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Summary

In recent years, there has been a great deal of waste heat energy being released into the
environment, such as exhaust gases from turbines and engines and waste heat from industrial
plants, which lead to serious environmental pollution. In additibere are also abundant
geothermal resources and solar energy available in the world. These heat sources are
classified as low grade heat sources. Therefore, more and more attention has been paid to the
utilization of low grade waste heat nowadays far pgotential in reducing fossil fuel
consumption and alleviating environmental problems.

Since conventional steam power cycles cannot give a better performance to recover
low grade waste heat, the organic Rankine cycle (ORC) is proposed to recover low grade
waste heat. There are several advantages in using an ORC to recover low grade waste heat,
including economical utilization of energy resources, smaller systems and reduced emissions
of CO, CO2, NOx and other atmospheric pollutants. The main advantage GRC is its
superior performance in recovering waste heat with a low temperature.

Besides the ORC, researchers have proposed various thermodynamic cycles, such as
Kalina cycle,Stirling cycle, andEricssoncycle, to convert this lowgrade heat sourcestin
electricity. Although there is more power output for the same heat input with Kalina cycles
compared to ORCs, the ORC syetem is much less complex and needs less maintenance.

The Organic Rankine Cycle a cost efficient and proven method of converting |
temperature waste heat to mechanical and/or electrical energy. This opens up the possibility to
exploit low-grade heat that otherwise would be wasted. It can play an important role to
improve thehermalefficiencyof internal combustion engines.

A thermal engine converts 30 % of the fuel energy into mechanical shaft work; the rest
of energy is wasted through the cooling liquid and the exhaust gases. Thus, it would be
possible to convert this wasted heat in order to improve the engine overallnefficad
reduce the fuel consumption of the vehicle.

This paper describes the performance of exhaust heat recovery using an ORC in a
passenger car.

In chapter 1the characteristics of a passengerlzsed internal combustion engine
are analyzed. Fronxbaust gas temperatures and exhaust gas mass flows, the characteristic of
available waste heat over load and speed is estimated.

To design a reasonable system to utilize various waste heats from the diesel engine
with high efficiency, studying the energistribution in the running process of the diesel
engine is necessary. When an engine is running, the energy and exergy quantities of the
exhaust and the coolant are significantly different. Because of this, it is very difficult to design
a system that cacomprehensively recover waste heat from both the exhaust and the coolant
of that system. A foucylinder inline diesel engine is used as the object of analysis. The
main technical performance parameters are listed in Table 1.
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When a vehicle is runningh¢ engine speed and load can vary through a wide range.
Therefore, the engine performance test was conducted in an engine test cell in order to obtain
the thermodynamic parameters of the exhaust and coolant systems overall possible engine
operating regiongs defined by the engine speed and output torque. For our measurements,
the minimal and maximal engine speeds were set to 1000 rot/min and 4500 rot/min,
respectively. The intermediate speeds were selected using a step increment of 250 rot/min,
starting fom the minimum engine speed. At each selected engine speed, different load values
were selected, ranging from a 100% load to a minimal stable load value. The values for the
output torque, the output power, the engine speed, the mass flow rate of theaintike
injected fuel quantity, the exhaust gas temperature, and the coolant temperatures at the outlet
of the engineds water jacket were al/l record

Table 1: The main technical performance parameters of thdiesel engine [3]

ltems Parameters Units
Model Diesel [-]
Cylinder number 4 [-]
Stroke and cylinder bore 88.3x75 [mm]
Displacement 1560 [cm?
Compression ratio 18:1 [-]
Air intake type Turbocharged and Intercooled [-]
Fuel injection system High pressure common rail [-]
Rated power 80 [kwW]
Rated speed 4000 [rpm]
Maximum torque 240 [Nm]
Speed at maximum torque 1800 [rpm]

The distribution of fuel energy released by combustion under a certain operating
condition of the diesel engine is depictesing the first law of thermodynamics, which is:

(5cb = P"'(ﬁr +(§g +(§rest

Where:(ﬁ*dD is the heat flux received through fuel combustibnis the amount of

1)

mechanical power producec(ﬁr is the heat flux rejected through the water cooling system;

69 is the heat rejected through the exhaust gases@,@g is the heat flux rejected through
radiation and incomplete combustion that cannot be directly determined in this stage.

The heat flux received through fuel combustion can be computed as:
&p = pHic 2)
Where #,[kg/ slis the fuel mass flow rate and;y, =4200kJ/kq] is the inferior

fuel heat value. The inferior fuel heat value is considered from data available in literature
[5,6].

Next, the heat flux rejected through the water cooling system can be computed as
follows:

& =rculte i) 3)
In eq. (3)m,[kg/s] is the water mass flow rate;, = 4.18GkJ/kgK] is the water

heat capacity;ts[ C] and t;[ C] are water temperatures at engine outlet and inlet,
respectively.
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The heat fluxcﬁg[kvw rejected through exhaust gases is computed as:

(59 = 6eg - (gair (4)
Where,(ﬁeg[kW] is the total heat flux available in exhaust gases(ﬁad[kvw is the
heat flux due to the fresh load.

The quantity of waste heatontained in exhaust gas is a function of both the
temperature and the mass flow rate of the exhaust gas:

e =HigCpgTg (5)
In eq. (5)rg[kg/s]is the exhaust gasses mass flow raig;[kJ/kgK] is the heat
capacity at constant pressure of exhaust gaseé'g';{rl'q Is the temperature of exhaust gases.

Heat capacity of exhaust gases is considered freailable data in literature according to
experimental data [5].

The heat flux due to the fresh load can be determined:
(ﬁair = Wyir Cpair Tair (6)
Where, #yjr[kg/ ] is the air mass flow ratep,ir =1.013kJ/kgK] is the heat

capacity at constant pressure and its value is considered from data available in literature [7]
and T, [K] is the measured ambient air temperature.

One common way to present the operating characteristics of an internal combustion
engine over its full load and speed range is to plot brake specific fuel consumption contours
on a graph of brake mean effective pressure (or engine torque) versus enghe spe
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Fig. 1 Brake specific fuel consumption [g/kWh]
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The measured engine performance map is displayed in Figure 1. The lowest brake
specific fuel consumption (b.s.f.c.) zone is situated at the high duty range between 1500
rot/min and3000 rot/min and the minimum b.s.f.c. value is less than 210 g/kWh.
The effective thermal efficiency is defined as the ratio of the output torque at the
flywheel end to the fuel combustion energy, and the results are given in figure 2. The
effective thermbefficiency reaches a peak of greater than 40% in the low b.s.f.c. region.
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The fuel energy released by combustion is shown in Figure 3. As the engine speed and
engine load increases, the fuel energy released by combustion increases gradually. Such
phenomenon is primarily caused by the increase in fuel consumption and intalkessiiTime
combustion energy increases almost linearly with the engine output power, achieving 220 kW
at the rated power point. Note that the waste heat quantities of the exhaust and the coolant
vary in a similar fashion. The variation of the waste heat tifyacarried by the coolant
system and exhaust gases over the whole operating range, are shown in figures 4 and 5.
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Fig. 4 Energy part of cooling system [kW]
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Fig. 5Energy part of exhaust [kW]

The purpose oBecad chapter isto compare diffeent waste heat recovery system
technologies designed for automotive applicatidiie exhaust line waste heat energy can be

10
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recovered by differenheans. The use of heat engidescribing thermodynamic cycles such
as Rankineand Stirling engines is possible. A turbine similatie one of car turbocharger
can also be used (turbocompounding) and coupled to an electric mawhite the
transmission line of the vehicle. Thermoelectricity is another alternative in which heat is
directly converted into electricityTurbocompounding and Rankine cycle systems are the
most probabléechnologies to be soon integrated into passenger cars.

The third part reviews the history of interrmmbustion engine exhaust waste heat
recovery focsing on Organic Rankine Cycles since this thermodynayite works well
with the mediurmgrade energy of thexhaust. Selection of the ORC arhitectuerpander
designand working fluid are the primary focus of the review, since they are regarded as
havingthelargest impact on system performance.

For each intended applitan, the additional expenditur@nd complexity associated
with incorporation of preheating withngine coolant waste heat or a recapmrabove the
traditional Rankine cycle should be weighejainst the resulting efficiency gains. No
configuration is optimalfor every waste heat sourcbpnce, a thermodynamic analysis
targeting the specific source must be conducted first.

Review of the literaturelemonstrates #t selection othe working fluid and expander
has a significant inflence on thefficiency of the WHR systermMost applications achieve
the highest ORC efficiencies using nearly isentropic and high criteralperature working
fluids. However these crieria fail to addresaumerous practical design conditsyrsuch as
operating pressureg;omponent sizes, expander rotatiospeeds, expansion ratios, and
environmental concerns. Thus, tgace available onboard mobhilaste heat sources should
be detemined prior to cycle design.

Results demonstrate a potential fuel economy improvearennd 10% with modern
refrigerants and advancements in expander technology.

Chapter 4describes the performance of exhaust heat recovery using an ORC in a
passengercar The heat transfer properties are evVveé
region based on the measured data. Subsequently, a mathematical model of the plate heat
exchangers is created based on the specific ORC working conditions. The main aires of thi
study are 1) the determination of the proper working fluid for ORC system, and 2) the
calculation of the heat transfer coefficient and the required surface area for the plate heat
exchangers (evaporator and condenser).

The ORC is a vapor power cycle usachumerous applications to gemate electrical
power. Figure 6shows a schematic of a simple ORC. It is composed by four main
components: a pump, an evaporator, a turbine/generator and a condenser.

Compressor

] /[ \
HOO00| e [ ——

Exhaust

Generator @— Expander

Y L’\/\,:—lr'\/\,,_

Condenser

Fig. 6. Schematic of an ORC for engine exhaust heziwery
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The associated 6 diagram of the ORCsi described in figure .7The ideal
thermodynamic cycle includes the following processes: an isentropic compression process in
a pump (12), an isobaric heat transfer process in an evaporat), gh isentrojg expansion
process through a turbine (or other expansion maching), (8hd an isobaric heat transfer
process in a condenser{4l).

T[]

Tew

P

Teag

Tamn

Fig. 7. Tis diagram of the ORC

The performance of the Rankine cycle depce
as well as the pump and expander selection. The approach used in this work draws inspiration
from the work of Vargas et al. [5] where the evaporator is assumed to be divided into three
subsegments fia preheater, a b o iahdehe coaderdser @ S u p ¢
split into two virtual zones corresponding to the state of the working fluid [6] i.e. two phase
and gas phase.

Before create the mathematical model of this system to simplify the analysis, some

general assumptions are formulated as follows:

ASteadystate and steadjow condition;

A  No pressure drops in heat exchangers

A The c o naaturessassumedtore 45 °C;

A Exhaust gas t emp e oratdr isrl40 °G due to Iprevent x i t

condensation of components;

A The expander mezt®nical efficiency, E

A The efficier80 of the pump, E

A  Ambient temperature is 20 AC;

A Heat exchanguwe9%effectiveness (

After choosingthe working fluid, the mass flow rate of the working fluid and the heat
transfer rates for all zones are computed according to energy equation. Subsequently, the
corvective heat transfer coefficients of each zone are calculated according to the heat transfer
correlations and the thermodynamic properties of the exhaust gas and working fluid on each
side. Furthermore, the overall heat transfer coefficient of each zaiained. Then, the heat
transfer area required for each zone is determined using the logarithmic mean temperature
difference (LMTD) method.

12
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The total heat transfer rate between the counter flows in plate heat exchangers can be
calculated as follows:

6pr = Wt (h25at - h2) = H‘:"gasCPpr (tgL - tgasout) )
@ap = et (h35at - hZSat) = HqgasCPvap('[gV - tgL) (8)
(553 = Mgt (h3 - h35at) = MgaCpsi(tgasin - tgL) 9
6des = et (M - h5) = e Cpaer(taout - tamed) (10)
6cond = Py (h5 i hl) = MaerCpaer(tamed- tain) (11)

The logarithmic mean temperature difference can be obtained from the basic counter
flow LMTD equation:

— I:)Tmax - I:)Tmin
DTm - DTmax (12)

DTmin

In

The phasehange heat transfer process generally has three stages in which the heat
transfer coefficient abides by different correction equations: liquid phase stagehas®e p
stage and vapor phase stage. The heat transfer processes feplsisgldlow and twghase
flow are respectively discussed below.

In the single phase flow zonthe Chisholm and Wanniarachchi correlation is
employed to calculate the Nusselt numli@r both hot fluid and cold fluid, which is a
function of the Reynolds, Prandtl numbers and the chevron angle of the plates [11]:

265 c~)O.646
Nu = 0.72&77 0  Re83pf/3 (13)
(;; -

In the twophase region (condsation or evaporation), the fluid properties such as
density, specific heat, viscosity and thermal conductivity are observed to suffer from dramatic
variations with the quality variation of organic working fluid. For this reason the heat transfer
process n the twoephase region is divided into relatively small sections, with so slight
property variations in each section that constant properties can be assumed.

For condensatiorand evaporationprocess,in two-phase regionNusselt number is
cal cul ated wusing Yan and Linbés correlation.

o "’OSQ
/3 05¢ 9 5
Nugy =1.926P;"° Bogs) Re g- x,+x,§rv§ u 14)
& C'VT o
/3
Nuc(j) = 4.118Regy;) Pr (15

A program was created tevaluate the evaporator and condenser performance in
Engineering Equation Solver (EES) according todstablished mathematical model

The first step in the design procedure of an ORC system is the selection of the organic
fluid. To select an appropriateorking fluid to achieve the maximum thermal efficiency and
exergy efficiency in various working conditions, a preliminary selection was conducted. In
addition, material compatibility, flammability, toxicity, global warming potential (GWP),

13
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Ozone depletiorpotential (ODP) and other properties also need to be considered when
selecting working fluids. Based on these considerations five working fluids are used in the
present study, their basic physipalrameters are shown in table 2
Figures below show thperformances of working fluids investigated for the ORC
system on following criteria: thermal efficiency, net power output per unit mass flow rate and
total heat transfer area per net power output.

Tabel 2: The basic properties of the selected working fids

No. | Working | Type of fluid | t[°C] | per[bar] ODP GWPio | Safety group
fluid classification
1 R245fa Isentropic 154 36.4 0 1030 Al
2 SES36 Dry 177.5 28.49 0 Al
3 R123 Isentropic 184 36.6 0.06 93
4 R600a Dry 152 37.96 0 3
5 R141b Isentropic 204.2 40.6 0.11 630

Comparing the higheshermal efficiencywalue presented by eaflbid, R141 is the
highest one of about 15.26at evaporatingressure 3.%Pa, followed by R123 (14.75%,
3.66 MPa)> SES36 (13.53%, 2.85 MPa) > R24%12.22%, 3.64 MPa) > R600a (10.53%,
3.62MPa).

Thermal efficiency

18
16
© 14
iy 12 : —e—R123
10
. “/ —e—R245fa
6 R600a
4 —e—R141b
2 SES36
0
0 5 10 15 20 25 30 35 40
p_ev [bar]
Fig. 8 Variation of thermal efficiency with evaporating pressure
ORet power output
3.5
3
_. 25
= —e—R123
5 2
¥ —e— R245fa
O 15
o . R600a
—e—R141b
0.5
SES36
0
0 5 10 15 20 25 30 35 40
p_ev [bar]

Fig. 9 Variation of net power output per unit mass flow rate with evaporating pressure
14
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As shown infigure 9 ORC net powervalue is increasig as the increase of
evaporating pressured.he increase trend of various working fluids is obvious at low
evaporatingpressures and becomes smooth near critical pregsueng all the considered
working fluids, R141kpresents the higheset powewalue of about 3.08RW at evaporating
pressure 3.MPa.

Evaporator heat transfer area per net power output

= —e—R123

x —e— R245fa

O 0.13

o R600a

= 7T

> —e—R141b
SES36

0 10 20 30 40
p_ev [bar]

Fig. 10Variation of evaporator heat transfer area per net power output with
evaporating pressure

Condenser heat transfer area per net power output

18
16
S 14
’
E 12 —e—R123
O 1
X —e—R245fa
G, 058
R
2 06 600a
:l 04 —e—R141b
0.2 SES36
0
0 5 10 15 20 25 30 35 40

p_ev [bar]

Fig. 11Variation of condenser heat transfer area per net power output with
evaporating pressure

It is noted that loweheat transfer area per net power outpalue expresses that
smaller total heat transfer areas woblel needed in order to achieve the same net power
output whichcan indicate the heat transfer performanceraddce the systemvestment in
some aspedB]. As we can see form figures 10 and 11, SES36 and Rdddw the lowest
values

As a results, the R141b show the best performance for the ORC system, but if we are
consideringhe environmental characteristi@®DP value €.20 andGWP value < 1500)the
R245fa will be chosen as working fluid for our study.

15
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To evaluate theplate heat exchangeperformance, we first obtain the@aste heat

quantities of the exhaust of the diesel endifie The variation of the teg transfer rate for
eachzoneaccordingly withe nt i r e engi n e Oispreseptedrinafigures 4. r egi or
This variation characteristic is similar to that of the engine power because the waste heat
energy provided by the exhaust gas increases wginemower. At the rated power point, the

overall heat transfer rate reaches 60 kW.

25 | : !
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Fig. 12Qpr
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Fig. 13Qvap

The values of the arall heat transfer coefficienlepend on the heat transfer
coefficient on théothhotand cold side
16
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The heat transfer areaquiredfor each zone is calculated using tdTD method

figures 15 -18. At the rated power pointhe heat transfer areas @faporator and condenser
are 0.35m2, and 2.15m?, respectivelyThe area opreheateandboiler zones isncrease with
engine speed and engine loakile thearea ofsuperheateis decrease witkngine speed and
engine load The percentage area for preheater zone is approximé@@ly from total
evaporator areawhile for boier zone is 2% and for superheater zone is 10. %he
desuperheater heat transfer area is almost 35% from condenser area.

Fig. 14 Qsi [kW]

Fig. 15 Heat transfer area for preheated zone [%]
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