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ABSTRACT

ARTICLE INFO

An energy and exergy analysis of the condensate pump from the marine steam propulsion system
during the condensate leakage between pump stages is presented in this paper. Measurements
from the steam propulsion system during exploitation were necessary for collecting all the data
for the condensate pump analysis. Due to condensate leakage inside the pump casing, the producer
specified condensate pressures at the pump outlet could not be obtained during the exploitation. Low
condensate pressure at the pump inlet and condensate temperature slightly above the atmospheric
significantly influences the pump exergy analysis. Increase in pump load resulted in an increase of
pump energy and exergy losses and efficiencies. In the observed load range during the leakage, pump
energy losses are between 19.88 kW and 24.78 kW, while pump energy efficiencies are between 11.12
% and 41.54 %. Pump exergy losses are slightly higher, while exergy efficiencies are slightly lower
when compared to energy losses and efficiencies. During normal operation, without leakage, the
pump energy efficiencies are from 5 % to 20 % higher in comparison with pump operation when the
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leakage occurs.

1 Introduction

Diesel engines have a dominant role in marine pro-
pulsion if the entire world fleet is taken into account.
Nowadays, a typical ship main engine room consists of
one two-stroke slow speed diesel engine for the propul-
sion [1] and [2], while several four-stroke middle speed or
fast speed diesel engines are used for electricity produc-
tion [3]. The correct configuration of the propulsion sys-
tem installed in the main engine room of each individual
ship depends on a number of factors. In order to reduce
harmful emissions from marine diesel engines (especial-
ly from two-stroke diesel engines which consume a sig-
nificant amount of heavy fuel oil), new engine operation
techniques have been developed, [4] and [5], with simulta-
neous usage of additives in heavy fuel oil [6].

Marine steam propulsion systems are only slightly
present in the entire world fleet, but still they are domi-
nant propulsion systems of LNG (Liquefied Natural Gas)
carriers [7] due to specificity of LNG carrier operation
and transported cargo. New systems for LNG carrier

propulsion, partially based on steam turbines, are today
under the development [8]. Such propulsion systems
are very complex, so they require proper power man-
agement systems [9], decision support systems (usually
multi-objective) [10] as well as appropriate maintenance
systems [11]. Improvements on LNG carriers do not in-
clude only the propulsion system, but they also include
optimal manipulation and management of the transport-
ed cargo [12].

The general scheme of a marine steam propulsion sys-
tem is presented in Fig. 1[13]. Such propulsion system
usually consists of two mirror-oriented boilers to ensure
continuous superheated steam production. Each marine
steam boiler has an air heater before air entrance into the
boiler furnace [14]. Air heating in marine steam boilers
is ensured with a small part of the produced superheated
steam, because the flue gases from marine steam boilers
do not have sufficient temperature for such heating pur-
poses, unlike air heaters from conventional land-based
steam power plants, [15] and [16].
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Fig. 1 General scheme of marine steam propulsion system [13]
1 - Main boilers, 2 - Propulsion turbine, 3 - Main condenser, 4 - Deaerator, 5 - Turbogenerators, 6 - Feed pumps, 7 - Low-pressure feed water heater,
8 - Gland steam condenser, 9 - Atmospheric drain tank, 10 - High-pressure bleed, 11 - Main condensate pumps

After the steam expansion in the main steam turbine,
steam is led to the main condenser. The main condenser
operation greatly differs if compared with steam condens-
ers from conventional land-based power plants [17]. At a
certain ship speed, cooling sea water is delivered to the
main condenser by the scoop system (sea accumulation
system) and pumps are not used in such main condenser
operation regime. After steam condenses in the main con-
denser, generated condensate is taken by the condensate
pump and delivered to the deaerator through the low-
pressure condensate heating system.

Low-pressure condensate heating system consists of
sealing steam condenser which collects steam omitted at
outer labyrinth seals of all turbines installed in the marine
propulsion system and uses that steam for condensate
heating [18]. Additional condensate heating in the low-
pressure heating system is ensured with one or more con-
densate heaters [19].

Deaerator divides condensate/feed water heating sys-
tem in the low-pressure and high-pressure part. The de-
aerator has two main functions: the first is condensate
heating [20] and the second is dissolved gases removal
from the condensate with the aim of pipeline corrosion
reduction. Between the deaerator and steam boilers one
or more high-pressure feed water heaters can be found,
which ensure additional feed water heating before its en-
trance into the steam boilers [21]. The feed water pressure
increase and delivery from the deaerator to the boilers is
ensured with the main feed water pumps.

In the marine steam propulsion system, a number of
pressure reduction valves can be found [22] which are
used for operating medium pressure reduction as well as
regulation and control valves.

Auxiliary steam turbines are two parallel operating
turbo-generators which ensure the continuous electricity
production [23]. Another auxiliary steam turbine in the
marine steam propulsion system is usually a low power
steam turbine for the main feed water pump drive. Such
low power steam turbines do not reach their maximum
efficiencies at the highest load (unlike high power steam
turbines) - the highest efficiencies of such low power
steam turbines are reached at 70 % - 80 % of maximum
load, [24] and [25].

2 Analyzed Condensate Pump Characteristics
and Producer Test Data for Overall Efficiency

As presented in Fig. 1, the condensate pump takes the
condensate from the main condenser and increases its
pressure. The condensate with the increased pressure is
then delivered to the low-pressure condensate heating
system. The condensate pump can be considered as heavy-
duty pump because the condensate from the main con-
denser has a very low pressure (usually 92 - 97 % under
the atmospheric pressure). Therefore, the high efficiency
of such a pump cannot be expected. The steam propulsion
system at any ship has usually two identical parallel con-
nected condensate pumps. One pump is in operation while
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the other one is a spare pump on stand-by mode. If any
significant problem or damage during normal operation of
the condensate pump occurs, the condensate flow can be
easily switched to another pump while the damaged pump
can be repaired by the crew (or replaced by another new
pump). The propulsion system of the analyzed LNG carrier
has also another identical spare condensate pump.

The scheme and required operating points for the con-
densate pump energy and exergy analysis are presented
in Fig. 2. The operating point 1 represents a low-pressure
condensate stream from the main condenser while the
operating point 2 represents a condensate stream at
the pump outlet with significantly increased pressure.
Unavoidable parameter for the condensate pump energy
and exergy analysis is also the pump driving power (Pp)
which is delivered to the condensate pump from the elec-
tric motor (EM). The electric motor is directly connected
to the pump driving shaft, so the mechanical losses during
power transmission can be neglected.

From the main
condenser

EM CcP

2

To low-pressure
condensate heating
system

Fig. 2 Scheme and required operating points for condensate pump energy
and exergy analysis (EM = Electric Motor; CP = Condensate Pump)

Main particulars of the analyzed centrifugal conden-
sate pump along with general specifications of the electric
motor for pump drive are presented in Table 1. The con-
densate pump operates in a steam propulsion system on
board a conventional LNG carrier. On board that LNG car-
rier, during ship exploitation, measurements of required
operating parameters for the condensate pump proper en-
ergy and exergy analysis have been performed.

The producer of the analyzed centrifugal condensate
pump in [27] has presented a diagram of the change in
the pump overall efficiency in regard to the condensate
volume flow at the pump inlet. The diagram has been digi-
tized and the change in the pump overall efficiency is pre-
sented in Table 2 for different condensate volume flows.
Table 2 shows that the pump overall efficiency increases
up to the condensate volume flow of 130.4 m3/h (vol-
ume flow over the design point - Table 1), after which the
pump overall efficiency decreases.

Table 1 Particulars of the analyzed centrifugal condensate pump and
driving electric motor [26]

Design data
Pump model EVZ130M
Pump type Centrifugal
No. of stages 2
Volume flow 110 m®*/h
Total head 95 m
Suction head Vacuum
Pumping liquid Condensate
Liquid temperature 33°C
Hydraulic test 1.9 MPa
Pump weight 590 kg
Pump casing thickness 10 mm
Water filled in pump casing 48 kg
Electric motor synchronous speed 1800 min?
Electric motor max. power 55 kW

Table 2 Producer overall efficiency of the analyzed centrifugal condensate
pump [27]

Condensate volume flow Overall efficiency

(m°/h) (%)
5.0 7.0
10.0 14.0
15.0 20.0
20.0 25.0
25.0 30.0
30.0 35.0
35.0 39.0
40.0 43.0
45.0 46.0
50.0 48.0
55.0 51.0
65.0 56.0
70.0 58.0
75.0 59.0
80.0 60.0
90.0 62.0
130.4 64.7
137.1 63.6

The same values from Table 2 are approximated with
6" degree polynomial for a faster calculation of the ana-
lyzed pump overall efficiency according to the producer
specifications:

Mppp(V) = -3.982 10711 V0 + 1.522119 - 10 - V5 -
~2.19704579 - 106 - V* + 1.7969357 - 10+ - V3 -

- 1.6328063 - 102 V2 + 1.5394097 - V - (1)
- 0.0881948
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In equation (1), the condensate volume flow at the
pump inlet Vmust be inserted in (m3/h) to obtain efficien-
CY Nppe In (%). Equation (1) will be used for the compari-
son of the condensate pump energy efficiencies at various
loads obtained by this analysis with overall efficiencies
specified by the producer.

3 Energy and Exergy Analysis
3.1 Energy and Exergy Analysis of Any Control Volume

For any control volume (or the entire observed sys-
tem), the same overall equations for the energy and exergy
analysis can be set up. The first law of thermodynamics
defines energy analysis [28]. Energy analysis of any sys-
tem or control volume is related to the conservation of en-
ergy [29]. Mass and energy balance equations for a control
volume in steady state can be expressed according to [30]
and [31] by equations:

me = ZmOUT (2)

2
. . C .
Qv + Py +Zm1N'{h+2+g'ZJ =Qouyr *
IN

22 (3)
+ Pour + X Moyt -(h+2+g-zJ
ouT

The cumulative energy flow for any fluid stream should
be calculated according to [14] as:
£ =r-h (4)

€

A general equation for energy efficiency of any system
or control volume is [32]:

_ Energyoutput

(5)

" Energyinput

From the second law of thermodynamics, the defini-
tion of exergy analysis can be derived [33]. The main ex-
ergy balance equation according to [24] and [34] can be
defined as:

mm-@m+&m=zoﬁf%m+p+EmL (6)

The exergy transfer by heat (X
is defined as [35]:

hea) At the temperature T

Knea= 3 0-2)-G )

According to [36] and [37], specific exergy of any fluid
stream can be defined by the following equation:

e=(h-h)-T, (s-s,) (8)
The cumulative exergy flow for any fluid stream can be

expressed according to [38] and [39] with the following
equation:

E =m-e=m-[(h-h)-T, (s-s,)] (9)

Exergy efficiency in the most cases (for any system or
control volume) can be defined as [40]:

_ Exergy output (10)

" Exergyinput
These governing equations, from equation (2) to equa-
tion (10), have been used in the condensate pump energy

and exergy analysis.

3.2 Condensate Pump Energy and Exergy Analysis

Equations for the condensate pump energy and ex-
ergy analysis will be presented in accordance with the
pump operating points from Fig. 2. The required specific
enthalpies, specific entropies and specific exergies as well
as other condensate thermodynamic properties have been
calculated from the measured condensate pressures and
temperatures at the pump inlet and outlet for each load by
using the NIST REFPROP 9.0 software [41].

Pump exergy analysis depends on the conditions of
the ambient in which the pump (or any other control vol-
ume) operates. Measurements during LNG carrier exploi-
tation have been performed during the following ambient
conditions:

- Ambient pressure: p,= 0.1 MPa =1 bar,
- Ambient temperature: T,=25°C=298.15K.
For the analyzed condensate pump - mass, energy and
exergy balances are (according to Fig. 2):
Mass balance:

m, =m, (11)
Energy balance:
- Energy power input (from condensate flow only):
=m, h (12)

en,IN,con

- Energy power input (cumulative energy power input):

en,IN,cum = ml ' hl + Pp [13)
- Energy power output:
Een,OUT = mz ’ hZ (14)
- Energy loss (energy power loss):
Een,L = Een,IN,cum - Een,OUT = n:ll ’ hl + Pp - th ’ hZ (15)
- Energy efficiency [42]:
E -E my-hy—my-h
Hen = en,0UT - en,IN, con L) 2P 1™ (16)
P p
Exergy balance:
- Exergy power input (from condensate flow only):
. ex,IN,con = ml ’ gl (17)

- Exergy power input (cumulative exergy power input):

=m, g +P (18)

ex,IN,cum
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- Exergy power output:

Eour = m, ", (19)
- Exergy loss (exergy power loss):
Eex,L = Eex,IN,cum - Eex,OUT = ml ’ Sl + Pp - mz ’ EZ (20)
- Exergy efficiency [43]:
Hey = Eex,OUT ;Eex,IN,con _ mz : 52P_ rhl' & (21)
P P

4 Measurement Results and Measuring
Equipment

Measurements of the required operating parameters
have been performed during the steam propulsion sys-
tem exploitation. Measured and calculated values for the
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condensate at the analyzed pump inlet and outlet are pre-
sented in Table 3. Measured values at the pump inlet are
condensate temperature, pressure and mass flow. By us-
ing the measured data for the condensate at the pump in-
let, the condensate density has been calculated with NIST
REFPROP 9.0 software [41] and from the condensate den-
sity the volume flow has been calculated. The reason for
the condensate inlet volume flow calculation has been its
usage in equation (1), in order to compare the results of
the pump energy efficiency change obtained by this analy-
sis with the producer test data.

The condensate temperature and condensate pressure
have been measured at the pump outlet. Any pump, as well
as the condensate pump, increases liquid temperature, but
for a small value. On the other side, an increase in liquid
(in this analysis condensate) pressure is considerable.
The condensate pressure at the pump outlet in all pump
operating regimes, presented in Table 3, has been around

Table 3 Measured and calculated values for condensate at analyzed pump inlet and outlet

Pump load CONDENSATE INLET (1**) CONDENSATE OUTLET (2*¥)
PS.L.* (%) Temperature Pressure | Mass flow | Density | Volume flow | Temperature Pressure
Q) (MPa) (kg/h) (kg/m?) (m*/h) Q) (MPa)
1 10.93 36.81 0.006224 11943 993.36 12.02 36.83
2 26.42 34.26 0.005408 28899 994.24 29.07 34.28
3 29.40 33.27 0.005118 32168 994.57 32.34 33.29
4 26.88 32.48 0.004895 29412 994.83 29.56 32.50
5 40.39 33.23 0.005105 44191 994.59 44.43 33.25
6 33.42 30.00 0.004250 36604 995.61 36.77 30.01
7 41.86 30.10 0.004276 45847 995.57 46.05 30.12
8 41.45 30.26 0.004316 45391 995.53 45.59 30.28
9 44.25 31.05 0.004513 48451 995.29 48.68 31.06
10 46.34 28.60 0.003921 50771 996.02 50.97 28.62
11 47.81 28.77 0.003961 52384 995.97 52.60 28.79
12 50.63 29.11 0.004039 55459 995.87 55.69 29.13
13 49.82 29.11 0.004039 54571 995.87 54.80 29.13 0.75%**
14 51.10 28.83 0.003974 55985 995.95 56.21 28.85
15 52.52 28.83 0.003974 57536 995.95 57.77 28.85
16 53.09 28.89 0.003987 58158 995.94 58.40 28.90
17 57.87 29.28 0.004079 63386 995.82 63.65 29.30
18 59.71 29.45 0.004118 65403 995.77 65.68 29.47
19 64.10 29.78 0.004197 70204 995.67 70.51 29.80
20 69.62 29.89 0.004224 76248 995.64 76.58 29.90
21 68.65 30.32 0.004329 75179 995.51 75.52 30.33
22 72.70 34.69 0.005539 79498 994.10 79.97 34.71
23 73.26 34.56 0.005500 80114 994.14 80.59 34.58
24 76.11 34.78 0.005566 83221 994.07 83.72 34.80
25 77.30 3491 0.005605 84524 994.02 85.03 34.92

* PS.L. = Propulsion System Load (1 = the lowest load; 25 = the highest load)

** Condensate streams numeration refers to Fig. 2.

*** Pressure at the pump outlet is not always constant (differences have been at the third or fourth decimal place). Such differences cause negligible
changes in the condensate specific enthalpy or specific exergy at the pump outlet for each operating point, therefore only the basic value is specified.




I. Poljak et al. / Scientific Journal of Maritime Research 32 (2018) 268-280 273

Table 4 Measuring equipment used for the condensate pump analysis

Position Measured parameter Measurement equipment
Temperature Greisinger GTF 401-Pt100 - Immersion probe [44]
Pump Inlet Pressure Yamatake JTG940A - Pressure transmitter [45]
Mass flow Promass 80F - Coriolis mass flow measuring system [46]
Temperature Greisinger GTF 401-Pt100 - Immersion probe [44]
Pump Outlet -
Pressure Yamatake JTG960A - Pressure transmitter [45]

0.75 MPa (7.5 bar). Small changes in the condensate outlet
pressure, which are not presented in Table 3, have caused
a negligible change in the condensate specific enthalpies
and specific exergies at the pump outlet necessary for the
energy and exergy analysis. During the measurements,
there has been no condensate leakage outside the pump
casing, so the outlet condensate mass flow remains the
same as the inlet one, for any operating point.

Table 3 is designed according to the propulsion system
load - from the lowest to the highest propulsion system
load. The condensate pump load is calculated as a ratio
of the current and design condensate volume flow (de-
sign condensate volume flow is 110 m3/h - Table 1). As
it can be seen, pump load generally increases during the
increase in the steam system load, but that increase is not
directly proportional. For example, an increase in the pro-
pulsion system load from point 5 to point 6 has resulted in
a decrease in the condensate pump load from 40.39 % to
33.42 %, Table 3. Regardless of this fact, figures from Fig. 3
to Fig. 10 are prepared and presented by using data for the
condensate pump load from Table 3.

All the measured results have been obtained by using
the measuring equipment installed in the main engine
room on board the conventional LNG carrier with steam
propulsion. This equipment is used by a ship engine crew
for regulation and proper management of the entire pro-
pulsion system. The measurement equipment used in the
analysis is listed in Table 4.

The last operating parameter required for the proper
condensate pump energy and exergy analysis is the pump
driving power, which is delivered to the pump by an elec-
tric motor. The most important specifications of the elec-
tric motor for the analyzed pump drive are presented in
Table 1. The electric motor current is measured for each
observed condensate pump load by using the standard
ship current measuring equipment [47]. The electric mo-
tor power factor (cos ¢) is equal to 0.941, while the elec-
tric motor voltage is 440 V [27]. By knowing these data,
according to [48] and [49], the power delivered from
the electric motor to the condensate pump (pump driv-
ing power - Pp) can be calculated by using the following
equation:

P =\3:1-U-cos¢ (22)
where current I should be placed in (A) and voltage U
should be placed in (V) to obtain the condensate pump
driving power P in (W).

The electric motor measured current and calculated
condensate pump driving power in relation to the pump
load are presented in Fig. 3. It can be generally concluded,
from Fig. 3, that the increase in the condensate pump load
causes a continuous increase in the electric motor current
and produced driving power (along with some smaller
deviations from this conclusion, which are usual for real
driving conditions during exploitation).

5 Results of the Energy and Exergy Analysis for
the Condensate Pump with Discussion

The condensate pump cumulative energy power input
must be higher at each pump load when compared to the
energy power output, Fig. 4. Trend lines presented in Fig.
4 show that both cumulative pump energy power input
and output continuously increase during the increase in
the pump load.

At the lowest observed pump load of 10.93 %, the cu-
mulative energy power input is 533.89 kW, while at the
same load energy power output it is equal to 514.01 kW.
At the highest observed pump load, the cumulative energy
power input is equal to 3475.94 kW, while the pump en-
ergy power output is 3451.16 kW, Fig. 4.

The highest observed condensate pump load during
measurements has been 77.30 % (the condensate volume
flow at pump inlet has been 77.30 % of the design volume
flow - Table 1). During the LNG carrier exploitation (when
the measurements have been performed), a greater vol-
ume flow through the condensate pump has not been re-
quired and, therefore, the pump could not be tested at the
design or maximum volume flow.

As presented in equation (13), the cumulative conden-
sate pump energy power input consists of the condensate
energy power input (energy amount which the conden-
sate from the main condenser brings into the pump) and
of the driving power delivered to the pump by an electric
motor. It is interesting to investigate and present shares of
these two cumulative energy power input components for
each observed pump load, Fig. 5.

Fig. 5 clearly shows that, for the analyzed condensate
pump, the majority of the cumulative energy power input
refers to the condensate energy power input, while only
a small amount of the cumulative energy power input is
brought to the pump by an electric motor through the de-
livered power. This conclusion is valid for each observed
condensate pump load. The increase in the condensate



I. Poljak et al. / Scientific Journal of Maritime Research 32 (2018) 268-280

274

(M) 4emod Buiauap dwnd ajesuspuo)d

=) 0 =) 0 o 0 =)
- © =3 & I - - ) o

7 MMMMIMTEEEEEEOEOEOERER

41.90 42.39)

EZAANNHHHHHIEMEEDDSDDOSG g

40.51 40,74

EZAMMMHHIHHIHHHNIITHHITI g
I O,y

35.06

m%////////////////%f%//////%///////////ﬂ

33.47

m%/,,/////////////r/////////////////////%»/////

33.29

O,sssrEEEEy

a

32.84
8

: MM M T Y

3243

Z

AN

456 g5p 45

32.68

7
|
é
|
7
|
|
|
|
U
|
|

31.82

31.38

my////////////////////V///////////////%

30.75

E MM

30.07

g
EZ MMM
: I ..

BTN

n

=3 w0 £ 0
I @ A ~

2 0
" <

60 1
55 +

(V) Jua1no Jojow 21439313

5.

@v

U R AR T WL N
o (N o @ e AN N
LIPS S

R R R S S T TR S S .
LI LS P N P SO S S S SN D
A S G S

Condensate pump load (%)

4500

(A1) Indino Jeamod ABiaug

4000

g g 8 o

g 8 & 2 §
®

K

2 4
g

s

£ +
7 =

5 3 4
a5

£ °

3 T
33

a o T
-

22

s 3 +
2 2

w ow

i 1

u <

=3 E=3 =
2 ]
2 2
B

3000
2500
2000 +
1500 +
1000

(A1) @anenwno-indul samod ABiauzg

H
7

%,

A N S v 5 S ,fa
S A A o o’ A
LA A G o

e“"';b 6?’@

IR
k) @’ @ ~
[N S

LN o
® Y e

S P P P P
L Ly ) L
ST @7 P e BT

Condensate pump load (%)

Fig. 3 Change in the measured electric motor current and calculated condensate pump driving power during the increase in the pump load

Fig. 4 Change in the condensate pump cumulative energy power input and energy power output during the increase in the pump load
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Fig. 5 Change in the shares of the condensate energy power input and driving power in the pump cumulative energy power input during the increase

in the pump load

be also interesting to carry out research on this distribu-

pump load has resulted with the fact that the share of the
driving power in the cumulative pump energy power in-

tion of the condensate pump cumulative exergy power in-

put, at each observed pump load, and compare it with the

obtained conclusions for the energy input.

put decreases (from 4.19 % at the lowest to the 1.22 %

at the highest observed pump load). Therefore, it can be

Similar to the cumulative energy power input and out-
put, the condensate pump cumulative exergy power input
and output continuously increases during the increase in

concluded that the cumulative pump energy power input

is not equally distributed on its constituent components -

the condensate energy amount is the dominant one. It will
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the pump load, Fig. 6. From the lowest to the highest ob-
served pump load (from 10.93 % to 77.30 %), the cumula-
tive pump exergy power input increases from 25.22 kW to
55.96 kW, while in the same pump load range the exergy
power output increases from 5.33 kW to 31.15 kW. As for
the energy cumulative power input and output, the same
conclusion is valid for the cumulative exergy power input
and output of the analyzed pump - the pump cumulative
exergy power input must be higher at each observed load
in comparison with the pump exergy power output, Fig. 6.

The comparison of Fig. 4 and Fig. 6 leads to the conclu-
sion that trends in cumulative energy and exergy power
inputs and outputs, during the increase in the pump load,
are the same. The notable difference is that cumulative ex-
ergy power inputs and outputs have a much lower value in
comparison with the cumulative energy power inputs and
outputs. Such small values of the condensate pump exergy
inputs and outputs can be easily explained by the fact that
condensate temperatures at the pump inlet and outlet, for
each pump load, are very close to the ambient tempera-
ture (and simultaneously, the condensate pressure at the
pump inlet is considerably below the atmospheric one -
Table 3).

Equation (18) presents that the cumulative exergy
power input of the analyzed condensate pump consists of
two parts (identical to the cumulative energy power in-
put) - the first part is the condensate exergy power input
(exergy brought to the pump by the condensate flow at the
pump inlet) and the second part is the pump driving pow-
er delivered by an electric motor. Due to low pressures of
the condensate at the pump inlet (condensate is delivered
to the pump at main condenser pressure), the conden-
sate exergy power input has extremely low values, Fig. 7.
In some pump operating regimes, the condensate exergy
power input is a bit above zero (pump loads between
46.34 % and 57.87 %), while it reaches values over 10 kW
only at the highest observed condensate pump loads, Fig.
7. The dominant part of the cumulative exergy power in-
put at each load of the analyzed condensate pump is driv-
ing power delivered from the electric motor.

The comparison of Fig. 5 and Fig. 7 presents one of the
main differences of the condensate pump energy and ex-
ergy analysis. As it can be seen from Fig. 5 - low pressure
of condensate at the pump inlet has a very small impact on
the energy content of the condensate, so the condensate
energy is the dominant part of the pump cumulative en-
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ergy power input. Low pressure (and simultaneous tem-
perature only slightly above the ambient temperature) of
the condensate at the pump inlet significantly influences
the condensate exergy content and its values are extreme-
ly low. So, in the cumulative exergy power input of the ana-
lyzed condensate pump, the power delivered to the pump
by an electric motor has a dominant role.

The increase in the steam system (or any steam sys-
tem component) load leads to the increase in energy and
exergy power losses of the whole system and the most
of the system components [50]. This conclusion is valid
for any steam system or steam power plant, and not for
marine steam propulsion systems only. The same trend
can be seen for the analyzed condensate pump, Fig. 8,
because the increase in the condensate pump load has
resulted in the continuous increase in pump energy and
exergy losses.

From the lowest to the highest observed condensate
pump load, energy losses increase from 19.88 kW up
to 24.78 kW, while in the same pump load range exergy
losses also increase from 19.89 kW up to 24.81 kW. At
each condensate pump load, energy losses are lower in
comparison to exergy losses, but the differences between
those two losses are small - even at the highest observed
condensate pump loads.

The condensate pump energy and exergy efficiencies
during the increase in the pump load have the same trend
as the pump energy and exergy losses. In Fig. 9, it can be
seen that the increase in the pump load has resulted in a
continuous increase in the pump energy and exergy effi-
ciencies. The sharpest increase in both efficiencies can be
observed at lower pump loads - from the middle to the
highest pump loads, the increase in both efficiencies is still
consistent, but not as sharp as at lower loads.

In the observed pump load range, the energy efficien-
cy increases from 11.12 % (pump load of 10.93 %) up to
41.54 % (the highest observed pump load of 77.30 %).
The pump exergy efficiency in the same load range in-
creases from 11.10 % (load of 10.93 %) to 41.47 % (load
of 77.30 %). It can be concluded that, for each condensate
pump load, the pump energy efficiency has a higher val-
ue when compared to the pump exergy efficiency due to
slightly lower energy power losses at each observed pump
load - Fig. 8.

As expected, the highest condensate pump efficiencies
have been obtained at the highest pump load where the
majority of pump (and entire steam system) operations
can be expected.

Finally, the authors have compared the results of the
change in the condensate pump energy efficiencies ob-
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tained by this analysis (according to real measured op-
erating parameters) with the producer specified overall
pump efficiency from Table 2. For a faster calculation of
the producer overall efficiency, the developed 6™ degree
polynomial has been used - equation (1). The expectation
of the authors has been that those two efficiencies will dif-
fer in the range from 2 to 4 %, because efficiency of any
steam system component during exploitation is usually
lower when compared to the producer specifications [51].
A comparison of both efficiencies for each observed con-
densate pump load is presented in Fig. 10.

As it can be seen from Fig. 10, the similar shape of
the condensate pump energy efficiency curve has been
obtained during the increase in the pump load. The dif-
ference is that the analysis has shown much lower efficien-
cies than the producer has specified. The difference in the
calculated pump energy efficiency and producer overall
efficiency increases during the increase in the pump load
- from 5.21 % at the lowest to 19.44 % at the highest ob-
served pump load. Such energy efficiency differences are
surely not the expectable ones, so all the calculations have
been made again and the same results have been obtained.

A detailed insight into the analyzed pump producer
specifications have shown that, in the observed operating
range, for the observed condensate volume flows at the
pump inlet - the condensate pressure at the pump outlet
should be between 1.05 MPa and 1.1 MPa [27] (the meas-
ured condensate pressure at the pump outlet has been
around 0.75 MPa - Table 3). Since no leakage of the con-
densate has been detected outside the pump casing, the
only remaining possibility has been to change over pumps
and start the identical stand-by spare condensate pump.
After the change over, the analyzed pump casing has been
opened and examined for possible reasons of such an un-
expected reduction in the condensate outlet pressure.

The reason for the condensate outlet pressure reduc-
tion has been found very fast - a hole in the pump casing
has been found at the second stage inlet, Fig. 11. Through
this hole, one part of the condensate has returned back to
the intake of the first stage of the pump. An unexpected
condensate circulation between the pump stages has re-

sulted in a noticeable condensate outlet pressure drop,
with no condensate leakage outside the pump casing to
the main engine room.

At the end of this research, the authors have made the
energy and exergy analysis of the condensate pump for the
third time. It has been assumed that, in a usual operating
regime, the pump will operate with the same operating
parameters as presented in the paper, but outlet pressure
has been set to 1.1 MPa. The third calculation of the pump
energy efficiencies for all observed pump loads presented
in this paper, has shown much higher energy efficiency
values, especially at the highest observed loads. The com-
parison of the calculated pump energy efficiencies with
the pump producer overall efficiencies at the end of the
third calculation has resulted in the differences ranging
from 1 to 3 %.

Condensate outlet

; or .
Pump impeller 2nd \n'omthr.‘ pump

stage

The hole in the
-] pump casing

Condensate inlet to
Pump the pump

impeller Ist

Fig. 11 Cross-section of the analyzed condensate pump with marked
hole position in the pump casing at the inlet of the 2" stage impeller
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6 Conclusions

In this paper, the energy and exergy analysis of the
condensate pump during the condensate leakage between
pump stages has been presented. The analyzed conden-
sate pump is one of the essential components of the steam
propulsion system on board the conventional LNG carrier.
Based on the pump measurement results obtained dur-
ing exploitation at various loads, a complete energy and
exergy analysis has been performed. Numerical analysis
results have been compared with the pump producer test
data and discrepancies have been obtained. This has been
the reason to stop and examine the internal elements of
the pump. The hole in the pump casing at the second stage
inlet has been the reason of the condensate leakage inside
the pump. During this failure, the pump has not been able
to deliver the condensate at the producer specified pres-
sures. The main conclusions from the provided analysis
during the pump internal leakage are:

- Condensate pump cumulative energy and exergy pow-
er inputs and outputs continuously increases during
the increase in the pump load,

- Cumulative energy power input into the pump is the
most dependable on the condensate energy flow,

- Cumulative exergy power input into the pump is the
most dependable on the pump driving power delivered
by an electric motor,

- Low condensate pressure at the pump inlet and con-
densate temperature slightly above the atmospheric
significantly influence the pump exergy analysis,

- Increase in the pump load has resulted in an increase
of the pump energy and exergy losses and efficiencies,

- For the observed pump loads, the range of the pump
energy losses during the pump leakage have been be-
tween 19.88 kW and 24.78 kW, while the exergy losses
have been slightly higher,

- The range of the pump energy efficiencies for the ob-
served pump loads and during the pump leakage has
been between 11.12 % and 41.54 %, while the exergy
efficiencies have been slightly lower,

- A pump outlet pressure increase in the mathematical
model, with other operating parameters remaining the
same as presented, has resulted in a pump efficiency
change as to the producer specification,

- During the normal operation, without leakage, the
pump energy efficiencies range from 16 % up to 61 %
at the observed loads.

All the main conclusions obtained by this analysis dur-
ing the condensate leakage between pump stages have
been valid also during the pump normal operation, with-
out any leakage. The difference has been only in the values
of energy and exergy inputs and outputs, losses and effi-
ciencies at each observed pump load.
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Nomenclature

Latin symbols: Greek symbols:

c velocity, m/s £ specific exergy, k] /kg

E ls(;l;/eam flow power, p density, kg/m?
acceleration of gravity, . o

g m/s? n efficiency, %

h ls(ﬁ)/elggﬁc enthalpy, ® power factor; -

1 current, A

m mass flow, kg/h Subscripts:

p pressure, MPa or bar 0 ambient state

P power, kW con condensate

Q heat amount, kW cum cumulative

s specific entropy, en energy
kJ/kg-K ex exergy

T temperature, K or °C IN input (inlet)

U voltage, V L loss

: condensate volume

14 flow, m*/h ouT output (outlet)

. heat exergy transfer,
X kW & p pump
z elevation, m PPE P“m.p Producer
Efficiency
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