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Multi-Objective Optimization Tool of Shell-and-Tube Heat Exchangers Using
a Modified Teaching-Learning-Based Optimization Algorithm and a Compact
Bell-Delaware Method

Thomas McCaughtry and Sung in Kim

School of Mechanical and Aerospace Engineering, Queen’s University Belfast, Belfast, UK

ABSTRACT
The multi-objective optimization of heat exchangers can provide a reliable solution for both
improved efficiency and reduction in cost. A computer program for the thermal and
hydraulic design optimization of shell-and-tube heat exchangers is developed. Its user-
friendly graphic-user interface provides an excellent feature for the teaching, learning, and
preliminary design of shell-and-tube heat exchangers. In the present work, teaching-learn-
ing-based optimization (TLBO) algorithm is updated and implemented for better feasibility
of optimum design. To improve the accuracy of the thermal and fluid analysis, the compact
Bell-Delaware method (BDM) is newly implemented. Also, the effect of fouling is considered.
The developed program using the updated TLBO and the compact BDM is validated against
practical heat exchanger cases. The impacts of input parameters on the performance predic-
tion of BDM and number of designs on finding optimum design of TLBO are also tested.

Introduction

Heat exchangers are fundamental components of many
thermal systems used within a broad spectrum of engin-
eering industries. Industries such as automotive, chem-
ical process, petrochemical, and aerospace are heavily
reliant on heat exchangers to transfer heat between flu-
ids for the effective operation of their processes and
productions. It is a frequent task for engineers to deter-
mine the dimensions of the heat exchanger that delivers
the demanded outputs. It is also often necessary to
determine whether an already existing heat exchanger
produces the required performance for a new applica-
tion. Therefore, the understanding of this equipment is
a key component of engineering knowledge. Among
various types of heat exchangers, the shell-and-tube heat
exchangers (STHE) is the most common heat exchanger
used in industry, so this work concerns the design and
optimization of STHE.

Analytical models for the design and operation of
heat exchangers have been developed. These models
often produce different heat transfer coefficients and
pressure drops, compared to commercial software

packages that are accepted and widely used in con-
temporary industrial design [1]. However, the process
of providing data to commercial software packages
can be time consuming, whereas analytical models can
provide results comparatively quickly [2]. ‘Heat
XChange Designer’ is a computer program based on
analytical approaches, developed by undergraduate
students at Queen’s University Belfast, to enable rapid
design and performance analysis of STHE.

STHE are complex devices with many design and
performance characteristics that are important for suc-
cessfully meeting given requirements such as heat
duty, surface area, size and pressure drop. Even
though a working design has been produced, it may
not present the optimal solution. In the last decades
the demand for better energy efficiency increased rap-
idly and thus the demand for the optimization of heat
exchangers as well. Recently, various evolutionary
algorithms have been used in heat exchanger opti-
mization problems [3]. The genetic algorithm method
has been established as a reliable method of heat
exchanger optimization with a progression from
VEGA to NSGA and then NSGA-II [4]. A downside
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of this method is its sensitivity to algorithm specific
controlling parameters such as crossover probability or
gene mutation probability. If incorrectly tuned, these
parameters may cause the algorithm to converge to a
local optimal solution or use unnecessary computa-
tional resources. The biogeography-based optimization
algorithm provides a quick and effective economic
optimization technique to reduce overall costs related
to capital and operating costs of the heat exchanger
design [5]. However, it has been tested only for single-
objective optimization. The multi-objective modified
teaching-learning-based optimization (TLBO) algorithm
[6] is a recent experimental method based on the nat-
ural phenomenon of the teaching-learning process, and
was proved to produce better results when compared
to multi-objective genetic algorithm optimization.
Furthermore, the algorithm does not require any care-
ful determination of algorithm specific controlling
parameters, making it robust and powerful. Therefore,
it is selected in this work to enable effective multi-
objective (effectiveness, cost) optimization procedure.
The first version (Heat XChange Designer 2016) of this

multi-objective optimization computer program for
STHE design has been successfully developed and vali-
dated for teaching purposes [7].

Fouling is the accumulation of undesirable substan-
ces on a surface which increases the thermal resistance
of the heat transfer surface, thus reducing the heat
transfer rate between the fluids in the heat exchanger
[8, 9]. Fouling of heat transfer surfaces in heat
exchangers is very costly due to the additional energy
required to complete the same amount of heat trans-
fer in a fouled heat exchanger [10]. STHE at risk of
fouling due to the working fluids must be designed
with additional surface area, ensuring that sufficient
heat transfer can still take place when fouling occurs,
or its heat transfer surfaces either shell-side or tube-
side must be cleaned through chemical or mechanical
means. However, there are significant disadvantages
with both solutions to fouling, such as; surface area
overdesign and operation must stop for a period of
time, respectively. Fouling factor models can be static
values or dynamic models. Static fouling factors are
readily available for various fluids and commonly

Nomenclature

Ai heat transfer surface area based on inside tube
area (m2)

Ao heat transfer surface area (m2)
Bc baffle cut (m)
BDM Bell-Delaware method
C cost ($)
D diameter (m)
Dti tube inside diameter (mm)
f Fanning friction factor
Ft correction factor to logarithmic mean temperature dif-

ference for non-countercurrent flow
Gen number of generations in TLBO algorithm
GUI graphical user interface
h heat transfer coefficient (W/m2 �C)
i annual discount rate (%)
IBSR inlet baffle spacing ratio
kel electricity price ($/kWh)
K constant for pressure drop relationships
L length (m)
Lbb shell-bundle diametral clearance (m)
Lbc central baffle spacing (m)
Lbi inlet baffle spacing (m)
Lbo outlet baffle spacing (m)
Lsb shell-baffle diametral clearance (m)
Lta effective tube length (m)
Ltb tube-baffle diametral clearance (m)
Lts tubesheet thickness (m)
m exponent for shell-side heat transfer coefficient in

pressure drop relationship
n exponent for tube-side heat transfer coefficient in pres-

sure drop relationship
N number
Nu Nusselt number

ny operation years
OBSR outlet baffle spacing ratio
Pop population size in TLBO algorithm
Pr Prandtl number
Pt tube pitch (m)
Q heat duty (W)
Rdw combined resistance of tube wall and fouling factors

(�C/W)
Re Reynolds number
Rf fouling resistance, fouling factor (m2 �C/W)
Rnd () rounded to the nearest whole number
STHE shell-and-tube heat exchangers
TLBO teaching-learning-based optimization
U overall heat transfer coefficient (W/m2 �C)
V volumetric flow rate (m3/s)

Greek Symbols
Dp pressure drop (Pa)
DTlm log mean temperature difference (�C)
gp pump efficiency
s annual operation hours

Subscripts
b baffle
calc calculated
inv total investment
op annual operating cost
s shell side
t tube side
tot total
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used in heat exchanger design, but will not provide
any indication of the growth rate and the effect of oper-
ating conditions. Dynamic fouling models could sub-
stantially improve the accuracy under a variety of
operating conditions. However, the requirements of vari-
ous additional case-dependent information and iterative
procedures make them challenging to implement [9].

This paper describes a new user-friendly computer
program developed for the thermal and hydraulic
design and optimization of shell-and-tube heat
exchangers based on the compact Bell-Delaware
method (BDM) and updated TLBO algorithm. The
accuracy improvement by adding a superior method,
the compact BDM, for calculating shell-side pressure
drop is carried out. To allow more realistic analysis,
the consideration of the fouling effect with static fac-
tors is included. The graphic-user interface is also
updated to allow the user to efficiently manage and
view the increased data. Further modification of
TLBO algorithm is made to ensure the program pro-
duces practical and feasible optimum designs.

Description of software

The STHE design optimization software, Heat XChange
Designer, has been developed for the educational pur-
pose of thermal design and performance analysis of
STHE. It could also be used for the preliminary design
of STHE in practical industrial applications.
Thermophysical properties of common fluids are

included in the software and automatically calculated
based on fluid temperatures. Figure 1 shows the user-
friendly menu-driven input panel of the software. The
design results can be presented in graphics showing the
explained STHE with its characteristics including effect-
iveness and heat transfer rate as shown in Figure 2.
This feature is very helpful for the students or engineers
to understand the STHE design and its characteristics.
The optimization mode enables the user to choose an
optimum design within the design constraints. Multi-
objective optimization is implemented using effective-
ness (maximize) and total cost (minimize) as objective
functions. The user can then select an appropriate opti-
mal design from a Pareto-optimal front of the solutions
based on the requirements. To develop user-friendly
software with graphic-user interface, the programming
language Microsoft Visual Basic was selected and
Microsoft Visual Studio, an integrated programming
environment, was used. The software with user-friendly
input formats and excellent graphics has been developed
to facilitate computer-aided learning.

Methodology

Analytical approaches in thermal analysis

The design of a heat exchanger involves thermal ana-
lysis to determine the dimensions of the heat exchan-
ger and the required heat transfer surface area
(‘sizing’ problem). The log mean temperature

Figure 1. GUI layout of Heat XChange Design 2019 (Input View).
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difference (LMTD) method can be used in the sizing
problem of the required heat exchanger. Another ana-
lytical solution is the effectiveness number of transfer
units (NTU) method. This method can be used for
the rating problem (estimate the fluid outlet tempera-
tures with the given geometry). These traditional
methods require a few simple parameters characteriz-
ing a particular heat exchanger [11]. They are suffi-
cient for a primary method of thermal analysis and
design for heat exchangers.

Bell-Delaware method (BDM)

The calculation process of Kern method is relatively
rapid and simple and all the required parameters are
obtained without complication, compared to other
methods. Therefore, Kern method was used in the
first version of the developed program to calculate
pressure drop in STHE [7]. However, inaccuracies of
this model are widely acknowledged [8]. The program
with Kern method [7] predicted the pressure drops
less accurately: overestimated by 25% in shell-side and
underestimated by 10% in tube-side, against a refer-
ence case [12], since Kern Method does not account
for the effect of the leakage and bypass streams of the
shell-side flow model.

Shell-side fluid flow is complex, combining cross-
flow and baffle window flow, which are not consid-
ered in Kern Method, but in BDM [8]. BDM is

described as the most reliable method at present for
shell-side analysis and would be implemented in both
‘Design mode’ (a STHE is sized for a given heat duty)
and ‘Performance mode’ (outlet temperatures are calcu-
lated for a given STHE geometry). BDM accounts for
the various shell-side flow streams including tube-baffle
leakage crossflow, crossflow bypass, shell-baffle leakage
and tube pass partition bypass. Crossflow is the essential
stream in STHE and the other streams reduce the
B-stream (crossflow) resulting in a decrease in heat
transfer coefficient and an increase in pressure drop [8].

A compact solution of BDM for shell-side heat
transfer coefficient and pressure drop was more read-
ily applied to ‘Design mode’ than the standard BDM,
but has the same range of application [13]. It can cal-
culate STHE geometry for the given heat duty and
could also be modified for application to
‘Performance mode’. The relationships between shell-
side and tube-side pressure drops in the compact
solution are shown in Eqs. (1) and (2), respectively. In
‘Design Mode’, there is an inner loop that determines
tube-side heat transfer coefficient and an outer loop
which calculates shell-side heat transfer coefficient
and the corresponding geometry [13]. The equation of
the inner loop is given by Eq. (3) which is solved
using the Newton-Raphson Method:

Dps ¼ KsAo hsð Þm (1)

Dpt ¼ KtAo htð Þn (2)

Figure 2. GUI layout of Heat XChange Design 2019 (Results View).
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ht �
DptFtDTlm=KtQ
� �

KsDpt=KtDps htð Þn� �1=m þ Rdw þ Dt=Dtiht

" #1=n

¼ 0

(3)

The compact solution results in a non-integer
number of baffles; therefore, baffle cut is modified
depending on the difference from the nearest integer,
causing the number of baffles to converge to an inte-
ger value as the loop iterates. Thermal calculations
using BDM are conducted at mean fluid temperature,
but in ‘Performance Mode’ the outlet temperatures
are unknown. The updated program features a loop
that recalculates fluid properties (temperature-depend-
ent) once the first iteration has completed and the
outlet temperatures are known. For all loops used in
the program, there are upper limits for the number of
iterations above which the analysis is stopped and the
user alerted. Otherwise, the analysis stops when the
convergence criteria are met. For ‘Design Mode’, these
values are the ‘tear variables’ [13] and for
‘Performance Mode’ these values are the outlet tem-
peratures and heat transfer coefficients.

An accurate knowledge of the maximum number
of tubes for a given shell size is critical for BDM,
especially for the optimization when the program
checks whether geometry is feasible. In the first ver-
sion program, the calculation for the maximum num-
ber of tubes was unsuitable because it determined
how many tubes could fit in a tube row along a
chord, then moving to the next tube row and repeat-
ing these steps. However, the desired tube layout (e.g.
In-Line, Triangular) becomes skewed and the total is
overestimated, because there is no specified relation
between tube rows. An approach similar to [14] is
taken where the program checks if the center of each
tube lies inside the maximum radius (moving along
every tube row and then through each tube row) and
counting the number of acceptable tubes accounting
for multiple tube passes, tube bundle supports (fixed
tubesheet, U-tube) and geometry (tube bundle clear-
ances, pass partition lane width). For STHE with
more than four tube passes, it was assumed that there
must always be the same number of tubes in each
pass and one tubesheet configuration is available for
each number of tube passes.

Tube-side heat transfer coefficient was previously
calculated using Dittus-Boelter equation [7], and both
the Colburn equation and the second Petukhov equa-
tion were used in [13]. The second Petukhov equation
(Eq. (4)) among these three equations shows the most
accurate prediction in the test, so this is used in the
current program although the friction factor

calculation is modified to use the Blasius equation
(f¼ 0.0791/Re0.25) below the Reynolds number of 105

and McAdams equation (f¼ 0.184/4Re0.2) above the
Reynolds number of 105:

Nu ¼ ðf =2ÞRePr
1:07þ 12:7 f =2

� �0:5ðPr2=3 � 1Þ
ð104< Re < 5�106Þ
ð0:5 < Pr <2000Þ

(4)

Fouling

The total fouling resistance of a heat exchanger (Rf,tot)
is defined as the difference between the overall heat
transfer coefficient for the clean and fouled situations
(Uclean and Ufoul) as shown in Eq. (5):

Rf , tot ¼ 1
�
Ufoul

� 1
�
Uclean

(5)

Total fouling resistance is calculated from the individ-
ual fouling resistances of the inner (tube-side) and
outer (shell-side) surfaces of the heat transfer surface
area as shown in Eq. (6):

Rf , tot ¼ Ao

Ai

� �
Rf , t þ Rf , s (6)

The tube-side and shell-side fouling factors (Rf,t

and Rf,s) can be static values. These can lead uncer-
tainties and discrepancies compared to using a fouling
factor model [15]. However, static fouling factors pro-
vide an approximate indication of the performance of
a fouled heat exchanger. In addition, the static fouling
factors are commonly used in heat exchanger design
and therefore readily available for a wide variety of
fluids. The static fouling factors are incorporated into
the equation of overall heat transfer coefficient
(including the effect of tube wall conductivity through
the parameter AoRdw) shown in Eq. (7) [11]:

Utot ¼ 1
Ao
Aiht

þ Ao
Ai
Rf , t þ AoRdw þ Rf , s þ 1

hs

(7)

Therefore, the effects of fouling on heat transfer
can be quickly and easily simulated in the updated
program by modifying the fouling factors Rf,t and Rf,s

representing fouling on the tube-side and shell-side
surfaces, respectively. Fouling typically has a more sig-
nificant effect on heat transfer than pressure drop
since the thickness of the fouling layer is usually thin.

Multi-objective optimization with the
updated TLBO

Multi-objective optimization is more important for
heat exchanger design since this will seek solutions

HEAT TRANSFER ENGINEERING 5



that achieve the best balance between such opposing
indicators, i.e. performance and cost. Total cost com-
prising build and operating costs of the heat exchan-
ger and effectiveness have mainly been used as the
objective functions in the multi-objective optimization
studies [4, 6]. These variables tend to oppose each
other during the course of optimization, i.e. heat
exchangers with low effectiveness are typically small
with low pressure drop and cost, whereas high effect-
iveness generally as a result of larger heat exchangers
with greater pressure drop and cost. In the present
program, two objectives (maximizing the heat exchan-
ger effectiveness and minimizing the total cost of the
heat exchanger) are simultaneously considered. For
this multi-objective optimization, the TLBO algorithm
is incorporated into the program. The total cost of the
STHE is given by Eqs. (8)–(11) [4]:

Ctot ¼ Cinv þ Cop, tot (8)

Cinv ¼ 8500þ 409Ao
0:85 (9)

Cop, tot ¼
Xny
t¼ 1

Cop

ð1þiÞt (10)

Cop ¼ kels
gp

ðDpVÞt þ ðDpVÞs
� �

(11)

where STHE operating characteristics are the oper-
ation year, ny¼ 10 years; the annual discount rate,
i¼ 10%; the cost of electricity, kel ¼ $0.15/kWh; the
annual operation hours, s¼ 7500 h/yr; the pump effi-
ciency, gp¼60% [4]. The constraints imposed on the
geometry of STHE generated by the TLBO algorithm
were originally as follows in Eqs. (12)–(19):

11:2 mm � Dt � 15:3 mm (12)

0:2 m � Ds � 3:5 m (13)

100 � Nt � 600 (14)

Dt =0:8 � Pt � 0:05 mm (15)

0:2 � Lbc � 1:4 (16)

3 m � Lt � 8 m (17)

Dt � Pt � 0:8 (18)

3 � Lt
�
Ds

� 12 (19)

TLBO algorithm constraints

STHE generated within TLBO algorithm are subject
to constraints to ensure only reasonable geometries
are generated. BDM uses more parameters during the
analysis than Kern Method so it is necessary to add

additional constraints to ensure TLBO algorithm cre-
ates suitable heat exchangers for analysis. BDM is sen-
sitive to changes in baffle cut (shown in Figure 3)
therefore it is necessary to generate new values for
each new STHE subject to the constraint given in Eq.
(20) [6]:

0:19 � Bc
�
Ds

� 0:32 (20)

Constraints for baffle spacing-shell diameter and tube
pitch-tube diameter ratios (shown in Eqs. (21) and
(22), respectively) are also implemented in the pro-
gram in addition to Eq. (16) [6]:

0:2 � Lbc
�
Ds

� 1:4 (21)

1:25 � Pt
�
Dt

� 2 (22)

A number of additional conditions for the use of
BDM are added to ensure the proper use of BDM.
These are given in Eqs. (23) and (24) [13]:

Ds
�
Dt

> 15 (23)

Nb > 4 (24)

There are some minor differences in the constraints
imposed by Serna and Jimenez [13] and by Rao and
Patel [6]. In addition to the lower limit on the num-
ber of baffles in Eq. (24), only STHE satisfying Eq.
(25) would be acceptable in the developed program.
The calculated number of baffles based on STHE
geometry is determined using Eq. (26):

�0:01 < Nb, calc � RndðNb, calc Þ < 0:01 (25)

Nb, calc ¼ Lta
�
Lbc

� IBSR þ OBSRð Þ þ 1 (26)

where Nb, calc is the calculated number of baffles (can
be a decimal value). RndðNb, calcÞ is the calculated
number of baffles rounded to the nearest whole num-
ber. Lta is baffled tube length (overall tube length –
tubesheet thickness). This avoids a situation in which
the optimal solution of STHE would have baffles of

Figure 3. Baffle cut.
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non-integer number. This is clearly not a practical
design. It is also important for the accurate implemen-
tation of the BDM which is dependent on the number
of baffles and baffle spacing for the calculation of the
various correction factors.

A loop is established in the program such that if
Eq. (12) was not satisfied by the geometry generated
by TLBO algorithm in the ‘teaching’ or ‘learning’
phase, random values for shell diameter and length
would be calculated within the limits of Eqs. (13) and
(17). The additional constraints (Eqs. (21), (23), (24),
and (25)) are added along with recalculating baffle
spacing within the limits of Eq. (16).

Calculation of new BDM geometry

BDM uses various geometrical data not considered in
Kern method including Lbi, Lbo, Lbb, Lsb, Ltb, and Lts.
The modified TLBO algorithm uses either the user-
specified values for all STHE generated by the algo-
rithm or calculates new values based on standard
industrial practice. This allows these values to be set
at known manufacturing limits or adjusted to ensure
reasonable values are used for varying
STHE geometry.

The correlations for calculating default values for a
new STHE geometry (e.g. Dt, Ds, Lbc) in TLBO algo-
rithm are given in Eqs. (27)–(32). These are then set
as new heat exchanger geometry for performance ana-
lysis:

Lbi ¼ IBSR � Lbc (27)

Lbo ¼ OBSR � Lbc (28)

Lbb ¼ 0:012 þ 0:005 � Ds (29)

Lsb ¼ 0:0031 þ 0:004 � Ds (30)

Ltb ¼ 0:0004 m ½Dt < 32:5 mm� (31a)

Ltb ¼ 0:0008 m ½Dt � 32:5 mm, Lbc � 0:9 m�
(31b)

Ltb ¼ 0:0004 m ½Dt � 32:5 mm, Lbc > 0:9 m�
(31c)

Lts ¼ 0:1 � Ds ½0:1 � Ds � 0:025 m� (32a)

Lts ¼ 0:025 m ½0:1 � Ds < 0:025 m� (32b)

The resetting of these parameters for each new STHE
allows these to be reasonably sized for a
new geometry.

Further TLBO algorithm modifications

The issue with the number of tubes being below the
minimum value was caused by TLBO algorithm (dur-
ing the creation of an initial population using random
parameters) seeking the lowest cost STHE (and there-
fore small shell diameter, large tube diameter STHE).
This arrangement will result in fewer tubes in STHE.
The original algorithm calculated a new number of
tubes for these STHE based on a random integer
between the minimum value and the maximum num-
ber of tubes that could fit in the shell. If the shell
diameter is small and tube diameter is large (but still
within constraints), the maximum number of tubes in
the shell could be less than the minimum allowable
number and the program then calculates an integer
between these two values. The result of this is a num-
ber of tubes less than the minimum allowable number
of tubes. This is resolved in the new program which
explicitly prevents the algorithm from allowing the
number of tubes to be below the minimum allowable
number when the initial population is being gener-
ated. If this occurred, new shell-and-tube diameters
would be re-generated until the number of tubes is
not below the minimum allowable value.

Results and discussion

STHE design validation of the developed program

For the accurate prediction of pressure drops in STHE
design, BDM has been implemented into the program.
For the heat transfer coefficient calculation, the
second Petukhov equation is selected. The STHE
design capability of the program is validated against a
practical heat exchanger, which was a TEMA E-Type,
Single Tube Pass STHE [16]. As shown in Table 1,
the results from the current developed program are
very close to the reference values [16], especially with
regard to thermal analysis, and much more accurate
than the previous version of the program [7]. The
outlet temperature estimation is much more accurate
with a little discrepancy of �0.2� on the shell-side and
0.2� discrepancy of tube-side outlet temperature. The
calculation of heat transfer rate and heat transfer coef-
ficient is also significantly improved by using the
second Petukhov equation, compared to the Dittus-
Boelter equation in the previous program, accuracy
improving from 31.57% to �1.19% and 38.91% to
�0.84%, respectively.

Shell-side pressure drop was slightly overestimated
by 3.81%, although it shows better accuracy than Kern
Method (40.34%). This discrepancy could be
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attributed to some of the inputs required for BDM
(e.g. shell-baffle, shell-bundle clearances), which were
calculated using assumed default values as these were
not provided in the reference [16]. Tube-side pressure
drop accuracy has also been significantly improved by
BDM, this being underestimated by 49.87% using
Kern Method, but calculated within 0.78% using
BDM. Across both of thermal and pressure drop ana-
lysis, the currently developed program has shown its
capability of accurate prediction and it is clearly
superior to the previous program.

Comparison of the application example using the
updated TLBO and BDM

The performance of the developed program with the
updated TLBO and the compact BDM is assessed by
analyzing the example of STHE which was analyzed
by Sanaye and Hajabdollahi [4] and Rao and Patel
[6]. The STHE, designed by Heat XChange Designer
2019 [17], having similar heat transfer characteristics
to Cases A to G of seven different design points, listed
in Table 6 of the reference [6], are compared in terms
of the calculated performance (effectiveness and total
cost) and geometry (number of tubes per pass, shell
diameter, tube diameter and tube length). Among the
seven cases, the comparisons of four cases are given
in Table 2. Table 2 highlights one of the issues with
the first version of the program (Heat XChange
Designer 2016 [7]) with TLBO and Kern method,
whereby the minimum limit of 100 tubes has been
passed for low-cost and small STHE (Case G). The
causes of this are that the program seeks to find a
random integer between the minimum allowable
number of tubes and the maximum number that can
fit in the generated shell as formerly explained. This
issue has been resolved in the updated algorithm
through an additional loop during the creation of the
initial population. Therefore, none of the initial popu-
lation has less than the minimum allowable number
of tubes and this cannot be ‘taught’ or ‘learned’ by
subsequent generations. Successful evidence is illus-
trated in the new program (Heat XChange Designer
2019 [17]) examples (Case G in Table 2) where the

number of tubes approaches 100, similar to that of
Rao and Patel [6], but never falls beneath this value.

Another constraint implemented in the updated
program is Eq. (26) to ensure that any optimized
STHE have an integer number of baffles. Rao and
Patel [6] did not provide information relating to
number of baffles or baffle spacing but the former
program (Heat XChange Designer 2016) produced
non-integer numbers of baffles which is not practical.
The updated TLBO algorithm resolves these issues
with all optimized STHE having approximately integer
numbers of baffles as shown in Table 2.

The comparison of the updated TLBO algorithm
against the data [6] is difficult since a number of
inputs (e.g. diametral clearances (Lbb, Lsb, Ltb), num-
ber of sealing strips, head loss coefficients, pass parti-
tion widths) and the used correlations (e.g. for heat
transfer coefficient and pressure drop) are not speci-
fied [6]. These can significantly affect the performance
and geometry of STHE so two different situations are
tested to attempt to identify the impact of inputs.

Test configuration 1: updated TLBO algorithm
with default clearances for BDM

The first test configuration involves recalculating
default values for Lbb, Lsb, Ltb, and Lts (one sealing
strip for every four tube rows) using Eqs. (29)–(32)
for each newly generated STHE. This ensures that
these values are adjusted to be reasonable inputs for
each new STHE geometry (rather than using values
used for an initial STHE).

Performance and geometrical parameters variations
with heat transfer rate are shown in Figures 4–9.
Effectiveness, which is used as an objective to select
the design of STHE, is linearly related to heat transfer
rate as shown in Figure 4. Figure 4 shows good agree-
ments (less than 10% discrepancy) between the results
from [6] and using the developed programs. The gen-
eral trends of total cost (Figure 5) and geometric
parameters except tube diameter are the same to Rao
and Patel [6]. This suggests that the updated TLBO
algorithm is working correctly. As can be seen in
Figures 5 and 6, at high heat transfer rates, the STHE

Table 1. Validation of the program with Bell-Delaware method (BDM).

Parameter Units Reference [16]

Previous program with Kern method [7] Current program with BDM

Value Accuracy Value Accuracy

Shell-side outlet temperature �C 80.0 86.0 þ6.0 79.8 �0.2
Tube-side outlet temperature �C 148.5 144.9 �3.6 148.7 þ0.2
Heat transfer rate kW 5258.1 6918.3 þ31.57% 5195.6 �1.19%
Shell-side pressure drop kPa 31.5 52.8 þ40.34% 32.7 þ3.81%
Tube-side pressure drop kPa 38.3 19.2 � 49.87% 38.6 þ0.78%
Heat transfer coefficient W/m2 K 500.9 695.8 þ38.91% 496.7 �0.84%
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of Rao and Patel [6] are less cost and shorter than
those of Test Configuration 1. At lower heat transfer
rates, the designs are closer for these parameters. The
discrepancy in number of tubes (Figure 7) and shell
diameter (Figure 8) against Rao and Patel [6] is gener-
ally larger. This could be due to the different methods
of checking tube counts; Rao and Patel [6] did not
state their method for determining the number of
tubes that can fit into one shell. For tube diameters
(Figure 9), smaller tubes are selected in throughout
the heat transfer rate range, whereas larger tubes were
often selected in the reference designs [6]. From the
comparison between the former program and new
program, the design ranges of shell-and-tube diame-
ters (Figures 8 and 9) could be influenced by the
BDM and the second Petukhov equation.

Test configuration 2: updated TLBO algorithm
with small clearances for BDM

The second test configuration involved setting STHE
clearances (Lbb, Lsb, Ltb) to very small values (1mm,

0.1mm, and 0.01mm, respectively) with no sealing
strips to investigate the sensitivity of the updated
TLBO algorithm to these variables. This represents an
extreme case where clearances between shell-and-tube
bundle, shell and baffles, and tubes and baffles are
smaller than reasonably practical for most STHE
resulting in effective heat transfer but with greater
pressure drop.

Figure 4 shows that almost same effectiveness profile
has been achieved from both test configurations. The
total cost using these fixed inputs is much lower than
that of test with default values as shown in Figure 5. It
is attributed to smaller shell and smaller number of
tubes caused by smaller clearances. When the smaller
clearances are used, the overall trends for geometric
parameters do not change, but shift in values. Two test
configurations show that major causes of discrepancies
are attributed to the differences in input variables rather
than the changes of the algorithm. This suggests that
the updated algorithm is functioning correctly and
changing these inputs has a larger impact on the range
of STHE produced by the updated TLBO algorithm.

Table 2. Comparison of STHE designs.
Source/Property Design points Percentage difference from [6]

Rao and Patel [6] B D F G B D F G

Effectiveness (%) 76.4 55.8 29.7 15.8
Heat transfer rate (kW) 631.7 461.4 245.9 130.3
Total cost ($) 39,219 22,564 16,142 14,061
Number of tubes 600 310 132 100
Shell diameter (m) 0.494 0.345 0.339 0.428
Tube diameter (mm) 11.5 11.2 15.3 15.3
Tube length (m) 5.93 3.59 3.00 3.00

Original [7] B D F G B D F G

Effectiveness (%) 76.1 55.6 29.0 16.6 �0.3 �0.3 �2.4 5.3
Heat transfer rate (kW) 632.8 462.0 241.1 137.8 0.2 0.1 �2.0 5.8
Total cost ($) 41,466 24,497 17,075 15,928 5.7 8.6 5.8 13.3
Number of tubes 390 256 100 67 �35.0 �17.4 �24.2 �33.0
Shell diameter (m) 0.445 0.359 0.253 0.256 �10.0 4.1 �25.4 �40.2
Tube diameter (mm) 11.2 11.2 15.3 15.3 �2.6 0.0 0.0 0.0
Tube length (m) 4.87 3.11 3.00 3.00 �17.9 �13.4 0.0 0.0

New [17]þDefaults B D F G B D F G

Effectiveness (%) 78.7 57.3 30.1 17.5 3.1 2.8 1.3 11.1
Heat transfer rate (kW) 629.4 463.6 246.9 144.4 �0.4 0.5 0.4 10.8
Total cost ($) 73,030 27,680 17,860 16,720 86.2 22.7 10.6 18.9
Number of tubes 600 203 118 122 0.0 �34.5 �10.6 22.0
Shell diameter (m) 0.654 0.343 0.290 0.627 32.3 �0.6 �14.5 46.4
Tube diameter (mm) 11.2 11.2 11.4 11.4 �2.6 0.0 �25.5 �25.5
Tube length (m) 7.72 4.05 3.16 3.03 30.2 12.8 5.3 1.0
Number of baffles (Calculated) 34.97 18.05 8.02 7.99

New [17]þsmall B D F G B D F G

Effectiveness (%) 79.1 56.8 32.2 15.2 3.6 1.9 8.3 �3.5
Heat transfer rate (kW) 632.4 459.1 263.9 125.5 0.1 �0.5 7.3 �3.7
Total cost ($) 54,350 24,660 17,500 16,420 38.6 9.3 8.4 16.8
Number of tubes 490 175 100 100 �18.3 �43.5 �24.2 0.0
Shell diameter (m) 0.515 0.306 0.342 0.514 4.2 �11.3 0.9 20.0
Tube diameter (mm) 11.2 11.2 12.4 11.4 �2.6 0.0 �19.0 �25.5
Tube length (m) 4.55 3.01 3.06 3.15 �23.3 �16.2 2.0 5.0
Number of baffles (Calculated) 21.01 12.98 5.99 5.99
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The main modification to the TLBO algorithm is
to optimize baffle cut. The additional constraints only
limited the geometry to smaller, low-cost STHE so
would not change the operation of the optimization
algorithm considerably. STHE designed by the new
program tends to be slightly more effective, more
expensive and has smaller shell/tube diameters. The

conflict between effectiveness and total cost observed
in [6] is still evident in the present results. The length
and number of tubes are important design parameters
which cause a conflict between the effectiveness and
total cost [4]. This trend can be observed in Figures 6

Figure 4. Comparison of effectiveness in different TLBO and
BDM configurations.

Figure 5. Comparison of total cost in different TLBO and BDM
configurations.

Figure 6. Comparison of tube length in different TLBO and
BDM configurations.

Figure 7. Comparison of number of tubes in different TLBO
and BDM configurations.

Figure 8. Comparison of shell diameter in different TLBO and
BDM configurations.

Figure 9. Comparison of tube diameter in different TLBO and
BDM configurations.
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and 9 where both number of tubes and tube length
increases when higher effectiveness is required, but
this is the cause of the greater costs incur.

Updated TLBO parametric study – number
of designs

During the assessment of the updated TLBO algo-
rithm, it is observed that there is a fluctuation in the
number of baffles with low or high numbers when
selecting the design of the maximum effectiveness.
However, the performance of optimized STHE is
always approximately equal so it is possible that both
sets of solutions are simply obtained as a result of the
STHE randomly generated at the start of the TLBO
algorithm. If a STHE with a low number of baffles
with good performance is produced initially, then this
would be favored in subsequent generations and vice
versa with high numbers of baffles.

In particular, the modifications of the optimization
algorithm that reset default parameters would affect
the stability of the solution, but these are necessary if
values are not specified by the user to ensure that
they are reasonably sized. Therefore, it is necessary to
test whether the modifications of the algorithm disable
to find consistent solutions within the limited number
of designs. The number of designs generated for opti-
mization analysis is determined by the population size
and the number of generation (the default values in
the program are 75 and 100, respectively).

A study on the effect of increasing the number of
designs analyzed in the updated TLBO run is con-
ducted to determine whether small population size
and number of generations lead the algorithm to a
local solution or whether there are two genuine solu-
tions with similar performance but different numbers
of baffles. Different population size and number of
generations are tested for a design point B in Table 2.
It is run four times, Runs 1–4, in each set of popula-
tion and generation (total 20 runs from five sets of
population and generation). The performance of the
optimized design is depicted in Figures 10–12. There
is relatively little variation in the values of effective-
ness (Figure 10) and heat transfer rate (Figure 11)
found by the program. It suggests that the algorithm
is functioning correctly since it seeks to find any
STHE with the maximum effectiveness, regardless of
the geometry. The minimum value for effectiveness
was 78.5% and the maximum value was 80.1% with a
standard deviation of 0.43%. The minimum value for
heat transfer rate was 628.1 kW and the maximum
value was 640.3 kW with a standard deviation of

3.29 kW (0.5% of the mean value). This clustering of
values provides evidence that increasing the number
of designs analyzed does not significantly improve the
consistency of the performance of optimized design.
There is more variation in total cost with a standard

Figure 11. Optimized heat transfer rate with different number
of designs of TLBO.

Figure 10. Optimized effectiveness with different number of
designs of TLBO.

Figure 12. Optimized total cost with different number of
designs of TLBO.
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deviation of $5155.95 (6.9% of the mean value), but
this may be due to this being a secondary objective
function, while effectiveness being the primary object-
ive function of the algorithm. The conflict between
effectiveness and total cost is still observed where if
the algorithm does find a STHE with higher effective-
ness, it will cost more to build and operate.

The variation of major geometric parameters
obtained for each optimized STHE with increasing
population size and number of generations are shown
in Figures 13–16. The target for each optimization
run is the maximum effectiveness and this necessitates
the largest possible surface area therefore, most opti-
mized STHE designs (18 of 20) have the maximum
possible number of tubes (600 per tube pass). The
number of tubes is closely related to the tube diam-
eter, since two designs of smaller number of tubes
have around 20% larger tube diameters than the
others. Tube length tends to be toward the upper
limit (8 m) to maximize surface area, but this is
limited by total cost, therefore there is some vari-
ation in this parameter across all population sizes
and numbers of generations as shown in Figure 13.
The standard deviation is relatively high at 0.35 m
(4.5% of the mean value). This appears to become
more of an issue with increasing numbers of
design, where there is more variation. This variabil-
ity may be due to the restriction of requiring inte-
ger numbers of baffles because the maximum value
of 8 m may not be suitable depending on optimal
baffle spacing.

The shell diameter (Figure 14) shows more vari-
ation with standard deviations of 0.05m (7% of the
mean value). There is some evidence of a trend for
shell diameter varying with baffle spacing where small
numbers of baffles are associated with lager shells,
and larger numbers of baffles with smaller shells. This

may be in order to achieve a lower total cost in larger
shells by lowering pressure drop in STHE with smaller
number of baffles. The most significant variations in
geometry are baffle spacing (and therefore number of
baffles); however, these tend to fluctuate between two
reasonably distinct design regions. These are shown in
Figures 15 and 16 where baffle spacing is approxi-
mately 0.2m or 1.0m, corresponding to around 36
and 7 baffles. These are effectively two distinct
approaches for achieving high effectiveness, low-cost
heat exchangers where low baffle spacing encourages
high speed flow with high heat transfer coefficient but
incurring high costs, however, wide baffle spacing
encourages low speed flow with lower heat transfer
coefficient which has lower operating costs.
Depending on the randomly selected initial popula-
tion, either of these two solutions may be produced
and taught to the next generation. Both result in very
similar performance values so both are viable for the
designer. The data seems to suggest that algorithm
can generate two potential configurations of optimum
STHE design; one with more baffles and one with

Figure 13. Optimized tube length with different number of
designs of TLBO.

Figure 14. Optimized shell diameter with different number of
designs of TLBO.

Figure 15. Optimized baffle spacing with different number of
designs of TLBO.
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fewer baffles so as long as the designers are aware of
this and can decide which is more appropriate for
their application.

As expected with increasing numbers of design
being analyzed in the updated TLBO algorithm,
the runtime increases significantly as shown in
Figure 17 where there is an exponential increase in
the average time taken for the process to complete.
Therefore, it confirmed that the default values of
population size and number of generations is rea-
sonably effective and efficient numbers since
increasing population size and number of genera-
tions beyond them does not significantly improve
the consistency of the solution.

Conclusions

Software, Heat Xchange Designer 2019, has been suc-
cessfully developed for design optimization study of
shell-and-tube heat exchangers based on BDM and
the second Petukhov equation. An evolutionary

algorithm, TLBO has been fully implemented for
multi-objectives optimization procedures. The user-
friendly feature of graphic-user interfaces allows the
ease selection of heat exchanger configurations and
change of design conditions. The updates to ‘Heat
XChange Designer 2016’ have been achieved to
improve the accuracy and functionality of the pro-
gram with regards to the following:

� Ensure the number of tubes could not be less than
the minimum value.

� Ensure only STHE with integer number of baffles
are created as a result of optimization.

� Replace the less accurate Kern Method with BDM
as well as Dittus-Boelter equation with the second
Petukhov equation.

� Consider the effects of fouling.

The usefulness of the updated program is enhanced
through generating only STHE with integer number of
baffles. The developed program using the updated
TLBO and the compact BDM has been validated
against the practical heat exchanger cases. BDM gave
more accurate prediction of the pressure drops than
Kern method. From the optimization study, it is
observed that two important design parameters,
number of tubes and tube length, increases when
higher effectiveness is required, but this is the cause
of the greater costs incurred. The input parameters,
such as, the clearances and number of sealing strips
used, have a significant effect on the performance
prediction using BDM.

Through the parametric study, it is confirmed that
the modifications of the optimization algorithm do
not affect the capability of finding consistent solutions
within the limited number of designs. It is also
observed that increasing population size and number
of generations beyond certain numbers does not
improve the ability of the algorithm to find consistent
solutions. Rather, the algorithm can generate two dis-
tinct potential optimum designs depending on the
randomly selected initial population, thus the selection
of more appropriate one for its application would
be required.

The developed program will be useful for both of
educational purposes and industrial applications. It is
focused on the thermal-hydraulic analysis without
consideration of mechanical design. The computer
program will be further developed to provide a com-
plete design including thermal, hydraulic and mechan-
ical design of STHEs of different types of passes, flows
and working fluids.

Figure 16. Optimized number of baffles with different number
of designs of TLBO.

Figure 17. Runtime of optimization process with different
numbers of designs of TLBO.
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