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There are many ways and methods to reduce exhaust gases emissions on modern ships. One of the most
effective ways to reduce NOx and SOx emissions is to use of exhaust gas recirculation (EGR technolo-
gy). The EGR system disadvantage is an increase in back pressure through additional pressure losses in
the scrubber and heat exchanger, which entails an engine fuel efficiency deterioration. Creating a reli-
able and efficient heat exchanger for cooling recirculation gases is a complex task due to deposits and
pollution emitted by these gases. In the present work, the jet apparatus effectiveness named aerother-
mopressor is analyzed in the scheme with exhaust gases recirculation of the ship low-speed two-stroke
engine. Aerothermopressor is a two-phase jet for contact disperse cooling, in which by increasing the
heat from the gas stream the gas pressure and cooling are increased. The calculation of the characteris-
tics of the engine was carried out, both in nominal, and in operating modes and in all possible range of
partial loads. The installation of the aerothermopressor before the scrubber is proposed, which allows
reducing engine thermal load. Increasing the pressure in the aerothermopressor by 0.2-0.4 - 10° Pa (6-
12%) allows reducing the back pressure in the gas exhaust system and thus reducing the load on the ex-
haust gas recirculation fan and when the engine load is higher than 75% in the cold zone, the fan is not
needed, which additionally allows to reduce the specific fuel consumption. The parameters of the ex-
haust gases that are going to be recirculated and the processes of their gas-dynamic cooling in the aer-
othermopressor are based on the developed technique and program using the thermodynamic and gas
dynamics equations. The proposed scheme-design solution allows at a high environmental friendliness
of the existing exhaust gas recirculation system to provide a certain reduction in specific fuel consump-
tion. It was determined that the engine specific fuel consumption has been decreasing when the aero-
thermopressor is used to Age = 2.5-3.0 g/(kW-h) (1.5-1.7%).
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1. Introduction tional external costs (both energy and resource
costs). For example, features of the formation of

Modern technologies of ecologization of heat such deleterious gases as nitrogen oxides NOXx re-
engines are in conflict with their energy efficiency, quire reducing the maximum temperature of com-
because measures to reduce emissions require addi-  bustion of the fuel, which entails to reduce the en-
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ergy efficiency of the internal combustion engine
(ICE).

Considering this, the creation of such environ-
mental and energy efficient technologies that would
ensure a reduction in emissions into the environ-
ment and at the same time level the negative impact
on the fuel and energy efficiency of the internal
combustion engine is very important.

Today a promising direction is to use of thermal
spraying jet technologies [1, 2], which are based on
the use of a process of thermogasdynamic compres-
sion, which, in turn, will provide cooling and simul-
taneous increase in gas flow pressure in scheme-
design solutions to neutralize harmful substances in
the engine exhaust gases.

2. Literature Review

Leading engine-building firms in the world, such
as MAN Diesel, Wartsila, Caterpilar, and others,
are conducting ongoing research to identify the
environmental impact of harmful toxic substances
found in exhaust gases of marine engines, as well as
looking for effective ways to reduce these emis-
sions. Fundamental practical research was presented
in [3-8].

The main harmful components in exhaust gases
are carbon dioxide CO,, nitrogen oxides NOx and
sulfur oxides SOx.

Nitrogen oxides are formed in areas with high
temperature, which take place in the phases of ki-
netic and diffuse combustion. The highest tempera-
ture occurs in local zones during Kinetic combus-
tion, when the probability of occurrence of such
zones is highest. Therefore when the temperature of
the combustion process is higher, as a rule, the ni-
trogen oxides are more [9-12].

International requirements for emissions of ni-
trogen oxides NOXx, sulfur oxides SOx and particu-
late matter are determined by the MARPOL Con-
vention (Annex VI — "Regulation on the Prevention
of Air Pollution from Ships") [13]. According to the
rules, NOx emissions from any diesel engine in-
stalled on a ship built after January 1, 2016, must be
equal to the Tier Ill level when operating in the
NOXx control zone.

There are many ways and methods to reduce ex-
haust gases emissions on modern ships. These
methods differ in the effectiveness of the removal
of certain components. As a comparative analysis
shows, the most effective way to reduce NOx and
SOx oxides is using exhaust gas recirculation (EGR
technology): reducing NOx emissions by 70%, re-
ducing SOx by 19%, but increasing CO, emissions
by 2-3% [14].

For ship two-stroke diesel engines two basic
schemes is used for EGR technology [13, 15]:

1) bypass recirculation system with one
mounted turbocharger (used for engines with cylin-
der diameter up to 700 mm);

2) recirculation system with two or more co-
compressors (used for engines with a cylinder di-
ameter of more than 700 mm).

One of the drawbacks of the EGR system is the
increase in back pressure through additional pres-
sure losses in the scrubber and heat exchanger, and
this, in turn, contributes to the deterioration of the
engine fuel efficiency.

It should be noted that in the EGR system there
is another very important element — the heat ex-
changer gas cooler. Creating a reliable and efficient
heat exchanger for cooling recirculate gases is a
complex task due to the deposition and pollution
released by these gases [16-18].

The promising heat exchangers-coolers that
could be used in the exhaust gas recirculation sys-
tem should include contact heat exchangers of the
jet (gas-dynamic) type - thermopressors (or aero-
thermopressors) [2, 19, 20]. The advantages of such
heat exchangers are compactness and simplicity of
design, moreover, they provide, in addition to cool-
ing, some increase in pressure [21-23], which can
reduce the effect of back pressure in the recircula-
tion system and reduce the cost of additional com-
pression of the recirculation gases in the fan (or
electric compressor).

The aerothermopressor is a two-phase jet appa-
ratus for contact disperse cooling, in which, by re-
moving heat from the air flow, the air pressure and
air cooling are increased. With proper organization
of the processes of evaporative contact dynamic
cooling, the effect of thermogasdynamic compres-
sion (thermopression) is occurred - a phenomenon
in which there is gas pressure increased in the pro-
cess of instantaneous evaporation of water injected
into the gas (air) flow and accelerated to a speed
close to sound. At the same time, the heat from the
gas (air) is removed to the water evaporation and
gas temperature is decreased.

The purpose of the study is to analyze the effec-
tiveness of the exhaust recirculation gases cooling
method by the aerothermopressor for the ship low-
speed diesel engine.

3. Research Methodology
The effectiveness of the proposed solution was
analyzed and the comparison was carried out on the

basis of the basic scheme with recirculation of ex-
haust gases, shown in fig. 1. These schemes are
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used to reduce harmful emissions of gases (CO,,
NOx, SOx) for low-speed engines of the company
MAN (according to the terms of Tier Ill). The ex-
haust gases part bypassing is applied, followed by
cooling and simultaneous condensation (purifica-
tion) of ecological non-furnace gases in the scrub-
ber. Then aftercooling is done in the heat exchang-
er-gas cooler to a temperature equal to the air tem-
perature in the receiver. The system includes a
scrubber, a cooler, a water mist separator, a fan, and
a support system for the NaOH solution with a
pump and tank. Water supply to the previous spray
in the scrubber in front of the chiller is a part of the
water treatment system.

The bypass recirculation system (fig. 1) works as
follows: exhaust gases in the amount of up to 30-
40% through the valve from the receiver of the ex-
haust gases are entered to the scrubber, where they
are partially cooled and cleaned by water sprayed
with special nozzles. Then the gases are cooled in
the heat exchangers - gas coolers, the condensate is
discharged into the condensate tank, and the puri-
fied and cooled gas is entered to a fan or an electric
compressor in the air receiver, where it mixes with
fresh air [13].
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Figure 1 — Scheme of EGR-technology with bypass
matching for the MAN marine diesel engine:
P1, P2, P3, P4 — Circulation Pump; T/C —
Turbocharger; EGB — Exhaust Gas Bypass Valve;
CB — Cylinder Bypass Valve; ER — Exhaust
Receiver; SAR - Scavenge Air Receiver; SDV —
EGR Shut-down Valve; WMC - Water Mist Catcher

The ship low-speed diesel two-stroke engine
MAN B & W brand 6G70ME-C9.5 and scheme
solutions for it are considered. For analysis, the
CEAS software package was used by MAN at [24].
The calculation was made for the following initial
data: rated power and engine speed N, = 21840 kW,
n,=83 minY; specific fuel consumption
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(LVC =42700 kJ/kg) g, =172 g/(kWh) under 1SO
conditions; turbocharger ABB280L; EGR circuit —
bypass with scrubber and gas cooler; operational
characteristics:  engine load 90%;  power
N, = 19656 kW:; rotational speed n,=80.1 min™;
specific fuel consumption g. = 169.8 g/(kwWh).

The engine characteristics calculation was car-
ried out both at the nominal and at the operating
(90% of the engine load) modes and over the entire
possible range of partial loads (30-100%), as well
as for the following conditions:

1) ISO: air temperature at the turbocharge inlet
tairn =25 °C, cooling water temperature in the
charge air cooler ty; =25 °C, relative air humidity

Qair1 = 30%;

2) tropical zone: tyq=45°C, ty; =36°C,
Qair1 = 60%;

3) cold zone: t;n=10°C, t,;=10°C,
Pair1 = 60%.

The exhaust gases parameters and their gasdy-
namic cooling processes in the aerothermopressor
were calculated according to the developed meth-
odology and program using the equations of flow
thermodynamics and gasdynamics [21, 23, 25-27].

4. Results

From the point of view of ensuring effective
cooling of the exhaust gases in the recirculation
system, it is possible to propose a scheme solution
with the aerothermopressor installation in front of
the scrubber (fig. 2). In this case, the aerothermo-
pressor will provide some increase in gas pressure,
which will reduce the backpressure of the engine
gas path and, accordingly, will reduce the load on
the additional fan (or electro-compressor). Moreo-
ver, this apparatus will provide cooling of the ex-
haust gases to a temperature slightly above the dew
point (based on the conditions of danger of low
temperature sulphuricacid corrosion). Such a solu-
tion will also reduce the heat load on the scrubber
and surface gas cooler.

The water injection should be carried out with
the amount of water above that necessary for evapo-
ration (at least 10%). Such a solution is necessary to
ensure a greater effect of pressure increase as a re-
sult of thermogasdynamic compression (by reduc-
ing friction losses) and to ensure the conditions for
adding water to the scrubber. This will allow reduc-
ing the load on the water consumption for injection
in the scrubber, as well as partially or fully compen-
sates for pressure loss.

The aerothermopressor using in front of the
scrubber of the exhaust gas recirculation system
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allows increasing the exhaust gases pressure, by-
passing the engine through the turbocharger, by 0.2-
0.4-10° Pa (6-12%) (fig. 3).
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Figure 2 — Scheme of EGR-technology with bypass
matching and aerothermopressor for the marine
diesel engine: P1, P2, P3, P4 — Circulation Pump;
T/C — Turbocharger; EGB — Exhaust Gas Bypass
Valve; CB — Cylinder Bypass Valve; ER — Exhaust
Receiver; SAR - Scavenge Air Receiver; SDV —
EGR Shut-down Valve; WMC - Water Mist Catch-
er; ATP - aerothermopressor
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Figure 3 — Dependences of pressure increase in
ATP without friction APy dry, Pressure increase in
ATP taking into account friction APy toral, friction

losses APa 1055, gas temperature decrease during

cooling in ATP ATy, from the load on the engine
NMCR:
- 1SO (tairn = 25 °C; tw1 = 25°C);
____ -tropical zone (tairnn = 45 °C;twy = 36°C);
- cold zone (tzir1 = 10 °C; twp = 10°C)

At the same time, the temperature decrease as a
result of the thermogasdynamic compression effect
IS AT =150-300 K (relative temperature is
Tapr/Tape = 1.3-1.7, fig. 4). The amount of water
required for evaporation in the aerothermopressor is
Gw = 0.35-0.50 kg/s (Qw.ap = 0.05-0.08 or 5-8% of
the flue gas flow rate, fig. 5), while the coefficient
recirculation was K, = 0.12-0.20 (12-20%) with the
consumption of the scrubber gy.eq = 0.02-0.04 (2-
4%) (fig. 6).

The pressure increase in the aerothermopressor
reduces the backpressure in the gas exhaust system,
and thus reduces the load on the exhaust gas recir-
culation fan. So the fan power is decreased from
Npi = 120-160 kW t0 Npjapp = 20-110 kW (fig. 7),
and in the cold zone with a load on the engine
above 75% of the fan’s use is not needed at all,
since the gas pressure after the aerothermopressor is
enough ensure their discharge to the air receiver
without additional compensation.
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Figure 4 — Dependences of relative pressure
increase in ATP without friction (Payps/Patp1)dry.
relative pressure increase in ATP taking into
account friction (Papa/Pap1)wrar, relative friction
losses  (Pap2/Papi)ioss,  relative decrease of gas
temperature during cooling in ATP (Tagp1/Tagp2) from
the load on the engine NMCR:
- ISO (tairn = 25 °C; ty1 = 25°C);

_____-tropical zone (tan = 45 °C;tw1 = 36 °C);
_____ - cold zone (tair1 = 10 °C; tyy = 10°C)

Reducing the load on the recirculation fan, as
well as reducing the backpressure in the system,
reduces the specific fuel consumption of the engine
With Qe eqr = 166.5-174.0 g/(KWh) t0 Qearp = 164.0-
171.0 g/(kWh), i.e. Age=2.5-3.0 g/(kwh) (1.5-
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1.7 %) with total specific fuel consumption without
exhaust gas recirculation g, = 158.0-170.0 g/(kwWh)

(fig. 7).

Geg k/s Guwap Cwegr Ce r'lo_l, kg/s
50 €g g/ p g g 08
45 [>s Gy o]
. TPl . sl -’:"__:: = _:-: r 0,7
il -:z L e €= T e
________ / —— - —'\i G [ 0,6
Lo e egr
; == —
— e b
30 /*____-_-___'—;‘_‘:—- 0,5
25 C _____,__..;:,‘.'—""-‘,\ . 0,4
s S
20 03
15
Gy, egr F 02
I S e m— [ 7=
5 o = — [ 0,1
0 0,0

60 65 70 75 80 85 90 9%  NMCR. %

Figure 5 — Dependences of exhaust gas flow rate
change Geg, recirculated gas consumption Geg,
water consumption for injection in ATP Gy ap,
water consumption for injection in the scrubber
Gu.egr from the load on the engine NMCR:

- I1SO (tairn = 25 °C; tyy = 25 °C);

____ -tropical zone (tyry =45 °Crtwy = 36 °C);

- cold zone (tair1 = 10 °C; £y = 10°C)
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Figure 6 — Dependences of recirculation coefficient
change K, relative consumption of water for
injection in the ATP gu.ap and in the scrubber gy .egr
from the load on the engine NMCR:
- I1SO (tairn = 25 °C; tya = 25 °C);
____-tropical zone (tairn = 45 °C;tw1 = 36 °C);
- cold zone (tzir1 = 10 °C; twa = 10 °C)
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Figure 7 — Dependences of specific fuel consum-
ption change for an engine without recirculation ge,
specific fuel consumption for an engine with
recirculation ge eqr, Specific fuel consumption for an
engine with recirculation and ATP Qearp, Specific
fuel consumption for an engine with recirculation,
ATP and taking into account the reduction in load
to the fan (EGR blower) e, recirculation fan
power Ny, recirculation fan power with ATP Npjatp
from the load on the engine NMCR:
- ISO (tairn = 25 °C; tyy = 25°C);
____-tropical zone (tyrn = 45 °Crtwa = 36 °C);

- cold zone (tair = 10 °C; £ty = 10°C)

From here it can be seen that when loaded on an
engine close to operational (90-95 % of engine
power) fuel consumption equal to each other, when
using a recirculation system with aerothermopressor
and without recirculation in general, which makes
such a circuit solution rational from the point of
view of efficiency. In this case, it is possible to
combine high environmental and economic benefits
from the use of such a solution.

5. Conclusions

1. The effectiveness of the aerothermopressor
application in the exhaust gases recirculation
scheme for the ship low-speed two-stroke engine
was analyzed. The installation of the aerothermo-
pressor before the scrubber is proposed, which al-
lows reducing its thermal load.

2. The pressure increase in the aerothermopres-
sor by 0.2-0.4-10° Pa (6-12 %) allows reducing the
backpressure in the gas exhaust system, and thus
reducing the load on the exhaust gas recirculation
fan, and when the engine load is higher than 75 %
in the cold zone, the fan is not needed, which addi-
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tionally allows to reduce the specific fuel consump-
tion.

3. The proposed scheme design solution allows
for a high environmental friendliness of the existing
exhaust gas recirculation system to provide some
reduction in specific fuel consumption. It was de-
termined that the decrease in the specific fuel con-
sumption of the engine when using the aerothermo-
pressor is Age = 2.5-3.0 g/(kWh) (1.5-1.7%).
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JI. B. Konosanos*, M. I. Paduenko®, B. I. Makcumos®

13 HanjonanbHuii yniBepcuter kopabneGyayBanms iM. aaM. Makaposa (XepcoHchka (iis),
np. YmakoBa, 44, XepcoH, Ykpaina

e-mail: dimitriyko79@gmail.com

? HarioHanbHuil yHiBepcHTeT KopaGnebyayBaHHs iM. agM. Makaposa,

np. ['epoiB Ykpainu, 9, Mukonais, Ykpaina

e-mail: nirad50@gmail.com

Icnye yinuii psao cnocobie i Memooie 3HUNCEHHA BUKUOIE WKIONUBUX 2A3I8 HA CYUACHUX cYOHAX. OOHUM 3
Hatoinbw epekmusHux cnocoobis 3uudxicenHs ukudie okcuodie NOx i SOx € gukopucmanus peyupryiayii
sioxionux eazie (EGR-mexnonoeis). Hedonikom cucmemu peyupkynsayii 8i0XiOHUX 2a3ié € 30inbuleHHs
APOMUMUCKY Uepe3 000amKO8I empamu mucky 6 cKkpybepi ma meniooOMIiHHUKY-0X0N004CY8ayl, W0
BNIUBAE HA NO2IPULIEHHS NATUBHOT eKOHOMIYHOCMI 08ueyHa. Cmeopents HaAOIUHO20 | e(heKmueHo2o men-
JNOOOMIHHUKA OJ151 OXOJIOONCEHHS PeYUPKYIAYIUHUX 2A3i8 A6TAE COO0I0 CKAAOHY 3A0ayy yepes 8I0KNA0eH-
H51 [ 3aOpYOHeHH s, Wo 8UOLIAIOMbCS YyuMu 2azamu. B npeocmaeneniic pobomi npoananizosano eghexmu-
BHICMb 3ACMOCYBAHHS CIPYMUHHO20 ANApAmy - aepomepmMonpecopa 6 cxemi 3 peyupkyaayicio 6ioxio-
HUX 2a3i6 OJisl CYOHOB020 MAL00DEPM0O6020 OBOMAKMHO20 08ucyHa. Aepomepmonpecop — ye 080¢hasHuil
cmpyMunHUll anapam OJisi KOHMAKMHO20 OUCHEPCHO20 OXON00INCEHHS, 8 AKOMY 3a PAXYHOK GI08€0eHHs.
meniomu 8i0 2a308020 NOMOKY 6i00Y8AEMbCs NIOBUWEHH MUCKY 2A3Y MA 1020 0X0100xdceHHs. Po3pa-
XYHOK XapaKxmepucmuk 08Ucyna npo8oOUBCs, AK HA HOMIHATbHOMY, MAK I HA eKCHIyamayiuHomy pe-
AHCUMAX T Y BCLOMY MOICTUBOMY OIANA3OHI HACMKOBUX HABAHMAdCEeHb. Becmanosenenna aepomepmonpe-
copa nponoHyEmvbcsi heped CKpyoepom, wo 00360JA€ IMEHUUMY 1020 mennoge Haganmajicenus. 11io-
suyenns mucky 6 aepomepmonpecopi na 0,2—0,4 - 10° ITa (612 %) 00360.15€ 3MeHWUMU RPOMUMUCK 6
cucmemi 2a308uUxXI0ONY, a 8i0Max, i 3MEHWUMU HABAHMANCEHHS HA GEHMUNIAMOP CUCTEMU PeYUPKYAAYTT
BIOXIOHUX 2a316, NPUYOMY 8 XOJIOOHIL 30HI NPU HABAHMANCEHHT HA 08UcyH suwe 75 % 3acmocysants ge-
HMUIAMOPA He NOMPIOHO, WO 000AMKOB0 O0380IAE IMEHWUMU NUMomy sumpamy naiusa. Ilapamempu
BIOXIOHUX 2a318, AKI UOYMb HA PeYUpPKYIAYII0 Ma Npoyecy ix 2a300UHAMIYHO20 0X0JI00NCEHHSL 8 aepome-
pMmonpecopi po3paxosyeanu 3a po3podNeHO0 MemOOUKOI0 mMa Npozpamoio 3 GUKOPUCMAHHAM DIGHAHb
MepMOOUHAMIKY MA 2A300UHAMIKU NOMOKY. 3aNnponoHO8aHe CXeMHO-KOHCMPYKMUBHE DieHHs 00360-
JIIE€ NPU BUCOKIT €KOJO2IYHOCMI 3ACMOCYBAHHS ICHYIOHOI cucmemu peyupKyasayii 8ioXiOHux 2azie 3abes-
neuumu neeHe 3MeHueHHs NUMomoi eumpamu naiea. Busnaueno, wjo 3meHuienHs numomoi eumpamu
nanuea 08USYHOM NPU 3aCMoCy8anti aepomepmonpecopa cknaoae 2,5-3,0 o/(kBm-200) (1,5-1,7 %).

Knrwuosi cnosa: Aepomepmonpecop, Tepmoeazoounamiuna komnpecis, Peyupkynayisa, Bioxioui easu,
Ilumoma eumpama nanusa, [leuzyn 6HympiuiHb020 320PAHHA
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