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In this numerical study, the heat transfer performance of shell-and-tube heat exchangers (STHXs) has been compared for two
different tube arrangements. STHX having 21 and 24 tubes arranged in the inline and staggered grid has been considered for heat
transfer analysis. Shell-and-tube heat exchanger with staggered grid arrangement has been observed to provide lesser thermal
stratification as compared to the inline arrangement. Further, the study of variation in the mass flow rate of shell-side fluid having
constant tube-side flow rate has been conducted for staggered grid structure STHX. The mass flow rate for the shell side has been
varied from 0.1 kg/s to 0.5 kg/s, respectively, keeping the tube-side mass flow rate as constant at 0.25kg/s. The influence of bulk
mass-influx transfer rate on heat transfer efficiency, effectiveness, and pressure drop of shell-tube heat exchangers has been
analyzed. CFD results were compared with analytical solutions, and it shows a good agreement between them. It has been
observed that pressure drop is minimum for the flow rate of 0.1 kg/s, and outlet temperatures at the shell side and tube side have
been predicted to be 40.94°C and 63.63°C, respectively.

1. Introduction

Heat transfer analysis of shell-tube heat exchangers is critical
owing to their applications in many of the engineering
domains like energy production, industrial chemistry, bi-
onics, nanotechnology applications, air conditioning, re-
frigeration, and food industries [1-3]. It has been reported

that around 35% of the total heat exchangers are STHXs [4].
STHX of various sizes is used widely in many industrial
applications [3, 5, 6]. The layout model of draft-structure
configurations of the shell-and-tube heat exchanger may
vary according to the need. Tubular Exchanger Manufac-
turers Association (TEMA) publishes the standardizing
norms or regulations and design configurations regularly.


mailto:shubham543sharma@gmail.com
mailto:nimakhalilpoor@gmail.com
https://orcid.org/0000-0001-9446-8074
https://orcid.org/0000-0001-9864-8152
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1155/2021/6645128

The Bureau of Indian Standards also suggested a design
configuration and standards for shell-and-tube heat ex-
changers [7]. The shell-side flow inside the STHX is very
complicated due to bypass between different flow zones and
leakages. The effect of leakages and bypass on the perfor-
mance of STHX may vary for different shell designs and sizes
[8, 9]. Several studies put shell-and-tube heat exchangers in
the area of focus due to their vast utilization in the industry,
especially in the oil and gas industry [10-12]. Bhuyian et al.
[13] reviewed the performance of plate-fin and tubular heat
exchangers. Costa and Queiroz [14] investigated the design
optimization procedure of the STHX to minimize the
thermal surface area. Jozaie et al. [15] investigated the effect
of baffle spacing on the heat transfer rate, pressure drop, and
cost of the STHX and concluded that the optimal baffle
spacing to achieve a higher heat transfer rate, lower pressure
drops, and cost would be around 8-12 inches. Li and Kottke
[16] studied the variation of baffle spacing on pressure drop
and heat transfer coefficient of STHX with staggered tube
layout. Rai et al. [17] performed a parametric study on the
STHX and monitored that the tube pitch ratio is the main
factor for the thermal performance of STHXs. Patel et al. [18]
reviewed all the CFD-based studies investigating the heat
transfer in the STHXs. Lebele-Alawa and Egwanwo [19]
numerically investigated the heat transfer in the heat ex-
changers and reported high efficiency and accuracy for the
presented numerical model. Chalwa and Kadli [20] inves-
tigated the effect of vertical baffles on the heat transfer
performance and pressure drop of the STHXs. Anand et al.
[21] used the Bell-Delaware method to perform an exper-
imental investigation on the performance of STHXs. Yang
et al. [22] compared four modeling methods and validated
the compared models with experimental results for the rod
baffle heat exchangers. Wang et al. [23] studied the effect of
installing sealers on the shell side of the STHX. They re-
ported a considerable enhancement in the heat transfer
coefficient and energy efficiency of the STHX. Ramezanpour
et al. [24] investigated the effect of the staggered tube bundle
in a turbulent cross-flow regime to find the optimal layout.
Kwak et al. [25] varied the number of tube rows of staggered
finned tube bundles and studied their effect on the heat
transfer rate and pressure drop. It has been inferred that three
rows of tube bundles obtained the least pressure drop among
other tested schemes. Beale and Spalding [26] compared the
performance of STHX for inline and staggered tube banks
under transient flow conditions. Jayawel and Tiwari [27]
performed a similar study and compared the performance of
inline and staggered tube banks in a 3D model and validated
the obtained results with the data available in the literature
and reported high accuracy for the presented code.

In the present study, two different types of shell-and-
tube heat exchangers, one with an inline tube structure and
the other with staggered tube structure, have been studied
numerically for heat transfer performance. CFD simulations
were performed to analyze the heat transfer efficacy of both
heat exchangers. A shell-tube heat exchanger with a stag-
gered grid structure resulted in improvements in heat
transfer performance, so it has been considered for further
analysis. In the second phase of the study, variation in the
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bulk mass-transfer flow rate of lateral shell-face fluid has
been analyzed, keeping the tube-side flow rate as fixed at
0.25kg/s. The results and conclusions have been drawn
based on the observed outcomes of heat transfer under
different bulk mass flow rates varying from 0.1 kg/s to 0.5 kg/
s. With the advancement of computer programming and
technology, numerical simulation has replaced prototype
testing. Nowadays, numerical simulations are being con-
ducted to optimize the efficiency of various devices, tools,
and equipment [28-33]. To perform the study, numerical
simulation has been done on 3D geometry of STHX using
ANSYS FLUENT 15 to know the effect of variation in mass
flow rate of shell-tube sided and arrangements of conduit-
tube wads or bales in the heat exchangers. CFD results have
also been compared with the analytical solutions, and the
differences observed have been examined.

2. Modeling Details

In this study, the tubes of shell-tube heat exchangers have
been arranged in two different configurations, inline
structure and staggered structure having 21 and 24 numbers
of tubes, respectively. The shell has dimensions of 94.7 mm
in diameter and 810.1 mm in length. Likewise, the outer and
inner diameters of the tubes are 12.5mm and 11 mm, re-
spectively. Water has been considered as drive operating
medium fluid for both shell and tube sides. The physical
properties of water have been considered as those given in
the Fluent database.

2.1. Governing Equations. Steady and incompressible flow
conditions have been assumed for the sake of simplifying the
numerical analysis. The mass flow rates used in the present
study correspond to turbulent flow conditions, and thus
turbulence modeling has been done using the two-equation
“k-¢” turbulence model. The “k-¢” turbulence model has
been used due to its versatility and robustness in handling a
wide range of turbulent flows. At the same time, the model is
stable and poses lesser convergence difficulties. The gov-
erning equations for the flow are given as follows
[23-28, 34].

Conservation of mass: V. (pV) =0. (1)

Momentum equation:

X-momentum:

0

V.(puV) = —o£ +
YT o T ox T oy oz

Y-momentum:

or 19 ot
V. (va) = —a—p + = =24 Pg. (3)

Ly
dy o0x Ody 0z

Z-momentum:
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N
. =— 4
V-(pwV) oz ox dy 0z “
Energy equation:
V.(peV) = —pV.V + V.(kVT) + g + @, (5)

where “@” is the dissipation function and can be calculated
from [23-28, 34]

oo bl @) )

u ow\ [(ov ow\ —
+($+$) +($+@) ]+/\(V.V) .

(6)

2.2. Geometry. The geometry of STHX has been modeled in
SolidWorks, and Table 1 describes the dimensions of the
heat exchanger. The schematic of STHX with a staggered
grid structure and inline grid structure is presented in
Figures 1(a) and 1(b). In the present work, the cold fluid has
been made to flow in the tubes and hot fluid through the
shell. It can also be seen that there are two baffles provided in
the shell of the STHX heat exchanger.

2.3. Mesh Generation. The tetrahedral mesh has been gen-
erated using Fluent Meshing. The grid generated has been
analyzed for aspect ratio and orthogonal quality. The
computational grid for STHX has approximately 17,622,730
and 18,233,589 grid elements for the inline and staggered
grid. The aforementioned grid density has been obtained
after carrying out the necessary grid convergence test.

2.4. Boundary Conditions. The inlet mass flow rate and inlet
temperature values have been assigned to the STHX. The
shell fluid inlet temperature has been considered as 20°C,
and the tube-side fluid inlet temperature is 80°C.

Gauge pressure has been considered to be zero at the
outlet. The velocity profile has been assumed to be uniform
for simplifying the calculations. The no-slip condition has
been considered for all the wall surfaces, and the heat flux
value has been assigned as zero for the outer surface of the
shell, i.e., the shell-side outer surface has been considered as
adiabatic (Table 2).

2.5. Turbulence Model. The mass flow rate used for the
flowing stream corresponds to turbulent flow conditions,
and hence turbulent effects cannot be ignored. The standard
“k-¢” model has been employed for the turbulent transport
analysis. The two-equation “k-¢” turbulence model has been
used due to its simplicity and faster convergence as com-
pared to other models. In the past literature available on In

3

TaBLE 1: Design parameters for shell-tube heat exchangers.
Parameters Design values
Shell diameter, Dj 94.7 mm
Outer-tube diameter, d,, 12.5mm
Bunch-tube bale structure Inline and staggered
Pitch 1.5625 cm
Number of tubes, N; 21 and 24
Heat exchanger length, L 810 mm
Number of baffles, N, 2
Shell fluid inlet temp., T, 20°C
Tube fluid inlet temp., Thin 85°C

previous research on CFD studies, the “k-¢” model has been
used for almost every flow situation. Thus, the same model
has been considered as well. For steady-state conditions, the
model equations are [23-29, 34]

0 o[ Y \ Ok
— (pku;) = — B2 4G+ Gy — pe+ Sp
dx, (pku;) dx; _<#+0k>axj]+ Kt Gp = pet O
(7)
0 o0 te\ Oe
d_xi(Pw")_a (#ﬂz)a]
i : (8)
& 82
+ ClsE (Gk - C3£ Gb) - CZsPZ + Ss’
k2
/"t:PCp?- (9)

Equations (7) and (8) are the transport equations for k
and ¢, and equation (9) is the equation for turbulent eddy
viscosity. In equation (7), i=1, j=1, 2, and 3 represents the
space variables in “x,” “y,” and “2” directions, and the model
constants values used in the turbulence model are

Cl&s: 144, CZ&S = 192, C”ZO.OQ, ok = 10, and Oge = 1.3.

3. Results and Discussion

The numerical analysis has been carried out on STHX with
inline and staggered tube structure, and a comparison of
results shows that the performance of STHX is better with
staggered tube structure than that with the inline tube
structure. Outlet temperature for shell and tube side is given
in Table 3. The effectiveness for the staggered and inline tube
heat exchangers is 64.10% and 53.15%, respectively. Based on
effectiveness, it is evident that staggered tube heat exchanger
is more efficient as compared with aligned tube-conduit heat
exchanger, so further calculations have been performed on
staggered grid shell-tube type heat exchanger only.

From the results, it can be clearly identified that the heat
transfer performance of shell-tube type heat exchanger with
staggered grid structure is better than the heat exchanger
with inline grid structure (Figures 2(a)-2(c) and
Figures 2(d)-2(f)). So, for further analysis of variation in
bulk mass-influx flow rate for shell fluid, shell-and-tube heat
exchanger with staggered grid structure has been consid-
ered. Mass flow rate of shell-side fluid has been varied from
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FiGure 1: (a) STHX with staggered grid structure. (b) STHX with inline grid structure.

TaBLE 2: Boundary conditions applied at various faces.

Sr. Physical o
No. location Boundary condition
1 Shell wall Adiabatic wall boundary condition (no slip) (§=0; u=v=w=0)
2 Baffle walls Wall boundary condition (no slip) (T} = T, =27°C; u=v=w=0)
3 Shell outlet Pressure outlet (P = P T=Topy)
4 Tube outlet Pressure outlet (P = P, T=Ta)
5 Pipe walls Conjugate heat transfer
6 Inlets Mass flow inlets (corresponding to 0.1 kg/s—0.5 kg/s for shell side having fixed inlet temperature T, =20°C and
0.25kg/s for tube side with fixed Tj;,=85"C)
TaBLE 3: Outlet temperatures of shell-tube heat exchanger.
Zone STHX with inline tube structure ("C) STHX with staggered tube structure ("C)

Shell inlet
Shell outlet
Tube inlet
Tube outlet

20.00
35.33
85.00
50.45

20.00
42.93
85.00
43.33

()

FiGgure 2: Continued.
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(b)

(c)

(d)

Ficure 2: Continued.
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FIGURE 2: Static temperature variation in STHX with (a—c) inline grid and (d-f) staggered grid.

TaBLE 4: CFD results for variation in mass flow rate.

Outlet
temperatures
Mass flow rate (kg/s) P(eC) Heat transfer coefficient (W/m?K)  Shell-side pressure drop (Pa) Rate of heat transfer (W)
Tc Th
0.1 40.94 63.63 714.33 450.9 8750
0.2 32.63 70.90 1045.84 530.4 10557
0.3 29.12 74.05 1307.12 648.6 11443
0.4 27.17 75.53 1531.20 710.1 11989
0.5 2592 7717 1731.15 862.2 12365

0.1kg/s to 0.5kg/s, and tube-side flow has been taken as
constant at 0.25kg/s.

Table 4 describes the outlet temperatures of the shell-
tube heat exchanger for changing mass flow rates. Shell fluid
inlet and tube fluid inlet temperatures are kept identical for
all cases, which correspond to 20°C and 85°C, respectively.
Table 5 describes the effect of variation in mass flow rate on
flow parameters such as pressure drop and heat transfer
characteristics using respective analytical formulas.

Table 6 presents the percentage discrepancy among the
CFD predictions and analytical outcomes by taking the

TaBLE 5: Analytical calculations for variation in mass flow rate on
flow and heat transfer.

Mass flow Hceng'fcircair;slfter prilsiul:lg:op Rate of heat
rate (kg/s) (W/m?K) (Pa) transfer (W)
0.1 607.11 414.83 7262.5
0.2 941.04 498.57 9739.6
0.3 1202.55 616.17 10921.8
0.4 1453.11 674.95 11624.4
0.5 1678.69 810.46 11991.6
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TABLE 6: Percent difference between CFD analysis and analytical calculations.

Mass flow rate (kg/s) Heat transfer coefficient (W/m?K)

Shell-side pressure drop (Pa) Rate of heat transfer (W)

0.1 15.01 8.01 4.88
0.2 10.02 6.20 8.39
0.3 8.00 5.00 4.77
0.4 5.10 4.95 313
0.5 3.03 6.00 3.11
1000
90
o . 900 R R
£ 0 Ly 3L TIx 462743 y=1002.3x + 339.75
E 2L 800 S
g 50 coh it RIS 08795 R*=0.9836
o
g 40
:q:) 30 _ 700
E fg y= 23550+ 41806 £ 600 .= 967.64x +312.7.
0 R*=0.8671 g | R 0.9887
0 0.1 0.2 0.3 0.4 05 0.6 M S
Mass fl k 2
ass flow rate (kg/s) 2 400
—e— Cold fluid — Linear (cold fluid) &
—m— Hot fluid —— Linear (hot fluid) 300
FiGure 3: Effect of outlet temperature (°C) against the mass flow 200
rate (Kg/s). 100 §=-527x+7613
R*=0.4496
0
0 0.1 0.2 0.3 0.4 0.5 0.6
2000 Mass flow rate (Kg/s)
1800 - R - —o— Computational fluid dynamics (CFD) analysis results
y=2519x + 510.23
1600 - R2 = 0.9896. - - Analytical calculation results
(\E Percentage difference between CFD analysis results
= 1400 + "~ R . . .
s = 2655.2x + 379.93 and analytical calculation results
E 1200 4 "~ R2=0.9943 —— Linear (computational fluid dynamics (CFD)
5 analysis results)
&
“g 1000 + —— Linear (analytical calculation results)
Q
3 800 4 Linear (percentage difference between CFD analysis
é results and analytical calculation results)
=
= 600 A .
g FiGure 5: Effect of pressure drop (Pa) against the mass flow rate
T 400 (Kg/s).
200 - o L ¥ =-28.88x+ 16.896 .
R? = 0.9691 standard analy.ltical resulFs f.or pressure drop and heat
0 | ) , ' transfer coefficient occurring in internal flows as reference.
0 0.1 0.2 0.3 0.4 0.5 0.6 With the increase in the mass flow rate of shell fluid, both the

Mass flow rate (Kg/s)

- Analytical calculation results

Percentage difference between CFD analysis and
analytical calculation results

—o— Computational fluid dynamics (CFD) analysis results
—— Linear (analytical calculation results)

Linear (percentage difference between CFD analysis
and analytical calculation results)

—— Linear (computational fluid dynamics (CFD)
analysis results)

FIGURE 4: Effect of heat transfer coefficient (W/m?K) against the
mass flow rate (Kg/s).

heat transfer coefficient and pressure drop increase, but the
outlet temperature of hot and cold fluid decreases, which
ultimately reduces the potential efficiency of a shell-tube
heat exchanger. The above results show good agreement
between CFD and analytical solutions, and a maximum
difference of 15.01% has been noticed in the heat transfer
coefficient at the lowest flow rate.

The graphical representation, as illustrated in
Figures 3-6, exhibits the influence of mass flow rate vari-
ations on outlet temperatures of STHX, pressure drop, heat
transfer coefficient, and rate of heat transfer. It has been
observed that an increase in mass flow rate of shell fluid leads
to a decrease in outlet temperatures of a shell-tube heat
exchanger and enhancement of both pressure drop as well as
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FIGURE 6: Effect of rate of heat transfer (W) against the mass flow
rate (Kg/s).

heat transfer coefficient. The enhancement of pressure drop
is expected because of the turbulence in a flow field. The
related investigation was reported by Singh et al., which
analyzed that the Reynolds averaged N-S eqns.-predicated
turbulent simulation in commercial C. F. D. Fluent was
being employed for numerical analysis. The three-distinct
“k-¢,” as well as the shearing-stress-transport (S.S.T.) “k-w”
models, are being used in the analysis. In order to determine
the best-efficient and reliable turbulence model, the nu-
merical simulation efficiency analysis was compared with
empirical outcomes. For the design topography and con-
figuration in consideration, the influence of alteration of
Reynolds number (Re,), interjet, and separation distance
was being contemplated. Such factors influenced the heat
transfer coeflicient, temp., and turbulence intensity in a
stream. Results revealed that the localized “h” levels were
being considerably decreased as the separation distance
“non-dimensional-impingement separation H/D ” escalates.
The S.S.T. “k-w” design model had been reported to be the
least important determinant and reliable assessment of
empirical outcomes. With an improvement in “H/D* from
six-to-ten at “Re,” =9 x 10’ and “interjet-spacing, S/D “ of
three, the mean of heat transfer performance “h” signifi-
cantly decreases from 0.021 to 0.0193 W/cm’K. The interjet
spacing “S/D “ of three was being computed to be the more
optimal value predicated upon analytical findings as un-
veiled by the Singh et al. [34].
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4. Conclusions

The STHX has been modeled with staggered and inline tube
structures to analyze the heat transfer performance. From
the CFD simulations for the shell-tube heat exchanger, outlet
temperatures of shell-tube fluids and their effectiveness have
been obtained. From the obtained results, the following
conclusions can be drawn:

(a) STHX with staggered tube structure is better than
the STHX with inline tube structure.

(b) Effect of variation in shell fluid mass flow rate has
been analyzed on heat transfer rate, pressure drop,
heat transfer coefficient, and outlet temperatures of
shell-tube heat structure by varying the shell-side
mass flow rate from 0.1 kg/s to 0.5 kg/s and keeping
tube-side flow rate as constant at 0.25kg/s. The re-
sults show that with the rise in shell-side mass flow
rate, both the pressure drop and heat transfer co-
efficient enhance and decrease the outlet
temperatures.

(c) It has been observed that pressure drop is minimum
for a mass flow rate of 0.1kg/s, and outlet temper-
atures at the shell side and tube side are 40.94°C and
63.63°C, respectively. The increase in pressure drop
for increasing mass flow rate has been attributed to
the turbulence, and thus higher shear stresses exist at
the surfaces.

(d) It has been observed that there is an excellent accord
among CFD and analytical findings. The percentage
difference between analytical solution and CFD
simulation results shows the highest difference of
15.01% for heat transfer coeflicient, 8.01% for shell-
side pressure drop, and 8.39% for heat transfer rate.

Abbreviations

x, y, zz Coordinate axis

Dy Shell diameter (mm)

d;: Inner diameter of tube (mm)

dy: Outer diameter of tube (mm)

e Energy (k])

g Acceleration due to gravity (m/s”)
Gy Production term for k (m?*/s?)

Gy: Buoyancy term for TKE (m?*/s%)
G Production term for ¢ (m?*/s®)

h Convective heat transfer coefficient (W/m?)
i, j: Loop indices

k: Turbulent kinetic energy (m?/s”)
L: Length of heat exchanger (mm)
Ny Number of baffles

Ng Number of tubes

T: Temperature ("C)

Tein: Temperature of cold fluid ("C)
Thin: Temperature of hot fluid (°C)
P: Pressure (Pa)

q: Heat flux (kW/m?)

u, v, w: Velocity components (m/s)
Computational fluid dynamics
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STHX: Shell-and-tube heat exchanger
atm:  Atmosphere
:  Greek Symbols
¢:  Viscous dissipation function
T,y Viscous shear stress (Pa)
A: Second coeft. of viscosity (kg/m-s)
yg: Turbulent viscosity (kg/m-s)
y:  Dynamic viscosity (kg/m-s)
e Dissipation rate (m?/s’)

Density (kg/m?)
0x: Turbulent Prandtl number for k
0.: Turbulent Prandtl number for ¢
V:  Del operator.
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