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A new approach to increasing the efficiency of the ship main engine air
waste heat recovery cooling system
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The efficiency of integrated cooling air at the intake of Turbocharger and Scavenge air at the inlet of working cylinders
of the main diesel engine of dry-cargo ship by transforming the waste heat into a cold by an Refrigerant Ejector Chiller
(ECh) as the most simple in design and reliable in operation and by complex in design but more efficient Absorption
Lithium-Bromide Chiller (ACh) was analyzed. A ship power plant of cogeneration type using the relatively low-grade
heat of water of a heat supply system with a temperature of about 90 °C, that significantly complicates the problem of
its conversion into cold were considered. Because of the insufficiently high efficiency of transformation of the heat of
hot water (low coefficient of performance) as compared with steam, the resulting cooling capacity may not be enough
for cooling intake air of the turbocharger and scavenge air, that raises the problem of the rational distribution of heat
loads between the Turbocharger Intake Air cooling circuit (subsystem) and Scavenge air cooling circuit and the need to
use chillers of various types. This takes into account the rational parameters of cooling processes of the scavenge air in
the cogeneration high-temperature stage of scavenge air cooler, in the intermediate stage of traditional cooling air with
seawater, and in the low-temperature stage for deep cooling of the scavenge air by using a chiller. A new approach is
proposed to improve the efficiency of integrated cooling Intake Air of the turbocharger and Scavenge Air at the inlet of
the working cylinders of the ship main engine of a transport ship, which consists in comparing the required cooling
capacity and the corresponding heat needs during the trade route with the available heat of exhaust gases and scavenge
air of the cogeneration power plant, determining the deficit and excess cooling capacity of heat utilizing cooling
machines of various types, that allows to identify and realize the reserves of improving the efficiency of cooling intake
air of the turbocharger and the scavenge air of the main diesel engine through the joint use of chillers of various types.
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1 Introduction of complex cooling of the engine cyclic air: at the inlet of
TC and scavenge air at the inlet of the engine cylinders.
The operation conditions of ship low-speed diesel At the same time, with an increase in the temperature of

engines are characterized by a significant change in the ~ambient air and outboard water for cooling scavenge air,
ambient temperature during the voyage and coresponding ~ the heat, removed from the scavenge air and exhaust gases,
temperatures of air at the inlet of turbocharger (TC) and the ~ Increases. So it is quite expedient to utilize it with a waste
scavenge air after the TC. At high temperatures of outboard ~ Neat recovery chiller to reduce the temperature of engine
seawater the scavenge-air coolers (SAC) are not able to intake air and scavenge air af[ the inlet o_f engine cylinders.
maintain a scavenge air temperature at the low temperature ~ 1he use of low-boiling fluids (LBF) in the waste heat
level sufficient for damping elevated air temperatures at the ~ recovery chiller provides deep cooling of engine cyclic air.
inlet of TC and to provide the engine operation at a stable

air temperature at the intake to the working cylinders, 2 Literature Review

which would ensure high fuel efficiency of the engine.

According to the manufacturers of ship low-speed A lot of investigations are devoted to development of
engines "MAN" and "Wartsila" [1-3], an increase in air resource and energy saving and emissions reduction
temperature at the inlet of TC by 10 °C causes an increase  technologies [4-7]. Various ways of cooling the cycle air of
in specific fuel consumption b, by 0.2..0.7%, and engines by conversion of waste heat with refrigerant Ejec-
similarly, an increase in the scavenge air temperature after  tor Chiller (ECh) have been investigated as the most simple
SAC leads to an increase in specific fuel consumption in design and reliable in operation so as more complex
b. by approximately 0.5 % and a corresponding decrease in  Absorption Lithium-Bromide Chiller (ACh) [8].
the efficiency n, of engines which poses the acute problem The cooling air systems both for intake air of the TC
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and scavenge air of low-speed engines by the conversion of
the waste heat of exhaust gases and scavenge air by waste
heat recovery chillers were proposed and the efficiency of
this direction in marine power engineering was shown [8].

However, the problem of complex cooling of cyclic air
(air at the intake of TC and scavenge air) of the low-speed
engines of cogeneration type by using as a source of
relatively low-grade water heat of the heat supply system
(with a temperature of about 90 °C) is still unsolved. Be-
cause of the insufficiently high efficiency of conversion of
the hot water heat compared with steam, the resulting
cooling capacity may not be sufficient for complex cooling
air at the engine intake air and scavenge air, that raises the
problem of the rational distribution of heat loads between
cooling circuits (subsystems) for chilling the engine intake
and scavenge air and the need for the use of the waste heat
recovery chiller of various types.

3 Research Methodology

The waste heat recovery refrigerant Ejector Chiller
(ECh) is the most simple in design [8]. However, the
efficiency of conversion of waste heat into cold in Ejector
Chiller (ECh) is relatively low: the coefficient of ECh
performance (g = 0.2...0.3, which requires a significant
amount of heat. A coefficient of performance ¢ = Qy/Q —
is the ratio of generated cold Q, to the consumed heat Qy, ,
extracted from exhaust gases, scavenge air. At the same
time, the efficiency of transformation of heat into cold in
quite complex Absorption Lithium-Bromide Chiller (ACh)
is two to three times higher: {,~= 0.7..0.8. It would be
expedient to use the advantages of each of the chillers: deep
cooling of the air to t = 7...10 °C in the ECh and high
efficiency of the transformation of heat into cold in ACh
(¢=0.7...0.8).

It is obvious that the combined use of ACh and ECh
would be optimal. To do this, it is necessary to analyze the
efficiency of the integrated cooling of the cyclic air of the
low-speed diesel engines (intake air of the TC and the
scavenge air) by transforming the waste heat of exhaust
gases and scavenge air into the cold, comparing the
necessary cooling capacity and the corresponding heat
needs during an actual voyage with the amount of available
waste heat of diesel engines (heat of exhaust gases and
scavenge air), the results of which reveal a deficit or excess
of the available waste heat for each of the methods for
cooling the air (by using ECh or ACh), and then reserves
for additional cooling of the air (intake air or scavenge air)
due to the corresponding excess waste heat.

So, at the first stage of the methodology for determining
the thermal capacity of waste heat recovery chiller the
comparison of the necessary cooling capacities for complex
cooling of cycle air of diesel engines (simultaneously intake
air of the TC and the scavenge air) and the corresponding
total needs of waste heat of diesel engines with the amount
of available heat of exhaust gases and scavenge air or
excess of the existing waste heat for each of the methods of
air cooling (using ECh or ACh), and then additional
reserves of cooling capacity for cooling intake air or
scavenge air due to respond accordingly excess waste heat.

The efficiency of engine inlet and scavenge air cooling
has been considered for the ship's low-speed diesel engine
MAN B&W 6S60MC6.1-TI with economical power output

N, = 10 MW, specific fuel oil consumption (SFOC) b, =
= 169.8 g/(kwh) and air consumption 23.9 kg/s under I1SO
conditions and engine load — NMCR =90 %. [1, 3]. To
analyze the parameters of the cooling air system, as well as
the characteristics of the main engine with air cooling for
changeable ambient conditions the "mandieselturbo"
software package was used [3].

For the 6S60MCB6.1-T1 engine, according to the data of
the MAN company (according to the calculations by using
"mandieselturbo” software package), cooling inlet air for
every 10°C results in reduction of specific fuel
consumption 1.1-1.2 g/(kwh) [3].

Characteristics of the work of the ECh was chosen
taking into account the features of cooling air for ship
diesel engines: refrigerant — R142b; boiling temperature in
the evaporator-air cooler to = 5 °C; condensing temperature
in a water cooled condenser with seawater — t, = 25-45 °C;
boiling temperature in the generator — t; = 90 °C.

Thus, for comparative analysis the following values of
coefficient of performance were accepted: £ = 0.7 for Ab-

sorption Lithium-Bromide Chiller (ACh) and £ = 0.2 for
Ejector Chiller (ECh) at boiling temperature of the
refrigerant R142b in the evaporator t,= 5°C and in the
generator ty = 90 °C.

The calculation of the characteristics of the engine with
cyclic air cooling was carried out on the operating mode
during the voyage of the dry-cargo ship on the route
Odessa-Yokogama. The changes in ambient air tempera-
ture t,, temperature of outboard water t,,, ambient air abso-
lute humidity d, and relative humidity ¢, during the trade
route are presented in fig. 1.
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Figure 1 — The changes in ambient air temperature t,,
temperature of outboard water t,, ambient air absolute
humidity air d, and relative humidity ¢, during the trade
route Odessa-Yokogama

When climatic conditions change during the trade route,
the heat load of the cooling system changes, that is, cooling
capacity Qo is necessary for cooling the air, as well as the
corresponding heat consumption Qy,, transformed into cold
in waste heat recovery chiller: Q, = Qo /C .

Characteristics of the ECh performance was chosen
taking into account the features of the design and use of air
pre-cooling for ship diesel engines: refrigerant — R142b;
boiling temperature in the evaporator-air cooler t,= 5 °C;
condensing temperature in a water cooled condenser with
seawater — t. = 25-45 °C; boiling temperature in the
generator —t; = 90 °C.

Thus, for comparative analysis the following values of
coefficient of performance are accepted: £ = 0.7 for Ab-
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sorption Lithium-Bromide Chiller (ACh) and £ = 0.2 for
Ejector Chiller (ECh).

4 Results

The cooling capacity Qqis, required for cooling the
Intake Air of the engine, was calculated based on the
decrease in its temperature from the current temperature in
the engine room ty; (t;; = t; + 10 °C) to t;, = 15 °C by the
value At,;s . The available cooling capacity was calculated
as Qop.7y — during the transformation of the exhaust gas
heat Q, to cold in ACh (Qo= Qn-¢ at {= 0.7) and as
Qo2 — during the transformation of exhaust gas heat
Qn in the ECh (at £ = 0.2). The heat required for cooling
the air at the engine inlet to the temperature t,, = 15 °C in
ACh was calculated as Qp 1507y = Qo5 /¢ (at £=0.7), and

in ECh —as Qp 1502 = Qo5 /€ (at £ =0.2).
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Figure 2 — The current values of available heat of exhaust
gases and scavenge air Qnus+22) , heat required for cooling
the intake air to t;, = 15°C and scavenge air in the
SAC,r toty, =22 °C in the ECh Qh15+22(0.2) at{=10.2 (ECh
att, =90 °C and th=5 ), in the ACh Qh15+22(0.7) at {=10.7,
surplus (excess) heat available for ACh Qpis+2207)s and
heat deficit for ECh Qpiss2200.2¢ during the voyage Odessa-
Yokohama at scavenge air temperatures at the outlet of the
SACurth - a—ty, =140 °C; b— thy =110 °C

As it is seen, the value of the available (existing) heat of
exhaust gases Qp 15 and scavenge air Qpy, are close to each
other Qpy ~ Qpis=2.2...2.6 MW and their total amount
Qngs+22) = 4.5...5.0 MW is almost twice higher the heat
Qnis+2207, required for cooling the intake air to a
temperature t,, = 15 °C and scavenge air in the SAC_ to a
temperature t,, = 22 °C in the ACh with a coefficient of
performance { = 0.7, as evidenced by a significant excess of

the available heat Qnisizo07s = Qnas+22) — Qhisiaz07) =
~3,5...4,5 MW for ACh.
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At the same time, the total amount of available heat of
exhaust gases and scavenge air Qns+z2) is almost half the
heat Qnis+2200.2) = 9 MW, necessary for cooling the intake air
to t;, = 15 °C and Scavenge Air in a SACyr to t, = 22 °C
in a ECh with a coefficient of performance { = 0.2, as
evidenced by a significant deficit of heat Qniss2202)d =
= Qnas+22(0.2) — Qnas+22) = 3...4 MW for the ECh (fig. 3).
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Figure 3 — The current values of the total amount of
available heat of exhaust gases and scavenge air Qns+22) ,
heat required for cooling the intake air to t;, = 15 °C and
scavenge air in the SAC.; to tp, = 22°C in the ECh
Qnis+2202 at ¢ = 0.2 (ECh at t,= 90°C and t, = 5),
surplus heat available for ACh Qp1s+22007)s and heat deficit
for ECh Qns+220.2a during the voyage Odessa-Yokohama
at scavenge air temperatures at the outlet of the SACh7 ty, :
a—t,=140 °C; b —t,, = 110 °C

The closeness of heat deficit values for ECh
Qnis2202¢ and excess available heat which is more then
required for ACh Qpis:2007s indicates the possibility of
their mutual compensation through the joint use of ACh as
an effective transformer of heat to cold ({ = 0.7), however,
at less depth of air cooling (up to t;, = 15 °C), and less
effective ECh ({ = 0.2...0.3) for deeper cooling of the air
(to the minimum potential t,, = 10 °C and even lower).

The values of the available total cooling capacity, which
can be obtained due to the total amount of heat of exhaust
gases Qnus+zz) IN @ ACh Qqiss207 (£= 0.7) and in ECh
Qois+2202) ((= 0.2) as well as the total cooling capacity
Qo.15+22 , Necessary for cooling intake air of the TC to ty, =
=15 °C and the scavenge air to t,, = 22 °C with the total
decrease in air temperature by the value of Atgs. = Atys +
+ Aty according to the climatic conditions on the trade
route (fig. 4.).
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Figure 4 — The values of the available cooling capacity,
which can be obtained by using the total amount of heat of
exhaust gases Qngs+2z) in the ACh Q1542207 (¢ =0.7) and
in the ECh Qq1s:2202) (¢'= 0.2), as well as the total cooling
capacity Qg 1s+22, Necessary for cooling the intake air to
t,, = 15 °C and scavenge air to t;, = 22 °C at scavenge air
temperatures at the outlet of the SAChr thp: a— tp=
140 °C; b —ty, =110 °C

The values of ECh cooling capacity deficit Qg 1s+22(0.2)d =
Qo.15+22 — Qo1s+220.2) and the ACh surplus (excess) cooling
capacity Qqisi2o07s = Qoas+2207)— Qoasiz2  during the
voyage Odessa-Yokohama are presented in fig. 5.

It should be noted that correlation between the ECh
cooling  capacity  deficit  Qoisizz02d=  Qouisezz —
Qo.s+2202) and the ACh surplus (excess) cooling capacity
Qoas+2207s = Qouas+2207)— Qoas+22  during the voyage
(fig. 5) can be changed by using the surplus cooling
capacity of ACh Qqis:2207)s (compared with the total
cooling capacity Qq.15+20 , Necessary for cooling intake air to
the temperature t,, = 15 °C and scavenge air to t;, = 22 °C)
for completely eliminating the ECh cooling capacity deficit
Qo.15+2202d - It can be fulfilled through partial replacement
of the ECh cooling capacity with the ACh cooling capacity
by using the ECh only for cooling the engine intake air or
scavenge air.

By rational redistribution of heat flows of waste heat
(exhaust gases and scavenge air) between various types of
waste heat recovery chillers (ECh and ACh), and the
cooling capacity obtained by the chillers between the en-
gine intake air and scavenge air cooling, it is possible to
ensure simultaneous complex cooling of the cyclic air of
the engine and obtain almost double effect in the form of
reduced fuel consumption. In this case, the redistribution of
heat flows during the actual conversion of waste heat into
cold — the ratio of generated cooling capacity Q, and heat

consumption for its production Q, — is determined by the
coefficient of performance € = Q,/Qy, , that is, by the type of
waste heat recovery chiller.
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Figure 5 — The values of the available total cooling
capacity, which can be obtained by using the heat of
scavenge air and exhaust gases Qpusizz iIn the ACh
Qois+220.7) (€= 0.7) and in the ECh Qq 542202 (¢= 0.2),
cooling capacity deficit of the ECh Qg 15+22(0.2)d = Qo.15+22 —
Qo.is+2202 and surplus cooling capacity of the ACh

Qo.15+2207s = Qoas+2207)— Qoas+22  during the voyage
Odessa-Yokohama: a — ty, = 140 °C; b —t,, = 110 °C
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Figure 6 — The current values of the full reduction in
specific Abe1s54+2o and hourly Bg 5.0 fuel consumption due
to simultaneously cooling the air at the intake of the TC to
the temperature t,, = 15 °C and scavenge air to t,, = 22 °C
with a summerised decrease in the cyclic air temperature
by Atyss; in ACh and ECh and the corresponding
accumulated total reduction of fuel consumption
> Bris+2o Of the low-speed engine 6S60MC6.1-TI during the
voyage for the climatic conditions on the trade route
Odessa-Yokohama
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The aggregate effect of complex cooling engine intake
air to tp, = 15 °C and scavenge air to tp, = 22 °C with a
summerised decrease in the cyclic air temperature by
Atass20002) Can be estimated by the current full reduction of
specific Abeisi, and hourly Bys.p, fuel consumption and

corresponding accumulated total reduction of fuel
consumption Y Bgisiy  Of  the low-speed engine
6S60MC6.1-Tl during the voyage for the climatic

conditions on the trade route Odessa-Yokohama in fig. 6.

As can be seen, the joint cooling of the intake air of
the TC to the temperature t,, = 15 °C and the scavenge air
to tp; = 15°C ensures the reduction of the specific fuel
consumption of the low-speed engine 6S60MC6.1-TI by
the value Abgisiy = 4.0...459/(kW-h) and hourly
consumption  Bgisi =50...60 kg/h and  total  fuel
consumption ¥ Bg s = 11 t during the trade route Odessa-
Yokohama.

5 Conclusions

The efficiency of joint cooling the Intake Air of the
turbocharger and Scavenge Air at the inlet of the working
cylinders of the Ship Main Engine of the transport ship by
the conversion of the waste heat by an Ejector Chiller and
an Absorption Lithium-Bromide Chiller was analyzed. As a
source of heat for chillers, water from the heat supply
system, obtained from the heat of the Scavenge Air and
engine exhaust gases, is used. The reserves to improve the
cooling efficiency of the main diesel engine cyclic air
through using the chillers of various types were reveiled. A
new approach to improving the efficiency of cyclic air
cooling of the Main Engine of a transport ship has been
proposed.
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HoBun nigxia Ao niaBuweHHA e(eKTUBHOCTI TensIOBUKOPUCTOBYHOUOI
CUCTEMM OXOSONIOAXKEHHS NOBITPS CyAHOBOroO rofIoOBHOro ABUryHa

P. M. Padqem(ol, M. A. Hupucyubkoz, M. C. Bozdanoes, I0. T. ll[epﬁak4
! Hauionansuit yrisepcuter kopabiebymysanms im. aam. Makaposa, npocrr. ['epois YVipairn, 9, Mukomnais, 54002,

Ykpaina

2 . N . ..
HarmionansHuit yHiBepcuTeT KopabnedyayBanHs iM. aaM. MakapoBa, XepcoHchka (imis, mp. Ymakosa, 44, M. XepcoH,

73003, Ykpaina

® HamjonansHuii yaiBepcuter "Opechka Mopchbka akagemis”, Byi. Jlizpixcona, 8, Oxeca, 65029, Vipaina
* YopHoMopchKuii HamioHanpHmi yHiBepenTet im. I1. Morumu, Byi. 68 Jlecantrukis, 10, Mukomnais, 54003, Ykpaina

Ipoananizosano epexmugnicmos KOMNIEKCHO20 OXOJIOONCEHHS NOGIMPSL HA 6X00i MypboKoMnpecopa i HaA00Y8HO20 HO-
8IMpsi HA 8X00i pOOOUUX YUNIHOPIE 20I06HO20 OU3ETLHO2O 0BUSYHA MPAHCNOPMHO20 CYOHA MPAHCHopmayiero cKuoHoi
MENIOMU 8 X0A00 eHCEKMOPHOIO XOJIOOUNILHOIO MAUWUHOIO SIK KOHCIPYKMUSHO HAUOLIbW NPOCMOIO | HAOIIHOIO 8 eKC-
nayamayii ma 6invue 2pomizo0Kor, ane i Oilb eheKmusHow abcopoOYitiHOW0 6POMUCTONIMIEBOIO XOIOOUTIbHOI MAULU-
Ho10. TIpu ybomy po3eisiHymo cyOHO8Y eHep20yCmMAHO8KY KO2EHEPAYIiHO20 MUNY 3 UKOPUCIAHHAM 8 IKOCMI 0Jicepena
BIOHOCHO HU3LKONOMEHYIUHOI meniomu 600U cucmemu menionocmadanus 3 memnepamyporo oauzvko 90 °C, wo cym-
MEBO YCKAAOHIOE npobemy it mpancgopmayii 6 xo100. Uepesz Hedocmamubo 8UCOKY edexmusHicmb mpancghopmayii
Meniomu 2apayoi 600U NOPIGHAHO 3 B00SIHOIO NAPOIO (HEBUCOKI MEN08i KoepiyieHmu) ompumanoi Xo1000npooyKmu6-
HOCMI MOJICe GUABUMUCH HEOOCMAMHbO OJisi KOMIJIEKCHO20 0XO0N00CEHHs NOSIMpPsL HA 6x00i mypbokomnpecopa i Hao-
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Po3gin 2. EHepreTuka Ta eHeprosbepexeHHs

O0YBHO20 NOBIMPA, WO 20CMPO CIABUMb NUMAHHA PAYIOHATLHOZ0 PO3NOOLTY MENI0SUX HABAHMANCEHD MIdC KOHMYPAMU
(niocucmemamu) 0xXon002CceHHss NOGIMPsL HA 6X00i MYyPOOKOMApecopa i HAOOY8HO20 NOGIMpPsL 08USYHA | HeOOXIOHICMb
3ACMOCY8AHHA XOTOOUIHUX MAWUH pPi3Ho20 muny. [Ipu ybomy 8paxoeano payioHanvHi napamempu npoyecie 0Xono-
OHCEHHA HAOOYBHO2O NOBIMPA 8 KOSEHEPAYIUHOMY 8UCOKOMEMNEPAMYPHOMY CHIYREHI, NPOMINCHOMY CMyneHi mpaou-
YIHO20 0X01002CEHHs 3aD0PIMHOI0 800010 MA HU3bKOMEMNEPAMYPHOMY CIYNeHi 2IO0K020 0X0N00HCEHHS HAOOYBHO20
Nnosimps Mmenio8UKOPUCMOBYIOUOI0 XOJL0OUILHOIO MAWUHOI. 3anPONOHOBAHO HOBUIL NIOXi0 00 NIOBUUEHHA epeKmus-
HOCMI KOMNIIEKCHO20 OXON00NCEHHS NOBIMPSL HA 6X001 MypOoOKoMnpecopa i HA00Y8HO20 NOBIMPsL HA 6X00i POOOUUX Yu-
JHOPI6 20106HO20 OBUSYHA MPAHCNOPMHO20 CYOHA, AKUU NOIAAE Y 3iCMABIEHHI HEOOXIOHUX UMPAm X01000NpPOOYK-
MUSHOCMI i 8IONOGIOHUX NOMPeE6 MenJomu YRPOOO8I’C Pelicy 3 HASIGHOI MENIOMOI0 BUNYCKHUX 2A316 | HA00Y8HO20 NO-
8IMpsi KoO2eHepayiliHoi enepeoyCmano6Ku, GU3HAYEHH] deiyumy i HAOIUWKY XOA000NPOOYKMUBHOCHT MENI0BUKOPUC-
MOBYIOUUX XONOOUTLHUX MAWUH PIZHO20 MUNY, WO 00380JAE GUAGUMU T Peany3y8amu pe3epeu NiosUeHHs eqekmusHo-
Ccmi OX000JICeHHs. NOGIMPsL HA 6X00i MYPOOKOMAPecopa i HAO0Y8HO20 NOGIMPS HA 6X00L 20106H020 OU3ETILHO20 08USY-
HA WIIAXOM CYMICHO20 3ACMOCYBAHHSA XONOOUIHUX MAULUH DI3HO20 TUNY.

Kniouoei cnoga: Tennosuxopucmogyioua xonoounvha mawuna, Ilosimps na éxooi, Haooysue nosimps, Bunyckui zasu,
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