Quantity and quality of marine dual-fuel engine’s exhaust
sensible waste heat considering different sulfur content in
fuels

MATEUSZ PRZYBYLA*
ANDRZEJ ADAMKIEWICZ

Maritime University in Szczecin, Waty Chrobrego 1-2, 70-500, Szczecin, Poland

Abstract Maritime transport is facing a set of technical challenges due to implementation of ecological
criterions on 1st Jan. 2020 and 2021 by the International Maritime Organization. The advantageous properties
of natu-ral gas (NG) as fuel in conjunction with dual-fuel (DF) internal combustion engines (ICE) potentially
enables the fulfilment of all criterions. Moreover the 2020 global sulfur cap in combination with its low content
in NG po-tentially enables to recover higher rates of waste heat and exergy of exhaust gas without the risk of
low temperature corrosion. In this study the influ-ence of sulfur content in NG and pilot fuel oil (PFO) on the
sulfuric acid condensation temperature was investigated in order to determine the rate of waste heat
(quantity) and exergy (quality) of four-stroke DF IC engine’s exhaust for 50%, 85% and 100% of engine load.
Determined parameters were compared with two sets of reference values calculated for the same engine:
a) fueled with NG and PFO with fixed minimum exhaust temperature set as
423.15 K, b) fueled with 3.5% sulfur mass fraction fuel oil only with variable
minimum exhaust gas temperature. The results show that the assumption of
case a) can lead to significant reduction of recovered rates of exhaust waste
heat and exergy in the ranges of 10% to 24% and 43% to 57%, respectively.
Higher values were obtained for case b) where the ranges of unrecovered rate of
heat and exergy achieved 20% to 38% and 60% to 70%.

Keywords: Waste heat recovery system; Dual-fuel internal combustion engine; Natural
gas; Sulfuric acid condensation
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Nomenclature

B - exergy,J

— exergy transfer rate, W

— molar specific flow exergy, J/mol
molar isobaric specific heat, J/molK
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— molar specific enthalpy, J/mol
— molecular weight, g/mol

— rotational speed 1/min

— molar flow rate, mol/s

— pressure, Pa

— heat transfer rate, W

molar specific entropy, J/molK
— thermodynamic temperature, K
— volume, m3

— work, J
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mass fraction, kg/kg

mole ratio, mol/mol
— mole fraction, mol/mol
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Greek symbols

a — number of carbon atoms
B — number of hydrogen atoms
— engine load

— number of oxygen atoms

— number of sulfur atoms

— molar oxygen-fuel/air-fuel ratio
excess air coefficient

— ambient air relative humidity

— waste heat quality index
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Subscripts and superscripts

0 — ambient conditions

1 — exhaust gas state at turbocharger outlet

2 — exhaust gas state at the end of waste heat conversion process a
— air

¢ — condensation

d — dry composition e

— effective

ex — exhaustgas

f - fuel

i — components of natural gas

j — components of fuel oil/pilot fuel oil

k — components of combustion products

R — parameter reference value determined for liquid fuel oil mode of analyzed engine
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parameter reference value determined for fixed minimum exhaust gas temper-
ature

S — stoichiometric

sat — saturation state

(~) -= molar quantity

Acronyms

Cl — compression-ignition

CPP — controllable pitch propeller

DF — dual-fuel

ECA — emission control area

FO — fuel ol

GT — gas turbine

HFO — heavy fuel oil

IC — internal combustion

ICE — internal combustion engine

IMO — International Maritime Organization

LNG — liquefied natural gas

LNGC — liquefied natural gas carrier

LNGFS — liquefied natural gas fueled ship

MDO — marine diesel oil

NG — natural gas

PFO — pilot fuel oil

ST — steam turbine

SCR — selective catalytic reduction

SRC — steam Rankine cycle

WHRS — waste heat recovery system

2S-DF-HP - two-stroke DF CI engine with high-pressure gas injection
2S-DF-LP - two-stroke DF CI engine with low-pressure gas injection
2S-FO-CI - two-stroke Cl engine

4S-DF-CI — four-stroke DF CI engine

4S-NG-SI - four-stroke NG fueled spark-ignition engine

1 Introduction

The decision made by the International Maritime Organization (IMO) on the
simultaneous implementation of regulations on 01 January 2020 regard-ing
the global sulfur content in marine fuel and the energy efficiency of ships
poses a new, complex set of problems for maritime transport. In the case of
vessels operated within the Baltic and North Sea areas this set of problems
is extended by the implications resulting from the decision to classify them
on 1 Jan. 2021 as Emission Control Area (ECA) [1].

Using low-sulfur fuel (fuel with sulfur mass fraction not exceeding 0.5% or

0.1%) eliminates the necessity of using sulfur oxides emission reduction
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methods (e.g. scrubbers) in order to meet the first of abovementioned
IMO criterion, but leaves the problem of excessive emission of nitrogen
oxides unsolved. Meeting the Tier Il criterion implies the need to process
com-bustion products in the selective catalytic reduction (SCR) system
[2]. On the other hand, the SCR system significantly limits the possibility
of ex-haust waste heat conversion due to the required minimum
temperature determining the efficiency of the process [2]. In addition, the
amount of available waste heat flux of liquid fuel combustion products
and the effi-ciency of its conversion is limited mainly by the condensation
temperature of the sulfuric acid [3].

Liquefied natural gas (LNG) is an alternative marine fuel that reduces
the problems described above. The advantages arising from fueling of
ma-rine dual-fuel (DF) internal combustion engines (ICE) by natural gas
(NG) in comparison with marine fuel oils, e.g.: lower specific emission of

SOx, NOx, CO2, higher fuel conversion efficiency, the degree of freedom
in choos-ing marine fuel type for ship propulsion acc. to its actual price
(taking into consideration IMO regulations), led to: a) significant change
from 72% of quantitative shares of the liquefied natural gas carriers
(LNGC) power sys-tems with steam turbines (ST) in 2015 to 50%-50%
shares with ICE at the end of 2018 (Fig. 1) [4], b) formation of liquefied
natural gas fueled ships (LNGFS) population (Fig. 1).

25-FO-Cl; _ DF(LNGC); (DF-GT ;(1)) —————__
9% (45, 41% (215) . 4sDF-ci; NG fueled )
33% (173) engines 45-NG-Sl; ? = gg (;Nzcg'
50% ‘ 25-DF-Hp; “)’Gr”s 13% (49) (215)
7% (36) Population
(264) (36) (22.09.19) | DF(LNGFS);
2S-DF-LP; 31% (120)
1% (6)
LNGC heat engines populat;on (end of 2018} NG IC marine engine population (2018/2019)

(b)

Figure 1: Quantitative shares of: a) heat engines in LNGC population and b) NG fu-eled
IC marine engines in LNGC and LNGFS population (DF gas turbine not
included), where: ST — steam turbines, 2S-FO-Cl — two-stroke compression-
ignition (CI) engines, 4S-DF-CI — four-stroke DF Cl engines, 2S-DF-HP — two-
stroke DF CI engines with high-pressure gas injection, 2S-DF-LP — two-stroke
DF CI engines with low-pressure gas injection, DF-GT — DF gas turbine, 4S-
NG-SI — four-stroke NG fueled spark-ignition engines [4, 5].

The lower specific emission of SOx, NOx and CO2 and higher fuel conver-

sion efficiency enables the fulfilment of the IMO ecological criteria. More-
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over, following observations are pointing out the possibilities of
increasing the rate of recovered waste heat of DF ICE exhaust:

* possibility of significant reduction of the minimum exhaust gas tem-
perature due to the insignificant sulfur content in LNG [6-9];

* higher temperatures of NG combustion products in the
turbocharger outlet in comparison with FO [2];

+ the possibility of utilizing waste heat at low temperatures in cycles
with an organic working medium [10-15];

* evolution of marine organic Rankine cycle (ORC) waste heat
recovery systems (WHRS), which is proved by the physical
implementation of such a system described in [16].

A different position regarding first of abovementioned observation is pre-
sented in [17, 18] warning about the observed sulfur content in natural gas
that may lead to condensation of sulfuric acid on the heat transfer surface.
Basing on this contradiction the analysis of studies treating about exhaust
waste heat recovery from marine IC engines has been made. The selected
studies with analyzed parameters, i.e. exhaust minimum temperature and
sulfur mass fraction in fuel, are shown in Table 1.

Table 1: Selected studies of waste heat recovery from exhaust gas of marine internal
combustion engines.

Theoretical T ’ K
cycle ICE type Fuel XS ex(min) Reference

4SRC/ORC | 25-FO-Cl 9d4ro | 0.030 421.15 [7]

SRC/ORC | 2S-FO-CI € MDO 0.005 398.15 [7]
SRC 4S-DF-CI HFO - 433.15 [8]
SRC 4S-DF-CI | NG/HFO - Unlimited [8]
ORC 4S-DF-CI NG/FO - 323.15 [11]
ORC 4S-FO-CI FO 0.001 | 358.15 < Tex(min) < 363.15 [12]
ORC 4S-DF-CI NG/FO - 353.15 < Tex(min) < 373.15 [13]
borc 4S-DF-CI NG/FO - 363.15 < Tex(min) < 423.15 [14]
CoRc 4S-DF-CI NG/FO - 373.15 [15]

@3RC - steam Rankine cycle, b boil off gas as a cold sink, °LNG as a cold sink, d HFO - heavy
fuel ail, e MDO — marine diesel oil.
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Most of the studies assumes fixed minimum exhaust gas temperature
and does not relate this parameter with sulfur mass fraction by mathematical
function. These assumptions can potentially lead to the limitation of the
recovered rate of waste heat and exergy. In the case of the dual-fuel ICE
population (Fig. 1), which is the most numerous, the sulfur present in the
combustion process is fed in natural gas and also in pilot fuel oil (PFO) in
the amount resulting from the IMO regulation. That is why this study
considers the influence of sulfur content in NG and pilot fuel oil on:

a) sulfuric acid condensation temperature,
b) amount of available exhaust gas waste heat (quantity),
c) exergy of exhaust gas (quality),

d) thermodynamic system efficiency gain assuming ideal waste heat
con-version process (exergy based),

e) ratio of heat and exergy and their maximum values when
equilibrium with surroundings is reached.

The thermodynamic analysis has been made for 50%, 85% and 100% load of
four-stroke DF ICE when fueled with NG and PFO with different sulfur content.
The same parameters have been determined for two reference cases.

First assumes fixed minimum exhaust gas temperature Tex(min) = 423.15 K
and the same fuelling modes. The second assumes variable minimum ex-
haust gas temperature and fueling only with fuel oil with 3.5% mass
fraction of sulfur. All of the sets of determined parameters have been
compared with each other.

2 Thermodynamic analysis

The examined research problem is of a posteriori type and considers physi-
cally existing marine dual-fuel four-stroke compression ignition (4S-DF-CI)
engine MAN 9L51/60DF dedicated for propulsion of controllable pitch pro-
peller (CPP). In this type of problem the geometrical parameters of engine,

i.e. total swept volume V = 1, 1025 m3 and the operational parameters of

working cycle, e.g. crankshaft rotational speed n = 500 1/min, maximum
9

effective power W = X W ¢ =9450 kW (where c ={1, 2, . . ., 9} represents

c=1
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the assumed number of cylinders), are determined and are not subject of
modification.

As the subject of this study the exhaust gas of chosen engine were con-
sidered. Thermodynamic analysis was carried for an open steady-state ther-
modynamic system presented in Fig. 2, assuming surroundings parameters

p0o =101.325 kPa, To = 298.15 K, and ¢0 = 0.3.
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Figure 2: Diagram of studied thermodynamic system with simplified analyzed parameters
relations.

Some of the substance balance parameters has been calculated
based on the energy balance of selected engine working cycle using the
first two of the graphs presented in Fig. 3, i.e., effective efficiency and the
fuel energy ratio of PFO. The rest of the ICE parameters which are dry
air molar flow rate and exhaust gas temperature at the turbocharger
outlet were assumed as presented in Fig. 3.

0.53 3% 0.7 750
® FO® o NG/PFO
<
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0.5 r 1.0 0.5 r 1.0 0.5 r 1.0 0.5 F 1.0

Figure 3: Selected parameters of MAN 9L51/60DF: effective efficiencies, the PFO energy
shares, molar flow rates of dry air and exhaust gas temperature at the outlet of
turbocharger, as a function engine load [2].

The assumed fuels composition and lower heating values of components
(Table 2) has been used in the substance balance to determine the amount
of fuels and the combustion products composition.

Using the composition of combustion products, the condensation tem-
perature of sulfuric acid and isobaric specific heat as a function of tem-
perature were determined. The specific heat has been related with the
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Table 2: Composition and basic properties of natural gas and marine fuel oil used in this

study.
i, ja Fuel ai, af  Bi, Bj| Vi vj | i & Vi, i (%) xi(yi), X Si, Qj
'mol
6 ee
i=1 CH4 1 0 0 1- =Y 802.77
i TH
T A , sl o | o 0.084 1431.66
, CTH
i=3 3 8 3 0 0 0.030 yiMi 2043.15
CTH e
i=4 4 10 4 10 0 0 0.012 P yiMi 2657.54
TH ,
i=5 5 12 5 12 0 0 0.002 =1 3271.50
i=6 Si 0 ol o 1 {1x1076 -, 296.83
2x107%)
C H X
j=1 12 26 12 26 0 0 | — 4 1-xS 7592.29
. S MY
j=2 j 0 of o 1 i =1 " | {0.001, -, 0035 | 296.83

a Species have been denoted with subscripts i ={1, 2, . . ., 6} for NG and j = {1, 2} for PFO.

temperature using polynomial function later used to establish the rates of
waste heat and thermal exergy. Using calculated values, the following was
assessed: quality of the waste heat source using the waste energy quality
index, the ratio of the calculated rates of waste heat and thermal exergy to
their maximum values (i.e. when thermal equilibrium with surround-ings is
reached), comparison of abovementioned parameters with two sets of
reference parameters. More detailed assumptions are made parallel with
thermodynamic formulas presentation and description.

2.1 Energy and substance balances of dual-fuel internal
combustion engine steady-state working process

The presented balance of energy transferred through the thermodynamic
system boundary (Fig. 2) in the form of heat and work was based on
energy conservation principle

uf - uNG T uPFO - We T uex(O) +Q=A1(), (1)
where the rate of fuels energy as a function of effective power and
efficiency was calculated using assumed parameters (Fig. 3)

h We We
Y= YN T YeFo T - =, (2)
Ne We/Qf
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Cpro We QpFo ’ " We
Ypro T Y =n , NG T YT Ypro T n  -Qpro.(3)

Qf e Qf e
To determine the maximum rate of exhaust gas waste heat using
following equation:

h y [ :
~h(l ) h(l)=n Ah
ex(0) = N'ex ex ex(1)’— e 0 ex ex(0) | (4)
firstly, the presented balance of incoming and outgoing molar flow rates
crossing the thermodynamic system boundary (Fig. 2) based on matter
conservation principle have to be solved

6 2 n
n'f+nN'a=n'NG+nPFO+n'a= nij+ nj+na= n'k=n'ex, (5)
=1 J=1 k=1

The rate of rejected heat Q was determined as a last unknown variable
of energy balance (1).
Molar flow rates and fractions of both fuels entering the control vol-ume

were determined on the basis of Eqgs. (3) and (6) and assumed fuels
compositions and lower heating values of their components (Table 1)

. _ e _ n NG
NNG="=% _— , ING= —,
P = VY n's (6)
n' = e = Nn
PFO ]ZQPA , yPFO :{FO

e
The molar flow rate of air was calculated as the sum of assumed molar
flow rate of dry air (Fig. 3) and molar flow rate of water vapor

n=n +n =n (1+Y ),

a a,d H20(a) a,d H20 (7)

where the mole ratio of water vapor contained in the dry air related with
assumed surroundings parameters was calculated using relation

H20 P H20 ¢op H20(sat)
Y =n - -
H20 ad = P 0 P H20 =p 0 ¢op H2O(sat) (8)
and Antoine equation with the coefficients according to [19]
B 3799.89

PH2O(sat)=€xp A- T+C =exp 16.262-T-46.38. (9)
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2.2 Stoichiometric combustion balance of quasi-molecule

CHOS
Due to a significant number of NG and PFO constituents the analysis of
the combustion process was based on the presented stoichiometric

combustion balance of quasi-molecule CaHBOySs of fuel

B
CaHBOYSs + Aes (02 + 3.76N2) —— aCO2 + 7' 2%

+ &5 ((A - 1)02 + 3.76AN2) + 5SO> . (10)

The stoichiometric mole ratio of oxygen to fuel was determined basing on

following

n
02(a)
n n
02(a) B v z n 02(a)
&= nf =a+ 4-2+0 = nf = nf 11

where the number of carbon a, hydrogen B, oxygen y and sulfur 6 atoms
were identified by the presented system of equations inspired by [20]

+
6 yiai yPFO 2 _lefj

a=yNG
6 2
B= e =1 vpi+ vero =1
i .
% ! & : (12)
Y= NG Y™ Ypro Yivi
=1 =1
X X
6 2
o=y i=1 yisi+y =1

i=1 =1

NG PFO

Derived system of equations relates fuels composition (Table 1) with
molar fractions of NG and PFO determined by means of relation (6).
The excess air coefficient which is the last of unknown variables of com-

bustion balance (10) has been calculated using assumed molar flow rates of
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dry air (Fig. 3), Egs. (5)—(9) and (11), (12)

a,d(s)
€ £ n
A= = Aatsy = A—+
€a(s)€a(s)n a,d(s)
. - nf i
n n n
ad a,d(s) a,d(s)
n'f n'f nf
“Nags) = "row  =4.762¢s (13)
nf n'

& 1+ 02(a) |
The presented balance substances crossing the considered
thermodynamic system boundary (Fig. 2) was obtained by combining the
balances (5) and (10)

m n
+n
X X H20(a)
B
=n'fa+(A-1)es+3.762A+ 5+ 2+ n"Ha0(a)
x5
=N'CO2+ N 02+ NN2+NnSO2+NH0 =Nex= nk. (14)
k=1

Partial pressures of combustion products components were calculated
using Dalton’s law
Pk = YkPex = nn—kpex = n_—kpex (15)

n
k=1 Nk ex

and molar flow rates balance (14), where the exhaust gas pressure has

been assumed as pex = po which implies their mechanical equilibrium with
surroundings (the mechanical part of exhaust gas exergy is equal to zero).

2.3 Condensation temperature of H2S04

The sulfuric acid condensation temperature was determined using the Ver-hoff-
Banchero empirical relationship as a following function TH2 SOs(c) = f (pPH20,
PH2804 ) [21]. Partial pressure of water vapor at equilibrium state pH20(pH20(a);
PH20(B)) was determined using Eq. (15). It was assumed that water vapor is

composed of H20 molecules introduced with ambient air and H20 molecules
formed in the hydrogen oxidation process. Partial pressure of
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sulfuric acid is determined by the efficiency of the oxidation process of sulfur
dioxide to sulfur trioxide (assumed nsos = 0.05 [22]) and the efficiency of the
gaseous SO3 and H20 conversion process to gaseous H2SO4 (assumed nH2

S04 = 1 [23]). The determined H2SO4 condensation temperature was assumed
as the minimum temperature of exhaust gas leaving the WHRS.

2.4 The rate of exhaust gas waste heat and exergy

The rate of exhaust gas waste heat and exergy available for recovery was
identified on the basis of presented integers using as the integration limits their

temperature at the outlet of the turbocharger Tex(1) (Fig. 3) and tem-perature at
the outlet of waste heat recovery process assumed as calculated condensation

temperature of sulfuric acid assuming that Tex(2) = TH2S04(c):

H2804(c)

Qex=n'exAh ex=n'ex 7z C~p(T)dT,

1
ex(1)

. & eXT exex _ex—0 ex
BnAb =n" Ah TA's
H2504(c) c(T)
7 P (17)

= N'ex cp(T)-To T dT.
Tex(1)

Molar specific heat was calculated using Eq. (15) as the sum of products
— mole fractions of combustion products components yk and their molar
specific heats as a function of temperature, ¢c"pk = f(T ) [24]

> 3

cp(T)= ykCpk(T)=a0+a1T+a2T 2 +a3T 3= anT ".(18)

k=1 n=0
Equations (19) and (20) were obtained substituting the polynomial (18)
into the Eqgs. (16) and (17) and solving the integral within the limits of the
identified exhaust gas temperatures

_rasoa =3 an Tex(1) — TH2SO4(c) n+1
Mhex 7z cp(T)dT
T
ex(1) 3 a
n
. ~AT n+1’ (19)
X

American Journal of Thermodynamics and Heat Transfer Applications Volume 14 Issue 1, 2024



Quantity and quality of marine dual-fuel engine’s exhaust sensible waste heat. . . 159

H2504(c) ] 3
c n
1 n AT
Z ) 4r=a0n ex(1) | ) an AT . (20)

A'sex = T
ex(1)
Waste heat quality index y which takes into consideration only thermal
part of exergy of exhaust gas was determined using following relation

7 exbber Abay s = Tq A'sex =1- T 0A~SGX .21
Iy
- = - = e Ah
n" Ah  Ah ex
ex  ex

ex

B ex
v= Q'ex

Using the same procedure and assuming that Tex(2) = To the available

maximum rate of exhaust gas waste heat Q ex(0) and exergy B ex(0) were de-
termined and used for the comparison with calculated by means of Egs. (16)

and (17) values.

2.5 Evaluation of ideal waste heat recovery process
using exhaust gas

Exergy of exhaust gas indicates the maximum theoretical work that can be
obtained in the clock-wise reversible thermodynamic cycle realizing ideal
energy conversion, i.e. Bex = Wex From this it results that the time rate of
exhaust gas exergy flow determines the maximum power that potentially can
be generated in the clockwise reversible thermodynamic cycle (max-imum
time rate of work that can be produced in ideal conditions using exhaust gas

as a heat source of reversible cycle, i.e. B ex = W ex. It has been assumed

that the rate of effective work transfer through analyzed thermo-dynamic
system boundary (Fig. 2) is delivered to the gearbox which has a common
driving shaft with the ideal gas turbine which produces max-imum available

power in reversible Carnot cycle W ex for supporting the ships propulsion

system. For the assumed hypothetical system, the pre-sented balance of
energy transferred through the thermodynamic system boundary was based
on ICE energy balance (1) and calculated by means of Egs. (16) and (17)
the rates of waste heat and exergy of exhaust gas

Q=Q +Q =W-+W +Q
f NG PFO e ex ex0) — Qex + Q. (22)

The presented balance has been rearranged to get the parameter — the

energy efficiency gain Ane B ex which gives the assesment possibility of
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analysed cases

1= Yo T Wox “Yx0) - Qe+ Q -1- Yex(0) - Qex+ Q — We + Wox
Q Qr Qr Qr
=ne+Ane B ex . (23)
~ Using Egs. (22) and (23) and the maximum rate of exhaust gas exergy
the maximum energy efficiency gain Ane ) was calculated for

the analyzed cases.
3 Analysis results and discussion

The solution to the problems formulated in the introduction was carried out
for two sets of operational parameters of a selected engine determined by
the set of engine loads = 0.5, 0.85, 1.0. The lowest load = 0.5 was chosen
based on the highest sulfur mole fraction criterion (Fig. 4), the design load =
0.85 was chosen based on the highest frequency of occurrence in
operational profile. The diagrams in Figs. 4, 5 and 6 were

X,=0.001 x=0.005
0.06 0.06 0.06
0.05 0.05 0.05
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Figure 4: Total sulfur mole fraction in fuel as a function of engine load and sulfur mole
fraction in NG.
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Figure 5: Sulfur mole ratio of NG as a function of engine load and sulfur mole fraction in
NG.
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calculated for three different values of sulfur mass fraction in PFO, i.e.
xS(PFO) = 0.01, 0.05, 0.035.

x,=0.001 X:=0.005 X,=0.035
100 100 100
80 % 80 80 g
60 L 60 60
0 £ 0 & 0 £
20 X 200 > o6 =
0 0 0

0.5 0.5

1x10°6 1x10°¢ ; 1x10°

r 1 r 1 1

2 Ysi V.
%105 S(NG) Seigs e ox1ns T

Figure 6: Sulfur mole ratio of PFO as a function of engine load and sulfur mole fraction in
NG.

The excess air coefficient and exhaust gas molar flow rate has been cal-
culated in order to determine their composition and basing on components
mole fraction their isobaric specific heat as a temperature function (Fig. 7).
The same parameters have been calculated for the reference case — when
fueling the engine only with FO with 3.5% sulfur mass fraction (Fig. 8).
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Figure 7: The excess air coefficients, exhaust molar flow rate and isobaric specific heat
as a temperature function.
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Figure 8: The excess air coefficient, exhaust gas molar flow rate and isobaric specific
heat (reference parameters).
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The condensation temperature of sulfuric acid and available temperature
difference presented in Figs. 9 and 10 has been calculated as a function of
sulfur fractions — mole in NG and mass in FO using selected temperatures of
exhaust gas as a function of engine load (Fig. 3).
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Figure 9: Condensation temperature of sulfuric acid as a function of sulfur fractions —
mole in NG and mass in FO.
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Figure 10: Temperature differences of exhaust gas as a function of sulfur fractions — mole
in NG and mass in FO.

Using the calculated rates of exhaust gas waste heat (Fig. 11) and
ther-mal exergy (Fig. 12) the waste heat quality index, presented in Fig.
13, has been determined.
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Figure 11: The rate of exhaust gas waste heat as a function of sulfur fractions — mole in
NG and mass in PFO.
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Figure 12: The rate of exhaust gas exergy as a function of sulfur fractions — mole in NG

and mass in FO.
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Figure 13: Waste heat quality index of exhaust gas as a function of sulfur fractions — mole
in NG and mass in FO.

The same set of parameters as presented has been calculated for two
of the reference cases: NG fueling mode with PFO assuming fixed mini-

mum exhaust gas temperature Tex(2) = 423.15 K = idem denoted with
superscript r (Fig. 14), FO fuelling mode with 3.5% sulfur mass fraction
and variable exhaust gas minimum temperature denoted with superscript
R (Fig. 15).
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Figure 14: Sulfuric acid condensation temperature, the temperature difference of exhaust
gas and the rate of heat and thermal exergy (reference values calculated as-

suming Tex(2) = 423.15 K = idem).
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Figure 15: Sulfuric acid condensation temperature, the temperature difference of exhaust
gas and the rate of heat and thermal exergy (reference values calculated for
FO fueling with 3.5% sulfur mass fraction).

The solved energy balances of selected engine have been presented
for NG and PFO fueling in Fig. 16 and for reference case of FO fueling in

Fig. 17.
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Figure 16: The energy balance of MAN-9L51/60DF when fueling with NG and PFO.
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Figure 17: The energy balance of MAN-9L51/60DF when fueling with FO.

The maximum efficiency gain of hypothetical and ideal exhaust gas waste
heat conversion system has been shown in Figs. 16 and 17 as a ratio of the rate
of exhaust gas exergy when the thermal equilibrium with surroundings is
reached and the rate of fuel energy. The efficiency gain under the same

assumption of ideal heat recovery but limited by assumption of Tex(2) =

TH2S04(c) has been shown for analysed cases in Fig. 18.
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Figure 18: The efficiency gains of exhaust gas heat conversion in ideal Carnot cycle
(exergy based).

For the evaluation of all of the analyzed cases the ratios of the rates of
recovered exhaust gas waste heat and exergy to their maximum values
has been calculated and presented in Fig. 19.
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Figure 19: The ratios of exhaust available and maximum waste heat and exergy rates.

According to thermodynamic analysis results the following was
observed (notation the same as for identified set of problems):

1. Sulfuric acid condensation temperature is influenced by engine load
and sulfur content in fuels (Fig. 4). The significant contribution of NG in
total amount of combusted sulfur is observed for maximum ana-lyzed
sulfur fractions in gaseous fuel (0.002%) and 0.1% sulfur mass fraction
in PFO (Figs. 5 and 6). The highest sulfuric acid condensa-tion
temperature occurred at 50% of engine load which corresponded with
the highest sulfur fraction in fuels (Fig. 9). Temperature differ-ence of
exhaust gas at turbocharger outlet and sulfuric acid conden-sation
presented the same tendency as later (Fig. 10).

2. The highest rate of waste heat and exergy of exhaust gas were ob-
served at 100% load of engine (Figs. 11 and 12) which results from
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higher molar flow rate, despite lower exhaust gas temperature
differ-ences.

3. More favorable indicators of exhaust gas waste heat quality were
ob-served for the 50% of engine load (Fig. 13). The reason for this
is the higher exhaust gas temperatures at lower engine load. An
analo-gous relationship occurs for molar specific exergies. Despite
observed differences of analyzed parameters, the thermal exergy
flow rates for 100% and 85% engine load are comparable.

4. Fueling of the analyzed engine with NG and PFO with the low-est
examined sulfur fractions in both fuels has the highest potential to
increase the energy efficiency of analyzed thermodynamic system
(Figs. 16, 17, and 18).

5. Similarly to d) fueling of examined engine with NG and PFO
achieved the highest rates of available heat and exergy of exhaust
gas that can be utilized in ship’s WHRS without the risk of low-
temperature corrosion occurrence. This waste heat recovery
potential is reflected in the highest ratios of available heat and
exergy rates and their maximum values, i.e. when thermal
equilibrium with surroundings is reached (Fig. 19).

4 Conclusions

The present study has examined the influence of IMO global and local
(ECA) regulation of sulfur mass fraction in marine fuels, as well as pos-
sible volume fraction of sulfur in NG, on the sulfuric acid condensation
temperature of four-stroke DF Cl engine’s exhaust gas, thus on the rate
of its waste heat and exergy. The particular attention has been paid to
the possibility of energy efficiency improvement by conversion of waste
heat in WHRS into effective power. Above has been assessed only for
exhaust gas using exergy to determine effective power generation limits.
Thermo-dynamic analysis has been conducted for the engine load set ( =
0.85) and low load = 0.5, 0.85, 1.0.
The results of this study allowed following conclusions to be made:

1. Despite relatively low sulfur volume fractions in NG and mass fraction
in pilot FO the condensation of sulfuric acid can occur at high exhaust
gas temperatures which are also related with engine load. It indicates
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the importance of H2SO4 condensation analysis in design process
of DF IC engine exhaust gas sensible waste heat recovery systems
on ships in order to utilize maximum energy avoiding at the same
time low temperature corrosion of heat transfer surfaces.

2. The main limitation of conducted analysis is the idealization of
waste energy conversion process whose assumptions cannot be
met in real conditions. However, determined boundary values
under these as-sumptions led to another conclusion.

3. The assumption of fixed minimum exhaust gas temperature can
lead to significant limitation of the recovered rates of waste heat
and ex-ergy, at the same time assuming to low temperature can
lead to con-densation of sulfuric acid.

The combination of above conclusions and availability of acid-proof engi-
neering materials presented for example in [25] are leading to further re-
search in the field of exhaust gas latent waste heat recovery by
introducing condensing heat exchangers to marine power plants.

Received 27 August 2020
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