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In this paper we explore the opportunity to maximize the production of power in a steam-turbine power
plant by properly configuring the hardware at the interface between the stream of hot gas produced by
the furnace and the steam that circulates through the power producing cycle. The interface consists of
four heat exchangers, superheaters and reheaters, in parallel flow and counter flow. The search for better
configurations is based on constructal design, and consists of searching for the distribution of heat
exchanger surface (number of heat exchangers, types, sizes) such that the total power output of the tur-
bines is maximum, subject to fixed total size for the heat transfer surface, and fixed maximum allowable
steam heat exchanger wall temperature. The emergence of the more effective configurations is docu-
mented along with the migration of the spot of maximum temperature along the flow path.

© 2013 Elsevier Ltd. All rights reserved.

1. Introduction

The most basic question in the design of steam power plants is
how to obtain more work per unit of fuel consumed. This is why
the thermodynamic optimization of heat and fluid flow processes
and devices is a permanently active field, which is reviewed regu-
larly in research meetings and books (e.g., Refs. [1-16]).

The key aspect of this challenge is that in the thermodynamics
of power cycles it is routinely assumed that the energy input is al-
ready available as heat transfer. In almost every application, how-
ever, the energy input is initially carried into the power plant by a
hot stream-e.g., a mixture of fuel and oxidant, hot products of com-
bustion, exhaust gases, or hot geothermal steam. To convert the
energy of the hot stream into a heat input for the cycle executed
by the working fluid of the power plant is the function of one or
more heat exchangers. The interface between the power cycle,
which rests on thermodynamics, and the stream of hot gas requires
a heat transfer perspective, which stresses the role played by the
physical configuration of the flow system, the design of the
hardware.

In this paper, we propose to focus on the physical configuration
of the interface between the stream of hot gas and the working
fluid (the steam) that circulates through the power plant. The
approach is based on constructal design [17], which is the search
for progressively better flow configurations that lead to greater
performance at the level of the power plant. At the interface
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between the hot gas and the steam, this is achieved by properly
distributing the heat transfer surface along the gas stream, that is
by allocating the finite heat transfer surface to the various heat
exchangers that constitute the interface.

2. Thermodynamic model

Consider an example of industrial tower type boiler [13,14], as
depicted in Fig. 1. The objective of the analysis is to determine the
best allocation of the heat exchange surfaces to the superheaters
(SH) and reheaters (RH) such that the total power output at the
high pressure and low pressure turbines is maximum. The se-
quence in which the different heat exchangers are assembled is
maintained, in accord with Fig. 1.

Fig. 2 is a sketch of the two fluid paths, the hot gas C; and the
steam Cs. The heat exchanger literature [18] shows that a cross
flow heat exchanger with many passes behaves as either a counter
flow heat exchanger, or a parallel flow heat exchanger, depending
on the stream direction. Note the temperature nomenclature de-
fined in Fig. 2. The gas temperature decreases from Tj,, which is
fixed, to T,y, which depends on the heat exchanges with the super-
heaters and reheaters. The gas temperatures Ty, Ty, and Tg3 occur
respectively between the superheater in parallel flow, the reheater
in parallel flow, the superheater in counter flow, and the reheater
in counter flow. The steam enters at the known temperature T;
and reaches Ty at the exit from the low pressure turbine.

There are two superheaters: the first is arranged in parallel
flow, and the second in counterflow. The two reheaters are inserted
between the two superheaters. The first in counterflow, and the
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Nomenclature

heat transfer area, m?

heat capacity rate, W K~}

specific heat at constant pressure, ] kg1 K~!

mass, kg

number of heat transfer units, Egs. (7)-(10)

pressure, Pa

heat transfer rate, W

ideal gas constant, ] kg~! K™!

temperature, K

overall heat transfer coefficient, W m—2 K~}

power, W

thermal conductance allocation ratio between super-
heater and reheater

thermal conductance allocation ratio between parallel
flow and counter flow heat exchangers
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<

Greek symbols
o temperature ratio, Ts;s/Ts
B temperature ratio, Tojis/To

AT temperature differences, K
€ effectiveness, Eqs. (17) and (20)
Subscripts

g gas

in inlet

is isentropic expansion

max maximum

min minimum

out outlet

R reheater

s steam

S superheater

0 ambient

Superscripts

™M dimensionless

@) per unit time

second in parallel flow. The model that we propose here consists of
summing up and maximizing the power output of the two turbines
by varying the complex configuration of heat exchangers.

The important physics is that the steam temperatures are vari-
ables that depend on the sizes (UA)s and (UA). In other words, they
cannot be fixed. One constraint is the total size

(UA)s + (UA)g = UA, constant (1)
or
(UA)s =xUA, (UA)g = (1 —x)UA (2)

where x varies between 0 and 1. In addition, we write for the
superheater

(UA)spr + (UA)sr = (UA)s 3)

(UA)spr = ys(UA)s,  (UA)se = (1 —s)(UA)s (4)

where ys is the fraction that accounts for the allocation of size be-
tween the two superheaters. For the reheater we write

(UA)got + (UA)ger = (UA)g ()

(UA)gpr = Yr(UA)g,  (UA)ges = (1 — Yr)(UA)R (6)

where yr is the size allocation fraction of the reheaters. The number
of heat transfer units for the superheater is defined as
(UA)s
Ng=-—=> 7
; Cmin ( )
The number of heat transfer units for the superheater in parallel
flow and in counter flow, Ngy¢ and Nscf,

(UA)spe (UA)
; Neos = Scf 8
Cmin st Cmin ( )

Similarly, for the reheater we write

NSpf =

(UA)g
N = 9
A Cmin ( )
UA
NRpf = ( ).Rpf’ NRcf = (UA?RCf (10)
Cmm Cmm

Alternatively, the overall size constraint is expressed as
Ns + Ng = N, constant

or

Ng :XN, NR:(] *X)N

For the superheater and reheater we write similarly
Nspr = ¥s - Ns

Nt = (1 —ys) - Ns

Ngps =Yg - Nr

Nrer = (1 = yg) - Nr

(11)

(12)

(13)
(14)
(15)

(16)

The effectiveness relations for the four heat exchangers are [18]

1 —exp[—Nsg - (1 -71)]
—1-eXp[—Nsg - (1 =1)]

Escf = 1

1 —exp[—Nger - (1-1)]
—1-eXp [N - (1 —1)]

ERef = 1

1—exp [~Ngyr - (1+71)]

bspf = 1+r
~1—exp [~Ngpt - (1471)]
Erpf = 1+r
where
_ Cmin _ %
ClTlElX CS

We follow the steam path, and we write sequentially.
2.1. Superheater in parallel flow (Syf)

The heat transfer continuity equation reads
Tz — T] =T- (Tin — Tg])

and

(17)

(18)

(22)
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