with cycle efficiency of 11.78% tgdble 1). At this
condition, E152a shows very favourable pressure \aoidme
flow ratios of 2.6:1, 2.7:1 and 2.8:1, 3.1:1 acrtiss high and
low pressure expanders, respectively.
When results of R245fa for arrangement 9 are coetpar

with arrangement 2, which also recovers EGR andcuesthheat.

6. Nonetheless further reduction of load on theirmgooling
module is desirable.

For the arrangement of wet fluids like R30 and fisgric
fluids like acetone considered so far, the maximexpansion
inlet temperature was at minimum superheat andraatl
vapour, respectively (with the exception of arrangat 7).
Superheat levels were restricted to satisfy tharmim dryness
fraction €0.99) at the outlet of the expansion. From
thermodynamic point of view, if the thermal levelthe source
is high enough as is the case of arrangement Zriseated
cycles can deliver improved efficiencies. With diyieag isobars
in the superheated region, cycles with ethanol, &3 acetone
will see higher average working fluid temperatuaesl higher
net power. However, large superheating to highemptratures
has the undesirable effect of increased load onctirelenser
due to de-superheating.

To benefit from superheating, reducing pressures) f60
to 40 bar and avoid de-superheating in the condgnse
arrangement 10 shown irFig. 12a is proposed. The
corresponding cycle operating condition is showrFig. 12b
using acetone. In the high pressure loop, the pighsure pump
increases the pressure to 40 bar. The working #uiting the
EGR and EXH cooler is superheated at 260°C. In Itve
pressure loop, the working fluid is preheated aradtialy
evaporated in the HT A/C. The large superheatedwagxiting
the high pressure expansion is mixed with the tivase liquid
exiting the HT A/C to form saturated vapour. Thetusated
vapour is injected into the low pressure expanstage. To
recover larger amounts of heat from the HT A/C, waking
fluid exiting the high pressure expansion shouldehdigh
superheat levels.

With the high pressure and temperature fixed atbdb and
260°C, parametric optimisation of the low presscyele was
performed for maximum power recoverlyig. 12c shows the
influence of the low pressure cycle on the net popreduced
using R30. With high and low pressures of 40 ancaf the
combined system shows maximum net power of 28.17 kW

For nearly equal heat addition (191 vs. 192.15 kW)’(tabIe 12.

arrangement 8 has a 28% higher thermal efficieddyld vs.
8.67%). As a result arrangement 9 produces higkempawer
(21.28 vs. 16.65 kW). When the impact of increaseszht

Comparing to the highest net power arrangement i.e.
arrangement 7, arrangement 10 shows a 6% redudtion
maximum power (29.86 vs. 28.17 kW). However, areangnt
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10 is considered more suitable as the increasedhnejection is
much lower (30.69 vs. 40.35 kW) and the cycle withduce an
additional 9.5% of engine shaft power. Furthermdreth the
arrangements recover nearly equal amount of heat oI A/C

(29.54 vs. 28.68 kW), have similar thermal effides (15.32
vs. 15.42%) and heat exchanger area per unit powput (0.83

vs. 0.81 rf/ kW).
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Fig. 12 (a) Arrangement 10: Superheated power cycle, (b)
Cycle operation using acetone, (c) Parametric optimisation
of the LP cycleusing R30
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Arrangement 10 also provides a flexible controhtsgy
over a wider engine operating map. For high wastath
conditions the BC will operate as shown in the @i&ram in

Fig. 12b When the available waste heat decreases, edgenial
HT A/C for example at A25 (low speed, low load)e ttow
pressure loop is by-passed and the BC will opaatshown in
Fig. 3h For such conditions the BC will effectively opers as
an EGR and EXH parallel layout.

Table. 12 Heat duty, net power and relative size for
arrangement 10

Ethanol R30 Acetone
EGR cooler duty (kW) 95.20 95.20 95.20
HT A/C cooler duty (kW) 2841 28.68 32.67
EXH cooler duty (kW) 57.42 58.86 59.96
LT cond. duty (kW) 153.06 15457 159.27
Net power (kW) 27.96 28.17 2856
Thermal efficiency (%) 1545 1542 1521
Total area/Net power 0.77 0.81 0.76
A Rad. load (kW) 29.46 30.69 31.40

5 Optimal performance and system related trade-off

To summarise the impact of the different BCs and
operating conditions on the 10L engirieg. 13 shows the net
BC power (green), increase in the engine cooliragl IFed) and
relative BC heat exchanger size (purple) for the 10
arrangements. The working fluid for arrangemens Ei152a.
All other arrangements iRig. 13use R30.

As the negative impact of the BC on the engine ingol
load should be minimal, arrangement 3, 6 and cansidered
unsuitable. They will increase the heat rejectioandl on the
cooling module by 52.8, 51.65 and 71.73 kW, respelst This
is an increase of over 25% heat load on the coatindule.
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0 | m R [ |

’)0.

10‘ l

0- -
1 2 3 4 5 6 7 8 9 10

Cycle arrangement number
Fig. 13 Comparision of cycle arrangementsfor optimal
performance and system related trade-off
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Comparing the remaining single stage expansion
arrangements (1, 2, 4 and 5), arrangement 2 (EGREXH
parallel) and 4 (EGR and EXH series) are unfavderab the
present application as they do not recover any fneat the HT
A/C. These two arrangements are more suited tow&BR rate
engine, where the load on the HT A/C is much lowemce, for
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maximum power recovery, with the least impact am ¢boling
module arrangement 5 is considered the most saitaithin the
single stage expansion arrangements.

Within the remaining two stage expansion cycles§7
and 10), the arrangement 8 (cascade) has a lowctngpathe
cooling module but due to one of the largest BCtgddots,
cascade arrangements are also discounted. Fomithesthge
expansions arrangement 10 is considered more kuitaler 7
due to nearly equal net power (28.17 vs. 29.86 kBQ, heat
exchanger size (0.81 vs. 0.83/tkwW) and lower increased load
on the cooling module (30.69 vs. 40.35 kW).

The two optimal arrangements i.e. arrangement 514hd
also have lower maximum pressures than arrangefent 8
and 9 (40 vs. 60 bar). The benefits of acetone RBA were
highlighted insection 3.6however, due to the highest power for
the lowest volume flow ratio R30 is considered tmest
suitable for 40 bar single stage expansion. F@angement 5, a
piston expander with volume flow ratio and presstato of
16.7 and 16.6, respectively, suffices. Arrangenigénincurs the
additional cost of a compact expander. However, lthe
pressure ratios due to the 2 stage series expaatgonallow
acetone and ethanol as alternatives. The two sélect
arrangements will generate over 9% of engine shafter at
C100, improving the fuel consumption by over 8.2%.

6 Conclusion

With increasing fuel prices and anticipated redofet for
CO, emissions from long haul trucks, the focus will éxeen
more towards effective thermal management of esgihg
converting waste heat into mechanical or electpcaber. This
paper analysed a systems approach to Euro 6 N@xtied and
WHR using a BC on a 10L heavy duty Diesel engingthW
expansion states including saturated vapour, sepeztl and
supercritical phase, 10 different cycle topologiegere
investigated using thermal energy recovered from kigh
temperature after-cooler, EGR cooler and exhauststy@ams.
The topologies were analysed in terms of cyclecifficy, net
power output, relative heat exchanger size and mettic
expansion ratio. Optimisation of the BC was invgsttéd by the
selection of working fluid, its cycle operating dition and
associated process integration. The paper discusbed
influence of working fluid on operating pressurkdent heat,
expander design, overall conversion efficiency efiectiveness
of superheating.

A single stage expansion (arrangement 5: EGR, HT A/

arrangements will generate over 9% of engine shafter at a
high load condition, improving the fuel consumptiby over
8.2%.
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and EXH) and a two stage expansion (arrangement 10:

Superheated power cycle) are considered the mashalpfor
performance and system related trade-offs. The dqgsed
arrangements use sub-critical pressures of 40 bawxe
favourable heat exchanger footprint, offer high pewer and
have a low negative impact on the engine cooliredlo~or
single stage expansion, R30 is suggested as thewoeking
fluid due to the highest power for the lowest volufiow ratio.
A piston expander with volume flow ratio and presstatio of
16.7 and 16.6, respectively, suffices. For the tamge
expansions, acetone and ethanol can also be coedjdas
parametric analysis resulted in pressure and volflowe ratios
< 10:1 for all the three fluids in both expanderhieTtwo
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