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ABSTRACT 10 

The paper presents an economic optimization of STHX with two commonly adopted (i.e., Kern 11 

and Bell-Delaware) and one rarely explored (i.e., Wills-Johnston) methods. A detailed numerical 12 

code concerning thermal, hydraulic, exergy, and economic analysis of STHX is developed for all 13 

three methods. Normalized sensitivity analysis, parametric study, and Genetic Algorithm are used 14 

to ascertain the most influential parameters and optimize the total cost. It is observed that the 15 

calculations made using the Wills-Johnston method were reasonably close to the Bell-Delaware 16 

method. While the Kern method showed a significant deviation in the shell side calculations 17 

because of the several assumptions in this method. The parametric analysis showed that increasing 18 

the mass flow rate and the number of baffles increased the operating cost because of an exponential 19 

increase in the pressure drops. Finally, the optimization reduced the heat transfer area by ~26.4%, 20 

capital cost by ~20%, operational cost by ~50%, total cost by ~22%, and the stream cost by ~21%.    21 
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1. Introduction 30 

The economic optimization of energy conversion systems is becoming inevitable with growing 31 

energy demands, cost-effective design, sustainable developments, and hikes in energy prices [1–32 

3]. Heat exchangers not only play an important role as an integral part of almost every energy 33 

conversion system but also help to improve system efficiency by recovering heat from waste 34 

streams [4,5]. The most commonly used heat exchangers include shell-and-tube heat exchangers 35 

(STHX), gasketed plate heat exchangers, double pipe heat exchangers, and finned surface heat 36 

exchangers [6,7]. Among all, the STHXs are of particular importance and cover ~35-40% of the 37 

market because of larger heat transfer capabilities and high-pressure applications [8,9]. Therefore, 38 

the performance of these heat exchangers has been investigated extensively under varied operating 39 

conditions [10,11]. 40 

 However, most of these studies are focused on improving thermal-hydraulic performance by 41 

varying geometric parameters such as baffle spacing, baffle orientation, the number of tubes, tube 42 

diameter. For instance, Jozaei et al. [12] reported that thermal-hydraulic performance decreases 43 

with increasing baffle spacing and suggested the range from 4 to 12 inches. Similarly, Abdelkader 44 

and Zubair [13] reported an increase in thermal-hydraulic performance with an increasing number 45 

of baffles. Furthermore, they reported that the heat transfer coefficient increased at a high rate 46 

when the square tube layout is used. Gao et al. [14] analyzed the effect of helical angle for 47 

discontinuous helical baffle STHX and reported that the helical angle with 40° provides the best 48 

comprehensive performance. Similarly, Abdelkader et al. [15] reported that the performance of a 49 

helical baffle HX decreased after the helix angle exceeded 42°.  50 

Recently, researchers and industrialists have realized that STHXs optimization from a 51 

monetary viewpoint is also important together with conventional performance and design 52 

analysis [16,17]. It will have a great impact on overall system cost as they form a major portion of 53 

initial capital. For this purpose, various numerical approaches have been developed and used by 54 

the research community to minimize the total cost (Ctotal) of STHXs, which include capital (CAPC) 55 

and operational cost (OPC). For example, Selbas et al. [18] used Genetic Algorithm to minimize 56 

the heat transfer area and cost. They reported that the GA can achieve significant improvement in 57 

the design compared to the conventional methods. Segundo et al. [19] proposed a falcon 58 

optimization algorithm and reported that the cost is reduced by 57.8% and effectiveness is 59 

increased by 10% for case 2. A critical review of some other recent studies conducted in this regard 60 
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is presented in Table 1. It is important to notice that, most of these studies have reported a 61 

considerable improvement in the performance of STHX by optimizing the objective functions such 62 

as effectiveness, heat transfer coefficients, pressure, and cost. However, there is another STHX 63 

analysis method “Flow Stream Analysis” or the Wills-Johnston method that has not been critically 64 

explored. Besides, most optimization techniques adopted in the studies presented in Table 1 are 65 

computationally expensive and require adequate knowledge and computational capacity. 66 

Therefore, analysis of STHX as an integral part of systems with multiple components e.g., power 67 

plants, desalination systems, cogeneration systems, etc. is not economical due to the combinatory 68 

effects of design variables and objective functions. 69 

On the other hand, exergoeconomic analysis, a combined application of thermodynamics and 70 

economic analyses, is an important tool for thermal systems analysis [20]. It calculates the exergy 71 

and economic values of each fluid stream as it enters or leaves any component using capital and 72 

operational expenses, thus predicting the local product stream cost [21]. The product stream is 73 

defined based on a primary function of the equipment, e.g., for a pump, it is pressurized water; for 74 

a compressor, it is compressed vapor, and for an HX, it is hot/cold stream. Besides the calculation 75 

of local product cost, the analysis can also conduct design improvements and malfunctioning 76 

diagnosis [22]. This tool has already been used to improve systems like refrigeration [23], 77 

desalination [24–26], and heat recovery units [27]. It should be noted that a thorough exergo-78 

economic design and optimization study of SHTX, is not covered in the above literature.  79 

The current study is focused on developing and applying a systematic approach for exergy-80 

and-cost flow-based analysis of STHXs. For this purpose, various design methods are critically 81 

examined for the thermal-hydraulic design of STHX. In addition, exergy analysis is conducted to 82 

calculate the flow exergy of all the streams as well as exergy destruction in the heat exchanger 83 

configuration. This is followed by an economic analysis that calculates various cost elements that 84 

applies to the current system. Also, the updated sensitivity of various influencing input parameters 85 

on the operational cost of HX is comprehensively investigated, in terms of normalized sensitivity 86 

coefficients. Finally, a cost optimum configuration is achieved by using the Genetic Algorithm.  87 

To make the study useful for the readers, the manuscript is organized, systematically. In this 88 

regard, the first part is focused on the review of the economic optimization of STHX to identify 89 

the important parameters and their operating range. Section 2 covers the system description, 90 

governing equations, assumptions, and solution strategy. Thereafter in Section 3, the results and 91 
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discussion are presented. In Section 4 a general framework for the analysis of STHX as a preheater 92 

in a thermal desalination system is presented. Finally, the key findings are summarized in the last 93 

section.     94 
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Table 1. 95 
Review of various studies on the economic optimization of STHXs using different algorithms.   96 

Study Method Opt. Techniques Objective Constraints (min-max) Outcome 

Caputo et al. [28] Kern  Genetic Algorithm  Ctotal 
Dt,o: 0.01-0.051 m, Ds: 0.1-1.5 m 
Lbc: 0.05-0.5 m ↓Ctotal (≤ 50%)  

Guo et al. [29,30] Bell-Delaware 
 EGM 
 Field Synergy 
 Genetic Algorithm 

 Sgen 
   

Dt,o: ASTM values, Bc: 20-45%  
Nt: 50-500, Lbc/DS: 201-100 

↓Ctotal  

↑  

Ortega et al. [31]  Bell-Delaware  Genetic Algorithm  Ctotal 
Dt,o: ASTM values, Bc:15-45%, 
NP: 1-8, npt: 0-4, ß: 30° and 90° 
Fluid side allocation 

↓Ctotal (≤ 33%) 

Patel and Rao [32] Kern  Particle Swarm 
Optimization 

 Ctotal 
Dt,o: 0.01-0.051 m, Ds: 0.1-1.5 m 
Lbc: 0.05-0.5 m, ß: 30° and 90° ↓Ctotal (4-5%) 

Sahin et al. [33] Kern  Artificial Bee Colony 
Algorithm 

 Ctotal Nt, Dt,o, Lt, Lbc, Pt ↓Ctotal (≤ 55%) 

Hadidi et al. [34] Bell-Delaware  Imperialist competitive 
algorithm 

 Ctotal 
Dt,o: 0.01-0.051 m 
Ds: 0.1-1.5 m, Lbc: 0.05-0.5 m ↓Ctotal (≤ 53%) 

Hadidi and Nazari 
[35] 

Kern   Biogeography-based 
algorithm 

 Ctotal Nt, Ds, Dt,o , Lt, Lbc, Pt  ↓Ctotal (≤ 56%) 

Asadi et al. [36] Kern  Cuckoo Search 
Algorithm. 

 Ctotal 
Dt,o: 0.008-0.051m, Ds: 0.2-0.9 m 
Lbc: 0.05-0.5 m 

↓CAPC (≤ 13%) 

↓OPC (≤ 77%) 

Sadeghzadeh et al. 
[37] 

Kern 
Bell-Delaware 

 Genetic Algorithms 
 Particle Swarm 

Optimization  
 Ctotal 

Dt,o: 0.01-0.051 m, Ds: 0.1-1.5 m 
Lbc: 0.05-0.5 m ↓OPC (≤ 22%) 

Khosravi et al. [38] 
Bell-Delaware 

NTU   

 Genetic algorithm 
 Firefly algorithm 
 Cuckoo search 

algorithm 

    
 Ctotal 

Nt: 100-600, NP: 1-3, Lt: 3-8, 
Dt,i: 0.0112-0.0172 m 
Lbc: 0.2-1.4, Bc: 0.19-0.32 (ratios) 
Pt / Dt,o: 1.25-3, ß = 30°- 90° 

↑  (≤ 83.8%) 

Mohanty [39] Kern  Firefly Algorithm  Ctotal Nt, Ds, Dt,o, Lt, Lbc ↓Ctotal (≤ 29%) 
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Hajabdollahi et al. 
[40] 

Bell-Delaware 
NTU   

 Genetic Algorithms 
 Sensitivity Analysis 

 Ctotal 

Nt: 100-600, NP: 1-3, Lt: 3-8, 
Dt,i: 0.0112-0.0172 m,  
Lbc: 0.2-1.4, Bc: 0.19-0.32 (ratios) 
Pt / Dt,o: 1.25-3, ß = 30°- 90° 
Fluid side allocation 

↓Ctotal (≤ 35%) 

Dhavle et al. [41] Kern  Cohort Intelligence 
Algorithm 

 Ctotal 
Dt,o: 0.01-0.051 m, NP: 1-8, 
Ds: 0.1-1.5 m, Lbc: 0.05-0.5 m ↓Ctotal (≤ 52%) 

Wen et al. [42] 
Helical Baffle 
Correlations 

 Genetic Algorithm 
(Kriging Metamodel)   

 Q  

 Ctotal 

Helical angles  
Baffle overlap ratio 
Inlet volume flow rate  

↓Ctotal (≤ 32%) 

Rao and Siraj [43] 
Towler and 
Sinnott  Elitist-Jaya Algorithm  Ctotal Nt, Ds, Dt,o, Lt, Lbc ↓Ctotal (≤ 33%) 

Segundo et al. [44] Kern  Tsallis Differential 
Evolution 

 Ctotal Ds, Dt,o, Lbc ↓Ctotal (≤ 54%) 

Tharakeshwar et al. 
[45] 

Bell-Delaware 
 Genetic Algorithm 
 Bat Algorithm 

   
 Ctotal 

BC, Lbc, Pt, Lt, ß ↓Ctotal (≤ 14%) 

Mirzaei et al. [46] NTU   
 Constructal Theory 
 Genetic Algorithm 

   
 Ctotal 

Nt, Dt, Lt 
↑  (28%) 

↓Ctotal (≤ 32%) 

Iyer et al. [47] Kern  Adaptive Range 
Genetic Algorithm 

 Ctotal 
Dt,o: 0.01-0.051 m, Ds: 0.1-1.5 m 
Lbc: 0.05-0.5 m, NP: 1-8 ↓Ctotal (≤ 52%)  

Sai and Rao [48] Kern  Bacteria Foraging 
Algorithm 

   
 Ctotal 

Dt,o, Ds, Lbc, NP ↓Ctotal (≤ 2%) 

Current study 
Kern 
Bell-Delaware 
Wills Johnston  

 Exergoeconomics 
 Normalized Sensitivity 

Analysis 
 Genetic Algorithm 

 h/ΔP 
 NSC 
 XD 
 Ctotal 

Design parameters 
Operating parameters 
Fiscal parameters 

↑Performance 

↓XD  

↓Ctotal 

↓: Decrease, ↑: Increase  97 
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2. System description and methodology   98 

2.1. Heat exchanger configuration 99 

The system considered in this study consists of a liquid-phase segmental-baffle STHX, which 100 

is used to preheat the water (in the tubes) by transferring heat from the hot stream on the shell-101 

side, as shown in Figure 1. Two centrifugal pumps are used to maintain the required flow rate and 102 

pressure across the HX. The input data about the process parameters, i.e., fluid inlet-outlet 103 

temperatures and flow rates as well as the geometric parameters, are summarized in Table 2 [49]. 104 

 105 

Figure 1. Schematic of heat exchanger configuration considered in the current study. 106 

  107 
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Table 2.  108 
Specifications of the heat exchanger setup [49]. 109 

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, Rf (shell/tube), m2.K/W 0.00034/0.00020 
Geometric  
Tube layout, degree 30° 
Number of tube passes, Np 2 
Length of the tube, Lt, m 4.83  
Tube internal diameter, Dt,i, m 0.016 
Tube external diameter, Dt,o, m 0.020 
Number of baffles, Nb 13 
Baffle spacing, Lbi=Lbo=Lbc, m 0.356  
Baffle cut, Bc, % 25 
Number of pair of sealing strip, Nss 2 
Diametral shell-to-baffle clearance, Lsb, m 0.0051  
Diametral tube-to-baffle clearance, Ltb, m 0.0008  
Baffle thickness, tb, m 0.005  
Tube pitch, Ltp, m 0.025 
Bypass channel diametral gap, Lbb, m 0.019 
Shell diameter, Ds, m 0.894 
Number of the tube, Nt 918 
Allowable operating pressure of tube side, Pt, kPa 100  
Allowable operating pressure of shell side, Ps, kPa 100  

 110 

  111 
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2.2. Thermal-hydraulic design 112 

This includes the calculation of tube and shell-side heat transfer coefficients (ht and hs), 113 

pressure drops (ΔPt and ΔPs), overall heat transfer coefficient (U), and pumping power. For this 114 

purpose, the Nusselt number (Nu) and friction factors (f) are calculated for both sides. The tube-115 

side calculations are straightforward; however, the shell-side calculations constitute a complex 116 

mechanism because of several leakages, inaccuracies, and non-ideal flow streams, etc. Therefore, 117 

the shell-side calculations for thermal-hydraulic performance are conducted using subsequent 118 

approaches: 119 

2.2.1. Kern method 120 

Kern is the simplest method commonly used for the preliminary design of STHXs [4]. It is 121 

based on the simplest case in STHX that neglects the presence of baffles. In this case, the flow is 122 

across the tubes, and the heat transfer coefficient is similar to a concentric tube heat exchanger, 123 

which could be calculated using equivalent diameter. Nevertheless, in actual practice, the baffles 124 

significantly increase the hs as well as ΔPs due to turbulence. Moreover, the fluid velocity varies 125 

because of the confined areas between the tubes across the tube bundle. Therefore, the correlations 126 

for flow inside tubes are not appropriate for shell-side calculations. McAdams [50] proposed 127 

formulation for the calculation of hs as: 128 

   (1) 129 

The ΔPs to fluid friction, apart from the nozzle losses, is estimated as [28].  130 

2
s s t s

s s
bc e

v L D
P f

L D


       (2) 131 

0.152 Res o sf b       (3) 132 

where bo is a constant, which is assumed to be, bo = 0.72 by  Peters and Timmerhaus [51]. This is  133 

valid for Re < 40,000; however, the tube-side pressure drop can be estimated as [52] 134 

2

,2
t t t

t c p
t i

t

v L
P f p N

D

  
    

 
     (4) 135 

   2

101.82 log Re 1.64t tf
       (5) 136 

0.14

3 6

0.55 1/3

2 10 Re 1 10 ,   and   0.

0 6

6

.3Nu Re
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Pr 
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


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The value of constant, pc is also reported in the literature  [49,52], which varies between 2.5 and 4 137 

by these investigators.  138 

2.2.2. Bell-Delaware method 139 

It is the most accurate method for the design and analysis of STHXs as it acknowledges that 140 

there is only a portion of the fluid, which is over the tubes in a genuinely cross-flow 141 

arrangement [9]. The leftover fluid passes through the bypass areas because of the least resistance 142 

and constitutes up to 40% of the overall flow. Therefore, it is essential to consider the effects of 143 

non-ideal flow streams while performing thermal-hydraulic calculations [9]. For this purpose, the 144 

total flow is divided into several streams, i.e., tube hole leakage stream, cross-flow stream, the tube 145 

bundle bypass stream, the shell-to-baffle bypass stream, and the pass partition bypass stream. 146 

Therefore, hs, is obtained as a product of the ideal cross-flow heat transfer coefficient, hc, by the 147 

correction factors for the non-ideal cross-flow [9].  148 

s c C L B S Rh h J J J J J J      (6) 149 

The ideal cross-flow heat-transfer coefficient (hc) is calculated as [9],   150 

2/3Prc i ph j c G       (7) 151 

2
1

1.33
Re

/

a

a
i

tp t

j a
L D

 
   

 
    (8) 152 

4

3

1 0.14 Rea

a
a 


     (9) 153 

where Re is based on tube diameter. The significance and correlations for the calculation of 154 

correction factors (Js) in Eq. 6 as well as the values of a1, a2, a3, and a4 are given in Appendix A.  155 

Similar to the heat transfer coefficient, the shell-side pressure drop is also calculated in three 156 

parts, i.e., the pressure drop in the central baffle spaces (ΔPc), baffle windows (ΔPw), entrance and 157 

exit baffle spaces (ΔPe) [9]. 158 

f c w eP P P P           (10) 159 

These pressure drops are calculated using the correlation presented in Table 3.  160 

 161 
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Table 3.  162 
Pressure drop correlations for the Bell-Delaware method [9]. 163 

Pressure drop Governing equation 

ΔPc 

 1c bI b B LP P N R R    , 
2

0.002bI I tcc
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2
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b
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 
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b
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,  3exp 1 2B bp sbp ssR C F r      
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 164 

In the above equations ΔPbI: ideal bundle pressure drop for one baffle compartment,  fI: friction 165 

factor, b1-b4: constants in Table A.1, RB: bypass correction factor, RL: leakage correction factor, 166 

Rµ: viscosity correction factor, Dw: hydraulic diameter, Sw: window area RB: bypass correction 167 

factor,  168 

2.2.3. Flow stream-analysis method 169 

This method calculates the flow rates and pressure drops using a fundamental hydraulic 170 

model that was proposed by Wills-Johnston [4] as a simplified version of Palen and Taborek [53] 171 

work. For this purpose, the flow in the shell-side is divided into various streams as cross-flow, 172 

leakages, and bypass, as illustrated in Figure 2. The flow adopts different paths when moving from 173 
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A to B. These paths are specified by a subscript. For instance, the flow termed as “leakage” takes 174 

place between the tubes and baffles (t) and between the baffle and shell. Some of the flow passes 175 

over the tubes in a cross-flow (c), and part bypasses the tube bundle (b). The cross-flow and 176 

bypasses streams combine to form a combined window stream (w), which passes through the 177 

window zone. The shell side heat transfer coefficient is calculated using the actual cross-flow rate 178 

crossm  rather than the total shell-side flow rate, Sm as given in Eq. 11-13 [4].  179 

 180 

Figure 2. Equivalent shell-side flow [13]. 181 

0.651 0.34 0.140.211Re PrNu      (11) 182 

Re cross t

m

m D

S



     (12) 183 

where Sm is the cross-flow area, which is presented in Appendix A.  184 

cross cr Sm F m       (13) 185 

Here Fcr is the portion of flow over the tube bundle in a cross-flow, which is calculated as. 186 
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a
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  
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     (14) 187 
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For calculation of pressure drop, the ΔP between two points is taken the same irrespective of 188 

paths joining these points. The ΔP for all the streams is calculated in terms of the coefficient ni and 189 

the respective mass flow rate im  as 190 

2
i i iP n m        (15) 191 

The total shell side ΔP neglecting the inlet and exit nozzles are calculated as. 192 

 2 1p bP n m N        (16) 193 

where, n represent the flow coefficients, which are constant, independent of flow rate, and is a 194 

function of geometry. The details regarding the calculation of flow coefficients are summarized in 195 

Appendix A.  196 

2.3. Exergy analysis 197 

Exergy is the maximum theoretical useful work that can be obtained from a system as it is 198 

brought into a complete thermodynamic equilibrium with the dead state [54]. The specific exergy 199 

of a fluid stream with negligible kinetic and potential energies is calculated as, 200 

0 0 0
[( ) ( )]

che
ex h h T s s ex          (17) 201 

In the above equation che
ex  represents the specific chemical exergy and has a non-zero value for 202 

streams with chemical potential such as brackish water, seawater, and brines [55–58]. 203 

The total exergy in “kW” of each stream is then calculated using the respective flow rate.   204 

X mex       (18) 205 

Finally, the exergy destruction in the pumps and heat exchanger is estimated by applying 206 

exergy balance equations. This gives, 207 

, , , , ,D STHX c i h i c o h oX X X X X       (19) 208 

, , , ,D P w i P i w oX X W X      (20) 209 

2.4. Economic analysis 210 

This analysis involves the calculation of total cost (Ctotal) as a sum of capital cost (CAPC) and 211 

operating cost (OPC) i.e., Ctotal = CAPC + OPC. Conventionally, the CAPC is taken for heat 212 

exchangers only because of major share (compared to pumps) and the OPC is calculated using 213 

pumping power [28,37,47]. However, the current study covers exergoeconomic analysis as well, 214 

which calculates the stream cost using the costs of the heat exchanger as well as the pumps. The 215 
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details regarding the calculation of different steps involved in the economic analysis are discussed 216 

in the following sub-sections. 217 

2.4.1. Capital cost  218 

It reflects the component’s purchasing cost and can be obtained through a market survey or 219 

supplier’s quotations. However, the cost obtained by this method cannot accommodate design 220 

variations. It is, thus, limited for the specified case. Therefore, researchers have developed 221 

empirical correlations that can satisfactorily approximate the equipment cost based on the major 222 

design parameters like flow rates, heat transfer area, efficiency, pressure, and temperatures [59]. 223 

The capital cost of the centrifugal pumps in the current study is calculated using one of the 224 

most frequently reported correlations [60].  225 

0.55

1.05

13.92
1wPumpCAPC m P



 
   

     (21) 226 

The calculation of the capital cost of STHX has been widely discussed because of its extensive 227 

use under different operating scenarios with varying thermal, hydraulic, and material bounds. In 228 

this reference, Shabani [61] proposed correlations that relate the capital cost with the weight of 229 

STHX as given in Eq. 22. Because the weight is not a true measure of heat exchange capacity, 230 

these correlations are rarely used in the literature. 231 

 1 2exp lnCAPC x x W        (22) 232 

where W is the weight in kg, and x1 and x2 are constants whose values are available in the 233 

literature [61]. 234 

Because of the heat transfer area (A) is an accurate indicator of STHX size and capacity, several 235 

correlations have been developed as a function of the area. In this regard, Turton et al. [62] 236 

provided a costing correlation for carbon steel (CS) STHX operating at ambient pressure of the 237 

form.  238 

2
10 1 2 10 3 10log log (log )ambCAPC K K A K A      (23) 239 

However, STHX with higher operating pressures and different construction materials, some 240 

additional constants and correction factors are multiplied with the base equation. This takes the 241 

form.  242 

 1 2amb M PCAPC CAPC B B F F      (24) 243 
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where FM and FP are the material and pressure correction factors, B1 and B2 are constants. These 244 

correlations have been used for the optimization of Organic Rankine Cycle STHX [25,63–65].  245 

The most reliable and frequently used correlations for CAPC of STHX are those proposed by 246 

Hall et al. [66] and Taal et al. [67] using simple power law. The general form of these correlations 247 

is given as.  248 

ZCAPC x yA                  (25) 249 

where A is the heat transfer area in m2 and x, y, z are constants which depend on the material of 250 

tubes and shell. Table 4 summarizes some of the useful correlations for CAPC of STHX. 251 

Table 4.  252 
Correlations for calculation of capital cost (CAPC) of the heat transfer equipment. 253 

Correlation Material (S/t) Ref. 
$ 0.8130800 750CAPC A   CS-CS [66] 
$ 0.8130800 1339CAPC A   CS-SS [66] 
$ 0.8130800 1644CAPC A   SS-SS [66] 
$ 0.87000 360CAPC A   CS-CS [67] 
$ 0.911000 324CAPC A   SS-SS [67] 

$ 0.858500 409CAPC A   CS-SS [38,40,42,45,46,67,68] 

0.91€ 8000 259.2CAPC A     () SS-SS 
[19,28,30,32–

37,39,43,44,47,67,69] 
$ 10205 11.52CAPC A   CS-CS, A (ft2) [70] 

$ 2
10 1 2 10 3 10log log (log )CAPC K K A K A    CS-CS [25,63–65] 

 $ 0.684 803.28 10 ACAPC     [71,72]  

 () currently used 254 

Caputo et al. [73] critically reviewed these correlations, given all the processes involved in 255 

STHX manufacturing. They highlighted several limitations of these correlations and proposed a 256 

very rigorous approach to calculate the STHX cost. The approach involves the calculation of 257 

material cost as well as the cost of all manufacturing processes like drilling, cutting, beveling, 258 

chamfering, and welding, which is used to manufacture shells, tube sheets, tube bundles, baffles, 259 

channels, and flanges, individually. It is comparatively more reliable and flexible for STHX 260 

optimization, particularly from the manufacturing perspective. However, for performance analysis 261 

of STHX as a system component, this detailed approach is not computationally economical. 262 
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Hence, the purchased equipment cost correlations based on the heat transfer area rather than 263 

manufacturing cost reasonably serve the purpose.  264 

Moreover, it is essential to emphasize that the correlations discussed above and used in the 265 

current study were developed about 30 years back. The cost calculated using these correlations is 266 

precise only for the time they were developed [73]. Therefore, it is appropriate to improve these 267 

correlations to recent times using cost indices to accommodate the inflation and variations in the 268 

market scenarios [25]. For this purpose, the idea of using a cost index factor (Cindex) has been 269 

adopted [24,65]. The Cindex is calculated using the Chemical Engineering Plant Cost Index (CEPCI) 270 

of the reference year and the current year [63]. 271 

current
index

reference

CEPCI
C

CEPCI
      (26) 272 

Thus, the current CAPC of the equipment is given as [64],  273 

$ $
current index referenceC CAPCCAPC     (27) 274 

In the present study, the Cindex is calculated to be 1.7 based on the CEPCI1990 = 390 [74] and 275 

CEPCI2020 = 650 [75]. However, for rigorous design and analysis purposes, the effect of Cindex is 276 

also studied in this paper for a wide range of values.  277 

2.4.2. Operational cost  278 

The OPC is calculated based on current annual cost Co ($/y), equipment life, ny (year), unit 279 

electricity price, Celec ($/kWh), annual inflation rate, i (%), operational availability  (hour), and 280 

pumping power, PP, (kW) as.    281 

1 (1 )

yn
o

j
j

C
OPC

i


      (28) 282 

o elecC PP C      (29) 283 

  
1tube tube Shell Shell

tube Shell

m p m p
PP

  
  

   
 

 
   (30) 284 

In the current case study, the values of fiscal parameters are taken as ny = 10 year,  = 7000 h/y, i = 285 

10%, Celec = 0.12 ($/kWh) and 70%  [28]. 286 
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2.4.3. Exergoeconomic analysis   287 

After the calculation of capital and operational cost, the analysis is applied to calculate the 288 

stream cost [76]. For this purpose, the CAPC calculated above is first converted to the annual rate 289 

of capital investment Z ($ /y) using the capital recovery factor (CRF) [77]. The CRF is calculated 290 

based on the interest rate (i) and amortization years/economic life of the plant (ny), as given below 291 

[78]: 292 

 
 

1

1 1

y

y

n

n

i i
CRF

i

 


 
     (31) 293 

Z CRF CAPC       (32) 294 

Finally, the rate of fixed cost  (in $/s)  is calculated using the plant availability   as [79]. 295 

3600

Z 



      (33) 296 

After that, a general cost balance equation is applied to each component in the system. This is 297 

expressed as [80]. 298 

ioC C          (34) 299 

where oC represents the local output stream cost, iC  the cost of the input stream, and  the rate 300 

of fixed (purchased equipment) cost.  301 

The cost balance equation for the pump and heat exchanger, respectively, are given as: 302 

o i elec Pump PumpC C C W           (35) 303 

, , , ,oc o c i h i h STHXC C C C             (36) 304 

It is important to mention that for the components with multiple outlet streams (i.e., heat 305 

exchangers, evaporators, flash chambers and membrane modules, etc.), additional auxiliary 306 

equations are required. For a system with “k” outlet streams, “k-1” number of auxiliary equations 307 

are required to solve the system [21]. These equations are based on the equality of the inlet and 308 

outlet streams cost averaged with exergy of the respective streams as given in Eq. 37 [81].  309 

, ,

, ,

0
h i h o

h i h o

C C

X X
 

 

     (37) 310 
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2.5. Sensitivity analysis 311 

Sensitivity analysis is an important tool to ascertain insight into the significance of model 312 

parameters and, in turn, identify those, which are more responsive [82]. The results of this analysis 313 

not only help in improving the system performance but also highlight the important areas for future 314 

research [83]. Calculus-based sensitivity analysis is one of the most fundamental and reliable 315 

methods for this purpose. This method models each independent parameter as a sum of its nominal 316 

value and the perturbation or uncertainty as given below [84]. 317 

XX X U 


      (38) 318 

where  X  is the nominal value and XU


 is possible uncertainty about the nominal value. The 319 

corresponding uncertainty in the response variable Y(X) due to uncertainty in X is expressed in a 320 

differential form as [85],  321 

Y X

dY
U U

dX


 
       (39) 322 

For a multi-variable function Y = Y (Xj, Xj+1,…., XN), the uncertainty in Y due to the 323 

perturbations in the X is calculated as the root sum square product of the individual perturbation 324 

computed to the first-order accuracy, as given in Eq. 40. Each partial derivative in the equation 325 

represents the sensitivity coefficient (SC), which depicts the sensitivity of output parameters to 326 

small changes in the respective input parameter [86].  327 
1/22

1

N

Y Xj
j j

U U
Y
X

  
       




      (40) 328 

Meanwhile, a more convenient and comprehensive way of presenting the findings of sensitivity 329 

analysis is through Normalized Sensitivity Coefficients (NSC) [87]. It allows the direct (one-on-330 

one) comparison of parameters whose order of magnitude could be significantly different [88]. 331 

These NSCs are obtained by normalizing the uncertainties in the response parameter Y and input 332 

parameter X by its respective nominal values. For this, the coefficients in Eq. 40 are transformed 333 

into NSC and normalized uncertainties (NU) as given by [89]. 334 

1/2

2 2

1

Xj

N
j XjY

j j j

NUNSC

X UU

Y Y X

Y
X

 
 

    
        

    
 
 









   (41) 335 
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In the current study, the sensitivity of input parameters like mass flow rate, inlet-outlet 336 

temperatures, baffle spacing, and fiscal parameters (interest rate and electricity cost) on the output 337 

parameters i.e., h, ΔP, OPC, and Cs,o is studied. The equations developed and used for this analysis 338 

are given as follows. 339 
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Finally, the relative contribution (RC) of each parameter is estimated to identify the dominant 344 

uncertainty contributors by combining the sensitivity coefficients with the actual uncertainty [88]. 345 

Its mathematical form is obtained as the square of the product of sensitivity coefficient and 346 

uncertainty, normalized by the square of the uncertainty in the response parameter [89].    347 
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2.6. Numerical solution and assumptions 349 

The mathematical model discussed above is solved using an Engineering Equation Solver 350 

(EES) based numerical code. In the first step, the input data consisting of flow rates, temperatures, 351 

and geometric parameters are provided. The EES library routines are used to calculate the 352 

thermophysical properties and correction factors for STHX. After that, the code works using 353 

algorithms of the three methods (i.e., Kern, Bell-Delaware, and Wills-Johnston). For the Kern 354 

method, the Nu and ΔP are calculated directly using Eq. 1, 2, and 4 which also involve the 355 

calculation of Re, friction factor, equivalent diameter, etc.  356 

While, the Bell Delaware method additionally focuses on the calculation of ideal heat transfer 357 

coefficient (given in Eq. 7), ideal pressure drop for baffle compartment, window cross areas, 358 

window tubes. Besides, the method also involves the calculation of correction factors (presented 359 

in Table A.2) i.e., baffle cut, baffle leakage, bundle bypass, un-equal baffle spacing, laminar flow, 360 

and wall viscosity correction factor, etc. These correction factors are used in Eq. 6 and to calculate 361 

the shell side heat transfer coefficient. Similarly, in this method, the total shell side pressure drop 362 

is calculated in three portions i.e., across the tube bundle, in the window zone, and inlet and exit 363 

baffles. These individual pressure drops add up to the total pressure drop given in Eq 10.  364 

In the Wills-Johnston method, the parameters like flow fractions and resistances i.e., combined 365 

flow, cross flow, bypass flow, shell side flow, tube side flow, window flow, and end window flow 366 

resistance are determined first using relations presented in Table A.3. Thereafter these are used to 367 

calculate the crossflow rate, Re, Nu, shell side local/overall heat transfer coefficient, and total shell 368 

side pressure drop using Eqs. (11) – (16). The total shell side pressure drop is the sum of the 369 

pressure drop at the central window and the pressure drop at the end window zones.  370 

In each case, the numerical code is validated with the literature for all three methods followed 371 

by a comprehensive thermal, hydraulic, exergetic, and exergoeconomic analysis of STHX, as 372 

summarized in Fig. 3. Finally, the genetic algorithm is employed to optimize the heat exchanger 373 

design taking cost as an objective function (for which the working is discussed in detail in 374 

subsequent Section 4.5). The analysis is based on the following assumptions: (a) steady-state 375 

operation, (b) negligible longitudinal conduction, (c) uniform heat transfer coefficients, (d) 376 

negligible heat and pressure losses in the connecting pipes, and (e) no thermal energy source or 377 

sink in the HX or fluid.  378 

 379 
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 380 

Figure 3. Solution flow chart.  381 
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3. Results and discussion 382 

3.1. Numerical model validation 383 

The EES-based numerical code was developed to solve the governing equations of Kern, 384 

Bell-Delaware, and Wills-Johnston's methods, in addition to validation with the literature, as 385 

presented in Table 5. The first two methods are validated with the case discussed by Sinnott and 386 

Towler [49], which is recently used by Caputo et al. [28] and Sadeghzadeh et al. [37]. The case is 387 

based on a methanol-to-brackish water heat exchanger with a triangular pitch and a heat duty of 388 

4.34 MW with one shell and two-tube-side passes. The inlet and out temperatures and flow rates 389 

are as follows  , 95S iT C  , , 25t iT C  , , 40S oT C  , , 40t oT C  , 27.80Sm  kg/s, and 390 

68.90tm  kg/s. While the third method (i.e., Wills-Johnston) is validated with the case presented 391 

by Serth [90]. It involves kerosene-to- crude oil heat exchanger with a heat duty of 1.089 MW, 392 

one shell- and four tube-side passes. The process parameters used are  , 390S iT F  , , 100t iT F 393 

, , 250S oT F  , , 150t oT F  , 45000 lb/hSm  , and 150,000 lb/htm  . 394 

The results showed a reasonable agreement between the values obtained by the current 395 

analysis and literature values. However, a remarkable deviation (±12 %) is observed in the shell-396 

side heat transfer coefficient calculated by using the Kern method. This is presumably because of 397 

the empirical heat transfer correlation that does not consider various leakages and baffle 398 

configurations in the Kern method, while the other two methods consider all the possible effects 399 

in developing the heat transfer and pressure drop correlations. It is important to note that the 400 

remaining results are satisfactorily close to the values reported in the literature for all the cases.   401 

 402 

  403 



Page 24 of 59 
 

Table 5. 404 

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

Parameters 
Values 

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

A, m2 278.6 278.6 0 % 

Q (MJ) 4.34 4.34 0 % 
Ss , m2 0.06365 0.06365 0% 
ht , W/m2k 3812 3811 ± 0.026 % 
ΔPt, Pa 6251 6166 ± 1.35 % 
Ctotal, € 64,480 64,266 ± 0.331 % 
Kern method 
Re 18,381 18,572 ± 1.039 % 
hs , W/m2k 1573 1791* ± 12.171 % 

ΔPs, Pa 35,789 35,166 ± 1.740 % 
Bell-Delaware method 
Re 26,353 24,176 ± 8.260 % 
hs W/m2k 1246 1159 ± 6.982 % 
ΔPs Pa 8050 8054 ± 0.049 % 
Wills-Johnston method [90] 
Sb, ft2 0.03583 0.03583 ± 0 % 
Fcr 0.345 0.345 ± 0 % 
Re 10,569 10,531 ± 0.359 % 
hs, btu/h. ft2F ---- 177.6 ---- 
ΔPs,  psi 1.25 1.27 ± 1.6 % 

 *: major difference, ----:  Not available  406 

  407 
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3.2. Heat exchanger design 408 

The above validated numerical code is employed to design a liquid-phase water-water STHX 409 

using Kern, Bell-Delaware, and Wills-Johnston methods. The process and geometric parameters 410 

used as input data are summarized in Table 2. The output parameters, including heat transfer 411 

coefficients, pressure drops, pumping power, exergy destruction, capital, operational, and stream 412 

costs, are calculated and presented in Table 6. It also presents a rationale comparison of two 413 

commonly used (i.e., Kern and Bell-Delaware) and one rarely adopted (i.e., Wills-Johnston) STHX 414 

design methods from thermal, hydraulic, exergetic, and economic viewpoints. It is observed that; 415 

the Kern method shows a significant over/underestimation of shell-side parameters compared to 416 

Bell-Delaware (which is known to be the most accurate STHX design method). For instance, the 417 

shell-side heat transfer coefficient, pressure drop, pumping power, operational and total costs 418 

calculated using the Kern method deviates from those calculated using Bell-Delaware by ±56%, 419 

±330%, ±100%, ±100%, and ±4.85%, respectively; however, for Wills-Johnston, these deviations 420 

are significantly lower with ±7.4%, ±49%, ±15%, ±15%, and ±0.8%, respectively.  421 

It is important to mention that the large-scale deviations in the Kern method are primarily 422 

because it ignores the effect of baffles and associated leakages on the shell-side flow. While the 423 

other two methods accommodate the presence of baffles through correction factors and flow 424 

coefficients. Therefore, it is reasonable to assert that the reliability of the design and analysis of 425 

STHX conducted is the highest for Bell-Delaware followed by Wills-Johnston and then Kern 426 

method. Particularly, from a monetary viewpoint, the Kern method is only suitable for preliminary 427 

sizing, however, for a satisfactory design, the other two methods should be preferred to reduce 428 

capital and operation investments associated with the over and underestimations. 429 

  430 
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Table 6. 431 

A preliminary design with three methods i.e., Kern, Bell-Delaware, and Wills-Johnston. 432 

Parameter 
Case study: Water to Water STHX 

Kern Bell-Delaware Wills-Johnston 

A, m2 ■ 278.6 278.6 278.6 ■ 

Ret ■ 15,779 15,779 15,779 ■ 

ht, W/m2K ■ 4053 4053 4053 ■ 

Res ▼ 15,095 19,621 4281* ▼ 

hs, W/m2K ▲ 4300 2748 2952 ▲ 

U, W/m2K ▲ 854 768 785 ▲ 

ΔPt, Pa ■ 6098 6098 6098 ■ 

ΔPs, Pa ▲ 27,786 6447 3257 ▼ 

hs/ΔPs, m/s K ▼ 0.1548 0.4262 0.9065▲ 

PP, kW ▲ 1.73 0.8648 0.7354 ▼ 

XD Total, kW ▲ 685 684 684 ▼ 

CAPCHX, € ■ 87,562 87,562 87,562 ■ 

CAPCtotal, € ▲ 89,589 88,936 88,751▼ 

totalZ , €/h ▲ 2.083 2.068 2.064 ▼ 

OPC, € ▲ 8931 4464 3796 ▼ 

Ctotal, € ▲ 96,492 92,025 91,357 ▼ 

,c oC , €/h ▲ 2.282 2.169 2.151 ▼ 

,ohC , €/h ▲ 0.00845 0.00227 0.00126▼ 

▲: Overestimation, ▼: Underestimation, ■: Same 433 

* The major difference is because of cross-flow which is merely 0.3 to 0.5 of the total flow  434 
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3.3. Sensitivity analysis 435 

The sensitivity analysis outcomes in the form of Normalized Sensitivity Coefficients (NSC) 436 

and Relative Contribution (RC) for the Bell-Delaware method are summarized in Figure 4 (a) 437 

to (d). The results are presented for critical input parameters (for which NSC ≥ 0.0001). Figure 4 438 

(a) highlights the input parameters that have an impact on the shell-side heat transfer coefficient.  439 

It shows that for the given case, the most critical parameters in terms of NSC are shell-side flow 440 

rate 
Sm , followed by shell inlet temperature ,S iT , central baffle spacing 

bcL , and shell outlet 441 

temperature ,S oT , respectively. While, the RC is dominated by the uncertainty in 
Sm with 98% 442 

followed by 
bcL  ,S iT , and ,S oT , with 2%, 0.11%, and 0.10%, respectively.  443 

Similarly, Figure 4 (b) shows that the shell-side pressure drop (ΔPS) is the most sensitive to 444 

the 
bcL followed by 

Sm . However, the relative contribution is higher ~76% for 
Sm  and lower for 

bcL445 

with ~23% and almost insignificant for inlet and outlet temperatures. The operational cost displays 446 

(refer Figure 4 (c)) the highest NSC for unit electricity cost (Celec) with ~1, followed by 
Sm with 447 

~0.78, 
bcL with ~0.4, and interest rate (i) with ~0.2, respectively. The corresponding RC values are 448 

65%, 20%, 9%, and 3%, respectively. Concurrently, the stream cost shows (see Figure 4 (d)) the 449 

highest NSC for 
Sm , followed by 

bcL , Celec, and i, respectively. The RC values are calculated as ~ 450 

86% for 
Sm , ~11% for

bcL , ~1.8% for Celec, and ~0.05% for i.  451 

The findings of the sensitivity analysis infer that the thermal-hydraulic performance (i.e., h and 452 

ΔP) of STHXs is sensitive to the flow characteristics, and the economic performance is equally 453 

governed by the fiscal parameters such as unit electricity cost and interest rate. Therefore, a 454 

commensurate importance should be apportioned to the fiscal parameters while conducting the 455 

economic analysis of heat exchangers. It is also important to emphasize that the discrepancies 456 

between maximum NSC and RC values for dissimilar parameters are well explained by James et 457 

al. [88]. This is because the small uncertainties associated with the highest sensitivity coefficients 458 

shift the relative contribution toward the input parameters with lower-sensitivity coefficients, 459 

especially those with high uncertainties. Moreover, it is also worth mentioning that one order of 460 

magnitude alteration (as adopted in the sensitivity analysis) is usually not of practical interest, 461 

rather it should be perceived only as a limiting case to obtain directly comparable values.  462 

 463 
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(a) 

 

(b) 

 

(c) 

 

(d) 

 

Figure 4. Sensitivity analysis results, i.e., NSC and RC of different input parameters on  464 
performance parameters (a) hS, (b) ΔPS, (c) OPC, and (d) Co,s. 465 
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3.4. Parametric analysis 466 

A detailed parametric analysis is conducted using the one-factor-at-a-time (OFAT) approach 467 

to investigate the real scale effect of important input parameters on the thermal, hydraulic, and 468 

economic performance of STHX. The results are presented combinedly for Kern, Bell-Delaware, 469 

and Wills-Johnston methods, which illustrate the deviation of three methods (from each other) 470 

over a range of operating conditions. 471 

3.4.1. Effect of shell-side flow rate 472 

The mass flow rate is one of the most influential process parameters (as indicated by the 473 

sensitivity analysis) that governs the thermal, hydraulic, and economic performance of heat 474 

exchangers. It is observed that an increase in shell-side flow-rate increased the heat transfer 475 

coefficient (hs); however, the corresponding pressure drop (ΔP) also increased as shown in 476 

Figure 5 (a) and (b). This is because the higher flow rate resulted in a higher shell-side Reynolds 477 

number, which intensified the turbulence that controls the heat transfer rate and pressure drops. 478 

Hence, there should be a tradeoff between the heat transfer coefficient and pressure drop for 479 

optimal performance. In this regard, the heat transfer coefficient per unit pressure drop (h/ΔP) 480 

gives a reasonable estimation of the overall thermal-hydraulic performance of heat exchangers. 481 

From Figure 5 (c), it is seen that an increase in shell-side flow rate decreased the h/ΔP showing a 482 

higher-order rise in the pressure drop compared to the heat transfer capability. However, up to 15-483 

20 kg/s, the h/ΔP is well above unity showing higher heat transfer than pressure drops. 484 

Similarly, an increase in the shell-side flow rate increased the operating and stream (product) 485 

cost as shown in Figure 6. For instance, the operational cost calculated using Bell-Delaware and 486 

Wills-Johnston methods varied from ~3,000 to 10,000 € for flow rate varying from 1 to 50 kg/s. 487 

While for the Kern method, it approached ~34,000 € for the same flow rate variations, which 488 

indicate the overestimation of hydraulic and economic parameters and the limitations of the Kern 489 

method at higher flow rates. Likewise, the cold water outlet stream cost approached 2.3 €/h for 490 

Bell-Delaware and Wills-Johnston methods, while above 2.8 €/h for the Kern method. A similar 491 

trend is observed for the hot water outlet stream with different magnitudes (varying between 0.005 492 

to 0.01 €/h for Bell-Delaware and Wills-Johnston methods, and 0.040 €/h for the Kern method. 493 

From these observations, it is reasonable to assert that the Kern method gives a very rough estimate 494 

regarding the heat exchanger design, particularly at high flow rates. Hence, for a practical design, 495 

the other two methods should be preferred to minimize energy and monetary investments. 496 
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(a) 

 

(b) 

 

(c) 

 

Figure 5. Effect of shell-side flow rate on (a) heat transfer coefficient,  497 
(b) pressure drop, and (c) h/ΔP 498 

Practical operational range of HX 



Page 31 of 59 
 

(a) 

 

(b) 

 

Figure 6. Effect of shell-side flow rate on (a) operational cost,   499 
and (b) cold water outlet stream cost.   500 
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3.4.2. Effect of number of baffles 501 

One of the objectives of baffles is to support the tube bundle against weight, high flow rates, 502 

and pressures to mitigate the vibrations. However, their presence also influences the shell-side 503 

thermal-hydraulic performance by obstructing the flow, as illustrated above by normalized 504 

sensitivity coefficients. Figure 7 (a) and (b) show that an increase in the number of baffles (Nb) 505 

increased the shell-side heat transfer coefficient as well as pressure drops. For example, hs 506 

increased to 3 kW/m2K for Bell-Delaware and Wills-Johnston methods and ~5 kW/m2K for the 507 

Kern method from 1.82 kW/m2K for Nb varying from 2 to 15. The corresponding variations in 508 

pressure drops are calculated as 5 kPa and 8 kPa for Bell-Delaware and Wills-Johnston and 50 kPa 509 

for the Kern method. While, the h/ΔP factor decreased with an increase in Nb, thus showing a 510 

higher-level rise in the pressure drop than the heat transfer coefficient (refer Figure 7 (c)).  511 

Besides, from a monetary viewpoint, it is noticed that (refer to Figure 8 (a)) the operational 512 

cost of STHX increased with increasing Nb due to higher pressure drop and pumping power. For 513 

instance, an increase in Nb from 2 to 15, increased the operational cost from 3,200 € to 4,900 € for 514 

Bell-Delaware and up to 4,100 € Wills-Johnston methods. While the corresponding cost for the 515 

Kern method is 14,000 €. Similarly, the cold water outlet stream cost showed a ~2.34% increase 516 

for Bell-Delaware and Wills-Johnston methods and ~12% for the Kern method. A similar trend is 517 

also observed for the other outlet stream cost with different magnitudes. It is also noticed that the 518 

diversions in thermal, hydraulic, and economic parameters calculated using Bell-Delaware and 519 

Wills-Johnston methods from the Kern method become more significant at higher Nb values. This 520 

is primarily because of the effect of not reliable pressure drop calculations of the Kern method, 521 

which amplified at a higher number of baffles. 522 

 523 

  524 
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(a) 

 

(b) 

 

(c) 

 

Figure 7. Effect of number of baffles on (a) shell side heat transfer coefficient  525 
(b) pressure drop, and (c) h/ΔP 526 
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(a) 

 

(b) 

 

Figure 8. Effect of the number of baffles on (a) operational cost  527 
and (b) cold water outlet stream cost. 528 

  529 
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3.4.3. Effect of fiscal parameters 530 

The conventional studies on heat exchangers are mainly focused on investigating the effects 531 

of process and design parameters on the thermodynamic and economic performance. However, 532 

analysis of the combined effect of fiscal and process parameters has gained significant attention 533 

for a rigorous thermoeconomic analysis of systems  [24,26]. This is because, the systems with the 534 

same thermodynamic performance, operating in different regions and/or times with dissimilar 535 

economic policy (interest rate, energy price, chemical cost, etc.) will have substantially different 536 

operational costs [76,77]. Moreover, the sensitivity analysis also expressed a significant influence 537 

of fiscal parameters on the economic performance of STHXs in the above sections. Therefore, this 538 

investigation can satisfactorily predict an overall heat exchanger performance for the assorted 539 

operating scenarios.  540 

In this regard, Figure 9 (a) and (b) illustrate the effect of the cost index factor (Cindex) on the 541 

total-and-stream costs. The figure shows a linear rise in the total cost (Ctotal) and stream outlet cost 542 

over the years. For example, Ctotal of the heat exchanger configuration increased by ~70% from 543 

~55,000 € to ~93,000 € over 30 years because of market inflation. Consequently, the stream cost 544 

surged to 2.3 €/h from 1.3 €/h during this period. A similar variation in the product cost is observed 545 

with the interest rate, as shown in Figure 9 (c). It is seen that a heat exchanger (with the same 546 

thermal-hydraulic performance) operating in two different regions with dissimilar interest rates 547 

will have significantly different product costs. For instance, the product cost of cold water outlet 548 

stream showed an increase of ~30% (from 1.6 to 2.1 €/h) for an STHX operating at interest rates 549 

of 4% and 10%, respectively.  550 

Similarly, the product cost of an STHX operating at different unit electricity costs is shown in 551 

Figure 9 (d). It shows the significance of pressure drop, particularly for situations with high unit 552 

energy prices. Moreover, significant deviation in the OPC calculated using the Kern method from 553 

Bell-Delaware and Wills-Johnston method (which grow with increasing Celec) indicate rough 554 

pressure drop calculations. Besides, the chemical cost can also be an influential parameter for HXs 555 

subjected to high fouling tendency fluids. However, an accurate antifoulant cost estimation 556 

requires dynamic modeling of fouling propensity. 557 

 558 
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(a) 

 

(b) 

 

(c) 

 

(d) 

 

Figure 9. Effect of fiscal parameters (a) total cost versus cost index factor, (b) cold water outlet cost versus cost index factor,  559 
(c) cold water outlet cost versus interest rate, and (d) cold water outlet cost versus unit electricity cost. 560 

 561 
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3.4.4. Exergy-and-cost flow diagram 562 

The exergy-and-cost flow diagram is an important pictorial illustration of thermodynamic 563 

and monetary performance at each unique point of the system. It presents the cost (exergy and 564 

economic) of all streams in the system at inlets and outlets of the components calculated using 565 

fixed and recurring expenses. This diagram is particularly important for the systems with a large 566 

number of components (e.g., power plants, desalination systems, etc.) compared to simple heat 567 

exchangers. This is because it indicates exergy (in kW) and cost rates (in €/time), which are reliable 568 

indicators of how efficiently the energy and economic resources are continuously utilized by each 569 

component rather than merely relying on the investments at the system boundaries. The exergy-570 

and-cost flow diagram for the heat exchanger configuration considered in this study is presented 571 

in Figure 10.  572 

 573 

Figure 10. Exergy-and-cost flow diagram of the heat exchanger arrangement. 574 
 575 

3.5. Optimization 576 

After a detailed design sensitivity and parametric analyses, the optimization of STHX is 577 

conducted using the Genetic Algorithm (GA). The GA is a biological evolution based natural 578 

algorithm in which the survival gene (best individual point) replaces the old gene to get the 579 

optimum solution. The objective function (fitness) is defined first, which allows each potential 580 

solution to be evaluated. Then the estimated range of design variables and termination criteria is 581 
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selected, and a random initial population is developed in the range of design variables. After the 582 

initialization of the population, the algorithm sets the arrangement of the new population (next 583 

generation) repeatedly and perform the iterations until the termination criterion is met. Each point 584 

(gene) contains a solution that is evaluated with the parent solution based on the fitness. If the gene 585 

fulfills the criteria it replaces the parent solution and becomes a new parent (current best solution). 586 

Otherwise, the algorithm selects the pervious optimum parents and produce children (next 587 

generation or genes) by mutation or crossover of parent’s and replace the population with children 588 

to produce the next generation. The process is continued until the criteria are attained. The 589 

termination criteria refer to either the best-optimized solution or the maximum number of 590 

generations. The algorithm picks the best individual point with better-optimized results as a parent 591 

and eliminates the inferior solution. This framework will guarantee that the algorithm converges 592 

to the best individual point which will be the best-optimized solution for the selected objective 593 

function [29,31,37]. The solution flowchart for GA is presented in Figure 11. 594 

In the current study, the minimum total cost Ctotal is used as an objective function against seven 595 

constraint variables, including tube layout, tube outside diameter, number of tubes, tube passes, 596 

shell diameter, baffle cut, and baffle spacing. The upper and lower bounds for these constraints are 597 

selected carefully from the literature [28,31,38,40], as summarized in Table 7. The values of 598 

algorithm-specific parameters i.e., generations = 100, population size = 100, and mutation 599 

probability = 0.035 are taken as reported by Sadeghzadeh et al. [37]. 600 

 601 
Figure 11. Flow chart of GA.  602 
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Table 7. 603 

The lower, upper, and optimum value of the design variable for STHX [28,31,38,40].  604 

Parameters 
Constraint bounds 

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, Bc 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,  605 
Note: Not all references provided all data ranges. 606 

The optimization is performed for all three methods (i.e., Kern, Bell-Delaware, and Wills-607 

Johnston), and the values for standard and optimal STHX are presented in Table 8. Owing to the 608 

highest reliability, the discussions are made concerning the Bell-Delaware method in detail. It is 609 

observed that the optimization altered the STHX performance, significantly, as indicated by 610 

various thermal, hydraulic, and economic parameters. For example, the tube side heat transfer 611 

coefficient and the shell side heat transfer coefficient decreased by ~2.2% and ~21.7%, 612 

respectively, which decreased the overall heat transfer coefficient by ~7.7%. Meanwhile, the 613 

corresponding tube- and shell-side pressure drops reduced much more significantly (than heat 614 

transfer coefficients) by ~43.8% and ~66.6%, respectively, thus decreasing the pumping power by 615 

~50.7%.  616 

Accordingly, the comprehensive thermal-hydraulic performance indicator (i.e., h/ΔP) 617 

increased by ~2.3 folds, indicating improved thermodynamic performance. Meanwhile, because 618 

of modifications in design parameters, the number of tubes decreased slightly, but the shell 619 

diameter increased. The optimal heat transfer area was reduced by ~26.4%, resulting in a ~20.5% 620 

cut in the capital cost. Similarly, the operational cost observed a ~50.7% reduction because of 621 

pumping power. Finally, the total cost decreased by ~22%, which reduced the cold water 622 

production (stream) cost from 2.16 to 1.68 €/h (~21%). A similar trend can also be observed for 623 

the other two methods with somewhat different magnitudes.  624 
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Overall, it is summarized that the sensitivity analysis and optimization of conventional 625 

STHX appreciably improved the design and analysis process. Therefore, the modern thermal 626 

system studies should be extended to normalized sensitivity analysis and optimization through any 627 

of the numerical techniques (Genetic Algorithm, Particle Swarm Optimization, etc.) rather than 628 

simply relying on conventional parametric analysis. 629 

Table 8. 630 
Parameters of optimal shell-and-tube heat exchanger using a genetic algorithm. 631 

Parameter Kern Bell-Delaware Wills-Johnston 

Standard Optimal Standard Optimal Standard Optimal 

Ret 15,779 10,727 15,779 10,727 15,779 10,727 

ht, W/m2K 4053 3964  4053 3964 ↓ 4053 3964 

Res 15,095 4974 19,651 6608 4281 2299 

hs, W/m2K 4300 3110  2748 2150 ↓ 2952 2623 

U, W/m2K 854 789  768 709 ↓ 785 756.3 

ΔPt, Pa 6098 3426  6098 3426 ↓ 6098 3426 

ΔPs, Pa 27,786 10,168   6447 2150 ↓ 3257 1090 

hs/ΔPs, m/s K 0.1548 0.305  0.4262 1 ↑ 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, m2 278.6 205   278.6 205 ↓ 278.6 205 

CAPCHX, € 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 

totalZ , €/h 2.083 1.648  2.068 1.639 ↓ 2.064 1.637 

OPC, € 8931 3878  4464 2200 ↓ 3796 1978 

Ctotal, € 96,492 73,460   92,025 71,782 ↓ 91,357 71,560 

,c oC , € 2.282 1.735  2.169 1.689 ↓ 2.151 1.682 

↓: Decrease, ↑: Increase   632 
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4. Analysis of STHX as a preheater in a desalination system  633 

Preheaters are used in thermal desalination systems to recover heat from brine and distillate 634 

streams, respectively as a brine and distillate preheaters. The recuperated energy is used to preheat 635 

the intake seawater which improves the system performance from an energy, exergy, economic, 636 

and environmental viewpoint. The schematic diagram for a conventional desalination system with 637 

STHX as an energy recovery section is shown in Figure 12. Meanwhile, it is also important to note 638 

that for more narrow temperature control and ease of maintenance, the plate and frame heat 639 

exchangers are also preferred [91]. A comprehensive theoretical framework for a component-640 

based exergoeconomic analysis and optimization of the whole plant is presented in Eq. 47-57 [92]. 641 

 642 

Figure 12. Thermal desalination system with STHX as an energy recovery section. 643 
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The cost at the pump outlet is calculated using the capital cost of pump, electricity consumption, 644 

and unit electricity cost as: 645 

 1 0    
elec Pump PumpC C C W      (47) 646 

 2 0(1 )     
elec Pump PumpC C C W      (48) 647 

where   is the feed split ratio between the two preheaters (e.g.,  = 0.5 indicates an equal 648 

distribution of feed in both the preheaters. 649 

The feed water cost at distillate preheater and brine preheater outlet is calculated using the 650 

capital cost of the respective preheater (i.e., STHX) and auxiliary equation as: 651 

3 1 7 10      
D HC C C C      (49) 652 

31

1 3


 CC

X X
      (50) 653 

4 8 2 9      
B HC C C C      (51) 654 

8 9

8 9


 C C

X X
      (52) 655 

The overall feed cost at the evaporator inlet is taken as a sum of the streams from both the 656 

preheaters, as 657 

5 3 4   C C C      (53) 658 

 659 

The distillate cost at the evaporator outlet is calculated using inlet steam cost, feed cost, and 660 

capital cost of the evaporation section. Two auxiliary equations required to solve the evaporator 661 

section are also given below.  662 

7 5 6 8      
EvaporatorC C C C      (54) 663 

5 8

5 8


 C C

X X
      (55) 664 

6 7

6 7


 C C

X X
      (56) 665 

Finally, the water production cost is calculated using the overall distillate cost and the water 666 

production capacity of the plant. 667 
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3 9 1 0($ / m )
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   (57) 668 

where, miscC  is the miscellaneous cost such as blowdown, cooling, condensate, chemical, post-669 

treatment, etc.   670 
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5. Concluding remarks 671 

A liquid-phase segmental baffle shell-and-tube heat exchanger was investigated from thermal, 672 

hydraulic, exergy, and economic viewpoint. Three design approaches, i.e., Kern, Bell-Delaware, 673 

and Wills-Johnston (flow stream) were used for thermal-hydraulic modeling. An exergy-and-cost 674 

flow-based analysis procedure was presented to calculate fluid stream costs. A normalized 675 

sensitivity analysis is carried out to identify the most influential input parameters in the form of 676 

normalized sensitivity coefficients and relative contributions. Then a detailed parametric analysis 677 

was conducted to investigate the real scale effect of input parameters using the one-factor-at-a-678 

time approach. Finally, the design was optimized for the minimum total cost by employing the 679 

Genetic Algorithm. Under the operating conditions considered in this study, some significant 680 

findings were drawn as follows. 681 

 The flow-stream analysis method of Wills-Johnston, though used rarely, can predict shell- 682 

side thermal-hydraulic parameters reasonably close to the Bell-Delaware method (±10%).  683 

 Kern method is only useful for approximate preliminary sizing of STHX because of large 684 

scale over/underestimation (> ±100%) of heat transfer coefficient and pressure drops which 685 

govern the heat exchanger cost.  686 

 The deviation of the Kern method intensified (±200%) at a higher number of baffles and flow 687 

rates because of the augmented effects of baffles, which are not accounted for precisely in 688 

the Kern method.  689 

 The sensitivity analysis showed that thermal performance (
Sh ) of STHX is sensitive to the 690 

input parameters in the following order with normalized sensitivity coefficient (NSC) 691 

magnitudes as, 
Sm (NSC: 0.372) > ,S iT (NSC: 0.035) > 

bcL (NSC: 0.032) > ,S oT  (NSC: 0.0063) 692 

and the hydraulic performance (
SP ) as 

bcL (NSC: 4.5) > 
Sm (NSC: 3.62). 693 

 The sensitivity of operational cost of STHX for the process and fiscal parameters was 694 

observed to be in the following order 
elecC (NSC: 0.99) > 

Sm (NSC: 0.78) > 
bcL (NSC: 0.41) > 695 

i  (NSC: 0.18).  696 

 The parametric analysis showed that an increase in the shell-side flow rate increased the heat 697 

transfer coefficient, pressure drop, and pumping power because of enhanced turbulence.  698 



Page 45 of 59 
 

 The shell-side heat transfer coefficient per unit pressure drop decreased with increasing flow 699 

rate as well as the number of baffles that indicated a higher-order increase in the pressure 700 

drops, which in turn increased the heat exchanger operating cost. 701 

 The heat exchanger operating cost was observed to be a strong function of fiscal parameters, 702 

i.e., cost index factor, interest rate, electricity cost, etc. Therefore, the values of these 703 

parameters should be selected carefully for reliable cost estimation.  704 

 The exergoeconomic analysis calculated the stream exergy-and-monetary costs. It helped to 705 

develop the cost flow diagram. The final hot water production cost was calculated as 2.1 €/h. 706 

It is found to increase with increasing flow rates, the number of baffles, and the inflation rate. 707 

 The optimization improved the STHX design appreciably by modifying the design 708 

parameters. For the optimal heat exchanger, the heat transfer area reduced by ~26.4%, capital 709 

cost by ~20.5%, operational cost by ~50.7%, total expenditure by ~22%, and the stream cost 710 

by ~21%. 711 
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Nomenclature 722 

A constant  

A heat transfer area, m2  

B constant 

Bc baffle cut, % 

bo constant used in eq. (3) 

C  product cost, (€/h) 

Ctotal total cost of equipment, € 

Co annual current cost, €/y 

Cele cost of electricity, €/kWh 

Cp specific heat capacity, J/kg.K 

D diameter, m 

Dw hydraulic diameter, m 

ex  specific exergy, k.J/kg  

F friction factor 

G mass flux, kg/s..m2 

Gw mass flux in the window area, kg/s.m2 

H heat transfer coefficient, W/m2.K 

h  enthalpy, kJ 

I interest rate, % 

J the correction factor for the heat transfer coefficient 

K thermal conductivity, W/m.K 

Kf parameter in Appendix A-2 

Lbi inlet baffle spacing, m 

Lbo outlet baffle spacing, m 

Lbc central baffle spacing, m 

Lt tube length, m 

m  flow rate, kg/s 

N flow coefficient, kg-1.m-1 

ny equipment life, year 

Nb number of baffles 

Nc total number of tube rows in cross-flow 

Nu Nusselt number 
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Nt total number of tubes 

Np number of tube passes 

pc constant in Eq. (4) 

P parameter in Eq. (31) 

PP pumping power, W 

Pr Prandtl number,  

Pt tube pitch, m 

ΔP pressure drop, Pa 

R correction factor for pressure drop 

S entropy, J/K 

S leakage areas, m2 

genS  entropy generation rate, W/K 

Tb baffle thickness, m 

Re Reynolds number 

Rf fouling resistance, m2.K/W 

Tin temperature inlet, °C 

Tout temperature outlet, °C 

U overall heat transfer coefficient, W/m2.K 

V velocity, m/s  

W weight, kg 

pW  pump work, kW 

X exergy, kW  

XD exergy destruction, kW 

Z  annual rate of capital investment, €/y 

Greek Symbols 

  rate of fixed cost, €/s 

Β layout, deg 

ɛ effectiveness 

ctl  angle between centerline and baffle cut, deg 

  density, kg/m3 

Φ viscosity correction factor 

𝜇 viscosity, Pa.s 
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  is the feed split ration 

Λ operation hours, hour 

Η efficiency 

Subscripts 

0 dead state 

A combined coefficient  

bI ideal tube bundle 

B bypass 

C cross-flow or central baffle spacing 

ctl center-line tube 

c,i cold in 

c,o cold out 

Cb combined coefficient 

Cr cross-flow  

E equivalent or exist baffle 

h,i hot in 

h,o hot out 

I in 

L leakage 

M cross-flow area at the centerline 

O out 

P combined coefficient 

R laminar flow 

S shell 

Sb shell-to-baffle 

S unequal baffle spacing 

T tube 

Tb tube-to-baffle 

t,i tube inside 

t,o tube outside 

W wall or window 

Abbreviations 

BH brine heater 

CAPC capital cost 
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CEPCI chemical engineering plant cost index 

CRF capital recovery factor 

DH distillate heater 

HXs heat exchangers  

OFAT one-factor-at-a-time 

OPC operational cost  

STHX shell and tube heat exchanger 

 723 

 724 

  725 
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Appendix: Tables for correction factors, constants, and coefficients for Bell-Delaware and 960 

Wills-Johnston methods 961 

Table A.1. 962 

Empirical coefficients for ji and fi [9] 963 
Layout Re a1 a2 a3 a4 b1 b2 b3 b4 

30o 

105-104 0.321 -0.388 1.450 0.519 0.372 -0.123 7.00 0.500 

104-103 0.321 -0.388 0.486 -0.152 

103-102 0.593 -0.477 4.570 -0.476 

102-10 1.360 -0.657 45.10 -0.973 

<10 1.400 -0.667 48.00 -1.00 

45o 

105-104 0.370 -0.396 1.930 0.500 0.303 -0.126 6.59 0.520 

104-103 0.370 -0.396 0.333 -0.136 

103-102 0.730 -0.500 3.500 -0.476 

102-10 0.498 -0.656 26.20 -0.913 

<10 1.550 -0.667 32.00 -1.00 

90o 

105-104 0.370 -0.395 1.187 0.370 0.391 -0.148 6.30 0.378 

104-103 0.107 -0.266 0.0815 +0.022 

103-102 0.408 -0.460 6.090 -0.602 

102-10 0.900 -0.631 32.10 -0.963 

<10 0.970 -0.667 35.00 -1.00 

964 
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Table A.2.  965 

Bell Delaware methods correction factors for calculation of shell side heat transfer coefficient [9]. 966 

Correction 
factor  

Accounts for Governing equation 

Baffle window 
flow CF (Jc) 

Non-ideal cross-flow through 
the window zone 

0 .5 5 0 .7 2 (1 2 )C wJ F    

   360 sin 2w ctl ctlF     ,      12 cos 1 2 100ctl s ctl cD D B    

Baffle leakage 
CF (JL) 

Flow-through the gaps between 
the baffle and shell, and the 
baffle and tube diameter 

0.44 1 1 0.44 1 exp 2.2sb sb sb tb
L

sb tb sb tb m

S S S S
J

S S S S S

      
                  

 

 0.00436 360sb s sb dsS D L   ,     2
4 1tb t tb t wS D L N F       

   ,m bc bb ctl tp eff tp tS L L D L L D     ,  12cos 1 2 100ds cB      

Tube bundle 
bypass CF (JB) 

Flows through bypass areas due 
to the gap between the shell 
wall and tube bundle 

 3exp 1 2B bh sbp ssJ C F r      

b
sbp

m

S
F

S
 ,  b bc s otl plS L D D L     ,      1 2 100ss ss s pp cr N D L B   

Unequal baffle 
spacing CF (JS) 

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

     
     

1 1
1 / /

1 / /

n n

b bi bc bo bc
S

b bi bc bo bc

N L L L L
J

N L L L L

   


  
 

Laminar flow 
CF (JR) 

The adverse temperature 
gradient formed in the 
boundary layer. 

      0.18 0.18
10 20 Re 80 10 1R c cJ N N       

  1c tcc tcw bN N N N   ,     0.8 100 2tcw pp s c s ctlN L D B D D      

Wall viscosity 
(Jµ) 

The variation in fluid properties 
between the bulk and the wall  m

wallJ   Y X

dY
U U

dX


 
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Table A.3.  968 
Flow coefficients for flow stream analysis (Wills-Johnston) method [1]. 969 

Coefficient Governing equation Description 

Combined flow 
coefficient (np, na , 
ncb) 

 20.5 0.5 0.51 /p a s tn n n n      

a w c bn n n  ,  20.5 0.51 /cb c bn n n    

The effect of different 
resistance coefficient over ΔP 
and h. 

Shell-to-baffle 
leakage resistance 
coefficient (ns) 

0.177

2

0.036( / ) 2.3( / )

2
b sb b sb

s
s

t t
n

S

 



  where ( )s s sb sbS D     

Shell-to-baffle flow 
resistance due to clearance 
between shell-to-baffle.  

Tube-to-baffle 
clearance resistance 
coefficient (nt) 

0.177

2

0.036( / ) 2.3( / )

2
b tb b sb

t
t

t t
n

S

 



  where ( )t T s s t s tS N D     

Tube-to-baffle flow 
resistance due to clearance 
between tube-to-baffle. 

Window flow 
resistance coefficient 
(nw) 

2

1.9 exp (0.6856 / )

2
w w

w
w

S S
n

S
  

Due to mix the flow of cross 
and combine bypass flow. 

Bypass flow 
resistance coefficient 
(nb) 

2

(D 2 ) / P

2
s c TP ss

b
b

a L N
n

S
 

  where (2 )Lb by s pp BS D     
The combined effect of the 
bundle and pass partition 
bypass streams. 

Cross-flow 
resistance 
coefficient (nc) 

22
c f

c
m

N K
n

S
  

3 3 3
3

2 3

0.207x10 0.102x10 0.286x10
0.272  for  3 Re 2x10

Re Re RefK        

4 7 11
3 6

2 3

0.249x10 0.927x10 0.10x10
0.267  for  2x10 Re 2x10

Re Re RefK        

Obtained from the ideal bank 
correction factor and a 
function of cross-flow 
Reynold number.  The 
parameter Kf, for in-line 
square arrays. 
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