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h i g h l i g h t s

� Steam ejector pump and electric liquid ring vacuum pump are analysed and modelled.
� A supervised machine learning models by using real process data are applied.
� The equation of ejector pumped mass flow from steam turbine condenser was solved.
� The loss of specific energy capable of work in a SEPS or LRVP component was analysed.
� The economic efficiency analysis per different coal heating values was made.

a r t i c l e i n f o

Article history:
Received 26 December 2015
Received in revised form 21 March 2016
Accepted 10 April 2016
Available online 16 April 2016

Keywords:
Ejector
Machine learning
Mixing section
Operating principle
Thermodynamic analysis
Vacuum pump

a b s t r a c t

This paper compares the vapour ejector and electric vacuum pump power consumptions with machine
learning algorithms by using real process data and presents some novelty guideline for the selection of
an appropriate condenser vacuum pump system of a steam turbine power plant. The machine learning
algorithms are made by using the supervised machine learning methods such as artificial neural network
model and local linear neuro-fuzzy models. The proposed non-linear models are designed by using a wide
range of real process operation data sets from the CHP system in the thermal power plant. The novelty
guideline for the selection of an appropriate condenser vacuum pumps system is expressed in the com-
parative analysis of the energy consumption and use of specific energy capable of work. Furthermore, the
novelty is expressed in the economic efficiency analysis of the investment taking into consideration the
operating costs of the vacuum pump systems and may serve as basic guidelines for the selection of an
appropriate condenser vacuum pump system of a steam turbine.

� 2016 Elsevier Ltd. All rights reserved.

1. Introduction

A steam condenser is an important subset of a condensing
steam turbine. Its main purpose is to maintain the prescribed vac-
uum condition of around 0.01 MPa by evacuating exhaust gases
from the steam turbine [1]. Exhaust gases are multiphase gases,
comprising a condensable and a non-condensable gas phase. The
condensable gas phase includes dry and wet vapour. Water vapour
is removed from the turbine condenser through its condensation
and by pumping the condensate into the boiler feeding system

[1]. Non-condensable gases are evacuated by means of a vacuum
pump system. Two steam vacuum pump systems are most fre-
quently used in practice, namely the steam ejector pump system
(SEPS) and the liquid ring vacuum pump system (LRVP) [1]. Some
other authors have analysed in their research the operation of vac-
uum pump systems. Dennis et al. [2] have analysed the SEPS by
mathematical methods. The LRVP for Tokamak have analysed
and designed by Khan et al. [3]. Zhu et al. [4] and Chong et al. [5]
proposed a 2D exponential model to predict the velocity distribu-
tion in ejector, however the pressure is still assumed to be uniform
in the radial direction. Sözen et al. [6] explored the exergy analysis
of an ejector-absorption heat transformer using artificial neural
network approach. We didn’t find the article that compare the SEPS
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and LRVP power consumptions in the CHP system in thermal
power plant with machine learning algorithms by using real pro-
cess data.

Simulations models copying the functioning and behaviour of a
real vacuum pumping system was designed using the supervised
machine learning algorithms and real process data. The real

process data was obtained from the supervisory control and data
acquisition system (SCADA) [7], comprising the information on
the operation of a CHP system in thermal power plant in Slovenia.
SCADA [7] contains more than 850 data groups on the operation of
a CHP system in thermal power plant and are constantly recorded
on an hourly basis 365 days a year. The data on the 2013/2014

Nomenclature

Abbreviations
ANN artificial neural networking
ANFIS adaptive network-based fuzzy inference system

algorithm
CHP combine heat and power
LRVP liquid ring vacuum pump
MAE mean absolute error
MF membership functions
MSE mean square error
PID proportional-integral-derivative
R2 correlation coefficient
RMSE root mean square
SCADA supervisory control and data acquisition
SEPS steam ejector pump system

Parameters
AL narrowest Laval nozzle cross section area, m2

A2 inlet diffuser cross sectional area, m2

c1 steam speed at the exit from the Laval nozzle, m/s
c2 inlet diffuser mixed gas speed, m/s
ein,LRVP amount of specific energy capable of work in the LRVP,

kJ/kg
eloss,p loss of specific energy capable of work in a specific part,

kJ/kg
h gas enthalpy, J/kg or kJ/kg
hb boiler steam specific enthalpy, kJ/kg
hin,p specific enthalpy of a gas mixture to a specific part,

kJ/kg
hout,p specific enthalpy of a gas mixture from a specific part,

kJ/kg
h00out turbine exhaust steam specific enthalpy, kJ/kg
h0 specific enthalpy of motive steam, J/kg
h1 specific enthalpy of steam Laval nozzle expansion, J/kg
h1s specific enthalpy of steam isentropic Laval nozzle

expansion, J/kg
h3 diffuser outlet mixed gas specific enthalpy, J/kg
h30 isentropic specific enthalpy of diffuser outlet mixed gas,

J/kg
h4 specific enthalpy of pumped gas, J/kg
Ic investment cost, EUR
mnon-in mass of the non-condensable gas entering the turbine

condenser, kg
mnon-out mass of non-condensable gas pumped form the turbine

condenser, kg
mtot-c total mass of the non-condensable gas of the turbine

condenser, kg
n LRVP impeller speed, rpm
pc pressure in the turbine condenser, Pa or MPa
pin pressure on the suction side of the LRVP, Pa
pout pressure of the pumped gas on the pressure side of the

LRVP, Pa
p1, p4, px pressure in the mixing section, Pa
p0 inlet motive steam pressure, Pa
p2 diffuser inlet mixed gas pressure, Pa
p3 exhaust ejector mixed gas pressure, Pa
Pgen generated power in the case of SEPS motive steam

expansion in the turbine, kW

PLRVP LRVP power consumption, kW
qmnon-in mass flow of non-condensable gas penetrating into the

turbine condenser, kg/s
qmnon-out mass flow of the pumped non-condensable gas from the

turbine condenser, kg/s
qmH2O mass flow of the pumped condensable gas, kg/s
qmO motive steam mass flow through the Laval nozzle, kg/s
qmLRVP masni pretok črpane plinaste zmesi LRVP, kg/s
qm4 pumped gas mass flow, kg/s
qV volumetric flow rate of the pumped out gas, m3/h
qVnon-gas volumetric flow rate of the pumped non-condensable

gas, m3/h
qVH2O volumetric flow rate of the pumped condensable gas,

m3/h
R0 motive steam gas constant, J/(kg K)
Rmix2 gas constant of the gas mixture in the mixing section,

J/(kg K)
Rn gas constant of the non-condensable gas, J/(kg K)
sin,p specific entropy of a gas mixture to a specific part,

J/(kg K)
sout,p specific entropy of a gas mixture from a specific part,

J/(kg K)
t time, minute, second
T temperature, K
Ta ambient temperature, K
Tc temperature in the turbine condenser, K
T0 inlet motive steam temperature, K
T2 diffuser inlet mixed gas temperature, K
v2 inlet diffuser specific volume of the mixed gas, m3/kg
Vc turbine condenser volume, m3

Vcell LRVP impeller blade cell volume, m3

qc density of non-condensable gas in the turbine con-
denser, kg/m3

qnon-out density of the pumped non-condensable gas, kg/m3

qH2O density of the pumped condensable gas, kg/m3

Subscripts and superscripts
B, C article
d differential
HP high pressure
j, k iterations
LP low pressure
M Mach number
MP middle pressure
M2 Mach number in the mixing section
oj output value
p, s pattern
tj target value
gdif-is diffuser isentropic efficiency
gem LRVP electromechanical efficiency
gLaval-is Laval nozzle isentropic efficiency
x0 motive steam specific heat ratio
xmix2 specific heat ratio of the gas mixture in the mixing

sectionP
Eelectric consumed or additionally generated energy at an annual

level in case of 6000-h yearly operation
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