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Abstract

This paper focuses on evaluation of the optimum cooling water temperature during condensation of saturated water vapor within a
shell and tube condenser, through minimization of exergy destruction. First, the relevant exergy destruction is mathematically derived
and expressed as a function of operating temperatures and mass flow rates of both vapor and coolant. The optimization problem is
defined subject to condensation of the entire vapor mass flow and it is solved based on the sequential quadratic programming (SQP)
method. The optimization results are obtained at two different condensation temperatures of 46 °C and 54 °C for an industrial con-
denser. As the upstream steam mass flow rates increase, the optimal inlet cooling water temperature and exergy efficiency decrease,
whereas exergy destruction increases. However, the results are higher for optimum values at a condensation temperature of 54 °C, com-
pared to those when the condensation temperature is 46 °C. For example, when the steam mass flow rate is 1 kg/s and the condensation
temperature increases from 46 °C to 54 °C, the optimal upstream coolant temperature increases from 16.78 °C to 25.17 °C. Also, assum-
ing an ambient temperature of 15 °C, the exergy destruction decreases from 172.5 kW to 164.6 kW. A linear dependence of exergy effi-
ciency on dimensionless temperature is described in terms of the ratio of the temperature difference between the inlet cooling water and

the environment, to the temperature difference between condensation and environment.

© 2007 Elsevier Ltd. All rights reserved.

Keywords: Heat transfer; Temperature; Condensation; Optimization; Exergy; Shell and tube condenser

1. Introduction

Exergy is a measure of the departure of the state of a
system from that of the environment. It can be defined as
the maximum obtainable work from the combination of
the system and environment. Unlike energy, exergy is not
conserved, indeed, it is destroyed by irreversibilities. The
exergy destruction during a process is proportionally
related to the entropy generation due to these irreversibili-
ties. Dincer [1] has conceptually discussed exergy from sev-
eral perspectives and introduced the exergy analysis
method as a useful tool for furthering the goal of more effi-
cient use of energy resources.
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Bejan [2] demonstrated the use of irreversibility as a cri-
terion for evaluation of the efficiency of a heat exchanger.
The purpose was to minimize the wasted energy by opti-
mum design of fluid passages in a heat exchanger. In his
work, the interrelationship between the losses caused by
heat transfer across the stream-to-stream, due to differ-
ences in temperatures and losses caused by fluid friction,
was studied.

Naterer [3] examined a numerical formulation involving
the Second Law of Thermodynamics in the analysis of
phase change problems with fluid flow. The discretized
entropy transport equation and entropy boundary condi-
tions are described for solid-liquid systems. This Second
Law formulation can provide an effective enhancement
for accurate simulations in phase change problems with
fluid flow. Naterer [4] applied this formulation to problems
dealing with transient heat conduction, species transport,
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Nomenclature

A Jacobian of the constraints
Aegr effective heat transfer area, m>
a equality constraint

¢ specific heat, kJ/kg K

e specific exergy flow kJ/kg
Eq exergy destruction rate, kW
Ein input exergy rate, kW

E, output exergy rate, kW

f objective function

h enthalpy, kJ/kg

hye condensation latent heat, kJ/kg

L Lagrangian function, Eq. (20)

m mass flow rate, kg/s

P pressure, kPa

0 total heat transfer rate, kW

0 heat transfer rate at the location j on the bound-
ary, kW

R gas constant, kJ/kg K

R, ratio of cooling water mass flow rate to the up-
stream steam mass flow rate

s entropy, kJ/kg K

g latent entropy, kJ/kg

T temperature, °C

T; instantaneous temperature, °C

T, dead state/environment temperature, °C
Tsat saturation temperature at the location j on the

boundary, °C

U overall heat transfer coefficient, W/m? K
w Hessian of the Lagrangian

Wey energy transfer rate by work, kW

X slack variable defined in Eq. (34)

X search point at kth iteration

Greek symbols

ATy, logarithmic mean temperature, °C
0 dimensionless temperature, Eq. (36)
Nex exergy efficiency

0 variable vector of quadratic problem in Eq. (28)
A Lagrange multiplier

Subscripts

c coolant

cond condensat

g non-condensable gas

i inlet

o outlet

v vapor

and melting and solidification with natural convection. He
showed the importance of the Second Law as an effective
complement to the discretized conservation equations in
phase change computations with fluid flow.

Adeyinka and Naterer [5] presented an entropy-based
procedure to assess the solution accuracy in heat transfer
problems with fluid flow using the second law of thermody-
namics. The procedure was implemented by a control-
volume-based finite-element formulation for discrete
equations arising from the conservation laws and the
second law. The study involved a comparison of the local
entropy production rates computed from two forms of
the discretized entropy equation. The results demonstrated
that the second law of thermodynamics provides an
effective complement in the numerical prediction of heat
transfer problems with fluid flow.

In a past study of Johannessen et al. [6], it is theoreti-
cally proven that the entropy production due to heat trans-
fer in a heat exchanger is a minimum, when the local
entropy production is constant throughout all parts of
the system. A new design strategy, involving losses due to
fluid and heat transfer irreversibilities that lead to produc-
tion of entropy, has been recently presented by Lerou et al.
[7] and applied to the thermal design of a counter-flow heat
exchanger through minimization of entropy generation.
Ogulata et al. [8,9] studied a manufactured plate-type
cross-flow heat exchanger through the minimum entropy

generation number with respect to the second law of ther-
modynamics. They [9] stated that the minimum entropy
generation number depends on parameters such as opti-
mum flow path length, dimensionless mass velocity, dimen-
sionless heat transfer area and dimensionless heat transfer
volume. Ko [10] analyzed numerically the steady laminar
forced convection and entropy generation in a helical coil
with a constant wall heat flux and water as working fluid.
According to the minimum entropy generation principle
and the second law, the analysis of optimal Reynolds num-
ber for the helical coil flow with a constant wall heat flux
was carried out. The optimal Reynolds numbers were
found to be related to the wall heat flux. The optimal Rey-
nolds number was chosen as the flow operating condition
so that the thermal system could have the least irreversibil-
ity and best exergy utilization.

Lin et al. [11] conducted a second law analysis for a sat-
urated FC-22 vapor flowing through horizontal cooling
tubes in a condenser. They reported the existence of an opti-
mal cooling temperature that generates a minimum of
entropy for a given duty parameter, which depends strongly
upon many process parameters, e.g. mass flow rate and tube
geometry. Li and Yang [12] performed a thermodynamic
analysis of a saturated vapor flowing slowly onto and con-
densing on an elliptical cylinder. The authors showed how
a geometrical parameter, ellipticity, affects entropy genera-
tion during a film-wise condensation process. They also
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obtained an expression for the minimum entropy generation
in laminar film condensation. Adeyinka and Naterer [13]
investigated the physical significance of entropy production
and a resulting optimization correlation for laminar film
condensation on a flat plate.

Utilization of the exergy method in heat exchangers has
been performed by various researchers. Akpinar [14] stud-
ied experimentally the effects on heat transfer, friction fac-
tor and dimensionless exergy loss, by mounting helical
(spring shaped) wires of different pitch in the inner pipe
of a double pipe heat exchanger. The effects of process
parameters such as the mass flow rate and temperature
on the entropy generation and exergy loss were theoreti-
cally and experimentally investigated by Naphon [15] for
a horizontal concentric tube heat exchanger. In the past
work of San and Jan [16] on a wet cross-flow heat exchan-
ger, the effectiveness, exergy recovery factor and second
law efficiency of the wet heat exchanger were individually
defined and numerically determined for various operating
conditions. Additionally, the exergy-based thermoeconom-
ic methodology has been used in different applications (e.g.,
[17,18]), for optimization purposes.

Shell side condensation is relevant to many important
applications, both in power and process industries. In the
present work, the exergy destruction and exergy efficiency
for condensation of a vapor in a shell and tube condenser
are modeled. Then, the optimization problem is formulated
to obtain the optimal upstream coolant temperature, which
results in the minimum (maximum) exergy destruction (effi-
ciency) for a given heat transfer area of heat exchanger.
The sequential quadratic programming (SQP) method is
utilized to solve the optimization problem for a typical con-
denser. Results are discussed and presented for an applica-
tion at different vapor mass flow rates.

2. Formulation for exergy

The objective of this section is to derive the exergy
destruction and exergy (second law) efficiency for conden-
sation of a pure vapor within a shell and tube condenser.
The steady-state exergy rate balance for a control volume
can be written as [19]

OZZ (1 —%’_)Qj— WW+Zmiei—Zmoeo — Eq
J 1 o
(1)

The term Qj represents the time rate of heat transfer at the
location on the boundary where the instantaneous temper-
ature is ;. The term W, represents the time rate of energy
transfer by work, other than flow work. The term e ac-
counts for the time rate of exergy transfer accompanying
mass flow and flow work, with subscripts i and o represent-
ing the inlet and outlet respectively. The specific flow exer-
gy, e, is evaluated using Eq. (2),
2

e:h—hO—To(s—so)—i—V?—i—gz (2)

where i and s denote, respectively, enthalpy and entropy of
the system and /4, and s, are the values of the same prop-
erties, if the system was at the dead state. Also, 7, refers
to the dead state (environment) temperature.

In Eq. (1), the term E, accounts for the time rate of
exergy destruction due to the irreversibilities within the
control volume. For a condenser as shown in Fig. 1, we
have

Eyn = E mie; = ny1eyl + i€ (3)
i

and

Eo = § rhoeo = chec2 + mcondecond (4)

o

where 71,y = iy = .. Subscripts 1 and 2 pefer to the inlet
and outlet, respectively. Thus, with 0, = W, =0, Eq. (1)
can be written as follows:

(tyieyt + ticect) — (eecs + Meond€eona) = Eq (5)
With respect to the mass conversation of vapor,

Tily] = Hlcond = Hly (6)
Eq. (5) is rearranged as

(v — econd) = fitc(ec2 — ec1) + Eq (7)

The second law efficiency, i.e. exergy efficiency, can be now
defined as

N = mc<e(:2 _ecl)
o mv (evl - econd)

(®)

In other words, 7., is described as the ratio of the net in-
crease in the flow exergy of cold fluid (coolant) between
the inlet and outlet, to the net decrease of flow exergy of
hot fluid (vapor) from the inlet to outlet.

The term e, — e;, net change of flow exergy, is evaluated
using Eq. (2) as follows, where the kinetic and potential
energy terms are negligible.

(vapor inlet)

T, M,

vl?

T T,,,m, (coolant inlet)

,»m, (coolant outlet)

Teona> Mong

(condensate)

Fig. 1. Schematic of inlet and outlet flows of condenser.
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62—€|:h2—h1—T0(S2—S1) (9)

Assuming a constant specific heat, c,, the difference of en-
thalpy of two states of a process is

hz—hlch(Tz—Tl) (10)

Also, the change of entropy between two states of a process
for incompressible fluid flow can be written as

T
§2—81 =c¢,n (T_?) (11)

Thus, the net change of flow exergy of coolant can be writ-
ten as

T,
€2 — €l = Cpe |:(Tc2 - Tcl) - To In (T_2):| (12>
cl

Also,

eyl — €cond = Mvi — Meond — To(Svl - Scond) (13)

The above method cannot be used to determine the dif-
ference between inlet flow exergy of steam and flow exergy
of condensate. As condensation occurs at Toong < Tvy1, the
difference between the inlet enthalpy of vapor at a temper-
ature 7T, and condensate enthalpy is the sum of heat due to
cooling the vapor from 7T, to T..,q and latent heat
released at the condensation temperature. It may be written
in the form of the following expression.

hyt — heond = cp,v(Tvl - Tcond) + h_/g\rcond (14)

In addition, the entropy of inlet vapor, s,;, may be
expressed as the sum of an entropy difference due to the
temperature difference Ty, — T.onq at constant pressure
P, and the entropy of saturated vapor at temperature
Teonds Svir=T.,,e- Hence, the entropy difference in Eq. (13)
can be written as

Syl — Scond = ASv + SV|T=Teona — Scond|T=Tcong

T,
= Cpy In (T—l) T8 fe| T=Teona (15)

cond
Substituting Eqgs. (14) and (15) into Eq. (13) yields

€vl — €cond = cp-,V(Tvl — Teona) + P =T o

T vl
—T,|cpyIn 7 ) S rr=Teon
cond

or

T,
€yl — €cond = Cpyv |:(TV1 - Tcond) - To In ( ! ):|
Tcond

+ hfg‘T:Tcond - Tosjg‘T:Tcond (16)

Note that 4y, and sy, are dependent on the saturation tem-
perature. Therefore, the exergy destruction, Eq. (7), and
exergy efficiency, Eq. (8), can be expressed as the following
functions of the inlet and outlet temperatures and mass
flow rates of streams.

: . T,
Ed = mv{cp,v |:(Tvl - Tcond) - To In (T 1 ):| + h/g\T:Tw,,d

cond

. T,
7T0ng‘T:Tcond} — McCpe |:(T62 —Taq)—Toln <TZ>}
cl

(17)
etye|(Ta—Ta) = Toln (1)

I’hv{cp,v [(Tvl - Tcond) —Toln (T{:ld>:| +hfg‘7‘:rmnd — Tosfg‘T:Tcond }
(18)

Nex =

3. Optimization procedure

The objective of this section is to formulate the optimi-
zation problem for condensation of steam in a typical shell
and tube condenser, and then present the resulting optimi-
zation values. Table 1 presents a set of data [20] taken from
a TEMA °‘E’ shell and tube condenser, which has a nearly
standard industrial design. The condenser has a heat
exchange area of 30 m® It is 0.438 m in diameter and
2.438 m long.

Fig. 2 illustrates the dependence of exergy efficiency of the
condenser on the environment temperature at different inlet
cooling water temperatures, which are obtained based on the
analysis in the previous section. At a specific environment
temperature, a higher inlet cooling water temperature (which
is able to carry more exergy) leads to higher exergy efficiency.

Table 1

Inlet and outlet measured operating parameters

Quantity Inlet Outlet
Steam-air mixture temperature (°C) 125 29.30
Steam mass flow rate (kg/s) 1 0.01
Air mass flow rate (kg/s) 0.092 0.092
Cooling water temperature (°C) 10.50 20.05
Cooling water mass flow rate (kg/s) 62.5

Condenser pressure (kPa) 18.2

Source: Ref. [20].

m¢= 1kgls, m:=62.5 kg/s, m_,=0.092 kg/s

80
Tem= —- 105

70

nex(o/“)

T, (C)

Fig. 2. Dependence of the condenser exergy efficiency on environment
temperature at various upstream coolant temperatures.
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In addition, in order to establish a specific #., at different
environment conditions, it is required to change the inlet
cooling water temperature. The graphs in Fig. 2 suggest that
when T, — T.in = 4-5 °C, the exergy efficiency of the heat
exchanger is zero. The general trend is that 7., decreases with
ambient temperature at a constant inlet cooling water tem-
perature, whereas it increases when the inlet cooling water
temperature deviates from the environment temperature.
On the other hand, as a past study [21]has shown, depending
on the performance condition, increasing the inlet cooling
water temperature may result in lowering the condensation
rate. Fig. 3 depicts the influence of the upstream cooling
water temperature on the uncondensed steam mass flow rate
for two upstream temperatures of hot fluid, while the other
parameters are kept constant. For example, increasing the
inlet cooling water temperature from 10.5 °C to 15 °C and
20 °C at the same air leakage of 0.092 kg/s (see Table 1),
results in decreasing the total condensation rate from
0.99 kg/s to 0.985 kg/s and 0.967 kg/s, respectively. In con-
trast, desuperheating the steam does not have a significant
effect on performance parameters since the dominant source
of heat is due to condensation latent heat.

This important criterion, i.e., increasing the exergy effi-
ciency subject to condensation of the entire flow of steam,
is taken into account in our optimization problem, which
will be discussed in an upcoming section.

3.1. Problem definition

The aim is to establish the optimal inlet cooling water
temperature through minimization of exergy destruction
(or maximization of exergy efficiency) for a known conden-
sation temperature and a given heat transfer area. It is
assumed that the mass flow rates of streams are also
known. In the optimization procedure, the importance of
condensation of the entire vapor mass flow rate is strictly
taken into account. The optimum value of the inlet cooling
water temperature is established, which leads to the mini-

0.15

—Tg,in=125C
""" Tgin=65C

m,=0.092 kg/s

e
o

steam (kg/s)

uncondensed mass flow rate of
[
o
(3]

0 i n n n n 1 n n n n 1 n n n n 1 n n n n
10 15 20 25 30
inlet cooling water temperature (C)

Fig. 3. Effect of inlet cooling water temperature on the rate of
uncondensed steam at two different upstream temperatures of hot fluid
(an air leakage of 0.092 kg/s).

mum exergy destruction, provided that the entire amount
of steam condenses. Thus, the exergy destruction function,
described in Eq. (17), becomes the objective function in the
optimization problem, subject to the energy balance
between cold and hot fluid streams as well as the governing
heat transfer equation representing the heat released due to
the condensation of vapor, removed to the coolant by con-
vective heat transfer. Symbolically, we may express the
optimization problem as follows:

Ed :f(TclaTd)

O = tihyy = tCpe(Tey — Tep)
subject to QO = UAwATim

Taq = 10°C

minimize

(19)

where U and A.; denote, respectively, the overall heat
transfer coefficient and the effective heat transfer area.
Also, ATy, represents the logarithmic mean temperature
defined as

ATO_ATi_ (Tcond_Tcz) _(Tcond_Tcl)
A o Tcon 7TC
In (AZ};) In (M)
The outlet cooling water temperature, 7,,, may be elimi-
nated by substituting it from the first equality constraint
in Eq. (19) into the corresponding equation of Eg4, i.c.,
Eq. (17) as well as Eq. (20). The lower limit for the inlet
cooling water temperature is chosen to be 10 °C, which is

shown by the inequality constraint. Hence, the final form
of the optimization problem can be written as

AT = (20)

minimize Eq = f(T¢)
subject to  rityhy, = Udesg AT (21)
Tq = 10°C

It can be seen that there is only one equality constraint.
As mentioned previously, the aim is to find the optimum
inlet cooling water temperature, by minimizing the exergy
destruction (£4) of the condensation process, which satis-
fies the heat transfer equation (equality constraint in Eq.
(21)) and must be equal or greater than 10 °C (inequality
constraint in Eq. (21)). In order to solve the problem
defined in Eq. (21), the sequential quadratic programming
(SQP) method is utilized in this study. The next section
explains the general SQP method.

3.2. Optimization method: SQP

As the name implies, sequential quadratic programming
is an iterative method that solves a quadratic programming
problem (QP) at each iteration [22]. Consider the following
optimization problem:

minimize  f(x) } (22)
subject to  ¢;(x) =0 fori=1,...,p

where f{x) and a,(x) are continuous, with continuous sec-
ond order derivatives. SQP formulates the problem at the
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current point x; by a quadratic sub-problem and it uses the

solution of this sub-problem to find the new point x;4.

SQP is in a way the application of Newton’s method to

the Karush-Kuhn-Tucker (KKT) optimality conditions.
The Lagrangian function for this problem is

L(x,2) = f(x) = 'a(x) (23)

where 1 denotes the Lagrange multiplier. The Jacobian of
the constraints is defined by

A" = [Vai(x)", ..., Va,(x)"] (24)

If x™ is a constrained local minimizer of the problem in Eq.
(22), there exists a Lagrange multiplier A* which satisfies

g(x*) = A" Va(x") (25)
where

g(x) = Vf(x) (26)
Hence, at x*,

VL(x*,2") =0 (27)

At (xg, Ax), we try to find (xg41, Ax+1) so the difference
between them becomes closer to (x*,1%). Using the first
two terms of a Taylor series, VL(x;+1, x+1) can be approx-
imated as

VL(xk+1, }“k+l) ~ VL(xk, }k) + VZL(xk, ;Lk)é (28)
where ¢ is the new variable vector and it is denoted by

6 =1[0,0,]". An improved approximation of (x*,1*) is
(X+-15 Adet1), 1F

VL(.)C](7 /Ik) = 7V2L(xk, }4‘)5 (29)
The previous equation can be expressed as
Wy —Af {5] A& (30)
Ak 0 51 —day

where the Hessian of the Lagrangian is denoted by
W(x,2) = V2 L(x,2).

An alternative way of expressing this formulation of the
SQP is to define the following quadratic problem at (xg, /),

1

o . . 75"[' 5 5’1"
minimize 5 Wio+0 g (31)
subject to A0 +a =0
From Eq. (30), it can be inferred that this problem has a
unique solution that satisfies
Wby + g = A 2
Akéx = —da

(32a)
(32b)
where 0, is a local minimizer of the quadratic problem in

Eq. (31). Therefore, for the next search direction, x;; is
obtained as follows:

Xpy1 = Xk +5k (33)

Ar+1 can be also determined from Eq. (32a). Then, x;; and
Ai+1 are used for the next iteration.

This procedure will repeat until the convergence criteria
are met. In a general nonlinear optimization problem, in
order to define the sub-problem, it is required to similarly
linearize both equality and inequality constrains.

Our optimization problem defined in Eq. (21) includes
one equality constraint and one inequality constraint. We
use a slack variable to eliminate the inequality constraint
as follows:

X =Ty~ 10 (34)
Hence, Eq. (21) can be rewritten as

minimize  f(X?) = Eq (35)
subject to  a(X?) = rityhg, — UAer AT

In each iteration, one must evaluate W, A, g, and a, de-
fined previously, to solve the corresponding quadratic
problem in Eq. (31). The next section will present results
from this optimization formulation.

4. Results and discussion

Exergy destruction, £y, for the operating condition pre-
sented in Table 1 may be now calculated at a given environ-
ment temperature, 7,, using Eq. (17). For instance, if
T,=10°C and T,=15°C, then E4=215kW and
E4 = 221 kW, respectively. In this section, the optimization
results are presented, assuming that condensation of satu-
rated water vapor occurs without the presence of air. The
condensation temperature is a key design parameter that
is directly affected by the condenser pressure. Its selection
depends on various factors, including technical and other
factors. Table 2 gives the optimization results at two differ-
ent condensation temperatures, while the ambient temper-
ature is assumed to be 15 °C. According to this table, it
seems that exergy destruction in the condenser may be sig-
nificantly diminished. Comparing Tables 1 and 2 indicates
that for condensation of saturated pure water vapor, the
optimized value for the upstream coolant temperature in
either case shown in Table 2 is considerably greater than
the value in Table 1, when condensation of superheated
steam occurs in the presence of air. As mentioned previ-
ously, air is a non-condensable gas that provides resistance
to heat and mass transfer in the condensation process. It
reduces the condensation rate, compared to the case with
less air content. As shown in Fig. 3, if the temperatures
were selected according to the optimized values in Table
2, the total condensation rate would decrease. In other
words, in order to condense the total mass of steam in
the presence of air, it is required to select a lower upstream

Table 2

Optimum points for s, = 1 kg/s and m. = 62.5kg/s, T, =15°C

Teona (°C) P (kPa)  Tein (°C)  Teo(°C)  Ea (kW) flex
46 10 16.78 25.9 172.5 0.226
54 15 25.17 34.2 164.6 0.407
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cooling water temperature, which accompanies the lower
exergy efficiency and higher exergy destruction.

Fig. 4 illustrates the variation of optimum inlet and out-
let cooling water temperatures and minimum exergy effi-
ciency, with upstream water vapor mass flow rate, when
the condensation temperature is 46 °C. It can be observed
that when the steam mass flow rate increases (for a given
heat transfer area), the optimum cooling water temperature
decreases. As mentioned before, minimization of exergy
destruction is performed when the entire upstream flow
rate of steam will condense. Since a higher amount of
steam removes more heat due to the latent heat release to
the cooling water, for a constant condenser configuration,
conservation of energy implies a higher temperature differ-
ence between the condensate and cooling water. As con-
densation occurs at the same temperature for all cases
shown in Fig. 4, therefore, a higher temperature difference
may be established by reducing the inlet cooling water tem-
perature. Furthermore, it is seen that increasing the steam
mass flow rate results in a lower optimal (maximum) exergy
efficiency. As mentioned previously, a higher steam mass
flow rate leads to a lower optimal inlet coolant tempera-
ture. Thus, the difference between the cooling water and
environment temperatures decreases. Therefore, the ability
of the system to carry the exergy decreases. As explained
previously (see Fig. 2), a lower exergy efficiency may result
from a smaller difference between the inlet cooling water
and environment temperatures. The results of exergy effi-
ciency follow the expected physical trends in these regards.

Additionally, the effect of the environment temperature
on optimum exergy efficiency is represented in Fig. 5.
Based on previous discussions, since a given operating con-
dition, e.g. i1, = 1 kg/s, leads to a fixed value of the opti-
mum cooling water temperature (see Fig. 4), increasing
the ambient temperature and therefore decreasing the tem-
perature difference between the cooling water and ambient
condition results in a lower exergy efficiency, as shown in
Fig. 5. This is in agreement with the results of Fig. 2, where
a higher ambient temperature at a fixed process condition

To0nq=46 C (P_,,o=10 kpa) m_,=62.5 kg/s

40 [ 71

C T,=10C E

35 [ = Tew; 3
‘§ [ +Tt:w,c: E 08
(] —_ <+ A TMex E
=g30 3 5
o 3
£ 306 ¢ 3
= 35 4 E w c
o = 25 4 E S
o ® o E ES
O o + ' E S =
I r i $04 £ &
SE2 [ {AT>10C ] s
£ (7 - i ] Q.
s H E (@]
a L |
o 15 102

10 L . . *o

7

0.8 0.9 1 1.1 1.2
Steam mass flow rate (kg/s)

o

Fig. 4. Variation of optimum cooling water temperature and optimum
exergy efficiency at different upstream steam mass flow rates.

Teond=46 C (Peong=10 kpa)  m,,=62.5 kgls

e o
o N
ARERE

*~ To=10 C
~%- To=15C
~%- To=20C

e o o o
N W A o
/

.°°
N [T

Optimum Exergy Efficiency
4

0.8 0.9 1 1.1 1.2
Steam mass flow rate (kg/s)

Fig. 5. Influence of environment temperature on optimum exergy
efficiency at different steam mass flow rates.

leads to a lower exergy efficiency. Variations of the opti-
mum (minimum) exergy destruction at various ambient
temperatures are also shown in Fig. 6. The variation of
ambient temperature has a slight effect on exergy destruc-
tion. Nevertheless, an increase in the steam mass flow rate
causes more exergy destruction compared to the effect of
increasing the ambient temperature. Condensation of a
higher steam mass flow rate, which releases more heat,
needs a lower inlet cooling water temperature (see
Fig. 4). Hence, a higher amount of total heat transfer, as
well as an increased temperature difference between the
cooling water and condensation leads to augmentation of
irreversibilities.

Further results for a condensation temperature of
54 °C are illustrated in Figs. 7-9. Comparing Figs. 7
and 4 shows that optimum cooling water temperatures
are consistently higher at a higher condensation tempera-
ture. The temperature difference between condensation
and coolant streams is a dominant factor in the condensa-
tion process, i.e. a certain range of this temperature differ-
ence is enough to establish an effective heat transfer rate.
This fact is taken into account in the optimization proce-
dure, when performing the procedure to find the optimal

Teona=46 C (Poonq=10 kpa) m,,=62.5 kg/s
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Fig. 6. Variation of minimum exergy destruction with upstream steam
mass flow rates at three ambient temperatures.
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temperature of T¢ong = 54 °C.
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Fig. 9. Variation of minimum exergy destruction with steam mass flow
rates at three different environment temperatures and condensation
temperature of T.ong = 54 °C.

values for temperatures. For this reason, as the condensa-
tion temperature increases from 46 °C to 54 °C, the opti-
mal coolant temperature has also increased in Fig. 7,
compared to the relevant profiles in Fig. 4. Careful review

of Figs. 4 and 7 reveals that the temperature profile in
Fig. 7 has approximately shifted 8 °C upward, compared
to Fig. 4; that is, an optimal inlet cooling water tempera-
ture has followed the condensation temperature as it
increased from 46 °C to 54 °C. Therefore, at the same
steam mass flow rate, the temperature difference between
condensation and inlet cooling water is almost the same
in Figs. 4 and 7. We may expect a higher exergy efficiency
when the condensation temperature is 54 °C as the system
deviates relatively more from the environment in this case,
because of the higher cooling water temperature profile.
Fig. 8 confirms this matter. Comparing it with Fig. 5
reveals significant augmentation of exergy efficiency at
all environment temperatures, as the condensation tem-
perature increases from 46 °C to 54 °C. However, com-
paring the related curves for exergy destruction in these
two cases (Figs. 6 and 9), it does not indicate a consider-
able change in the amount of exergy destruction as the
condensation temperature and consequently optimal cool-
ant temperature increase. Exergy destruction is directly
influenced by the total heat transfer rate, which is due
to the condensation of steam. The difference between con-
densation and the cooling water temperature is approxi-
mately the same in Figs. 4 and 7 for a given steam
mass flow rate (discussed above). Hence, condensation
of the same amount of steam mass flow rate approxi-
mately results in the same exergy destruction as shown
in Figs. 6 and 9.

Further studies have been performed to show that there
is a systematic relation between the exergy efficiency and
dimensionless temperature, 6, defined as below,

Tc,in - To

6:Tcond_To (36)

The variation of optimum 7 versus Oyp i shown in
Fig. 10. A linear relation between 7., and 0 can be seen,
which provides a useful result for correlating results over
a range of operating conditions. Particularly, operating
conditions given in Table 1 from available experiments at
two ambient temperatures are very close to the predicted
linear trend of 7., with dimensionless temperature. It is
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Fig. 10. Linear dependence between optimal values of exergy efficiency
and dimensionless temperature.
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worth noting that in the real process (recent two points),
condensation of superheated steam occurs in the presence
of air.

5. Conclusions

The exergy destruction and exergy efficiency of conden-
sation of vapor in a shell and tube condenser are formu-
lated. It is shown that they can be expressed as functions
of several operating parameters, such as the inlet and out-
let cooling water and condensation temperatures. The
optimization problem has been formulated for a given
configuration of condenser. The method of sequential
quadratic programming (SQP) is utilized in this study to
solve the optimization problem. The results are obtained
and presented for a typical industrial condenser. Conden-
sation of saturated steam is considered with cooling water
as the coolant, through two examples that depend on the
condensation temperature, which may be found fre-
quently in actual design of a condenser. Additionally,
optimization results reveal new characteristics for the
cooling water, with respect to the minimization of exergy
destruction of the condensation process. Further results
are presented for different steam mass flow rates. It is
shown that an increase in the steam mass flow rate may
result in a lower optimum cooling water temperature,
which consequently leads to lower exergy efficiency. Also,
the optimal exergy destruction increases at higher rates of
the steam mass flow.
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