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INVESTIGATION OF WASTE HEAT ENERGY IN A MARINE ENGINE WITH
TRANSCRITICAL ORGANIC RANKINE CYCLE
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ABSTRACT

The increasing of fuel prices and global energy demand and enactment of new restrictive emissions
regulations require more efficient and environmentally friendly engines to be designed. In this context, conversion
of waste heat to useful energy is necessary to design more energy efficient vessel including using more efficient
main engines and auxiliary engines. The aim of this study, thermodynamic characteristic of recovery of a ship's
main engine waste heat is determined parametrically for waste heat recovery system (WHRS). Naturally, heat
exchangers are used for waste heat recovery. Because of that reason, firstly shell-and—tube heat exchanger will be
investigated parametrically. In order to make a more accurate calculation, it is important to reflect the pressure and
enthalpy variations in the heat exchanger to the heat transfer calculations. After that the Transcritical Organic
Rankine Cycle (TORC), which is recommended by many authors for the recovery of waste heat sources at low
and medium temperatures, will be examined parametrically. The results show that increasing the number of pipes
in the heat exchanger at a certain value may result in a decrease in system performance parameters that is The Net
Power and Thermal Efficiency due to decreasing velocity of the mass flow in tubes. Moreover, The Net Power
and Thermal Efficiency curves behaved differently with variable mass flow rate. Therefore, we will define
performance parameter being important for WHRS.
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INTRODUCTION

The increasing of fuel prices and global energy demand and enactment of new restrictive emissions
regulations require more efficient and environmentally friendly engines to be designed. In this context, conversion
of waste heat to useful energy is necessary to design more energy efficient vessel including using more efficient
main engines and auxiliary engines. The huge amount, nearly more than 60%, of fuel energy is rejected from the
main diesel engine to the surroundings as waste heat in several types. The main waste heat sources at marine vessel
are the main engine exhaust gas, the main engine cooling water and the main engine scavenge air. The exhaust gas
with higher energy capacity will be considered as waste heat for analyses. Different kind of technologies exist
such as Subcritical and Transcritical Organic Rankine Cycles that are suitable to convert the waste heat to useful
power. The transcritical organic Rankine cycles are used more than subcritical systems due to their lower loses
and higher performance. In this context, first and second law analyses for diesel engine exhaust gases waste heat
used organic Rankine cycle have been done as [1-18]. Economic analysis of organic Rankine cycle (ORC)
application for marine diesel engine waste heat recovery system have been carried out in [19-24]. Zabek et al. [25]
studied to optimize the conversion of low temperature waste heat to the power by using organic Rankine cycle at
oil production system. Landelle et al [26], Kosmadakis et al. [27], Desideri et al. [28] and Hsieh et al. [29] have
presented experimental studies to compare the effects of various cycle configurations and different working
conditions on the performance of low-temperature subcritical and Transcritical Organic Rankine Cycles.
Oyewunmi et al. [30] made an assessment of subcritical and Transcritical Organic Rankine Cycles for waste-heat
recovery. Tian et al. [31] investigated the effects of the thermophysical property changes and working conditions
at the pseudocritical region on the ORC performance. Zhu et al. [32] have calculated The Net Power output,
efficiencies and design parameters in both transcritical and subcritical ORC systems. Dong et al. [33] made an
experimental investigation on heat transfer characteristics of widely used the brazing plate type heat exchangers
in the organic Rankine cycle waste heat recovery system with using three different working fluids. Wang et al.
[34] made an experimentally study for the frictional pressure drop during steam stratified condensation flow in
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vacuum horizontal tube. Karellas et al. [35] investigated the influence of supercritical ORC parameters on plate
heat exchanger design and defined the basic design parameters for heat exchangers. In this study, e-NTU method
was used for heat transfer calculations and also pressure lost at evaporator are taken into consideration. In this
study, R1234yf, widely used in ORC, was accepted as working fluid to convert waste heat to the work due to its
thermophysical properties, its very low global warming potential and its zero ozone depletion potential [36] and
Wartsila 4L.20 type marine diesel engine which is fully compliant with the IMO Tier II exhaust emissions
regulations, data were used for calculation of the waste heat capacity [37]. The effects of pressure lost and specific
enthalpy variations on thermodynamic and transport properties of working fluids are examined parametrically.
Beside this, the effects of flow rates of working fluid and main engine exhaust gas, isentropic efficiencies of pump
and turbine and the number and the length of heat pipes on The Thermal Efficiency and power generation of waste
heat used transcritical organic Rankine cycle are investigated.

SYSTEM MODELING
System Description

The TORC system consists of 4 components, as shown in Fig. 1. A shell-and-tube heat exchanger is used
to recover the waste heat from the exhaust gas of the Wartsila 4L.20 engine. The shell-and-tube heat exchanger is
one-shell pass and two-tube passes. The shell side fluid is the exhaust gas assumed as air and the in-tube side fluid
is R1234yf, in heat exchanger. The exchanger has square layout with angle of 90° and 0.2 m baffle spacing with
baffle cut 25%. The diameter of heat tube of the exchanger, which is copper, has /9 mm at external (di) section
and /6 mm internal (do) section. In the condenser, the sea water is assumed as refrigerant and condenser outlet
temperature of the working fluid is considered to be approximately equal to the inlet temperature of sea water. The
reason for using R1234yf as the working fluid in the TORC system is that the critical temperature is lower than
the exhaust gas temperature value. Thus, the critical threshold can be overcome by a single source. However, the
saturation pressure of the working fluid at sea water temperature is higher than water so the turbine outlet pressure
is higher than steam (water) turbines the outlet pressure, due to fact that the working fluid is a refrigerant fluid. In
this study, the mathematical model of the TORC is written in MATLAB which having useful computing and
visualization capabilities for such mathematical models. REFPROP [38] is used to calculate the fluid properties
used.
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Figure 1. TORC schema

Thermodynamic Modelling

The formulas used in the thermodynamic analysis are given in below and a T-s diagram of the TORC
throughout the cycle is shown in figure 2. Thermodynamic and transport properties are usually called with two
intensive properties, i.e., pressure and specific enthalpy. Because using the other intensive properties can result in
errors in compressed liquid region and the wet region. The reason for this is that the enthalpy being in the
compressed liquid region is changed by the pressure at the constant temperature and the enthalpy being in the wet
area is changed by the quality at the constant temperature.

283



Journal of Thermal Engineering, Research Article, Vol. 6, No. 3, pp. 282-296, April, 2020

. m(h —-h

WP — ( out lll) (1)

,
Wr=m(h —h Jn, ©)
Wnet =WrT-Wp 3)

WI]E
7, =— )

Qin

1401

120 -

100+~

Temperature °C
3

(2]
o

40 -

20 ~

0 1 1 L L L
900 1000 1100 1200 1300 1400 1500 1600 1700 1800

Entropy j/kgK

Figure 2. Example T — s graph of A TORC

Heat Transfer Modelling

In this study, one-shell pass and two-tube passes heat exchanger is chosen, as mentioned before. The
basic parameters of the heat exchanger are shown following. The convection coefficient of the heat exchanger on
the body side is calculated by Kern Method and the other formulas used are shown following. Heat transfer surface
area is turned a series to calculate heat transfer surface area is turned a series to calculate the effects of pressure
and enthalpy changes on thermodynamic and transport properties. In this way, we make a more accurate

calculation in possible dramatic change of properties of fluids. The assumed parameters of the heat exchanger are
given below.

Variable parameters of the shell & tubes heat exchanger;
e Number of the Tubes, Nt: 440
e Length of the Tubes, L: I-10 (m)
Constant parameters of the shell & tubes heat exchanger
e Internal diameter, di, and external diameter, do, are 16 and 19 (mm)
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Baffle Spacing, B: 0.2 (m)

Pitch Ratio, Pr: 1.25

Internal fouling factor, Rf:: 0.0002 (m*K/W) [39]

External fouling factor, Rf,: 0.01761 (m*K/W) [39]

Tube materiel: Copper

Equivalent roughness, ep: 0.0015e-3 (m)

The tube side Nusselt Number correlations for laminar flow is given in (5) and for turbulence flow is given in (6)

[40].
RePrdi [ u)
Nu=1,86(%] (ﬁj (5)
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The tube side pressure lost formulation is defined in (7) [39] and the pressure lost correlations are given in (8-9)
for laminar and turbulence flow [40].
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The shell side Nusselt correlation and pressure loss correlation are given in (10 — 11) [39],

DG 0,55 C U 1/3 0,14
Nu=0,36 2 f’ Hy (10)
H k M,
G (N, +1)D,
loss = 0,14 (11)
20D (ﬂj
Hy
Overall heat transfer coefficient formula is defined in (12) [39],
In(d, /d,) N
d d n .
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€ — NTU method formulations are given in (13 — 14) [40],

Qin = ngin (7}11 - Tco) (13)
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NTU =—== (14)
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Preliminary Evaluation of Heat Exchanger

Number of the tubes and tubes length which are in the shell, effect on working fluid outlet enthalpy will
be investigated. Figures 3 and 4 show constant Nt and L curves respectively. It may be interesting to note that
enthalpy value of Nf 12 is more than enthalpy value of Nt 14 or the continuous curve is broken in figure 4 at Nt
14. The reason for this is that the velocity of flow in the tube decreases with the increase of the total cross sectional
area due to the increase of the number of Nt. Moreover, constant Nt and L curves get closer each other upwards
and slope of the constant Nt and L curves approaches zero so it may not be economical to increase the heat transfer
area after a certain value.
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Figure 3. L — h graph with constant Nt
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Figure 5 shows the effect of the tube length range from / m to /0 m at a constant Nt value for /2 on the
outlet enthalpy. As shown in Figure 5, as the tube length is increasing, the outlet enthalpy is increasing
continuously. Figure 6 shows the effect of the number of the tubes range from 4 to 40 at a constant L value for §
m on the outlet enthalpy. It is note that a decreasing outlet enthalpy is shown at Nt value for /4. The reason for
this is as described above. After number of the tubes being 14, as number of the tubes is increasing, the outlet
enthalpy is increasing continuously. (Assumed that mass flow of the shell side fluid being exhaust gas (1, ) equals
to 1.55 kg/s and mass flow of the tube side fluid being R1234yf (1) equals to 7 kg/s.)
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Figure 5. L —h graph with constant L curves Nt: 12
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RESULTS AND DISCUSSION
Parametric Analysis

Parametric analysis was conducted to investigate effect of the various variables to The Thermal Efficiency
and The Net Power of the TORC in the mathematical model for waste heat recovering. Parametric analysis was
conducted among themselves pair variables which are exhaust — working fluid mass flow, Nt-L in the heat
exchanger. In fact, the exhaust mass flow of selected the ship diesel main engine is constant but the effects of
exhaust mass flow to system performance at the same temperature are also shown.
Effect of Nt-L to performance on the TORC

Figures from 7 to 10 show effect on variations heat transfer area in evaporator to The TORC performance
parameters being The Net Power and Efficiency. Figures 7 and 8 are about The Net Power of The TORC while
Figures 9 and 10 are about Efficiency of The TORC. Figures 7 and 9 show performance parameters variations
with constant L curves and variable Nt from 4 fo 40. Figures 8 and 10 show performance parameters variations
with constant Nt curves and variable L from / fo 20 m. If figures from 7 to 10 are examined, the curves slope
approaches zero after a certain number of tubes and tube length. This means that more tubes and longer tubes will
not only improve the performance of the system, but will only increase costs. (Assumed that 7c and 7t equal to

0.85, mpequals to 1.55 kg/s, m equals to  kg/s, outlet pump pressure equals to 3500 kPa)
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Figure 7. Nt — Net power graph with constant L curves
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Figure 8. L — Net power graph with constant Nt curves

As shown in Figures 7 and 9, there is a decrease after Nt: /2 value. The reason for this was explained in
the above texts. For this reason, if we aim to improve heat transfer by increasing the heat transfer surface area, we
must be take consideration to changing the convection coefficient due to decreasing rate of the mass flow.
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Figure 9. Nt — Thermal efficiency graph with constant L curves
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Effect of Working Fluid and Exhaust Fluid Mass Flow Rates on the TORC

In this section, we examine first the effects of different mass flows of the work fluid to TORC performance
at constant exhaust gas mass flow. As can be seen in Figure 11, the maximum power and maximum Efficiency are
seen in different mass flows of the working fluid. Figure 12 which is T — s graph, shows that the maximum
temperature increases as the rate of mass flow decreases. If the Carnot cycle is taken into consideration, it is known
that The Thermal Efficiency increases as the maximum temperature increases. However, The Thermal Efficiency
of the TORC doesn't increase similar to Carnot cycle even before a certain mass flow value which is 0.6444 kg/s
The Thermal Efficiency decreases as mass flow decreases even though maximum temperature increases. As
working fluid mass flow goes from 0.1 kg/s to 0.6444 kg/s, the increase in Efficiency can be attributed to the
increase in total enthalpy. The increase in total enthalpy can be explained by heat transfer phenomenon. As the
mass flows increase both convection coefficient and temperature difference increase in the heat exchanger. Thus,
the total enthalpy increase by suppressing the decrease in maximum temperature that allows to increase Efficiency.
(Assumed that ¢ and 7t equal to 0.85, m, equals to 1.55 kg/s, m equals to 12, length of the tubes equals to & m,
outlet pump pressure equals to 3500 kPa.)
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The decrease in The Thermal Efficiency may be related to the decrease in the maximum temperature in
the mass flows range of 2.377 — 0.6444 kg/s inasmuch as the total increase in total enthalpy can’t suppress the
decrease in maximum temperature. But for Net Power, the increase in total enthalpy still suppresses the decrease
in maximum temperature so The Net Power increases even though The Thermal Efficiency decrease. The decrease
in maximum temperature for the after 2.377 kg/s of the mass flow suppresses the increase in total enthalpy for The
Net Power and a decrease in The Net Power is also seen. Note that the decline slope at the Efficiency is more than
the decline slope at The Net Power. The reason why the total increase in enthalpy can’t suppress decrease in the
maximum temperature can be attributed to the improvement in heat transfer reaching the climax, as mentioned
above.

We want to compare different exhaust mass flow with different working fluid mass flow at the same
temperature, see Figure 13, 14 and 15. Figure 13 show performance parameters in coordinate axes with variable
mass flows. Figure 14 and 15 show contour lines The Net Power and Efficiency respectively with variable mass
flows. Even though there is a The Net Power increase by increasing exhaust mass flow, the wall of /3% can’t be
surpass for The Thermal Efficiency. The reason for the bottleneck in this case is that the maximum temperature of
the working fluid can't exceed the exhaust heat inlet temperature. (Assumed that zc and #¢ equal to 0.85, number
of the tubes equals to /2, length of the tubes equals to § m, outlet pump pressure equals to 3500 kPa.)
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CONCLUSION
In recent years, the utilization of low temperature waste heat for supplying ORC systems are very popular
to develop new energy recovery system technologies and thermal and economic analysis and optimizations of that
systems were strongly carried out. In this area, the supercritical fluid applications in the ORC systems are more
attractive to convert waste heat to the useful energy. In this study, heat transfer and performance analyses of marine
exhaust gases energy used Transcritical Organic Rankine Cycle were done as parametrically. In this study, the
results show that;
e Increasing of length of the tube is more effective than increasing of number of the tube for increasing
system performance.
e Asheat transfer area increases after a certain value, rate of increase of the system performance parameters
decrease.
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Important system performance parameter for waste heat recovery is The Net Power. Levelized Energy
Cost (LEC) could be using instead of The Thermal Efficiency for making an economic decision.

In most case, The Thermal Efficiency is below /3%. Because, thermal quality of the exhaust gases
medium quality [41].

In most case, The Net Power is range from 3% — 7% of total main engine output. With other waste heat
sources and Efficiency enhancing measures, The Net Power is range from /0% — 12% of total main engine
output [42].

The rate of increasing in The Net Power is faster the rate of increasing in The Thermal Efficiency with
increasing exhaust gas mass flow rate. The reason for this is increase in the quantity of the exhaust gas
not quality of the exhaust gas.

Increasing exhaust gas mass flow rate, optimum working mass flow rate is increasing for The Net Power.
The reason for this is Heat transfer is improved by Pinch point having avoided.

The turbine outlet pressure is mostly dependent on the temperature of the refrigerant in the condenser.
So, by adding a regenerator, the expansion at turbine is improved slightly and The Thermal Efficiency is
increased also [43].

In order to make a realistic approach; the economic evaluation, environmental effects and second law analyses of
TORC system will be studied for future work.
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NOMENCLATURE
m Working fluid flow rate (kg/s)
m,  Exhaust fluid flow rate (kg/s)
n Thermal efficiency
nr Turbine isentropic efficiency
Np Pump isentropic efficiency
T Temperature (K)
P Pressure (kPa)
h Specific enthalpy (kJ/kg)
s Specific entropy (kJ/kgK)
U Overall heat transfer coefficient (W/m?K)
0 Transferred thermal energy (W)
W  Power (W)
Nu  Nusselt number
Pr  Prandtl number
NTU  Number of transfer units
Gs  Mass velocity (kg/m?s)
di Internal diameter (m)
do External diameter (m)
TORC Transcritical Organic Rankine Cycle
u Dynamic viscosity (kg.m/s)
De Equivalent diameter (m)
Cp Constant pressure specific heat (J/kgK)
Cmin  Minimum heat capacity (W/K)
p Density (kg/m?)
Np  Number of the tube passes
u,,  Overall velocity inside tubes (m/s)
h;,  Internal transport coefficient (W/m*K)
hyy,:  External transport coefficient (W/m*K)
£ Effectiveness coefficient
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Friction factor
Equivalent roughness (m)
Conductivity coefficient (W/mK)

Rfi  Internal fouling factor (m?K/W)
Rfo  External fouling factor (m?K/W)

T,,  Exhaust fluid inlet temperature (K)
T,,  Exhaust fluid outlet temperature (K)
T,  Cooling fluid inlet temperature (K)
T,, Cooling fluid outlet temperature (K)
Us Dynamic viscosity at the surface of the tube
(kg.m/s)
h,s  Turbine outlet isentropic enthalpy (J/kg)
h,s  Pump outlet isentropic enthalpy (J/kg)
Ty,  Exhaust fluid inlet temperature (K)
T, Working fluid temperature after pump (K)
W,  Pump power (W)
W,  Turbine power (W)
h;,  Total enthalpy at inlet (kJ/kg)
hyy:  Total enthalpy at outlet (kJ/kg)
Subscripts
e Exhaust
T Turbine
P Pump
m Mean
in Inlet
out  Outlet
i Inner
o Outer
1 Inlet
2 Outlet
s Surface
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