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Pexynepauiiini cucmemu 0as ymunizauii emep-
2ii GUXJIONHUX 2a316 OU3ENbHUX O06UYHIB, WO ICHY-
10mb, npusHaueni 0 cyoen GeauUK0z0 ma cepeonbozo
posmipy. Icnuye nompeéa pospobru 6ionoeionoi cucme-
Mu pexynepauii enepeii 6i0xionux 2asie 0ns manomip-
HUX cyoen.

Cmeopeno mexnonoziuny mooeio pexynepaviuno-
20 NPUCMPOIO 0151 MAIOMIPHUX CYOeH Y 6uzindi mep-
Mmoenexmpuunoeo zenepamopa (TEI), axwii npauroe
Ha enepeii 6i0xionux 2azie. Ilpoananizoeamni mexmiu-
Hi ymoeu posmawyeannus TEI na cyomui i eusnaueni
CK1a006i 1020 KOHCMPYKUii. 3anponoHo8ani mexHiuni
pluenns 0na YyoocKkoHalenHs npouecy menonepeoadi
enepeii 6i0 2azy do TET, a came: suxopucmanmns mep-
Mmoenexmpuunux mooyaie (TEM), wo maiomv pobo-
uy memnepamypy euuwie 1000 °C; 3acmocyeanna xea-
opamnoi popmu nepepisy mpyo6onpoeoody i posmiuiernns
cnipanenodionozo yuninopa écepedui mpyo6onposody
2enepamopa.

Ha nidcmasi pesynvmamie meopemuunux o6uuc-
Jlenb 00Caidxceno mennosy Molelv mepmoesiex-
MpUUHO20 2eHepamopa i Po3pPaxoeami MexHo02iuHi
napamempu euxopucmanns TEM 0ns 3abesneuenns
maxcumanvnozo 3navenuss KK/ TEI. Bcmamnosneno
Heo0Xi0HicMb nodiny 2enepamopa Ha mpu cKAA006i cex-
uii, wo npatoromo ax oxkpemi zenepamopu. Iloxazana
Moicausicmo odeprcanns npu euxopucmanni TEL 0o
0,8 kBm enexmpuunoi emepeii, axujo wacmoma oéep-
manns eany ouzeaviozo osuzyna dopisuroe 1500 06,/ xs.

3anpononosano onmumanvHuii CnOCcid6 euKopu-
CmanHsa ereKkmpuyuHoi enepeii zenepamopa, w0 NONA2A€
Yy 3acmocyeanti momop-xoseca. Pynxuiero momop-ro-
Jieca 06pano nepemeopents HAOIUMKO0GOT eleKMmpPuHOL
enepeii TET 6 mexaniuny enepeiro (6 00nomozy 0cHoGHO-
My 06uzyny) 6 mesxicax Komniexcrozo niosuuenns KK/]
euxopucmanna namuea. Haoano 6ionogiony cxemy
nio’eonanns momop-xoneca 0o enepeocucmemu cyona.

Braszani wasxu nidsuwennss KKJ[ mepmoenex-
MPUUHO20 2eHePaAMOPa ma POUUPEHH MOHCAUBOCMET
11020 3aCMOCYEAHHS HA MATOMIPHUX CYOHAX

Kmouoei caosa: pexynepauin emepeii, ousenvnuii
06uUzYyH, MANOMIDHI CYOHA, MeEPMOeIEKMPUHUIL 2eHe-
pamop, 6uxI0nHi 2a3u

u| =,
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1. Introduction

The shortage of energy resources, the desire to use “green
technologies” necessitate the improvement of efficiency and
environmental indicators of vessel power plants. This need
has been documented in the requirements of the Internation-
al Maritime Organization, Annex VI to the International
Convention for the prevention of pollution from ships. Given
this, there is a relevant scientific and technical task in the
field of energy-saving machine building: to improve the sys-
tem of energy recovery for vessel engines in order to enhance
the efficiency of fuel utilization.

A significant portion (25-30 %) of energy from a ship’s
diesel engine is released in the form of the thermal energy
of exhaust gases, which renders even more relevance to the
issue of its recovery. One of the ways to solve such a task is
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to design and improve the thermoelectric generators (TEG)
installed on the exhaust pipe of a ship’s engine. As a result,
the exhaust gas energy feeds a vessel’s electrical circuit,
thereby making it possible to remove the electromechanical
generator from its electric system.

Analytical calculations indicate [1] that rising fuel prices
exert a much larger impact on transportation costs incurred
by cargo deliveries by water than by other modes of trans-
portation. At present, there is a steady trend towards price
rise for diesel fuel and a corresponding increase in the pro-
portion of its price in the cost of goods transported by wa-
terways. Increasing fuel efficiency by at least several percent
owing to the implementation of the engine energy recovery
system could significantly affect the decrease in total cost, as
well as improve the environmental aspect of transportation
by small-sized vessels.



2. Literature review and problem statement

Aboard large specialized vessels, the exhaust gas energy
is used in cogeneration plants for the combined production
of mechanical and electrical energy. Study [2] considers the
appropriate operation principle of vessel thermal machines,
whose mechanical energy supplements the energy of the
main engine. In a ship’s hybrid powerplant, the Stirling
engine could be linked to a crankshaft through a hydraulic
clutch or work for an electric generator. However, a hybrid
plant has significant weight and dimensions and a high cost.

More promising for modern diesel engines is, first, to
use the Rankine cycle and, second, to apply the latest devel-
opments of turbochargers with an inverse electric machine
on the axis. The former was investigated in work [3] as a
means to optimize the thermodynamic characteristics of a
vessel diesel-electric station with the combined system of
exhaust gas heat utilization and the diesel cooling system.
The latter, according to study [4], makes it possible to re-
cycle the heat of exhaust gases under the modes at which it
is redundant and to add to the turbo compressor rotor ro-
tation under other modes. The disadvantage is the issue of
cooling the electric machine. A common drawback of both
approaches is the fact that small-sized vessels equipped
with stationary motors with a capacity close to 100 kW
typically have no space for the examined recovery systems.
In addition, servicing them leads to undue additional costs.
Therefore, for small-sized vessels, the optimal solution is
to use a thermoelectric generator, which directly (without
additional coolers) converts thermal energy into electricity.
Such a TEG should not include moving parts, not require
additional maintenance.

Technical advancements related to the recuperation of
energy from exhaust gases of ship engines with the appli-
cation of TEG are based on appropriate solutions for auto-
mobile internal combustion engines. For example, based on
data from General Motors, the authors of [5] modeled the
heat and electric energy transfer processes in a TEG using
the splitting of TEG into sections. Building on such an idea,
study [6] proposed the structural division of a thermoelec-
tric generator into three sections that operate as separate
thermoelectric generators. The TEG that uses air cooling
was estimated. The authors considered the introduction,
inside a gas flow, of a hollow cylinder with longitudinal
edges on the surface to improve heat transfer by radiation.
However, the above advancements primarily concern gas-
oline engines while ship’s engines are diesel. Such engines,
at the same capacity as gasoline ones, have a larger volume
and a lower exhaust gas temperature. In addition, in order
to obtain optimum engine efficiency, the diameter of an
exhaust pipe in the diesel engines is increased. That changes
the parameters of heat exchange and specifications for the
optimal TEG functioning. There is a need to perform sepa-
rate calculations for the temperature parameters of the diesel
engine exhaust system.

The appropriate study was reported in [7] when design-
ing a thermoelectric generator for the diesel engine with a
capacity of 330 kW. The disadvantage of the specified proj-
ect is that preventing the overheating of thermoelectric mod-
ules requires that the system should be supplemented with a
bypass, which releases the excessive exhaust gas. Thus, the
temperature of the modules is maintained at the maximum
permissible level, but there is a loss of part of the energy that
should be recovered.

Certain modifications of the experimental and industrial
designs of TEG for ship diesel engines were examined, re-
spectively, in works [8, 9]. These structures employ thermo-
electric modules (TEM) based on BiyTeg with the maximum
upper temperature of 350-550 °C (depending on the module
modification). Therefore, the TEG technological circuit in-
cludes either the extension of an exhaust system pipeline or
a bypass for exhaust gas. These design features warrant the
generator performance and reduce the exhaust gas tempera-
ture to the specified range. However, there is a reduction in
a temperature gradient and a corresponding reduction in
TEG efficiency.

Thus, it is expedient to undertake a study to build a
technological scheme of the ship TEG for small-sized vessels,
which should be devoid of the above drawbacks. The result
would also tackle the task of creating a system for converting
excessive electrical energy into mechanical energy (to assist
the main engine) within the comprehensive increase in the
fuel utilization efficiency.

3. The aim and objectives of the study

The aim of this study is to build a technological model of
the recuperation device for small-sized vessels in the form of
a thermo-electric generator that operates using the energy
of exhaust gases. That would make it possible to improve the
efficiency of fuel utilization by vessels of this type.

To accomplish the aim, the following tasks have been set:

— to analyze technical conditions for the thermoelectric
generator arrangement and determine the components of the
TEG design;

— to explore the thermal model of a thermoelectric gen-
erator and calculate the technological parameters of the use
of thermoelectric modules to ensure the maximum value of
TEG efficiency;

— to define the optimal technique for using the generator
electrical energy.

4. Analysis of technical conditions for the arrangement of
a thermoelectric generator and for defining
the components of its design

Modern small-sized vessels employ, in stationary types of
diesel, both the “wet” and “dry” gas exhaust from the engine.
A “wet” exhaust implies the release of gas through a layer of
seawater. To prevent water access to the pipeline and engine,
the exhaust system is provided with devices that are locat-
ed at the beginning and end of the pipeline. These devices
would interfere with the arrangement of TEG. A “dry” ex-
haust applies a silencer that releases gas above the waterline
level. Such an exhaust system has no additional devices and
provides an opportunity to implement the optimum arrange-
ment of the generator along the pipe (Fig. 1).

To reduce heat losses, the generator should be closer to
the source of thermal energy, that is, to the engine (position 1
in Fig. 1). This condition is satisfied by the TEG arrange-
ment on the pipeline (position 4 in Fig. 1) behind a collector
(position 2 in Fig. 1).

The spent gas receiver after the generator is also a pipe-
line. Given such an arrangement, there is a risk of TEG
failure at a sharp increase in gas temperature in case there
is the absence of water pressure in the cooling system.



Therefore, the first to be arranged along the gas movement
are the two-cascade thermoelectric modules (TEM) with
an operating temperature above 1,000 °C. For example,
ALTEK 1024 or ALTEK 1023 [10]. The proposed technical
solution makes it possible, in case the temperature is ex-
ceeded, not to use a bypass for separate gas release from the
generator. In addition, the specified thermoelectric modules
are packed airtight in a steel body; they, therefore, could be
installed in a moist environment.
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Fig. 1. Principal diagram of TEG arrangement: 1 — engine;
2 — collector; 3 — flexible metallic sleeve with heat insulation;
4 — TEG; 5 — silencer; 6 — exhaust hole; 7 — waterline

Industrial TEMs are flat. The round shape of a pipe-
line requires additional devices for their arrangement,
which reduces the generator efficiency. For the optimum
arrangement of thermoelectric modules, the cross-section
of the generator should be squared with a corresponding
replacement of the pipeline’s section (inside the genera-
tor). The TEG cross-sectional area is kept constant and
equal to the area of the inner cross-section of the engine
exhaust pipe. This condition provides for the absence of an
increase in the mechanical resistance of gas movement and
a pipeline volume. Consequently, on the one hand, there
is no reduction in gas temperature, nor a corresponding
reduction in the TEG efficiency. On the other hand,
there is no influence from the generator on the engine
operation.

The respective size of the side of a square cross-section of
pipeline d; equals:

d=5 M

where d is the diameter of the exhaust pipe of the engine.

A material of the pipeline should be stainless steel with a
thickness of not less than 2 mm. Hence, the outer size of the
pipeline dj equals:

do:di+0,4 cm. (2)

If dyp<100 mm, then it is necessary to place a copper
gasket of thickness d,=(100—dy) mm under each TEM of
the generator.

When the engine is properly configured, exhaust gas
does not contain carbon and is transparent. In a transparent
gas, heat transfer could occur only through convection. It
is possible to increase the heat transfer via radiation. To
this end, it is proposed to put an empty cylinder inside the
pipeline, which would be heated by gas and emit additional
energy to the wall of the pipeline (Fig. 2).

To stir the gas effectively, the cylinder should be made
of stainless steel in the form of a strip of small thickness
(1-2 mm), twisted in a spiral (a spiral-type cylinder C in Fig. 2).

The gap between the spiral turns provides efficient gas stir-
ring. The round shape of the cylinder and its flexibility make
it possible to easily install a cylinder inside the pipeline of a
complex shape. The cylinder diameter is determined by half
of the pipe area and equals:

1
d. _ﬁd. (3)

Fig. 2. A model of heat transfer along the section of
a pipeline inside the TEG: 71 — gas temperature at
the beginning; 7, — at the end of pipeline;

C — spiral-like cylinder

The gap between the spiral turns must be equal to the
width of the strip that it is made of. In this case, the in-
ner side of the strip will also take part in radiant energy
exchange, similar to the outer side. In this case, given the
effective stirring of gas, the area of the active radiant surface
of the cylinder will correspond to half the surface area of the
pipeline.

3. Studying a thermal model of the thermoelectric
generator

5. 1. Determining the heat exchange parameters in the
thermoelectric generator pipeline

To calculate the TEG parameters, one needs to deter-
mine the parameters of heat transfer in the generator pipe-
line, namely: the speed of exhaust gas movement depending
on the inner diameter of the exhaust pipe, the temperature
and heat capacity of gas, the coefficient of transfer of heat
from gas to the wall of the pipeline.

Determining exhaust gas velocity depending on the
inner diameter of the exhaust pipe. Consider the process
of exhaust gas release. In a four-cylinder diesel engine,
gas is released through the exhaust pipeline twice per ro-
tation of its shaft. For high-speed motor (with a rotation
frequency over 1,000 rpm), the process of gas pressure
reduction is approximated by the exponent (the exponent
parameters depend on the model and the engine shaft ro-
tation frequency [11]), which is slow enough at the length
of the exhaust pipe. To simplify the calculations, such
dependence makes it possible to apply the model of gas
movement at a constant speed.

The inner diameter of the exhaust pipeline is typically
equal to or greater than the internal collector pipe diame-
ter. The latter equals the diameter of the engine cylinder.
We analyzed the dependence of the internal diameter of
the exhaust pipe d in stationary diesel engines on their
capacity P based on the specifications to engines by var-
ious manufacturers [12—14]. The results are summarized
in Table 1.



Table 1
Dependence of the exhaust pipe diameter on engine power
P, HP to 40 40-55 55-80 | 80-130 | 130-180
d, mm 50 60 80 90 110

As one rotation produces two gas releases to the collec-
tor, the volumetric speed of exhaust gas release U is directly
proportional to the frequency of shaft rotation n
and the half working volume of the engine W:

Table 3 from work [15] gives the average values of specific
heat capacity p-C, (u — the molar mass of gas).

Dependence p-Cpy(t), derived according to data from
Table 3, is approximated by a linear function

w-C,=30.10+0.00327 ¢ (7

with an error not exceeding +0.007 kJ /K.

Table 3

Temperature dependence of the average specific heat capacity u-C, of

U=%-W~n- 12(;3 m® s ) exhaust gas
Temfefcat“re 0 | 100 | 200 | 300 | 400 | 500 | 600 | 700
The linear velocity of gas movement through a ’C
generator with an inner cross-section S is: k]/(tmpol~K) 29.808|30.032 | 30.285|30.615 | 30.963 | 31.338 | 31.716 | 32.095
U U W 4107
©S, md md* 120 Determining a heat transfer coefficient. When there are
4 no special structural modifications, heat exchange in the
generator pipeline occurs only through convection. Heat
Hence, we obtain: transfer depends on the velocity of gas flow, the area of
contact between the gas and pipeline, the diameter of the
_ W~n‘10‘3 m/s ) pipeline, and the quality of its surface. The latter factors
n-d® 30 : influence the coefficient of convective heat transfer o taking

Determining exhaust gas temperature. Temperature Ty
of the gas released from the diesel engine cylinders depends
on the engine load and, according to study [15], is within
700-800 K. The corresponding mean T, is 750 K. Due to
dynamic cooling, the average temperature of the gas coming
from the collector to TEG (77 in Fig. 2) is

T,=0,95-T, =700 K. (6)

Determining exhaust gas heat capacity. The composi-
tion of exhaust gas and, accordingly, its molar heat capacity
C,, predetermined by the process of combustion of a fuel-air
mixture in the cylinder engine. During combustion, part
of the oxygen is burned and replaced with gases, which,
by the volumetric content, are dominated by nitrogen
oxides (76-78 %) and carbon dioxide (1-5 %) [11]. The
heat capacity of these gases is higher than that of oxygen,
which causes an increase in C, of the obtained gas mixture
relative to the air heat capacity. The degree of an increase
is determined by the percentage portion of oxygen combus-
tion based on the coefficient of excess air a (the air and fuel
ratio in a combustible mixture) according to the technical
parameters of the engine. The thresholds of the coefficient
a for different types of engines, according to work [15], are
given in Table 2.

Table 2
Threshold of coefficient a for different types of engines
Engine type o
Low-speed 1.8...2.2
Medium-speed 1.5...2.1
High-speed 19...23

The average value of those given in Table 2 equals
two (0=2). To calculate the specific heat capacity of exhaust
gas, we used the average heat capacity of its components.
For a=2 and gas temperature in the range from 0 to 700 °C,

into consideration the regime of gas movement — turbulent,
transient, or laminar. Under a turbulent mode (the Reynolds
number Re>5-10%), the coefficient o value was determined
based on the multifactorial graphic dependences given
in [16]. Based on the totality of parameters, these depen-
dences are approximated by the following expression:

o=K,(gV+25) W/(m*K), ®)
where Vis the gas velocity, g is the coefficient depending on

the inner diameter of the generator pipe d (the values are
given in Table 4).

Table 4
Coefficient value
d, mm 40 50 70 100 150
g 2.7 2.4 2.3 2.0 1.8

K; — a non-isothermal correction [16] when cooling gas,
derived from the following formula:

K,=0.090(T —273)+1.4. ©)]

Thus, for the predefined diameter of the generator pipe,
the coefficient a is derived analytically, which is convenient
for use in the estimation model of heat transfer.

5. 2. Calculation of the technological parameters for
using thermoelectric modules to ensure the maximum
TEG efficiency

A procedure to determine the TEG power, taking into
consideration the convective and radiative transfer of energy
from gas to the pipeline wall, was considered in study [6].
The corresponding system of four equations was obtained.

The first equation defines energy dQ, which is transmit-
ted by gas through the elementary surface of the pipeline
wall dS (Fig. 2) per unit time, taking into consideration the
radiation by the spiral-type cylinder:



1
d0- EEG(TC“ —TS“)+
+a‘(TG _Ts)

dS = p(T)-dS, (10)

where ¢ is the grayness coefficient of the wall’s material (for
steel, coated with a layer of soot, £€=0.80); o is the Stefan
Boltzmann coefficient; a is the coefficient of exhaust gas
heat transfer; p is the thermal power absorbed by unit of
wall surface; T is the gas temperature; T is the pipeline wall
temperature, T¢ is the cylinder temperature.

The second equation links the gas temperature T, cylin-
der T¢, and pipeline wall Ts:

1

moc~(TG—TC)=5£(S-(TC4—T54), an

where m is the ratio of the total surface area of the spiral-like
cylinder to the area from which the transfer of radiating
energy to the generator’s wall occurs (in calculation, m=3).

The third equation determines the area S, at which the
gas temperature would decrease from the initial Tj to the
resulting Ty (Fig. 2):

T
L dT
S=CaV|[—, (12)
! T{p(T)

where a is the side of the square cross-section of the pipe-
line (Fig. 2).

The fourth equation determines the amount of integral

power P, left to the generator by the exhaust gas:

P(T,)=C,a*-V-(T,-T,), (13)
where Vis the linear velocity of gas movement (derived from
expression (5)).

Solving the system of equations (10) to (13) requires the
use of computer tools.

We calculated the system of equations on PC employing
the software Wolfram Mathematica 10.4 [17]. In addition to
heat exchange parameters, examined in chapter 5. 1, the ini-
tial data for the calculation are the engine operating volume,
the speed of the engine shaft rotation, and the area of the
generator pipeline cross-section.

Engine power P, is derived from expression:

P=DK, (14)
where D is the ship displacement, K,, is the power consump-
tion factor depending on the speed of movement. Ship dis-
placement equals

D=S,-L-B-p, (15)
where S7is the coefficient of complete ship displacement, L is
the length of a vessel, B — its width, p is the density of water
that depends on its composition.

With a vessel length L=12 m (a yacht or a small fishing
vessel) and the corresponding width B=3.5m, the recom-
mended value S7=0.5 [18]. For fresh water and a ship speed
of 18 knots K,=6.6. As a result, based on expression (15),
D=21 tons, and, based on expression (14), power P,=
=135 HP=100 kW. The engine volume for the obtained
capacity, according to various manufacturers, is W=4.11

on average. A diameter of the exhaust pipe, based on Ta-
ble 1, is 110 mm. The appropriate size of the side of the
square cross-section of the pipeline, based on formula (1), is
d=88.6 mm, and the cross-sectional area $=7,849.96 mm?2.
The engine shaft speed is considered in the range from 1,000
to 2,500 rpm.

To obtain the maximum value of the TEG efficiency, it is
necessary to provide for the most effective energy selection
from the pipeline inside the generator. This is possible under
the condition for the maximum temperature gradient be-
tween the TEM hot and cold sides. At the optimum working
temperature for Altek 1024, the maximum temperature of
the inner wall of the generator pipe is 700 K. Fig. 3 shows
the relevant estimation graphical dependences of exhaust
gas temperature distribution on the length of the generator
pipeline at different values of the diesel engine shaft speed.
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Fig. 3. Distribution of gas temperature (7, K) lengthwise
the generator pipeline (X, m) at different speeds of the diesel
engine shaft rotation: 1 — 500 rpm; 2 — 1,000 rpm;
3—1,500 rpm; 4 — 2,000 rpm; 5 — 2,500 rpm

For further analysis, the generator was divided into three
constituent sections that operate as separate generators (to
compare data with a single-section generator). We estimated
the one- and three-section generators. The results of calcu-
lating the dependence of thermal power that is absorbed by
the wall inside the generator on the position lengthwise the
pipeline at different values of the shaft rotation speed in the
diesel engine are shown in Fig. 4. Curves 1-5 correspond
to the one-section generator, curves 6, 7 — three-section
generator.

An analysis of dependences in Fig. 3, 4 allows us to con-
clude the following. At a distance exceeding 0.4 m from the
beginning of the pipeline, a significant decrease in the ener-
gy absorption by the wall occurs (the final 1.2 m accounts for
less than 30 %). But the gas temperature naturally remains
higher than the pipe wall temperature (the unused energy
exists). Therefore, this confirms the need to divide the gen-
erator into constituent sections, which under different tem-
perature conditions, operate as separate generators.

We determine the length of each section. The length
should be multiple to the size of TEM. Given the size of
Altek 1024, an optimum length of the first section is 0.4 m.
This section consists of 16 TEMs (four on four sides).

Based on the graphic dependences in Fig. 3 for X=0.4 m,
one can derive, for the second section, the value of the input
gas temperature at different shaft speeds. The optimum wall



temperature of the generator is 250 °C. Similar to the first
section, the optimum length of the second section is 0.4 m.
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Fig. 4. Dependence of thermal power absorbed by the wall
inside the generator (P, W) on the position lengthwise the
pipeline (X, m) at various speeds of the diesel engine shaft
rotation: 1 — 500 rpm; 2, 6 — 1,000 rpm; 3, 7 — 1,500 rpm;
4 — 2,000 rpm; 5 — 2,500 rpm; 1—5 — one-section;
6, 7 — three-section generator

The gas input temperature of the third section equals the
original temperature of the second section. The optimum
pipe wall temperature for it is 200 °C. The temperature of the
exhaust gas supplied to the third section is significantly low-
er than that in the preceding sections. Therefore, its length
is larger, 0.8 m (accordingly, the section contains 32 TEMs).

The calculation results, obtained for each section in a
three-section generator system at the engine shaft rotation
speed 1,000 and 1,500 rpm, are shown in Fig. 4 by curves 6
and 7, respectively. Fig.4 shows that compared with a
single-section generator, at both values of the engine shaft
speed there is a significant (almost three times) increase in
the efficiency of energy release. Results of the correspond-
ing calculation for all speeds of engine rotation are given
in Table 5.

Table 5

Power of energy absorption by the generator wall and the
total TEM electric power

500 | 1,000 | 1,500 | 2,000 | 2,500

Frequency, rpm |

Power, kW
Section 1 1.7 3.4 4.8 5.1 6.1
Section 2 1.3 2.4 4.0 5.4 5.8
Section 3 1.9 3.2 4.6 7.3 9.6
Total electric power 032 | 053 | 0.80 | 1.19 1.4

According to the approximate model [6], the gen-
erating thermoelectric module could be considered as a
heat-flux-regulated voltage source with a certain internal
resistance. In this case, the efficiency of the conversion of the
power of a heat flow 1 is determined from formula:

AT

ﬂ=A—To'ﬂw

(16)

where ng and AT are, according to TEM specifications, its
efficiency and the difference between the maximum and
minimum temperature for the hot side of the module; AT is
the real temperature difference between the hot and cold
side of the module.

Calculation based on formula (16) yields the following
values of efficiency for three sections of the generator: for the
first section, 7.0 %; for the second, 5.5 %; for the third, 5.0 %.
The total generator electric power is calculated based on the
specified values for different motor shaft rotation frequen-
cies. Power values are given in Table 5. Thus, in the middle of
the considered frequency range (approximately 1,500 rpm)
the TEG power reaches 0.8 kW. The specified power, when
calculating the fuel consumed, would exceed 2 %.

6. Determining the optimum way to utilize the generator
electric energy

While the engine is running, the electric energy is con-
stantly produced by TEG. Some of its amount is consumed by a
vessel’s network. The rest could be directed to help the engine.
Consider the technical conditions to ensure both processes.

The mode of electric energy generation by a thermo-
electric generator fully satisfies a battery recharge in the
system of vessel power. Each TEG section has its own volt-
age. Based on the data from chapter 5. 2, the output voltage
would be: for the first section, 24 V; for the second, 20 V; for
the third, 16 V. The voltage value in a ship’s network is typ-
ically equal to 12 V. Therefore, to enable the direct supply
of energy from the TEG sections to the vessel’s network,
there is a need to reduce the alignment of these voltages.
We propose using the two-stroke reducing voltage convert-
er with double adjustable switching LTC3802.

A separate issue is a way to use the TEG excess, relative to
the needs of the vessel’s electrical network, electrical energy.
Directing the energy produced by a generator to supplement
the engine shaft rotation could improve the engine efficiency.
A structural continuation of the advancement is to replace the
electromechanical generator with an electric engine, which
would rotate the diesel shaft through a belt gear designed for
the generator. The engine must have a wide range of speeds,
the high torque of shaft rotation, and, importantly, a proper-
ly-functioning control system. Such requirements are satisfied
by a motor-wheel, which provides an additional opportunity
to generate electrical energy from the residual mechanical
energy of shaft rotation at its braking. The wiring diagram of
the motor-wheel is shown in Fig. 5.
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Fig. 5. Wiring diagram of the motor-wheel: P; — input power,

P,— output power, 1 — voltage converter, 2 — motor-wheel,

3 — controller, 4 — mode switch, 5 — motion speed regulator,
6 — network rechargeable battery



Electric power of the motor-wheel would equal approx-
imately 300 W. For such a power, the voltage coming from
TEG should equal 48 V. Therefore, it is necessary to increase
the voltage from each TEG section to the specified value
through a voltage converter. To this end, the four-phase syn-
chronous increasing voltage converter LTC3810 [20] could
be applied.

The operation of the motor-wheel is enabled by a control-
ler — a device responsible for the operation of the entire elec-
tronic system. A motion speed controller and a mode switch
are connected to it (Fig. 5). The latter enables a transition
from the power supply to the ship network (rechargeable
battery 6 in Fig. 5) to rotate the engine motor shaft. The
main functions of the controller include the supply of current
from a rechargeable battery or TEG to the motor-wheel, an
indication of the battery charge level, control over the shaft
rotation speed of the motor-wheel to save the energy of a
rechargeable battery. Control over the motor-wheel shaft
rotation speed is executed by changing the voltage pulse
frequency from the controller.

7. Discussion of results of the technological modeling of
a recuperator of the exhaust gas energy in the diesel
engine of a small-sized vessel

The results of the technological modeling of the diesel
engine exhaust energy recuperator based on search design
methods have been obtained. A distinctive feature of the
proposed generator is its use on small-sized vessels, where
the exhaust gas energy is still released outside.

The arrangement of the generator is planned for ships
with a “dry” exhaust because a “wet” exhaust system is
equipped with devices, which will interfere with the instal-
lation of TEG. To exclude a bypass from the exhaust system,
the TEG structure includes the high-temperature semicon-
ductor modules ALTEK 1024. To increase heat transfer from
gas to the generator and to effectively stir the gas, we use a
spiral-type cylinder (Fig. 2). The cylinder is made of stain-
less steel in the form of a strip of small thickness twisted in
a spiral. The round shape and cylinder flexibility ensure its
easy installation inside the pipeline of complex shape.

We divide the generator into constituent sections that
operate as separate generators under different temperature
conditions. Estimation data on the distribution of gas tem-
perature lengthwise the generator pipeline at different speeds
of the diesel engine shaft rotation in Fig. 3 make it possible to
determine the length of each section and the number of TEMs
(for the first and second, 16; for the third, 32).

The dependence of a three-sectional generator thermal
power, absorbed by the pipeline wall in its middle, on the
TEM arrangement lengthwise the pipeline in Fig. 4 makes it
possible to perform appropriate calculations. Thus, based on
curve 7, it is possible to determine that at the engine shaft
rotation with a frequency of 1,500 rpm the thermal power of
the thermoelectric generator is 1,300 W. Conversion to elec-
trical energy gives an appropriate value of 0.8 kW (Table 5).

Such power makes it possible to exclude an electromechani-
cal generator from the engine design.

It is assumed that the energy that is constantly produced
by TEG during engine operation is partially consumed by
the vessel’s network and the rest is to be directed to help
the engine. To this end, we use a motor-wheel, connected in
line with Fig. 5, which provides an additional opportunity
to generate electrical energy and could contribute to the
onboard network during its peak load.

The functional limitation of the proposed technological
model of TEG is the use of only high-speed diesel engines.
When the frequency of rotation is less than 1,000 rpm
the TEG efficiency is too low. However, work is currently
underway to use, in TEM, electronic materials based on
quantum wells [8]. Their application could improve effi-
ciency by three or more times compared to the TEM made
of bismuth telluride. The new materials would allow TEGs
to be installed on small-sized vessels equipped with medi-
um-speed engines.

Further improvement in TEG requires the utilization of
exhaust gas heat, which remains at the output of the third
section of the generator. In addition, it is possible to use a
TEG to recover energy, which is released on small-sized ves-
sels through the water cooling of the engine.

8. Conclusions

1. For the optimal implementation of energy recovery of
exhaust gases from diesel engines, the following technical
solutions are proposed for small-sized vessels:

—installation of a thermoelectric generator could be
implemented on vessels that have a “dry” gas exhaust from
the engine;

— for the optimum arrangement of thermoelectric mod-
ules, the generator cross-section should be square;

— TEG should employ modules with a working tem-
perature above 1,000 °C. This makes it possible not to use
a bypass for separate gas release from the generator, which
improves its efficiency;

—to increase the efficiency of heat transfer of exhaust
gas, it is proposed to place a spiral-like cylinder inside the
generator pipeline.

2. Our study of the thermal model of the thermoelectric
generator has made it possible to determine the basic param-
eters of heat exchange in the TEG pipeline. We have estab-
lished the need to divide the generator into three constituent
sections, working as separate generators. The possibility of
obtaining up to 0.8 kW of electric energy when using TEG
has been demonstrated provided the shaft rotation speed of
the diesel engine is 1,500 rpm.

3. To directly supply energy from the TEG sections to
a ship’s network there is a need to reduce the voltage align-
ment from the TEG sections. To convert the excess electrical
energy into mechanical energy (to assist the main engine)
within a comprehensive improvement of fuel utilization effi-
ciency, the use of a motor-wheel has been proposed.
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