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computational model was generated to solve the governing equations, utilising Microsoft Excel Published : 29" Dec. 2025
2016. The program predicts the performance of the STHX for shell-side heat transfer

coefficient (hs), pressure loss (APs) and the performance ratio (hs/APs) by employing the Bell- KEYWORDS

Delaware method. This method showed the best reliability against experimental results. The Baffle cuts

aim of the study is to analyse the influence of variations in baffle number, baffle cuts, tube Heat transfer coefficient
layouts, six fluid characteristics, and mass flow rate. The findings of the investigation indicate Pressure loss

that the heat transfer coefficient and pressure loss increase, while the value of (hs /APs) (hs/APs) ratio

decreases as the baffle number increases for all the tube layouts. The hs and APs decrease STHX

with increasing baffle cuts for all layouts. A baffle count of six exhibits the highest value of (hs Tube layouts

IAPs) for all the fluids and layouts. The rotated square tube arrangement yields higher hs and
moderate APs, which in turn yields the highest (hs /APs) ratio compared to triangular and
square layouts.

1. INTRODUCTION

A shell-and-tube heat exchanger (STHX) is extensively used in industries due to its high thermal efficiency,
durability, and ability to handle high-pressure applications [1]. It consists of a cylindrical shell housing a bundle of tubes
through which one fluid flows, while another fluid flows over the tubes within the shell, enabling effective heat transfer.
To enhance thermal performance, segmental baffles are introduced inside the shell to guide the shell-side fluid in a zigzag
pattern, increasing turbulence and thus improving heat transfer rates. These baffles help minimise stagnant zones and
promote better heat exchange; however, they also contribute to increased pressure loss. STHXs with segmental baffles
are commonly utilised in industries, such as power generation, chemical processing and oil refining, due to their robust
design and efficient thermal management [2].

The Tubular Exchanger Manufacturers Association (TEMA) standards are widely followed for designing STHXs,
combining classes R, C, and B into a single section titled Class RCB. The key factors affecting shell-side performance
include baffle number, baffle cuts, tube layouts, mass flow rate, flow types and fluid properties such as density, specific
heat, viscosity, and thermal conductivity [3].

Analysing the performance of an STHX involves a variety of calculations, and several algorithms have been
employed in recent years. The key algorithms and methods used include genetic algorithms (GA), particle swarm
optimisation, finite difference/volume method, HTRI Xchanger suite, COMSOL Multiphysics, computational fluid
dynamics (CFD), logarithmic mean temperature difference (LMTD), ¢-NTU, Kern and the Bell-Delaware (B-D)
approach. Among these, Kern and the B-D method are preferred for basic thermo-hydraulic calculations. However, the
B-D method, though more complex, provides greater accuracy in predicting shell-side heat transfer and pressure loss by
accounting for flow patterns and leakage through baffles, making it a superior choice for detailed analysis. In many
studies, calculations from the B-D method show good agreement with experimental and simulation results.

Various authors have explored these optimisation techniques and numerical methods to enhance thermal efficiency
and reduce costs, analysing design parameters such as baffle configurations, tube layouts, and pressure loss constraints to
improve performance. Several past studies are discussed below:

Ozden and Tari [4] examined the effects of shell-side parameters like baffle number, baffle cut, and shell diameter
on heat transfer capacity and pressure loss in small STHX using CFD simulations. CFD results are validated by comparing
them with the B-D method for accuracy. Similarly, Uosofvand et al. [5] observed the performance of a small STHX using
CFD. The baffle orientations are investigated, showing that a 90° orientation enhances performance. Results align well
with the B-D method and experimental data. Further, Alperen et al. [6] examined the results of HTRI Xchanger software,
Kern, and B-D methods for analysing STHXs against experimental data. The shell-side heat transfer coefficient (hs)
showed deviations of +17%, -11%, and +18%, while pressure loss (APs) deviations were +64%, -25%, and -32%, by
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Kern, B-D methods and HTRI Xchanger program respectively. In addition, Lara-Montano et al. [7] optimised the STHXs
through four case studies, applying Kern and B-D methods with discrete and continuous tube diameters. A total of 16
optimisation problems are analysed, minimising total annual cost. Seven metaheuristic algorithms are used to solve each
optimisation problem efficiently. In addition, Xu et al. [8] established a B-D based prediction model for shell-and-tube
heat exchanger with segmental baffles (SHTX-SB) to analyse tube parametric effects on heat transfer efficiency and
adopted algorithm techniques for optimisation to enhance heat transfer capacity per pressure loss and weight, improving
design reliability. Moreover, Kotian et al. [9] compared the Colburn and B-D method for evaluating an STHX
performance by varying hot side temperatures to analyse heat load, heat transfer coefficient, and effectiveness, concluding
that the B-D is more reliable due to its consideration of practical losses. In addition, Jamil et al. [10] optimised an STHX
design using numerical approaches. A numerical model analysed thermal, hydraulic, exergy, and economic aspects.
Normalised sensitivity analysis and GA identify key parameters. The calculations using the Wills-Johnston method
closely match those of the B-D method. Furthermore, Suliman Alfarawi [11] studied an STHX performance using 3D
CFD analysis in COMSOL Multiphysics by considering the impacts of segmental baffle cuts and baffle numbers on
hydro-thermal performance at varying Reynolds numbers, highlighting CFD, Kern and LMTD’s role in heat exchanger
modelling. In addition, Mami et al. [12] modelled a heat exchanger for an LPG production unit using the B-D and Taborek
methods, optimising geometric parameters. Results show good agreement with real data, validating the calculations of
the heat transfer coefficient. Although authors have examined STHX performance parameters to enhance heat transfer
efficiency and minimise pressure drop by adopting the B-D method, mathematical correlations, and CFD simulations—
most studies have focused on baffle spacing, cuts, and orientations. The B-D method shows better agreement with the
CFD results. The experimental and CFD results confirm that baffles significantly influence shell-side flow [13-17].

Additionally, a report with a new analysis approach presented by Sarmiento et al. [18] analysed a two-phase
thermosyphon-assisted shell-and-tube heat exchanger through theoretical modelling and experiments. A prototype was
tested for oil cooling, integrating the B-D method, an equivalent thermal circuit model, and a novel thermal coupling
algorithm for heat transfer prediction. Further, McCaughtry and Kim [19] sought to enhance the teaching-learning-based
optimisation (TLBO) algorithm for improved heat exchanger design feasibility. The updated TLBO and B-D method are
validated against real cases, analysing parameter impacts on performance and optimal design. Moreover, Han et al. [20]
developed a comprehensive thermal-economic model for STHXs using Kern and B-D methods based on LMTD and e-
NTU approaches. It introduces an improved sparrow search algorithm to optimise the economic-based thermal design to
enhance the efficiency. In addition, Yang et al. [21] developed an automated optimisation model for sizing shell-and-tube
horizontal thermosyphon reboilers using global optimisation to enhance thermal performance across various applications.
The B-D, Aspen EDR and Nitsche’s methods validate the findings. Also, Prajapati et al. [22] analysed and optimised a
water-water STHX with segmental baffles by considering shell-and-tube side variables. Using the Kern method, heat
transfer search algorithm, and TOPSIS, the exchanger is optimised for minimal cost and maximum efficiency.
Additionally, several studies have focused on optimising the STHXs using various baffle designs. Various authors
explored the STHX-SB using trefoil-hole baffles, pseudohelical baffles, STHX with staggered baffles (STHX-ST),
STHX-SB using ribbed tubes and combined baffle configurations, a novel helical baffle design with segmental baffles, a
novel STHX with segmental porous baffles, STHX with a quatrefoil perforated plate (QPP) support structure, a segmented
trefoil baffle (STB) and new STHX with inclined-segmental baffles, respectively. Studies evaluated performance based
on metrics like heat transfer coefficient, pressure loss, fouling resistance, and thermo-hydraulic performance. Researchers
employed CFD simulations, machine learning and multi-objective optimisation techniques. The results were validated
against experimental data, numerical results from other studies, and established methods like the B-D, ensuring the
accuracy of the simulations [23-31]. Besides this, certain scholars have adopted different working fluids. Research
conducted by Xiao et al. [32] examined the heat transfer and fluid flow performance of heat exchangers with different
baffle tilt angles and different fluids using CFD analysis. It highlights performance comparison under equal heat transfer
capacity and examines baffles, exchanger length, and Prandtl number. In addition, authors [33-35] studied the
performance of an STHX with various baffle configurations by utilising engineering equation solver (EES) software and
the B-D formulas for segmental baffles and mathematical correlations for helical baffles. The B-D method was most
accurate with the square and rotated square tube layouts offering the highest heat transfer efficiency. Furthermore, Abd
et al. [36] examined the impact of shell diameter, tube length, baffle spacing and cutting space on heat transfer and
pressure loss in an STHX with triangular and square pitches. It also considers fouling effects on shell-and-tube sides,
providing insights for efficient heat exchanger design.

The reviewed literature explores various optimisation and numerical techniques for enhancing the STHX
performance. Several researchers inspected the influence of baffle numbers, cuts, orientations, and tube layouts on the
performance, confirming that optimised shell-side configurations improve heat transfer while reducing pressure loss.
Many studies validate CFD simulations using Kern, mathematical correlations, algorithms and the B-D method, which is
preferred for its accuracy in predicting shell-side heat transfer and pressure loss. Further, studies analyse different working
fluids with selective parameters and their thermal-hydraulic effects, emphasising optimisation for improved exchanger
performance across various industrial applications. Hence, this research aims to analyse the execution of an STHX-SB
implementing the B-D approach and validated with the experimental data reported in the literature, considering the
impacts of shell-side design parameters with the six different fluid properties and tube layouts for finding the best results
with respect to the heat transfer coefficient, pressure loss and the ratio of (hs/APs).
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2. MATERIALS AND METHODS

This section details the heat exchanger type, its construction and geometric details, working fluid utilised with their
thermo-hydraulic properties, software and the B-D method for validation and computational purposes. All the information
regarding the input parameters is listed below:

i)  The outcomes of the experimental investigation performed by Chen et al. [27] were taken into consideration during
this analysis. A TEMA E-type STHX with one shell pass and single pass fixed tube sheet with shell-side design as
a 30% baffle cut and segmental baffles is adopted in this study.

ii) The shell-side hsand AP values have been evaluated and compared with the experimental results.
iii) The heat exchanger dimensional attributes are presented in Table 1.

iv) The six different types of working fluid are taken into account for computation purposes, which are ethylene glycol,
kerosene oil, light crude oil, gasoil, glycerine and engine oil [2, 27].

v)  The thermo-hydraulic properties, like density (p), specific heat (c,), viscosity (1), and thermal conductivity (k)of
the fluids have been selected for the analysis and their values are shown in Table 2.

vi) The mathematical formulas and correlations for the B-D approach have been executed in MS Excel 2016.
Table 1. Structural parameters of the STHX-SB

Item Unit Value
Heat exchanger type ASME E
Shell inside diameter (D) m 0.144
Shell outside diameter (D) m 0.159
External diameter of tube (d,) m 0.016
Internal diameter of tube (d;) m 0.015
Tube pitch (P,) m 0.019
Overall tube length (L) m 1.051
Number of tubes (N;) 19
Tube layout angle (8,) Degree (°) 30
Number of baffles (N,) 12
Baffles thickness (ty,) m 0.005
Baffle spacing (L) m 0.0875
Baffle cut (B.) % 30
Material Stainless steel
Flow direction Counter flow

Table 2. Thermo-hydraulic properties of the six fluids

Working fluids Ethylene Kero_sene nght_ Gasoil ~ Glycerine Eng_lne
glycol oil crude oil oil
Density (p), (kg/m?) 1079.0 891.45 801.05 815.0 1230.0 853.9
Specific heat (cp),(J/kg.K) 2637.0 2198.8 2087.89 2100.0 2427.0 2119.0
Viscosity (), (Pa.s) 0.00342 0.00084 0.0024 0.0025 0.05 0.03915
Thermal conductivity(k), 0.261 0.142 0.1412 0.135 0.292 0.138

(W/m.K)

2.1 The Bell-Delaware method

The B-D method is a widely applied approach for computing the hs and APs in an STHX. It considers various
parameters, including shell-side and tubeside to enhance accuracy. This method acknowledges that only a portion of the
shell-side fluid flows perpendicularly across the tubes, while the rest moves through bypass areas, following the path of
least resistance. In typical designs, up to 40% of the total flow follows these non-ideal paths, significantly influencing the
heat transfer capacity and pressure loss phenomena. To account for these effects, the total fluid flow is divided into several
distinct streams.

These fluid streams in an STHX are ranked based on their thermal effectiveness. The A stream (tube to baffle hole
leakage) is the most effective, as high heat transfer occurs in the annular spaces. The B stream (cross flow through the
tube bundle) is also completely efficient for the outcomes hs and APs. The C stream (bypass for bundle to shell) is only
partially effective, as it flows around the perimeter of the tube bundle. The E stream (leakage for shell to baffle) is the
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least effective, especially in laminar flow. The F stream (bypass for tube pass partition) forms due to open passages in
multipass units, as shown in Figure 1 [3, 33].
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Figure 1. Illustrates various stream flows within the tube bundle
2.1.1 The shell-side parameters

For a fixed tube sheet heat exchanger, bundle to shell clearance (L) is given by Eq. (1):

Lbb = 12 + DS (1)
The bundle diameter (D) is evaluated from the Eq. (2):
Dotl = Ds - Lbb
=Dy —do @)
Dctl = Dotl - do

where, d,is the tube outside diameter.
2.1.2 The auxiliary calculations

These are the additional relations which are applicable in B-D method for determining the hs and APs.

],p (By pass lane)

L <

Baffle cut

*
D, (1-2B)

.

\\ Center tube limit dia.
\ T'ube limit outer dia.
\ Internal dia. of shell

Figure 2. Basic configuration of segmental baffles
The central angle of a baffle cut (64), as illustrated in Figure 2, is expressed by Eq. (3):

B4s = 2.cos™1(1 — 2.B,) 3)
The upper central angle of the baffle cut (8.4) as illustrated in Figure 2. It is defined by Eq. (4):
D..(1-2.B
By = 2.cos? [M] 4)
Dctl

The cross-flow area for shell-side (S,,,) is given by Eq. (5):

Dctl- (Pt - do)]

Sm = Lpec [Lbb + P )
n

Here P, represents the tube pitch perpendicular to the shell cross-flow and P; is tube pitch.

Also P,= P, for 30" and 90° tube layouts
= (0.707.P,) for 45’ tube layouts
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The total area for window flow (S, ) is given by Eq. (6):

1
g = g Dg (Gds — Sin Gds) (6)
Further, to estimate the tubes fractions in baffle window (F,,) and in an absolute cross-flow(F:), as shown in Figure 2
by a distance of D. (1 — 2. B,) is given by Eq. (7):

Sw

1
Fo =1+ E [sin Oca — ectl] ()

Similarly, the tube number in the window (N,) is expressed by Eq. (8):
. Niw = Ni. Fy, (8)
where, Fyy, = P [Sin O,y — 6.4
The window area for the segmental baffle filled by the tube (S,,.) is given by Eq. (9):
Swt = New: 7 do” 9)
The net cross-flow area through one baffle window (S,,) is given by Eq. (10):
Sw = Swg — Swt (10)

The total number cross-flow section of tube rows effectively crossed in single cross-flow section (Ni.) i.e. between the
baffle tips is expressed by Eq. (11):

D..(1-2.B
Nic = S(—C) (11)
Pp
where P, stands for the tube pitch on the cross-flow direction.
P, = (0.866.P,) For 30 tube layout
= (0.707.P,) For 45’ tube layout
=P For 90° tube layout
and the effective tube rows number crossed in the baffle window (N,,) is expressed by Eq. (12):
0.8.B..D
cw — % (12)
The bundle to shell by pass area (Sy,) is expressed by Eq. (13):
Sp = Lie- (Ds — Don)- (Ds — Do) (13)
This is for no tube partition width i.e. for single pass.
The leakage area between the shell and a single baffle (Sgy,) is expressed by Eq. (14):
Sep = Dg. Lgp. (1.571 — 0.0044. 645) (14)
where Ly, refers to the gap between the shell and the baffle plate.
The leakage area between the tube and a single baffle (Sy,) is calculated by Eq. (15):
. dy. Lep. Ne. (1 = Fy)
b = oMt zt (15)
where Ly, is the gap between the tube surface and the edge of the tube hole. Its value ranges between 0.8 to 0.4.
The cross-flow velocity for shell-side (Ug) and mass flow rate (ms)is denoted by Eq. (16):
U, =
* " PsSm (16)

where, mg= Shell-side mass flow rate (kg/s).
ps = The shell-side fluid density (kg/m3).

2.1.3 The shell-side heat transfer and pressure loss correction factors:

In the B-D method, the flow fraction for each stream is determined based on its respective flow area and resistance.
The heat transfer coefficient (hs) for ideal crossflow is then adjusted using correction factors to account for the influence
of each stream. The shell-side hy is expressed by Eq. (17):

hg = hig.Je. Ji-JoJsJr (7
where h;4 is the hg for pure cross-flow of an ideal tube bank.
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The segmental baffle window correction factor (J.), for the baffle cut range 15 to 45% is expressed by Eq. (18):

Jo = 0.55 + 0.76.F, (18)
In a heat exchanger that’s optimally designed with liquid on the shell-side, its typical value is around one.

The correction factor for baffle leakage effects for heat transfer (J;) is expressed by Eq. (19):
Ji=044.(1 —r1r5) + [1—0.44.(1 — ry)].exp(—2.2.17) (19)

Ssb = Ssb+Stb
Ssb+Stp’ !

where, rg =

Sm

The adjustment factors for heat transfer due to bundle bypass effects (J,). To calculate J, by Eq. (20), the required
parameters include the number of sealing strips and the number of tubes in the cross-flow area.

I = exp {~Cy. (Foop)-[(1 = @16)) ]} For, 1 < 05 (20)

where, J, =1 forrg > 0.5and Fg,, = Ss—b

For, R, <100 = C; = 1.35 and

R > 100 = (; = 1.25.

The heat transfer correction factor for unequal baffle spacing at inlet and outlet (J,) is expressed by Eq. (21):
Here, ] = 1, in a heat exchanger where the spacing between all baffle plates is uniform.

Otherwise,

(Nb _ 1) + (%)1—n1 + (];Tz)l—nl
=0+ () + (2)
For, R, =100, = n, = 0.6 and R, < 100, = n, = 1/3

(21)

Js =
The correction factor for heat transfer in laminar flow with adverse temperature gradient (J,.) is given by J, = 1 for R, > 100.

2/3 0.14
s k
hid = ]ideS' (rsn—m) . (H_Cp) . (ﬁ) (22)
Here, Gy = =*, P = “Tcp and @, = ui

W

Now, the h;q is given by Eq. (22):

where, @, is the viscosity correction factor addresses the change in a fluid's viscosity due to the temperature difference
between the tube wall (u,,) and the bulk fluid (p).

Now, the non-dimensional thermal factor (J;q) in the ideal cross-flow is evaluated by Eqg. (23) [6, 33]:

Jia = as. (1331;; do)a -(Re)* (23)

where, a = 140.14.(Rg)24
2.1.4 The pressure loss calculations with the Bell-Delaware method

The shell-side APs is calculated by adding all the losses for the intake and outlet sections and the internal sections
after considering several correction factors as shown in Figure 3.

Minmmmmmmm.mmi i D Entrance and exit section

000000000 000000000 000000000 000000000 |000000000 000000000

000000000 ]000000000]000000000|000000000000000000]000000000| "
205000000| 200080000 | 208000800 300060006 |20906900| 500080080 W
h Window sections
—
o

000000000 ]000000000]000000000|

SHiSSHEn SIS St ettt s sny nes et
hii

00000]000000000]000000000|

Internal crossflow section

Figure 3. Factors contributing to pressure loss (shell-side) ina STHX

The total shell-side APs consists of all the losses due to (1) cross flow AP, (2) window regions AP,, and (3) entrance and
exit section on AP, is given by Eq. (24):

AP; = AP, + AP, + AP, (24)
The correction factor for baffle leakage effects (R;) is expressed by Eq. (25):
R; = exp[—1.33(1 + rg).1P] (25)
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The correction factor for bundle bypass effects (Ry) is expressed by Eq. (26):
If, rgs < 0.5, then
(1/3)
Ry = exp{—Cr. (Fapp) [(1 = 2.15)) ]} (26)

here, for, R, < 100 = C, = 0.45
and, R, > 100 = C, = 3.7.

Further, for rgs = 0.5, Ry, is assumed equal to 1.
The correction factor for unequal baffle spacing at the inlet and outlet (R) is given by Eq. (27):
Lb(: Lbc (2-n2)
=)
° [ L Lbo

(2-n3)

for, R, <100 = n, = 0.2
and, R, > 100 = n, = 1.

where, Ly,; and Ly, are the distance for the baffle plates at the intake and exit sections, Ly, distance between the baffles
as shown in Figure 4. Otherwise R, = 2, when Ly; = Ly, = Ly,

l Lbo

o

I‘bi LbC

s T

Figure 4. Standard arrangement of baffle spacing

Now, the pressure loss value in the cross-flow among all the central baffle plates (AP,) is given by Eq. (28):
APC = (Nb - 1)-Apideal- Rl' Rb (28)

Zfid.NC.Gg Hw 0.14
Hatels (u) For, R, > 100

where, the friction factor (f;4) for an ideal tube bundle is determined by Eq. (29):
b
fig = by (22%2) . (R (29)

t

where, (N, — 1) is the number of cross flow zones, and AP,qeq =

_bs
1+0.14.(Re)P4
The pressure loss in the window zone (AP,,) is given by Eq. (30):

APW = Nb' pr,id' Rl (30)

where, b =

240.6.N¢w].mg?
where, AP, ;q = Zr&Newlms”
g 2.8¢-p-Sm-Sw

and, the pressure loss in the shell intake and outlet sections (AP, ) is expressed by Eq. (31):
NCW
AP, = 2. APgeq. (1 + o )-Ry.Rq (31)
Therefore, APs calculation can be done by putting the values of AP, AP,, and AP, in the Eq. (24).

3. RESULTS AND DISCUSSION
3.1 The model validation

The experimental data from Chen et al. (2019) has been utilised to verify the numerical results of the present study
at various mass flow rates. The STHX data is summarised in Table 1. The experimental findings are contrasted with
predictions from the B-D method, a widely applied approach in heat exchanger designs. As shown in Figure 5(a) and
Figure 5(b), the average deviations between the experimental outcomes and the B-D method concerning the hsand APs
on the shell-side are approximately 10% and 7%, respectively. These findings confirm the reliability of both the
experimental setup and data processing methodology. Furthermore, Figure 5(a) indicates that the model tends to over-
predict compared to the experimental data [27].

journal.ump.edu.my/jmes 10883



M. Saif et al. | Journal of Mechanical Engineering and Sciences| Volume 19, Issue 4 (2025)

4750 7.0
45004 . 6.5 °
4250 - o 6.0 m
1 =— Experiment result 55] —m— Experiment result i
4000+ —e— Bell-Delaware result -l 5.0 #— Bell-Delaware result
3750 45 7
~ 35004 ] 'y
g ] 404 ~
“g 32504 £ 3.5 /
£ j 2 ]
% 3000 2 3.0 ] /'/
= 1 2,54 .
= 27504 y ]
1 A 2.0 A~
2500 / 1 P o
] _ 1.5 v
22504 ] -
1 1.0 '/z/
2000 - 0.5 -
1750 T T T T T T T T 0.0 T T T T T T T T T T
0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0
m_(kg/s) m_(kg/s)
(@) (b)

Figure 5. Comparison of experimental and B-D results: (a) for hs, and (b) APs
3.2 The Effects of The Tube Layouts in a STHX

The tube layout in a STHX affects thermal performance, pressure drop, and maintenance. The selection is determined
by heat transfer requirements, pressure constraints, and fluid properties, ensuring optimal exchanger performance. The
three main layouts are triangular (30°), square (90°), and rotated square (45°). The triangular layout maximises tube
density, enhancing heat transfer through turbulence, but increases pressure loss. The square layout allows easier cleaning
and lowers shell-side pressure loss, making it ideal for high-fouling fluids but with lower heat transfer efficiency. The
rotated square layout offers a balance between heat transfer and maintenance accessibility, providing moderate thermal
performance for applications requiring both efficiency and cleanability. Figure 6, Figure 7 and Figure 8 illustrate the
effects of 30°, 45°, and 90° tube layouts for six different fluids on heat transfer coefficient, pressure loss and the ratio of
(hs/APs) at varying numbers of baffles by employing the B-D method [37].

Figure 6 shows that an increase in the baffle numbers in a triangular layout (for m=3.5 kg/s, and B, =25%) leads to
a rise in the hs and APs. Ethylene glycol has the highest hs, while engine oil has the least hs. Further, engine oil has the
highest-pressure loss, while ethylene glycol has the least. Additionally, as the number of baffles decreases, the ratio of (hs
/APs) increases for all fluids, but it is highest for ethylene glycol at N, = 6. It has also been noticed that from N, = 6 to
12, there is a smooth rise (16.24%) in hs, but a sharp rise (260.42%) in pressure loss has been observed.

—=— Ethylene glycol
—e— Kerosene oil

—a— Ethylene glycol

0254

0.204

0.154 0154

(m/s.K)

b (W/m*K)

« 0.104 0.104

h/aP, (m/sK)

h/aP,

0.05 4 0.05 4

: 0.00 . T 1 T
12 6 8 10 12
Number of Baffles N' Number of Baffles N, Number of Baffles N,
() (b) (©
Figure 6. Impact of baffle numbers: (a) for hs, (b) APsand (c) the ratio of (hs/APs)

Figure 7 shows the impact of the number of baffles in a rotated square layout. It is evident from the outcomes that
similar trends are noticed for the fluids in terms of hs, APsand the ratio of (hs/APs) as noted in the triangular layout.
Likewise, it has also been noticed that from Ny, = 6 to 12 there is a smooth rise (20.88 %) in hs, but a sharp rise (265.51
%) in pressure loss has been observed. For Figure 6 and Figure 7, increasing the number of baffles enhances crossflow
segments and tube fluid contacts, promoting turbulence and minimising dead zones, which improves hs. Since AP is
directly proportional to Ny, each additional baffle adds linearly to flow resistance, causing pressure drop to rise steadily.
In contrast, the heat transfer coefficient increases mainly through enhanced turbulence, which saturates after moderate
baffle numbers. Thus, beyond 6-8 baffles, the pressure drop penalty grows disproportionately larger than the marginal
heat transfer gain. Among the fluids, ethylene glycol achieves the highest hs, followed by kerosene, light crude oil, gas
oil, glycerine, and engine oil. Engine oil records the highest APs due to its high viscosity, while ethylene glycol and
kerosene maintain relatively lower APsbecause of lower viscosity and easier flow. Thus, ethylene glycol exhibits the
highest (hs /APs) ratio, whereas engine oil shows the lowest (hs /APs) ratio. Additionally, fewer baffles (6-8) yield the
highest (hs /APs) ratio, particularly for ethylene glycol and kerosene. For high viscosity fluids, additional baffles are
inefficient but fewer baffles are more effective.

T T T T T T T 0.00 T T T
6 7 8 9 10 1 12 6 8 10
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Figure 7. Shows impact of baffle numbers: (a) for hs, (b) APs, and (c) the ratio of (hs/APs)

Figure 8 shows that a rise in the baffle numbers for a square layout leads to a rise in the hsand APs. Here, kerosene
oil has the highest hs as compared to ethylene glycol, while engine oil has the least hs. Since the kerosene oil’s lower
viscosity and associated enhancement in turbulence, combined with the geometric benefits of a square tube layout, results
in a higher hs relative to ethylene glycol and simultaneously increase frictional pressure losses too. Further, engine oil has
the highest-pressure loss while ethylene glycol has the least. Additionally, as the number of baffles decreases, the ratio of
(hs /APs) enhances for all fluids but it is highest for kerosene oil at N, = 6. Likewise, it has also been noticed that from
N}, = 6 to 12, there is a smooth rise (26.28 %) in hs, but a sharp rise (266.88 %) in pressure loss has been observed.
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Figure 8. Shows impact of baffle numbers: (a) for hs, (b) APs, and (c) the ratio of (hs/APs)

Moreover, Figure 9 exhibits the values of (hs/APs) ratios for the six considered fluids and three tube layouts. The
graph patterns clearly indicate that the performance of the 45° tube layout is far better as compared with 30° and 90° tube
layouts under the similar geometrical and operating circumstances.

0.35 I 45° Tube layout
I 30° Tube layout
0.30 I 90° Tube layout
0.25

0.20 +

h)/APj (m/s.K)

0.15 4

Ethylene glycol Kerosene oil Light erude oil — Gasoil Glycerine  Engine oil

Working fluids

Figure 9. Shows the values of (hs/APs) ratio for all the fluids and tube layouts
3.3 The Effects of The Baffle Cutsina STHX

The baffle cuts are openings in baffle plates that control shell-side fluid flow, influencing heat transfer and pressure
loss. They direct fluid flow, reduce dead zones, and enhance turbulence for better heat exchange. Larger cuts means lower
pressure loss but may reduce heat transfer, while smaller cuts increase turbulence but raise pressure loss. Baffle cuts
normally range between 15 to 45% but the optimum values of baffle cut deviate between 22 to 35% inside diameter of
the shell [3].

Figure 10, illustrates the effect of baffle cut variations on the hs, APsand the ratio of (hs/APs) for the 30°, 45° and
90° tube layouts (for ms = 3.5 kg/s and N,=6). It is evident that as the baffle cuts increase, the hs and APsreduce for all
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the layouts. Additionally, the maximum value of hs and AP; are attained at smaller cut i.e. 22%, while the lowest value at
higher cut i.e. 40%. Further, the value of (hs/APs) is highest for the 45°, followed by 90° and lowest for 30° layouts. The
highest values of the (hs/APs) are at 35%, 30% and 40% baffle cuts for 45°, 90° and 30° layouts respectively. Therefore,
the analysis reveals that the performance of 45° layout is better at all baffle cuts when compared with other layouts. The
reason is that the 45° tube layout consistently achieves the highest hs across all baffle cuts due to enhanced crossflow
turbulence and better mixing, offering an effective balance between flow disturbance and surface utilisation. Unlike the
30° layout, which causes excessive pressure drop due to tighter packing, or the 90° layout, which eases flow but limits
turbulence, the 45° layout provides moderate APs while sustaining strong secondary flows. This ensures the best thermal-—
hydraulic optimisation, with the highest (hs/APs) ratio, making it energy-efficient, economically viable, and robust against
baffle cut variations in industrial applications.
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Figure 10. Shows impact of baffle cuts: (a) for hs, (b) AP, and (c) the ratio of (hs/APs)

4. CONCLUSIONS

In this analysis, the performance of an STHX-SB has been evaluated by adopting the B-D approach for hs, APsand
the ratio of (hs/APs). The B-D method demonstrates optimal fidelity to experimental data. The outcomes reveal that the
capability of an STHX is highly dependent on the thermo-physical properties of the fluid, baffle cuts, baffle numbers,
tube layouts and mass flow rate. From the findings, the following conclusions have been derived.

i) Although both hs and APs increase with the number of baffles in all tube layouts, the (hs /APs) ratio decreases
correspondingly.

ii) Itis noticed that ethylene glycol has the highest hs for 30° and 45° layouts, but kerosene oil has the highest hs for 90°
layout, though the engine oil has the lowest hs in all layouts. Similarly, engine oil has the highest and ethylene glycol
has the lowest APs for all tube layouts.

iii) It has also been noticed that from N}, = 6 to 12, there is a smooth rise in hs, but a sharp rise in APshas been observed
for all tube layouts.

iv) Itis noticed that at N, = 6, the value of (hs/APs) ratio is maximum for all fluids and layouts.
v) Itis seen that as the baffle cuts increase, the hs and APs decrease for all the layouts.

vi) It is noticed that the highest hs has been observed for 45° layout while lowest for 90° layout. Further, the APs is
largest for 30° layout and least for 45° layout.

vii) The ratio of (hs/APs) is at highest for the 45° layout, followed by the 90° and 30° layouts.

viii) It was found that a baffle cut of B, = 35%, produce the highest value (hs/APs) for the 45° layout. Therefore, 45°
layout exhibits more productivity in terms of hs, APsand the ratio of (hs/APs).
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