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Abstract: In this paper is performed energy analysis of the whole low power steam turbine as well as energy analysis of all the turbine
segments. Analysis of the whole turbine resulted with energy loss of 14642.48 kW and energy efficiency of 75.01%, what is in range with
similar comparable low power steam turbines. Energy analysis of the turbine segments presents a different conclusion than the energy
analysis of the whole turbine. The fifth turbine segment (S5) has unacceptable high energy loss and unacceptable low energy efficiency
(energy loss of 6785.93 kW and energy efficiency of 26.87%), so it should be repaired as soon as possible. This comparison sh ow that proper
energy analysis of turbine parts (segments) can detect the precise location of the problems during the turbine operation. Such analysis can
be very helpful for the engineers because it allows detection not only the problematic components in the power plant, but also allows

detection of the problematic parts of a component.
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1. Introduction

The most of electric power worldwide is produced by steam
turbines. For the high power steam turbines, which are constituent
parts of many various power plants, the dominant function is to
transform high amount of mechanical energy into the electric
energy [1-3]. Nowadays, mentioned high power steam turbines are
composed of several cylinders, while each cylinder consists of
many turbine stages [4, 5].

Low power steam turbines, in comparison to high power ones,
are not so dominantly used worldwide. However, they have its
functions in many systems, plants and processes. They can be found
on ships for propulsion or for electric power production [6-8], in
cogeneration power plants [9], in many processes for driving of
various pumps or compressors [10, 11], in many industrial and
complex power plants [12], etc.

In this paper is performed energy analysis of one selected low
power steam turbine. Firstly was performed energy analysis of the
whole turbine, after which is performed an energy analysis of all
turbine segments (analyzed turbine has five steam extractions and
six segments). The energy analysis of turbine segments can detect
problems during operation in any turbine part (segment), while the
analysis of the whole turbine cannot detect such problems.

2. Analyzed low power steam turbine description

The analyzed steam turbine operates as a part of steam power
plant in an iron and steel facility [13]. The turbine has one cylinder
which drives an electric generator, as presented in Fig. 1. Steam
delivered to the turbine inlet (operating point 1, Fig. 1) is produced
in a steam generator [14]. The turbine has five steam extractions —
first two extractions (operating points 2 and 3, Fig. 1) delivers a
certain steam mass flow rate to high pressure feed water heating
system, one extraction (operating point 4, Fig. 1) delivers a certain
steam mass flow rate to deaerator and last two extractions
(operating points 5 and 6, Fig. 1) delivers a certain steam mass flow
rate to low pressure condensate heating system. A steam mass flow
rate, which remains after all extractions (operating point 7, Fig. 1) is
delivered to the main condenser for condensation [15].

All seven operating points of the analyzed turbine represent
places where steam operating parameters (Steam pressure,
temperature and mass flow rate) should be measured inside a power
plant to get all the required data for the energy analysis. Measured
data will define real (polytropic) steam expansion process inside the
observed turbine.

Along with energy analysis of the whole observed turbine, in this
paper will also be performed energy analysis of the turbine
segments. Turbine segments are defined between operating points
in Fig. 1 and marked from S1 to Sé. Dividing of the turbine cylinder
into the segments will allow calculation of energy efficiency and
loss in each segment. In such way, detection of potential problems
(high loss and low efficiency) inside each segment can be easily
conducted.
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Fig. 1. Scheme of the observed steam turbine as well as operating
points required for the energy analysis and markings of turbine
segments (S1 — S6)

Measurement results in each operating point from Fig. 1 defines
real (polytropic) steam expansion process presented in Fig. 2 with
blue line and operating points 1-2-3-4-5-6-7. Operating points from
Fig. 2 are defined in relation to markings from Fig. 1.

Energy analysis of any steam turbine or its segments, is based on
the comparison of real (polytropic) and ideal (isentropic) steam
expansion processes [16]. Ideal (isentropic) steam expansion
process is the process between the same pressures and by using the
same steam mass flow rates as in real (polytropic) expansion
process, but assuming always the same steam specific entropy [17].
In Fig. 2, ideal (isentropic) steam expansion process for the whole
analyzed turbine is marked with dashed red line and with operating
point’s 1-2is-3is-4is-5is-6is-7is. Steam operating parameters for the
ideal expansion process are obtained mathematically. Dark red
arrows in Fig. 2 represent steam extractions.
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Fig. 2. Specific enthalpy-specific entropy (h-s) diagram of real
(polytropic) and ideal (isentropic) steam expansion processes while
observing the whole turbine
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Energy analysis of the observed steam turbine segments cannot
be performed in a same way and by using the same h-s diagram as
for the whole turbine (Fig. 2).

Firstly, it should be stated that real (polytropic) steam expansion
remains the same, with a same operating points, regardless of the
fact if the whole turbine or turbine segments were observed, Fig. 3.
When observing turbine segments, ideal (isentropic) expansion
process begins at the inlet of each segment and lasts till reaching
pressure at the segment outlet, Fig. 3. The main reason why for the
turbine segments cannot be used h-s diagram of the whole turbine
(Fig. 2) is fact that the isobars in that diagram are not parallel. The
interval between two isobars increases during the increase in steam
specific entropy. Therefore, for some turbine segments in Fig. 2 can
be obtained that specific work in ideal expansion is lower than
specific work in real expansion.
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Fig. 3. Specific enthalpy-specific entropy (h-s) diagram of real
(polytropic) and ideal (isentropic) steam expansion processes while
observing the turbine segments

3. Energy analysis equations

3.1. Standard energy equations and balances valid for any
component

In comparison to exergy analysis, which is based on the second
law of thermodynamics and dependable on the conditions of the
ambient in which component or system operates [18, 19], energy
analysis is based on the first law of thermodynamics and is not
dependable on the ambient conditions [20, 21]. Standard energy
balance equation (disregarding potential and kinetic energies) is
[22]:

Qix — Qour + Piy — Pour + X Eniy — X Engyr =0, 1)

where @ is an energy transfer by heat, P is mechanical power,
index IN denotes inlet (input) and index OUT denotes outlet
(output). The last undefined variable from Eq. (1) is a total energy
power of operating fluid flow (En) which can be defined according
to [23] as:
En=m-h,

@

where m is operating fluid mass flow rate and h is operating fluid
specific enthalpy. During standard operation (valid for any
component or a system) fluid mass flow rate leakage did not occur,
therefore the valid mass flow rate balance is [24]:

Xy = X Mour- (©)
The standard energy efficiency equation is [25]:
CUMULATIVE ENERGY OUTLET (OUTPUT
Men = ¢ ) 4)

CUMULATIVE ENERGY INLET (INPUT)

Equations and balances presented in this sub-section are (and
must be) fulfilled also in the energy analysis of the whole observed
steam turbine and each turbine segment.

3.2. Energy analysis equations of observed low power steam
turbine and its segments

37

Energy analysis of the whole turbine is based on the steam
expansion processes presented in Fig. 2, while the energy analysis
of the turbine segments is based on the steam expansion processes
presented in Fig. 3. For the whole turbine energy analysis equations
are presented independently, while for the turbine segments energy
analysis equations are presented in Table 1.

Energy analysis of the whole turbine (WT)

- Real (polytropic) power:

Prewr =1y - (hy — hp) + (g —mp) - (hy — hs) +

(my — 1y —1hg): (hy — hy) + (Mg — My — g —Mhy)
(hy = hs) + (g — 1y — 1z — 1y — 1hs) - (hs — he) +
(Mg — 1y — Ty — 1My — s —1g) - (he — hy). ®)

- Ideal (isentropic) power:

Pipwr = mq * (hy — hyis) + (g —my) - (hgis — hgis) +
(g — 1y —1hg) - (hais — hais) + (Mg — Ty — Ty —11y) -
(hais — hsis) + (My — mhy — 3 — My — 1hs) - (hsis — heis) +

(g — 1y — Ty — 1My — s — 1ig) - (heis — Ryis). 6)
- Energy loss:
Enpwr = Pipwr — Prewr- M
- Energy efficiency:

P
MEN,WT = PTE ::TT ®

Energy analysis of the turbine segments

Table 1. Energy analysis equations of the turbine segments

SEG. Real (polytropic) Eq. Ideal (isentropic) Eq.
power power
S1 Prpgy =1y (hy —hy) (9) |Pipsi =1y (hy — hyi) (15)
Prpse = (my —m,) - Ppgs; = (i, —1hy) -
S2 (h,— hy) (120) (h, - hy.) (16)
P, = (hy — 1, — P, = (m, —1h, —
33 RE,S3 1 2 1 1DS3 1 2 17
1) - (hy — hy) (1) my) - (hy — hy) (7
P, = (hy —1h, — P, = (m, —1h, —
s4 RES4 * 1 2 12 Fiss 1 2 18
1y — 1) - (hy — hs) (12) g — 1) - (hy — hg;) (18)
Prgss = (my — 1, — Ppgs = Oy —mh, —
S5 ms — 1, —ms) * (13) my — 1, — 1Ms) - (29)
(hs — ha) (hs — héis)
Prese = (my — 1, — Pipge = Oy —mh, —
S6 My — 1y, —mg —1ig) - | (14) | hy —my, —1mg —1ig) - | (20)
(he_h ) (hs_hﬂ )
SEG. Energy loss Eq. | Energyefficiency | Eq.
] P,
S1 |Enys; =Ppsi — Presi | (21) Mens1 = —PRE'Sl (27)
ID,S1
. P
S2 Eny s, =Pps2 — Presz | (22) Mens2 = p (28)
ID,S2
. _ IRE,s3
S3 | Enuss = Pipss — Press | (23) Menss =p (29)
1D,$3
. _ PRE,S4
S$4 | Enysy = Ppgs — Presa | (24) Menss = p (30)
1D,S4
. _ Press
S5 | Enyss = Ppss — Pregss | (25) Menss = p (31)
ID,S5
. _ Frese
S6 | Enyse = Pipss — Prese | (26) Mense = p (32)
1D,S6
4. Steam operating parameters for the analysis

In each operating point from Fig. 1 required steam operating
parameters for real expansion process are found in [13] and
presented in Table 2. Steam specific enthalpy and steam specific
entropy are calculated from known steam temperature and pressure
in each operating point (Fig. 1) by using NIST-REFPROP 9.0
software [26].

Steam operating parameters for ideal (isentropic) steam
expansion process, according to Fig. 2, required in the energy
analysis of the whole steam turbine, are presented in Table 3. In the
energy analysis of turbine segments, according to Fig. 3, steam
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specific enthalpies in each required operating point for the ideal

(isentropic) steam expansion process are presented in Table 4.

Table 2. Steam operating parameters of the real (polytropic) steam

expansion process

Temperature [Pressure Mass | Specific| Specific
O.P.* ©C) (kPa) flow rate|enthalpy| entropy
(kgfs) | (kJ/kg) | (kJ/kg-K)

1 532.00 8800 | 51.97 | 3469.6 | 6.7742

2 356.40 2363 227 | 31445 | 6.8952

3 304.70 1501 3.19 | 3048.6 | 6.9376

4 244.10 887 2.77 29344 | 6.9631

5 125.60 236 3.13 27140 | 7.0721

6 85.70 59 2.78 | 2652.6 | 7.5380

7 52.55 14 37.83 | 2524.5 | 7.8123

* 0.P. = Operating Point (according to Fig. 1)

Table 3. Steam operating parameters of the ideal (isentropic) steam
expansion process for the whole turbine (Fig. 2)

Specific | Specific

o p.H Pressure |Mass flow entropy- _enthalpy-

" (kPa) |rate (kg/s)|isentropic|isentropic
&kJI/kg'K)| (kd/kg)
1 8800 51.97 6.7742 3469.6
2is | 2363 2.27 6.7742 3070.3
3is 1501 3.19 6.7742 2957.5
4is 887 2.77 6.7742 2840.7
5is 236 3.13 6.7742 2595.2
Bis 59 2.78 6.7742 2378.6
7is 14 37.83 6.7742 2186.4

* O.P. = Operating point (according to Fig. 2)

Table 4. Steam operating parameters of the ideal (isentropic) steam

expansion process for the turbine segments (Fig. 3)

Specific | Specific
op APressure Mass flow entropy- _enthalpy-
" | (kPa) |rate (kg/s)|isentropic| isentropic
kJ/kg'K)| (kd/kg)
1 8800 51.97 6.7742 3469.6
2is | 2363 2.27 6.7742 3070.3
3is | 1501 3.19 6.8952 3024.3
4is 887 2.77 6.9376 2921.3
5is | 236 3.13 6.9631 2670.6
6is 59 2.78 7.0721 2485.5
7is 14 37.83 7.5380 2435.2

* 0.P. = Operating point (according to Fig. 3)
5. Results and discussion

Energy analysis of the whole observed low power steam turbine
resulted with turbine real (polytropic) power equal to 43952.89 kW
and ideal (isentropic) power equal to 58595.37 kW, Fig. 4. Energy
loss of the whole turbine is equal to 14642.48 kW. Energy
efficiency of the whole analyzed turbine is 75.01%. Such energy
efficiency of the whole turbine is in range with other similar low
power steam turbines from the literature [27]. Therefore, from the
energy analysis of the whole observed turbine can be concluded that
energy loss and energy efficiency are in range with other
comparable low power steam turbines and that there is no obvious
problems in operation.
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Fig. 4. Real (polytropic) and ideal (isentropic) power as well as
energy loss of the whole analyzed turbine

Real (polytropic) and ideal (isentropic) power for each segment
of the observed steam turbine are presented in Fig. 5. Analysis of
obtained results for each segment leads to conclusion that the
highest power (regardless if it is ideal or real) is developed in the
first turbine segment (S1). Also, in S1 can be expected relatively
high energy loss due to the highest steam pressure and temperature
(much higher in comparison to other turbine segments). Segments
two, three and four (S2, S3 and S4) will have low energy losses,
because the difference between ideal and real power is small. For
the last turbine segment (S6) is expected that the energy loss will be
high, because only that segment (in comparison to all the others)
operates with wet steam, Fig. 2 and Fig. 3. When observing fifth
turbine segment (S5) it can be seen the highest difference between
ideal and real power (in comparison to all the other turbine
segments), Fig. 5. As S5 operates with superheated steam which did
not consist of water droplets, the only reason for such operation of
S5 can be found in some problems, the occurrence of the
unexpected additional losses, degradation of turbine blades, etc.
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Fig. 5. Real (polytropic) and ideal (isentropic) power of the turbine
segments

As mentioned before, the first segment of the observed steam
turbine (S1) has high energy loss due to high steam pressure and
temperature, Fig. 6. Slightly lower energy loss than in S1 can be
observed in the last turbine segment (S6) due to operation with wet
steam. Segments two, three and four (S2, S3 and S4) have low
energy loss. The highest energy loss of all segments from the
observed turbine can be seen in the fifth segment (S5), which can be
explained only by some evident problems in that segment operation.

The energy efficiency of the first four turbine segments is
reasonably high (around 80% or higher). The last turbine segment
(S6) has an energy efficiency equal to 58.92%, what is also
expected. Fifth turbine segment (S5) has an energy efficiency equal
to 26.87%, what can be explained only by evident problems in
operation.

Finally, it can be concluded that energy analysis of the turbine
segments gives the proper presentation of turbine parts operation
and can detect segments in which occur unexpected losses (as in the
case of the analyzed turbine). Energy analysis of the whole turbine
cannot detect such details.
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Fig. 6. Energy loss and energy efficiency of the turbine segments

Further research of the observed steam turbine and its segments
will be performed by the application of many artificial intelligence
methods and processes [28-31]. It can be expected that all of the
further analyzes will result with a same conclusion that the fifth
turbine segment (S5) should be repaired as soon as possible.

6. Conclusions

In this paper is performed analysis of energy loss and energy
efficiency (energy analysis) of low power steam turbine which
operates in an iron and steel facility. The energy analysis is firstly
performed for the whole turbine, after which follows the analysis
for all turbine segments. The main conclusions are:

- Energy analysis of the whole turbine resulted with energy loss
equal to 14642.48 kW and with energy efficiency of 75.01%.
Calculated energy loss and efficiency of the whole turbine did not
show any potential problem in operation — such energy efficiency
and loss are in the range with other comparable low power steam
turbines.

- Energy analysis of turbine segments resulted with a fact that the
fifth turbine segment (S5) has unacceptable high energy loss and
unacceptable low energy efficiency (energy loss of 6785.93 kW and
energy efficiency of 26.87%). Therefore, fifth turbine segment (S5)
should be repaired as soon as possible.

- Presented analysis can be very helpful for the engineers in
exploitation because it allows detection not only the problematic
components in the power plant, but also allows detection of
problematic parts of the components.
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