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Evaluation of the Efficiency and Strength Analysis
of Profiled Heating Surfaces with Controlled Flow Separation

in Marine Waste Heat Recovery Boilers
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ABSTRACT

The utilisation of exhaust gas heat from diesel engines is one of the most effective ways to improve the performance
of marine power plants. Achieving the same boiler performance, given the reduction in the exhaust gas temperature
resulting from increased engine thermal efficiency, has led to an increase in boiler dimensions and has complicated their
installation within the exhaust gas ducts of power plants. To reduce these parameters, the efficiency of using elliptical
heating surfaces with a controlled flow separation mechanism in the form of a triangular notch has been considered
for the intensification of heat transfer processes. It was found that for a main engine power of about 10,000 kW, the
steam production rate of the waste heat recovery boiler can reach up to 3,000 kg/h, which is sufficient to fully meet the
steam demand under cruising conditions or to significantly reduce the load on the auxiliary boiler. A strength analysis
of the elliptical surfaces was carried out to determine the required wall thickness. The wall thickness must ensure that
the surface retains its shape under an internal pressure of no less than 0.7 MPa. The analysis was performed using the
finite element method. Verification was conducted by comparing the results with available experimental data. The
results showed that, depending on the internal pressure, the pipe wall thickness should be within the range of 1 to 2 mm.
According to the strength requirements, the pipe material must comply with AISI A 283-C, A516-55, or A182 Grade F12.
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INTRODUCTION

A current requirement for modern marine power plants is
ensuring both their environmental and economic efficiency
[1]. To monitor compliance with these requirements, the
International Maritime Organization (IMO) has developed
and implemented the following indicators: the Energy
Efficiency Design Index (EEDI) for newly built ships, the
Energy Efficiency Existing Ship Index (EEXI), and the Carbon
Intensity Indicator (CII) for ships in operation [2, 3, 4].

A distinctive feature of the first two indicators is that
they account only for emissions from thermal engines that
produce mechanical work — namely, the main and auxiliary

engines — while excluding emissions from the auxiliary boiler.
The third indicator, on the other hand, considers all emissions
from the ship’s power plant, including those from the main
and auxiliary engines, as well as the auxiliary boiler. For
bulk carriers, general cargo ships, and container vessels,
the steam demand typically does not exceed 5,000 kg/h,
and therefore the efficiency assessment of an operating
vessel can be performed using the EEXI. For these types of
vessels, auxiliary boilers typically do not operate during sea
voyages, and the steam demand is primarily covered by the
waste-heat boilers. However, for tankers, which may include
up to two auxiliary fired boilers with a steam production
capacity of 10,000 to 16,000 kg/h of saturated steam each,
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the evaluation of environmental and economic efficiency is
more appropriately carried out using the CII. It should also
be noted that, according to the order book for 2022-2024,
oil tanker orders accounted for approximately 22% of orders.
An important role in this segment is played by tankers with
a deadweight of 45,000-50,000 tons [5, 6].

According to the CII, improving the environmental
efficiency of a vessel can be achieved by reducing the fuel
consumption of the ship’s power plant. It is well known that
one of the most effective methods used to accomplish this is
the utilisation of exhaust gas heat from the main and auxiliary
engines.

However, the following should be taken into account. The
improvement of low-speed main marine diesel engines has
reduced the potential for exhaust gas heat recovery due to
the decrease in the exhaust gas temperature.

For example, on tankers with a deadweight of 45,000-
50,000 tons, engines such as the 6S50ME and 6G50ME may
be used according to the data presented in [5]. Fig. 1 shows
a comparative assessment of the available exhaust gas heat
flow rates for these engines. The calculation was performed
using the CEAS online engine calculation service under ISO
conditions (ambient temperature of 25 °C, cooling water
temperature of the charge air cooler of 25 °C) at an operating
power of Ne = 9,690 kW [7].
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Fig. 1. Dependence of available exhaust gas heat flow rate (Q ) and
exhaust gas temperature (t, ) on relative engine load (N): m,# — exhaust gas
temperatures of the 6S50ME and 6G50ME engines, respectively, °C; A,® -
available exhaust gas heat flow rates of the 6S50ME and 6G50ME engines,

respectively

The analysis of the obtained results shows that, for the
6G50ME engine, compared to the 6S50ME engine, within
the load range of 0.5...1.0 N, the reduction in the available
exhaust gas heat flow rate at each load point is 5...12%, which
will significantly complicate the recovery of the waste heat.

Thus, the development of efficient waste heat recovery
systems for marine power plants is an urgent and relevant
problem. Its implementation will help reduce harmful
emissions into the environment and improve the technical
and economic efficiency of marine power plants by decreasing
the overall fuel consumption of the system.
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LITERATURE ANALYSIS OF EXISTING
TECHNICAL SOLUTIONS AND
FORMULATION OF RESEARCH

OBJECTIVES

To date, a large number of methods and corresponding
system configurations have been proposed for the recovery
of exhaust gas heat from main and auxiliary engines.

In [8,9], it has been proposed to utilise the low-grade heat of
exhaust gases from marine thermal engines in thermoacoustic
systems for electricity generation. However, the application of
such systems is limited by the need to install a considerable
amount of additional equipment within the confined spaces
of engine rooms, their relatively low power output, and their
dependence on the characteristics of internal heat exchangers.

An original method for exhaust gas heat recovery was
proposed by the authors of [10]. The article presents the results
of an analysis of the effect obtained from cooling the air at
the inlet of an engine turbocharger using thermally driven
refrigeration machines that utilise the heat of exhaust and
recirculated (environmental) gases. It is shown that inlet
air cooling in ejector and absorption refrigeration systems
can significantly reduce the specific fuel consumption of the
engine. However, further research is required to investigate
the effect of the air temperature at the engine cylinder inlet
after the refrigeration machines on the thermal state of diesel
engine components.

In [11], the issues of exhaust gas heat recovery from internal
combustion engines operating on water-fuel emulsions are
considered. The results presented include an analysis of the
mechanism of deposit formation from exhaust gases on the
condensation heat transfer surface of an economiser and an
evaluation of their influence on the heat and mass transfer
characteristics of waste heat recovery boilers. The applicability
of the presented results is limited by the restricted use of
water-fuel emulsions in marine diesel power plants and by the
need for further investigation of the heat and mass transfer
processes in steam-gas mixtures under the given conditions.

In [12, 13], it has been proposed to utilise the heat of
exhaust gases to implement thermochemical heat recovery
technologies in marine power plants. It has been shown that
thermochemical technologies have significant potential for
expanding the range of alternative fuels and can be applied
in various configurations of hybrid marine power systems.
However, the obtained results require further investigation,
as they were derived under operating conditions specific to
gas turbine power plants.

The traditional method of utilising exhaust gas heat from
main and auxiliary engines involves the use of waste heat
recovery boilers. The steam generated in such systems is
employed for general shipboard or specialised needs, or in
waste heat recovery turbogenerators [14, 15, 16].

However, the reduction in the energy potential of exhaust
gases has made the implementation of such systems more
difficult. Despite the trend toward a gradual decrease in
sulphur content in marine fuels [17] and the corresponding



possibility of lowering the exhaust gas temperature at the
outlet of the waste heat recovery boiler [18], according to the
assessment presented in [19], the transition from MAN B&W
S-series engines to G-series engines may increase the required
boiler surface area by up to 33%. This, in turn, complicates
its installation within the engine room casing.

To reduce the weight and size parameters of waste heat
recovery boilers, heat transfer intensification methods are
applied. For this purpose, various types of finned surfaces
are commonly used, including spiral-strip fins, disc-type
fins, H-type fins, segmented fins, and fins with bent edges
mounted on round or flat-oval carrier tubes [16, 18, 20, 21, 22].
Despite their evident advantages, finned surfaces also have
significant drawbacks — increased aerodynamic resistance and
atendency for the heating surfaces to become contaminated.

The study [19] substantiated the prospects of using smooth
elliptical tubes with a controlled flow separation mechanism
as heating surfaces in marine waste heat recovery boilers.
To further justify the effectiveness of their application, it is
advisable to evaluate their steam generation capacity as a
function of the main engine power, as well as to determine
the maximum internal pressure that the elliptical surface
can withstand without deformation.

INVESTIGATION METHOD

The steam generation rate of the waste heat recovery boiler
was adopted as the indicator of its efficiency. A comparative
calculation was performed for the 6S50ME and 6G50ME
engines using the online service [7] at a power output of 9,690
kW for a waste heat recovery boiler heating surface made of
smooth round tubes. For the calculation of the heating surface
composed of elliptical tubes with a controlled flow separation
mechanism, the results of [19] were used.

Since the ratio of the wall thickness to the inner diameter
of the tube, as an element of the heat exchange surface, was
not less than 1/20, it was considered a thick-walled cylinder
for subsequent calculations [23, 24].

In this case, the tube is simultaneously subjected to the
uniformly distributed internal pressure Pw from the water
and forces induced by the gas flow acting on its outer surface.
In addition, the tube operates under high-temperature
conditions. The stress—strain state at any point of such a
tube represents a superposition of the effects produced by
the aforementioned loads.

It is evident that the stresses in the tube caused by the gas
flow are considerably less significant than those resulting from
the internal water pressure; therefore, they can be neglected.

Thermal stresses were also not taken into account. This is
due to the fact that the temperatures on the outer and inner
surfaces of the tube are comparable in magnitude, and the
supports at the ends of the cylinder are movable.

The problem of determining the stress field in the cross-
section of such a tube can be considered a plane problem.
Neglecting thermal stresses and body forces, the following
differential equilibrium equations for a two-dimensional case
can be written in accordance with [23]:
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where o_and o, are the components of the normal stresses
at a point in the body acting along the corresponding axes,
and T, is the shear stress at that point.

The presented differential equations must satisfy the
boundary conditions on the surface of the body, which are
expressed as follows:

Xy = oxl + 1ym,
Y, =1l +0,m } @
v yx y T
where X and Y are the components of the surface forces
parallel to the coordinate axes Ox and Oy, and [ and m are
the direction cosines of the normal to the boundary.

The system of equations (1) must be complemented by the

strain compatibility equation:
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where ¢ and e are the components of linear strain along
the Oxand Oyaxes, and y_ is the component of shear strain.

The strain components in Eq. (3) are related to the stress
components according to Hooke’s law [23].

The method for solving the previously presented equations
of the theory of elasticity for the plane problem involves
introducing a new function — the stress function ¢(x, y). In
the absence of body forces, the stress function is related to
the stress components by the following relationships:
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Reference [23] presents a solution to Egs. (1)-(3) that
describes the stress field in a hollow cylinder subjected to
uniform pressure on its inner and outer surfaces. To determine
the stress field in cross-sections of more complex geometries,
it is advisable to employ numerical methods.

According to [23], a tube subjected to internal pressure
experiences the following stress components: the principal
stress acting orthogonally to the plane containing the axis of
symmetry of the cylinder, referred to as the circumferential
(hoop) stress a0; the principal stress acting orthogonally to
the transverse section, referred to as the longitudinal stress
o0z; and the principal stress acting orthogonally to the plane
tangent to the cylindrical surface, referred to as the radial
stress or (Figs. 2 and 3).

a
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Fig. 2. Thick-walled cylinder as an element of a tube with a circular cross-
section subjected to internal pressure: (a) schematic representation of the
cylinder; (b) cylinder element and the stresses acting on it

Normal

stress,
o

/T‘

n
i

Tensioni
Compression

Fig. 3. Stresses in a thick-walled cylinder subjected to internal pressure

To determine the stress field in a cylinder with a circular
cross-section, it is necessary, according to [24], to transition
from a Cartesian coordinate system to a polar coordinate
system centred at the intersection point of the diagonals of
the opening. In the polar coordinate system, assuming that
body forces are equal to zero, the stress components can be
expressed as follows:
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When determining the stress field in a cylinder with a
circular cross-section, the stress function ¢(r, 8) in polar
coordinates depends only on the magnitude of the radius
vector r. It can be expressed by the following formula:

@ =A-Inr + Brilnr + Cr? + D, (6)

where A, B, C, and D are constants.

The corresponding stress components can be obtained
by substituting Eq. (2) into Eq. (1); in this case, they take the
following form:
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For a cylinder with a circular cross-section, it can be
assumed in Eq. (7) that B =0, according to [24]. The boundary
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conditions of the problem, when only the internal pressure
p, acts on such a cylinder, are as follows:

(O-T)T=Ti = ~Pis (Gr)r=r0 =0, (8)
where r, is the inner radius of the tube and r is the outer
radius of the tube.

After substituting Eq. (8) into Eq. (7), the following

expressions for the radial and hoop stresses in a cylinder
subjected to internal pressure pi can be obtained:

2
2 T
piri (1—73)

o' = ——
T ©)
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piri (1+r—2)
O0p = 2_.2
To~Ti (10)

where 7, is the inner radius of the tube, r, is the outer radius
of the tube, and r is the radius vector of the point under
consideration.

To verify the strength condition, the third or fourth
strength hypothesis can be applied, assuming that the
material is ductile (steel) [23].

According to the third strength hypothesis, the strength
condition is expressed as follows:

o9 — o, < [a]. (1)
According to the fourth strength hypothesis, assuming

that longitudinal stresses are not included in the calculation,
the strength condition is as follows:

g\/(ar —09)? + 0% + 0,2 <[ag]. (12

Thus, the equivalent stresses, in accordance with relation
(12), are determined by the following expression:

2
Oeqv = g\/(ar —09)? + 0% + 0,2, (13)

The shape of the elliptical tube cross-section is shown in
Fig. 4. For the calculations, a cylindrical coordinate system
was adopted, with its centre located at the intersection point
of the ellipse’s symmetry axes. In evaluating the tube’s
strength, only the circumferential and radial stresses and
their distribution over the cross-section were determined.
The stresses acting along the longitudinal axis were not taken
into account.

Stress
Concentrator

Fig. 4. Cross-sectional shape of the tube



The triangular notch was considered the critical point in the
cross-section, acting as a stress concentrator and representing
the most probable location of the maximum equivalent stress.
This geometric feature was assumed to govern the onset of
local plastic deformation and, consequently, to determine
the overall strength reliability of the elliptical tube section.

Considering the complexity of the cross-sectional
geometry of the specimen with a triangular notch acting
as a stress concentrator, the finite element method (FEM)
was chosen to study the stress field [25, 26, 27]. The general
finite element equation for a system consisting of an arbitrary
number of elements, in which the primary unknowns are the
displacements, is expressed as follows:

{F} = [K]{U}, (14)

where [K] is the global stiffness matrix of the entire model;
{U} is the global nodal displacement vector, which represents
the unknown quantities; and {F} is the global nodal force
vector for the entire model.

The finite element model of the cylindrical element is shown
in Fig. 5a, and the mesh discretisation in the region of the
stress concentrator is shown in Fig. 5b. The element length was
selected to minimise the influence of the symmetry boundary
conditions at the cylinder ends on the stress distribution
diagram in the midsection of the tube. The internal pressure
was applied perpendicular to the inner surface of the tube.
a

Fig. 5. (a) Finite element model and (b) mesh discretisation near the stress
concentrator

The verification and validation of the adopted computational
model were carried out using a tube with a circular cross-
section, for which well-known theoretical solutions exist
[23]. The outer diameter of this tube was 16 mm, and the
inner diameter was 14 mm. The element length of this tube

was the same — 50 mm. The boundary conditions at the bar
ends were also identical.

The finite element calculation results for the circumferential
and radial stresses of the previously described circular
tube element are presented in Figs. 6 and 7, respectively,
in a cylindrical coordinate system. The internal pressure
was 1 MPa. The material used was AISI A201 GrAFx at a
temperature of 20 °C. The mechanical properties of the
material were taken from [28].

According to Eq. (5), the radial stresses reach their
maximum value of 1 MPa on the inner surface of the tube
under an internal pressure of 1 MPa. The same results were
obtained using the finite element method. The circumferential
stresses also reach their maximum on the inner surface of
the tube; according to Eq. (6), their value should be 7.53
MPa. This value was likewise confirmed by the finite element
calculations. Thus, the adopted boundary conditions make
it possible to obtain results that are consistent with the
analytical solution.
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Fig. 6. Distribution of radial stresses in the tube with a circular cross-section
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Fig. 7. Distribution of hoop stresses in the tube with a circular cross-section

RESULTS OF THE STUDY

According to the data presented in [5, 29, 30], the total
steam consumption, kg/hour, at a pressure of 0.7 MPa for
tankers with a deadweight of approximately 50,000 tons is
as follows:

o ballast crossing: 1,800-2,200;

« voyage with cargo temperature maintenance:
5,500-5,800;

« voyage with cargo heating:

o passage with mopping up of tanks:

13,100-13,600;
11,700-12,100.
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The steam demand is met by the operation of both the
waste heat recovery boiler and the auxiliary boiler of the
boiler plant. The steam generation rate of the waste heat
recovery boiler usually does not exceed 1,000 kg/h. Therefore,
in certain operating modes, additional steam must be supplied
by the auxiliary boiler, which increases fuel consumption and
reduces overall system efficiency.

The results of the comparative analysis of the waste heat
recovery boiler steam generation rate are presented in Fig. 8.
The results were obtained on the basis of [7] and [19].
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Fig. 8. Results of the calculation of the waste heat recovery boiler steam
generation rate for the (a) 6S50ME and (b) 6G50ME engines at a nominal
power of Ne = 9690 kW: e — steam generation rate of the boiler with a circular
heating surface; m - steam generation rate of the boiler with an elliptical
heating surface featuring controlled flow separation

For the 6S50ME engine, within the range of 75-90% of
the nominal power, the steam generation rate of the waste
heat recovery boiler does not exceed 1,990 kg/h. Under certain
external operating conditions, this may necessitate the use
of the auxiliary boiler at a very low load to meet the vessel’s
steam demand during the ballast voyage mode. With the use

of elliptical heating surfaces with controlled flow separation
in waste heat recovery boilers, the steam demand in this
operating mode can be almost completely satisfied, while
the load on the auxiliary boiler is significantly reduced under
other operating conditions.

For the 6G50ME engine, within the range of 75-90% of
the nominal power, the use of elliptical heating surfaces with
controlled flow separation in waste heat recovery boilers
makes it possible — due to a reduction in the exhaust gas
temperature of 8-10 °C — to almost fully satisty the vessel’s
steam demand under ballast voyage conditions, depending
on external operating factors, and to reduce the load on the
auxiliary boiler under other vessel operating modes.

Overall, the application of elliptical heating surfaces
provides a 10-15% improvement in steam generation efficiency
and ensures a more stable boiler performance across different
operating modes.

The results of the finite element analysis of equivalent
stresses, calculated using Eq. (9), are presented in Figs. 9 and
10 for the stress concentration region — the triangular notch,
where the highest stress values were obtained as a result of
the simulation.
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Fig. 10. Distribution of equivalent stresses within the stress concentrator of the
elliptical tube with a longitudinal notch

As can be seen from Figs. 9 and 10, the equivalent stresses
in the stress concentrator significantly exceed the yield
strength of the material (for AISI A201, GrAFx o_= 225 MPa).
Considering that the stress calculations were performed under
the assumption of a linear relationship between stresses and
strains, it can be concluded that the strength of such a tube
will be ensured only at an internal pressure not exceeding
0.25 MPa.

Significant values of the equivalent stresses o, were also
observed in the region of the major axis of the elliptical
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39919
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Fig. 9. Distribution of equivalent stresses in the area of the stress concentrator within the cross-section of the elliptical tube with a longitudinal notch
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cross-section, on its inner surface, as shown in Fig. 11. This
stress distribution is determined by the geometry of the tube
cross-section. The equivalent stresses in this region reached
the level of the steel’s yield strength. To ensure the structural
integrity of the tube in this area, it is necessary to use steels
with stronger mechanical properties. In addition, the wall
thickness of the tube can be increased or the cross-sectional
profile shape can be modified to reduce stress levels.

598,78 Max
532,25
265,72
399,19
332,66
266,13
1996
133,07
66,539
0,0087166 Min
259 MPa

it possible to meet the steam demand of the ship’s power
plant during the ballast voyage mode, as well as significantly
reduce the load on the auxiliary boiler plant under other
operating conditions.

2. The finite element analysis of the stress—strain state
of an elliptical tube with a triangular cutout used for flow
separation control showed that the highest stresses occur in
the flow separation control element — the triangular notch.
These stresses significantly exceed the yield
strength of the investigated material, AISI
A201 GrAFx steel. High stress levels were also
observed in the region of the major axis of the
elliptical tube cross-section.

3. To ensure the strength of the tube material
under the specified levels of internal pressure
and temperature, one could use steels with
stronger mechanical properties, optimise
the shape of the notch to reduce the stress
concentration, or increase the wall thickness
of the tube.

Fig. 11. Equivalent stresses in the region of the major axis of the elliptical tube with a longitudinal

notch

DISCUSSION OF RESULTS

The increase in the efficiency of main marine engines
and the reduction in the energy potential of their exhaust
gases have limited the possibilities for waste heat recovery. A
promising approach to implementing the waste heat recovery
process is the use of waste heat recovery boilers with elliptical
heat exchange surfaces featuring controlled flow separation.

The results of the efliciency assessment demonstrate that
such boilers can fully supply the steam demand of the ship’s
power plant under propulsion conditions, where the steam
consumption does not exceed 3,000 kg/h. Under other
operating modes, the use of this design allows a significant
reduction in the load on the auxiliary boiler of the ship’s
power plant.

The use of elliptical heating surfaces has its own specific
features. This is due to the presence of internal pressure in
the tube, which tends to restore the elliptical cross-section to
a circular shape. To prevent this effect, the wall thickness of
a smooth elliptical tube should be at least 1.0-1.5 mm, and
for a smooth elliptical tube with controlled flow separation,
it should be 1.5-2.0 mm. An alternative solution is the use
of steels with stronger mechanical properties, such as AISI
A283-C, A516-55, or A182 Grade F12.

It is advisable to conduct further research on the shape
of the notch used for flow separation control in order to
reduce the equivalent stresses while maintaining the achieved
thermo-hydraulic characteristics.

CONCLUSION

1. The use of elliptical heat exchange surfaces with
controlled flow separation in the waste heat recovery boilers
of tankers with a deadweight of 45,000-50,000 tons can make
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