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This article presents an optimization study of the Rankine cycle operating parameters as a function of diesel
engine operating mode. The Rankine cycle here is studied as a waste heat recovery system which uses the engine
exhaust gases as a heat source. The engine exhaust gases parameters (temperature, mass flow rate and composition)
were defined on the engine test bed at constant engine speed and variable load. It was found that the exhaust gases
temperature is within the range of 167°C to 557°C and the mass flow rate varies from 88,5kg/h to 281,3kg/h. An engine
speed of 2000 rpm was chosen in this study due to the fact that this speed provides higher engine thermal efficiency. The
Rankine cycle thermal power and efficiency was numerically estimated by means of a simulation code in Python(x,y).
This code includes discretized heat exchanger model and simplified model of the pump and the expander based on their
isentropic efficiency. The Rankine cycle working fluid mass flow rate was varied within the range of 1g/s to 10g/s and
the working pressure was within the range of 5bars to 25 bars. The numerical results revealed that the cycle thermal
power increases slightly as a function of engine load. Thus, the optimal operating parameters of the Rankine cycle

depend on the heat source.
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1. Introduction

The future CO, emissions restriction imposed to the
internal combustion engines is difficult to be met by
means of available technologies. The waste heat
recovery system based on Rankine cycle seems to be a
promising method for increasing the engines thermal
efficiency.

The engine waste heat recovery system based on
Rankine cycle was recently largely studied [1-11]. In a
previous study of our team [1] the parametric analysis
of the Rankine cycle based waste heat recovery from
exhaust gases of a diesel engine was conducted. The
results in this study revealed the improving in the
engine output power from 1,7% to 3% in the studied
engine operating points. The estimated Rankine cycle
output power was ranged from 0,25 kW to 1,0kW. In
[2], the effect of waste heat recovery system by means
of Organic Rankine cycle (ORC) on the passenger car

engine fuel consumption was studied. This study
revealed reduction in fuel consumption by 5,96%.
Punov et al. [3] presented a study on the impact of a
waste heat recovery system based on Rankine cycle on
the fuel consumption of an diesel engine for passenger
car. The results revealed lower fuel consumption up to
7,57%.

Domingues at al. [4] studied different types of
heat exchangers. For an ideal heat exchanger the
simulations revealed higher engine thermal
efficiency from 1,4% to 3,52%, while for a shell
and tube heat exchanger, the simulations showed an
increase of 0,85% to 1,2% on the thermal
efficiency. The work of Peris at al. [5] is focused on
waste heat recovery from the engine cooling
system. Results show that the Double Regenerative
ORC using SES36 has the maximum net efficiency
of 7,15%, increasing the engine thermal efficiency
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by up to 5,3%. In the paper reported by Zhu at al.
[6], a theoretical study of a bottoming Rankine
cycle for engine waste heat recovery is conducted
from energy and exergy point of view. The results
revealed that the global recovery efficiency does not
exceed 14% under typical operating conditions.

Wang et al. [12] reported a dual-loop ORC
optimization. Their study represented that ORC
output power increased with increasing the
evaporation pressure.

Thus, the aim of this study is a parametric analysis
of the steam Rankine cycle implemented as waste heat
recovery technic in a diesel engine exhaust system at
various engine operating points.

2. Experimental and numerical approach

This study was conducted in two parts -
experimental and numerical. For our numerical study a
simulation code was developed in Python(x,y) while
the experimental study was conducted on our engine
test bed at Department of combustion engines,
automobiles and transport in Technical university of
Sofia.

2.1 Experimental equipment

The engine under study is a 2.0 | four-cylinder
high-pressure direct injection (HDI) diesel engine
developed by PSA Peugeot Citroen. The maximum
output power is 101kW at 4000rpm and the maximum
torque is 320Nm at 2000rpm. The engine is equipped
with a variable geometry turbocharger. The boost
pressure is limited to 1.3bar. The Common rail system
of the engine is produced by Delphi. The maximum
injection pressure is 1600bar. The engine is also
equipped with an exhaust gas recirculation (EGR)
system and post treatment system including a catalytic
converter and diesel particulate filter (DPF). The
cylinder is equipped with four valves per cylinder. The
main geometrical parameters of the engine are listed in
Table 1.

Table 1
Number of cylinders 4
Total volume 2L
Cylinder bore 85 mm
Cylinder stroke 88 mm
Compression ratio 17,6
Valves per cylinder 4

The experimental study was conducted at
Department of combustion engines, automobiles and
transport. The test facility includes an engine test bed
equipped with hydraulic brake, flexible diesel engine
management system and data acquisition system for
data analysis. The engine test bed is shown in Fig. 1.

The engine is mechanically coupled to hydraulic
brake D4. The maximum power absorption from the
brake is 257 kW at 4500 rpm. A strain gauge sensor is

Figure 1. Engine test bed

used in order to measure the brake force. The sensor
was produced at Technical university of Sofia for
operating range from 0 to 1500 N. Two mechanically
controlled valves are used to control the brake.

In our experimental research the engine operation
was controlled by means of Real Time controller
produced by National Instruments and specialized
modules for control and measurement produced by
Drivven. A Lab View project was developed in order
to control the engine operation. The entire system
provides large functionality such as: injection process
control with up to five separate injections per cycle,
injection pressure control, boost pressure control,
exhaust gas recirculation (EGR) control etc. The front
panel of the project host application and the system
hardware are shown in Fig. 2.

Figure 2. The front panel of the project host application and the
system hardware



2.2 Numerical model

A 0D physical model of the Rankine cycle in
steady-state operating mode was developed assuming
some simplification on the pump and expander
machines. Then, the Rankine cycle model was
transformed into an simulation code in Python (X.y)
[13]. Thermo-physical properties of the working fluid
were defined by means of database CoolProp
integrated to Python(x,y). The Rankine cycle consists
of following elements: working fluid, pump, heat
exchanger (evaporator), expander and condenser (Fig.
3).
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Figure 3. Model of the Rankine cycle

The pump increases the fluid pressure (process 1-2)
at relatively constant temperature. Then, the pump
power consumption can be estimated as follows:

Pp — mwf'(hZiS_hl) (1)
Mp

where m,; —working fluid mass flow rate [kg/s]; hi,hzis
— working fluid specific enthalpies at point 1 and 2,
respectively [kJ/kg]; n,, —pump isentropic efficiency.
In order to improve the accuracy of the simulation a
discrete heat exchanger model was developed Fig. 4.
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Fiaure 4. Discrete model of the evaporator

The evaporator heat flow rate was calculated taking
into account the temperature of fluids, heat transfer
surface and heat transfer coefficient as follows:

Qhe[z] = Ap)- K- (TgaS[i] — Twy [i]) @

where A — heat transfer surface[m’]; K — total heat

transfer coefficient [W/(m.K)]; Tgas: Twi — temperature
of exhaust gases and working fluid [K], i- number of
the heat exchanger cell.

Overall heat transfer coefficient was estimated by
means of following equation:

1 1, (dy—-dq) , 1

E = “_1 + —Z.k + 01—2 (3)
where a, - heat transfer coefficient of the working
fluid; a, - heat transfer coefficient of the exhaust gas; k
— thermal conductivity of the wall material; d,,d, -
internal and external diameter of the tube [mm].

Heat transfer coefficient in respect to working fluid
was estimated using correlations for single and two-
phase flows. In case of single phase fluid Dittus et
Boelter equation [14] is used:

_0,023.Re%8pr0% )
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where 4 - thermal conductivity [W/(m.K)]; D -
characteristic distance for fluid flow (in our case D =
dy).

Within  two-phase zone the Kenning-Cooper
correlation [15] is used:

_ [1+1,8.X7087].0,023.Re*8Pr0* 1
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where X is known as the Martinelli factor [14], as
given in the following equation:

= ()@ 6" ®

where x - the vapor quantity; p,, p;- the vapor and
liquid densities [kg/m°]; v,,, v, - the vapor and liquid
viscosities [Pa.s].

Heat transfer coefficient in respect to exhaust gases
was estimated by means of single phase correlation (4),
using the values for the thermal conductivity,
characteristic distance, Reynolds and Prandtl number
correspond to exhaust gases.

The overall heat flow from exhaust gas to the
working fluid was estimated as follows:

Qhe = 2?21 Qhe[i] (7)

The efficiency of the evaporator can be estimated
by means of following correlation:

myr.(hz3—hy)
Mg.Cpg(Tge=To)

NuE = 100 8

where: T - inlet temperature of the exhaust gases
[K]; 7o —ambient temperature [K]; m,— mass flow rate
of the exhaust gas [0/s]; ¢, — specific heat capacity at



constant pressure of the gas [J/(kg.K)].
The power produced at the expansion machine
(process 3-4) is calculated as follows:

Pexp = Myy. (h3 - h4is)- Nexp ©)

where hy;s — specific enthalpy of the working fluid after
an isentropic expansion [kJ/Kg]; 7exp- €xpander
isentropic efficiency.

The process of condensation in the condenser
occurs at constant pressure. Then, the heat transfer rate
can be calculated as:

Q= mwf(h4 —hy) (10)
hy = hs — Nexp (hs = hyis) (11)
Finally, the recovered power and the efficiency of

the Rankine cycle were estimated by following
correlations:

Pre = Pexp — By (12)
Mrc = o (13)
he

The validation of the Rankine cycle model
developed in Python (x,y) was presented in a previous
study [13]. In that study the results which were
presented show maximum deviation of 6,4% in relative
values between numerical and experimental results.
The small deviation obtained in the model calibration
allowed us to use the simulation model in our
numerical study.

3. Engine experimental test

The engine test was conducted in order to obtain
the experimental data for the engine fuel consumption,
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maximum engine thermal efficiency (Fig. 5). The
experimental results are present in Figures 6 and 7.
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Figure 6. Fuel consumption, air excess ratio and air mass flow.
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Figure 7. Exhaust gases temperature and mass flow.

It was found that the engine fuel consumption
varies from 1,41kg/h to 14,87kg/h, the engine air mass
flow is in the range of 85,9 kg/h to 266,4 kg/h and the
air-excess ratio varies from 4,27 to 1,23.

The temperature of the exhaust gases was measured
1,5m downstream the engine exhausts ports. We
considered this section of the exhaust system suitable
for the Rankine cycle heat exchanger. The temperature
of the exhaust gases is in range of 167,3°C to 557,5°C
and the exhaust mass flow was calculated to be in the
range of 87,6kg/h to 281,3kg/h.

The parametric study of the Rankine cycle was
conducted in four cases using the measured exhaust
gases parameters. The values of the exhaust gases
parameters are presented in Table 2.

Table 2
n Me Tex Mex
[rpm] [N.m] °C [kg/h]
Case 1 2000 24.9 195 87.6
Case 2 2000 123.1 340 150.4
Case 3 2000 245.7 529.8 201.4
Case 4 2000 322.4 557.5 281.3

Figure 5. Engine thermal efficiency and studied area.

air mass flow, air-excess ratio, temperature and mass
flow of the exhaust gases. An engine speed of 2000
rpm was chosen in this study due to the fact that this
speed corresponds to maximum engine torque and

The first and the fourth cases are chosen in order to
study the Rankine cycle operation at maximum and
minimum thermal energy of the exhaust gases while
the other cases are chosen at partial engine load in
order to observe the whole engine map at 2000 rpm.




4. Rankine cycle optimization

The Rankine cycle numerical study was conducted
using water as working fluid. In this model the
parameters of the working fluid are calculated by
means of CoolProp database. The isentropic efficiency
of the expander machine was considered to be 60%.

The numerical study was performed by variation of
the mass flow rate and pressure of the working fluid at
each case. Here, the pressure values between 5 bars
and 25 bars are used while the mass flow rate was
varied from 1 g/s to 10 g/s. The results of this study are
presented in Figures 8 to 11.
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Figure 8. Rankine cycle output power map

In case 1 (Fig. 8), the estimated Rankine cycle
output power is in the range of 0,003kW to 0,066kW.
In this case the output power is close zero, because the
temperature and mass flow rate of the exhaust gases
are low. Normally, in this case it is better to use the
organic fluids which provide higher efficincy in low
temperatures at high pressure. Regarding to the engine
output power in this case the Rankine cycle leads to
maximum improvement by 0,5%.
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Figure 9. Rankine cycle output power map

In case 2 (Fig. 9), the Rankine cycle output power
is in the range of 0,23kW to 0,64kW. In this case the
highest Rankine cycle efficiency was observed in the
area with the working fluid mass flow variation from 1
g/s to 5,5¢/s and the pressure higher than 10 bars. Here,
the maximum engine efficiency improvement by
1,98% can be reached.

In case 3 (Fig. 10), the Rankine cycle output power
was observed to be in the range of 0,3kW to 2,2kW.
Here, the highest output power was estimated when the

system pressure is higher than 15 bars and mass flow
rate ranged from 4,5g/s to 10g/s. Regarding to the
engine output power in this case the Rankine cycle
leads to maximum improvement by 4,76%.
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Figure 11. Rankine cycle output power map

In case 4, the Rankine cycle output power is in
range of 0,31kW to 3,26 kW (Fig. 11). In this case the
highest thermal energy in the exhaust system provides
the highest Rankine cycle output power in our study.
The maximum engine efficiency improvement by
4,97% can be reached in this case.

In order to summarize the results, the Rankine cycle
output power depends on the thermal energy content at
the exhaust gases (related to engine operating point) as
well as the pressure of the working fluid and the
working fluid mass flow rate. The steam Rankine cycle
studied here as a waste heat recovery system from the
exhaust gases of a modern diesel engine reveals
promising results in the engine operating range with
high exhaust gases thermal energy. However, in the
operating area with low exhaust energy the Rankine
cycle cannot improve the engine efficiency
significantly.

5. Conclusions

This article presents an optimization study of the
Rankine cycle operating parameters as a function of
diesel engine operating mode. The chosen engine
speed was 2000 rpm while the load varies from idle to
maximum torque. That operating mode provides
highest engine thermal efficiency and it is commonly
used in the studied diesel engine designed for light-



duty vehicle.

On the bases of the results it can be concluded:

e The working fluid parameters (pressure, and
mass flow rate) of the Rankine cycle have to be
chosen precisely depending on the exhaust gases
parameters in order to optimize the efficiency of the
cycle;

e The water as working fluid at the Rankine
cycle provides the best efficiency of the cycle in
cases of high value of the exhaust gases thermal
energy. In case of low exhaust gases thermal energy
the steam Rankine cycle efficiency is not
significant;

o The maximum Rankine cycle output power
for each case studied here is 0,066kW; 0,66kW;
2,2kW and 3,26kW. Taking into account the engine
output power it leads to engine efficiency
improvement by 0,5%; 1,98%; 4,76% and 4,97%,
respectively.

Our future research will be focused on the
impact of waste heat recovery system based on
Rankine cycle over the engine efficiency
improvement over the whole engine operating map.
It includes the Rankine cycle parameters
optimization as a function of exhaust gases
parameters.
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Pesrome:

B crarmsita e mpencTaBeHO ONTHMM3MpaHe Ha PabOTHHUTE TapaMeTpH Ha IMKBJI Ha PaHKMH BBB (YHKIHMS OT
pexuMa Ha paboTa Ha Ju3enoB Apurates. LIMKenbT Ha PaHKMH e m3cneBaH KaTo cCHCTEMa 3a peKylepHpaHe Ha
TOIUIMHHA €Heprus OT OTpabOTWIMTE ra3oBe Ha JBurareis. Ilapamerpure Ha OTpabOTHIIMTE ra3oBe (Temreparypa,
JIEOUT U ChCTaB) Ca ONPEENICHH eKCIIEPUMEHTAITHO MPH ITOCTOSIHHA YeCTOTa Ha BPTEHE U POMEHIIMBO HATOBapBaHEe
(T.e. IO TOBapHa XapakTepHCTHKa). VI3mMepeHn ca Temiieparypara Ha OTpabOTHIIMTE ra3oBe, KOSTO € B JMara3oHa OT
167°C to 557°C u Texuus ae6ur, xoiito Bapupa or 88,5 kr/u no 281,3 krfu. Uectota Ha BhpreHe or 2000 Mun" €
n30paHa rmopaay (akTa, 4e Mmpu Hest ABUTATENs paboTH ¢ MaKCUMAJIeH K.IT.I.. M3XosmiaTta MOIITHOCT ¥ €()eKTHBHOCTTA
Ha LMKbJIa Ha PaHKUH € ompejeseHa YKCIIEHO 4Ype3 MareMaTudeH Mojen B mporpamara Python(X,y). Tosu mozen
BKJIFOYBA TUCKPETH3UPaH MOZIEN Ha TOIUIOOOMEHHMKaA (M3MapuTe) M OIPOCTEH MOJEI Ha ITOMITaTa U Pa3LINpHTEIHATA
MaIllMHa KaTo € M3II0JI3BaHa TsAXHATa eeKTHBHOCT. [lebnTa Ha paboTHMS Iy B IWKbIa Ha PaHKMH € IpOMEHSH B
rpanmmute ot 1t/c 1o 10r/c, a paGoTHO Hamsrawe ot 5 10 25 Gapa. YucieHnTe pe3yiTaTs MOKa3Bar, ue MOIIHOCTTa Ha
LMKBJa Ce yBEJMYaBa MOCTOSHHO BBB (DYHKIMSI OT HATOBAapBaHETO Ha asuratens. CremoBareiHo, ONTHMAIHHTE
pabOTHH MapaMeTpH Ha IIMKbJIa Ha PAHKWH 3aBHCST OT M3TOYHMKA Ha TOTUTHHA.

KmiouoBu maymm: oOuzenos osucamen, pexkynepupame Ha eHepeus, yukvi Ha Paumkum, uucneno u
EKCNePUMEHMAHO U3CTe08aHe.


mailto:nikolay.milkov@tu-sofia.bg
mailto:quentin.danel@outlook.fr
mailto:pierre.podevin@cnam.fr
mailto:christelle.perilhon@cnam.fr

	BulTrans-2016
	OPTIMISATION OF WASTE HEAT RECOVERY SYSTEM OPERATING PARAMETERS FOR DIESEL ENGINE BASED ON RANKINE CYCLE
	Abstract:
	1. Introduction

	ОПТИМИЗИРАНЕ НА РАБОТНИТЕ ПАРАМЕТРИ НА ЦИКЪЛ НА РАНКИН ЗА РЕКУПЕРИРАНЕ НА ЕНЕРГИЯ В ДИЗЕЛОВ ДВИГАТЕЛ
	Резюме:


