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Auxiliary boilers onboard motor ships are the subject of ongoing research. Steam is
produced by an auxiliary boiler for fuel heating and cargo oil pumping turbines. This
marine boiler is a pressure jet burner water tube auxiliary boiler with a 70-80% efficiency
rating. The goal of determining the process and components of irreversibility loss in a
system is to identify the process and components of exergy losses. The second law of
thermodynamics and the concept of irreversible entropy production are the foundations of
this study's exergy technique of analysis. This concept of considering entropy at a given
steady-state condition rather than as a change in a process is also one of the features of this
exergy analysis of the marine oil-fired boiler. The exergy loss in the combustion chamber
was calculated and determined to be 35024 kJ, which is the maximum irreversibility in this
maritime auxiliary boiler. A numerical analysis of the current nozzle jet burner is
undertaken to evaluate the enhancement of the combustion process. The temperature and
velocity contour of the fuel stream passing through the nozzle of this auxiliary boiler's

burner depicts atomization.

1. INTRODUCTION

The Revomax is the newest member of the family of oil-
type coil-type steam generators. The reverse-flue membrane
coil, which has three passes, is a mix of tried-and-true heat
transmission mechanisms. The steam is used to close the gland
and heat the fuel. This boiler uses an optimizer to keep the
feedwater temperature below 70°C. This boiler runs on High-
Speed Diesel (HSD), which is delivered by an internal gear
pump.

The requirement to improve the efficiency of energy usage
should guide the application of exergy analysis to a system.
Tsatsaronis [1] specifies many exergy analysis and exergy
costing terminologies, discusses symbol options for exergy
and other exergoeconomic variables, and provides phrasing
for the remaining terms. According to Som and Datta [2] the
main technique for controlling exergy destruction in a
combustion process is to reduce irreversibility in heat
conduction by properly controlling physical phenomena and
chemical reactions. They were able to find the ideal operating
condition in their parametric analysis of combustion
irreversibility using operational parameters in various types of
flames. However, it is thought that Aljundi's [3] exergy
(second law) analysis of Jordan's steam power plant, where the
boiler is the principal source of irreversibility, will be
influenced by the dead situation. Saidur et al. [4] investigated
the most common source of exergy loss in boilers, which may
be mitigated by preheating the combustion air and reducing
the air-fuel ratio. The boiler's energy and exergy efficiencies
are 72.46% and 24.89%, respectively. The combustion
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chamber, followed by the heat exchanger in a boiler system,
has been shown to be the most significant source to exergy loss.
Internal thermal energy exchange, which is linked to high-
temperature gradients caused by heat release in combustion
reactions, is a major source of irreversibility. Bundnik and
Stanek [5] examined the impact of system parameters on
exegetic cost indices in a steam boiler. The computations are
carried out on a unit of a modern Polish power plant. Several
conclusions have been drawn based on the findings,
demonstrating the benefits of using exergetic cost assessments.
In their paper, Hajidavalloo and Vosough [6] examined at the
energy and exergy efficiency of a supercritical power
generation. The impact of the weather on condenser pressure
was investigated. Ohijeagbon et al. [7] describe the energy and
exergy assessments of industrial steam boilers. A
methodology for analysing thermodynamic exergy qualities
and exergy input and output resources was developed for
industrial steam boilers. According to Taillon and Blanchard
[8] boosting thermal energy efficiency improves overall
exergy efficiency just marginally. According to
Abdulrahmanet et al. [9], the highest value of exergy loss in
shell and tube type heat exchangers is 42 W when baffles are
present. Finally, the heat exchanger with baffles outperforms
the heat exchanger without baffles in terms of hydraulic and
thermal performance.

Gulotta et al. [10] observed hotspots in the biomass boiler,
where recoverable exergy accounts for 17.4% of total exergy
destroyed. Enebe and Odukwe [11] presented those variations
in boiler inlet pressure showed that when boiler inner pressure
increased, the rate of exergy loss decreased. Various studies
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on thermal power plants have been evaluated and major
conclusions have been provided in this work by Ahmadi et al.
[12]. For examining power plants, several analyses have been
used, including energy, exergy, and economic assessments
[13]. The flow parameters and physical behaviours of particles
through nozzles have been numerically examined, as shown
by Pal et al. [14, 15]. According to a computational fluid study
of combustion, inappropriate air circulation causes reduced
heat transfer at the water tubes boiler. Using energy and exergy
analysis to construct a boiler mathematical model is one of the
most successful methods. Pal et al. [16] calculates the amount
and distribution of unavailable work in the evaporator,
condenser, and brine section of a plate-type freshwater
generator. The exergy and exergo-environmental analysis of
the 660 MW supercritical coal-fired plant in western India is
presented in this paper by Nikam et al. [17]. When compared
to subcritical coal-fired power plants, supercritical coal-fired
power plants have proven to be a superior technology. Khaleel
et al. [18] developed a 'Predictive Model' to forecast coal-fired
power plant energy and exergy-based behaviour. Swirling in
the flame jet increases the average heat flux by up to 179.2%,
according to Badiger's et al. [19] research. Tarla et al. [20] look
into ways to reduce exergy loss in boiler components such
boilers, turbines, and condensers. Experimental results have
verified the use of heat exchanger for steam condensation. The
enthalpy-entropy diagram was used to show the results of a
power plant's exergy study in Ahern's [21] "book on the exergy
method of energy systems analysis". "Availability is the
highest quantity of work obtainable from the combined system
as the control mass is brought into harmony with the
environment," according to Moran [22]. The author builds a
thermodynamic exergy load and estimates the rational
efficiency of thermal plant components in Kotas' book [23].

The first law of thermodynamics is often used to analyse
energy usage, according to the literature study, but it fails to
account for the quality component of energy. Exergy analysis
comes into play at this point. According to the literature,
exergy is a quality that allows you to determine the useable
work potential of a given amount of energy in a specific state.
In addition, less study is carried out for the auxiliary boiler
employed in marine vessels.

Figure 1. Experimental setup of auxiliary boiler

The goal of this research is to look at the exergetic
performance of oil-fired marine boilers, as well as the
numerical investigation of pressure jet burners and the effects
of various thermodynamic and operational variables. (Refer to
Figure 1 and Table 1). Another important aspect of this study
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is to identify the components of higher exergy loss. The basic
computation of exergy losses is shown in Table 2, which
displays exergy losses qualitatively and quantitatively for each
process. The block method of exergy computation uses the
main performance metrics of the energy system, such as the
values of exergy at the start and end of the process under
consideration in the block. A CFD analysis of the burner
nozzle and data collection from intern cadets are used to
validate the system.

Table 1. Specifications used in the experimental work

Components Description
Burner Jet type
Tube Water tube
Economizer Shell and tube type
Optimizer Tubular type
Temperature range 30° to 180°C
Accuracy +2°C

Table 2. Exergy analysis of sub-region of marine boiler

Exergy Exergy Exergy Exergy

Region Input  Output loss eff.
kW kW kW

A 2.12 0.99 1.13 47%

B 2.88 0.1 2.78 3%

C 45417 10393 35024 23%

D 10278  789.15 9488 7%

E 576.17  115.09 461 20%

The study is motivated by the fact that the challenges in
energy analysis are also because it only analyzes energy
amounts and ignores energy quality, which is constantly
degraded during real processes. Exergy analysis solves a lot of
the issues that come with energy analysis. The reference point
for temperature and pressure of all fluids is To=20°C and Po
=1.0 atm in this study for exergy analysis. The auxiliary
boiler's feedwater enters through the feed controller and flows
through the economiser inlet header. After gaining heat,
heated feedwater continues to the optimizer tube header, then
to the water tubes, and finally to the furnace on all sides (tubes).
The water in these tubes rises and exits as a mixture of steam
and water, which enters the drum through risers (tubes) where
steam and water are separated and escapes to the main steam
stop valve.

2. EXPERIMENTAL METHOD

The exergy loss of the auxiliary boiler is found out in this
investigation. The fuel, air, and feed water input streams, as
well as the steam generated and exhaust energy output streams,
are all considered. High-Speed Diesel combustion is used to
investigate the steam-assisted burner in a computational fluid
dynamic simulation. Fuel is burned in the furnace component
of a membrane coil's boiler. This coil is contained within a
jacket assembly that consists of an inner and outer jacket. A
pressure jet burner is located on the top cover of the outer
jacket. In addition to the main boiler section, an economizer
and heat optimizer are fitted before the feedwater pump. An
economizer is a jacket and tube heat exchanger, while an
optimizer is a tube in tube heat exchanger. The boiler comes
with all of the necessary fuel management equipment. The
pressure jet burner burns the fuel in the membrane coil with
air from the combustion air fan. In order to recover more heat



from the flue gas, it is vented through the economizer at the
boiler's outlet. Light Diesel Oil (LDO) is used in this boiler,
which is delivered by a gear pump with a 2000-liter-per-hour
output capacity and a 50-pound-per-square-inch delivery
pressure. At the primary storage tank's outlet, there is only one
mesh type filter with an 80x80 mesh.

This boiler membrane design enables a larger coil tube to be
used. This boiler runs on Light Diesel Oil (LDO), which is
delivered by a gear pump with a 2000-liter-per-hour output
capacity and a delivery pressure of 50 pounds per square inch.
There is only one mesh type filter with an 80x80 mesh at the
primary storage tank's outlet. The circulation burner design of
the pressure jet burner prevents leakage and eliminates the risk
of a fire. The nozzle has a diameter of 4 mm, allowing for
optimum fuel automation.

2.1 Methodology of exergy analysis

The exergy method is used to assess the exergy loss rate in
the marine boiler to analyse the operation of the waste heat
plant as shown in Figure 5. As indicated in Figure 5, the
control region including this auxiliary boiler is divided into
five regions. The feedwater heater is in A, the air heater is in
B, the adiabatic combustion chamber is in C, the steam
generator is in D, and the mixing chamber is in E. The
following are the measures to take:

a) The mass and energy balances of various components
of the auxiliary boiler are satisfied in Figures 2, 3, and
4.

The analysis is done in blocks, with a tabular summary
of the estimate as to the last step. The results of these
calculations are presented in Table 2. Which shows the
location and type of all system exergy losses.

The optimum fuel velocity for improved atomization in
the furnace is calculated using computational fluid
dynamics of a pressure jet burner. Refer to Table 3 for
more information.

b)
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Figure 5. Schematic diagram of Marine boiler

3. RESULTS AND DISCUSSION

The exergy loss is calculated using the auxiliary boiler
parameter and validated by computational fluid analysis of the
burner nozzle. The mass and energy balance, as well as the
exergy loss, are calculated using Eqns. (1)-(12). The
thermodynamics' law was utilised to determine exergy based
on the results from the auxiliary boiler experiment. Figures 2-
5 depict the energy intake and loss of the stream in the system's
sub-region.

3.1 Mass and energy balance of auxiliary boiler

3.1.1 Incoming stream to control volume
Sub-region A, feedwater heater:

mw xC,,, XT, ©)
Feedwater heater: 166 kW.
Subregion B, Air preheater:

Ma XC,,XT, ()

Air preheater: 62 kW.
Subregion C, Fuel combustion at the furnace: mys x NCV.
Fuel combustion: 299 kW.

3.1.2 Outgoing stream to control volume
Sub region D, Steam generation:



3)

ms XC  XT,

Steam generation: 362 kW.
Sub region E, Exhaust gas out:

“4)

mg XC,, XT,
Exhaust gas: 113 kW.

3.1.3 Mass balance of Marine boiler
Incoming stream mass = outgoing stream mass.

)

mw+ ma+ rhf = ms+ mg
0.337 kg/sec = 0.337 kg/sec.

3.1.4 Energy balance of Marine boiler
Incoming Stream Energy = outgoing Stream Energy.
Refer to Figure 4 and 5 and Eqns. (1)-(5).
527 kW =475 kW + 52 kW (radiation loss).

3.2 Exergy balance of Marine boiler

3.2.1 Incoming stream to control volume

When displaying the process line in T-H coordinates, two
oblique lines depict temperature changes for a feed, air heater,
and steam generator heat exchanger with enthalpy rate, as
shown in Figure 4. A schematic architecture of an
experimental setup is shown in Figure 5. This auxiliary boiler's
system is run by calculating the amount of work lost due to
component processes and operational procedures. Convective,
convective, and radiant heat transfer is used to transmit
thermal energy between two streams in an air, feedwater
heater, or steam generator. Refer to Eqns. (6)-(12).

® =1.0401+0.1728(h/ c) (6)

Chemical exergy of the LDO ¢ = 4541.65 kJ / kg.
3.2.2 Exergy balance of sub-region A
Ia =(E63 _EG4)_(EW2—EW1) (7N
Exergy balance of sub-region A, 14 = 1.12 kJ.
3.2.3 Exergy balance of sub-region B
g =(EG2_EG3)_(EA2—EA1) (®)
Exergy balance of sub region B, IB =2.78 kJ.

3.2.4 Irreversibility of the combustion process sub-region C

lc =Ep, +En, —Eqy )
Ic = 35024 kJ.
3.2.5 Exergy balance of sub-region D
lo = (B ~Ecz ) —(Esz-Eat) (10)
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Ip-11067 kJ.

3.2.6 Exergy balance of sub-region E

I. =Eg, 11
Ig =576 kJ.
3.2.7 Rational efficiency of the plant
Y=E,/E, (12)

Y=0.022 =2.25%.

3.3 Computational fluid analysis of burner nozzle
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Figure 6. Grossman diagram of marine boiler

Figure 7. Meshing of the burner

The Ansys 13.2 code is used to do numerical calculations
on the pressure jet burner. The Ansys 13.2 programming
environment utilised in this study provides an interface to
external fuel atomization simulations that streamlines nozzle
flow with built-in atmospheric conditions, optimum solver
settings, and pertinent input and output parameters. Modelling



the mixing processes and blending of air and fuel mixtures is
easier with Ansys fluid mixing simulation. To try to predict
injector nozzle optimization, the model employs two partial
differential equations for two variables, k-w, with the first
variable being the turbulent kinetic energy (k) for fuel and the
second (w) being the particular rate of heat dissipation. This
software Ansys 13.2 solves the Navier-Stokes equations in
dynamic form. The effect of atomization of fluid flow over the
burner nozzles illustrated in Figures 7-13 is studied using the
conventional k—w turbulence model. In this K-omega model,
the standard model with the two-step reaction is used for the
atomization analysis. The X-Y plane geometry of a boiler
burner with nozzle diameter R = 0.3 mm is used for validation
with experimental results. Refer to Figures 8-9 and Table 3.

/ Nozzle

T 4

03 mm hole dia

Barrel

Figure 8. Meshing of the burner

Figure 9.

Figure 10. Temperature plane of fuel of burner
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Figure 11. Mass fraction plane of the fuel flow of burner
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Figure 12. Atomization of fuel in the X-Y plane of a burner
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Figure 13. Variation of momentum and mass
3.4 Jet burner meshing and grid independence test

Pressure jet burner meshing is carried out with Tetrahedrons.
Single Step reaction model is used for the solver as per Figures
7 and 8. The grid becomes independent above the grid size of
3279045, hence this grid size is chosen for the current study to
achieve computational economy.

The meshing cardinals are as follows (Table 3).



Table 3. The meshing of the burner nozzle

Sr no. Cardinals No. of elements
1 Number of Tetrahedrons 3279045
2 Total Number of Faces 359089
3 Total Number of Elements 3279056
4 Total Number of Nodes 645815

3.5 Validation of CFD results with experimental results

Auxiliary boiler data is also validated by distributing a
questionnaire to onboard intern cadets and collecting data via
a Google form. The combustion chamber has a larger exergy
loss (35024 kJ) and is well atomized, according to a
computational model of a pressure jet burner with a diameter
of 3 mm. The burner is operating at maximum capacity when
the nozzle diameter is 3 mm. The partial oxidation of CO; in
the burner's nozzle is depicted in Figure 9. As seen in Figure
10, the combustion product's temperature contour
demonstrates that it is concentrated in the combustion
chamber's centre. Figure 11 shows the distribution of the mass
fraction of CgHis diesel fuel at the burner nozzle's tip. The
mass fraction of fuel and the atomization process is
represented in Figure 12. Figure 13 shows the turbulence of
different transport species as a function of a time step. The
exergy loss in the combustion chamber exceeds 35024 kJ, and
numerical analysis of a pressure jet burner with a diameter of
3 mm shows good atomization. It shows that the burner is
working in full capacity with a 3 mm diameter nozzle. The
higher exergy is due to high heat generation and subsequent
unburn after the light diesel oil is burned.

3.6 Findings of exergy analysis

Figure 6 (Grossman diagram) is a flowchart of the available
work as it progresses through system components. The
magnitude of the useful work and exergy losses in the
components are visually shown by the relative width of the
workflow lines. The highest exergy loss occurs in the
combustion chamber, as seen in this exergy flow diagram. The
exergy approach has a substantial impact on where and how
huge inefficiencies occur in the energy system, as seen in the
Grossman diagram of a naval boiler. The accurate distribution
of losses in the air, water, and fuel streams is presented, with
the erroneous data provided by the energy-balance approach
removed. The quantitative values of the individual losses that
make up the total component loss are shown in Table 2. The
combustion chamber in sub-region C has the highest exergy
loss 0f 35024 kW, as shown in Figure 6, which will be relevant
in the discussion about energy-saving strategies based on
exergy analysis. Figures 9 to 11 represents the mass fraction
contour and temperature plane in the nozzle region. Figure 12
shows the fuel automation in the X-Y plane. At a nozzle
diameter of 3 mm, fuel atomization is maximum. Figure 13
shows a momentum and mass variable with a time step. The
study uses the auxiliary boiler to calculate the first and second
laws of thermodynamic efficiency, exergy efficiency, and
numerical analysis to find the most efficient technique of
increasing available energy.

4. CONCLUSIONS

This study was conducted on an auxiliary boiler to
determine the thermal performance indicator with various
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components irreversibility, and the following conclusions
were reached:

a) The auxiliary boiler's rational efficiency is 2.25%, which
is much lower than the energy efficiency. While the first
law analysis indicates that there is little room for
improvement in boiler performance, the rational analysis
indicates that there is a lot of room for improvement.
Aljundi [3] found a major loss in the boiler system, with
77% of the fuel exergy input to the cycle being destroyed.
The analysis of the experiment revealed that the incoming
and outgoing stream mass is conserved and noted to be
0.337 kg/s.

The maximum irreversibility is found at the combustion
chamber is 35024 kJ due to uncontrolled chemical
reactions.

Lowering the temperature of the exhaust flue gas in a heat
recovery system can reduce energy loss. Proper soot
blowing and surplus air control can help achieve this. The
amount of combustion air can be managed by ensuring
that the airflow and temperature are optimal. Finally, the
combustion oxygen requirements are regulated. Energy
analysis of heat exchanger of feedwater heater, air heater
and steam generator are found to be in equilibrium
condition.

The numerical analysis shows that the pressure jet burner
is enhanced fuel atomization with an increased velocity of
10.272 m/s. The efficiency of auxiliary boilers can be
enhanced by increasing the frequency of soot blowing,
which improves heat recovery and raises exhaust gas
temperature to 320°C.

The analysis of these auxiliary boilers reveals that
irreversibility in combustion is caused by chemical
reactions and physical transport processes, which can be
reduced by air circulation. analysis of these auxiliary
boilers shows that the chemical reaction and physical
transport processes are the sources of irreversibility in
combustion, which can be decreased by air circulation.

b)

¢)

d)
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NOMENCLATURE

Symbol

g The mass flow rate of air (kg/s)

da Diameter of fuel burner jet (m)

t Time (s)

T Temperature (K)

Chs Specific heat of steam (kJ/kg)

Cw Specific heat of water (kJ/kg)

mw The mass flow rate of water (kg/s)

m f The mass flow rate of fuel (kg/s)

mg The mass flow rate of gas (kg/s)

Greek symbols

¢
¥

Chemical exergy
Rational efficiency

Subscription

stoic
act
i

Stoichiometric
Actual

Initial
Average
Analytical





