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Abstract: A forced draft fan, used for the supply of combustion air into the steam generator of the
conventional liquefied natural gas (LNG) carrier was analyzed from the aspect of energy and exergy.
The power delivered from the induction motor to the fan was calculated using the manufacturer’s
data. The most significant impact on the fan energy power losses is from the air temperature difference
between the fan outlet and inlet. The fan energy power losses are inversely proportional to the fan
energy efficiency, and the values are between 19.9% and 63.4%, for the entire range of observed
steam system loads. The fan exergy destruction depends primarily on the driving power and on the
air mass flow rate. At higher loads, an important influence on the fan exergy destruction is from
the air pressure at the fan outlet. The exergy efficiency change of the analyzed fan, for the range
of observed steam system loads, is directly proportional to the rate of change in the air mass flow,
whereas the obtained values of exergy efficiency are between 5.10% and 53.93%. The impact of
ambient temperature on the fan exergy destruction and exergy efficiency exhibits is different than in
most other steam system components. A change in ambient temperature of 10 °C causes a change in
the exergy efficiency of the forced draft fan less than 0.5% in the entire range of observed steam loads.

Keywords: energy analysis; exergy analysis; load change; marine forced draft fan

1. Introduction

For many years, fans are indispensable devices in the energy processing industry and in power
plants. In addition to other uses, fans are also used for the supply of combustion air into steam
generators, which is also the main purpose of the fan analyzed in this paper. Without a proper and
timely supply of air, the steam generator operation would be at least difficult or even impossible. In
general, fans can be divided into two main types: axial fans and radial (centrifugal) fans [1,2]. Both fan
types were investigated from various aspects by a large number of scientists and experts.

For an axial flow fan, Ye et al. [3] provided a numerical simulation of the pressure pulsation and
transient flow field using a computational fluid dynamics (CFD) analysis. The approximate entropy
and the sample entropy models can be used to identify the abnormal blade deviation at all observed
operating points.

The influence of the blade installation angle for windward axial fans on the performance of an
air-cooled power plant was investigated by He et al. [4,5]. The blade installation angle of the axial fans
is modified off the design case to obtain a new power plant performance, which is compared to the
design value at a prevailing wind angle and five different designated wind speeds. It was found that
the alternation of the blade installation angle for the windward fans changes the performance of the
fan array. The net power of the power plant and the thermal efficiency of the closed Rankine cycle are
influenced by the alternation of the blade angle in axial fans.
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Energy dissipation in the blade tip region of an axial fan was investigated by Bizjan et al. [6].
The authors analyzed two different rotor blade tip designs: a standard design with straight blade tips
and a modified design with swept-back tip winglets. The comparison of integral sound parameters
indicated a significant noise level reduction for the modified blade tip design. The analysis presented a
novel experimental method based on simultaneous measurements of local flow velocity and pressure.

Nowadays, turbofan engines are commonly used for the propulsion of passenger aircrafts [7]. The
fans in these engines are axial flow fans driven by gas turbine [8]. In order to reduce the specific fuel
consumption of these engines, Huang et al. [9] and Lu et al. [10] presented upgrades with air-driven
axial flow fans by increasing the bypass ratio.

The widespread use of centrifugal (radial) fans in engineering has resulted in many different
geometrical designs in order to meet the application requirements [11]. The application ranges from
large scale industrial dryers and air conditioning units to smaller scale blowers for augmenting heat
transfer in portable electronics.

An integrated performance analysis for a backward-inclined centrifugal fan was presented by
Lin and Tsai [12]. Their analysis proposed two modification alternatives based on flow visualization
at each operating point, after having verified the successful enhancement of fan performance via
numerical calculation.

The effect of the axial gap between the inlet nozzle and impeller on efficiency and flow pattern in
centrifugal fans was investigated by Gholamian et al. [13].

Chunxi et al. [14] numerically and experimentally analyzed the performance of a centrifugal fan
with an enlarged impeller. The authors made comparisons for the fan operating with the original
impeller and with two larger impellers, where the outlet diameter increased by 5% and 10%. The
internal characteristics were obtained by numerical simulation, which indicated a larger volute loss
in the fan with larger impeller. The experimental results showed that the flow rate, total pressure
rise, shaft power and sound pressure level increased, while the efficiency decreased in the fan with a
larger impeller.

Fernandez Oro et al. [15] presented a numerical methodology for the assessment of relative and
absolute deterministic flow structures in the analysis of impeller-tongue interactions in centrifugal
fans. The studied squirrel cage fan is a small centrifugal fan with a twin impeller configuration.
This type of squirrel cage fan is often used as blowers in automobile applications or as small-scale
industrial equipment.

An experimental and numerical study of a small forward—curved centrifugal fan was presented
by Lin and Huang [16], while a similar investigation of a miniature centrifugal fan was presented
by Tsai and Wu [17]. Both investigations were based on the results of the experimental setup and
numerical analysis. The results showed the capabilities of the design, analysis, manufacturing and
measurement of small-scale centrifugal fans.

The centrifugal fan based on a flap-adjustment has been investigated by Chen et al. [18] through
theoretical, experimental and finite element methods. To obtain a centrifugal fan with improved
performance, the authors carried out a comparative analysis of aerodynamic performances which
included an adjusted blade angle, total pressure, efficiency, system-efficiency, adjustment-efficiency
and the energy-saving rate.

Recently, researchers have been intensively involved in studying and analyzing the noise produced
by various types of fans, along with the means for noise reduction.

Paramasivam et al. [19] presented the tonal noise prediction in a small high-speed centrifugal fan
with experimental validation. A CFD analysis was performed using a 3-D detached eddy simulation
(DES) to compute the unsteady flow field in the fan. The calculated time history of the surface data from
the CFD is used in the Ffowcs Williams-Hawkings (FW-H) solver to predict the far field noise levels.

The direct noise prediction and control of a large low-speed radial fan was presented by Sanjose
and Moreau [20]. By adding a thin filter on the bellmouth removes the large turbulent structures
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ingested by the fan and improves the flow-field uniformity at the fan inlet along with a significant
noise reduction and occurrence of additional pressure losses.

The unsteady fan flow field, its characteristics and influences on noise prediction and noise
generation was investigated by Trabelsi et al. [21] for an axial fan. The same fan flow field and its
influences on noise were investigated by Wolfram and Carolus [22] and Zhang et al. [23] for a radial
(centrifugal) fan.

The experimental study of noise reduction for an industrial forward-curved blade centrifugal fan
was presented by Datong et al. [24]. The aim of different experimental tests was to validate whether
the effects of different modifications to fan performance and noise are additive as well as to find a
good impeller-volute matching to reduce the centrifugal fan noise without the loss of performance.
The experimental results showed that a good coupled modification not only could reduce the fan noise,
but could also advance the fan performance and extend its operating range.

Zhang et al. [25] investigated vane sweep effects on fan interaction noise. For fan broadband
noise, the backward sweep succeeds in reducing the sound power level for a wide range of frequencies.
Due to the statistical average effect, the efficiency relies much on the shape of the turbulence spectrum.

A numerical optimization with the aim of reducing vibration noise of a centrifugal fan volute was
performed by Zhang et al. [26]. The results showed that the proposed vibration noise optimization
method can effectively reduce vibration noise in the fan and a maximum noise reduction value of
7.3 dB was obtained.

Several authors investigated the causes which lead to the failure of fans and its components.
Nurbanasari et al. [27] presented a damage analysis of the forced draft fan blade in a coal fired power
plant. There were two main locations of blade damage, at the root of the blade and at the third of the
blade height. A visual inspection, metallographic analysis, chemical composition and hardness tests
were carried to find the exact cause of the failure. The failure at the third of the blade height is due
to external particles colliding on the leading edge of the blades, which causes erosion and a notch.
The notch acted as an initial crack. The failure at the root of the blade was caused by broken fragments
of other damaged blades.

Trebuna et al. [28] analyzed the causes of radial fan failure. The numerical and experimental
methods were used for identifying the reasons for fan failure. The authors analyzed residual stresses
in the rotating wheel of the fan and performed measurements of vibration diagnostic parameters in
running fans.

Many fans, as the one analyzed in this study, are driven by induction motors. Likewise, in power
plants, fans driven by induction motors are also used for air supply systems of buildings and are
responsible for significant power consumption [29]. A detailed CFD analysis of the fan electrical drive
was presented by Ding et al. [30].

Large scale fans are irreplaceable components in the energy processing industry and in power
plants. It is therefore necessary to analyze them properly in order to understand the optimal operating
parameters both for fans as single components and for entire plants.

Viorel-Mihai and Ioan [31] analyzed the vibrations in the flue gases exhaust fan of a cogeneration
power plant. Comparing the measured vibrations to those obtained by a mathematical model, they
revealed a hidden connection near one of the cassettes with coil springs. This hidden connection, which
was unintentionally created during cassettes mounting, was responsible for a mechanical asymmetry.

Wang et al. [32] analyzed a power-saving control strategy for reducing the total pressure in the
primary air fan of a coal-fired power plant. The proposed power-saving control strategy was applied
to a 1000 MW commercial power plant. The industrial-scale experiments demonstrated that the power
consumption of the primary air fan reduced by as much as 465 kW for a load of 500 MW, representing
a fan power reduction of 15% relative to the conventional control strategy.

Wang et al. [33] investigated ash fouling on the blades of an induced fan in a 330 MW coal-fired
power plant with ultra-low pollutants emission. Sulfates enrichment and high humidity in flue gases
were two key factors that gave rise to the formation of massive fouling deposits on the fan blades.
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The accurate monitoring of ammonia concentrations at the outlet of the selective catalytic reduction
(SCR) reactor and the adequate design of the temperature drop of flue gases in the low-temperature
economizer should be carried out in coal-fired power plants with an ultra-low pollutant emission.

While performing energy and exergy analyses of power plants, a small number of authors
presented an analysis of fans as integral components of power plants. This kind of analysis, not only for
fans, but also for the other plant components is usually presented on the highest plant load, and rarely
at partial loads [34]. In power plants, fans are used for different tasks. Therefore, their dimensions,
driving power and operating parameters can vary greatly.

One of the few papers in which the exergy analysis of fans is studied along with other power
plant components is authored by Uysal et al. [35]. In the observed power plant, two fans were used for
the supply of combustion air to the steam generator. The authors presented exergy destruction and
exergy efficiencies of both fans for the highest power plant load. The exergy efficiency of Fanl was
63.16%, while the used power was 1360 kW. At the same highest plant load, the exergy efficiency of
Fan2 was 75.64%, while the used power was 1320 kW.

The above-referenced research focused mainly on the analysis of fan geometry and design, air
flow characteristics, fan vibrations, noise and fouling as well as on the possibilities for the improvement
of fan performance and efficiency. However, the analysis of fan performance, including energy and
exergy efficiency, especially under fan load variations, has been neglected in the literature. This paper
presents an advancement over the existing research since it brings an analysis of the energy and exergy
performance and efficiency of a forced draft fan under load variations in a marine steam propulsion
system. Furthermore, this paper investigates the factors impacting the fan performance, such as the
air temperature difference between the fan inlet and outlet, the air mass flow rate and the ambient
temperature. This paper presents a method for determining fan exergy and energy efficiencies by
calculating specific air enthalpies and entropies from the measurements of fan temperatures and
pressures and obtaining the fan power from the measurements of induction motor currents, all for a
wide range of marine steam propulsion loads. The observed steam propulsion system operates on
a conventional liquefied natural gas (LNG) carrier and the observed forced draft fan is used for the
supply of combustion air to the steam generator.

2. Energy and Exergy Analyses

Energy and exergy analyses are widely used methods for the investigation of processes [36,37],
power plants [38—40], industrial plants [41,42] or their components. [43,44].

In marine applications, these analyses can be used for the investigation of the entire ship energy
systems, with examples described in [45] for a chemical tanker or in [46] for a cruise ship, both with
diesel-engine propulsion.

In the propulsion of LNG carriers, steam systems are still the dominant ones. Energy and exergy
analyses can be used for the investigation of the entire systems [47] or several components of those
systems [48,49], for which operation dynamics must comply with various requirements.

Along with the above mentioned, energy and exergy analyses can be used in the research of waste
heat recovery systems in marine plants, as presented by Koroglu and Sogut [50], or for the investigation
of ocean thermal energy conversion systems along with the operation dynamics, as performed by
Ikegami et al. [51].

The specificity of energy and exergy analyses of a system or component is that no data or details
about the component inner structure are needed (black box analyses). The only necessary data for the
analysis are the energy or exergy inputs and outputs, which are composed of the inlet and outlet fluid
streams and the mechanical work generated or consumed by the analyzed component.

The biggest advantage of energy and exergy analyses is that the necessary calculations are fast.
Moreover, complex components of power plants or systems can be easily analyzed, improved and
tracked in real-time.
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The biggest disadvantage of the analyses is the inability to inspect the internal structure of the
observed component and secondly, the analyses need measured data during the exploitation, which is
not always easily available, especially for new plants and systems with protected proprietary data.

3. Specifications and Operating Characteristics

The analyzed forced draft fan is driven by an induction motor and used in the marine steam
propulsion system of a LNG carrier for combustion air supply to the steam generator [52]. The fan is a
radial (centrifugal) type, with inlet vanes for the control of the air mass flow rate. The fan cross-section
along with the connections to the induction motor is presented in Figure 1. The main parts of the
analyzed forced draft fan, along with the used materials are presented in Figure 1. The operating
parameters and characteristics of the forced draft fan are presented in Table 1.

(1s) (i« (in)(a) Il)\;::‘t Name of part Material
1 Fan casing Steel plate
2 Inlet cone Steel plate
3 Impeller Steel plate
4 Impeller hub Cast steel
5 Impeller shaft Forged steel
6 Bearing (ball) Bearing steel
g s 7 Bearing housing Cast iron
i 8 Packing Felt
9 Bearing (roller) Bearing steel
o 10 Bearing housing Cast iron
11 Packing Felt
12 Packing Felt
- ; : 13 Grease nipple Brass
@ @o_ - 14 Falk coupling Carbon steel
2 15 Coupling cover Steel plate
@ 16 Nut Steel
\ 17 Seal plate Steel plate
l ,| \ 18 Drain plug Cast iron
o 19 Inlet vane Steel plate
20 Common bed Steel plate
21 Pedestal Steel plate
T R 22 Inspection hole Steel plate
(ZINC CHROMATE PRIMER) 23 Control lever Steel plate

Figure 1. The cross section of the forced draft fan with main parts and used materials.

Table 1. Operating parameters and characteristics of the forced draft fan.

Maximum Capacity 1330 m3/min

Maximum pressure increase 5.6 kPa

Suction temperature 50 °C

Maximum speed 1788 min~!

Fan moment of inertia 220 kg - m?

Inlet vane torque 320 Nm

Noise 100 dB at 1.0 m (with anti-noise wall)
Fan mass 3100 kg

Anti-noise wall mass 240 kg

The forced draft fan is driven by an induction motor with a squirrel cage rotor. A necessary input
parameter of the forced draft fan energy and exergy analyses is the power of the induction motor,
which is directly distributed to the forced draft fan. The power is calculated from the measurements
of an alternating current in the induction motor, for the entire range of observed steam system loads.
The losses in the power transmission from the induction motor to the forced draft fan (losses in the
coupling, element 14 from Figure 1 and losses in the roller bearing, element 9 from Figure 1) are
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neglected. The main operating characteristics of the forced draft fan induction motor are presented in
Table 2.

Table 2. Main operating characteristics of the forced draft fan induction motor.

3-Phase, Squirrel Cage Induction Motor

Load Characteristics: Load (%) Current (A) Power Factor
50 181 0.71

- 75 238 0.8
100 295 0.84

Maximum rated output 185 kW

Rated voltage 440V

Rated frequency 60 Hz

Maximum rated speed 1788 min~!

Maximum rated current 295 A

No-load current 116 A

Maximum nominal torque 989 Nm

Speed at minimum torque 1350 min~!

Maximum starting time from hot 18 s
Maximum starting time from cold 32s

The ambient temperature 45°C

Cooling system Self-ventilated
Noise 75 dB
Moment of inertia 3.5 kg - m?
Motor total mass 970 kg

4. Mathematical Description and Equations

4.1. General Equations for Energy and Exergy Analyses

Compared to the exergy analysis, the energy analysis has a different origin in the definition since
it is defined according to the first law of thermodynamics [53,54]. For any control volume in the steady
state, with no leakages of the mass flow rate, the standard mass balance equation is [55]:

n k

Z(Thi)IN - Z(mi)oUT 1

i=1 i=1

while the overall balance of energy is defined, according to [56,57], as:

n k 2
{Q+P+Z } = {Q+P+Z mi-(hi+ %‘ +g-zi]}} @)
IN ouT

i=1 i=1
where (n) is the total number of fluid flow streams which enters into the observed control volume, while
(k) is the total number of fluid flow streams which exits the observed control volume. In Equation (2),
the potential and kinetic energies are generally disregarded, because their influences on the overall

2
mi'[hi + El + g'Zi]

process are small [58]. Therefore, the overall energy balance equation for a control volume with
disregarded potential and kinetic energy is [59]:

N K
Qn + Py + Z(fﬁi'hi)m = Qour + Pour + Z(mi'hi>0UT )
i-1

i=1 i
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The energy power of a fluid flow stream can be defined by knowing the fluid stream mass flow
rate as well as the fluid stream pressure and temperature (necessary for calculation of fluid stream
specific enthalpy). Therefore, the energy power of a fluid flow stream is [60]:

Eeni = 1it;°h 4)

The definition of energy efficiency depends on the type and characteristics of the observed control
volume, system or plant [61]. For general use, without knowledge about details of the control volume,
system or plant, the energy efficiency can be defined as in [62], by using the equation:

Cumulative energy output

Men = 5)

Cumulative energy input

The definition of exergy analysis is derived from the second law of thermodynamics [63], which
means that unlike the energy analysis-exergy analysis is dependable on the ambient state (temperature
and pressure) in which the observed control volume, process or plant operates [64]. This exergy
analysis definition allows that any control volume, system or plant can be investigated for changing
ambient conditions [65].

The overall exergy balance equation, valid for any control volume, system or plant can be found
in the literature [66—69] and is written as:

n k
Xheat + Z(ﬁ?i'é‘i)m =P+ Z(%'&)OUT + EexD (6)
i=1 i=1
The heat exergy transfer at the temperature T is defined according to [70,71] as:

Xheat = Z (1 - %)Q ()

The exergy power of a fluid flow stream is defined similarly as the energy power of the fluid flow
stream, from the fluid stream mass flow rate and the fluid stream pressure and temperature. These are
necessary for the calculation of the stream specific enthalpy and of the stream specific exergy. In the
calculation of the stream specific exergy, the ambient parameters (pressure and temperature) in which
the fluid flow stream operates must be known. The exergy power of the fluid flow stream is defined
according to [72,73] as:

Eexi = mj-¢€; 8)

where the definition of specific exergy can be found in [74,75] and is expressed by the equation:
& = (1 =ho) = To-(si = so) ©)

The general definition of exergy efficiency for a control volume, system or a plant can be found
in [76] and is expressed by the equation:

Cumulative exergy output

Mlex = Cumulative exergy input (10)

These general equations along with energy and exergy balances are used for the analysis of the
forced draft fan.

4.2. Energy And Exergy Analyses of The Forced Draft Fan

For the analyzed forced draft fan, all the inputs and outputs are presented in Figure 2. The inputs
are the electrical drive power and the air at the fan inlet (marked in Figure 2 with number 1), while the
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output is only one—the air at the fan outlet (marked in Figure 2 with number 2). The air specific
enthalpies and specific entropies were calculated from the measured pressures and temperatures at the
forced draft fan inlet and outlet by NIST REFPROP 9.0 software (National Institute of Standards and
Technology-U.S. Department of Commerce, Gaithersburg, MD, USA) [77].

A

fZ’PZ, my

t, p1, M

Figure 2. The operating parameters of the forced draft fan with induction motor necessary for energy
and exergy analyses.

The air mass flow rate balance (Equation (11)) as well as the energy and exergy balances of the
forced draft fan (Table 3) are defined according to the nomenclature from Figure 2.

Table 3. Equations of the forced draft fan energy and exergy balances.

Energy Balance [78] Exergy Balance [79]
Variable
Equation Equation Number Equation Equation Number
Power input Een’IN =1yhy + P (12) Eex,IN =11+ P (16)
Power output Eenout = fiphy (13) Eex,0UT = 11262 (17)
Power loss Een,PL = Een,IN - Een,OUT = Eex,D = Eex,IN - Eex,OUT =
(destruction) = mmyhy + P —iiyhy = (14) =ty-eq +P—ripey = (18)
=sity-(hy —hy) + P =rmy(e1—-€2) +P
Efficiency [35,80] ey = w (15) Mex = % (19)

Air mass flow rate balance:
my = my (no leakage occurs) (11)

The exergy analysis of the forced draft fan (or any control volume) requires a definition of the
ambient state, which is irrelevant for the energy analysis. The ambient state in the present analysis (air
pressure and temperature outside the engine room) is a pressure of 0.1 MPa (1 bar) and a temperature
of 25 °C (298.15 K).

The definition of the ambient state must be explained in detail. First of all, several researchers
proposed the above definition of the ambient state [81-83]. Moreover, this definition of the ambient
state results with a certain temperature difference between the engine room air and ambient air (due
to the heat from machinery operation). This temperature difference causes that the specific exergy
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of the air inside the engine room (at the fan inlet —¢&1) is not zero, which means that the engine room
air is a part of the fan exergy power input (Equation (16)). The specific exergy of the engine room air
(g1) is equal to zero only when the pressure and temperature of that air are equal to the ambient state
(according to the specific exergy definition, Equation (9)). In that case, the fan exergy power input
(Equation (16)) would include only the electrical drive power.

The exergy analysis of the forced draft fan could also be performed by defining the ambient state
as identical to the state of the engine room air (at the fan inlet) for each observed steam system load.
This definition would result with a fan exergy power input equal to the electrical drive power only
since the specific exergy of the engine room air (¢1) would be zero. In other words, the exergy power
of the air flow stream at the fan inlet would be neglected. Therefore, this definition of the ambient state
is avoided.

4.3. Shaft Power Calculation

The shaft power produced by the alternating current (AC) electrical motor is defined by the
equation [84]:
Nem-U-I-PF- V3
N 1000
where the shaft power P is obtained in (kW). The root-mean-square (RMS) value of the induction motor
stator voltage is constant and equal to U = 440 V. The induction motor efficiency has a low variance

(20)

relative to the load. These variations are not taken into account during a power calculation, and the
produced power is calculated with an average efficiency of fem = 96%.

PF is the power factor of the induction motor. The change in the power factor is given by the
induction motor manufacturer, as listed in Table 2. The analyzed induction motor (product code:
3GCA 312 510-ADA, manufacturer: ABB) [52] has only three power factor values with regard to the
induction motor stator current. These three values of a power factor are insufficient for the calculation
of the power factor in the entire operating range. Therefore, a second-order polynomial is derived
(power factor in relation to stator current) for the observed induction motor, which approximates the
values in the entire operating range (Figure 3). The derived polynomial is:

PF = —7.6947-107-1? + 4.8030163-107>-] 4 9.27393044-10~2 (21)

where [ is the RMS value of the induction motor stator current (A).

0.85 —s
0.80 o= /
0.75 + | ! =T -7 | I
8 0.70 T | I -7 - ’."\
- -
Q g
8 7
5 065 i T ' ‘ Manufacturer specifications ‘
2 Jixad
£ 060 ~ e
0.55 1 o
0.50 +2°
0.45 t t t t t t
100 120 140 160 180 200 220 240 260 280 300
Current (A)

Figure 3. Polynomial for the induction motor power factor relative to the induction motor current.
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5. Forced Draft Fan-Measurement Equipment and Data

The measurement data for the required operating parameters (pressures, temperatures and mass
flow rates) for the air flow streams in the forced draft fan are presented in Table 4 relative to the main
propulsion propeller speed. The main propulsion propeller speed is proportional to the system load:
A higher propulsion propeller speed indicates a higher system load and vice versa. The analysis of the
forced draft fan is presented in relation to the main propulsion propeller speed as the intention was to
observe the fan operation dynamics during load variations in the marine propulsion system.

Table 4. Measurement data for air flow streams at fan inlet and outlet with regard to propeller speed.

Propulsion Propeller Air at the Forced Draft Fan Inlet (1*) Air at the Forced Draft Fan Outlet (2%)
Speed Temperature Pressure Mass Flow Rate Temperature Pressure Mass Flow
(min—1) Q) (MPa)** (kg/h) “C) (MPa) Rate (kg/h)
0.00 50 17277.75 55 0.10051 17277.75
25.58 42 40466.88 45 0.10154 40466.88
34.33 42 40037.02 44 0.10155 40037.02
41.78 42 39920.58 45 0.10149 39920.58
53.50 44 45879.12 50 0.10228 45879.12
56.65 40 44208.90 44 0.10107 44208.90
61.45 39 50399.64 42 0.10154 50399.64
62.52 40 50266.98 44 0.10144 50266.98
63.55 39 51811.38 41 0.10165 51811.38
65.10 39 53086.68 41 0.10177 53086.68
66.08 39 54501.66 41 0.10187 54501.66
67.68 39 54698.94 41 0.10197 54698.94
68.66 39 0.1000 57363.30 41 0.10214 57363.30
69.49 39 58474.62 41 0.10218 58474.62
70.37 39 58754.70 41 0.10222 58754.70
71.03 39 57865.86 42 0.10225 57865.86
73.09 39 60840.72 42 0.10258 60840.72
74.59 39 64056.60 42 0.10292 64056.60
76.56 39 67504.14 42 0.10345 67504.14
78.41 39 69049.62 42 0.10368 69049.62
79.46 39 71468.28 42 0.10406 71468.28
80.44 39 72818.82 42 0.10438 72818.82
81.49 39 72399.96 43 0.10429 72399.96
82.88 39 73807.20 42 0.10464 73807.20
83.00 39 74167.02 43 0.10469 74167.02

* Air flow streams numeration refers to Figure 2; ** Air pressure variations at the fan inlet are negligibly small.

The majority of the measurement data were obtained using the existing equipment, which was
mounted on the forced draft fan inlet and outlet. This measurement equipment is a constituent part of
the control and regulation system inside the marine steam propulsion power plant. The RMS value for
the induction motor stator current was measured with an independent ammeter for all of the observed
loads. The independent ammeter is the only measurement device that is not a standard part of the
control and regulation system. The specifications of the used measurement equipment are presented
in Appendix A, at the end of the paper.

The only variable of the induction motor that needs to be measured during the observed operating
range is the RMS value for the induction motor current. The results of those measurements, along
with the calculated power factors for all of the observed propulsion propeller speeds, are presented in
Table 5.

The specific enthalpies and specific entropies of air at the fan inlet and outlet are calculated by
using the measured values of pressure and temperature. The NIST REFPROP software offers several
possibilities for the calculation of air properties. In this study, air was selected as a mixture of nitrogen,
oxygen and argon. The NIST REFPROP software calculated all the air properties from two known
variables (pressure and temperature in this case). The main properties of air necessary for the energy
and exergy analyses of the forced draft fan are presented in Table 6.
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Table 5. Measured stator current for the fan induction motor along with the calculated power factors
(Equation (21)) for the entire range of steam system loads (propulsion propeller speeds).

Propulsion Propeller Power Factor Propulsion Propeller Power Factor

gpeed (minFl) Current (A) ) gpeed (minFl) Current (A) )
0.00 162.6 0.670 69.49 236.0 0.798
25.58 203.6 0.752 70.37 236.5 0.798
34.33 202.8 0.750 71.03 2349 0.796
41.78 202.6 0.750 73.09 240.2 0.802
53.50 214.4 0.769 74.59 245.7 0.808
56.65 210.2 0.762 76.56 2514 0.814
61.45 2214 0.779 78.41 253.8 0.816
62.52 2214 0.779 79.46 257.6 0.819
63.55 224.0 0.783 80.44 259.6 0.821
65.10 226.3 0.786 81.49 259.0 0.821
66.08 2289 0.789 82.88 261.1 0.822
67.68 229.3 0.789 83.00 261.6 0.823
68.66 234.0 0.795 - - -

Table 6. Main properties of air from [77] for energy and exergy analyses of the forced draft fan.

Air (N2 + O3 + Ar)

Triple Point Temperature: -213.4°C
Boiling point temperature: —194.25°C
Acentric factor: 0.0335
Temperature: —140.62 °C
Critical point characteristics Pressure: 3.786 MPa
Density: 342.68 kg/m?
Molar mass: 28.965 kg/kmol
Minimum temperature: -213.4°C
Range of applicability Maximum temperature: ~ 1726.9 °C
Maximum pressure: 2000 MPa

6. Results and Discussion

One of the essential elements for the energy and exergy analyses of the forced draft fan is the power
produced by the electrical drive and distributed to the forced draft fan. The fan driving power varies
according to the system load and is calculated by Equations (20) and (21) along with the measured
current from Table 5. The driving power is determined for all of the observed propulsion system loads
(propulsion propeller speed) and the results are presented in Figure 4.

When comparing the calculated results for the forced draft fan driving power (Figure 4), with the
measured current from Table 5, it can be noticed that the fan driving power is directly proportional
to the induction motor current. During the steam system startup (propulsion propeller speed of
0.00 min~!), the fan driving power is 80.99 kW and increases almost continuously during an increase
in the steam system load. At the highest system load (83.00 min~!), the fan driving power is equal to
157.63 kW. The presented change in the fan driving power is expected because an increase in the steam
system load simultaneously increases the fuel amount into the steam generator. An increase in the
fuel consumption leads to an increase in the air mass flow rate supplied to the steam generator by the
forced draft fan in order to maintain complete combustion. The higher air mass flow rates through the
forced draft fan necessitate higher power consumptions in the fan drive. This fact is justified with the
simultaneous change of the forced draft fan power consumption and the change in the air mass flow
rate, as shown in Figure 4 and Table 4.

The energy power input and output of the forced draft fan, calculated by Equations (12) and
(13), for the observed steam system loads, are presented in Figure 5. The fan power input and output
increase (almost continuously with some variations) during an increase in the steam system load.
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The difference between the energy power input and output represents the fan energy power loss, which
is of a much lower scale than the entire energy power input and output, as shown in Figure 5.
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Figure 4. Calculated power of the electrical drive with respect to the steam system load.
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Figure 5. Energy power input and output of the forced draft fan with respect to the steam system load.
steam system load results with an almost continuous increase in the fan energy power input and

output. Hence, the highest values of fan energy power input and output are obtained at the highest

observed system load (propulsion propeller speed of 83.00 min

it can be concluded that the energy power input

and output of the forced draft fan are well balanced since the difference between those two is small.

For all of the observed steam system loads,
Therefore,

energy power input and 9117 kW for the energy power output.

the energy power losses are low in the entire operating range. Unfortunately, a low energy

power loss does not lead to high energy efficiency in the analyzed forced draft fan.

The energy power input of the forced draft fan (Equation (12)) consists of two components:

The first part is the energy power of the air flow stream (product of air mass flow rate and specific

enthalpy), while the second part is the power delivered to the fan. It is of interest to analyze the shares

of these two components in the fan energy power input and to compare them against the fan exergy
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power input, which also consists of exergy power of the air flow stream and power delivered by the
induction motor drive.

Figure 6 shows that the air flow stream takes a dominant share in the fan energy power input
(from 96.38% for the lowest, up to 98.29% for the highest observed steam system load). Except at the
steam system startup (propulsion propeller speed of 0.00 min~?), the electrical drive power represents
a share lower than 2.5% in the energy power input for all of the steam system loads.

4.0 98.5
r 98.0

3.5

3.0 r97.5

EElectrical drive power
2.5 4 . r 97.0
-+ Air flow stream

power input (%)

Share of electrical drive power in
energy power input (%)
Share of air flow stream in energy

UL nss”

Propulsion propeller speed (min™)

Figure 6. The shares of electrical drive power and air flow stream in the energy power input of the
forced draft fan.

During steam system startup, the share of electrical drive power in the energy power input is the
highest (3.62%) due to the lowest air mass flow rate through the fan (4.80 kg/s, Table 4). At the first,
the higher system load (propulsion propeller speed of 25.58 min~'), the share of electrical drive power
share reduced to 2.22% due to a significant increase in the air mass flow rate through the fan (from
4.80 kg/s at 0.00 min~! up to 11.24 kg/s at 25.58 min~!). At the highest steam system load (propeller
speed of 83.00 min~1), the air mass flow rate through the forced draft fan is the highest (Table 4) and
the share of electrical drive power in the energy power input is the lowest with 1.71%.

The conclusion drawn from Figure 6 is that an increase in the steam system load (along with some
minor deviations) increases the air flow stream share (due to increase in the air mass flow rate) and
simultaneously decreases the electrical drive power share in the fan energy power input. Likewise, it
should be highlighted that the influence of the electrical drive power on the forced draft fan energy
power input is minor when compared to the air flow stream.

The energy power loss, calculated by Equation (14), and the fan energy efficiency of the forced
draft fan, calculated by Equation (15), are shown in Figure 7 for all of the observed steam system loads.
The fan energy power loss and energy efficiency have no monotonic trends during an increase in the
steam system load. It is therefore essential to identify the variable (or more of them) which has the
strongest influence on the fan energy power loss and energy efficiency of the forced draft fan.

According to Equation (14), the fan energy power loss depends on four variables: air mass flow
rate, driving power and air specific enthalpies at the fan inlet and outlet. The forced draft fan is a
device whose primary purpose is increasing the air velocity (not the air pressure). This fact can be seen
from the small pressure differences between the fan outlet and inlet, as listed in Table 4. Therefore,
the air pressure cannot significantly affect the fan energy power loss. The air mass flow rate almost
continuously increases with an increase in the steam system load (Table 4). The power consumption
of the forced draft fan (Figure 4) follows the trend of the air mass flow rate. Therefore, neither the
air mass flow rate nor the fan driving power can have the largest impact on the fan energy power
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loss. The largest impact on the fan energy power loss is from the air temperature, precisely the air
temperature difference between the fan inlet and outlet. The higher air temperature differences result
in lower energy power loss and vice versa.

110 °
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100 - g Y -8-Energy efficiency

- 60
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80

L 45
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- 30

Energy power loss (kW)

Propulsion propeller speed (min'1)

Figure 7. Energy power loss and energy efficiency of the forced draft fan with respect to the steam
system load.

The lowest energy power loss of the forced draft fan is 44.4 kW for the propulsion propeller speed
of 53.50 min~! (Figure 7), where the air temperature difference between the fan outlet and inlet is 6 °C
(Table 4). When observing the propulsion propeller speeds between 63.55 min~! and 70.37 min~!,
it can be seen that the highest energy power losses of the forced draft fan are between 99.9 kW and
105.8 kW, while the air temperature difference is 2 °C (Table 4). For the highest steam system loads, the
fan energy power loss varies significantly. At 81.49 min~! and 83.00 min~! the fan energy power losses
are 74.9 kW and 74.8 kW, with an air temperature difference of 4 °C. At 82.88 min~! the fan energy
power loss is 95.5 kW and the air temperature difference between fan outlet and inlet is 3 °C.

The energy efficiency of the analyzed forced draft fan has the opposite behavior to the energy
power loss, meaning that when the fan energy power loss increases, the energy efficiency decreases and
vice versa. In the observed range of steam system loads, the fan energy efficiency ranges from 19.9% (at
34.33 min™?) to 63.4% (at 53.50 min~!). At the highest steam system load (83.00 min™?), the forced draft
fan energy efficiency is 52.5%, which is important since, at this system load, LNG carriers operate for
the major part of the time. It can be concluded that, on average, the energy efficiency of the analyzed
forced draft fan is below 40% for in the low to middle range of system loads. The fan energy efficiency
increases to 50%, on average, only at the highest steam system loads (from 81.49 min~! to 83.00 min!).

The exergy power input (Equation (16)) and the exergy power output of the forced draft fan
(Equation (17)) are presented in Figure 8, for the observed range of steam system loads. During an
increase in the steam system load, both the exergy power input and output increase almost continuously.
When compared to the energy power input and output, which are in the scale of thousands of kW
(Figure 5), the exergy power input is up to 170 kW, while the exergy power output is lower than 100 kW.
The cause of this is in the values of air specific enthalpies (fan energy power input and output) and air
specific exergies (fan exergy power input and output). The air specific enthalpies are from 438.5 kJ/kg
(fan inlet) to 454.65 k]/kg (fan outlet) while the air specific exergies are from 0.32 kJ/kg (fan inlet) to
4.44 KJ/kg (fan outlet). The values of air specific exergy (at fan inlet and outlet) are small, but not zero,
because of how the ambient state was defined (Section 4.2.).
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Figure 8. Exergy power input and output of the forced draft fan with respect to the steam system load.

The lowest exergy power input of the forced draft fan is 85.8 kW and occurs for a propulsion
propeller speed of 0.00 min~!, while the highest fan exergy power input of 164.2 kW occurs at the
highest system load (83.00 min~!). The lowest values of exergy power input and output are obtained
for propeller speed of 0.00 min~!, while the highest values of exergy power input and output are
obtained for propeller speed of 83.00 min~!.The lowest exergy power output is 8.9 kW, while the
highest exergy power output is 91.6 kW. The exergy power output is not influenced by the electrical
drive power since it contains only the exergy power of the air flow stream (Equation (17)).

The highest variation in the fan exergy power input and output occurs between the propulsion
propeller speeds of 41.78 min~! and 56.65 min~!. The main reason for the sudden increase from
41.78 min~! to 53.50 min~" is a significant increase in the electrical drive power, from 111.93 kW to
121.25 kW. The exergy power input of the air flow stream increases by only 2.28 kW between these
two propeller speeds, mostly because the air mass flow rate increases from 11.09 kg/s to 12.75 kg/s
(Table 4). The increase in the air mass flow rate is the main reason for the fan exergy power output
increase between propeller speeds of 41.78 min~! and 53.50 min~!. However, it should be noted that
the air temperature increase at the fan outlet, which is from 45 °C to 50 °C, also influences the observed
increase in the fan exergy power output.

A notable decrease in the fan exergy power input is noticed from 53.50 min~! to 56.65 min~'. This is
mainly caused by the decrease of electrical drive power from 121.25 kW to 117.91 kW. Between these
two propeller speeds, the exergy power input of the air flow stream shows a decrease of 2.96 kW,
caused mostly by the decrease in air mass flow rate from 12.75 kg/s to 12.28 kg/s (Table 4). Between
propeller speeds of 53.50 min~!. and 56.65 min~!, the decrease in fan exergy power output is caused
by the decrease of air temperature at the fan outlet, from 50 °C to 44 °C, while the decrease of air mass
flow rate has an important, but not primary influence.

The exergy power loss (exergy destruction) of the forced draft fan represents the difference
between the exergy power input and exergy power output. From Figure 8, it can be seen that, in
general, the differences between the fan exergy power input and output decreases, during the increase
of the propeller speed (along with some deviations at lower steam system loads). Therefore, the
lowest exergy power loss (the lowest exergy destruction) is expected to occur at the highest propulsion
propeller speeds.

Similar to the energy power input, the exergy power input is also composed of two parts
(Equation (16)): the electrical drive power and the exergy power of the air flow stream. The shares of
electrical drive power and air flow exergy power in the exergy power input are presented in Figure 9,
for the entire range of observed steam system loads.



J. Mar. Sci. Eng. 2019, 7, 381 16 of 26

97.0 6.0
£ A [ Electrical drive power S
] 96.5 13 M M e = -~ Air flow stream | 155 o
§= N Iamnn 3
- s _ N e - £ _
25 960 ——HHHH A A A B =50 g3
ze £E
T - e g.
8L o955 o] 4 HHHHHAH A A HHH A H 45 @ €
L3 3=
£ 9 °© 3
o 2 =2
2 = [ N | S
T8 0] A ol o 40 38
/ WEAEE g :
s 94.5 1 l‘ — v A HHHHHHHHHHH s §
@ »

JdiunbHEo0HEHE0HEE0HHEHHEY,
P RRFIRR R
R S S

94.0 |_| L I_l LS S SO s S S S S S S S S S S S S — 3.0

&
4
Propulsion propeller speed (min'1)

Figure 9. The shares of electrical drive power and air flow stream in the exergy power input of the
forced draft fan.

From Figure 9, it can be clearly seen that the dominant share in the exergy power input is from the
electrical drive power (between 94.21% and 96.58%) for the entire range of steam system loads. Due to
the small values of air specific exergy at the fan inlet (between 0.32 kJ/kg and 1 kJ/kg), the exergy power
of the air flow stream represents a smaller share in exergy power input, from 3.42% to 5.79%.

At low propulsion propeller speeds (under 63.55 min~?), the shares of electrical drive power and
air flow exergy power in the fan exergy power input exhibit abrupt changes, which are caused by
the changes in the air mass flow rates. In the range of propulsion propeller speeds from 63.55 min~"
to 83.00 min~!, the share of air flow exergy power shows a continuous increase, while the share of
electrical drive power share shows a continuous decrease. Again, these trends are for the major part
influenced by the change in the air mass flow rate.

When comparing the shares of electrical drive power and air flow stream in the energy power
input (Figure 6) and exergy power input (Figure 9), it is clear that they are inversely proportional.
In the fan energy power input, the dominant share is from the air flow stream while in the fan exergy
power input, the dominant share is from the electrical drive power. The reasons for this inverse
proportionality are found in the values of air specific enthalpy (required for fan energy power input
calculation) and in the values of air specific exergy (required for fan exergy power input calculation).
The values of air specific enthalpy are much higher than the values of air specific exergy.

The exergy power loss or exergy destruction (Equation (18)) and the exergy efficiency of the forced
draft fan (Equation (19)) are presented in Figure 10 for the entire range of propulsion propeller speeds.

The exergy destruction depends primarily on the current of the induction motor and on the air
mass flow rate. For higher propulsion propeller speeds, the exergy destruction is also influenced by
the air pressure at the fan outlet (Table 4).

The highest exergy destruction of 107.3 kW occurs for propulsion propeller speed of 63.55 min~?,
while the lowest exergy destruction of 72.6 kW occurs for the highest propulsion propeller speed of
83.00 min~!. In the entire range of steam system loads, the average exergy destruction is 95.95 kW.

It is important to explain the decrease of exergy destruction in the range of propulsion propeller
speeds from 71.03 min~! to 83.00 min~!. In this load range, the air mass flow rate and the fan driving
power increase almost continuously. The air temperature and pressure at the fan inlet are constant in
that load range, while the air temperature at the fan outlet is almost constant, as reported in Table 4. The
term my-(e1 — €2) reduces the exergy destruction when the system load increases since the air pressure
at the fan outlet continuously increases. An exception occurs between propulsion propeller speeds
of 80.44 min~! and 81.49 min~! where the fan exergy destruction slightly increases. The continuous
increase of air pressure at the fan outlet, with almost constant air temperature, causes a continuous
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increase in the outlet air specific exergy. Along with the increase in air mass flow rate, the increase in
air specific exergy at the fan outlet causes the term m1-(e1 — €3) to increase faster than the fan driving
power, which reduces the fan exergy destruction (Equation (18)) in the range of propeller speeds from
71.03 min~! to 83.00 min~!.
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Figure 10. Exergy destruction and exergy efficiency of the forced draft fan with respect to the steam
system load.

In general, the exergy efficiency of a steam system component is inversely proportional to the
exergy destruction. An increase in exergy destruction results with a decrease in exergy efficiency
and vice versa. The change in exergy efficiency is directly proportional to the change of the air mass
flow rate and, therefore, directly proportional to change of fan driving power for all of the observed
steam system loads. An increase in the air mass flow rate leads to a simultaneous increase in the fan
driving power, which causes an increase in the fan exergy efficiency. Conversely, a decrease in the
air mass flow rate causes a decrease in the fan exergy efficiency. The lowest fan exergy efficiency is
5.10% and occurs for the lowest air mass flow rate of 4.80 kg/s (driving power 80.99 kW) when the
propulsion propeller speed is 0.00 min~?, at the steam system startup. The highest fan exergy efficiency
is 53.93% and occurs for the highest air mass flow rate of 20.60 kg/s (driving power 157.63 kW) when
the propulsion propeller speed is 83.00 min~!.

This direct dependence between the exergy efficiency and the air mass flow rate (or driving power)
is best seen between propulsion propeller speeds of 80.44 min~! and 82.88 min~!. Between propulsion
propeller speeds of 80.44 min~! and 81.49 min~" a slight decrease in the fan exergy efficiency (from
49.43% down to 49.06%) can be seen in Figure 10. This decrease occurs because the air mass flow
rate decreases from 20.23 kg/s to 20.11 kg/s, while the fan driving power decreases from 156.18 kW to
155.71 kW.

When the propulsion propeller speed increases from 81.49 min~! to 82.88 min~!, the fan exergy
efficiency increases from 49.06% to 52.54%. This is caused by the increase in the air mass flow rate from
20.11 kg/s to 20.50 kg/s, while the fan driving power increases from 155.71 kW to 157.25 kW.

It can be concluded that the highest fan exergy efficiency can be obtained for the highest air mass
flow rate and the highest fan driving power. A similar conclusion can be drawn for the fan energy
efficiency (Figure 7). From the viewpoint of energy and exergy efficiency, the forced draft fan is a
well-balanced device because, generally, the highest efficiencies are achieved for the highest steam
system load, where the major part of LNG carrier operation is expected.

Compared against similar fans used in land-based steam power plants [35,85], the analyzed
forced draft fan achieves significantly lower energy and exergy efficiency at the highest observed load.
Future research on forced draft fans for marine applications should be focused on the possibilities for
increasing its energy and exergy efficiency.
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In the energy and exergy analyses of land-based steam power plants, several authors investigated
on the influence of ambient temperature on the exergy destruction and exergy efficiency of steam
plant components. A change in ambient temperature has no influence on the energy power loss or
energy efficiency of the steam plant component [53]. Ahmadi and Toghraie [58], Aljundi [81], Kopac
and Hilalci [82] and Ameri et al. [86] investigated the influence of ambient temperature on several
land-based steam plant components. In general, they concluded that a change in ambient temperature
has a low impact on the exergy destruction and exergy efficiency of most components in steam power
plants. The only exception is the steam condenser, for which exergy destruction and exergy efficiency
showed that they are influenced by ambient temperature.

Orovi¢ et al. [59] found that heat exchangers used in steam power plants (not only steam
condensers) can be very sensitive to a change of ambient temperature, from the exergy aspect. For the
analyzed steam air heater, the authors found that an increase in ambient temperature of 10 °C reduces
the heat exchanger exergy efficiency by 5%, on average.

The general conclusion is that an increase in ambient temperature causes an increase in exergy
destruction and a decrease in exergy efficiency to most of the components in steam power plants. As a
general rule of thumb, a change in ambient temperature of 10 °C causes a change of 1% in the exergy
efficiency of the steam power plant component.

The influence of ambient temperature on the exergy destruction and exergy efficiency of the
analyzed forced fan draft is also studied in this paper.

The influence of ambient temperature on the exergy destruction of the forced draft fan is shown
in Figure 11. It can be noticed that, unlike other steam plant components, the forced draft fan exhibits a
different behavior in terms of exergy destruction with respect to the ambient temperature.
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Figure 11. Exergy destruction of the forced draft fan with respect to the ambient air temperature.

For low and middle propulsion propeller speeds (from 0.00 min~! to 74.59 min~'), the fan exergy
destruction increases with an increase in the ambient temperature. In this range of steam system
loads, the lowest fan exergy destruction is 75.85 kW and occurs for ambient temperature of 10 °C
(0.00 min~!). On the other hand, the highest fan exergy destruction is 108.53 kW and occurs for
ambient temperature of 40 °C (62.52 min~1). In this range of steam system loads, the average exergy
destructions are: 100.74 kW for ambient temperature of 10 °C and 102.20 kW for ambient temperature
of 40 °C. An increase in ambient temperature of 10 °C causes an increase of exergy destruction by
0.49 kW on average, in the range of low to middle steam system loads.

For high propulsion propeller speeds (from 76.56 min~! to 83.00 min~'), the change in exergy
destruction is very interesting. In this load range, fan exergy destruction decreases with an increase in
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ambient temperature, with the exception at propeller speed of 81.49 min~!. This is an unusual change
for most of steam plant components and must be explained in detail.

The fan exergy destruction is calculated from Equation (18). In this equation, for a given steam
system load and regardless of the ambient temperature, two terms remain constant: the air mass flow
rate and the fan driving power. When the ambient temperature changes, the air specific exergy at
the fan inlet and outlet also changes. Both of these two specific exergies achieve highest values for
the lowest ambient temperatures, at 10 °C. An increase in the ambient temperature causes a decrease
in both specific exergies. The rate of decrease in the specific exergies during the increase of ambient
temperature defines the change in the exergy destruction.

For low and middle propulsion propeller speeds (from 0.00 min~! to 74.59 min~!), an increase in
ambient temperature of 10 °C causes a decrease in air specific exergy at the fan outlet (¢;) larger than the
decrease in air specific exergy at the fan inlet (¢1). Therefore, from Equation (18), the term 11-(e1 — €2)
increases with an increase in ambient temperature, which leads to a larger exergy destruction, in the
range of propeller speeds between 0.00 min~! and 74.59 min~!.

At higher propulsion propeller speeds, from 76.56 min~! to 83.00 min~!, a different trend is
detected. An increase in ambient temperature of 10 °C causes a decrease in air specific exergy at the
fan outlet (e2) smaller than the decrease in air specific exergy at the fan inlet (¢1). Therefore, from
Equation (18), the term m11-(e1 — €2) decreases with an increase in ambient temperature, which leads to
a smaller exergy destruction, in the range of propeller speeds between 76.56 min~! and 83.00 min™'.
At high steam system loads, the only exception occurs at the propulsion propeller speed of 81.49 min~!
where an increase in ambient temperature leads to an increase in exergy destruction, same as in the
range of low to middle steam system loads.

In the range of high propeller speeds (from 76.56 min~! to 83.00 min~!), the average exergy
destruction is 82.10 kW at ambient temperature of 10 °C, while it is 81.37 kW at ambient temperature
of 40 °C. Thus, an increase in ambient temperature of 10 °C causes an average decrease of fan exergy
destruction by 0.25 kW.

For the analyzed forced draft fan, during a change in ambient temperature, the exergy efficiency
is inversely proportional to the exergy destruction, as shown in Figure 12.
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Figure 12. Exergy efficiency of the forced draft fan with respect to the ambient air temperature.

In the range of propulsion propeller speeds from 0.00 min~! to 74.59 min~!, an increase in ambient

temperature causes a decrease in the exergy efficiency of the forced draft fan. In this load range, the
lowest fan exergy efficiency is 3.86% and occurs for propulsion propeller speed of 0.00 min~' and
ambient temperature of 40 °C. On the other hand, the highest fan exergy efficiency is 32.15% and occurs
for propulsion propeller speed of 74.59 min~! and ambient temperature of 10 °C. In the range of low to
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middle steam system loads, the average exergy efficiency is 19.66% for ambient temperature of 10 °C
and 18.43% for ambient temperature of 40 °C. An increase in the ambient temperature of 10 °C causes
a decrease in the fan exergy efficiency by 0.41%, on average.

In the range of high steam system loads, between propulsion propeller speeds of 76.56 min~
and 83.00 min~!, an increase in ambient temperature causes an increase in the exergy efficiency for
almost all of the observed steam system loads. The lowest fan exergy efficiency is 38.12% and is
obtained for the propulsion propeller speed of 76.56 min~! and ambient temperature of 10 °C. On the
other hand, the highest fan exergy efficiency is 54.00% and is obtained for the propulsion propeller
speed of 83.00 min~! and ambient temperature of 40 °C. The average exergy efficiency is 46.86% when

1

ambient temperature is 10 °C and 47.33% when ambient temperature is 40 °C. An increase in ambient
temperature of 10 °C causes an increase in fan exergy efficiency by 0.16%, on average, in the range of
high steam system loads. The only exception is seen at the propulsion propeller speed of 81.49 min~!.

Therefore, it can be concluded that a change in ambient temperature does not have a significant
influence on the exergy efficiency of the forced draft fan. A change in ambient temperature of 10 °C

causes a change in fan exergy efficiency smaller than 0.5%, in the entire range of steam system loads.

7. Conclusions

This paper presented the energy and exergy analyses of a forced draft fan, used for the supply
of combustion air to the steam generator of a marine steam propulsion system which operates on a
conventional LNG carrier.

The forced draft fan is driven by an induction motor and the power delivered to the fan is
calculated using the manufacturer’s data. This was extended onto the entire range of observed
steam system loads. The power of the electrical drive depends on the alternating current delivered
to the induction motor and the driving power increases with an increase in the steam system load.
The increase in the power consumption of the forced draft fan leads to an immediate increase in the air
mass flow rate through the observed fan. The analyzed forced draft fan achieves well balanced energy
power inputs and outputs, which suggests low energy power losses. However, low energy power
losses do not result with high energy efficiency in the forced draft fan.

The most significant impact on the fan energy power loss is caused by the air temperature
difference between the fan outlet and inlet. The higher air temperature differences result in lower fan
energy power losses and vice versa. The lowest fan energy power loss is 44.4 kW, while the highest
energy power loss is 105.8 kW, for the observed range of steam system loads. The fan energy efficiency
exhibits behavior opposite to the fan energy power loss. When the fan energy power loss increases, the
energy efficiency simultaneously decreases and vice versa. In the observed range of steam system
loads, the fan energy efficiency is in the range from 19.9% to 63.4%. For the highest steam system load,
the fan energy efficiency is equal to 52.5%.

The electrical drive power presents a dominant share in the exergy power input of the forced
draft fan, while the exergy power of the air flow stream has a low share. The fan exergy power output
contains only the exergy power of the air flow stream and is not influenced by the electrical drive power.
The exergy destruction of the forced draft fan depends primarily on the electrical drive power and on
the air mass flow rate. At higher steam system loads, the fan exergy destruction is also influenced by
the air pressure at the fan outlet. The lowest fan exergy destruction is 72.6 kW, while the highest is
107.3 kW. The exergy efficiency of the analyzed forced draft fan is directly proportional to the air mass
flow rate and to the fan driving power. The lowest fan exergy efficiency is only 5.10% and occurs at
steam system startup, while the highest exergy efficiency is equal to 53.93% and occurs at the highest
steam system load.

The exergy destruction and the exergy efficiency of the forced draft fan with respect to ambient
temperature exhibit different behavior than most steam plant components. In the range of low to
middle steam system loads, an increase in ambient temperature causes an increase in fan exergy
destruction and a respective decrease in exergy efficiency. In the range of high steam system loads, an
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increase in ambient temperature causes a decrease in exergy destruction and an increase in exergy
efficiency. The reasons to these trends are found in the different rates of change in the air specific
exergy at the fan inlet and outlet, when a change occurs in the ambient temperature. The ambient
temperature does not have a significant impact on the exergy efficiency of the analyzed fan.

The analyzed forced draft fan, which operates in a marine steam propulsion system, achieves
significantly lower energy and exergy efficiencies when compared to similar fans in conventional
land-based steam power plants. Further research will be focused on the investigation of techniques
and possibilities for the improvement of the energy and exergy efficiency in marine forced draft fans,
especially for the highest loads, at which marine steam propulsion systems usually operate.
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Nomenclature

Abbreviations:

AC Alternating Current

CFD Computational Fluid Dynamics
DC Direct Current

LNG Liquefied Natural Gas

RMS Root-Mean-Square

SCR Selective Catalytic Reduction

Latin Symbols:

c velocity, m/s

E stream flow power, kW
g acceleration of gravity, m/s2
h specific enthalpy, kJ/kg

I current, A

m mass flow rate, kg/s or kg/h
p pressure, MPa or bar

P power, kW

PF power factor, -

Q heat transfer, kKW

s specific entropy, k]/kg-K
T temperature, °C or K

u voltage, V

Xheat heat exergy transfer, kKW
z elevation, m

Greek symbols:

€ specific exergy, kJ/kg

n efficiency, -

Subscripts:

0 ambient conditions

D destruction

em electrical motor

en energy
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ex exergy
i index of fluid flow stream
IN inlet (input)

OouT outlet (output)

PL power loss

Appendix A

Measuring equipment main characteristics and specifications
Propulsion propeller speed:

Table Al. Kyma Shaft Power Meter (KPM-PFS)—reproduced from [87].

Accuracy Absolute Relative
Torque <+0.5% <+0.5%
Thrust <+5.0% <*5.0%
Revolution <+0.1% <+0.1%
Driving power * < +0.5% <+0.5%

* Driving power is calculated from torque and revolutions.

Air mass flow rate-forced draft fan inlet and outlet:

Table A2. Yamatake JTD930A-Differential Pressure Transmitter—reproduced from [88].

Measuring Range: 35 kPa-700 kPa
Setting span: —100 kPa-700 kPa
Operating pressure range: 2.0 kPa-14 MPa

Air temperature- forced draft fan inlet and outlet:

Table A3. Greisinger GTF 401-Pt100-Immersion probe—reproduced from [89].

Measuring range: from —50 °C up to +400 °C
Response time: approx. 10s
Standard: DIN class B
Error ranges: + (0.30 + 0.00500) |Temp in °C]

Air pressure-forced draft fan inlet and outlet:

Table A4. Yamatake JTG940A-Pressure Transmitter—reproduced from [90].

Measuring range: 35 kPa-3500 kPa
Setting span: —100 kPa-3500 kPa
Operating pressure range: 2.0 kPa-3500 kPa

Forced draft fan electrical drive current:

Table A5. Fluke a3002 FC Wireless AC/DC Current Module—reproduced from [91].

Maximum AC: 600 A

Maximum DC: 1000 A

DC: 0.5% + 3 Digits
AC: 1% + 3 Digits

Operating temperature: from —10 °C up to +50 °C

Current accuracy:
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