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One of the promising ways in environmentalizing marine internal combustion engines is the neutralization of harmful
substances in exhaust gases through particular gas recirculation (EGR-technology). However, the use of such
techniques conflicts with the engine's energy efficiency. In the work presented, the scheme-design solution of the
exhaust gas recirculation system with using the heat of recirculation gases by an ejector refrigeration machine for
cooling the air at the intake of ship's main engine is proposed. The effect of using the heat of recirculation gases for
cooling the air at the intake of the engine is analyzed taking into account the changing climatic conditions for a
particular vessel's route line. It is shown that the use of an ejector refrigeration machine reduces the air temperature at
the entrance of the main engine by 5-15 ° C, which reduces the specific fuel consumption by 0.5-1.5 g/(kW-h). This
reduces emissions of harmful substances when the engine is running with recirculation of gases, in particular, NOx by
30-35%; SOx by 10-12%.
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1. Introduction

The rational using of energy resources and prevention of
environmental pollution is the most relevant problem for
humanity. The internal combustion engines occupy a
leading place as an energy source (thermal, mechanical,
electrical). It is during the operation of internal combustion
engine, due to chemical pollution by toxic substances
contained in the exhaust gases, that the greatest harm is
caused, and the most sensitive environmental impact comes
from ship power plants, in which the main source of energy
is internal combustion engines.

The formation of such harmful gases, such as carbon
dioxide CO,, nitrogen oxides NO,, carbon monoxide CO,
sulfur oxides SO,, etc., depends on the organization of
work processes in the internal combustion engine. A very
effective way of greening marine internal combustion
engines is the artificial neutralization of harmful substances
in exhaust gases, for example, exhaust gas recirculation
(EGR technology). However, the use of such technologies
is in conflict with the energy efficiency of the internal
combustion engine, because the measures to reduce
emissions require additional costs.

2. Literature Review

Exhaust gas recirculation is a method that significantly
reduces the formation of NO, in marine diesel engines.
Using this method fully meet Tier 111 requirements for NO,.
In the EGR system, after the cooling and cleaning process,
a part of the waste gases is recirculated to the air receiver.
Thus, part of the oxygen in the air that is used in the
combustion process is replaced by CO, oxide. This, in turn,
reduces the oxygen content of O, and the burning rate,
thereby reducing the maximum burning temperature, and
thus reducing the intensity of NO, formation [1-5]. NO,
emission reduction is almost linear to exhaust gas
recirculation [7-10].

The increased amount of recirculation gases causes
under-burning of the fuel and an increase in emissions of
CO, CO, and soot. Therefore, the quantity (part in the total
volume of waste gases) of the recirculation gases must be
limited, that is, a compromise must be found between the
effect of NO recirculation and combustion efficiency (in the
form of low-grade hydrocarbons). This imposes restrictions
on the upper limit of the recycle rate [10].

When using EGR, there is an increased fuel
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consumption due to the slowed rate of heat release. In the
upper engine load range, fuel consumption gradually
increases with recycle rate. At recirculation ratio K, = 20 %
the fuel consumption increases by 10-20 g/(kwh), in the
average engine load range, fuel consumption increases
linearly by the K,, and in the lower load range it slightly
affects the fuel consumption.

Using recirculation with a K, = 10 % can reduce NOx
by about 30 % without a significant increase in fuel
consumption — although the exhaust gases smoking slightly
increases. When K, = 20 % the reduction in emissions of
nitrogen oxides can reach 60 %. However, already at K, >
10-15 %, the fuel economy deteriorates by 4-7 %. One
advantage of the EGR is low cost compared with other
methods of reducing NOXx. In the case of recycling there is
no need to use complex and expensive devices, the
manufacture of which for large-sized marine diesel engines
causes great technical difficulties.

Since the CO, and water molecules have a higher heat
capacity, the combustion temperature somewhat decreases.
According to the data of [5], an increased mass flow rate
gives about 93 % of the effect of reducing the flue gas
temperature, while an increase in the specific heat gives
about 7 %. The cooling of recirculation gases leads to a
decrease in NO, and particulate emissions with comparable
recirculation ratio K. This effect is more significant with
large recirculation ratio [1].

The work [8] shows the results of using exhaust gas
recirculation for the engine of the company MAN
12K90ME9, which is applyid as the main engine on the
container vessel. The recycling rate at nominal and partial
engine loads was K,=30-40 %, while NO, emissions
decreased to 80 %, SO, emissions decreased by 25 %,
particulate matter (PM) by 50 %, but this led to an increase
in specific fuel oil consumption by 5-6 g/(kwh). The
increase in specific fuel oil consumption on low-speed
engines up to 5 g/(kwh) is also confirmed in [7]. It is also
indicated that it is a technology for EGR at a concentration
of fuel sulfur level S <3.5 %.

A typical EGR system for a ship's main low-speed
engine includes a scrubber, a cooler, a water mist separator,
a fan, and a support system for NaOH solution with a pump
and tank. It should be noted that the components of the
system are quite dimensional, the pumps of the cleaning
system, cooling system and fan (or electric compressor)
require a small amount of electrical energy.

Today, it is promising to use technologies that would
ensure an increase in the fuel and energy efficiency of the
internal combustion engine when working with EGR
systems, that is, would combine high environmental
efficiency with engine fuel efficiency.

These technologies include, for example, the use of pre-
cooling air (before the turbocharger) with the help of
ejector waste heat using chillers. The advantage of this
solution is the possibility of using the waste heat of
recirculation gases (and hence reducing the heat load on the
scrubber recycling system).

The aim of the study is assessment of the pre-cooling air
efficiency of the ship’s main engine by an ejector chiller
(ECh) using the heat of exhaust gases of the EGR system.

3. Research Methodology

When analyzing the effectiveness of the application of
the proposed comparison solution, it was carried out on the
basis scheme with EGR for MAN low-speed two-stroke
diesel engines in accordance with the Tier Il
environmental conditions. Recirculation is provided by
bypassing part of the waste gases from the following
purification from harmful gases in the scrubber and after
cooling in the heat exchanger-gas cooler. The EGR com-
prise scrubber, chilling unit, condensate trap, the fan and
the system is cleaned from the solution of NaOH.

Circuit solution with the use of the heat-using circuit of
the ECh is considered for the ship's low-speed two-stroke
diesel engine firm MAN B&W specification 6G70ME-
C9.5. To analyze the parameters of the recirculation system,
as well as the characteristics of the main engine, the CEAS
software package of the leading manufacturer MAN was
used [11]. The calculation was made for the following ini-
tial data: the performance characteristics of the main engine
(under 1SO conditions) — engine load — NMCR =90 %;
power — N, = 19656 kW; speed — n. = 80.1 rpm; specific
fuel oil consumption (SFOC) - g. = 169.8 g/(kWh); exhaust
gas recirculation system (EGR) — bypass with scrubber and
gas cooler, responsible for Tier Il environmental
conditions.

The calculation of the characteristics of the engine was
carried out on the operating mode during the voyage of the
dry-cargo ship from Odessa to Amsterdam. These changes
in climatic conditions during the trade route (ambient
temperature t,, temperature of outboard water t,,, humidity
rate d, and and relative humidity ¢, according to the time of
the vessel’s voyage (fig. 1).

The operating parameters of the heat-recovery contour
based on the ECh were calculated using the well known
equations and methods, also the software complex
developed at the Department of Conditioning and
Refrigeration.
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Figure 1 — The changes in ambient air temperature t, and
temperature of outboard water t,, humidity rate d, and
relative humidity ¢, of ambient air during the vessel route
Odessa-Amsterdam
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The following haracteristics of the ECh for cooling the
ship engine intake air were chosen:

1. refrigerant — R142b;

2. refrigerant evaporation temperature in the evaporator-
air cooler —ty = 5-10 °C;

3. refrigerant condensing temperature in a water cooled
condenser by seawater — t, = 25-45 °C;

4. refrigerant evaporation temperature in the generator —
ty = 80-120 °C.

The following values of coefficient of performance for
ECh were chosen: £ = 0.30; 0.35; 0.40; 0.60.

4. Results

The solution with using the ECh was developed and
analyzed (fig. 2). The bypassing recirculation system works

FG bypass valve

Q

as follows: exhaust gases from 10 to 40 % in quantity are
fed to the scrubber through the valve, where they are
partially cooled and cleaned when water is sprayed with
special nozzles. Then the gases are cooled in the heat
exchanger - gas cooler (heater of water for refrigerant gen-
erator of ECh), condensated water is drained an condensate
trap and cooled gases are fed by the fan to the scavenge air
receiver, where gases are mixes with the scavenge air
coming from the turbocharger.

It is proposed to use the heat of the recirculating gases
for high pressure liquid refrigerant evaporation in generator
of ECh for generation of high pressure refrigerant vapor as
motive fluid for ejector to suct a low pressure refrigerant
vapor from refrigerant evaporator - air cooler (AC-RE) at
the intake of turcharger. Thus, cooling capacity of ECh is
used for cooling air at the intake of the engine
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Figure 2 — Scheme of EGR-technology with bypass matching for the MAN marine diesel engine and
ejector chiller: WMC — water mist catcher.

For MAN B & W 6G70ME-C9.5 engine considered, the
specific fuel consumption decreases by about 5 g/(kwh)
due to engine inlet air cooling during a voyage (fig 3). With
this the degree of recirculation during a voyage is K, = 15-
17 %, the flow of recirculating flue gases is Gy, = 6-7 kg/s
and a total exhaust gas flow G4 = 38-39 kg/s. The flow of
“fresh” air to the engine turbocharger is Gaeqr = 37-38 kg/s
with exhaust gas recirculation and G, 43-45 kgls -
without recirculation of exhaust gases.

For the 6G70ME-C9.5 engine, according to the data of
the MAN company (according to the calculations using the
CEAS software package), when cooling intake air for every
10°C a reduction in specific fuel consumption is
1.09 g/(kWh) or 0.109 g/(kWh-K).

The results of analyzing the operation efficiency of
recirculation gas heat-recovery chiller with different
coefficients of performance ¢ = 0.30; 0.35; 0.40; 0.60 show
the following cooling capacities received in chiller (fig. 4):
Qoo,3 = 430-450 kW (& = 0.30); Qo(o,35 = 500-530 kW (£ =
=O,35), Q0(0_4)= 580-610 kW (C = 040) and Q0(0_3)=
=870-910 kW (¢ = 0,60). The heat load on the ECh
generator (heat consumption of chiller) is Qg = 1450-
1520 kW (fig. 4) with appropriate cooling of the
recirculation gas in the gas cooler (before the scrubber)
from the temperature ty = 360-410 °C to the temperature
t, =180 °C (limited taken into account the danger of
corrosion) provides decrease in air temperature at the inlet
of the engine turbocharger, respectively: Atygg =5.1-
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8.0°C (Q = 030), Ata(o'gs) =5.594°C (C = 035), Ata(0.4) =
= 6.6-10.8 °C ({ = 0.40); Atyog) = 8.7-16.0 °C (¢ = 0.60).
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Reduction of emissions due to lowering the engine
intake air temperature when using the heat of recirculation
gases is insignificant and amounts to no more than 0.2-
0.3% for NO, and SO,, but for the system with gas
recirculation and ¢ = 0.60 (fig. 5) is: Agnoxp.e = 29-35 %
(5.5-5.8 g/(kWh)); Agsoxse) = 10-12 % (1.2-1.4 g/(KWh)).
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Figure 4 — The temperature of recirculation gases cooled
by removing the heat for ECh generator (at the exit from
heat exchanger- gas cooler) ty, temperature of the gases at
the inlet of heat exchanger - gas cooler tg,, thermal load on
the generator of the chiller Qq, cooling capacity of the
chiller at different coefficients of performance Qo)
Qo(0,35) Qo(0,4) Qoo,6) during the route of the vessel

A decrease in the engine intake air temperature ensures
a reduction in the specific fuel consumption (fig. 3) in
accordance with: Ageogz = 0.5-0.7 g/(kWh) (= 0.30);
Age(0.35) = 0.6-0.9 g/(kWh) (C = 035), Age 04 = 0.7-
1.2 g/(kWh) (€ = 0.40); Age e = 1.1-1.5g/(kWh) (=
0.60). The maximum efficiency of engine intake air cooling
through  recirculation  exhaust gas  heat-recovery
corresponds to the coefficient of performance of the chiller
€ =0.60 and is Ag, = 0.9-1.1%, while the total specific fuel
consumption will be gepe = 167-168 g/(kWh), and without
gas recirculation - g, = 164-165 g/(kwWh).
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Figure 5 — The values of NO,, SO, and CO, emissions in
absolute units (a) and relative (b) during the route of the
vessel

However, it should be noted that this enhances CO,
emissions by Agcoz o6 = 1.3-1.4 % (6.2-8.0 g/(kWh)).

5. Conclusions

1. A schematic-constructive solution of the exhaust gas
recirculation system with the use of its heat by an ejector
refrigeration machine for cooling the air at the intake of the
ship's main engine is developed.

2. The effect of using the heat of recirculating gases for
cooling air at the turbocharger intake was analyzed for the
engine MAN 12K90ME9 with the account of changing
climatic conditions on the vessel route line Odesa-
Amsterdam.

3. It is shown that the use of heat of recirculation gases
with an ejector refrigeration machine reduces the air
temperature at the intake of the ship's main engine by 5-

7
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15 °C, which ensures a reduction of the specific fuel
consumption by 0.5-1.5 g/(kW-h). This reduces emissions
of harmful substances when the engine is running with
recirculation of gases, in particular, NOx by 30-35%; SOx
by 10-12%.
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BVIKOpVICTaHHFI TenmnoTu peLlVIpKy.ﬂﬂLIWIHVIX rasis CyAHOBOIo royfioBHoro
ABUTYHa €XXeKTOPHOK XOoJ1I04UNMbHOK MAalWMHOKO ANA OXOJN1o4XXeHHA

noBiTpA Ha Bxoai
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B oanuii yac ocnogy cyonogoi enepeemuku ckiadaroms 08USYHU SHYMPIWHBO20 320PSHHA 13 3ANATIO8AHHAM IO CMILC-
HenHsi — Ouszeni. [useni € ddcepenom iHMEHCUBHO20 3aOPYOHEHH. amMocepro2o nogimpsi. 10106wHI | 00nOMIdICHI Ouze-
i, 8 CKAAOI CYOHOBUX eHep2eMUYHUX YCMAHOBOK, GUKUOAIOMb 8 HABKOJIUUWHE cepedosule 3HAYHY KIIbKICMb WKIOTUGUX
DEUOBUH, GNIUBAIOYU MUM CAMUM HA eKOJO2IUHY 0OCMAHOBKY 6 pAtloHAX G000UM, NOPMIE, PEMOHMHUX 643, A MAKONC
30MUCHIOE He2amueHull 6N1UG Ha (Popy i payHy 60OHUX bacelinis i Ha 300p0o8's adell. MixchapoOHi KOHEeHYIl 6CMAaHo-
BII1010Mb HCOPCMKI GUMO2U 00 MEXHIYHO20 CIAHY CYOeH ma npoyecy excniyamayii, npu HegionogiOHOCMI AKUM BUKO-
pucmanms CyoHa modice Oymu 8 aOMiHiCmpamugHomy nopsaoky oomecerno abo zaboponerno. 3 2016 poxy 8sedeno 8 dito
nosi nopmu IMO TIER I, 32i01H0 3 AKUMU 3HUINCEHHA WKIOIUBUX BUKUOIE 8 pecynbosanux 3onax (ECA) mae 6ymu cxo-
poueno 6 nopisnanni 3 nopmamu 2011 p oinow nidic 6 3 pazu. BUuxonauus HOBUX HOPM 8 HANPAMKAX NOOATLULO2O 800C-
KOHANIeHHs1 p0O0Y020 npoyecy, 3acmocCy8aHHs albMEePHAMUBHUX NATUE, NPUCAOOK 00 NAIUBA i NOBIMPS, d MAKONC CUC-
mem ceneKmu8Ho20 KamanimuyHo2o 6i0HOBNEHHS He BUKTIOUAE NOOAIbULO20 PO3BUMKY HAYKOBUX 00CNiOdHCeHb 8 obnac-
mi ouuwjenus 8ionpaybosanux 2azis. OOHUM 3 NEPCNEKMUSHUX HANPAMIE 8 eKO02i3ayil CyOHOBUX OBUSYHIE 6HYMpPIUL-
Hb0O20 320pAHHA € HeUmpanizayis WKIOIUGUX DeYO8UH Y BUNYCKHUX 2a3aX, 30Kpema peyupkyrayiero eazie (EGR-
mexnonozis). OOHaK, GUKOPUCMAKHS MAKUX MEXHONO02I 6CMYNAE 8 NPOMUPIYYSL 3 eHeP2eMUYHOI eQeKMUGHICIO 08U-
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2yna. B npedcmaseneniii agmopamu pobomi 3anponoHo8ano ma NPoananizogaHo cxXemHo-KOHCMPYKMUGHe PilueHHs Cu-
cmemu peyupkynAyii 6UNYCKHUX 2a3i6 CYOH0B020 20I06HO20 0BUSYHA 3 6UKOPUCMAHHAM MENnI0mu 2a3i8 eHceKmopHOIO
XON0OUNBHOW MAWUHOMW OJi 0XON00NMCeHH: Nogimps Ha 6x00i. E¢hexm 6i0 suxopucmarnus meniomu peyupkyiayiiHux
2azi6 014 0X0100XCeHHs NOGIMPs HA 6X00i 08USYHA NPOAHANIZ308AHO 3 YPAXYBAHHAM 3MIHHUX KAIMAMUYHUX YMO8 Ol
KOHKpemHoi peticosoi ninii cyoua. Ilokazano, o 3aCmocy8ants elceKmopHOi X0100UlbHOT MAWUHYU 00360JI€ 3HUSUMU
memnepamypy nogimps Ha 6x00i 201061020 0suzyna na 5—15°C, wo 3abe3neuye 3menuieHHs nNUMOMOL Gumpamu naiuea
na 0,5-1,5 2/(kBm 200). IIpu ybomy ckOpouyiomsbCst UKUOU WKIOTUGUX PEUOGUH NPU POOOMI O8USYHA 3 PEYUPKYIAYIEID

easie, 3okpema NOx na 30-35 %, SOx na 10-12 %.
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