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ABSTRACT

The paper presents an economic optimization of STHX with two commonly adopted (i.e., Kern
and Bell-Delaware) and one rarely explored (i.e., Wills-Johnston) methods. A detailed numerical
code concerning thermal, hydraulic, exergy, and economic analysis of STHX is developed for all
three methods. Normalized sensitivity analysis, parametric study, and Genetic Algorithm are used
to ascertain the most influential parameters and optimize the total cost. It is observed that the
calculations made using the Wills-Johnston method were reasonably close to the Bell-Delaware
method. While the Kern method showed a significant deviation in the shell side calculations
because of the several assumptions in this method. The parametric analysis showed that increasing
the mass flow rate and the number of baffles increased the operating cost because of an exponential
increase in the pressure drops. Finally, the optimization reduced the heat transfer area by ~26.4%,

capital cost by ~20%, operational cost by ~50%, total cost by ~22%, and the stream cost by ~21%.
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1. Introduction

The economic optimization of energy conversion systems is becoming inevitable with growing
energy demands, cost-effective design, sustainable developments, and hikes in energy prices [1—
3]. Heat exchangers not only play an important role as an integral part of almost every energy
conversion system but also help to improve system efficiency by recovering heat from waste
streams [4,5]. The most commonly used heat exchangers include shell-and-tube heat exchangers
(STHX), gasketed plate heat exchangers, double pipe heat exchangers, and finned surface heat
exchangers [6,7]. Among all, the STHXs are of particular importance and cover ~35-40% of the
market because of larger heat transfer capabilities and high-pressure applications [8,9]. Therefore,
the performance of these heat exchangers has been investigated extensively under varied operating
conditions [10,11].

However, most of these studies are focused on improving thermal-hydraulic performance by
varying geometric parameters such as baftle spacing, baffle orientation, the number of tubes, tube
diameter. For instance, Jozaei et al. [12] reported that thermal-hydraulic performance decreases
with increasing baffle spacing and suggested the range from 4 to 12 inches. Similarly, Abdelkader
and Zubair [13] reported an increase in thermal-hydraulic performance with an increasing number
of baffles. Furthermore, they reported that the heat transfer coefficient increased at a high rate
when the square tube layout is used. Gao et al. [14] analyzed the effect of helical angle for
discontinuous helical baffle STHX and reported that the helical angle with 40° provides the best
comprehensive performance. Similarly, Abdelkader et al. [15] reported that the performance of a
helical baffle HX decreased after the helix angle exceeded 42°.

Recently, researchers and industrialists have realized that STHXs optimization from a
monetary viewpoint is also important together with conventional performance and design
analysis [16,17]. It will have a great impact on overall system cost as they form a major portion of
initial capital. For this purpose, various numerical approaches have been developed and used by
the research community to minimize the total cost (Crowz) of STHXs, which include capital (CAPC)
and operational cost (OPC). For example, Selbas et al. [18] used Genetic Algorithm to minimize
the heat transfer area and cost. They reported that the GA can achieve significant improvement in
the design compared to the conventional methods. Segundo et al. [19] proposed a falcon
optimization algorithm and reported that the cost is reduced by 57.8% and effectiveness is

increased by 10% for case 2. A critical review of some other recent studies conducted in this regard
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is presented in Table 1. It is important to notice that, most of these studies have reported a
considerable improvement in the performance of STHX by optimizing the objective functions such
as effectiveness, heat transfer coefficients, pressure, and cost. However, there is another STHX
analysis method “Flow Stream Analysis” or the Wills-Johnston method that has not been critically
explored. Besides, most optimization techniques adopted in the studies presented in Table 1 are
computationally expensive and require adequate knowledge and computational capacity.
Therefore, analysis of STHX as an integral part of systems with multiple components e.g., power
plants, desalination systems, cogeneration systems, etc. is not economical due to the combinatory
effects of design variables and objective functions.

On the other hand, exergoeconomic analysis, a combined application of thermodynamics and
economic analyses, is an important tool for thermal systems analysis [20]. It calculates the exergy
and economic values of each fluid stream as it enters or leaves any component using capital and
operational expenses, thus predicting the local product stream cost [21]. The product stream is
defined based on a primary function of the equipment, e.g., for a pump, it is pressurized water; for
a compressor, it is compressed vapor, and for an HX, it is hot/cold stream. Besides the calculation
of local product cost, the analysis can also conduct design improvements and malfunctioning
diagnosis [22]. This tool has already been used to improve systems like refrigeration [23],
desalination [24-26], and heat recovery units [27]. It should be noted that a thorough exergo-
economic design and optimization study of SHTX, is not covered in the above literature.

The current study is focused on developing and applying a systematic approach for exergy-
and-cost flow-based analysis of STHXs. For this purpose, various design methods are critically
examined for the thermal-hydraulic design of STHX. In addition, exergy analysis is conducted to
calculate the flow exergy of all the streams as well as exergy destruction in the heat exchanger
configuration. This is followed by an economic analysis that calculates various cost elements that
applies to the current system. Also, the updated sensitivity of various influencing input parameters
on the operational cost of HX is comprehensively investigated, in terms of normalized sensitivity
coefficients. Finally, a cost optimum configuration is achieved by using the Genetic Algorithm.

To make the study useful for the readers, the manuscript is organized, systematically. In this
regard, the first part is focused on the review of the economic optimization of STHX to identify
the important parameters and their operating range. Section 2 covers the system description,

governing equations, assumptions, and solution strategy. Thereafter in Section 3, the results and
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92  discussion are presented. In Section 4 a general framework for the analysis of STHX as a preheater
93  in a thermal desalination system is presented. Finally, the key findings are summarized in the last

94  section.
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Table 1.
Review of various studies on the economic optimization of STHXs using different algorithms.
Study Method Opt. Techniques Objective Constraints (min-max) Outcome
. : Dio: 0.01-0.051 m, Ds: 0.1-1.5 m
Caputo et al. [28] Kern ¢ Genetic Algorithm o Ciotal L;: 0.05-0.5 m ’ 1 Crotal (£ 50%)
e EGM
. ® Seen Dio: ASTM values, Be: 20-45% | Ciotal
Guo et al. [29,30] Bell-Delaware e Field .Synergy‘ o & N 50-500, Loo/Ds: 201-100 te
e Genetic Algorithm
Dio: ASTM values, Bc:15-45%,
Ortega et al. [31] Bell-Delaware e Genetic Algorithm e Ciotal Np: 1-8, npe: 0-4, 3: 30° and 90° lCmtal (£33%)
Fluid side allocation
e Particle Swarm Dio: 0.01-0.051 m, Ds: 0.1-1.5m
Pateland Rao [32] = Kern Optimization * Conl Lo 0.05-0.5 m, 3 30°and 90° ¥ Crot (4-5%)
: e Artificial Bee Colon
Sahin et al. [33] Kern Algorithm Y e Cool N, Dto, Lt, Lo, Pt 1 Crotal (£ 55%)
Py e Imperialist competitive Dto: 0.01-0.051 m
Hadidi et al. [34] Bell-Delaware algorithm ® Ciotal De: 0.1-1.5 m, Le: 0.05-0.5 m 1 Crotal (£ 53%)
Hadidi and Nazari ¢ Biogeography-based
[35] Kem algogrlthgl’n y o Ctotal Nta D57 Dt,O s Lta Lng Pt lCtotal (S 56%)
Asadi et al. [36] Ko e Cuckoo Search .C Dio: 0.008-0.051m, Ds: 0.2-0.9 m | CAPC (< 13%)
' Algorithm. ol Lie: 0.05-0.5 m LOPC (< 77%)
¢ Genetic Algorithms
Sadeghzadeh et al.  Kern . Dto: 0.01-0.051 m, Ds: 0.1-1.5 m
37] Bell-Delaware  ® Farticle Swarm * Cuonl Loe: 0.05-0.5 m LoPC (< 22%)
Optimization
¢ Genetic algorithm Ni: 100-600, Np: 1-3, Li: 3-8,
: Bell-Delaware e Firefly algorithm o & D;i: 0.0112-0.0172 m
Khosravietal. [38] . yrp; o Cuckoo search o ol Loe: 0.2-1 4, Be: 0.19-032 (ratios) 1 € (583.8%)
algorithm P¢/ Doz 1.25-3, 5 =30°-90°
Mohanty [39] Kern e Firefly Algorithm o Ciotal N, Ds, Dro, Lt, Lbe 1 Crotal (£29%)
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Ni: 100-600, Np: 1-3, Li: 3-8,
D¢;i: 0.0112-0.0172 m,

[Péllegfbdollahl et al. ]ie_ll-Delaware o Sene.“[tl'c flngrltilm‘s o Con Lbc: 0.2-1.4, Be: 0.19-0.32 (1atios) | Crour (< 35%)
NIU ® dSensivity Analysis P,/ Dt,o: 125_3’[') =3(0°- 90°
Fluid side allocation
e Cohort Intelligence Dto: 0.01-0.051 m, Np: 1-8,
Dhavle etal. [41]  Kern Algorithm ® Ciotal De 0.1-1.5 m, Lie: 0.05-0.5 m 1 Crotal (£ 52%)
: . . - Helical angles
Wen et al. [42] IC{ilr(:llil g?oarfile * (;Jsrr?et.lc '?Jlg(imhné 1 0 Baffle overlap ratio 1 Crotal (£32%)
(Kriging Metamodel) 4 ¢, Inlet volume flow rate
Rao and Siraj [43] gionvrvlii and e Elitist-Jaya Algorithm e Ciotal N, Ds, Dro, Lt, Loe 1 Crotal (£33%)
Tsallis Differential
Segundo et al. [44] Kern y Efzecl)hlliiorll crentia ® Ciotal Ds, Do, Lc 1 Crotal (£ 54%)
Tharakeshwar et al. ¢ Genetic Algorithm o & o
[45] Bell-Delaware Bat Algorithm « Cow Bc, Loc, Py, Ly, 8 $ Crotal (< 14%)
& & (28°
Mirzaci et al. [46]  &—NTU * Constructal Theory N, D, L 1€ (28%)
¢ Genetic Algorithm ¢ Cootal 1 Clotal (£ 32%)
e Adaptive Range Dto: 0.01-0.051 m, Ds: 0.1-1.5 m
lyer etal. [47] Kem Genetic Algorithm * Croul Le: 0.05-0.5 m, Np: 1-8 1 Cuotar (< 52%)
. e Bacteria Foraging o &
Sai and Rao [48] Kern Algorithm o Co Do, Ds, Loe, Np lCmtal (£2%)
Kern * Exergo§conom1c§ .. * VAP Design parameters TPerformance
e Normalized Sensitivity e NSC .
Current study Bell-Delaware Analvsi X Operating parameters l«XD
Wills Johnston nalysis _ ® 4D Fiscal parameters
e Genetic Algorithm ® Ciotal ,l,Ctotal

|: Decrease, 1: Increase
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2. System description and methodology
2.1. Heat exchanger configuration

The system considered in this study consists of a liquid-phase segmental-baffle STHX, which
is used to preheat the water (in the tubes) by transferring heat from the hot stream on the shell-
side, as shown in Figure 1. Two centrifugal pumps are used to maintain the required flow rate and
pressure across the HX. The input data about the process parameters, i.c., fluid inlet-outlet

temperatures and flow rates as well as the geometric parameters, are summarized in Table 2 [49].

Shell inlet

Tube outlet
A
= ‘J . SicIN
ol F A <
/ =
/ T

7
Shell outlet Tube inlet

Figure 1. Schematic of heat exchanger configuration considered in the current study.
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Table 2.

Specifications of the heat exchanger setup [49].
Parameter Value
Process
Mass flow rate (shell/tube), kg/s 27.80/68.90
Shell side temperature (inlet/outlet), °C 95/40
Tube side temperature (inlet/outlet), °C 25/40
Fouling resistance, Ry (shell/tube), m>.K/W 0.00034/0.00020
Geometric
Tube layout, degree 30°
Number of tube passes, N, 2
Length of the tube, L;, m 4.83
Tube internal diameter, D, ;, m 0.016
Tube external diameter, D;,, m 0.020
Number of baffles, N, 13
Baffle spacing, Lyi=Lyo=Lpc, m 0.356
Baffle cut, B., % 25
Number of pair of sealing strip, Nss 2
Diametral shell-to-baffle clearance, Lgp, m 0.0051
Diametral tube-to-baffle clearance, L, m 0.0008
Baffle thickness, tb, m 0.005
Tube pitch, Ly, m 0.025
Bypass channel diametral gap, Ly, m 0.019
Shell diameter, Ds, m 0.894
Number of the tube, N, 918
Allowable operating pressure of tube side, P;, kPa 100
Allowable operating pressure of shell side, P, kPa 100
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2.2. Thermal-hydraulic design

This includes the calculation of tube and shell-side heat transfer coefficients (k; and hy),
pressure drops (4P; and 4P;), overall heat transfer coefficient (U), and pumping power. For this
purpose, the Nusselt number (Nu) and friction factors (f) are calculated for both sides. The tube-
side calculations are straightforward; however, the shell-side calculations constitute a complex
mechanism because of several leakages, inaccuracies, and non-ideal flow streams, etc. Therefore,
the shell-side calculations for thermal-hydraulic performance are conducted using subsequent
approaches:

2.2.1. Kern method

Kern is the simplest method commonly used for the preliminary design of STHXs [4]. It is
based on the simplest case in STHX that neglects the presence of baffles. In this case, the flow is
across the tubes, and the heat transfer coefficient is similar to a concentric tube heat exchanger,
which could be calculated using equivalent diameter. Nevertheless, in actual practice, the baffles
significantly increase the /4, as well as 4P due to turbulence. Moreover, the fluid velocity varies
because of the confined areas between the tubes across the tube bundle. Therefore, the correlations
for flow inside tubes are not appropriate for shell-side calculations. McAdams [50] proposed

formulation for the calculation of /4 as:

Nu =0.36Re">” Pr'¢*"*
2x10° <Re<1x10°, and Pr>0.6

(1)
The 4P; to fluid friction, apart from the nozzle losses, is estimated as [28].
pv, » L D
= s T s 2
’ 2 f; Lbc De ( )
f,=2b,Re*" 3)

where b, is a constant, which is assumed to be, b, = 0.72 by Peters and Timmerhaus [51]. This is

valid for Re <40,000; however, the tube-side pressure drop can be estimated as [52]

2
ap = L2 (g—ff,m)fvp )
f, =(1.821og,, Re,~1.64) " (5)
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The value of constant, p. is also reported in the literature [49,52], which varies between 2.5 and 4

by these investigators.

2.2.2. Bell-Delaware method

It is the most accurate method for the design and analysis of STHXSs as it acknowledges that
there is only a portion of the fluid, which is over the tubes in a genuinely cross-flow
arrangement [9]. The leftover fluid passes through the bypass areas because of the least resistance
and constitutes up to 40% of the overall flow. Therefore, it is essential to consider the effects of
non-ideal flow streams while performing thermal-hydraulic calculations [9]. For this purpose, the
total flow is divided into several streams, i.e., tube hole leakage stream, cross-flow stream, the tube
bundle bypass stream, the shell-to-baffle bypass stream, and the pass partition bypass stream.
Therefore, 4, 1s obtained as a product of the ideal cross-flow heat transfer coefficient, 4., by the
correction factors for the non-ideal cross-flow [9].

hy=hJ.J,JgJJpJ, (6)
The ideal cross-flow heat-transfer coefficient (4.) is calculated as [9],

h.=j.c,GPr*? (7

133 )
i =a Re® 8
Ji I(Ltp /D,] (8)

a}
qg=—
1+0.14Re“

)

where Re is based on tube diameter. The significance and correlations for the calculation of
correction factors (Js) in Eq. 6 as well as the values of a1, a, a3, and a4 are given in Appendix A.
Similar to the heat transfer coefficient, the shell-side pressure drop is also calculated in three
parts, i.e., the pressure drop in the central baftle spaces (AP.), baffle windows (APy), entrance and
exit baffle spaces (AP¢) [9].
AP, = AP, + AP, + AP, (10)

These pressure drops are calculated using the correlation presented in Table 3.
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Table 3.
Pressure drop correlations for the Bell-Delaware method [9].
Pressure drop Governing equation
G2
AP =AP, (Nb —I)RBRL , AP, =0.002f,N,.. 7Rﬂ
1.33 ' b
=b| = | Re?, b= 2 R, =exp| -G, F,, (1-3/2r, )|
AP / I(Ltp/Dt] 1710.14Re" " 2 P S”P( )
R, =exp[-133(1+7)52 |, p=—0.15(1+r)+08, R, =[LJ
ll“lwall
0.001G’
AF’mTurbula\nt = Nh |:(2 + 0‘6Nt(‘w) = :|RLR/1
2p
2
APW Laminar Nb 26 GWlu NICW +L_b§ + OOOZGW RLRII
’ p )| L,-D, D, 2p
APy T 4S,

w

G, = D, =
" ys.s =" zDN, +(zD0, /360)

S :ﬂ-sz(edv _SinedsJ_N (zDZJ
" 4 \360 2rx "4

N
AP, = AP, (1 + e JRBRS ;

tee

APe 2-n 2-n
RS = i + i
Lbo Lbi

In the above equations 4Py ideal bundle pressure drop for one baffle compartment, f;: friction
factor, b;-b4: constants in Table A.1, Rp: bypass correction factor, R;: leakage correction factor,
Ru: viscosity correction factor, Dy: hydraulic diameter, S,: window area Rp: bypass correction

factor,
2.2.3. Flow stream-analysis method

This method calculates the flow rates and pressure drops using a fundamental hydraulic
model that was proposed by Wills-Johnston [4] as a simplified version of Palen and Taborek [53]
work. For this purpose, the flow in the shell-side is divided into various streams as cross-flow,

leakages, and bypass, as illustrated in Figure 2. The flow adopts different paths when moving from
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182
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187

A to B. These paths are specified by a subscript. For instance, the flow termed as “leakage” takes
place between the tubes and baffles (t) and between the baffle and shell. Some of the flow passes
over the tubes in a cross-flow (c), and part bypasses the tube bundle (b). The cross-flow and
bypasses streams combine to form a combined window stream (w), which passes through the
window zone. The shell side heat transfer coefficient is calculated using the actual cross-flow rate

m,,,. rather than the total shell-side flow rate, 7 as given in Eq. 11-13 [4].

Ccross

Shell

Flow out

Baffle @

-

L | Flow in

Figure 2. Equivalent shell-side flow [13].

Nu — 021 1ReO.65l Pr0.34 ¢0.l4 (1 1)
Re = —’"#SD (12)

where S is the cross-flow area, which is presented in Appendix A.
m, . =F g (13)

Cross

Here F, is the portion of flow over the tube bundle in a cross-flow, which is calculated as.

{nijS
F,=rled o (14)
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For calculation of pressure drop, the AP between two points is taken the same irrespective of
paths joining these points. The AP for all the streams is calculated in terms of the coefficient n; and

the respective mass flow rate 7, as

AP, = nm; (15)

1

The total shell side AP neglecting the inlet and exit nozzles are calculated as.
AP=n i’ (N, +1) (16)

where, n represent the flow coefficients, which are constant, independent of flow rate, and is a
function of geometry. The details regarding the calculation of flow coefficients are summarized in
Appendix A.
2.3. Exergy analysis

Exergy is the maximum theoretical useful work that can be obtained from a system as it is
brought into a complete thermodynamic equilibrium with the dead state [54]. The specific exergy

of a fluid stream with negligible kinetic and potential energies is calculated as,

ex =[(K ~h)~T(s—s,)]+ex,, (17)

In the above equation €, represents the specific chemical exergy and has a non-zero value for

streams with chemical potential such as brackish water, seawater, and brines [55-58].
The total exergy in “kW” of each stream is then calculated using the respective flow rate.
X=mex (18)
Finally, the exergy destruction in the pumps and heat exchanger is estimated by applying
exergy balance equations. This gives,

Xpsmux =X+ X, — X,

c,0

- X, (19)

XD,P = Xw,i + WP,i _Xw,o (20)

2.4. Economic analysis

This analysis involves the calculation of total cost (Ciota) as a sum of capital cost (CAPC) and
operating cost (OPC) i.e., Cios = CAPC + OPC. Conventionally, the CAPC is taken for heat
exchangers only because of major share (compared to pumps) and the OPC is calculated using
pumping power [28,37,47]. However, the current study covers exergoeconomic analysis as well,

which calculates the stream cost using the costs of the heat exchanger as well as the pumps. The
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details regarding the calculation of different steps involved in the economic analysis are discussed
in the following sub-sections.
2.4.1. Capital cost
It reflects the component’s purchasing cost and can be obtained through a market survey or
supplier’s quotations. However, the cost obtained by this method cannot accommodate design
variations. It is, thus, limited for the specified case. Therefore, researchers have developed
empirical correlations that can satisfactorily approximate the equipment cost based on the major
design parameters like flow rates, heat transfer area, efficiency, pressure, and temperatures [59].
The capital cost of the centrifugal pumps in the current study is calculated using one of the
most frequently reported correlations [60].

CAPC,

‘Pump

1.05
=13.92 in AP | T 21)
W 1_77

The calculation of the capital cost of STHX has been widely discussed because of its extensive
use under different operating scenarios with varying thermal, hydraulic, and material bounds. In
this reference, Shabani [61] proposed correlations that relate the capital cost with the weight of
STHX as given in Eq. 22. Because the weight is not a true measure of heat exchange capacity,

these correlations are rarely used in the literature.
CAPC =exp[ x, +x,In(W) ] (22)

where W is the weight in kg, and x; and x; are constants whose values are available in the
literature [61].

Because of the heat transfer area (4) is an accurate indicator of STHX size and capacity, several
correlations have been developed as a function of the area. In this regard, Turton et al. [62]
provided a costing correlation for carbon steel (CS) STHX operating at ambient pressure of the

form.
log,, CAPC,,, =K, +K, log,, A+ K, (log,, A)’ (23)
However, STHX with higher operating pressures and different construction materials, some

additional constants and correction factors are multiplied with the base equation. This takes the

form.

CAPC =CAPC,,, (B, + B,F,,F,) (24)
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where Fis and Fp are the material and pressure correction factors, B; and B> are constants. These
correlations have been used for the optimization of Organic Rankine Cycle STHX [25,63—65].

The most reliable and frequently used correlations for CAPC of STHX are those proposed by
Hall et al. [66] and Taal et al. [67] using simple power law. The general form of these correlations
is given as.

CAPC = x+yA” (25)

where 4 is the heat transfer area in m? and x, y, z are constants which depend on the material of
tubes and shell. Table 4 summarizes some of the useful correlations for CAPC of STHX.

Table 4.
Correlations for calculation of capital cost (CAPC) of the heat transfer equipment.

Correlation Material (S/t) Ref.
CAPC®=30800+7504 "% CS-CS [66]
CAPC®=30800+13394"% CS-SS [66]
CAPC®=30800+16444"% SS-SS [66]
CAPC®*=7000+3604"* CS-CS [67]
CAPC®=1000+3244"" SS-SS [67]
CAPC® =8500+4094 *% CS-SS [38,40,42,45,46,67,68]
€ 0.91 [19,28,30,32—
CAPC*=8000+259.24"" (v) SS-SS 3739.43.44.47.67.69]
CAPC®=10205+11.524 CS-CS, 4 (ff) [70]
log,, CAPC*= K, + K, log,, A+ K,(log,, 4)’ CS-CS [25,63-65]
CAPC*=3.28x10*(4/80)"" [71,72]

(v') currently used

Caputo et al. [73] critically reviewed these correlations, given all the processes involved in
STHX manufacturing. They highlighted several limitations of these correlations and proposed a
very rigorous approach to calculate the STHX cost. The approach involves the calculation of
material cost as well as the cost of all manufacturing processes like drilling, cutting, beveling,
chamfering, and welding, which is used to manufacture shells, tube sheets, tube bundles, baffles,
channels, and flanges, individually. It is comparatively more reliable and flexible for STHX
optimization, particularly from the manufacturing perspective. However, for performance analysis

of STHX as a system component, this detailed approach is not computationally economical.
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Hence, the purchased equipment cost correlations based on the heat transfer area rather than
manufacturing cost reasonably serve the purpose.

Moreover, it is essential to emphasize that the correlations discussed above and used in the
current study were developed about 30 years back. The cost calculated using these correlations is
precise only for the time they were developed [73]. Therefore, it is appropriate to improve these
correlations to recent times using cost indices to accommodate the inflation and variations in the
market scenarios [25]. For this purpose, the idea of using a cost index factor (Cindex) has been
adopted [24,65]. The Cindex 1s calculated using the Chemical Engineering Plant Cost Index (CEPCI)
of the reference year and the current year [63].

CEPCI
dex — current (26)
CEPCI

reference

Thus, the current CAPC of the equipment is given as [64],

x CAPC®

reference

CAPC®  =C,

current index

27)

In the present study, the Cingex is calculated to be 1.7 based on the CEPCl990 = 390 [74] and
CEPClao20 = 650 [75]. However, for rigorous design and analysis purposes, the effect of Cingex 18

also studied in this paper for a wide range of values.

2.4.2. Operational cost

The OPC is calculated based on current annual cost C, ($/y), equipment life, n, (year), unit
electricity price, Celec ($/kWh), annual inflation rate, i (%), operational availability A (hour), and
pumping power, PP, (kW) as.

OPC = Co‘ , (28)
= (A+i)
C =PPxC, xA (29)
PP = (’hmhe AP pe " Mo AP shen Jx 1 (30)
Puue Pseir n

In the current case study, the values of fiscal parameters are taken as n, = 10 year, = 7000 A/y, i =

10%, Cetec = 0.12 ($/kWh) and 1 = 70% [28].
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2.4.3. Exergoeconomic analysis
After the calculation of capital and operational cost, the analysis is applied to calculate the
stream cost [76]. For this purpose, the CAPC calculated above is first converted to the annual rate

of capital investment 7 ($/y) using the capital recovery factor (CRF) [77]. The CREF is calculated

based on the interest rate (7) and amortization years/economic life of the plant (n,), as given below

[78]:

. 1+i n,
i el (31)
(1+i)” -1
Z = CRF xCAPC (32)
Finally, the rate of fixed cost ¢ (in $/s) is calculated using the plant availability(A) as [79].
Z
= 33
¢ 3600x A 33)

After that, a general cost balance equation is applied to each component in the system. This is
expressed as [80].

C,=2C+¢ (34)
where C, represents the local output stream cost, C, the cost of the input stream, and ¢ the rate

of fixed (purchased equipment) cost.

The cost balance equation for the pump and heat exchanger, respectively, are given as:

Ca = q + Celec WPump + é/Pump (3 5 )

Cc,() = Cc,i + Ch,i - Ch,o + é/STHX (36)

It is important to mention that for the components with multiple outlet streams (i.e., heat
exchangers, evaporators, flash chambers and membrane modules, etc.), additional auxiliary
equations are required. For a system with “k” outlet streams, “k-1" number of auxiliary equations
are required to solve the system [21]. These equations are based on the equality of the inlet and
outlet streams cost averaged with exergy of the respective streams as given in Eq. 37 [81].

Cr

— 0 —
" (37)

h,o

Ch,i

X

h,i
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2.5. Sensitivity analysis

Sensitivity analysis is an important tool to ascertain insight into the significance of model
parameters and, in turn, identify those, which are more responsive [82]. The results of this analysis
not only help in improving the system performance but also highlight the important areas for future
research [83]. Calculus-based sensitivity analysis is one of the most fundamental and reliable
methods for this purpose. This method models each independent parameter as a sum of its nominal

value and the perturbation or uncertainty as given below [84].
X=X+U, (38)

where X is the nominal value and +U , 1s possible uncertainty about the nominal value. The

corresponding uncertainty in the response variable Y(X) due to uncertainty in X is expressed in a

differential form as [85],

Uy = Z—;U ¥ (39)

For a multi-variable function ¥ = Y (Xj, Xj+s...., Xv), the uncertainty in Y due to the
perturbations in the X is calculated as the root sum square product of the individual perturbation
computed to the first-order accuracy, as given in Eq. 40. Each partial derivative in the equation

represents the sensitivity coefficient (SC), which depicts the sensitivity of output parameters to

small changes in the respective input parameter [86].
P 1/2
Yoy -
fire]

Meanwhile, a more convenient and comprehensive way of presenting the findings of sensitivity

analysis is through Normalized Sensitivity Coefficients (NSC) [87]. It allows the direct (one-on-
one) comparison of parameters whose order of magnitude could be significantly different [88].
These NSCs are obtained by normalizing the uncertainties in the response parameter Y and input
parameter X by its respective nominal values. For this, the coefficients in Eq. 40 are transformed

into NSC and normalized uncertainties (NU) as given by [89].

— ~ 2
Uy _ ZN: oY X, || Uy (41)
v |4lax, 7 )X
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In the current study, the sensitivity of input parameters like mass flow rate, inlet-outlet
temperatures, baffle spacing, and fiscal parameters (interest rate and electricity cost) on the output
parameters i.e., i, AP, OPC, and Cs, is studied. The equations developed and used for this analysis

are given as follows.

- o ) o ) o2~ 512
(8hs &J U_'”S +( 6hs L_b‘] {U_L’J +( 6hs ij U_TS
Uhs ~ Gms hs mg 8Lbc hs Lbc aTSz s TSI (42)
hs +( ahS YTS‘O jz UTs.o 2
TS‘o hS _S,o i
R - _ ) _ 2 - N _ 2 1/2
U, _|(285 iy | (e | (38 L | (Ues @)
AP On AP mg aLbc AP be
_ o ) . - ) _ s 512
0OPC sy | [ Uy | [00PC L, ||Uy |  [8OPC Cy. | (Ve
Uppe _ omg OPC ) | nig oL,. orC ) | L, oC,. orC) | C,. (44)
OPC | (gopCc 7 Y(U.Y
0i OPC i

Finally, the relative contribution (RC) of each parameter is estimated to identify the dominant
uncertainty contributors by combining the sensitivity coefficients with the actual uncertainty [88].
Its mathematical form is obtained as the square of the product of sensitivity coefficient and

uncertainty, normalized by the square of the uncertainty in the response parameter [89].

2
oY -
)
RC=~—_—2— (46)
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2.6. Numerical solution and assumptions

The mathematical model discussed above is solved using an Engineering Equation Solver
(EES) based numerical code. In the first step, the input data consisting of flow rates, temperatures,
and geometric parameters are provided. The EES library routines are used to calculate the
thermophysical properties and correction factors for STHX. After that, the code works using
algorithms of the three methods (i.e., Kern, Bell-Delaware, and Wills-Johnston). For the Kern
method, the Nu and AP are calculated directly using Eq. 1, 2, and 4 which also involve the
calculation of Re, friction factor, equivalent diameter, etc.

While, the Bell Delaware method additionally focuses on the calculation of ideal heat transfer
coefficient (given in Eq. 7), ideal pressure drop for baffle compartment, window cross areas,
window tubes. Besides, the method also involves the calculation of correction factors (presented
in Table A.2) i.e., baffle cut, baffle leakage, bundle bypass, un-equal baffle spacing, laminar flow,
and wall viscosity correction factor, etc. These correction factors are used in Eq. 6 and to calculate
the shell side heat transfer coefficient. Similarly, in this method, the total shell side pressure drop
is calculated in three portions i.e., across the tube bundle, in the window zone, and inlet and exit
baffles. These individual pressure drops add up to the total pressure drop given in Eq 10.

In the Wills-Johnston method, the parameters like flow fractions and resistances i.e., combined
flow, cross flow, bypass flow, shell side flow, tube side flow, window flow, and end window flow
resistance are determined first using relations presented in Table A.3. Thereafter these are used to
calculate the crossflow rate, Re, Nu, shell side local/overall heat transfer coefficient, and total shell
side pressure drop using Eqgs. (11) — (16). The total shell side pressure drop is the sum of the
pressure drop at the central window and the pressure drop at the end window zones.

In each case, the numerical code is validated with the literature for all three methods followed
by a comprehensive thermal, hydraulic, exergetic, and exergoeconomic analysis of STHX, as
summarized in Fig. 3. Finally, the genetic algorithm is employed to optimize the heat exchanger
design taking cost as an objective function (for which the working is discussed in detail in
subsequent Section 4.5). The analysis is based on the following assumptions: (a) steady-state
operation, (b) negligible longitudinal conduction, (c) uniform heat transfer coefficients, (d)
negligible heat and pressure losses in the connecting pipes, and (e¢) no thermal energy source or

sink in the HX or fluid.
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Figure 3. Solution flow chart.
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3. Results and discussion

3.1. Numerical model validation

The EES-based numerical code was developed to solve the governing equations of Kern,
Bell-Delaware, and Wills-Johnston's methods, in addition to validation with the literature, as
presented in Table 5. The first two methods are validated with the case discussed by Sinnott and
Towler [49], which is recently used by Caputo et al. [28] and Sadeghzadeh et al. [37]. The case is
based on a methanol-to-brackish water heat exchanger with a triangular pitch and a heat duty of

4.34 MW with one shell and two-tube-side passes. The inlet and out temperatures and flow rates

are as follows T, =95°C, T,,=25°C, T, ,=40°C, T, ,=40°C, m;=27.80kg/s, and

t t,0

m, =68.90kg/s. While the third method (i.e., Wills-Johnston) is validated with the case presented
by Serth [90]. It involves kerosene-to- crude oil heat exchanger with a heat duty of 1.089 MW,

one shell- and four tube-side passes. The process parameters used are Ty, =390°F | T,, =100°F
> T;g,o :2500F7 T;,a ZISODF’ ’/ns :45(m lb/h, and m :150,(“) IMI

The results showed a reasonable agreement between the values obtained by the current
analysis and literature values. However, a remarkable deviation (£12 %) is observed in the shell-
side heat transfer coefficient calculated by using the Kern method. This is presumably because of
the empirical heat transfer correlation that does not consider various leakages and baffle
configurations in the Kern method, while the other two methods consider all the possible effects
in developing the heat transfer and pressure drop correlations. It is important to note that the

remaining results are satisfactorily close to the values reported in the literature for all the cases.
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404  TableS.

405  Validation of Kern and Bell Delaware and Wills Johnston methods numerical code.

Values

Parameters Literature [28,37,49] Present work Error %

A, m’ 278.6 278.6 0%

0 (MJ) 4.34 4.34 0%

Sy m’ 0.06365 0.06365 0%

he, Wim’k 3812 3811 +0.026 %

AP, Pa 6251 6166 +135%

Ciotal, € 64,480 64,266 +0.331%

Kern method

Re 18,381 18,572 +1.039%

hs, Wim’k 1573 1791%* +12.171 %

APs, Pa 35,789 35,166 + 1.740 %

Bell-Delaware method

Re 26,353 24,176 + 8.260 %

hs W/im’k 1246 1159 + 6.982 %

APs Pa 8050 8054 + 0.049 %

Wills-Johnston method [90]

S, fi? 0.03583 0.03583 +0%

Fer 0.345 0.345 +0%

Re 10,569 10,531 + 0.359 %

hs, btu/h. f°F 177.6

APy, psi 1.25 1.27 +1.6%
406 *: major difference, ----: Not available

407

Page 24 of 59



408
409
410
411
412
413
414
415
416
417
418
419
420
421
422
423
424
425
426
427
428
429
430

3.2. Heat exchanger design

The above validated numerical code is employed to design a liquid-phase water-water STHX
using Kern, Bell-Delaware, and Wills-Johnston methods. The process and geometric parameters
used as input data are summarized in Table 2. The output parameters, including heat transfer
coefficients, pressure drops, pumping power, exergy destruction, capital, operational, and stream
costs, are calculated and presented in Table 6. It also presents a rationale comparison of two
commonly used (i.e., Kern and Bell-Delaware) and one rarely adopted (i.e., Wills-Johnston) STHX
design methods from thermal, hydraulic, exergetic, and economic viewpoints. It is observed that;
the Kern method shows a significant over/underestimation of shell-side parameters compared to
Bell-Delaware (which is known to be the most accurate STHX design method). For instance, the
shell-side heat transfer coefficient, pressure drop, pumping power, operational and total costs
calculated using the Kern method deviates from those calculated using Bell-Delaware by +56%,
+330%, £100%, £100%, and +4.85%, respectively; however, for Wills-Johnston, these deviations
are significantly lower with £7.4%, £49%, +15%, +15%, and +£0.8%, respectively.

It is important to mention that the large-scale deviations in the Kern method are primarily
because it ignores the effect of baffles and associated leakages on the shell-side flow. While the
other two methods accommodate the presence of baffles through correction factors and flow
coefficients. Therefore, it is reasonable to assert that the reliability of the design and analysis of
STHX conducted is the highest for Bell-Delaware followed by Wills-Johnston and then Kern
method. Particularly, from a monetary viewpoint, the Kern method is only suitable for preliminary
sizing, however, for a satisfactory design, the other two methods should be preferred to reduce

capital and operation investments associated with the over and underestimations.

Page 25 of 59



431
432

433
434

Table 6.

A preliminary design with three methods i.e., Kern, Bell-Delaware, and Wills-Johnston.

Case study: Water to Water STHX

Parameter Kern Bell-Delaware Wills-Johnston
A, m? m278.6 278.6 278.6m
Re, m 15,779 15,779 15,779 m
h, Wim’K m 4053 4053 4053 m
Res v 15,095 19,621 4281% ¥
hs, Wim’K A 4300 2748 2952 A
U, Wim’K A 854 768 785 A
AP, Pa m 6098 6098 6098 m
AP Pa A 27,786 6447 3257 V
hy/APs m/s K v 0.1548 0.4262 0.9065 A
PP, kW A 173 0.8648 0.7354 ¥
XD Toat, KW A 685 684 684 V¥
CAPChy, € m 87,562 87,562 87,562 m
CAPCtoa, € A 89,589 88,936 88,751V
Z ot €0 A 2.083 2.068 2.064 ¥
OPC, € A 8931 4464 3796 ¥
Crotal, € A 96,492 92,025 91,357 ¥
C.. €h A 2282 2.169 2151V
C,,, €h A 0.00845 0.00227 0.00126 'V

A : Overestimation, ¥ : Underestimation, m: Same

* The major difference is because of cross-flow which is merely 0.3 to 0.5 of the total flow
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3.3. Sensitivity analysis

The sensitivity analysis outcomes in the form of Normalized Sensitivity Coefficients (NSC)
and Relative Contribution (RC) for the Bell-Delaware method are summarized in Figure 4 (a)
to (d). The results are presented for critical input parameters (for which NSC > 0.0001). Figure 4
(a) highlights the input parameters that have an impact on the shell-side heat transfer coefficient.

It shows that for the given case, the most critical parameters in terms of NSC are shell-side flow

rate s, followed by shell inlet temperature I;, central baffle spacing 1, , and shell outlet
temperature 7},0 , respectively. While, the RC is dominated by the uncertainty in 5 with 98%

followed by 1, 1;, and Ty ,, with 2%, 0.11%, and 0.10%, respectively.

Similarly, Figure 4 (b) shows that the shell-side pressure drop (4Ps) is the most sensitive to

the 7, followed by ;. However, the relative contribution is higher ~76% for ,;, and lower for 1,

with ~23% and almost insignificant for inlet and outlet temperatures. The operational cost displays

(refer Figure 4 (c)) the highest NSC for unit electricity cost (Celec) with ~1, followed by 4, with
~0.78, 1, with ~0.4, and interest rate (i) with ~0.2, respectively. The corresponding RC values are

65%, 20%, 9%, and 3%, respectively. Concurrently, the stream cost shows (see Figure 4 (d)) the
highest NSC for s, followed by 1, , Celec, and i, respectively. The RC values are calculated as ~

86% for s, ~11% fory, ,~1.8% for Ceiec, and ~0.05% for i.

The findings of the sensitivity analysis infer that the thermal-hydraulic performance (i.e., # and
AP) of STHXSs is sensitive to the flow characteristics, and the economic performance is equally
governed by the fiscal parameters such as unit electricity cost and interest rate. Therefore, a
commensurate importance should be apportioned to the fiscal parameters while conducting the
economic analysis of heat exchangers. It is also important to emphasize that the discrepancies
between maximum NSC and RC values for dissimilar parameters are well explained by James et
al. [88]. This is because the small uncertainties associated with the highest sensitivity coefficients
shift the relative contribution toward the input parameters with lower-sensitivity coefficients,
especially those with high uncertainties. Moreover, it is also worth mentioning that one order of
magnitude alteration (as adopted in the sensitivity analysis) is usually not of practical interest,

rather it should be perceived only as a limiting case to obtain directly comparable values.
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3.4. Parametric analysis

A detailed parametric analysis is conducted using the one-factor-at-a-time (OFAT) approach
to investigate the real scale effect of important input parameters on the thermal, hydraulic, and
economic performance of STHX. The results are presented combinedly for Kern, Bell-Delaware,
and Wills-Johnston methods, which illustrate the deviation of three methods (from each other)

over a range of operating conditions.
3.4.1. Effect of shell-side flow rate

The mass flow rate is one of the most influential process parameters (as indicated by the
sensitivity analysis) that governs the thermal, hydraulic, and economic performance of heat
exchangers. It is observed that an increase in shell-side flow-rate increased the heat transfer
coefficient (hy); however, the corresponding pressure drop (4P) also increased as shown in
Figure 5 (a) and (b). This is because the higher flow rate resulted in a higher shell-side Reynolds
number, which intensified the turbulence that controls the heat transfer rate and pressure drops.
Hence, there should be a tradeoff between the heat transfer coefficient and pressure drop for
optimal performance. In this regard, the heat transfer coefficient per unit pressure drop (4/4P)
gives a reasonable estimation of the overall thermal-hydraulic performance of heat exchangers.
From Figure 5 (c), it is seen that an increase in shell-side flow rate decreased the #/4P showing a
higher-order rise in the pressure drop compared to the heat transfer capability. However, up to 15-
20 kg/s, the h/AP is well above unity showing higher heat transfer than pressure drops.

Similarly, an increase in the shell-side flow rate increased the operating and stream (product)
cost as shown in Figure 6. For instance, the operational cost calculated using Bell-Delaware and
Wills-Johnston methods varied from ~3,000 to 10,000 € for flow rate varying from 1 to 50 kg/s.
While for the Kern method, it approached ~34,000 € for the same flow rate variations, which
indicate the overestimation of hydraulic and economic parameters and the limitations of the Kern
method at higher flow rates. Likewise, the cold water outlet stream cost approached 2.3 €/h for
Bell-Delaware and Wills-Johnston methods, while above 2.8 €/h for the Kern method. A similar
trend is observed for the hot water outlet stream with different magnitudes (varying between 0.005
to 0.01 €/h for Bell-Delaware and Wills-Johnston methods, and 0.040 €/h for the Kern method.
From these observations, it is reasonable to assert that the Kern method gives a very rough estimate
regarding the heat exchanger design, particularly at high flow rates. Hence, for a practical design,

the other two methods should be preferred to minimize energy and monetary investments.
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3.4.2. Effect of number of baffles

One of the objectives of baffles is to support the tube bundle against weight, high flow rates,
and pressures to mitigate the vibrations. However, their presence also influences the shell-side
thermal-hydraulic performance by obstructing the flow, as illustrated above by normalized
sensitivity coefficients. Figure 7 (a) and (b) show that an increase in the number of baffles (Np)
increased the shell-side heat transfer coefficient as well as pressure drops. For example, A
increased to 3 kW/m’K for Bell-Delaware and Wills-Johnston methods and ~5 kW/m?K for the
Kern method from 1.82 kW/m?K for Ny varying from 2 to 15. The corresponding variations in
pressure drops are calculated as 5 kPa and 8 kPa for Bell-Delaware and Wills-Johnston and 50 kPa
for the Kern method. While, the h/AP factor decreased with an increase in Np, thus showing a
higher-level rise in the pressure drop than the heat transfer coefficient (refer Figure 7 (c)).

Besides, from a monetary viewpoint, it is noticed that (refer to Figure 8 (a)) the operational
cost of STHX increased with increasing Ny, due to higher pressure drop and pumping power. For
instance, an increase in Np from 2 to 15, increased the operational cost from 3,200 € to 4,900 € for
Bell-Delaware and up to 4,100 € Wills-Johnston methods. While the corresponding cost for the
Kern method is 14,000 €. Similarly, the cold water outlet stream cost showed a ~2.34% increase
for Bell-Delaware and Wills-Johnston methods and ~12% for the Kern method. A similar trend is
also observed for the other outlet stream cost with different magnitudes. It is also noticed that the
diversions in thermal, hydraulic, and economic parameters calculated using Bell-Delaware and
Wills-Johnston methods from the Kern method become more significant at higher Ny, values. This
is primarily because of the effect of not reliable pressure drop calculations of the Kern method,

which amplified at a higher number of baffles.
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3.4.3. Effect of fiscal parameters

The conventional studies on heat exchangers are mainly focused on investigating the effects
of process and design parameters on the thermodynamic and economic performance. However,
analysis of the combined effect of fiscal and process parameters has gained significant attention
for a rigorous thermoeconomic analysis of systems [24,26]. This is because, the systems with the
same thermodynamic performance, operating in different regions and/or times with dissimilar
economic policy (interest rate, energy price, chemical cost, etc.) will have substantially different
operational costs [76,77]. Moreover, the sensitivity analysis also expressed a significant influence
of fiscal parameters on the economic performance of STHXSs in the above sections. Therefore, this
investigation can satisfactorily predict an overall heat exchanger performance for the assorted
operating scenarios.

In this regard, Figure 9 (a) and (b) illustrate the effect of the cost index factor (Cindex) On the
total-and-stream costs. The figure shows a linear rise in the total cost (Ciota1) and stream outlet cost
over the years. For example, Cioral 0f the heat exchanger configuration increased by ~70% from
~55,000 € to ~93,000 € over 30 years because of market inflation. Consequently, the stream cost
surged to 2.3 €/h from 1.3 €/h during this period. A similar variation in the product cost is observed
with the interest rate, as shown in Figure 9 (c). It is seen that a heat exchanger (with the same
thermal-hydraulic performance) operating in two different regions with dissimilar interest rates
will have significantly different product costs. For instance, the product cost of cold water outlet
stream showed an increase of ~30% (from 1.6 to 2.1 €/h) for an STHX operating at interest rates
of 4% and 10%, respectively.

Similarly, the product cost of an STHX operating at different unit electricity costs is shown in
Figure 9 (d). It shows the significance of pressure drop, particularly for situations with high unit
energy prices. Moreover, significant deviation in the OPC calculated using the Kern method from
Bell-Delaware and Wills-Johnston method (which grow with increasing Celec) indicate rough
pressure drop calculations. Besides, the chemical cost can also be an influential parameter for HXs
subjected to high fouling tendency fluids. However, an accurate antifoulant cost estimation

requires dynamic modeling of fouling propensity.
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Figure 9. Effect of fiscal parameters (a) total cost versus cost index factor, (b) cold water outlet cost versus cost index factor,
(c) cold water outlet cost versus interest rate, and (d) cold water outlet cost versus unit electricity cost.
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3.4.4. Exergy-and-cost flow diagram

The exergy-and-cost flow diagram is an important pictorial illustration of thermodynamic
and monetary performance at each unique point of the system. It presents the cost (exergy and
economic) of all streams in the system at inlets and outlets of the components calculated using
fixed and recurring expenses. This diagram is particularly important for the systems with a large
number of components (e.g., power plants, desalination systems, etc.) compared to simple heat
exchangers. This is because it indicates exergy (in kW) and cost rates (in €/time), which are reliable
indicators of how efficiently the energy and economic resources are continuously utilized by each
component rather than merely relying on the investments at the system boundaries. The exergy-
and-cost flow diagram for the heat exchanger configuration considered in this study is presented
in Figure 10.
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Figure 10. Exergy-and-cost flow diagram of the heat exchanger arrangement.

3.5. Optimization

After a detailed design sensitivity and parametric analyses, the optimization of STHX is
conducted using the Genetic Algorithm (GA). The GA is a biological evolution based natural
algorithm in which the survival gene (best individual point) replaces the old gene to get the
optimum solution. The objective function (fitness) is defined first, which allows each potential

solution to be evaluated. Then the estimated range of design variables and termination criteria is
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selected, and a random initial population is developed in the range of design variables. After the
initialization of the population, the algorithm sets the arrangement of the new population (next
generation) repeatedly and perform the iterations until the termination criterion is met. Each point
(gene) contains a solution that is evaluated with the parent solution based on the fitness. If the gene
fulfills the criteria it replaces the parent solution and becomes a new parent (current best solution).
Otherwise, the algorithm selects the pervious optimum parents and produce children (next
generation or genes) by mutation or crossover of parent’s and replace the population with children
to produce the next generation. The process is continued until the criteria are attained. The
termination criteria refer to either the best-optimized solution or the maximum number of
generations. The algorithm picks the best individual point with better-optimized results as a parent
and eliminates the inferior solution. This framework will guarantee that the algorithm converges
to the best individual point which will be the best-optimized solution for the selected objective
function [29,31,37]. The solution flowchart for GA is presented in Figure 11.

In the current study, the minimum total cost Ciotal is used as an objective function against seven
constraint variables, including tube layout, tube outside diameter, number of tubes, tube passes,
shell diameter, baffle cut, and baftle spacing. The upper and lower bounds for these constraints are
selected carefully from the literature [28,31,38,40], as summarized in Table 7. The values of
algorithm-specific parameters i.e., generations = 100, population size = 100, and mutation

probability = 0.035 are taken as reported by Sadeghzadeh et al. [37].
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4 ‘_. tot

t
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Figure 11. Flow chart of GA.
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Table 7.
The lower, upper, and optimum value of the design variable for STHX [28,31,38,40].

Constraint bounds

Parameters

Lower Upper Optimum*
Layout 30° 90° 30°
Shell diameter, m 0.1 1.5 1.483
Tube outside diameter, m 0.015 0.051 0.01501
Baffle cut ratio, B¢ 0.20 0.35 0.3141
Baffle spacing, m 0.05 0.5 0.489
Number of tube passes 1 8 1
Number of tubes 900 2000 901

* calculated,
Note: Not all references provided all data ranges.

The optimization is performed for all three methods (i.e., Kern, Bell-Delaware, and Wills-
Johnston), and the values for standard and optimal STHX are presented in Table 8. Owing to the
highest reliability, the discussions are made concerning the Bell-Delaware method in detail. It is
observed that the optimization altered the STHX performance, significantly, as indicated by
various thermal, hydraulic, and economic parameters. For example, the tube side heat transfer
coefficient and the shell side heat transfer coefficient decreased by ~2.2% and ~21.7%,
respectively, which decreased the overall heat transfer coefficient by ~7.7%. Meanwhile, the
corresponding tube- and shell-side pressure drops reduced much more significantly (than heat
transfer coefficients) by ~43.8% and ~66.6%, respectively, thus decreasing the pumping power by
~50.7%.

Accordingly, the comprehensive thermal-hydraulic performance indicator (i.e., h/AP)
increased by ~2.3 folds, indicating improved thermodynamic performance. Meanwhile, because
of modifications in design parameters, the number of tubes decreased slightly, but the shell
diameter increased. The optimal heat transfer area was reduced by ~26.4%, resulting in a ~20.5%
cut in the capital cost. Similarly, the operational cost observed a ~50.7% reduction because of
pumping power. Finally, the total cost decreased by ~22%, which reduced the cold water
production (stream) cost from 2.16 to 1.68 €/h (~21%). A similar trend can also be observed for

the other two methods with somewhat different magnitudes.
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Overall, it is summarized that the sensitivity analysis and optimization of conventional

STHX appreciably improved the design and analysis process. Therefore, the modern thermal

system studies should be extended to normalized sensitivity analysis and optimization through any

of the numerical techniques (Genetic Algorithm, Particle Swarm Optimization, etc.) rather than

simply relying on conventional parametric analysis.

Table 8.

Parameters of optimal shell-and-tube heat exchanger using a genetic algorithm.

Parameter Kern Bell-Delaware Wills-Johnston
Standard Optimal Standard Optimal Standard Optimal
Re; 15,779 10,727 15,779 10,727 15,779 10,727
hi, W/m’K 4053 3964 4053 3964 | 4053 3964
Re;s 15,095 4974 19,651 6608 4281 2299
hs, Wim’K 4300 3110 2748 2150 | 2952 2623
U, W/m’K 854 789 768 709 | 785 756.3
AP, Pa 6098 3426 6098 3426 | 6098 3426
AP, Pa 27,786 10,168 6447 2150 | 3257 1090
hs/APs, m/s K 0.1548 0.305 0.4262 17 0.9065 2.407
PP, kW 1.73 0.75 0.8648 0.426 | 0.7354 0.383
XD total, KW 685 684 684 684 684 684
A, m? 278.6 205 278.6 205 | 278.6 205
CAPChuyx, € 87,562 69,582 87,562 69,582 | 87,562 69,582
CAPCtotal, € 89,589 70,878 88,936 70,478 | 88,751 70,397
meh €/h 2.083 1.648 2.068 1.639 | 2.064 1.637
OPC, € 8931 3878 4464 2200 | 3796 1978
Ciotal, € 96,492 73,460 92,025 71,782 | 91,357 71,560
Cw, € 2.282 1.735 2.169 1.689 | 2.151 1.682

|: Decrease, 1: Increase
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4. Analysis of STHX as a preheater in a desalination system

Preheaters are used in thermal desalination systems to recover heat from brine and distillate
streams, respectively as a brine and distillate preheaters. The recuperated energy is used to preheat
the intake seawater which improves the system performance from an energy, exergy, economic,
and environmental viewpoint. The schematic diagram for a conventional desalination system with
STHX as an energy recovery section is shown in Figure 12. Meanwhile, it is also important to note
that for more narrow temperature control and ease of maintenance, the plate and frame heat
exchangers are also preferred [91]. A comprehensive theoretical framework for a component-

based exergoeconomic analysis and optimization of the whole plant is presented in Eq. 47-57 [92].
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Figure 12. Thermal desalination system with STHX as an energy recovery section.
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The cost at the pump outlet is calculated using the capital cost of pump, electricity consumption,

and unit electricity cost as:
q = I/I(CO + Celec VVPump + éVPurrgp) (47)

C, = (=) (G +Coro Wiy + iy (48)
where y is the feed split ratio between the two preheaters (e.g., w= 0.5 indicates an equal

distribution of feed in both the preheaters.
The feed water cost at distillate preheater and brine preheater outlet is calculated using the

capital cost of the respective preheater (i.e., STHX) and auxiliary equation as:

C.'3 =C"1 +C7 _Clo +é/DH (49)
Q:g (50)
X, X
C4:C8+C2_C9+§BH (1)
a6 o
Xy X,

The overall feed cost at the evaporator inlet is taken as a sum of the streams from both the

preheaters, as

C.=C,+C, (53)

The distillate cost at the evaporator outlet is calculated using inlet steam cost, feed cost, and
capital cost of the evaporation section. Two auxiliary equations required to solve the evaporator

section are also given below.

C.17 = CS + C’G - CS + é/Evapomtor (5 4)
XS XS
G G 56)
X6 X7

Finally, the water production cost is calculated using the overall distillate cost and the water

production capacity of the plant.
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668 C. ($/m?’
fw( ) VD

misc (57)

669  where, ¢ 1s the miscellaneous cost such as blowdown, cooling, condensate, chemical, post-

670  treatment, etc.
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5. Concluding remarks

A liquid-phase segmental baffle shell-and-tube heat exchanger was investigated from thermal,
hydraulic, exergy, and economic viewpoint. Three design approaches, i.e., Kern, Bell-Delaware,
and Wills-Johnston (flow stream) were used for thermal-hydraulic modeling. An exergy-and-cost
flow-based analysis procedure was presented to calculate fluid stream costs. A normalized
sensitivity analysis is carried out to identify the most influential input parameters in the form of
normalized sensitivity coefficients and relative contributions. Then a detailed parametric analysis
was conducted to investigate the real scale effect of input parameters using the one-factor-at-a-
time approach. Finally, the design was optimized for the minimum total cost by employing the
Genetic Algorithm. Under the operating conditions considered in this study, some significant

findings were drawn as follows.

. The flow-stream analysis method of Wills-Johnston, though used rarely, can predict shell-
side thermal-hydraulic parameters reasonably close to the Bell-Delaware method (£10%).

o Kern method is only useful for approximate preliminary sizing of STHX because of large
scale over/underestimation (> £100%) of heat transfer coefficient and pressure drops which
govern the heat exchanger cost.

o The deviation of the Kern method intensified (+200%) at a higher number of baffles and flow
rates because of the augmented effects of baffles, which are not accounted for precisely in
the Kern method.

. The sensitivity analysis showed that thermal performance (5, ) of STHX is sensitive to the
input parameters in the following order with normalized sensitivity coefficient (NSC)
magnitudes as, 5, (NSC: 0.372) > Y;,i(NSC: 0.035)> 1, (NSC: 0.032) > TS,O (NSC: 0.0063)
and the hydraulic performance (A p, ) as 1, (NSC: 4.5) > ;; (NSC: 3.62).

. The sensitivity of operational cost of STHX for the process and fiscal parameters was

observed to be in the following order ¢, (NSC: 0.99) > ;i (NSC: 0.78) > 1, (NSC: 0.41) >
I (NSC: 0.18).
. The parametric analysis showed that an increase in the shell-side flow rate increased the heat

transfer coefficient, pressure drop, and pumping power because of enhanced turbulence.
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. The shell-side heat transfer coefficient per unit pressure drop decreased with increasing flow
rate as well as the number of baffles that indicated a higher-order increase in the pressure
drops, which in turn increased the heat exchanger operating cost.

o The heat exchanger operating cost was observed to be a strong function of fiscal parameters,
i.e., cost index factor, interest rate, electricity cost, etc. Therefore, the values of these
parameters should be selected carefully for reliable cost estimation.

o The exergoeconomic analysis calculated the stream exergy-and-monetary costs. It helped to
develop the cost flow diagram. The final hot water production cost was calculated as 2.1 €/h.
It is found to increase with increasing flow rates, the number of baffles, and the inflation rate.

. The optimization improved the STHX design appreciably by modifying the design
parameters. For the optimal heat exchanger, the heat transfer area reduced by ~26.4%, capital
cost by ~20.5%, operational cost by ~50.7%, total expenditure by ~22%, and the stream cost
by ~21%.
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722  Nomenclature

A constant

A heat transfer area, m>

B constant

B. baffle cut, %

b, constant used in eq. (3)

C product cost, (€/h)

Crotal total cost of equipment, €

G, annual current cost, €/y

Cele cost of electricity, €/kWh

G specific heat capacity, J/kg.K

D diameter, m

D, hydraulic diameter, m

ex specific exergy, k.J/kg

F friction factor

G mass flux, kg/s. m?

Gy mass flux in the window area, kg/s.m?
H heat transfer coefficient, W/m2.K
h' enthalpy, kJ

1 interest rate, %

J the correction factor for the heat transfer coefficient
K thermal conductivity, W/m.K

Ky parameter in Appendix A-2

Ly inlet baffle spacing, m

Lpo outlet baffle spacing, m

L. central baffle spacing, m

L; tube length, m

m flow rate, kg/s

N flow coefficient, kg'.m™!

ny equipment life, year

Ny number of baffles

N total number of tube rows in cross-flow
Nu Nusselt number
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N; total number of tubes
Ny number of tube passes
De constant in Eq. (4)
P parameter in Eq. (31)
PP pumping power, W
Pr Prandtl number,
P, tube pitch, m
AP pressure drop, Pa
R correction factor for pressure drop
S entropy, J/K
S leakage areas, m?
o entropy generation rate, W/K
b baffle thickness, m
Re Reynolds number
Ry fouling resistance, m>.K/W
Tin temperature inlet, °C
Tout temperature outlet, °C
U overall heat transfer coefficient, W/m?.K
|14 velocity, m/s
w weight, kg
Wp pump work, kKW
X exergy, kW
Xp exergy destruction, kW
7 annual rate of capital investment, €/y
Greek Symbols
< rate of fixed cost, €/s
B layout, deg
e effectiveness
0., angle between centerline and baffle cut, deg
P density, kg/m?
D viscosity correction factor
Vi viscosity, Pa.s
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4 is the feed split ration

Y operation hours, hour

H efficiency

Subscripts

0 dead state

A combined coefficient

bl ideal tube bundle

B bypass

C cross-flow or central baffle spacing

ctl center-line tube

ci cold in

c,0 cold out

Cb combined coefficient

Cr cross-flow

E equivalent or exist baffle

h,i hot in

h,o hot out

1 in

L leakage

M cross-flow area at the centerline

0 out

P combined coefficient

R laminar flow

S shell

Sb shell-to-baffle

S unequal baffle spacing
tube

b tube-to-baftle

ti tube inside

t,0 tube outside

w wall or window

Abbreviations

BH brine heater

CAPC capital cost
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724
725

CEPCI
CRF
DH
HXs
OFAT
OPC
STHX

chemical engineering plant cost index
capital recovery factor

distillate heater

heat exchangers

one-factor-at-a-time

operational cost

shell and tube heat exchanger
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Appendix: Tables for correction factors, constants, and coefficients for Bell-Delaware and

Wills-Johnston methods

Table A.1.
Empirical coefficients for j; and fi [9]

Layout Re ai az as a4 b1 b2 b3 b4
10°-10* 0321 -0.388 1450 0.519 0372 -0.123  7.00 0.500
10%-10° 0321 -0.388 0.486  -0.152

30° 10°-10>  0.593  -0.477 4570  -0.476
10-10  1.360 -0.657 45.10 -0.973

<10 1.400 -0.667 48.00  -1.00
10°-10* 0370 -0.396 1.930 0.500 0303 -0.126  6.59 0.520
10*-10° 0370 -0.396 0.333  -0.136

45° 103-10>  0.730 -0.500 3.500 -0.476
10-10  0.498 -0.656 2620 -0.913

<10 1.550 -0.667 32.00  -1.00
105-10* 0370 -0.395 1.187 0370 0391 -0.148  6.30 0.378
10*-10°  0.107 -0.266 0.0815 +0.022

90° 103-10>  0.408 -0.460 6.090  -0.602
10-10  0.900 -0.631 32.10  -0.963

<10 0.970 -0.667 35.00  -1.00
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Table A.2.

Bell Delaware methods correction factors for calculation of shell side heat transfer coefficient [9].

Correction
factor

Accounts for

Governing equation

Baffle window

Non-ideal cross-flow through

J.=055+0.72(1-2F))

flow CF (Jc) the window zone F,=(0,/360)—(sind,/27), 0, = 2cos" '((D,/D,,)(1-2(B. /100)))
S A S S,
Jy =0-44(1— - J {1 044(1— Hexp( "’+ j
Flow-through the gaps between w5, S 5,

Baffle leakage the baffle and shell, and the

CF (1) baffle and tube diameter S =0.00436D,L, (360 9 ”/ 4D+ L) }} (1= FW)
szL,,[ (D /Ly ) ) |, 6, =2c0s'[1-2(B,/100)]

Tube bundle Flows through bypass areas due Jp = exp[ G )J

bypass CF (Jp)

to the gap between the shell
wall and tube bundle

F, S

m

sbp:S_’szLbc[(Ds_Dotl)+L > T N/ D/Lpp

-2(B. /1 oo)))

Unequal baffle
spacing CF (Js)

The difference in inlet and
outlet baffle spacing compared
to the central ones

§=

C(N,-D)+(L, /L) "+ (L, /L)

1-n

—1)+(L, /L, )+(L, /L)

Laminar flow
CF (Jr)

The adverse  temperature
gradient formed in the
boundary layer.

Jo=(10/N,)"" +((20-Re) /80)| (10/N,)"" 1]

N,=(N,+N_,)(N,+1),N,

tcc

. =08/L,,[D,(5./100)~((D,~D,,)/2)]

Wall viscosity

(Ju

The variation in fluid properties
between the bulk and the wall

J/l = (lu/luwall )m

:dYU
dX
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Table A.3.
Flow coefficients for flow stream analysis (Wills-Johnston) method [1].

Coefficient Governing equation Description
Combined flow n =1/ ( n0% 40 0% 40 )2 The effect of different
coefficient (np, na , ! ol e resistance coefficient over AP
Neb) n,=n,+n,,n, = 1/(n; S+ n, ) and h.

Shell-to-bafﬂe. 0.036(1, /8,)+2.3(, /5, ),0'177 Sh?ll-to-bafﬂe flow
leakage  resistance n, = : : where 5 =7 (D -5,)5, resistance due to clearance

coefficient (ns)

N 2pSS2

between shell-to-baffle.

Tube-to-baffle
clearance resistance
coefficient (ny)

0036,/ 5,)+2.3(t,/5,)""
' 2087

where §, = N,z (D, +6,)6,

t

Tube-to-baffle
resistance due to clearance

flow

between tube-to-baffle.

Wlpdow ﬂow _1.9exp (06856 S,,/S,) Due to mix the flow of cross
resistance coefficient n,= > )

() 2pS, and combine bypass flow.
Bypass flow The combined effect of the

resistance coefficient

D,—2L)/P,+N,
:a( s C) wt Ny WhereSb:(zé;)y DS+5PP)LB

bundle and pass partition

b 2
(1v) 2P5, bypass streams.
N.K, : .
n,= > Obtained from the ideal bank
Cross-flow 2P5,, correction factor and a
) 3 3 3 .
resistance K, =0272+ 0.207x10 N 0. 102);10 B 0.286);10 for 3<Re <2x10° function  of  cross-flow
coefficient (no) Re Re Re Reynold number. . T'he
249x10°  0.927x107  0.10x10" parameter Ky, for in-line
K, =0.267+ 0 Iix 0 - 0 9R7)§ 0 + 0 I.;X3 0 for 2x10° <Re <2x10° square arrays.
€ c €
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