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IDENTIFICATION OF OPTIMIZATION APPROACHES TO THE DEEP
HEAT RECOVERY PROCESS OF MARINE DIESEL ENGINES

The idea of creating steam and gas plants, which use as combustion products of fuel combustion and water
vapor, was first expressed by French scientist Sadie Carnot in 1824 in his work “Reflections on the driving
force of fire and machines capable of developing this force”. Carnot proposed a scheme of a reciprocating
steam-gas plant and substantiated the main condition for the creation of efficient steam-gas plants — the use of
fuel combustion products as a working fluid in the field of high temperatures with simultaneous utilization of
waste heat gases to obtain working steam. With the development of steam and gas turbines, it became possible
to put this idea into practice. The study of modern heat recovery power plants of ships of the merchant marine
of the World in this article is presented. Using modern scientific achievements in the areas of the possible use
of low-temperature heat in hydro-steam turbines HST, Professor V.A. Zysin made specific proposals in relation
to the merchant marine of the world.

Identified priority areas for more electricity from waste heat recovery are presented: the further steps with
a view to improving the deeper heat recovery power plants vessel.

1t is proposed for the first time, to use the heat of the inner loop of the ship s main engine for improvement
using nanotechnology HST. The study presents global analogs of savings. It is proved that the choice of the
optimal solution must be approached comprehensively, considering all the components. The work presents the
principle of action HST of V. Zysin, characteristics are given that optimally distinguish it from other analogs.

In addition, the study proposes a uniquely effective approach to the process of deep heat recovery of marine
diesel engines, developed by scientists of the Danube Institute of National University “Odessa Maritime Academy”,
which is versatile because it is suitable for use in different latitudes. A thermal column was developed and improved.

Key words: merchant marine fleet, utilization of waste heat gases, the main power plant, the auxiliary steam turbine
generator;, an auxiliary gas turbine exhaust gas, hydro-steam turbine, low-temperature heat, utilization boiler.

Introduction. At the present stage, the problem of
energy efficiency requires more and more attention.
This is due to a significant increase in the price of
energy and increased concern for the environment.

This issue is very relevant. So, the work of V. Kiris
is devoted to considering trends in increasing the energy
efficiency of transport. After all, it is transport that represents
the region with the highest fuel and energy consumption,
which means this issue requires special attention [1].

A. Solovyov, M. Chirkova, N. Popov study ways
to increase the efficiency of ship power plants.
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Emphasis is placed on the reasons for the insufficient
use of secondary energy resources on ships, primarily
the lack of automated control systems for integrated
heat recovery systems, which leads to a decrease in
its economic efficiency [2].

The study by A. Volyncev, A. Sobolenko reveals
the potential use of a heat pump and a heat exchanger
in a ship’s heating system. The principle of operation
of a heat pump unit utilizing low-potential secondary
heat resources of the main engine is characterized [3].
The article by V. Vedruchenko and V. Krainov proves
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the feasibility of using contact heat exchangers
instead of generally accepted surface heat exchangers
for utilization of charge air heat [4].

A. Danylyan, V. Chymshyr, 1. Vlasov,
A. Naydyonov are convinced that traditional
approaches to the utilization of heat recovery do not
allow the use of this heat in the form of a steam-water
mixture on the line: consumers are the condenser
of the steam boiler. The authors analyze ways to
improve the hydro-steam turbine in order to more
deeply utilize the heat of the ship’s power plants [5].

A method of utilizing the heat of exhaust gases
from the main diesel engines of a ship of Project
630.2 Kazan City in a thermoelectric generator
is presented in development by S. Vinogradov,
K. Halykov, K.D. Nguyen [6]. The authors are sure
that the use of thermoelectric generators that operate
based on the energy of the heat of the exhaust gases
of a diesel engine is an effective method of increasing
the efficiency of heat use in ship power plants (SPP).

The aim of the article is to determine, based on
analysis of specialized scientific literature, the most
effective approaches to the process of deep heat
recovery of marine diesel engines.

Materials and methods. Expenditures for the
operation of power plants of marine vessels account
for 70-80% of total costs [1]. Based on this, improving
energy efficiency SPP is of great importance. It is
advisable to recall that energy efficiency is understood to
mean the rational use of energy or the use of less energy
to ensure a specified level of product production during
production processes. Utilization of the secondary heat
resources of the ship’s main engine is traditionally one
of the main technologies for improving the integrated
use of fuel for ship power plants.

Specialists according to the classification of heat
recovery systems (HRS) distinguish them on the
basis of such signs: the kind of source of secondary
heat; kind of coolant; destination; type of recycling
equipment; depths of heat recovery [2].

We agree with the opinion of V. Kiris that at
the present stage, waste heat recovery systems are
becoming increasingly complex. In the best systems,
the efficiency of using waste heat reaches 60% due to
the use of more efficient utilization boilers, heating
of feed water, utilization of turbine generators of
two pressures, etc. At present, there are several ways
to utilize heat: utilization of exhaust gas energy,
utilization of the heat of the coolant, utilization of the
heat of the engine oil [1].

The analysis of the reasons for the insufficient use
of secondary energy resources on ships is complex,
and the main reasons can be called the following:

— designers, customers, and ship owners do not
pay appropriate attention to this area, because they
are not ready to evaluate all the advantages of HRS
and integrated heat recovery systems (IHRS);

— the customer, when building the wvessel,
focuses on minimizing capital investments without
calculating operating costs, including not considering
the possible savings in the fuel used for heating and
hot water supply;

— operators are skeptical of HRS, as the number
of serviced systems is increasing, and undesirable
phenomena associated with the quality of the feed
water accompany steam utilization systems;

— lack of automated control systems IHRS, which
leads to a decrease in economic efficiency IHRS and
the difficulties of integrating into a management
system SPP [2].

A sufficiently effective way to increase the level
of use of energy received in the engine during fuel
combustion is to utilize the heat of the exhaust gases,
charge air, and freshwater engine cooling systems.
V. Vedruchenko, V. Krainov note that the use of an
evaporative method for cooling charge air allows the
energy expended to compress air to be completely
returned to the engine cycle. In addition, the use of
contact air coolers in modern highly efficient diesel
engines with increased pressurization by 10% increases
their efficiency compared to cooling in traditional
surface charge air coolers. In this way, the possibilities
of utilizing the heat of each source are determined by
the boost and power of the engines that make up the
diesel power plant and the heat and electric energy
needs of the diesel vehicle or other consumer [4].

A. Volyncev, A. Sobolenko determine the most
preferable source of the utilization of the heat
resources of the main marine engine for the operation
of the heat pump installation is freshwater, cooling
the shirts of the cylinders of the main engine, having a
temperature at the exit of the diesel engine of 80-85°C
[3]. In general, the introduction of heat pump heat
and cold supply systems is a very effective energy
conservation policy tool for fishing and navy vessels,
which allows not only to save energy resources for
consumers but also to reduce the load on the ship’s
centralized energy-saving system, as well as reduce
emissions of traditional organic combustion products
into the atmosphere fuel.

The following development is also of interest.
Mitsubishi Heavy Industries, Ltd. (MHI) offers
a super-waste heat recovery system for the main
marine power plant (MMPP) as a solution to
strengthen environmental restrictions and increase
demand for improved fuel oil consumption. Its
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essence is as follows. In a conventional combined
system in which the exhaust gas from the main diesel
engine is used in an exhaust gas economizer and in
a steam turbine generation system, all exhaust gas
from a diesel engine passes through a turbocharger.
This super-waste heat recovery system consists of a
conventional combined system and a power turbine
(gas turbine), which uses a portion of the exhaust
gas with an automatic overrunning clutch between
the power turbine and the steam turbine [7].

Results and discussion. The working thermal
scheme proposed by A. Danylyan, V. Chymshyr,
L. Vlasov, and A. Naydyonov for the deep utilization
of low-temperature heat by its own versatility is able
to satisfy all the ship's operating modes in various
latitudes of the World Ocean.

The main marine engine has exhaust gases after the
gas turbine boost GTB with parameters of 320-340°C
in the nominal power mode, transferring them to a
combined steam boiler, which operates autonomously
on diesel fuel, and as a waste boiler, it works
from exhaust gases GTB main engine. The steam
received in the steam boiler goes to the distributor
of ship consumers. All ship consumers have varying
degrees of thermal use of steam with parameters of
260-280°C. The largest heat consumers on board are
steam heaters for heavy fuel storage tanks, whose
viscosity at 50°C is 335 centistokes (cSt) [5].

This thermal scheme allows you to work in any
latitude of the vessel. A system is provided for
operation HST from the internal circuit of the engine,
having previously closed the collector of the exhaust
steam and starting the consumption of the coolant
from the main engine in its nominal operating mode.
The coolant in this mode is the water of the internal
engine cooling circuit with parameters 8§5-95°C [3].
Due to the versatility of the scheme, you can use a
marine combined auxiliary boiler with autonomous
fuel combustion to maintain the desired temperature
in the cooling circuit of the main engine for efficient
operation HST [5]. Using a thermostatic valve, you
can raise and lower the temperature of the internal
cooling circuit of the main engine.

When working in mid-temperate climatic
latitudes, the return of the steam-water mixture
will be 130-115°C, which can be successfully used
in HST. In the northern latitudes, in the context
of increasing steam consumption and the need to
maintain the heat balance of the entire thermal circuit
in the proposed scheme, it will be sufficient to open
the distributor valve and pass more heat through the
remote-control valve to the heat exchanger. This
will simultaneously increase the temperature of the
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condenser. HST and a warm boiler box will increase
the temperature regime of the auxiliary combined
boiler and the entire thermal circuit [5]. This
operating mode can be used with an autonomous
fuel combustion system of the boiler.

In order to maximize the use of low-temperature
heat, it is proposed to mount a thermal column with
a coil with a high degree of heat removal into the fuel
storage tank. It heats up to the desired temperature only
the amount of fuel that will be used by the main engine
and diesel generators. The remaining volume of fuel in
the storage tank will be heated to a lower temperature.

The use of traditional heating of heavy fuel
storage tanks is carried out by coils along the
entire bottom of the fuel tank, which is extremely
impractical — this leads to large heat losses and a
decrease in the return steam temperature.

The heat column must be sized considering the
capacity of the fuel transfer pump to guarantee
the supply of fuel to the separators. It will also be
provided with automated control of the coolant
supply to the column heater and the fuel tank coil.
The heat supply will be controlled by an electronic
control unit using remote thermostatic valves —
capable of differentiating heat with great accuracy
between the heat column and the bottom coils of the
ship’s fuel tanks [5].

Steam inlet

Fuel to -

the pump

ra

Fig. 1. Heat column of the heavy fuel storage tank:
1 — column body; 2 — fuel receiving Steiner;
3 — coil for heating the bottom of the fuel storage tank;
4 — heavy fuel storage tank

Thus, the heat column is a unique development
of the team of authors: A. Danylyan, V. Chymshyr,
I. Vlasov, A. Naydyonov, which is really capable of
qualitatively optimizing the heating of heavy fuel in
its storage tanks. The result is a significant increase
in the efficiency of the thermal scheme for utilizing
low-temperature heat and real cost savings.
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Fig. 2. Ship thermal scheme for the deep utilization of
low temperature heat: 1 — main engine; 2 — a collection
of spent steam; 3 — GPT with a power generator;

4 — working steam to the consumer distributor;

5 — combined steam boiler; 6 — boiler feed pump;

7 — warm boiler box; 8 — remote thermostatic valve;
9 — GPT capacitor; 10 — condenser pump with an
ejector; 11 — heat exchanger (cooler); 12 — cooler of the
internal circuit of the main engine

HST works on the principle of a Segner wheel,
which is distinguished by the simplicity of the
circuit and design. In work, HST two main physical
phenomena are realized. The first is rotation HST
due to the action of reactive forces (moments) of the
jets of the resulting two-phase mixture. The second
is the formation of a two-phase mixture in a stream
of water not heated to saturation when the pressure
of hot water in the stream drops to the pressure of
saturated vapor. It is the phenomenon of vaporization
of water in the stream that allows in installation
with HST. It is useful to utilize the enthalpy stored
in heated water by generating electricity using an
electric generator located on the turbine shaft. When
developing hydro-steam turbines, the action of
inertial forces (centrifugal and Coriolis forces) should
be considered, which, depending on the configuration
of the radial channel, can have both positive and
negative effects on the torque of the turbine. For the
useful use of Coriolis and centrifugal forces, a turbine
with a radial channel, described by the helix equation
with a change in the direction of movement of the
working fluid, is proposed.

The basis of this technical solution is the task
of improving a jet turbine, in which a rectilinear
radial section of the channel is made in the form
of a cylinder, in which a closed screw channel is
placed. A jet turbine contains a rotor with channels
for supplying a working fluid to nozzles connected
to a cavity located on the turbine shaft. The channel
contains a rectilinear radial section made in the form
of a cylinder, in which a helical channel is located,
consisting of alternating lifting and lowering arc

channels. The conjugation points of the arc channels
between themselves are on opposite sides of the
cylinder while being offset relative to each other by
the value of the nominal pitch. The last lowering arc
channel is offset from the previous one by a step that
differs from the nominal one and is connected to the
diametrical channel.

The turbine works as follows: a working fluid
(water, steam, gas), passing successively through
alternating lifting and lowering channels creates
a Coriolis force concentrated in the middle of each
arc lowering channel, which occurs when there is a
flow velocity and a peripheral speed of rotation of
the turbine, the projection of which creates torque
and in the middle of each lifting channel the braking
torque of the turbine, which, basically, cancel each
other, significantly reducing the negative impact
of the aforementioned force on the torque of the
turbine. In addition, in the places where alternating
lifting and lowering channels are interconnected,
which are at the maximum and minimum distances
from the longitudinal axis of the turbine shaft,
additional centrifugal forces arise, directed in
opposite directions, the projections of which result in
additional torque coinciding with the main torque of
the turbine, created by the reactive force of the two-
phase jet flowing out of the nozzle and the eccentric
centrifugal force created by the flow of the working
fluid in the center of the curved section. As a result,
the total torque of the turbine and, consequently,
its power increase. Calculation of the flow of the
working fluid in a 3-dimensional spatial spiral
channel presents great difficulties, therefore one has
to resort to simplifying representations, one of which
is a mathematical description of the expansion of a
spiral channel with linear approximation. Each turn
consists of two branches, the lifting and lowering, the
angle of the helix is denoted by o, descent angle — 3
(projections of the angles of the lifting and lowering
branches to the x;y plane, respectively, are depicted
on the scan). The angle of descent of the lower
branch of the last turn is denoted by 0, the offset of
this section is necessary to prevent the intersection of
the diametric channel connecting the lower branch of
the last turn of the screw channel and the additional
curved channel with the previous turn. The scan
shows characteristic points marking the beginning,
completion, and middle of each turn and half-turn of
the helical channel. Inertial forces (centrifugal £, and
Coriolis F,,) and components of these forces F and
F_ acting in or against the direction of motion of the
turbine rotor and creating torque or braking moments
are indicated at characteristic points [8, 9].

237



Bueni sanucku THY imeni B.1. Bepnaacbkoro. Cepisa: Texniuni Hayku

Heat exchangers, in which the heating medium
is superheated steam, and the heated water, are
described by the heat balance equation:

G, * (in, —in,)) enma =G, *c,* (th,—th,), (1)
where: G, is the steam flow rate, kg/s,
in,, in, — vapor enthalpy at the inlet and outlet of the
apparatus, J/kg,
pma — coefficient of performance (CP) of the heat
exchanger,
G, is the consumption of heated water, kg/s,
¢, — specific heat of water, J/kg deg,
tb,, tb, — initial and final water temperature, °C.

It is assumed that the heating medium at the
outlet of the heat exchangers is a condensate with a
temperature equal to the saturation temperature at the
pressure of the heating steam in the apparatus. The
system of regenerative heating of feed water includes
deaerators, and the deaerators themselves are nodes
for mixing water and steam flows. The heat balance
equation for these devices can be written as:

G,ei,enda+2G,*i;=0, 2)
where: yda — CP of the deaerator considering heat
loss to the environment,

G,, i; are the flow rate and enthalpy of water and
steam flows entering or leaving the deaerator along
the jth branches, kg/s and J/kg, respectively (Dyakun
and Kozar, 2013).

V. Zysin, in his book Combined Cycle Units
and Cycles, notes that the realization of an optimal
triangular cycle is possible only in an engine capable
of “working on a dropping liquid boiling during
expansion”. The flow of such fluid to the blades of a
turbine wheel from a fixed nozzle is inefficient since
the channel for the movement of a two-phase flow
in such structures inevitably turns out to be curved,

Fig. 3. Model GPT V. A. Zysin to generate electricity
from low temperature heat: 1 — hydro-steam turbine;
2 — Laval nozzle; 3 — volumetric boiling creates a
steam-water jet that rotates the generator rotor; 4 —
electricity; 5 — electric generator; 6 — boiler-condenser;
7 — condenser pump; 8 — to the network; 9 — spent
steam is condensed and returned to the network; 10 —
hot water; 11 — hot water is supplied through channels
on the rotor to the casing with low pressure
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which causes irreversible losses and causes wear to
streamlined surfaces.

An alternative was a jet turbine with rotating
Laval nozzles, from which a boiling stream of
superheated water flows. This flow creates a jet thrust
that accelerates the nozzle and spins the turbine.

At the same time, V. Zysin draws attention to the
need to observe the following conditions: the process
of vaporization should be carried out only in the
expanding part of the Laval nozzle; to a minimum
nozzle cross-section, the pressure and shape of
the flow channel must be such that there is neither
cavitation nor vaporization at local pressure drops;
behind the Laval nozzle, a two-phase supersonic flow
should not meet moving parts subject to wear.

Thus, superheated water must enter the turbine
rotor through the hollow shaft and move first along
its axis, and then to the nozzles on the periphery.
The thermodynamic process taking place in such an
installation is a variation of the classical process for
heat engines.

Fig. 4. The decomposition of the forces of the coolant
in the nozzle apparatus of a hydro-steam turbine

In Fig. 4, the coolant entering the nozzle apparatus
is decomposed into vectors of fluid flow and rotor disk,
where C, is the vector of the absolute flow velocity;
U, is the vector of the peripheral flow velocity; W,
is the vector of the relative flow rate; W, is a vector
of actual flow rate; U, is the vector of the peripheral
speed of the rotor disc; R, is the distance from the
inlet of the working fluid of the nozzle apparatus to its
outlet; R, is the length from the inlet of the working
fluid to the convergent nozzle; f is the angle formed
by the axis of the vector U, and the vector W,.

The working fluid flow, entering the rotor shaft
channel, passes into the disk nozzles, where, passing
the nozzle curvature with minimal resistance, it is
directed to its tip [5]. The flow rate of the working
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fluid significantly increases in the converging part of
the Laval nozzle, which, already with the transition to
the expanding part, makes it possible for the working
fluid to turn into steam, creating all the conditions
for obtaining the rotating moment of the rotor shaft.
distance from the inlet of the working fluid of the
nozzle apparatus to its outlet.
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Fig. 5. GPT turbine thermodynamic cycle

Section 1'—1 corresponds to the narrowing
part of the Laval nozzle (pressure drop during flow
acceleration due to narrowing of the channel section
in accordance with Bernoulli law), and section 1—2

— to its expanding part, where intense vaporization
occurs, in section 2—3 condensation of the generated
steam, section 3—4 — is an increase in water pressure
and it’s overheating in front of the turbine rotor to a state
close to the equilibrium between steam and liquid (while
maintaining the liquid state of aggregation), section 4—4',

Thus, all the useful work of the turbine is carried
out due to the external energy spent on increasing the
pressure and heating the water in section 3—4. In
general, V. Zysin estimates “possible CP” at 40—-50%
and notes that in this case, it will be a “promising
element of electricity production schemes”.

The main marine engine with an efficiency of 50%
has exhaust gases after the pressurized gas turbine
GTN with parameters 320-340°C in the nominal
power mode, transferring them to a combined steam
boiler, which operates autonomously on diesel fuel,
and as a waste boiler operates from the exhaust gases
of'the GTN of the main engine. The resulting steam in
the steam boiler goes to the ship's consumer distributor.
All ship consumers have varying degrees of thermal
utilization of steam with parameters 260-280°C. The

largest consumer of heat on a ship is the steam heaters
of heavy fuel storage tanks, the viscosity of which at
50°C 1is 335 c¢St. Therefore, in different latitudes of
navigation, there will be different heat consumption
for heating heavy fuel in storage tanks. Working in the
middle temperate climatic latitudes, the return of the
steam-water mixture will be 130-115°C, which can be
used in the gas turbine engine. Imagine the standard
power of the main marine engine, which is 13.200
kW. Taking into account the efficiency of the engine,
which is 50% and the fact that the remaining 50%
(about 6500 kW) is spent on heating fuel, oil, water,
as well as heat radiation and exhaust, from the steam-
water mixture returned after heating consumers, we
will get about 20% from unused heat (1300 kW),
which, if we take into account the efficiency of the
gas turbine generator, 40% will mean that we will
save about 500 kW of unused heat.

Effective efficiency of the hydro-steam turbine:

ne=NJOQ=n, =N (3)

where: N, is the effective power developed by the
turbine on the coupling

connecting the turbo shaft bins with the shaft of
the driven machine,

O is the consumed heat, J,

1, 1s the absolute internal efficiency,

11, 1s the mechanical efficiency,

1, is the thermal efficiency,

1., 1s the relative effective efficiency.

Effective efficiency of the main marine engine:

n=A+LJO, (¥

where: L, is the efficient work done per cycle,

A is the effective work,

0, is the amount of heat received from the heater,

Conclusions. Thus, the problem of finding
approaches to the process of deep heat recovery of
marine diesel engines is very relevant in modern
realities. The study presents global analogs of savings.
It is proved that the choice of the optimal solution
must be approached comprehensively, considering all
the components. The work presents the principle of
action HST of V. Zysin, characteristics are given that
optimally distinguish it from otheranalogs. In addition,
the study proposed a unique option developed by
the team of Danube Institute of National University
“Odessa Maritime Academy”, which is distinguished
by its versatility, because Suitable for use in various
latitudes. A thermal column was developed.
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mypoinax (I'TIT), npoghecop B. 3ucin 3pobue KoHKpemui npono3uyii w000 mopeo6o2o MopCcbKo2o (iony ceinty.

Memoro cmami € npedcmasumu 6uU3HA4EeHI NPIOPUMEMHI HANPAMU OMPUMAHHA OLIbUWIOL KITbKOCMI
elleKmpoenepeii 3a paxyHok pekynepayii 8ionpaybo8ano2o menid: n0O0AIbi KPOKU 3 Memor 800CKOHALEHHS
OinbU 2IUOOKO20 PEKYNEepayitiHo2o0 meniogo2o CyoHd.

Ynepue npononyemocs suxopucmogysamu menio 6HympiuHboi nemii 20108H020 08U2YHA Kopaobs O
800CKOHANEHHS 3 suKopucmantiam nanomexnonoeiu I'TIT. YV docniodcenni npedcmasieno 2n1odanvhi ananosu
3aowadaicens. Jlogedero, wo 00 6uOOPY ONMUMATLHO2O0 PILEeHHS 8APMO NIOX0OUMU KOMNIEKCHO, YPAX08YoUlL
6ci komnonenmu. Ilpeocmasneno npunyun 0ii I'lIT B. 3ucina, nasedeno xapakxmepucmuxu, aKi ONMmumMaibHO
BIOPI3HAIOMb 11020 IO THUIUX AHATO2IE.

Kpim moeo, 3anpononosano yHikanvnuti eghexmusHull nioxio 0o npoyecy 2nuboxoi pexynepayii menia
MOPCHKUX OU3EIbHUX O08USYHIB, po3pobnenuti Haykosyamu J{yHaticokoeo incmumymy Hayionanvrnoeo
yrigepcumemy «O0ecvkoi Mopcwbkoi akademiiy, AKull GiOPIZHAEMbCA CBOEH YHIBEPCANbHICIIO, OCKIIbKU
niOXo0ums 0J1 BUKOPUCIAHHS 8 PI3HUX wupomax. Pospobneno ii yoockonaneno mennogy KoioHy.

Knrouosi cnosa: mopeisenvruii Mopcokuil ¢hiom, ymunizayis 8iOnpaybosanux meniosux 2a3ie, 201068Hd
eHepeemuyHa YCMaHo8Kd, OONOMINCHULL NApOMYPOIHHUL 2eHepamop, SUXIONHULL 2d3 OONOMINCHOI 2a3080i
myp0inu, 2ioponaposa mypoina, HU3bKOmeMnepaniypre menjio, Ymuii3ayitiHuii Komer.
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