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Abstract: The fuel efficiency of marine diesel engine as any combustion engine falls with raising the
temperature of air at the suction of its turbocharger. Therefore, cooling the engine turbocharger intake
air by recovering exhaust gas heat to refrigeration capacity is a very perspective trend in enhancing
the fuel efficiency of marine diesel engines. The application of water-fuel emulsion (WFE) combustion
enables the reduction of a low-temperature corrosion, and, as a result, provides deeper exhaust gas
heat utilization in the exhaust gas boiler (EGB) to the much lower temperature of 90–110 ◦C during
WFE instead of 150–170 ◦C when combusting conventional fuel oil. This leads to the increment of the
heat extracted from exhaust gas that is converted to refrigeration capacity by exhaust heat recovery
chiller for cooling engine turbocharger sucked air accordingly. We experimentally investigated the
corrosion processes on the condensation surfaces of EGB during WFE combustion to approve their
intensity suppression and the possibility of deeper exhaust gas heat utilization. The fuel efficiency
of cooling intake air at the suction of engine turbocharger with WFE combustion by exhaust heat
recovery chiller was estimated along the voyage line Mariupol–Amsterdam–Mariupol. The values
of available refrigeration capacity of exhaust heat recovery chiller, engine turbocharger sacked air
temperature drop, and corresponding reduction in specific fuel consumption of the main low-speed
diesel engine at varying actual climatic conditions on the voyage line were evaluated.

Keywords: water-fuel emulsion; corrosion; exhaust heat recovery chiller

1. Introduction

Low-speed internal combustion engines (diesel engines) are the most widespread
as main engines in marine applications [1]. The ambient air temperature variation along
the voyage lines influences the fuel efficiency of the engines. Thus, an increase in engine
turbocharger sucked air temperature by 1 ◦C causes specific fuel consumption increase by
0.11 to 0.12 g/(kWh) [2]. While sailing in warm climatic conditions when the main engine
load is higher than 50%, the exhaust gas heat utilized by the exhaust gas boiler (EGB)
exceeds the ship steam demand. Thereby, it is reasonable to use the excessive exhaust heat
by ejector chiller (ECh) as the simplest in design [3,4] for engine turbocharger sucked air
cooling to enhance fuel efficiency [5,6].

The efficiency of water-fuel emulsion (WFE) combustion is higher as compared with
convention fuel oil combustion due to microexplosions of WFE droplets, which intensifies
mixing of fuel with air and combustion processes in the whole. With this, the raised
fragmentation of WFE droplets leads to reduction of the particle emission.
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Despite the increased humidifying the surface with raising the water content to about
10%, due to enhanced fragmentation of WFE droplets and entrainment of small particles
by the exhaust gas flow, the intensity of their deposition decreases. Thus, the deposits can
be easily removed (e.g., by washing).

Many studies have aimed to enhance the fuel efficiency of combustion engines [7,8]
by cooling cyclic air [9,10] in waste heat recovery chillers [11,12]. The absorption lithium-
bromide chillers (ACh) are the most widespread. They enable cooling air to about 15 ◦C
with a high coefficient of performance (COP) of 0.7 to 0.8 [13,14]. However, because of large
sizes, mounting the ACh units in the ship engine room is problematical. The ECh generally
consist of heat exchangers [15,16] suitable for mounting in free spaces. They are able to
provide deep cooling the air but with a low COP of 0.2 to 0.3 [17,18] and are quite suitable
for transport, such as in railway [19,20] and marine [21,22] applications.

The heat losses with exhaust gas represent a general part of the total waste heat in
combustion engines [23,24]. The technique of exhaust gas heat utilization in gas cogener-
ation unit based on absorption heat exchange was proposed [25]. The low-temperature
economizers [26] or low-pressure economizers [27] use a low potential heat while condens-
ing the vapors of sulfuric acid and water from exhaust gas. The condensed acid vapor
glues the ash in exhaust gas and adheres on the heating surface [28], which increases the
hydraulic and thermal resistance [29], affecting the reliable and economical operation. The
experience of using WFE in boilers and diesel engines indicates the undeniable advantages
of this type of fuel: the effective specific fuel consumption decreases by about 8% [30],
the concentration of nitrogen oxides in the exhaust gas is reduced in 1.4 to 3.1 times [31],
the concentration of CO—in 1.3 to 1.5 times [32], and smoke—in 1.3 to 2.4 times [33]. The
influence of WFE combustion process parameters in low-capacity boiler on the level of
formation of nitrogen oxides, carbon monoxide, and soot was studied [34]. The analysis
of literary sources shows that there is no quantitative data of low-temperature corrosion
(LTC) intensity [35,36] of condensation surfaces of EGB alongside WFE combustion.

A double effect is achieved with WFE combustion: enhanced fragmentation of WFE
droplets due to their microexplosions intensifies the combustion processes and reduces the
particle emission as a result, as well as intensifying entrainment of small particles by the
exhaust gas flow and decreasing their deposition on condensation/heating economizer
surfaces and their thermal resistance as a result [37,38].

The methods of thermodynamic and statistic analysis of impact of different gas turbine
inlet air cooling techniques and thermal loading are proposed [39,40]. Methods such as
ANSIS [41,42] might be used for manufacture of exhaust heat recovery equipment and
simulation of the thermophysical processes of deep exhaust heat utilization.

The aim of the research was to investigate experimentally the rate (intensity) of LTC
of condensation surfaces of EGB when WFE combusting and to develop a marine engine
turbocharger sucked air cooling system with deep recovering the exhaust gas heat enlarged
due to using the low-temperature condensation of WFE combustion as a novel trend in
enhancing marine engine fuel efficiency by waste heat recovery. The following tasks are to
be solved:

- Carrying out the experimental research of condensation economizer to receive the
data on LTC during WFE combustion;

- Developing a marine engine intake air cooling system with deep utilization of the
exhaust gas heat during WFE combustion;

- Estimating the fuel efficiency of cooling the intake air of marine low-speed diesel
engine during WFE combustion by ECh compared with fuel oil combustion on the
ship route line.

2. Materials and Methods
2.1. Experimental Research

For obtaining the reliability quantitative results of studies of corrosion processes
during of WFE combustion, which are not presented in scientific publications, it is necessary
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to simultaneously determine the considered parameters characterizing corrosion during
standard sulfur fuels combustion in the same experimental setup using the same methods.
Comparison of the data obtained of standard fuel combustion with published scientific
data will make it possible to assess the level of reliability of the results obtained at the same
experimental setup with WFE combustion.

The studies were carried out on a special experimental setup. Research on such an
installation, unlike research on an industrial unit, makes it possible to ensure the constancy
of parameters (temperature, composition of exhaust gases, metal temperature). This will
make it possible, with the smallest error, to establish the influence of individual operating
and design factors on the ongoing corrosion processes when the combustion of both
standard fuel and WFE are based on it. The general view of the experimental setup is
shown in Figure 1.
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Figure 1. Experimental setup.

The experimental setup consisted of the following elements: fuel preparation system,
furnace, burner, gas duct. The shape of the furnace ensured good filling with a torch.
Furnace dimensions were length—0.8 m, diameter—0.3 m. The furnace was lined with
refractory bricks inside. Exhaust gases from the furnace entered a metal gas duct with a
free cross-sectional area of 0.08 × 0.103 m. The gas duct was lined with refractory bricks.
The furnace was cooled by heat transfer to the environment through the uncooled walls of
the furnace.

Preparation of a WFE for combustion in the furnace of the experimental setup was
carried out using a disperser according to a circulation scheme to obtain an emulsion with
a water droplet diameter of 15–30 µm. The fuel system is used to supply 1–3 kg/h of fuel
oil to the burner [43,44]. A rotary nozzle is used as a burner in the unit. As shown by
preliminary commissioning tests of the experimental setup, with such diameters of water
droplets, the best quality of combustion of WFE is achieved, due to the turbulence of the
flame due to microexplosions of emulsion droplets.

A stable value of excess air factor α was ensured only by ensuring constant fuel
consumption, since the air consumption remains practically unchanged. When a rotary
nozzle was used, the constant fuel consumption was ensured by feeding it by gravity
from a tank with a constant level (by installing an overflow pipe) and was monitored
throughout each experiment for subsequent adjustment. With a constant air flow, even a
slight change in fuel consumption leads to a change of the gas temperature at the outlet
from the furnace, which served as a signal to adjust the fuel consumption. Analysis of
exhaust gas composition at the furnace outlet was carried out by a chemical gas analyzer
(determination of RO2 and O2), a chromatograph (determination of CO, H2, and CH4),
and gas analyzers (determination of SOx and NOx). Determination of the speed and flow
rate of exhaust gases in the gas duct was carried out using a high-speed pipe and an
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inclined differential manometer. The speed of exhaust gases in the area of installation of
pipe samples in the main gas duct was about 8 m/s. Working section of pipe samples
(Figure 2) to study corrosion processes in the low-temperature zone was installed in the
zone of exhaust gas temperatures of about 250 ◦C. The temperature of exhaust gases and
pipe samples were measured by thermocouples, which were on pipe samples and in spaces
between the pipes.
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The pipe samples were cooled with air from the receiver. Water or oil supplied from
four thermostats was used for cooling the pipe samples in the gas temperature zone of
250 ◦C. Requirements for the accuracy of the conducted research determine the duration of
the experiments and the transient modes that separate them, since with a long experiment
duration, the drift of the processes in the research object and the measurement system
increases. As a result of this, the error introduced by them becomes commensurate with
the investigated value, especially with short experiments.

When short-term experimental studies are conducted, it is easier to ensure the stability
of the parameters. The duration of research should be within 12 h, since during this time,
a passivating layer of salts and oxides is formed on the metal surface. A total of 13 series
of experimental studies were carried out, with duration from 2 to 12, 88, and 100 h, with
a change of the water content of the combusted fuel from 2 to 30%, the sulfur content in
the original fuel from 0.98 to 2%, and the excess air factor from 1.01 to 2.9. For assessing
the reliability of the regression equations obtained from the results of short-term studies,
to ensure the reliability of the forecast of the process development under consideration,
we compared the calculated values with the experimental data during WFE and standard
fuel oil combustion, as well as scientific data based on the results of long-term studies
at industrial facilities when standard fuels were burnt. According to scientific data, the
duration of corrosion studies on boilers ranges from 2 to 120 h.

The intensity of LTC process depends on the surface temperature tw, the content of
water Wr, and sulfur Sr in the fuel, as well as on the excess air factor α during combustion.
Investigations of corrosion processes were carried out in the wall temperature tw range of
60–180 ◦C; the adsorption of H2SO4 is observed in this temperature range. For obtaining
the main dependences of the dynamic process development, the data obtained at wall
temperatures in the region of the “acid peak” (tw = 105–110 ◦C) were used, at which the
highest corrosion intensity was observed.

The sample for the study of the corrosion rate was a pipe with an outer diameter
of 0.025 m and a wall thickness of 0.002–0.0025 m; the length of the sample was 0.08 m.
Pipe samples of 20 steel were selected for corrosion studies (Figure 2a). The length of each
sample was measured with a caliper with a graduation of 0.00005 m. The sample diameter
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was measured with a micrometer with a scale division of 0.00001 m at a distance of 0.01 m
from each end of the pipe in two mutually perpendicular directions. The arithmetic mean of
four measurements was taken as the calculated diameter. The obtained values were used to
calculate the size of the outer surface of the sample F. The samples were then weighed and
labeled. Weighing was carried out on an analytical balance with an optical scale division of
0.1 mg with a variation of the readings of 0.2 mg. The weight of sample is designated as w1.

The preparation of samples for testing was completed by assembling a package of
pipe samples, installing thermocouples, and connecting them to a switch and secondary
devices. At the end of the experiment, the working sections with the packages of pipe
samples were removed from the gas ducts. The external views of the samples extracted
from the gas duct under different modes are shown in Figure 2b.

Samples with corrosion products, acid, and deposits carefully removed from the
working areas were weighed on an analytical balance (weight w2). Removal of deposits
and corrosion products from the metal surface was carried out by processing the samples in
a 5% solution of hydrochloric acid, inhibited by urotropine (1 g per 1 L of solution). Then,
the samples were washed in water and B-70 gasoline, dried, and weighed again (weight
m3) (Figure 3).
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2.2. Processing of Experiment Results

The weight loss of metal ∆G was determined

∆G =
w1 − w3

F
, (1)

where ∆G—weight loss of metal, g/m2; w1—weight of sample before experiment, g; w3—
weight of sample after cleaning of soot deposits and corrosion products, g; F—average area
of the outer surface of the sample to the experiment, m2.

The corrosion speed of metal surface K at a certain temperature of the pipe wall was
determined as

K =
∆G
τ

, (2)

where K—corrosion rate of metal surface, g/(m2·h); τ—duration of experiment, h.
The weight loss of metal on the condensation surface ∆G was determined by a formula.
The relative error in obtaining the corrosion rate was

∆K
K

= ±
(

∆(∆w)

∆w
+

∆F
F

)
(3)
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The relative error in measuring the area of the pipe sample was

∆F
F

=
∆d
d

+
∆L
L

(4)

The relative error in obtaining ∆w was ∆(∆w)/∆w = 0.5%. The relative error in
obtaining the area of the corrosion surface of the pipe sample was ∆F/F = 1.18%. The total
relative error in determining the corrosion rate will be ∆K/K = 1.68%.

The systematic error in determining the corrosion rate was

∆K =

√(
∆w
τ× F

)2
+

(
∆w
τ2 × F

× ∆τ
)2

+

(
∆w
τ× F2 × ∆F

)2
(5)

When corrosion tests are conducted, the limiting relative systematic error in determin-
ing the corrosion rate was assumed to be ∆K = 10%.

The systematic error in obtaining the area of the pipe sample was

∆F =

√(
∂F

∂dex
× ∆d

)2
+

(
∂F

∂Fav
× ∆d

)2
+

(
∂F
∂l

× ∆L
)2

(6)

With the accepted geometric dimensions of the sample, the value of systematic error
was ∆F = 1.84 × 10−4 m2. The surface of the pipe sample was F = 0.082 m2.

The experimental data were processed on a PC using the specialized statistical package
Sratgraphics Centurion XV in the Regression Model Selection module to find the most
optimal regression equation using various functions: linear, exponential, logarithmic, poly-
nomial, etc. The processing results showed that, with the smallest deviation, the dynamic
of corrosion processes, taking into account all data, is described by a power function of the
form ∆G = c × τn. In all the options considered, the coefficient of determination was higher
than 0.8 (R2 = 0.91–0.99), which, from the viewpoint of the theory of statistics indicates
a low dispersion of the obtained data and a fairly high reliability of the obtained regres-
sion equations. When processing the research results, we assumed that the process obeys
the obtained regression equations from the very beginning of the impact of the exhaust
gas flow.

2.3. Processing the Effect Gained Due to Deep Exhaust Gas Heat Recovering for Cooling the Air
Sucked by Engine Turbocharger

A scheme of the system for cooling air at the suction of engine turbocharger by
recovering the heat of exhaust gas in ECh was developed (Figure 4) [45,46]. The ECh
consists of power and refrigeration generation circuits. A generator of power circuit uses
the exhaust gas heat to produce a high-pressure refrigerant vapor as a motive fluid for
ejector to suck the low-pressure refrigerant vapor from evaporator–turbocharger intake
air cooler to compress it up to the pressure in the condenser. In its turn, the generator of
power circuit includes evaporative and economizer sections. A high potential exhaust gas
heat is consumed by evaporative section to generate a high-pressure refrigerant vapor as a
motive fluid for ejector and economizer section for preheating liquid refrigerant coming
from a condenser to the boiling temperature. With this, the economizer section consumes
a low potential heat of exhaust gas gained due to deep exhaust gas heat recovering on
low-temperature condensation surface of the economizer of EGB. The low potential heat of
exhaust gas is revealed due to the reduction of corrosion of low-temperature condensation
surface of the EGB economizer during WFE combustion.
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Figure 4. Scheme of the system for cooling the air at the suction of engine turbocharger by recovering
the heat of exhaust gas: DE—diesel engine; T—turbine and C—compressor of turbocharger; SAC—
scavenge air cooler; EGB—exhaust gas boiler; Gev—evaporative section of generator consuming
steam condensed; Gec—economizer section of generator consuming hot water; E-AC—evaporator-
air cooler; Ej—ejector; EV—expansion valve; P—pump; DC—droplet catcher; Con-t—condensate;
Ac—accumulator of feed water; SS—steam separator; HC—heat consumer; CE—low-temperature
condensation economizer of EGB.

The low-speed diesel engine 5S60ME-C10.5-TIII (nominal power Nn = 12,450 kW and
continuous service power Ns = 10,580 kW) is considered as the main engine of transport
ship [2]. On transport ships, about 25% of EGB steam productivity is spent for thermal
processing of fuel and lubricating oil during warm time. It means that about 75% of the
heat produced by EGB is available to be converted in refrigeration capacity by ECh for
cooling the air sucked by the engine turbocharger. From this, the available refrigeration
capacity of ECh and decrease in the temperature ∆ta of turbocharger sucked air due to its
cooling by ECh, as well as the effect gained as engine fuel consumption reduction were
calculated accordingly.

The air temperature depression in the air cooler at the suction of the engine tur-
bocharger ∆ta = ta1–ta2 depends on the temperature ta1 of the air sucked from the engine
room. When sailing in warm climatic conditions, the temperature of air in the engine room
tER exceeds ambient air temperature by 10 ◦C [2].

The temperature ta2, which limits the air temperature depression ∆ta in the air cooler,
depends on the boiling temperature of refrigerant, which is assumed of about t0 = 7 ◦C to
provide a high COP of ECh.

Proceeding from the minimum value of temperature difference between cooled air
and boiling refrigerant of 8 ◦C the minimum temperature of cooled air at the air cooler
outlet ta2 = t0 + 8 = 15 ◦C. A refrigeration capacity Q0 of ECh is determined issuing from
the available exhaust gas heat Qexh as Q0 = ζ Qexh, where ζ is the coefficient of performance
for ECh of 0.30 to 0.35.

3. Results and Discussion
3.1. Corrosion Process Intensity

The dependences obtained under the most characteristic modes and displayed in
Figure 5 shows that that with an increase in the water content of WFE Wr, the values of the
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weight loss of metal ∆G on the condensation surfaces at a wall temperature tw = 105–110
◦C decreased.

Energies 2022, 15, x FOR PEER REVIEW 9 of 21 
 

 

 

Figure 5. Dependences of corrosion processes for the most characteristic modes: 1—Sr = 1.5%,  = 

2.9, Wr = 2%; 2—Sr = 1.5%,  = 1.25, Wr = 2%; 3—Sr = 0.98%,  = 1.35, Wr = 15%; 4—Sr = 2%,  = 1.01, 

Wr = 2%; 5—Sr = 1.5%,  = 1.15, Wr = 30%. 

As the results of experimental research have shown, the time for stabilization of 

corrosion process is 8 h, especially when WFE are burnt. This allows for the assessment of 

the level of corrosion process and to predict the process for a long period of time from the 

results of kinetic studies for 2–12 h. 

The dependences of the weight loss of metal G = f (τ) (Figure 6) were obtained as a 

result of processing the series of experiments. Dependences have shown that for standard 

fuel oil with a water content of 2%, the corrosion rate is about five times higher than 

during WFE combustion with a water content of about 30%. This is explained by a 

protective passivating film formed on the tube metal surface. 

  

Figure 5. Dependences of corrosion processes for the most characteristic modes: 1—Sr = 1.5%, α = 2.9,
Wr = 2%; 2—Sr = 1.5%, α = 1.25, Wr = 2%; 3—Sr = 0.98%, α = 1.35, Wr = 15%; 4—Sr = 2%, α = 1.01,
Wr = 2%; 5—Sr = 1.5%, α = 1.15, Wr = 30%.

As the results of experimental research have shown, the time for stabilization of
corrosion process is 8 h, especially when WFE are burnt. This allows for the assessment of
the level of corrosion process and to predict the process for a long period of time from the
results of kinetic studies for 2–12 h.

The dependences of the weight loss of metal ∆G = f (τ) (Figure 6) were obtained as a
result of processing the series of experiments. Dependences have shown that for standard
fuel oil with a water content of 2%, the corrosion rate is about five times higher than during
WFE combustion with a water content of about 30%. This is explained by a protective
passivating film formed on the tube metal surface.
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Figure 6. Dependences of the weight loss of metal ∆G on time of experiments τ under fuel oil
(Sr = 1.5%, α = 2.9, Wr = 2%) (a) and WFE (Sr = 1.5%, α = 2.9, Wr = 30%) (b) combustion.

In Figure 7, we see the dependences of the change of corrosion rate for two modes of
combustion of fuels with Wr = 2% and Wr = 30%, indicating the magnitude of the deviation
between the predicted and control experimental values K = f (τ). The deviations between
the experimental data and the predicted values did not exceed 15% (Figure 7), which is
considered acceptable in the study of the processes and confirms the reliability of research
results and approximation equations of corrosion processes under different modes obtained
during 2–12 h.
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Figure 7. Dependences of the corrosion rate K on time of experiments τ under fuel oil (Sr = 1.5%,
α = 2.9, Wr = 2%) (a) and WFE (Sr = 1.5%, α = 2.9, Wr = 30%) (b) combustion.

This allows, under the same working conditions, for the determination (prediction) of
the value of ∆G by calculation during any period of operation, but while ensuring stable
operating modes.

In order to assess the reliability of the research results obtained in 2–12 h and the
approximating dependencies for predicting the corrosion intensity, we carried out control
(main) studies (two modes) with a long duration: when WFE combustion (Wr = 30%)
based on M40 (Sr = 1.5%) and α = 2.9 at τ = 88 h; when fuel oil M40 combustion (Wr = 2%,
Sr = 1.5%) with α = 2.9 at τ = 100 h.

The results of the comparison of the obtained values of the average corrosion rate
according to the kinetic equations (predicted) (Figure 7) with the experimental data for 88
and 100 h, presented in Figure 8, shows that their discrepancy with the values in the region
of the acid peak at tw = 110 ◦C was insignificant and less than 5%.
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Figure 8. Dependences of corrosion rate K on wall temperature tw.

Dependences (Figure 8) make it possible to determine the minimum wall temperature
of the low-temperature surface according to the corrosion rate accepted under the condi-
tions of reliability and service life. Considering the permissible corrosion rate (Kp) of the
metal of the economizer at the level of 0.25–0.35 mm/year, one can argue that the most
dangerous level of LTC is the wall temperature range tw = 85–130 ◦C, because this part of
the surface is subjected to intense exposure to sulfuric acid condensate. In this range of
wall temperatures, the “acid peak” of corrosion is observed, and the corrosion rate is well
above the allowable level.

At wall temperature range tw = 130–150 ◦C, the economizer surface was in the zone
of electrochemical corrosion. With a decreasing of tw to 100–115 ◦C, the corrosion rate
during fuel oil combustion increased sharply. In this tw range, the first “acid peak” of
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corrosion was observed, and K was significantly higher than Kp. With a further decreasing
of wall temperature tw, corrosion rate K decreased, and the second “corrosion minimum”
was reached. In the temperature range 80–90 ◦C, a decreasing corrosion rate K to Kp was
observed, mainly at low excess air factor α. At increased α, the corrosion rate was higher
than K. However, since this range of tw was very narrow and it was located after the “acid
peak”, it was difficult to use this phenomenon in the design of the condensation surface. At
tw below 75–80 ◦C, the corrosion rate increased sharply again (the second “acid peak”).

When WFE was burnt with water content 30%, there was no “acid peak”. Within
the wall temperature varying from 140 to 70 ◦C, the corrosion rate was at the level of
0.15–0.25 mm/year. As a result, the corrosion intensity of the WFE combustion was
reduced by six times compared to fuel combustion with Wr = 2%. The service life of the
economizer surfaces increased proportionally. This means that, when WFE were burnt, the
lifetime of the condensation surface was the same as that of the dry one.

The range of wall temperatures within 130 ◦C down to 70 ◦C of condensation econ-
omizer were determined as having safe operation, which revealed the potential for deep
exhaust gas heat utilization as compared with 150 ◦C down to 90 ◦C for conventional fuel
oil combustion.

3.2. Processing the Results of Evaluation of the Effect Gained Due to Cooling Marine Diesel Engine
Turbocharger Suction Air by ECh on the Voyage Line Mariupol–Amsterdam–Mariupol

A voyage line Mariupol–Amsterdam–Mariupol was considered to evaluate the en-
hancement of marine engine fuel efficiency due to turbocharger sucked air cooling by ECh
converting exhaust gas heat enlarged with WFE combusting compared with conventional
fuel oil. The values of temperature tamb and relative humidity ϕamb of ambient air during
voyage line were fixed each 3 h (Figure 9).
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Figure 9. Ambient air temperature tamb and relative humidity ϕamb variations on the voyage line
Mariupol–Amsterdam–Mariupol (22 July 2019–3 August 2019).

As Figure 9 shows that during a summer voyage, the temperatures of ambient air tamb
varied from 15 to 20 ◦C in middle widths compared with 25 to 30 ◦C in southern widths
(accordingly air temperature in engine room is 10 ◦C higher), and relative humidity of air
ϕamb were from 50 to 60% in the Mediterranean Sea compared with 80 to 90% in Northwest
Europe.

For each 3 h interval, we calculated the corresponding ambient air temperature tamb
and relative humidity ϕamb, as well as the processes of cooling the engine turbocharger
sucked air in the air cooler from the air temperature in engine room (at the air cooler inlet)
ta1 = tamb + 10 ◦C to its temperature ta2 at the outlet of air cooler (at the turbocharger
suction).
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The values of the available cooling capacity Q0.WFE of ECh using the enlarged exhaust
gas heat during WFE combustion was higher compared with Q0 for fuel oil combustion due
to deeper exhaust gas heat utilization to lowered temperatures texh2 = 90–110 ◦C compared
with texh2 = 150–170 ◦C (Figure 10).
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Figure 10. The available cooling capacities of ECh: Q0—fuel oil; Q0.WFE—WFE.

Accordingly, the values of air temperature depression in the air cooler at the engine
turbocharger suction ∆ta during WFE combustion ∆ta.WFE were higher compared with ∆ta
for oil fuel (Figure 11).
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Figure 11. The values of air temperature depression at the engine turbocharger suction: ∆ta—fuel oil;
∆ta WFE—WFE.

As Figure 11 shows, temperature depression in the sucked air cooler of ECh recovered
the exhaust gas heat (scheme in Figure 4) ∆ta = 10–20 ◦C during oil fuel combustion,
whereas ∆ta = 15–25 ◦C for WFE.

We found a reduction in specific fuel consumption ∆be, as well as saving of fuel
consumption in absolute values Be, t, and relative values B’e, %, related to the total fuel
consumption for low-speed diesel engine 5S60ME-C10.5-TIII on the voyage line Mariupol–
Amsterdam–Mariupol due to cooling turbocharger suction air by ECh, using the exhaust
gas heat, calculated by program “mandieselturbo” [2], which is shown in Figure 12.
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Figure 12. Reduction of specific fuel consumption ∆be, g/(kW h), of low-speed diesel engine, as well
as fuel saving in absolute Be, t, and relative B’e, %, values as related to the total fuel consumption
on the route line Mariupol–Amsterdam–Mariupol (22 July 2019–3 August 2019): ∆be, Be, and B’e—
convention oil fuel; ∆be WFE, Be WFE, and B’e WFE—WFE.

As Figure 12 shows, we found a reduction of specific fuel consumption due to cool-
ing turbocharger suction air by ECh, utilizing exhaust gas heat, ∆be = 1.2–2.5 g/(kW·h),
absolute values Be ≈ 10 t, and relative values B’e = 1.2–1.3% of fuel saving are gained
for convention oil fuel combustion, whereas ∆be = 1.2–2.5 g/(kW·h), BeWFE ≈ 10 t, and
B’eWFE = 1.2–1.3% for WFE combustion in low-speed diesel engine 5S60ME-C10.5-TIII on
the voyage line Mariupol–Amsterdam–Mariupol (22 July 2019–3 August 2019).

The further enhancement in fuel saving by about 1.5 times was possible due to complex
cooling the engine turbocharger sucked air and scavenge air through using additional
scavenge air heat in ECh or in combined absorption-ejector chiller with ACh as a high-
temperature stage to precool the engine turbocharger sucked air to about 15 ◦C and ECh as
a low-temperature stage to subcool it to 15 ◦C and lower (Figure 13).

Energies 2022, 15, x FOR PEER REVIEW 17 of 21 
 

 

 

 

Figure 13. The values of air temperature depression Δta and temperature ta2 of cooled air at the 

engine turbocharger suction when using exhaust gas heat and additional scavenge air heat: ta2 and 

Δta—fuel oil; ta2 WFE and Δta WFE—WFE. 

4. Conclusions 

Additional refrigeration capacity can be used to increase a depth of cooling intake air 

at the suction of internal combustion engines by waste heat recovery chillers due to deep 

utilization of exhaust gas heat, making it possible to reduce engine fuel consumption and, 

accordingly, the amount of harmful emissions. 

In its turn, deep utilization of exhaust gas heat of diesel engines is limited by the low-

temperature corrosion processes of EGB surfaces. 

The application of WFE combustion enables the reduction of a LTC, and as result 

provides deeper exhaust gas heat utilization in the EGB to the much lower temperature 

90–110 °С with WFE instead of 150–170 °С when combusting conventional fuel oil. 

Analysis of literary sources showed that there were no quantitative data of the low-

temperature corrosion intensity of EGB condensation surfaces during WFE combustion. 

Experimental research of corrosion intensity at wall temperature values below dew 

point temperature of sulfuric acid vapors were carried out at the experimental setup with 

combustion of fuel oils and WFE based on them. 

Proceeding from the research results, we revealed that the stabilization of the 

corrosion process occurred within 8 h. Regression equations were obtained that reliably 

estimated the development of corrosion processes. The study of the kinetics of corrosion 

processes was reliably approximated by power functions with an error of 5 to 15%. 

The range of wall temperatures of condensation economizer safe operation within 

130 °C down to 70 °C when WFE combustion was determined on the basis of the 

experimental data that allow for a decrease in the exhaust gas temperature from 150 °C 

down to 90 °C and an increase in the potential for deep exhaust gas heat utilization as 

compared with conventional fuel oil combustion. 

The results of experimental research of low-temperature condensation economizer 

approved the appropriate corrosion rate during WFE combustion and provide a good 

perspective for their application in marine diesel engine waste heat recovery. 

A diesel engine sucked air cooling system with deep utilization of the exhaust gas 

heat potential was enlarged due to using the low potential heat in economizer section of 

ECh generator when WFE combustion was developed as a novel trend in enhancing the 

fuel efficiency of marine diesel engines by waste heat recovery. 

The application of developed diesel engine sucked air cooling system provided 1.3 

to 1.7% fuel saving on the voyage line Mariupol–Amsterdam–Mariupol and revealed 

good perspectives for increasing the fuel saving by 1.5 times due to complex engine intake 

Figure 13. The values of air temperature depression ∆ta and temperature ta2 of cooled air at the
engine turbocharger suction when using exhaust gas heat and additional scavenge air heat: ta2 and
∆ta—fuel oil; ta2 WFE and ∆ta WFE—WFE.

4. Conclusions

Additional refrigeration capacity can be used to increase a depth of cooling intake air
at the suction of internal combustion engines by waste heat recovery chillers due to deep
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utilization of exhaust gas heat, making it possible to reduce engine fuel consumption and,
accordingly, the amount of harmful emissions.

In its turn, deep utilization of exhaust gas heat of diesel engines is limited by the
low-temperature corrosion processes of EGB surfaces.

The application of WFE combustion enables the reduction of a LTC, and as result
provides deeper exhaust gas heat utilization in the EGB to the much lower temperature
90–110 ◦C with WFE instead of 150–170 ◦C when combusting conventional fuel oil.

Analysis of literary sources showed that there were no quantitative data of the low-
temperature corrosion intensity of EGB condensation surfaces during WFE combustion.

Experimental research of corrosion intensity at wall temperature values below dew
point temperature of sulfuric acid vapors were carried out at the experimental setup with
combustion of fuel oils and WFE based on them.

Proceeding from the research results, we revealed that the stabilization of the corrosion
process occurred within 8 h. Regression equations were obtained that reliably estimated
the development of corrosion processes. The study of the kinetics of corrosion processes
was reliably approximated by power functions with an error of 5 to 15%.

The range of wall temperatures of condensation economizer safe operation within
130 ◦C down to 70 ◦C when WFE combustion was determined on the basis of the experi-
mental data that allow for a decrease in the exhaust gas temperature from 150 ◦C down to
90 ◦C and an increase in the potential for deep exhaust gas heat utilization as compared
with conventional fuel oil combustion.

The results of experimental research of low-temperature condensation economizer
approved the appropriate corrosion rate during WFE combustion and provide a good
perspective for their application in marine diesel engine waste heat recovery.

A diesel engine sucked air cooling system with deep utilization of the exhaust gas
heat potential was enlarged due to using the low potential heat in economizer section of
ECh generator when WFE combustion was developed as a novel trend in enhancing the
fuel efficiency of marine diesel engines by waste heat recovery.

The application of developed diesel engine sucked air cooling system provided 1.3 to
1.7% fuel saving on the voyage line Mariupol–Amsterdam–Mariupol and revealed good
perspectives for increasing the fuel saving by 1.5 times due to complex engine intake air
cooling through using additional heat of scavenged air in ECh or in combined absorption–
ejector chiller.
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Nomenclature
ACh absorption lithium-bromide chillers
COP coefficient of performance
ECh ejector chiller
EGB exhaust gas boiler
LTC low-temperature corrosion
WFE water-fuel emulsion
Symbols and units
Be total mass fuel consumption decrease g, kg, t
K corrosion rate of metal surface
Q0 total cooling capacity, heat flow rate kW
Qexh exhaust gas heat kW
tamb ambient air temperature ◦C
ta1 inlet air temperature ◦C
ta2 outlet air temperature ◦C
t0 refrigerant boiling temperature ◦C
tER air temperature in the engine room ◦C
tw wall temperature of condensation economizer ◦C
w1 weight of sample before experiment g
w2 weight of sample after experiment g
w3 weight of sample after cleaning of soot deposits and corrosion g

products
∆be specific fuel consumption decrease g/kW h
∆G weight loss of metal g/m2

∆ta air temperature decrease, depression, reduction K, ◦C
ϕamb ambient air relative humidity %
τ time interval h
ζ coefficient of performance
Subscripts
a air
amb ambient
exh exhaust
WFE water-fuel emulsion
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