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Isentropic analysis of nuclear power plant steam turbine and turbine cylinders
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Abstract: This paper presents isentropic analysis results of the whole steam turbine (as well as turbine cylinders) from nuclear power plant.
In the analyzed steam turbine, LPC (Low Pressure Cylinder) is the dominant mechanical power producer — mechanical power produced in
the LPC is more than two times higher in comparison to mechanical power produced in the HPC (High Pressure Cylinder). Whole analyzed
steam turbine produces real mechanical power equal to 1372.47 MW, while the highest possible mechanical power which can be produced
in the whole turbine when all the losses are neglected (ideal mechanical power) equals 1686.96 MW. LPC has a notably higher isentropic
efficiency than HPC, regardless of higher isentropic loss (isentropic efficiencies of the LPC and HPC are 84.41% and 74.84%, respectively).
HPC has notably higher specific steam consumption and specific heat consumption in comparison to LPC. Whole turbine has an isentropic
efficiency equal to 81.36%, isentropic loss equal to 314.48 MW, specific steam consumption of 9.15 kg/kWh and specific heat consumption of
3799.06 kJ/kWh, what is in the range of similar comparable steam turbines from nuclear power plants.
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1. Introduction re-heater. In nuclear steam power plants, steam re-heating process
o . S did not use fossil fuel for additional heating as in conventional
The majority of electrical power worldwide is nowadays  steam power plants [14]. In nuclear power plants, the steam re-
produced by using steam turbines [1, 2]. Along with the electrical  heating process involves two separate processes — steam separation
power production, steam turbines can be used for various other (which removes water droplets from steam) and steam heating
purposes, for example for the direct drive of various mechanical (steam of the higher temperature transfer heat to steam of lower
power consumers [3-5]. _ temperature) [15]. For the observed turbine, after steam separation
Low power steam turbines can be composed of only one cylinder,  and re-heating, steam is delivered to LPC through which expands.
while high power steam turbines must be composed of several | pC has two steam extractions (operating points 6 and 7, Fig. 1) —
cylinders to satisfy required mechanical power production [6, 7].  poth LPC extractions deliver a certain steam mass flow rate to low
Each cylinder of the high power steam turbines usually possesses  pressure condensate heaters. After steam expansion in LPC, the
several steam extractions — all steam extractions deliver a certain remaining steam mass flow rate has low pressure and temperature,
steam mass flow rate to the components of condensate/feedwater it cannot be used anywhere else in the power plant, so it is delivered
heating system [8, 9]. High power steam turbines also dominantly o the main condenser in which condenses [16]. From Fig. 1 is also
possess steam re-heating system, which additionally increases steam clear that steam turbine in nuclear power plant (not only the
temperature after its expansion in the first, high pressure cylinder. It gpserved one, this conclusion is related to all steam turbines from
should be highlighted that steam re-heating process performed in  nyclear power plants) did not possess Intermediate Pressure
nuclear power plants strongly differs in comparison to the same  Cylinder (IPC) as steam turbines from conventional steam power
process from the conventional steam power plans [10]. plants, due to a much lower temperature and pressure of steam
When observing nuclear power plants, it should be noted that  produced in nuclear power plant steam generators (in comparison to
steam turbines in such power plants dominantly operate with wet  steam temperature and pressure produced in steam generators from
steam (droplets in the wet steam significantly increase losses during conventional power plants) [17].
the expansion through turbine stages) [11]. In conventional steam Operating points presented in Fig. 1 (from 1 up to 8) represent
power plants, steam turbines dominantly operate with superheated  positions in the plant where the steam operating parameters are
steam and consequentially lower losses due to water droplets  measured (measured steam operating parameters in each point are
missing [12]. temperature, pressure and mass flow rate). These measured steam
In this paper is performed isentropic analysis of high power two  parameters in each operating point allow calculation of other

cylinder steam turbine from nuclear power plant. The analysis  required parameters necessary for the isentropic analysis.
considers each cylinder, as well as the whole turbine. lIsentropic

efficiencies and losses are obtained, and a comparison with steam
turbines from other nuclear and conventional power plants is i generator
performed. In addition, for each cylinder and whole turbine are
calculated and presented specific steam consumption and specific
heat consumption as two additional parameters for proper
evaluation of the whole turbine and each cylinder performance.

Steam separator
and Re-Heater

Electric
generator

2. Analyzed turbine description and steam expansion
process (ideal and real) through its cylinders

Steam turbine analyzed in this paper operates in a conventional
nuclear power plant [13]. Simplified scheme of the analyzed steam
turbine (along with turbine cylinders and operating points required !-T() high pressure | | Tolow pressure
for the isentropic analysis) is presented in Fig. 1. i fecdwater heater | | condensate heaters | | condenser

The observed steam turbine is composed of two cylinders — High
Pressure Cylinder (HPC) and Low Pressure Cylinder (LPC). Both Fig. 1. Simplified scheme of the observed steam turbine and turbine
cylinders are connected to the same shaft which drives an electric cylinders from nuclear power plant along with operating points
generator. required for the isentropic analysis

Cumulative steam mass flow rate from the steam generator is
delivered firstly to the HPC through which expands. HPC has two
steam extractions (operating points 2 and 3, Fig. 1) which deliver a
certain steam mass flow rate to the high pressure feedwater heater
and to the deaerator. Remaining steam mass flow rate at the HPC
outlet (operating point 4, Fig. 1) passes through steam separator and

In this research is performed isentropic analysis of the whole
observed steam turbine and each of its cylinders.

In isentropic analysis is actually compared real (polytropic) and
ideal (isentropic) steam expansion processes in each cylinder and
whole turbine [18]. Real (polytropic) steam expansion process is
defined with operating points presented in Fig. 1 and Fig. 2 (points
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defined by numbers only). In real (polytropic) steam expansion
process through each cylinder and whole turbine, steam specific
entropy continuously increases. Increase in steam specific entropy
is related to the losses which occur during the expansion process.
For the real (polytropic) steam expansion process, data can be
obtained only by the measurements in turbine exploitation.

In ideal (isentropic) expansion process steam pressures and mass
flow rates remain the same as in the real (polytropic) process, but in
ideal process steam specific entropy remains constant during the
expansion in each turbine cylinder (steam specific entropy is always
the same in each turbine cylinder as at the cylinder inlet).
Parameters of the ideal (isentropic) steam expansion process are
obtained by calculations using previously described facts. In Fig. 2,
operating points related to the ideal (isentropic) expansion process
are marked, along with the numbers, with an additional index IS. In
addition, for the ideal process in Fig. 2 is clearly seen constant
steam specific entropy during the expansion in each cylinder (from
operating point 1 to 4IS for the HPC and from operating point 5 up
to 8IS for the LPC). As the steam specific entropy during expansion
remains constant, ideal (isentropic) steam expansion process did not
consider any losses. Therefore, mechanical power produced in the
cylinders and the whole turbine during the ideal expansion will be
the highest possible. This ideal mechanical power cannot be
produced in real exploitation conditions, but it can be a guideline
for any improvements and losses reduction [19].

Specific enthalpy (kJ/kg)

Specific entropy (kJ/kg-K)

Fig. 2. Steam expansion process (ideal and real) through both
cylinders of the analyzed turbine from nuclear power plant in
specific enthalpy/specific entropy diagram

3. Equations required for the isentropic analysis

Isentropic analysis is a “black box” method because the inner
structure of the cylinders and whole turbine is not known and it is
not required. Equations used for the analysis are defined according
to the recommendations and guidelines from the literature [20, 21].
All isentropic analysis equations are defined in accordance with
operating points presented in Fig. 1 and Fig. 2.

Ideal and real mechanical power of each cylinder and whole
turbine (WT) are calculated as:

HPC

Prepc=y (hy-hy) + (my-my)-(hp-hg) + (y-p-hg)-(hs-hy)
1)

Pigpc=my:(hy-has) + (my-my)-(hais-hais) +

(my-hy-z)- (hais-hars) 2

LPC

Pre.Lpc=Ms: (hs-hg ) +(rs-rg ) (he-h7 ) +(s-re-r)-(hs-hg)  (3)

Pig,Lpc=MMs" (hs-hers ) +(Ms-rg ) (heis-hyis ) +(Ms-rg-ry)-

4)
WT (Whole Turbine)
Pre,wr=Pre ipc + Pre,Lpc (5)
Pig,wr=Pignpc + Pig,Lec (6)

The isentropic loss of each cylinder and whole turbine is
calculated by using an equation:

ISy = Pig,i) — Pre.ciy Q)

while isentropic efficiency of each cylinder and whole turbine is
calculated as:

Pre.i
Ms,i) = 5 E; (8)
In Eq. 7 and Eq. 8 index i denotes each cylinder as well as whole
turbine (i = HPC; LPC and WT).
Specific steam consumption (SSC) for each cylinder and whole
turbine is calculated as:

SSChpc= ©)
Pre HpPC

SSCupc=5 (10)

sscWT:% 1)

Specific heat consumption (SHC) for each cylinder and whole
turbine is calculated as:

N, hy+ms-h:
Syt @
SHC —w (13)
LpC™ Pre LpC
SHCyyr= 1y hy 43 hg+mg-hg+m;-h; (14)

Pre JWT

4. Steam operating parameters for the isentropic
analysis

Steam operating parameters related to the real (polytropic)
expansion process during turbine exploitation, are found in [13] and
presented in Table 1. These parameters in each operating point are
steam temperature, pressure and mass flow rate. All other steam
operating parameters presented in Table 1 are calculated by using
NIST-REFPROP 9.0 software [22].

Table 1. Steam operating parameters — real (polytropic) expansion
Mass | Specific | Specific .
O.P.* T(irgs) ' P?ES::J)W flow rate enr'ihalpy er?tropy Qliil,:ty
(kg/s)** | (kJ/Kg) | (kJ/kg'K)
1 |270.8| 55.71 | 1886.7 | 2765.0 | 5.8807 | 0.985
2 [232.3| 29.16 | 170.4 | 2688.6 | 5.9702 | 0.937
3 |184.2] 11.03 | 1134 |2543.0| 6.0312 | 0.881
4 ]181.3] 10.32 | 1602.9 | 2537.9 | 6.0452 | 0.880
5 |253.5] 10.02 | 1602.9 | 2950.8 | 6.9402 |Superh.
6 |[118.8| 1.91 | 172.5 |2695.4| 7.1200 | 0.996
7 |79.3| 0.46 94.8 |2498.9| 7.2160 | 0.938
8 |415 | 0.08 |1335.6 |2289.4| 7.3158 |0.881

* 0. P. = Operating Point (in accordance to Fig. 1 and Fig. 2)

** |ost mass flow rate (at gland seals, steam separator, etc. is not
considered)

*** Quality of 1 denotes dry saturated steam, O denotes water

As mentioned earlier, ideal (isentropic) steam expansion process
is the process between the same pressures and it uses the same
steam mass flow rates as real (polytropic) expansion process, but an
ideal process assumes always the same steam specific entropy
during the expansion in each cylinder. Steam operating parameters
of the ideal (isentropic) expansion are obtained by calculations,

(h7IS'hBISE_lSing described assumptions. The most important parameters for

echanical power calculation in ideal (isentropic) process are
isentropic steam specific enthalpies, which are presented in Table 2.

YEAR VIII, ISSUE 1, P.P. 24-27 (2024)



INTERNATIONAL SCIENTIFIC JOURNAL "MATHEMATICAL MODELING"

WEB ISSN 2603-2929; PRINT ISSN 2535-0986

Table 2. Steam operating parameters — ideal (isentropic) expansion

Pressure Mass [sgntropic
O.P* (bar) flow rate|specific enthalpy

(kgls)** (kJ/kg)

1 55.71 |1886.7 2765.0
21S | 29.16 | 170.4 2643.4
3IS | 11.03 | 1134 2474.2
41S | 10.32 |1602.9 2463.2
5 10.02 |1602.9 2950.8
6I1S | 191 | 1725 2624.9
71S | 0.46 94.8 2401.7
8IS | 0.08 |1335.6 2171.2

* 0. P. = Operating Point (in accordance to Fig. 2)
** Lost mass flow rate (at gland seals, steam separator,
etc. is not considered)

5. Results and discussion

Real (polytropic) and ideal (isentropic) mechanical power of each
cylinder and whole analyzed turbine from nuclear power plant are
presented in Fig. 3.

Due to neglecting all losses during the steam expansion, ideal
(isentropic) process must give higher mechanical power in
comparison to real (polytropic) one in each cylinder and whole
turbine, what is confirmed in Fig. 3. In the analyzed steam turbine,
LPC is the dominant mechanical power producer — mechanical
power produced in the LPC is more than two times higher in
comparison to mechanical power produced in the HPC (valid for
both real and ideal mechanical power).

Whole analyzed steam turbine (WT) produces real mechanical
power equal to 1372.47 MW, while the highest possible mechanical
power which can be produced in the whole turbine when all the
losses are neglected (ideal mechanical power) equals 1686.96 MW.
Ideal mechanical power is often used as a guideline for
improvements and reduction of various losses which occur during
the real steam expansion process in any turbine or turbine cylinder.
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Fig. 3. Ideal (isentropic) and real (polytropic) mechanical power of
each cylinder and whole observed steam turbine

Isentropic loss and isentropic efficiency of each cylinder and
whole observed steam turbine from nuclear power plant are
presented in Fig. 4.

Comparison of the cylinders, Fig. 3 and Fig. 4, shows that
isentropic loss and isentropic efficiency are directly proportional to
the produced mechanical power — cylinder which produces higher
mechanical power has higher isentropic loss and higher isentropic
efficiency. Therefore, LPC has higher isentropic loss than HPC
(179.24 MW in comparison to 135.24 MW), but simultaneously
LPC has a notably higher isentropic efficiency than HPC, regardless
of the higher loss (isentropic efficiencies of the LPC and HPC are
84.41% and 74.84%, respectively). However, higher isentropic
efficiency of the LPC in comparison to HPC is not characteristics of
only this steam turbine, the same conclusion can be found in the
literature [23] for other steam turbines from nuclear power plants.

Whole turbine observed in this analysis has an isentropic
efficiency equal to 81.36% and isentropic loss equal to 314.48 MW,
what is in the range of similar comparable steam turbines from
nuclear power plants [23]. Finally, it can be concluded that each
cylinder and whole turbine analyzed in this paper shows
satisfactorily isentropic performance without any possible problems
which can be detected in the isentropic analysis.
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Fig. 4. Isentropic loss and isentropic efficiency of each cylinder and
whole observed steam turbine from nuclear power plant

For the analyzed turbine and each her cylinder is additionally
calculated specific steam consumption and specific heat
consumption — the results are presented in Fig. 5.

Specific steam consumption of any cylinder and the whole
turbine, is a parameter which presents how much steam (in kg) is
used for one KWh mechanical power production. The goal is that
each cylinder and the whole turbine have specific steam
consumption value as low as possible. Steam turbines from nuclear
power plants and their cylinders traditionally have specific steam
consumption higher than steam turbines from other conventional
steam power plants [24, 25] due to very high steam mass flow rate
which expands through turbine cylinders, Table 1. For the steam
turbines from nuclear power plants can be found in the literature
that HPC has notably higher specific steam consumption in
comparison to LPC [23], the same conclusion is derived for the
steam turbine analyzed in this paper (LPC has specific steam
consumption equal to 5.95 kg/kWh, while HPC has specific steam
consumption equal to 16.89 kg/kWh).

Specific heat consumption shows how much heat (in kJ) from
each cylinder and whole turbine is delivered to regenerative
condensate/feedwater heaters per one kWh of produced mechanical
power. Due to the higher steam pressures and temperatures, HPC
has much higher specific heat consumption in comparison to LPC
(6681.67 kJ/kWh in comparison to 2604.11 kJ/kWh).

Whole steam turbine analyzed in this paper has specific steam
consumption equal to 9.15 kg/kWh, while specific heat
consumption of the whole turbine is equal to 3799.06 kJ/kWh.
Whole steam turbine analyzed in this paper has specific steam
consumption and specific heat consumption in range with other
comparable steam turbines from nuclear power plants.

19 7000
1689 @ 6681.67

£ 'Y
2 17 + s, EmESpecific steam consumption 6000 5
E‘ 15 “\ -®@-Specific heat consumption %
R 4 . 5000 5 _
| 3799.06 Zz
Sz sz
£z 2604.11 P 4000 =
¥ ou -2 B
R aE
o ., e 9.15 3000 <
g 9 L oue o
Z 2
2 =
£ ol s 2000 &

5 | 1000

HPC LPC WT
Fig. 5. Specific steam and specific heat consumption of each

cylinder and whole observed steam turbine

Further observation of the analyzed steam turbine and her
cylinders can and will be performed by using various conventional
[26] and artificial intelligence methods and processes [27-29] with
an aim to improve turbine operation and perform possible
optimization.

6. Conclusions

This paper presents isentropic analysis results of the whole steam
turbine (as well as her cylinders) from nuclear power plant. Along
with the isentropic analysis results, for whole turbine and each
cylinder are calculated and presented specific steam consumption
and specific heat consumption. The obtained results are compared
with results of similar steam turbines and their cylinders from other
nuclear power plants. The most interesting conclusions obtained in
the analysis are:
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- In the analyzed steam turbine, LPC is the dominant mechanical
power producer — mechanical power produced in the LPC is more
than two times higher in comparison to mechanical power produced
in the HPC.

- Whole analyzed steam turbine produces real mechanical power
equal to 1372.47 MW, while the highest possible mechanical power
which can be produced in the whole turbine when all the losses are
neglected (ideal mechanical power) equals 1686.96 MW.

- Comparison of the cylinders shows that isentropic loss and
isentropic efficiency are directly proportional to the produced
mechanical power — cylinder which produces higher mechanical
power has higher isentropic loss and higher isentropic efficiency.

- LPC has a notably higher isentropic efficiency than HPC,
regardless of higher isentropic loss (isentropic efficiencies of the
LPC and HPC are 84.41% and 74.84%, respectively).

- Whole turbine has an isentropic efficiency equal to 81.36% and
isentropic loss equal to 314.48 MW, what is in the range of similar
comparable steam turbines from nuclear power plants.

- HPC has notably higher specific steam consumption in
comparison to LPC (LPC has specific steam consumption equal to
5.95 kg/kWh, while HPC has specific steam consumption equal to
16.89 kg/kwh). Due to the higher steam pressures and
temperatures, HPC also has much higher specific heat consumption
in comparison to LPC (6681.67 kJ/kWh in comparison to 2604.11
kJ/kWh).

- The whole steam turbine has specific steam consumption equal to
9.15 kg/kWh and specific heat consumption of 3799.06 kJ/kWh.
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