ISSN (Print) :2319-8613
ISSN (Online) : 0975-4024 Cristina Lizarazo et al. / International Journal of Engineering and Technology (IJET)

THEORETICAL MODELING OF A

STEAM POWER CYCLE USING AN

INTERACTIVE COMPUTATIONAL
TOOL

Cristina Lizarazo®, Carlos Acevedo Pefialoza?, Guillermo Valencia Ochoa®*

"Mechanical Engineering student, Faculty of Engineering, Grupo de Investigacion en Gestion Eficiente de la
Energia-kai, Universidad del Atlantico, Km 7 Via Puerto, 081007, Barranquilla, Atlantico, Colombia.
cristina.lizarazo09@gmail.com.

’Ph.D. Mechanical Engineer, Mechanical Engineering Department,

Grupo de Investigacion en Disefio Mecanico y mantenimiento, Universidad Francisco de Paula Santander,
Avenida Gran Colombia No. 12E-96, Clcuta, Norte de Santander, Colombia.
carloshumbertoap@ufps.edu.co.
®Ph.D(c). Mechanical Engineer, Faculty of Engineering, Grupo de Investigacion en Gestion Eficiente de la
Energia-kai, Universidad del Atlantico, Km 7 Via Puerto, 081007, Barranquilla, Atlantico, Colombia.
guillermoevalencia@mail.uniatlantico.edu.co.

Abstract—This paper presentsan energetic and exergetic analysis for ageneration of turbine work
according to the variation of the pressure in the condenser regenerative Rankine cycle, implementing an
educational graphical user interface known as Power Cycle version 2.0; that is used as a pedagogical
strategy in thefield ofengineering education. The mains objectives were, analyzethe efficiency of first and
second thermodynamic law, and the generation of turbine work according to the variation of
thecondenser pressure, at three different temperatures in the boiler, as well as analyzing the components
of the system to identify and quantify where the exergy destruction was maximum. According to the
results in the cases studied, the percentage ratio of the exergydestruction to the total exergy destruction
was found to be maximum in the boiler 62.18%, then the turbine 22.79%, and finally 15.03% in the
pumps, the heater and the condenser. On the other hand, the maximum calculated thermal efficiency was
38.34%, while the maximum exergetic efficiency was 62.81%. A significant increase in efficiency of the
cycle is obtained by decreasing the pressure in the condenser.
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I.  INTRODUCTION

The Carnot cycle is the most efficient of the cycles operating between two specified temperature limits[1].
Therefore, it is natural to first consider this cycle as an ideal cycle prospect for steam power plants. However, it
is known that it is not a realistic model for steam power cycles, because is associated with impractical
aspects[2]. As a solution to this, the ideal Rankine Cycle was proposed, in which the steam is superheated in the
boiler, then taken to a turbine where it produces mechanical energy and losing pressure,after it passes to the
condenser and ends up in a pump that will raise the pressure to be introduced it back into the boiler
[3].However, modifications have been made to this power cycle, in the present case study it focused on
regeneration, in which a regenerator or open feedwater heater is used, this process consists on extracting part of
the steam from the turbine to preheat the liquid before it enters the boiler, the above is done in order to increase
the efficiency of the cycle and provide a convenient means deairing the feed water to prevent corrosion in the
boiler[4]. In general, the performance of thermoelectric power plants is evaluated by means of energetic and
exergetic performance criteria based on thermodynamic laws, including electrical power and thermal
efficiency[5], [6]. On the other hand, for the study of the second law of thermodynamics, entropy generation is
used to evaluate the irreversibility of thermodynamic processes[7]. Many researchers have focused on this field,
trying to find the minimal generation of entropy[8], [9]. Bejan [10] explained how to optimize power cycles,
minimizing exergetic destruction and the generation of entropy by components. Kotas [11] was dedicated to the
study of exergy to explain the efficiency of the second law in power cycles. George y Park [12] discussed how
to estimate the avoidable and unavoidable destruction and investment costs associated with compressors,
turbines, heat exchangers and combustion chambers. In addition, according to other research [13], [14], it was
known that irreversibilities depend not only on the inefficiency of the component studied, but also on the
structure of the system and on the inefficiencies of the other components. Although these authors carried out
rigorous research in the proposed area, the methods they proposed to perform calculations for the exergetic
destructions and the thermal efficiency of the cyclebecome complex and extensive, for this reason, the present
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paper was developed under the implementationof an education software, Power cycle version 2.0, which is
friendly with the users and provides the necessary information to carry out studies relating with the energy and
exergy balance of different power cycles. In addition, it has been confirmed that the use of educational tools
promotes interest in students of engineering courses. [15], [17], which makes the use of some educational
software as a complementary option to the traditional approach [18], [20].

1. METHODOLOGY
2.1Software validation.

Through the implementation of the Power Cycle Software, the calculations corresponding to the analysis of the
first and second law of thermodynamics of a regenerative Rankine cycle were made as shownin the Figure 1,
under different operating conditions in order to understand the effect of these on the system studied.

Ciclo Rankine con Regeneracién - [m] X
TUTORIAL

Cido Rankine Con Regeneracion

Diagrama T-s
Datos de entrada;

Presion1 |15 |MPa 500
Temp.1 | 500 | °C
. 2 () 400

Presién 2 MPa Turbina | Wr

Presin 3 | 0.01 | MPa 100 \
Eficiencia turbina | 80 |% Calentador
Eficiencia bomba [ 80 | % SIS l = 200

Limpiar = 100

= W2 P W"‘Q_Qom
> : Y

Resultado Eficiencia del ciclo 36.7308
Estade Temp(oC) P(kPa) w{m3/kg) h(KI/kg) s(KI/Kg-K) Fase X
500 15000  0.02082  3310.8 6.348 VSC 1 Fraceién de vapor 0.229891

2 187.96 1200 0.16663 2825.07 6.61135 Mezcla  1.02082

3 4581 10 12.56  2239.83  7.07006 Mezcla  0.85616

4 4581 10 0.00101  191.81 0.6492 LSE Salir

5 45.9192 1200  0.00101 193.312  0.64854  LSE 0

5 187.96 1200 0.00113  798.33 2.2159 LSE 0 ’7 (HrriEer SETED

7 190.867 15000 0.00113 817.961  2.22351 LSE 0

Universidad del Atléntico - Facultad de Ingenieria - Programa de Ingenieria Mecanica
Fig 1. Software validation.

2.2Energy balance analysis.

For the power cycle studied, shown in the Figure 2, it was chosen to work with an isentropic efficiency of
80%,in the turbine and the two pumps. In order to find the thermal efficiency, the respective energy balances for
open systems were carried out, this only for independent analysis, in other words by components. In the boiler
the input heat was found, (see equation 1); then in the turbine the output work was found, (see equation 2). For
the condenser, the output heat was found (see equation 3); and for both pumps 1 and 2, the input works were
found (see equations 4 and 5). Finally, in the energy analysis for the open heater the ratio of mass flow through
the condenser was found (see equation 6). Subsequently, after getting the previous data, the thermal efficiency
of the cycle was found (see equation 7).
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Fig 2. Diagram of the regenerative Rankine cycle.
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2.3Exergy balance analysis.

This analysis was based on the general equation proposed by Cengel[3]. However, when isconsidered by
components of the cycle, this equation can vary. In the case of the boiler (see equation 8), there is an input heat,
which is given at the border temperature and the other data are known thanks to the Power Cycle software.
Similarly, it was made for the following components, for the turbine (see equation 9). The destroyed exergy by
the condenser was also calculated (see equation 10), taking into account the mass flow through this. And then
the destroyed exergy in the pumpsl - 2 and the open heater, (see equation 11, 12 and 13). Having the
calculations described above it is possible to find the efficiency of the second law (see equation 14), and to emit
a sustainable concept about the exergy destruction in a regenerative Rankine cycle, varying the condenser
pressure in a range from 0.01MPa to 0.06MPa, with an increase of 0.005; at three temperatures in the boiler
500°C, 550°C y 600°C.

TABLE | -Energy and exergy balances for the different components of the cycle.

CSN'\fON ENERGY BALANCE EXERGY BALANCE
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I1l.  RESULTS AND DISCUSSIONS

3.1 Case study 1: Energy analysis.
According to the results of the study of the first thermodynamic law, a significant decrease in both thermal
efficiency and turbine work was obtained by increasing the pressure in the condenser, as shown in figure 3.

1100 , , , , , , , , 40
A
10504 *\\ 438
‘. %\A\
1000+ % N TR A A {36 g
NN \>< x\% A <
\\ ~—_ —~— A )
5 o, ><\>< Ay A A c
£ 9504 o — TTX—3 A 134 %
3 e T e x £
% l\ .\. — ><\><\ 5
5 . e x g
£ 9004 S *— o '— d3:2 E
= n *— o ! @
\. e ﬁ
\
I\.
850 ~ 430
—m— T=500 ¢«C —@— T=550 ¢:C —A— T=600 ¢C .\.
J T
—X— T=500 ¢C —%— T=550 ¢«C — 1 — T=600 «C u
800 T T T T T T T T T T T 28
0,01 0,02 0,03 0,04 0,05 0,06

Condenser pressure (MPa)

Fig. 3-Turbine work and thermal efficiency under 10 condenser pressures and 3 temperatures in the boiler.

DOI: 10.21817/ijet/2018/v1013/181003102 Vol 10 No 3 Jun-Jul 2018 830



ISSN (Print) :2319-8613
ISSN (Online) : 0975-4024 Cristina Lizarazo et al. / International Journal of Engineering and Technology (IJET)

From the previous analysis, it was found that the maximum increase in thermal efficiency and turbine work was
12.94% and 12.65%, respectively, at a temperature of 500°C in the boiler.

3.2Case Study 2: Exergetic analysis.

Afterwards,in the results of the exergy analysis, it was found that the destruction exergy rate of the boiler
isdominant over all other irreversibilities in the cycle, as shown in Figure 4a, Figure 4b and Figure 4c, results
that are in accordance with the literature [9].
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Fig. 4- Destroyed exergy by the components under, a) Boiler temperature of 500°C, b) Boiler temperature of 550°C, c) Boiler temperature of
600°C

From the previous results, the maximum exergy destruction in the boiler was obtained when the temperature of
this one was 600°C, with a final increase 5.05% according to the variation of the condenser pressure. In the case
of the turbine, a decrease 17.34% was obtained.Subsequently, the exergy efficiency compared to that of the first
law increased as the pressure in the condenser increased.This is because the supplied exergy remained constant
in all cases, while the total destroyed exergy decreased as shown in Figure 5.

Increasing the inlet temperature and pressure during the process of adding heat indirectly mean an enhancement
in the drop pressure in the turbine. Therefore, the boilerdirectly increases the thermal efficiency of the cycle,
that is, that an increase in temperaturegenerates greater advantage of expansion in the turbine, since the steam
has higher internal energy. In addition, another way of increasing the regular temperature during the heat supply
process isto increase the operating pressure of the boiler, which automatically raises the temperature atwhich the
phase change occurs of the steam. This in turn raises the average temperature at which heat is transferredto the
steam and thereby increases the thermal efficiency of the thermodynamics cycle.
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Fig. 5- Exergetic efficiency of the cycle under 10 condenser pressures and 3 temperatures in the boiler.

From the present analysis, it was found that the maximum increase in the exergetic efficiency was 3.21%, with
600°C in the boiler, which is related to the law enthalpy in steam in the condenser that involve a large amount of
energy transferred by work in the turbine.In practice the result obtained in this case study of the process is not
totally real, because of the boiler will always need to supply more heat from the source than the one required to
generate mechanical work under a reversible process.

IV. CONCLUSIONS

In the present study it was found that a significant increase in the thermal and exergetic efficiency of a
regenerative Rankine cycle is obtained when the pressure in the condenser decreases, however, it is not
advisable to decrease it in large proportions because this is the same pressure in one of the turbine outlets,
therefore, having low pressures in this state could cause damage to the blades of the turbine[21].Additionally, in
all cases studied the exergy destruction rate of the boiler isdominant over all other irreversibilities in the cycle
with 62.18%, followed by the turbine with a maximum exergy destruction of 22.79%, and finally 15.03% in the
pumps, the heater and the condenser.
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