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Summary

Introduction. The efficiency of marine diesel engine power plants is primarily
determined by the performance of their turbocharging systems, which must supply
sufficient intake air pressure to the cylinders. At high compressor pressure ratios,
nearly the entire exhaust-gas turbine power output is consumed by the compressor,
leaving limited potential for waste-heat recovery or efficiency improvement.
A promising method to reduce compressor power consumption is two-stage compression
with intercooling, which increases air density, reduces compression work, and
improves overall turbocharger efficiency. Deep intercooling enabled by waste-heat-
driven ejector or absorption refrigeration systems is of particular interest. However,
the optimal split of the total pressure ratio between the low- and high-pressure stages,
as well as the required intercooler outlet temperature, remains to be fully defined for
marine applications. Purpose. The purpose of this research is to evaluate the influence
of intercooler depth and post-intercooler air temperature on the energy characteristics
of a two-stage turbocharging system for marine diesel engines, and to determine the
optimal pressure-ratio split (r_/r ) that minimizes compressor power consumption
and maximizes turbine power availability for onboard use. Results. A thermodynamic
analysis was performed for a two-stage compressor with various post-intercooler
temperatures (11102 = 20-80°C) and ambient inlet temperatures (20 and 40°C).
The results were compared with a baseline single-stage turbocharger (total pressure
ratio = 4). The ratio of compressor powers (N/NIIO) exhibits a distinct optimum
at « /m, = 0.8-1.5, corresponding to a 5-15 % reduction in compressor power
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compared to the baseline. Deep intercooling to t,,, = 20-40°C yields the most
significant savings (12—15 %), although such temperatures require refrigeration
beyond the capability of seawater cooling. Deeper cooling also shifts the optimal
value of _/r , toward lower ratios. Temperature drops of 50-100°C across the heat
exchangers were identified, providing design guidance for the steam generator and
evaporator of waste-heat-driven refrigeration machines. The resulting increase in
available turbine power enables it to be used either for electrical generation or to
assist the main engine shaft power during cruising. Conclusions. The study confirms
the effectiveness of two-stage turbocharging with intercooling in improving the energy
efficiency of marine diesel engines. Optimal intercooling parameters and pressure
ratio splits were identified, resulting in significant reductions in compressor work and
freeing up turbine power for practical onboard applications. Deep intercooling yields
the most considerable benefit but requires refrigeration-based cooling. The findings
offer practical guidance for designing advanced turbocharging and heat-recovery
refrigeration systems in modern marine propulsion plants.

Key words: intercooling, marine diesel engine, turbocharging, pressure ratio,
refrigeration system, waste-heat recovery, energy efficiency.
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Anomauisn

Bemyn.  Iliosuwenns egexmuenocmi  cyOHOBUX OU3ETbHUX —eHEePeeMmUYHUX
VCMAHOBOK 3HAYHOIO MIPOIO 3aiedcums 6i0 pobomu cucmemu mypOOHA00ya8y,
sAKa 3abe3neuye HeoOXIOHUll Muck nogimps Ha 6nycky. 3a 6UCOKUX CMYNEeHig
CIMUCKAHHA ~ KOMHPEcop CNONCUBAE NPAKMUYHO 6CHO  NOMYICHICMb — 2A30801
mypoinu, wo o0OMedNCYeE MONCIUBOCMI peKynepayii meniomu ma 3HUNCEHHS.
numomux eumpam naiuea. OOHUM i3 HAUOIILW NEPCNEeKMUBHUX MemOoOig
3MEeHWeHHs poOOmuU KOMNpecopa € 3acmocy8anHs 08OCMYNEHe8020 CMUCKAHHSI
3 NPOMIJICHUM  OXONOOJCEHHAM, AKe  3HUNCYE — memnepamypy  pobouozo
cepedosuya, NIOGUWYE 2VCTMUHY 3apsA0y Ma 3MEHUYE eHepeemudni eumpamu
Ha cmuckauusa. Ocobaugy ysazy npueepmaiomsv cxemu iuboKo20 O0XO0N00NCEeHHs
3 BUKOPUCMAHHAM  eXHCeKMOPHUX abo abCcopOYiiHUX XOAOOUNbHUX MAUIUH,
wo npayooms Gi0 YMuii308aHOi Meniomu eionpaybosaHux easzie. Boounouac
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ONMUMANbHI  napamempu  NPOMINCHO20  OXOL0O0JCeHHST Ma  CNiBBIOHOULeHHS
CMYNeHi8 CMUCKAHHA MIdH KOMAPECOPHUMU CIMYNEHAMU NOMPedyomb 000amKo8020
ananizy. Mema. Memoto pobomu € 8U3HAUEHHs NIUBY CIYNEHA Mda MeMnepamypu
NPOMINHCHO20 OXONOONCEHHA HA eHepeemuiHi NOKA3ZHUKU O080CHMYNEHe8oi cucmemu
HAO0Y8Y CYOHOB0O20 OU3ENbHO20 08ULYHA, A MAKOIC BCMAHOBAEHHI ONMUMATIbHO20
cniesionowlenns cmynemie cmuckawns (x /T ,), wo 3abesneuye minimanvhe
EHep2OCHONCUBAHHI KOMNPecopa ma MAKCUMAIbHY 00CMYNHY NOMYHCHICMb 2A30601
mypoinu ona pexynepayii. Pezynomamu. Ilpogedeno mepmooOuHamivHuil aunauniz
pobomu 08OCMYNene8o20 KOMHPecopd 3 NPOMINCHUM OXOLOONCEHHAM HA PIZHUX
memnepamypax nogimps nicis inmepkyaepa (t,,, = 20-80°C) ma memnepamypi
Haskonumnbo2o cepedosuuwia (20 ma 40°C). [na nopieHaHHA GUKOPUCAHO
0OHOCMYNEHe6Ull KOMNPECop I3 3a2albHUM CHIYNeHeM CMUCKawnsa m = 4. Ananis
sanexcnocmi  N/NIIO  noxazaé ichysamnusi OnMUMAIbHO2O — CHIGEIOHOULCHHS
r /r, = 0,8-1,5, 3a AK0O20 eHnepeOCNONCUEAHHA KOMNPeCcopa 3MEeHULyEMmbCs Ha
5—15 % nopieusano 3 6azoeoro cxemoro. Hailbinouwuii egpexm docsieacmucs nio vac
2NUOOKO20 0XOJIOOHCEHHSA Loy = 20—40°C, wo 3abe3neyye 3meHUeH s CNONCUBAHOT
nomyxcnocmi na 12—15 %. Ilokazano, wo 011 00CACHEeHHs MAKUX memnepamyp
nompione 3acmocy8anHs X0100ULbHUX MAWUH, OCKIIbKU 0X0N00HCEHHS 3A00PMHOI0
600010 € Hedocmamuim. JJo0amrko80 6CMAHOBIEHO, W0 eAUOULE OXOT0OICEHHS 3CYBAE
ONMUMYM TT_/TC , Y HANPAMKY 1020 3MeHuenHs. Busnaueno memnepamypui nepenaou
6 mennooominnurax (50—100°C), HeobXiOHi 015 NPOEKMYBAHH NAPO2eHepAMopa mda
BUNAPHUKA Y CUCTEeMax Men108UKOPUCIOBYIOUUX XOI00ULbHUX MauwuH. Bucnosku.
llosedeno Ooyinbuicmeb 3acmocy8anis 080CMYNEHe8020 HAOOY8Y 3 NPOMINCHUM
OXOJLOOMCEHHAM ) CYOHOBUX OU3ENbHUX eHepeemUYHUX YCMaHoeKax. Bemanosneno
ONMUMANbHI napamempu, SKi MIHIMIZYIOmMb poOOMY KOMIpecopa ma niosuuyioms
3aeanvhy epekmugnicmo cucmemu. I 1uboxe oxonodcenns 3abes3neuyc HaubibUUL
eHepeemuuHull  ehexm, O0OHAK BUMALAE BNPOBAONCEHHS XOAIOOUNbHUX MAULUH.
3MmeHwennapooomuKOMNPecopanpusoOums 00 30i1blUeHHs1 00CMYNHOTNOMYAICHOCII
2a3080i mypoOinu, KA MOHCe BUKOPUCMOBYBAMUCA AK O/l elleKmpozenepayii, max
i 0 nioguwgenHss KOPUCHOI NOMYIUCHOCHI 20108H020 08USYHA NIO YAC DPYX).
Ompumani pezyromamu Moxcymos Oymu SUKOPUCMAHI NIO YAC NPOEKMYBAHHSL
iHme2posaHux cucmem Ha0Oy8y ma Mmenio8UKOPUCIIOBYIOUUX XOIOOUIbHUX MAULUH
Y CYUACHUX CYOHOBUX eHep2emUyHUX KOMNIeKcax.

Knrouogi cnosa: npomisicre 0xono0dicetts, Ha00ys, CYOHOBUL OU3ETbHULL OBUSYH, CIMYNIHb
CIMUCKAHHSL, XOTOOUWTbHA MAUIUHA, MENTI068A YIMUNI3ayis, eHepeemuyta eqoekmueHicmb.

Introduction

Modern marine diesel engines commonly employ turbocharging compressors
with relatively high-pressure ratios (n_~ 2-4) to boost air intake pressure. This
requires almost all the exhaust-gas-driven turbine’s power output, effectively
utilizing the entire enthalpy drop of the exhaust gas [1]. To improve engine
efficiency and recover energy, it is necessary to reduce the compressor work
and unload the turbine, thereby creating a power reserve (the difference between
the turbine and compressor power) that can be redirected to the engine crankshaft
or used to drive an electric generator [1]. A traditional method to reduce compressor
work is intercooling, which involves cooling the boost air between compression
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stages. Conventionally, this intercooling uses seawater; however, its cooling
capacity is limited, and there are few onboard consumers of the heat removed [2].
Using the heat of compressed air directly in a steam power boiler is problematic,
especially at part loads when the inlet air temperature drops [3]. One promising
alternative is to cool the boost air using waste-heat-driven refrigeration cycles (e.g.,
ejector chillers) that utilize exhaust heat to produce refrigeration. The generated
cold can be used to achieve deeper intercooling of the boost air (or even the inlet
ambient air), thereby increasing the cylinder air charge and enabling higher fuel
delivery and engine power [4].

Figure 1 schematically illustrates the two-stage turbocharging system with
intermediate air cooling considered in this study. The system consists of two compressor
stages connected in series — a low-pressure (LP) stage and a high-pressure (HP) stage —
with an intercooler installed between them. Such a configuration may be realized either
as a single turbocharger with a two-stage compressor or as two serially connected
turbochargers; from a thermodynamic perspective, both arrangements are equivalent
for the analysis of compressor power consumption.

Ambient air is compressed in the LP compressor to the pressure ratio =
and subsequently cooled in the intercooler to a prescribed after-intercooler temperature.
The cooled air then enters the HP compressor, where it is compressed to the final pressure
ratio m_, before being supplied to the engine intake manifold. The overall pressure ratio
of the system is defined asn_=m_ m ,.

The analysis is based on a steady-state thermodynamic model of two-stage
compression with intermediate cooling. The total compressor pressure ratio 7_is fixed
according to engine air-supply requirements, while the pressure ratio split between
the stages is varied by changing the ration_/x_,.

The temperature after the first compression stage is determined assuming a polytropic
compression process. After cooling in the intercooler, the air temperature is reduced
to the specified after-intercooler value ¢, ,,, which serves as the inlet temperature for
the second compression stage. The outlet temperature of the HP compressor is then
calculated using the same polytropic relations.

The investigated system represents a single turbocharging unit with a two-stage
compressor and intermediate air cooling between the stages. The configuration
includes a low-pressure compressor, an intercooler, and a high-pressure compressor
arranged in series.

g1 T2

Air MAR(D AW

LP Intercooler HP Charge air cooler

compressor compressor
intake

Figure 1. Schematic diagram of a two-stage turbocharging system with intermediate
air cooling: LP compressor (), intercooler, HP compressor (x ), and engine intake
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From a thermodynamic standpoint, this configuration is equivalent to a serial
connection of two compressors within one turboaggregated system.

Figure 1 illustrates the adopted configuration and should be interpreted exclusively
as a two-stage compressor with intermediate cooling.

Relevance to Marine Diesel Engines

The presented analysis is particularly relevant for marine diesel engines due to their
specific operational characteristics. Marine propulsion and auxiliary engines typically
operate at constant rotational speed and near-constant power output for prolonged
periods, especially when driving fixed-pitch propellers or electrical generators.

Under such stable operating conditions, the turbocharging system can be optimized
over a narrow, well-defined range of parameters. Additionally, marine engines are subject
to limitations in conventional seawater cooling capacity, which restricts the achievable
depth of intercooling. These constraints make advanced two-stage turbocharging systems
with optimized intercooling especially attractive for marine applications.

Moreover, marine diesel engines increasingly operate at high boost pressure
ratios, where compressor power consumption approaches the available turbine power.
Therefore, any reduction in compressor work directly increases the available turbine
power margin, which is of high practical importance for shipboard energy systems.

Justification of the Optimization Criterion

In this study, the optimization criterion was the minimization of total compressor
power consumption. Both thermodynamic considerations and practical engine
operation justify this choice.

Although different pressure-ratio splits result in different charge-air temperatures
downstream of the intercooler and in the intake receiver, these temperature variations
were explicitly accounted for in the thermodynamic model. Changes in air temperature
and density at the receiver directly affect the inlet conditions of the high-pressure
compressor and, consequently, its power consumption.

In the absence of a final aftercooler, the charge-air temperature supplied to the engine
indeed varies with the pressure ratio distribution. However, reducing compressor work
increases the available power of the exhaust gas turbine. For marine engines operating
at constant speed and load, this released turbine power represents a direct energy benefit,
either for mechanical assistance of the crankshaft or for onboard electricity generation.

Thus, minimizing the total compressor power is a physically meaningful
and practically relevant optimization criterion for marine diesel engines with two-stage
turbocharging and intermediate cooling.

Analytical Methodology

To determine the optimal intercooling parameters, we carried out calculations
of the turbocharger power consumption as a function of the ratio n_/x , of the low-
pressure (m ) and high-pressure (m ) compressor stages under various conditions [5].
In the analysis, the intercooler outlet (after-intercooler) air temperature, 7, ,, was varied
(20, 40, 60, and 80°C), along with the ambient inlet temperature (tin = 20 and 40°C).
The baseline case was defined as a single-stage turbocharger without intercooling (total
pressure ratio = 4). The output parameter was the ratio of compressor powers, N/N, .,
where N is the power required by the baseline compressor (no intercooling) and N, , is
the power required by the two-stage compressor with intercooling. The results are plotted
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in Figure 2. In these plots, N (no intercooling) and N, (with intercooling) are shown
as functions of the pressure ratio split & _/z , at different #, , and inlet temperatures [5].

Mathematical Model and Governing Equations

The thermodynamic analysis of the two-stage turbocharging system was carried out
using a steady-state model of polytropic air compression with intermediate cooling.
Each compressor stage was assumed to operate under polytropic conditions.

For a polytropic compression process, the pressure—volume relationship is given by:

PV"E DYy
where n — is the polytropic exponent.
The specific work of compression for each stage is expressed as:

n-1

n P, o
ot g [F] -

1

where R — specific gas constant of air; 7', — inlet air temperature to the compressor stage;
P, and P, — inlet and outlet pressures of the stage.
The compressor power consumption is calculated as:
mo .,

npnm

where 71 — air mass flow rate; n,- polytropic efficiency; n — mechanical efficiency.

The total compressor power of the two-stage system is determined as the sum
of the power consumptions of the low-pressure (LP) and high-pressure (HP) stages. The
overall pressure ratio is kept constant.

Results and Discussion

The current overall pressure ratio for marine engines is approximately 4. The results
of the calculations presented below are provided for this specific pressure ratio. It
should be noted that changes in the overall pressure ratio will lead to some variation
in the results; however, these variations will be relatively minor and will generally
correspond to the trends shown.

Figure 2 illustrates that for a turbocharged marine engine with intercooling,
an optimal split of the pressure ratio exists between stages. Specifically, a ratio
n /m, in the range 0.8-1.5 produces the maximum reduction in compressor power
consumption [6]. This optimal split yields a 5—15 % decrease in required turbocharger
power compared to the one-stage baseline. Moreover, deeper intercooling (lower 7))
increases the magnitude of this power saving and shifts the optimal ratio toward
lower values of ©_/m , [5; 7]. The most significant power reduction (over 1215 %) is
achieved when the compressed air is cooled to 7, , = 20...40°C. Such deep cooling is
only achievable with mechanical or refrigeration cooling (beyond seawater alone). In
these cases, the configuration of the ejector refrigeration system (driven by low-pressure
steam) should include a high-pressure steam generator (power cycle of the refrigeration
machine) to utilize the relatively high-temperature heat potential of the boost air,
and an evaporator to cool the boost air to a low temperature 7, = 20...40°C between
the compressor stages [5; 7].

N =
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When designing the heat exchangers of the heat-recovery refrigeration system
(i.e., the high-pressure steam generator and low-pressure evaporator), the relevant
temperature differences in the compressed air must be known. Depending on the cooling
depth, the temperature drop Az, varies approximately from 50°C to 100°C [8].

NN, NINy
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Figure 2. Dependence of the compressor power ratio N/N,,, on the ratio nt_/r_,
of the low-pressure (rt ) and high-pressure (r ) compressor stage pressure ratios,
for various post-intercooler temperatures (i Lo = 20, 40, 60, and 80°C) and inlet air

temperatures tin = 40°C (a) and tin = 20°C (b)
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Figure 3. Dependence of the temperature after the first stage of cooling and after intercooling
on the ratio &t_/r , of the pressure ratios of the low-pressure (z ) and high-pressure (r ,)
compressor stages at inlet air temperatures tin = 40°C (a) and tin = 20°C (b)
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Importantly, for deep intercooling applications (either boost air or inlet air),
it is inefficient to reject the intermediate-temperature heat (~40—-60°C) through
the refrigeration machine, because this yields very low ejector and thermal coefficients
and consumes scarce low-temperature cooling capacity (evaporator discharge around
0-10°C) [9]. Instead, that intermediate heat is more appropriately removed by seawater.
In practice, similar three-section intercoolers (steam—water systems) have been used
on ships for many years. Still, their drawback is low efficiency or even infeasibility
of the steam-generating (water-steam) section at part-load when exhaust temperatures
fall [9]. The proposed heat-recovery circuit based on low-pressure steam is relatively
effective even at partial engine loads [9; 10].

Overall, the intercooling system and heat-utilization circuit should be designed
around the optimal pressure ratio split to maximize turbocharger power savings. In other
words, the compressor stages should be sized so that ©_/x, is approximately 0.8-1.5
for optimal performance [7]. The reduction in compressor power frees up a portion
of the power from the waste-heat recovery turbine, which can be used to generate
electricity or to drive the main engine shaft during cruising. In summary, by selecting
the optimal intercooling parameters, the engine’s overall energy efficiency and output
can be significantly improved.

Conclusions

1. Optimal Compression Split: For marine diesel engines with intercooling,
there exists an optimal ratio of low-stage to high-stage pressure ratios (m /7 )
of' 0.8—1.5. Using this ratio reduces the turbocharging compressor’s power consumption
by approximately 5-15 %.

2. Power Recovery and Use: The saved compressor power corresponds to additional
power available from the gas turbine. This extra power can be utilized for onboard
electrical generation or transmitted to the main engine shaft in cruising mode.

3. Intercooler-Refrigeration Design: The layout of the heat-recovery refrigeration
system (e.g., ejector refrigeration) in the engine’s gas—air path should be based on
the identified optimal ratio. The placement of the steam generator and evaporator (between
compressor stages) should be chosen to achieve the identified optimal pressure ratio split.
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