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Abstract

A screening method is presented for selecting optimal configurations for plate heat exchangers. The optimization

problem is formulated as the minimization of the heat transfer area, subject to constraints on the number of channels,

pressure drops, flow velocities and thermal effectiveness, as well as the exchanger thermal and hydraulic models. The

configuration is defined by six parameters, which are as follows: number of channels, numbers of passes on each side,

fluid locations, feed relative location and type of channel flow. The proposed method relies on a structured search

procedure where the constraints are successively applied to eliminate infeasible and sub-optimal solutions. The method

can be also used for enumerating the feasible region of the problem; thus any objective function can be used. Examples

show that the screening method is able to successfully determine the set of optimal configurations with a very reduced

number of exchanger evaluations. Approximately 5% of the pressure drop and velocity calculations and 1% of the

thermal simulations are required when compared to an exhaustive enumeration procedure. An optimization example is

presented with a detailed sensitivity analysis that illustrates the application and performance of the screening method.

� 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

Gasketed plate heat exchangers (PHEs) are widely

used in dairy and food processing plants, chemical

industries, power plants and central cooling systems.

They exhibit excellent heat transfer characteristics,

which allows a very compact design, and can be easily

dismounted for maintenance, cleaning or for modifying

the heat transfer area by adding or removing plates. The

PHE consists of a pack of thin corrugated metal plates

with portholes for the passage of the fluids, as shown in
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Fig. 1. Each plate contains a bordering gasket, which

seals the channels formed when the plate pack is com-

pressed and mounted on a frame. The hot and cold

fluids flow in alternate channels and the heat transfer

takes place between adjacent channels. The corrugation

of the plates promotes turbulence inside the channels

and improves the mechanical strength of the plate pack

[1,2].

Several flow patterns are possible for a PHE,

depending on the exchanger configuration, which com-

prises the number of channels, pass arrangement, type of

channel flow and the location of the inlet and outlet

connections on the frame. Because of the large number

of possible configurations and the vast variety of com-

mercial plates, the design of the PHE is highly special-

ized. The PHE manufacturers developed exclusive

design methods and, despite the large number of

applications, rigorous design methods are not easily
ed.

mail to: jpinto@poly.edu


Nomenclature

A heat transfer area of the exchanger, m2

Achannel cross-sectional area for channel flow, m2

Aplate effective heat transfer area of plate, m2

Aport port opening area of plate, m2

C� heat capacity ratio, C�
6 1

Cp specific heat at constant pressure, J/kg �C
De equivalent diameter of channel, m

eplate plate thickness, m

f Fanning friction factor

F objective function

FT log-mean temperature difference correction

factor, 0 < FT 6 1

g gravitational acceleration, g ¼ 9:8 m/s2

h convective heat transfer coefficient, W/m2 �C
IS initial set of configurations

kplate plate thermal conductivity, W/m �C
LP plate vertical distance between port centers,

m

max( ) maximum operator

min( ) minimum operator

N number of channels per pass

NC number of channels

nif( ) number of integer factors operator

NTU number of heat transfer units

OS optimal set of configurations

P number of passes

P I
cold set of allowable passes for the cold fluid in

side I

P II
cold set of allowable passes for the cold fluid in

side II

P I
hot set of allowable passes for the hot fluid in

side I

P II
hot set of allowable passes for the hot fluid in

side II

Q heat load, W

R fluid fouling factor, m2 �C/W
RS reduced set of configurations

size( ) set cardinality operator

T temperature, �C

U overall heat transfer coefficient, W/m2 �C
v fluid average velocity inside each channel,

m/s

W fluid mass flow rate, kg/s

x tangential coordinate to channel fluid flow,

m

Yf binary parameter for type of channel-flow

Yh binary parameter for hot fluid location

Greek symbols

a dimensionless heat transfer parameter

defined in Eqs. (8a) and (8b)

b chevron corrugation inclination angle,

degrees

DP fluid pressure drop, Pa

DTlm log-mean temperature difference (LMTD),

�C
e exchanger thermal effectiveness, %

j iteration counter

q fluid density, kg/m3

/ parameter for feed connection relative

location

Subscripts

CC countercurrent flow conditions

cold cold fluid

hot hot fluid

i ith element

in fluid inlet

j jth element

oe overestimated

out fluid outlet

Superscripts

I side I of exchanger

II side II of exchanger

in inlet

max maximum value

min minimum value

out outlet

4834 J.A.W. Gut, J.M. Pinto / International Journal of Heat and Mass Transfer 47 (2004) 4833–4848
available, as are those for shell/tube or tubular

exchangers. The available methods often have configu-

ration limitations or depend on simplified forms of the

thermal-hydraulic model of the PHEs. According to

Jarzebski and Wardas-Koziel [3], designers find it diffi-

cult to determine operating conditions and unit dimen-

sions for PHEs due to the large number of possible

configurations and the complexity of cost optimization

for this type of exchanger. The authors presented simple

expressions for sizing a PHE; however, the simplifica-

tions of the PHE model may compromise the optimi-

zation results.
Focke [4] presented a method for selecting the opti-

mal plate pattern of the PHE for minimizing the heat

transfer area, Shah and Focke [5] developed a detailed

step-by-step design procedure for rating and sizing a

PHE and Thonon and Mercier [6] presented the ‘‘tem-

perature-enthalpy diagram’’ method for the design of

PHEs. Nevertheless, these methods were developed for

configurations with single-pass arrangements, which re-

stricts the design of the PHE. When using single-pass

arrangements in countercurrent flow with a large num-

ber of channels, the effects of the terminal plates of the

PHE can be neglected and ideal countercurrent flow



Fig. 1. The gasketed plate heat exchanger assemblage and parts.
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conditions can be assumed (the mean temperature dif-

ference is calculated by the log-mean), thus simplifying

in great extent the thermal model of the PHE and the

design method. Yet, this assumption limits the applica-

bility of the design method.

The traditional e-NTU design method was used by

Jackson and Troupe [7], Kandlikar and Shah [8] and

Zaleski and Klepacka [9] for the selection of the PHE

configuration or pass arrangement for multi-pass

applications. The thermal model of the PHE is used for

obtaining e ¼ eðNTU;C�Þ, which is presented in graph-

ical or tabular form for a given configuration. The re-

sults are presented for the most usual configurations and

the best configuration is selected among those consid-

ered. This procedure requires an extensive configuration

testing (in order to meet the pressure drop and temper-

ature constraints) and optimality is not guaranteed.

The referred authors verified that symmetrical pass

arrangements, where the countercurrent flow prevails in

the PHE, yield the highest thermal effectiveness. How-

ever, some applications require non-usual asymmetrical

configurations due to differences in the fluid heat

capacities or available pressure drops. For such cases, a

more careful analysis is required from the heat transfer

and pressure drop viewpoints for correctly configuring

the PHE.

Recently, Wang and Sund�en [10] presented a design

method for PHEs with and without pressure drop

specifications. However, the design objective is the full

utilization of the allowable pressure drops and, as will be

shown in the present work, this design criteria is not

adequate for sizing PHEs because it does not ensure the

minimum heat transfer area. Wang and Sund�en [10] also

present guidelines for designing the PHE targeting

minimal annual operations costs; however, a counter-

current single-pass arrangement is assumed for simpli-

fying the thermal model.

In this paper, an optimization method for configu-

ration selection of PHEs is presented. The configuration

is characterized by a set of six parameters and a thermal-
hydraulic PHE model for generalized configurations is

used for evaluating the exchanger performance. The

optimization method is formulated as the minimization

of the heat transfer area, subject to constraints on the

number of channels, the fluid pressure drops and flow

velocities and the thermal effectiveness, as well as the

PHE model. To overcome the limitations of representing

the problem as a mixed integer non-linear programming

(MINLP) problem, a screening procedure is proposed.

In this search procedure, the constraints are successively

applied to eliminate infeasible and sub-optimal solutions

until the optimal solutions are found. The proposed

method can be also used for enumerating the feasible

region of the problem; thus any objective function can

be used, such as the minimization of capital and oper-

ational costs. For the configuration optimization of

multi-section PHEs in pasteurization process, please

refer to the work of Gut and Pinto [11], where the

branching method of configuration optimization is pre-

sented.

The structure of this paper is as follows: firstly the

configuration of the PHE is characterized by means of a

set of six parameters, then the problem of configuration

optimization is formulated including the equations of

the thermal and hydraulic models of the PHE. Further,

the fundamentals of the screening method are described

and its algorithm is presented for the case of minimi-

zation of heat transfer area and for the case of general

objective functions. Finally optimization results are

presented, including an example which is analyzed

thoroughly for verifying the influence of the problem

optimization and process conditions on its optimal

solution.
2. Characterization of the PHE configuration

The configuration of a PHE defines the flow distri-

bution of the hot and cold fluids inside the plate pack

and the terminal connections at the fixed and moveable
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covers. For the characterization of such configuration,

six parameters are used: NC, P I, P II, /, Yh and Yf , which
are described as follows [11,12]:

• Number of channels (NC): A channel is the space com-

prised between two plates. The PHE can be repre-

sented by a row of channels numbered from 1 to

NC. By definition, the odd-numbered channels belong

to side I, and the even-numbered ones belong to side

II. N I
C and N II

C denote the numbers of channels in

each side. If NC is even, both sides have the same

number of channels (N I
C ¼ N II

C ), otherwise side I has

one more channel (N I
C ¼ N II

C þ 1). Allowable values:

NC P 2.

• Number of passes at sides I and II (P I and P II): A pass

is a set of channels where the stream is split and dis-

tributed. Each side of the PHE is divided into passes

with the same number of channels per pass. The

parameters NC, P I and P II are related as follows:

N I
C ¼ P I � N I, N II

C ¼ P II � N II, NC ¼ N I
C þ N II

C , where

N I and N II are the number of channels per pass

for sides I and II, respectively. The pass arrange-

ment of the PHE is represented by P I � N I=P II �
N II or simply by P I=P II. Allowable values for P I

and P II: respectively the integer factors of N I
C and

N II
C .

• Feed connection relative location (/): The feed con-

nection of side I is arbitrarily set to channel 1 at

x ¼ 0. The relative position of the feed of side II is

given by the parameter / [13], as shown in Fig. 2a.

The plate length x is not associated with the top

and bottom of the PHE, neither channel 1 is associ-

ated with the fixed cover. The configuration can be

freely rotated or mirrored to fit the PHE frame.

Allowable values for / : 1, 2, 3 and 4.
(a) (b)

(d)

Fig. 2. Definition of configuration paramet
• Hot fluid location (Yh): This binary parameter assigns

the fluids to the exchanger sides (see Fig. 2b). If

Yh ¼ 1, the hot fluid is at side I, and cold fluid is at

side II. Otherwise, the cold fluid is at side I, and

hot fluid is at side II.

• Type of flow in the channels (Yf ): This binary param-

eter defines the type of flow inside the channels,

which depends on the gasket type. If Yf ¼ 1, the flow

is diagonal in all channels. Otherwise, the flow is ver-

tical in all channels (see Fig. 2c). It is not possible to

use both types in the same plate pack.

A configuration example is illustrated in Fig. 2d. It

represents a PHE with nine plates (NC ¼ 8), where the

hot fluid in side I (Yh ¼ 1) makes two passes (P I ¼ 2) and

the cold fluid in side II makes four passes (P II ¼ 4). In

this example, the inlet of side II is located next to the

inlet of side I (/ ¼ 1) and the type of flow in the chan-

nels is diagonal (Yf ¼ 1).

For a given value of number of channels and a fixed

type of flow, there may exist equivalent configurations in

terms of the thermal effectiveness and pressure drops.

The identification of equivalent configurations is

important to avoid redundant PHE evaluations when

optimizing the PHE configuration. Gut and Pinto [12]

developed a methodology to detect equivalent configu-

rations that is valid for the ideal case of no phase

change, no heat losses and temperature-independent

physical properties for the fluids. This methodology is

summarized in Table 1. For each set of NC, P I, P II and

Yf , there are groups of values of the parameter / that

result in equivalent configurations. In the case of an

even-numbered NC, sides I and II have the same number

of channels and can support the same passes. Therefore

fluids can switch sides, which enables the equivalency
(c)

ers and an example of configuration.



Table 1

Methodology for identification of equivalent configurations for given NC and Yf

NC (P I=P II) Groups of equivalent values of /

Odda (1/1), (1/odd), (odd/1) {1,3}, {2,4}

(1/even), (even/1) {1,2,3,4}

(odd/odd), (even/even) {1}, {2}, {3}, {4}

(odd/even), (even/odd) {1,2}, {3,4}

Evenb (1/1), (1/odd), (odd/1) {1h,3h,1c,3c}, {2h,4h,2c,4c}

(1/even)h {1h,4h,2c,4c}, {2h,3h,1c,3c}

(even/1)h {1h,3h,2c,3c}, {2h,4h,1c,4c}

(1/even)c {1c,4c,2h,4h}, {2c,3c,1h,3h}

(even/1)c {1c,3c,2h,3h}, {2c,4c,1h,4h}

(odd/odd), (even/even) {1h,1c}, {2h,2c}, {3h,3c}, {4h,4c}

(odd/even), (even/odd) {1h,2c}, {2h,1c}, {3h,3c}, {4h,4c}

aEquivalent configurations have the same value for Yh (0 or 1).
b ‘‘h’’ denotes Yh ¼ 1 and ‘‘c’’ denotes Yh ¼ 0. When changing Yh, switch P I and P II.
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between Yh ¼ 0 and Yh ¼ 1. For example, if NC ¼ 12,

P I ¼ 1 and P II ¼ 2 (for any given value for Yf ), using
/ ¼ 1 and Yh ¼ 0 is equivalent of using / ¼ 4 and

Yh ¼ 1 with P I ¼ 2 and P II ¼ 1 (see Table 1). For more

details on equivalent configurations, please refer to Gut

and Pinto [12] and Pignotti and Tamborenea [13].
3. The configuration optimization problem

In this work, the optimization problem is formulated

as the minimization of the capital cost of the PHE, which

is assumed proportional to its overall heat exchange area

A ¼ ðNC � 1Þ � Aplate, where Aplate is the effective heat

transfer area of the plate. In this case, the objective

function to be minimized is F ¼ NC that is given in Eq.

(1). Nevertheless, it is shown in Section 3.3 that any other

objective function can be used because the proposed

screening method can be used for enumerating the fea-

sible region of the problem. The configuration parame-

ters of the PHE (NC, P I, P II, /, Yh and Yf ) are the

optimization variables. There are constraints on the

number of channels of the exchanger and on its hydraulic

and thermal performances, as shown in Eqs. (2a)–(2h).

Min F ðNC; P I; P II;/; Yh; YfÞ ¼ NC ð1Þ
subject to : Nmin

C 6NC 6Nmax
C ð2aÞ

DPmin
hot 6DPhot 6DPmax

hot ð2bÞ
DPmin

cold 6DPcold 6DPmax
cold ð2cÞ

vmin
hot 6 vhot ð2dÞ
vmin
cold 6 vcold ð2eÞ

emin
6 e6 emax ð2fÞ

ðDPhot;DPcold; vhot; vcoldÞ
¼ PHE hydraulic model ð2gÞ

e ¼ PHE thermal model ð2hÞ
The constraint on the number of channels in Eq. (2a) is

related to the plate-capacity of the PHE frame, to the

length of the tightening bolts and to the number of

plates and gaskets available (for the case of configuring

an existing exchanger). The lowest bound for the num-

ber of channels is Nmin
C ¼ 2, however, a more realistic

value can be obtained from the calculation of the heat

exchange area required for the process conditions in a

ideal countercurrent flow exchanger with an overesti-

mated overall heat transfer coefficient (Uoe), as shown in

Eq. (3a), where Q is the desired heat load and DTlm is the

log-mean temperature difference. Eq. (3b) can be used to

obtain DTlm using the expected outlet temperatures for

the fluids: T out
hot and T out

cold, which are available from the

global energy balance (presented further in Eqs. (4b) and

(4c)).

Nmin
C ¼ 1þ Q

Aplate � Uoe � DTlm
ð3aÞ

DTlm ¼
T in
hot � T out

cold

� �
� T out

hot � T in
cold

� �
ln

T in
hot

�T out
cold

T out
hot

�T in
cold

� � ð3bÞ

The constraints in Eqs. (2b) and (2c) limit the hot and

cold fluid pressure drops, respectively. The upper

bounds, DPmax
hot and DPmax

cold , are proportional to the

maximum pumping power available. The pressure drop

constraints can also be used to prevent the formation of

large pressure gradients between the streams, which

could bend the plates. That is the reason of using the

lower bounds DPmin
hot and DPmin

cold. To prevent the forma-

tion of preferential flow paths, stagnation areas or air

bubbles inside the channels [14], it is necessary to define

lower bounds for the velocities inside the channels for

hot and cold fluids, as shown in Eqs. (2d) and (2e).

The desired thermal performance for the process, e.g.

specifications for the outlet temperatures (T out
hot , T out

cold)
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and/or heat load (Q), can be represented in terms of the

exchanger thermal effectiveness, e, as the constraint in

Eq. (2f). Since T out
hot , T

out
cold, Q and e are related according

to Eqs. (4a)–(4c), these equations can be used for

determining the upper and lower bounds on the effec-

tiveness constraint in Eq. (2f). First, the lower and upper

bounds for the outlet temperatures (T out;max
hot , T out;max

cold ,

T out;min
hot and T out;min

cold ) are used to obtain the allowable

range for the heat load, Qmax and Qmin, from Eqs. (4b)

and (4c). Then these bounds are converted to emax and

emin with Eq. (4a).

e ¼ Q
minðWhot � Cphot;Wcold � CpcoldÞ � ðT in

hot � T in
coldÞ

ð4aÞ

Q ¼ Whot � Cphot � ðT in
hot � T out

hot Þ ð4bÞ

Q ¼ Wcold � Cpcold � ðT out
cold � T in

coldÞ ð4cÞ

The last two sets of constraints, Eqs. (2g) and (2h), rep-

resent the mathematical modeling of the PHE. The

hydraulic modeling of the PHE comprises only the

algebraic equations required for obtaining the average

velocity inside the channels and the pressure drops for

hot and cold fluids. By assuming a uniform distribution

of the flow within the passes and plug-flow inside the

channels, the velocity can be obtained by Eq. (5), where

Achannel is the average cross-sectional area for channel

flow.

v ¼ W
N � q � Achannel

ð5Þ

Eq. (6) can be used for calculating the pressure drop at

the hot or cold side of the PHE [15]. The first term on

the right-hand side of Eq. (6) evaluates the friction loss

inside the channels, where f is the Fanning friction

factor and LP is the vertical distance between port cen-

ters. A suitable friction factor correlation for the plate

corrugation type is needed. Correlations for friction

factor are available in the literature for various types of

plate corrugations [5,15–17]. The second term on the

right-hand side represents the pressure drop for port

flow, where Aport is the area of the port opening. The last

term is the pressure variation due to an elevation

change, which is always assumed positive since the

gravitational acceleration is not associated with the

vertical coordinate x.

DP ¼ 4 � f � LP � P
2 � q � De

� W
N � Achannel

� �2

þ 1:4 � P
2 � q

W
Aport

� �2

þ q � g � LP ð6Þ

The thermal model of the PHE for generalized config-

urations is presented by Gut and Pinto [12], assuming

constant overall heat exchanger coefficient throughout

the PHE (the authors verified that this assumption can
be used for the global evaluation of a PHE). Since it is

not possible to represent the thermal model as an ex-

plicit function on the configuration parameters, the

model is developed in algorithmic form. Given the ex-

changer configuration and the process conditions, the

algorithm builds the mathematical model (a system of

algebraic and differential equations), which can be

solved by numerical or analytical methods. The solution

provides the temperature profiles in every channel, and

thus the outlet temperatures and thermal effectiveness.

The referred thermal model can be represented in

compact form by Eq. (7), where the dimensionless

coefficients ahot and acold are defined in Eqs. (8a) and (8b)

as functions of the overall heat transfer coefficient, U ,

presented in Eq. (8c). Correlations for obtaining the

convective heat transfer coefficients (hhot and hcold) that
are suitable for the plate corrugation type are needed.

Correlations are available in the literature for various

types of plate corrugations [5,15–17].

e ¼ e NC; P I; P II;/; Yh; Yf ; ahot; acold

� �
ð7Þ

ahot ¼
Aplate � U � Nhot

Whot � Cphot
ð8aÞ

acold ¼
Aplate � U � Ncold

Wcold � Cpcold
ð8bÞ

1

U
¼ 1

hhot
þ 1

hcold
þ eplate
kplate

þ Rhot þ Rcold ð8cÞ

Alternative forms of the thermal modeling may be used,

such as those presented by Zaleski [18] or by Strelow

[19], as long as the effectiveness is expressed as a function

of the configuration parameters.

The resulting optimization problem is thus composed

by the non-linear and differential equations of the PHE

thermal and hydraulic mathematical model, and by

variables of discrete nature, such as the configuration

parameters. These conditions make the problem solu-

tion non-trivial.

3.1. Fundamentals of the screening method

To overcome the limitations of representing the

optimization problem as a mixed integer non-linear

programming (MINLP) problem, a screening procedure

is proposed. Generally, the screening procedure is used

to eliminate sub-optimal solutions from a MINLP

problem, thus reducing its size and complexity. This

procedure was previously employed by Daichendt and

Grossmann [20] in the context of heat exchanger net-

works, and also by Allgor et al. [21] for batch process

development involving a reaction/distillation network.

As will be shown in this section, the proposed

screening method solves the problem of the PHE con-

figuration optimization without the need of solving re-

duced MINLP or relaxed NLP problems. In this
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procedure, the constraints in Eqs. (2a)–(2f) are succes-

sively used to remove infeasible and non-optimal ele-

ments until the optimal solution is found (in the case of

multiple optima, all solutions are obtained).

A given number of channels, NC, defines the set of

allowable values of the five remaining parameters. Their

combination generates a finite number of possible con-

figurations for each value of NC. Fig. 3 shows the

cumulative number of configurations and it can be

shown that there are 2:85 � 105 different configurations

for 06NC 6 500.

Likewise, the bounds on NC in Eq. (2a) of the con-

figuration optimization problem define a initial set of

configurations, named IS. The optimal configurations, if

the problem is feasible, are within this set, as well as the

sub-optimal and infeasible solutions. Through an

exhaustive enumeration procedure it would be possible

to locate the optimal configurations. However, this task

would require a large computational effort since the

solution of the thermal model in Eq. (2h) is non-trivial

and IS may contain a large number of configurations.

The number of elements in IS is given by Eq. (9), where

the nif(n) operator returns the number of integer factors

of n and the number of channels at sides I and II are

obtained with Eqs. (10a) and (10b).

sizeðISÞ ¼ 16 �
XNmax
C

NC¼Nmin
C

nifðN I
CÞ � nifðN II

C Þ ð9Þ

N I
C ¼ NC

2

� 	
¼ 2NC þ 1� ð�1ÞNC

4
ð10aÞ

N II
C ¼ NC

2


 �
¼ 2NC � 1þ ð�1ÞNC

4
ð10bÞ

It is not necessary to evaluate all the elements in IS to

obtain the optimal configurations. By estimating aver-
age physical properties for the hot and cold fluids, it is

possible to solve the hydraulic model prior to the ther-

mal model. Consequently, the constraints on Eqs. (2b)–

(2e) can be applied to the elements in IS before applying

the thermal effectiveness constraint in Eq. (2f), which

requires the solution of the thermal model in Eq. (2h).

Hence, the number of thermal simulations required to

locate the problem solution is reduced. In principle,

solving the PHE hydraulic and thermal models with

estimates of the average physical properties could lead

to an inaccurate evaluation of the exchanger. To ensure

that no optimal solutions are discarded when evaluating

the elements in IS, the average physical properties must

be estimated from the desired process conditions.

When the constraints on DP and v are used to discard

infeasible elements from IS, the reduced set of hydrau-

lically feasible configurations RS is then generated.

However, to obtain RS it is not necessary to calculate

the pair (DP ; v) for the hot and cold sides of all config-

urations in IS because of the following principles:

(A1) The parameter / has no influence on the calcula-

tion of (DP ; v), since uniform flow distribution

throughout the channels is assumed. Thus, all four

values of / are equivalent for the hydraulic model,

when the remaining five configuration parameters

remain constant.

(A2) The pair (DP ; v) is independent for each sides of

the PHE. Therefore, for given NC, Yh and Yf , the
calculation of (DP ; v) is made only once for each

allowable number of passes in sides I or II, instead

of individually evaluating all the pass arrangement

combinations, P I=P II.

(A3) For given NC, Yh and Yf , DP is proportional to the

number of passes of the respective side. If

DP > DPmax is verified, any configuration with a

larger number of passes in the same side is also

infeasible.

(A4) When NC is even, sides I and II can support the

same numbers of passes. Thus, for the hot or cold

fluids, the pairs (DP ; v) for each allowable pass are

the same for both sides. In this case, Yh ¼ 1 and

Yh ¼ 0 yield the same value for (DP ; v) when the

corresponding number of passes is maintained.

Once the set RS is obtained, the effectiveness con-

straint in Eq. (2f) is used to remove infeasible and

sub-optimal elements from this set, thus obtaining the

optimal set of configurations OS. However, it is not

necessary to solve the thermal model for all elements in

RS because of the following principles:

(B1) There are equivalent configurations with the same

effectiveness, thus only one must be simulated. The

methodology presented in Table 1 is used to iden-

tify the groups of equivalent configurations.



Fig. 4. Main structure of the screening algorithm.
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(B2) Eqs. (11), (12a) and (12b) represent the thermal

model of a ideal countercurrent flow exchanger.

The effectiveness of the PHE is never greater than

the one of the ideal countercurrent flow case.

Hence, if eCC < emin is verified, it is not necessary

to solve the thermal model of the PHE in Eq.

(2h) because eCC represents a rigorous upper bound

for e and thus the constraint in Eq. (2f) is not sat-

isfied.

eCC ¼
1� e�NTU�ð1�C�Þ

1� C� � e�NTU�ð1�C�Þ if C� < 1

NTU

NTUþ 1
if C� ¼ 1

8>><
>>:

ð11Þ

NTU ¼ U � ðNC � 1Þ:Aplate

minðWhot � Cphot;Wcold � CpcoldÞ
ð12aÞ

C� ¼ minðWhot � Cphot;Wcold � CpcoldÞ
maxðWhot � Cphot;Wcold � CpcoldÞ

ð12bÞ

(B3) If the search is made in increasing order of NC (the

objective function to be minimized) when the opti-

mal set is found, all remaining configurations with

larger NC can be neglected since they are infeasible

or feasible sub-optimal elements. As will be ex-

plained in Section 3.3, this principle is not used

when an objective function other than F ¼ NC is

optimized.

Based on the aforementioned principles, a screening

algorithm was developed to solve the PHE configuration

optimization problem, as is presented in Section 3.2. As

will be shown in Section 4 with the optimization results,

principles A1–A4 and B1–B3 can reduce largely the

computational effort to generate the set RS and then

obtain the optimal set of configurations OS.

The algorithm was developed for a given type of flow

in the channels (diagonal or vertical, as defined by the

parameter Yf ) because it affects the convective heat

transfer coefficients and friction factors. If there is the

need to consider both types of flow in the channels, the

algorithm should be used for each case (Yf ¼ 0 and

Yf ¼ 1) and the results compared. Moreover, when re-

configuring an existing exchanger, it is not possible to

change the value of Yf because the plate perforations and
gaskets are designed for a certain channel flow type.
3.2. The screening algorithm

The main structure of the screening algorithm is

presented in Fig. 4, and the steps are described as follows:

(1) Required data:

(1.1) Plate: dimensions, corrugation pattern, type

of flow in the channels, area enlargement fac-

tor and thermal conductivity.
(1.2) Hot and cold fluids: flow rate, inlet tempera-

ture, average physical properties, fouling fac-

tor and correlations for convective heat

transfer coefficients and friction factors for

the flow inside the corrugated channels.

(1.3) Constraints: lower and upper bounds for Eqs.

(2a)–(2f).

(2) Initialization: RS ¼ ;, OS ¼ ;, N ðjÞ
C ¼ Nmin

C and

j ¼ 1.

(3) Determination of numbers of passes: N I
C and N II

C

are calculated with Eqs. (10a) and (10b) using N ðjÞ
C .

(3.1) The allowable numbers of passes for side I, P I
i

with 16 i6 nifðN I
CÞ, are all the integer factors

of N I
C.

(3.2) The allowable numbers of passes for side II,

P II
j with 16 j6 nifðN II

C Þ, are all the integer

factors of N II
C .

(4) Verification of pressure drop and velocity con-

straints for pass selection. Initialization: P I
cold ¼ ;,

P I
hot ¼ ;, P II

cold ¼ ; and P II
hot ¼ ;.

(4.1) The pair (DP ; v) is calculated for the cold fluid

located at side I (Yh ¼ 0) for each one of the

allowable numbers of passes P I
i , in increasing

order. If the constraints in Eqs. (2c) and (2e)

are satisfied, the respective number of passes

is selected and stored in the set P I
cold. If

DPmax is violated in Eq. (2c), proceed to step

4.2 since there is no need to evaluate larger

numbers of passes P I
i (see principle A3).

(4.2) The pair (DP ; v) is calculated for the hot fluid

located at side I (Yh ¼ 1) for each one of the

allowable numbers of passes P I
i , in increasing

order. If the constraints in Eqs. (2b) and (2d)

are satisfied, the respective number of passes

is selected and stored in the set P I
hot. If

DPmax is violated in Eq. (2b), proceed to step

4.3.

(4.3) If NC is even, then P II
cold 
 P I

cold. Otherwise, the

pair (DP ; v) is calculated for the cold fluid lo-

cated at side II (Yh ¼ 1) for each one of the
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allowable numbers of passes P II
j , in increasing

order. If the constraints in Eqs. (2c) and (2e)

are satisfied, the respective number of passes

is selected and stored in the set P II
cold. If

DPmax is violated in Eq. (2c), proceed to step

4.4.

(4.4) If NC is even, then P II
hot 
 P I

hot. Otherwise, the

pair (DP ; v) is calculated for the hot fluid lo-

cated at side II (Yh ¼ 0) for each one of the

allowable numbers of passes P II
j , in increasing

order. If the constraints in Eqs. (2b) and (2d)

are satisfied, the respective number of passes

is selected and stored in the set P II
hot. If DPmax

is violated in Eq. (2b), proceed to step 5.

(5) Inclusion of elements in the reduced set RS.

(5.1) Elements of the sets P I
cold and P II

hot are com-

bined to generate the pass arrangements with

Yh ¼ 0. Each combination leads to four con-

figurations since / presents four equiva-

lent values to the hydraulic model. All

generated configurations, in the format

½NC; P I; P II;/; Yh�, are stored in RS.

(5.2) Elements of the sets P I
hot and P II

cold are com-

bined to generate the pass arrangements

with Yh ¼ 1. Each combination leads to four

configurations since / presents four equiva-

lent values to the hydraulic model. All

generated configurations, in the format

½NC; P I; P II;/; Yh�, are stored in RS.

(6) Verification: if N ðjÞ
C ¼ Nmax

C , then proceed to step 7.

Otherwise, N ðjþ1Þ
C ¼ N ðjÞ

C þ 1, j ¼ j þ 1 and return

to step 3.

(7) Termination (Loop I): the set RS is complete and it

contains all the configurations that satisfy the con-

straints of pressure drop and velocity in Eqs. (2b)–

(2e). If RS ¼ ;, the problem has no solution and the

process conditions and/or the bounds on Eqs. (2a)–

(2e) must be revised. Otherwise, proceed to Step 8

to continue with the generation of the optimal set

of configurations OS.

(8) The elements in RS with the minimum value of NC

are selected.

(9) For these selected elements, equivalent configura-

tions are detected and grouped, using the method-

ology summarized in Table 1.

(10) The ideal countercurrent flow thermal model pre-

sented in Eqs. (11), (12a) and (12b) is used to ob-

tain eCC for one element of each group of

equivalent configurations. If eCC < emin is verified

for a group, then this group is discarded from

RS. If eCC P emin is verified, then the thermal model

of the PHE has to be solved for one element of the

group to obtain e. For these cases, when the con-

straint on Eq. (2f) is satisfied, the respective group

is transferred from RS to OS. Otherwise, this group

is discarded from RS.
(11) Verification: if RS ¼ ; and OS ¼ ;, the problem

has no solution and the process conditions and/or

the bounds on Eqs. (2a) and (2f) must be revised.

If RS 6¼ ; and OS ¼ ;, return to step 8. If OS 6¼
;, proceed to step 12.

(12) Termination (Loop II): the optimal solution is

achieved. The set OS contains all the configurations

with minimum number of channels that satisfy the

problem constraints in Eqs. (2a)–(2h).

3.3. Alternative objective functions

The screening method was developed for minimizing

the number of channels of the PHE, as shown in Eq. (1).

However, any other objective function can be mini-

mized, such as the combination of capital and opera-

tional costs, with minor alterations on the screening

algorithm presented in Section 3.2. Since principle B3

cannot be used for deriving the screening method for

generic objective functions, steps 11 and 12 of the

algorithm must be replaced with the following steps:

(110) If RS 6¼ ;, return to step 8. If RS ¼ ; and OS ¼ ;,
the problem has no solution. If RS ¼ ; and

OS 6¼ ;, proceed to step 120.

(120) The set OS contains all the feasible solutions. Cal-

culate the objective function for all elements in OS

and place them in increasing order. The elements

with the minimum value for the objective function

are the optimal solution of the problem.

Note that the screening method for generic objective

functions now enumerates the elements of the feasible

region of the optimization problem. The objective

function is only used to order the elements, thus finding

the optimal configurations. The computational effort to

solve the configuration optimization problem with

other objective function than NC is larger because the

feasible sub-optimal elements in RS are now evaluated.

However, this method has one major advantage: the

near-optimal elements are all known and can be con-

sidered as potential candidates for the problem solu-

tion.
4. Optimization results

For the hydraulic model of the PHE, Eqs. (5) and (6)

were employed. As for the thermal model, the algo-

rithmic form for generalized configurations presented by

Gut and Pinto [12] was used (see Eqs. (7), (8a) and (8b)).

The mathematical solution of the thermal model (which

comprises a linear system of first order ordinary differ-

ential equations and a system of non-linear algebraic

equations) was carried out by the software gPROMS

[22] that uses a numerical method (second order centered
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finite differences with 21 elements on the plate length for

each channel).

A computer program was developed to automatically

run the steps of the screening algorithm. This program

reads an input file with the problem specifications and,

when the thermal model needs to be solved for any given

configuration at step 10, it assembles the respective

mathematical model and generates a formatted gPR-

OMS input file for steady-state simulation of the PHE.

Through several optimization examples, it was veri-

fied that the pressure drop is very sensitive to the num-

bers of passes and channels per pass. Consequently,

when obtaining the reduced set RS (steps 1–7 of the

algorithm if Fig. 6), a large number of the elements in

the initial set IS are discarded (near 97%) because they

do not satisfy the constraints in Eqs. (2b) and/or (2c).

For obtaining RS, the screening algorithm demands

approximately 5% of the necessary calculations of

(DP ; v), when compared to an exhaustive enumeration

procedure.

It was also verified that for obtaining the optimal set

of configurations OS, approximately 15% of the ele-

ments in RS are thermally simulated for the calculation

of e, which corresponds to only 1% of the configurations

in the initial set IS. An optimization example is pre-

sented in Section 4.1 that illustrates the performance of

the screening method.

As in the work of Kandlikar and Shah [8], it was

verified that configurations with symmetrical pass

arrangements (P I ¼ P II) where the countercurrent flow

prevails between adjacent PHE channels and the fluids

enter at opposite sides of the plate pack (/ ¼ 3 or / ¼ 4)

yield high thermal effectiveness. Such configurations are

preferentially selected by the screening method when

minimizing the number of plates of the PHE with no

restrictions for minimum pressure drop (DPmin
hot ¼ 0 and

DPmin
cold ¼ 0). Interestingly, it was observed that it was

unnecessary to make full usage of the available pressure

drops for obtaining the minimal exchanger size.

When designing heat exchangers, one usually seeks

full usage of the available pressure drops because of an

increase in turbulence, and consequently in the overall

heat transfer coefficient U , that is expected for this case.

As a result, the heat exchange area is minimized for a

given heat load, as it can be observed in the basic design

equation in Eq. (15) [23,24].

Q ¼ A � U � FT � DTlm ð13Þ

However, PHEs have a large number of possible pass-

arrangements and configurations. Consequently, the

corrected mean temperature difference, FT � DTlm in Eq.

(13), plays an important role when designing a PHE.

Changes on the configuration can drastically modify

FT � DTlm while U remains unaltered. When the config-

uration is a design variable, the relationship between the
heat exchanger area and the size of the exchanger is not

obvious. Therefore, maximizing the usage of the avail-

able pressure drops may not be an adequate target when

configuring PHEs.
4.1. Optimization example

The screening method was used for selecting the best

configuration for a PHE with chevron plates (Aplate ¼
0:125 m2, b ¼ 45�, diagonal channel flow) for the pro-

cess of heating a benzene stream (Wcold ¼ 1:23 kg/s,

T in
cold ¼ 15 �C) using a hot toluene stream (Whot ¼ 0:80

kg/s, T in
hot ¼ 78 �C). The optimization problem is pre-

sented in Eqs. (14), (15a)–(15h).

Min F ðNC; P I; P II;/; YhÞ ¼ NC ð14Þ
subject to : 26NC 6 58 channels ð15aÞ

06DPhot 6 10 psi ð15bÞ
06DPcold 6 10 psi ð15cÞ
vhot P 0:3 m=s ð15dÞ
vcold P 0:3 m=s ð15eÞ
856 e6 100% ð15fÞ
ðDPhot;DPcold; vhot; vcoldÞ ¼ PHE hydraulic

model in Eqs:ð5Þ and ð6Þ ð15gÞ
e ¼ PHE thermal model in Eq:ð7Þ ð15hÞ

The correlations provided by Saunders [17] for obtain-

ing the convective heat transfer coefficient and friction

factor for chevron channels were used for this example.

The average physical properties of the streams were

calculated using the correlations presented by Kern [25]

with the mean temperatures estimated for the process

with Eqs. (4a)–(4c) assuming e ¼ 90%. Although the

assumed effectiveness has a small influence on the

problem results, it is suggested to make use of its tar-

geted value when estimating the average physical prop-

erties.

The constraint on the number of channels in Eq.

(15a) defines an initial set containing 6280 elements,

which correspond to half of the amount calculated with

Eq. (9) because the type of flow in the channels is given

(diagonal flow, Yf ¼ 1). The performance of the screen-

ing method in obtaining the optimal solution is pre-

sented in Fig. 5. When comparing the screening method

with an exhaustive enumeration procedure, it can be

observed that the number of calculations of the pair

(DP ; v) was reduced by 96.3% and the number of re-

quired thermal simulations was reduced by 99.8%. Ta-

bles 2 and 3 show in detail the contribution of each of

the principles A1–A4 and B1–B3 for the reduction on

the number of calculations of (DP ; v) and on the number

of simulations, respectively.

Fig. 6 illustrates the progress of the screening method

in finding the optimal solution within the set RS (steps 7



Table 2

Contribution of principles A1 to A4 for the reduction on the number of calculations of (DP ; v) in the optimization example

Case Number of calculations

of (DP ; v)
Cumulated reduction on

number of calculations (%)

Exhaustive enumeration of IS 12,560 0.0

+A1) / has no influence on (DP ; v) 3140 75.0

+A2) (DP ; v) independent for sides I and II 818 93.5

+A3) Verification of DPmax 618 95.1

+A4) Equivalence on (DP ; v) for even NC 462 96.3
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Fig. 6. Progress of the screening method for locating the

optimum in RS for the example.

Table 3

Contribution of principles B1 to B3 for the reduction on the number of simulation in the optimization example

Case Number of thermal

simulations

Cumulated reduction on number of simulations

For RS (%) For IS (%)

Exhaustive enumeration of RS 156 0.0 97.5

+B1) Identification of equivalent configurations 69 55.8 98.9

+B3) Search on increasing order of NC 49 68.6 99.2

+B2) Verification of eCC 10 93.6 99.8

Fig. 5. Performance of the screening method for the example.
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to 12 in Fig. 4). The search starts at NC ¼ 5 and proceeds

up to NC ¼ 30 where the optimum is located, i.e. one or

more configurations that satisfy the effectiveness con-

straint in Eq. (2f) were obtained. All the configurations

in RS were simulated and are represented in Fig. 6 for

better showing the trend of the search. It can be seen

how the ideal countercurrent flow effectiveness eCC acts

as a rigorous upper bound for e and it can be observed

that the trend of the curve is rather complex and

unpredictable.

The 156 elements of the reduced set are represented

in the chart in Fig. 7 to show how the pass arrangement

(P I=P II) and the feed location (/) influence the thermal

effectiveness of the PHE. All the configurations with

NC < 11 have parallel pass arrangement (P I ¼ 1 and

P II ¼ 1) and highest effectiveness is obtained with

/ ¼ f2; 4g because the countercurrent flow predomi-

nates in the PHE in this case, whereas parallel flow

predominates with / ¼ f1; 3g. For the interval 116

NC 6 16, the configurations have two passes for the hot

stream and one pass for the cold stream. For this type of

pass arrangement, / has a weak influence on the effec-

tiveness because half of the exchanger has predomi-
nantly countercurrent flow and half has predominantly

parallel flow, regardless of the value of /. The elements



40%

50%

60%

70%

80%

90%

100%

0 5 10 15 20 25 30 35 40 45 50
NC

ε 
(%

)

φ = 1
φ = 2
φ = 3
φ = 4

optimum

1/1 2/1 others (3/1, 3/2, 2/2, 3/3, 4/3, 4/2, 5/3, 5/4)

Pass Arrangements (Phot/Pcold)
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with NC > 16 have multi-pass arrangements (with one

exception of arrangement 3/1 with NC ¼ 17) and it can

be observed that those with / ¼ f3; 4g have the highest

effectiveness. This can be attributed to the direction of

the passes: with / ¼ f3; 4g the streams enter at opposite

sides of the PHE and the passes are arranged in coun-

tercurrent, whereas with / ¼ f1; 2g the streams enter at

the same side of the PHE and the passes follow in par-

allel. When increasing the number of channels, there is

no improvement in the effectiveness of the multi-pass

configurations that have / ¼ f1; 2g.
For obtaining OS, the total CPU time on a 450 MHz

processor, 128 Mb-RAM, personal computer was

approximately 10 s. The optimal set contains a pair of

equivalent configurations with 30 channels, 3 · 5/3 · 5
pass arrangement, / ¼ 4 and Yh ¼ 0 or 1. These optimal

configurations are indicated in Figs. 6 and 7 and their

performance is presented in Table 4.

It is interesting to note that symmetric configurations

were selected (P I ¼ P II) despite the fact that in principle

the large difference on the stream mass flow rates would

suggest asymmetrical configurations that make full

usage of the available pressure drops. However, Table 4

shows that the pressure drop of the cold stream is distant

from the imposed upper bound in Eq. (15c) for the pair
Table 4

Performance of the optimal configurations for the example

Hot toluene

stream

Cold benzene

stream

DP (psi) 4.0 8.0

v (m/s) 0.34 0.52

a 0.7440 0.4974

U (W/m2 �C) 1711

e (%) 88.7
of optimal configurations. As discussed earlier, the

condition of maximal usage of the available pressure

drops does not assure minimum heat exchanger area

when designing the configurations of a PHE. When the

configuration parameters are design variables, the rela-

tionship between heat exchanger area exchanger size is

not obvious, as can be seen in Figs. 6 and 7 where the

increase on the number of channels may not improve the

exchanger effectiveness.

4.2. Sensitivity analysis

The proposed screening method is composed of two

main parts: obtaining RS and obtaining OS, as in Fig. 4.

On this sensitivity analysis, the influence of some

important problem parameters and process conditions

on the sets RS and OS for the optimization example are

studied.

4.2.1. Influence of algorithm parameters

The influence of the minimum number of channels,

Nmin
C , on the size of RS and on the number of required

thermal simulations is shown in Fig. 8. As expected,

increasing this lower bound reduces the size of RS.

However, the number of simulations remains unaltered

until Nmin
C ¼ 25 because principle B2 prevents the eval-

uation of undersized exchangers. Since the optimal

number of channels is 30, when Nmin
C exceed this limit

different solutions are obtained. That is the reason why

the curve of the number of simulations in Fig. 8 is not

monotonic. If Eq. (3a) is used assuming Uoe ¼ 3000 W/

m2 �C, a value of Nmin
C ¼ 14 channels is obtained. Solv-

ing the optimization problem with this new lower bound

for NC would reduce the number of elements in RS from

156 to 92 and the number of calculations of (DP ; v) by
15%. However, there is no decrease on the number of

simulations, as shown in Fig. 8.

It is also interesting to analyze the effect of the

bounds on the pressure drops and on the velocity inside

the channels because certain constraints may become

redundant, since DP depends on v. For example, Fig. 9

shows the effect of the lower bound on the pressure drop

(for both hot and cold streams) on the number of ele-

ments in RS. For DPmin
6 1:75 psi, the constraints for

minimum pressure drop are not active because of the

constraints for minimum velocity in Eqs. (15d) and

(15e). However, for DPmin P 1:80 psi, these constraints

become active, as can be seen by the inflection in the

curve of Fig. 9.

It is not recommended to set both DPmin and vmin to

zero for any stream because the number of elements in

RS may increase largely (to 1464 elements for this

example). However, lower bounds that are larger than

necessary could limit too much the number and types of

configurations selected to generate RS, thus even elimi-

nating optimal solutions. Since obtaining RS requires a



Table 5

Performance of the optimal configurations for the example with

4:0 < DPmin
6 6:1 psi

Hot toluene

stream

Cold benzene

stream

DP (psi) 7.1 8.0

v (m/s) 0.43 0.52

a 0.6381 0.5333

U (W/m2 �C) 1834

e (%) 87.2
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Fig. 8. Effect of Nmin
C on the size of RS for the example.
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very reduced computational time, a sensitivity analysis

can be easily conducted for determining practical

bounds for Eqs. (2b)–(2e) before proceeding with

obtaining OS (second part of the screening).

For the variation of DPmin shown in Fig. 9, it is

verified that for DPmin
6 4:0 psi the problem solution

remains unaltered. However, for 4:0 < DPmin
6 6:1 psi, a

new solution is obtained. In this case, OS contains a pair

of equivalent configurations with 31 channels, 4· 4/3 · 5
pass arrangement (side I/side II), / ¼ 3 or 4 and Yh ¼ 1.

The performance of these optimal configurations is

presented in Table 5.

It is interesting to note that for DPmin > 4:0 psi,

asymmetrical configurations are selected. For these new
0

20

40

60

80

100

120

140

160

180

0.0 1.0 2.0 3.0 4.0 5.0 6.0 7.0 8.0 9.0

∆P min (hot & cold) (psi)

Si
ze

 o
f 

R
S 

vmin (hot & cold) = 0.3 m/s

Fig. 9. Effect of DPmin on the size of RS for the example.
optimal configurations a better usage of the allowable

pressure drops is made (see Table 5), but the number of

channels increased by one unit with respect to the ori-

ginal solution presented in Section 4.1.

The minimum thermal efficiency specified for the

example is emin ¼ 85% (see Eq. (15f)). Fig. 10 shows the

effect of this bound on the number of elements in OS and

on the optimal number of channels. For emin ¼ 82:5%
and emin ¼ 87:5% the optimal number of channels re-

mains the same; yet, a new pair of optimal configura-

tions is included in OS with emin ¼ 82:5% (the only

difference from the original pair is that / ¼ 3 instead of

/ ¼ 4). Finally, for emin P 95% the problem has no

feasible solution.

4.2.2. Influence of process conditions

The sensitivity analysis applied to some process con-

ditions can be useful for better designing the heat transfer

process. For example, Table 6 shows the effect of the flow

rate of the cold benzene stream on the optimal configu-

rations selected by the screening method for DPmin
hot ¼

DPmin
cold ¼ 5:0 psi. These pressure drop bounds were chosen

for favoring the selection of asymmetrical configurations
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example.



Table 6

Effect of Wcold on the optimal solution for the example with DPmin ¼ 5:0 psi

Wcold (kg/s) Optimal configurations U (W/m2 �C) e (%) Q (kW)

NC Phot=Pcold Yh /

0.155 11 2/5 1 3 or 4 1802 99.0 17.3

0.370 17 3/4 1 3 or 4 1891 94.5 39.5

0.800a 50 5/5 0 or 1 4 1545 85.4 77.2

1.015 40 4/4 0 or 1 3 1637 89.1 80.8

5/4 0 or 1 3 1749 86.9 78.8

5/4 0 or 1 4 1749 87.9 79.7

1.230b 31 4/3 1 3 or 4 1834 87.2 79.0

1.445 41 4/3 0 3 or 4 1628 92.2 83.6

5/3 0 3 1739 92.8 84.1

5/3 0 4 1739 93.3 84.6

1.660 24 3/2 0 or 1 3 1878 86.0 78.0

3/2 0 or 1 4 1878 87.1 78.9

2.090 24 3/2 0 or 1 3 1982 89.7 81.3

3/2 0 or 1 4 1982 90.5 82.0

2.520 32 4/2 0 or 1 3 1928 95.2 86.3

4/2 0 or 1 4 1928 95.2 86.3

2.950 17 3/1 1 1 or 3 2188 85.2 77.2

3/1 1 2 or 4 2188 86.1 78.0

3.380 17 3/1 1 1 or 3 2260 87.0 78.9

3/1 1 2 or 4 2260 87.8 79.9

aWcold ¼ Whot.
b Base case.
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and, as can be seen on Table 6, symmetrical configura-

tions were exclusively selected for the case of Wcold ¼
Whot ¼ 0:80 kg/s. Such results were expected because

symmetrical configurations with / ¼ 3 or 4 have high

thermal effectiveness, but are suitable only when hot and

cold streams have similar flow rates and allowable pres-

sure drops.

For Wcold P 0:80 kg/s, the increase in its value im-

proves the overall heat transfer coefficient due to the

higher turbulence, but it lessens the thermal effectiveness

because the number of passes of the cold fluid decreases.

However, the overall effect is an improvement on the

heat transfer and consequently the size of the PHE drops

significantly. For Wcold 6 0:80 kg/s, the decrease in Wcold

also reduces the size of the PHE because in this case the

cold stream has the minimal heat capacity and, as can be

observed in Eq. (4a), a smaller heat load is required for

satisfying the effectiveness constraint in Eq. (15f). If the

heat load were to be a process specification for the

problem, them emin and emax would need to be redefined

for each tested value of Wcold.

The plate dimensions and corrugation type are of

utmost importance for the sizing of a plate heat ex-
changer. When optimizing the configuration, the final

design depends on the initial choice of the plate

dimensions and of the corrugation pattern. The opti-

mization example problem was originally solved for a

chevron plate with Aplate ¼ 0:125 m2 and corrugation

inclination angle b ¼ 45�. Now, three other plate sizes

(Aplate ¼ 0:080 m2, Aplate ¼ 0:100 m2 and Aplate ¼ 0:250
m2) and two other inclination angles (b ¼ 30� and

b ¼ 60�) are considered for the problem. The plate

dimensions in this problem are similar to those of

models M080, M100, M125 and M250 from Cipriani

Scambiatori [26].

Table 7 shows the effect of the plate sizes and cor-

rugation angles on the number of elements of RS. It can

be seen that when b increases, the number of elements in

RS largely increases. This can be attributed to the

pressure drop constraints in Eqs. (15b) and (15c). When

using b ¼ 30�, the turbulence inside the channels is

higher than that for b ¼ 60�, thus higher pressure drops
are obtained and fewer configurations satisfy the maxi-

mum pressure drop constraints in Eqs. (15b) and (15c).

The optimization results are presented in Fig. 11 for

the four plates and three corrugation angles considered



Table 7

Effect of Aplate and b on the size of RS for the example

Aplate (m
2) Size of RS

b ¼ 30� b ¼ 45� b ¼ 60�

0.080 36 196 308

0.100 44 216 396

0.125 52 156 384

0.250 16 88 232

Fig. 11. Effect of Aplate and b on the optimal area of the ex-

changer for the example.
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for this analysis. It can be observed that for some cases,

such as with Aplate ¼ 0:080 m2 and b ¼ 30�, the optimi-

zation problem has no solution, i.e. OS ¼ ;. It can be

also verified that the minimal size of the PHE is obtained

with Aplate ¼ 0:100 m2 and b ¼ 45�. For this case, OS

contains a pair of equivalent configurations with 28

channels, 2 · 7/2 · 7 pass arrangement, / ¼ 3 and Yh ¼ 0

or 1. A significant improvement in size was thus ob-

tained with this analysis with respect to the original

solution presented in Section 4.1.
5. Conclusions

This paper has presented an optimization algorithm

for the configuration design of plate heat exchangers

(PHEs). Firstly, the configuration was represented by a

set of six distinct parameters and a methodology to

detect equivalent configurations was presented. The

problem of optimizing the PHE configuration was for-

mulated as the minimization of the heat transfer area,

subject to constraints on the number of channels, the

pressure drop and flow velocity inside the channels for
the hot and cold fluids and the exchanger thermal

effectiveness, as well as the PHE thermal and hydraulic

models. Since it is not possible to derive a mathematical

model of the PHE that is explicitly a function of the

configuration parameters, a mixed-integer nonlinear

programming (MINLP) approach could not be used.

A screening procedure was then proposed to solve

the optimization problem. In this procedure, the con-

straints were successively used to eliminate infeasible

and sub-optimal elements from the set defined by the

bounds on the number of channels. An algorithm was

developed to perform the screening with minimum

computational effort. Examples show that this algorithm

can successfully select a group of optimal configurations

(rather than a local single solution) for a given appli-

cation using a very reduced number of pressure drop

calculations and thermal simulations. It is also possible

to use a variation of the screening method to optimize

other objective functions other than the heat transfer

area.

For given process conditions, operational constraints

and plate type, the proposed screening design method

can obtain the optimal configuration(s) of the PHE,

which comprises the number of channels, pass arrange-

ment, fluid locations and relative location of the feed

connections. Sensitivity analysis can improve the ob-

tained solution by testing the influence of other process

parameters, as plate type, PHE plate capacity or pres-

sure drop constraints.

An optimization example was presented with a de-

tailed sensitivity analysis that illustrates the application

of the screening method and its performance. For this

example, only ten thermal simulations were required to

locate the two optimal configurations with minimum

heat transfer area within a universe of 6280 elements.

Through sensitivity analysis it was possible to select the

best plate size and configuration pattern among the 12

considered possibilities.
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