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ABSTRACT

In this paper, a thermal performance investigation has been conducted on shell and tube heat exchangers used as re-boilers
for both with and without baffles. Common steam was employed as the heating medium. A three-dimensional two-fluid
numerical model was developed for the re-boiler shell side, aiming to calculate two-phase flow for thermal-hydraulics
performances. Four models of shell and tube heat exchangers were created, including two (with and without baffles) with
square tube arrangements and triangle tube arrangements. The shell diameters of 297mm and the length of 660 mm. The
process fluid for the shell side was n-pentane, while water was selected for the tube side. The highest Nu value for a baffled
triangular tube configuration was achieved. The enhancement in Nu number was found to be 58.87% and 55.61% for the
baffled triangular and squire tube arrangement respectively when compared with the no baffled tube.
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INTRODUCTION

Re-boilers are the shell and tube heat exchangers that are
used to produce vapour supplied to the bottom tray of a
distillation column. The liquid in the bottom of the column
is partly vaporized in the device, which usually is of a shell-
and-tube type of exchanger. The heating medium is generally
condensing steam, but other commercial heat transfer fluids
can also be used. Boiling takes place either in the shell or in
the tube, given the type of shell and tube heat exchanger.
Devices that supply vapour for operating other units are
termed vaporizers, which are analogous in most respects to
re-boilers. Kumar et al. [1] developed a mathematical model
to predict tube-row wise heat transfer coefficient, vapour
quality, and mass flux in the bundle based on phenomena like
recirculation of liquid in the tube bundle and the cascading
effect of interaction due to vapours generated at different
tubes. It has been found that heat flux and pressure variation
have a significant effect on the recirculation rate. Heat transfer
coefficient, vapour quality and mass flux increase gradually
from the bottom to the top row of bundles keeping heat flux
and pressure constant. SCHULLER and K. [2] developed a 2-D
model which provides local flow directions on a shell-side
of a kettle shell and tube heat exchanger. By introducing a
velocity-scaling factor local velocities in liquid only regions
are obtained. The effect of local heat transfer and drying out
in tube bundles helps in achieving a more efficient and safer
kettle shell and tube heat exchanger design. Zhang et al [3]
developed a numerical model to predict the key performance
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parameters of a water-logged evaporator while considering
a few operating fluids. A shell and tube heat exchanger
configuration was considered, and a performance model
was developed to account for boiling on individual tubes,
merging of vapour bubbles, and movement under gravity.
Milada et al. [4] developed a 2-D two-fluid numerical model
for the calculation of two-phase flow thermal-hydraulics
on the shell side of the shell and tube heat exchanger.
The two-phase flow round tubes were designed with the
porous media approach. Simulations were performed for
existing conditions of performed physical experiments.
The obtained numerical outcomes were compared with
the existing measured data of void fraction inside the tube.
McNeil et al. [5] have the confirmation of the validity of the
experimental data and the new understanding of the flow
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processes within the tube bundle creates the possibility of
developing a 2D model forindustrial design purposes. McNeil
et al. [6] revealed that the result of the limited experimental
data that are available, the two-fluid model presented does
replicate the experimental finding reasonably well and
reduces the 1-D model in appropriate circumstances. Failure
analysis on unexpected perforation of heat exchanger tube in
methacrylic acid heat exchanger of speciality chemical plant.
No evidence of corrosion or distortion was detected on the
failed tubes. Vortex erosion was the main failure mechanism
of the failed tube. The formation of the perforation had
undergone three evolution stages in this study. In 1st
stage, unreasonable flushing operation caused mechanical
indentations at the symmetrical positions on the inner wall
of the failed tube. 2nd stage Erosion then happened with
a shallow impact angle in the mechanical indentations,
leading to the formation of the pits. 3rdstage selective local
erosion was accelerated by the occurrence of vortex erosion
on the pits, resulting in perforation failure [7]. Saad et al.
[8] discovered that the temperatures and flow within the
Shell and Tube of both the heat exchangers have been all
calculated. The temperature of warm water in the inlet zone
will be raised as the speed increases and the temperature
of warm water at the socket will be reduced as the speed
increases. Miyazaki et al. [9] investigated experimentally
the effects of tube arrays, on void fraction and heat transfer
characteristics. 2-D void fraction distribution and heat
transfer coefficient was compared in in-line and staggered
tube bundles with pitch-to-diameter ratio. X-ray radiography
was used for the measurement of void fraction distribution.
Time-average void-fraction was greater around upstream
of a tube than that downstream at bubbly flow conditions
for both bundles. Under irregular flow conditions, time-
average void fractions at the maximum gap were higher
than that around the other points in both tube bundles. For
the in-line tube bundle, enhancement of the heat transfer
clearly appeared between +90 to 180°. For the staggered
tube bundle, the heat transfer was found to be improved
all over the pipe. Multidimensional model of pool boiling
with vapour generation on tubes in a bundle is presented
by Maslovaric et al. [10]. It is based on the mathematical
solution of the two-phase, two-fluid flow model, which
consists of the mass and momentum conservation equations
for each phase, energy equation for the liquid phase and
required closure laws for the calculation of interface transfer
procedure. Singh et al. [11] investigated the effectiveness in
shell and tube heat exchanger using CFD analysis with the
help of ANSYS fluent with 4 cases i.e., without fins, spiral fins,
baffle fins and rectangular fins. Out of these four conditions
best performance i.e., effectiveness is achieved in heat
exchangers with rectangular fins. Anand et al. [12] designed
a heat exchanger that used nine tubes. The redesigned
heat exchanger was designed using a computational fluid
dynamics scheme that considered conditions including tube
fluid velocity and pressure drop. Amini et al. [13] numerically
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studied the thermal performance of a shell-and-tube heat
exchanger under various situations using Ansys Fluent
software. The impact of the relative tube wall roughness and
Reynolds number on total heat transmission and pressure
loss are explored. The effect of basic segmented tube fins
on heat transmission is investigated using two independent
adjustable parameters, fin pitch, and fin height, while surface
roughness is kept constant. The impact of these on heat
exchanger thermal performance is explored, with findings
compared to no-fin and segmented-fin designs. The tube
fins were proved the heat exchanger’s overall efficiency is
imporved. Helical fins and segmented fins were utilized to
boost efficiency. Increasing fin height improved the efficiency
whereas increasing fin pitch decreases efficiency. When
compared to plain tubes, the effectiveness of the helical
fins heat exchanger was improved. While increasing surface
roughness improved the efficiency. Low surface roughness
and helical fins with smaller pitches and larger heights were
employed, the heat exchanger’s efficiency was significantly
boosted. Arani et al. [14] study enhanced the fluid flow and
heat transfer of heat exchangers on the shell side. Efficiency
evaluation coefficients of the angle elliptical tube bundle
were 20.9 and 10.7% higher than the horizontal and vertical
tube arrangement respectively.

This study aims to make a comparison in terms of pressure
drop, temperature difference, and Nusselt number, among
the models where with and without baffle attached to the
shell and tube for different tube arrangements.

Process methodology and solution

A numerical solution extracts information regarding pressure
distribution, temperature distribution, and flow parameters
from a set of mathematical equations (1) to (5) that are
solved using finite volume method-based simulations. A
computational scheme central difference is used to discretize
viscous and thermal diffusion terms. A second-order upwind
scheme is employed to discretize the advection terms
into small cells and use them for the moment energy and
turbulent kinetic energy and dissipation rate equations. The
SIMPLE method (Semi-Implicit Method for Pressure Linked
Equations) was taken to solve the turbulent problem for
pressure-velocity coupling.

The governing equations that will be used in this project are
as follows:

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

Momentum Equation

Aryx | Ityz
In x-direction:  V.(puV) = 7% + a;’;“ + ;y + ;’Z (2)

In y-direction:

_dp Aty Bty | dry
V(pr) = —Z24+ 2+ T (3)

AT,z

In z-direction:
ax

C 9Tys | O7ar
V.(owV) = — 22+ = T Ty pg

(4)
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Table 1: Specification of the modelled heat exchanger

Specification Arrangement (mm)
SN
1. Shell outer diameter () 297
2. Shell inner diameter () 294
3. Shell length(L) 660
4, Tube outer diameter () 37.8
5. Tube inner diameter () 36
6. Tube length(L) 660
7. Tube pitch length (Pt) 46.875
8. Baffle pitch(B) 94.25
9. No of baffle () 6
Table 2: Properties of the process fluids [15]
Property Cold Fluid (shell side) Hot fluid (tube side)
n-pentane (at 244 K) Water (at 363 K)
Specific heat (J/kgK) 2177 4189
Thermal conductivity(W/mK) 0.136 0.66
Prandtl number 3.97 2.62
Density (kg/mA3) 626 979.5
Mass flow rate (kg/s) 1.2 2.5
Viscosity (Ns/m) 0.000229 0.000412

Energy Equation: V.(peV) = —pV.V+V.(kVT)+q+ 0 (5)

Where, = (24242 + 21(2) + (%) + (22)]

ax | ay ax ay. oz

Geometry

The table below states the specification of the heat exchanger
model for square and triangular tube arrangement with
segmental baffle of 25%. The same dimensions will be used
to define a heat exchanger for square and triangular tube
arrangement without baffle. Specification of different type
arrangement are given in table 1.

The model of heat exchanger having different tube
arrangement attached with or without baffle was generated
for CFD simulationsin ANSYS 19.2. Four models were created
as shown below based on tube arrangement and with and
without baffle.

Mesh

The 3D mesh was generated for the CFD simulation in ANSYS
19.2 software, where the shell was meshed unstructured with
overall element size to be 4.5mm and the tubes inside the
shell, the tube domains and baffles was meshed structured
with overall element size to be 1.5mm for tube and tube
domain and 3mm for baffles. Inflation layer was introduced
in shell side, tube domain, tube, and baffle. In all of the above
sides smooth transition inflation was chosen, where in the
transition ratio was taken to be 0.272; maximum inflation
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layer to be 2 and the growth rate of the layers in all the sides
was taken to be 1.2.

Grid independency test

The governing equations (1) to (5) are solved using finite
volume method. And computation carried out by 3D non
uniform set of mesh with clustering near the solid fluid
interface. An extensive grid independence test has been
carried out. The relative convergence criterion for residuals
was set to 1075, For shell and tube heat exchanger, five
different grid systems have been considered. The average
Nusselt number for each grid systems are presented in Table
3. Grid size with 3500000 elements has been considered for
the simulation. Figure 3 depicts a comparison of the variation
of Nusselt number for different pitch arrangement of tube
with increasing number of mesh elements. It is found that the
variation in Nu for two finer mesh M4 and M5 have less than
2%. Therefore, the final mesh density of 3500000 elements
was considered for all computation.

Boundary Conditions

In the model, different initial conditions were applied for
different zone. Assume outer face of shell is adiabatic wall.
Shell material: Steel, Tube material: Copper, Tube domain:
Water (properties given in table 2), Shell Domain: n-pentane
(properties given in table 2), Baffle material: Aluminium.
The shell side mass flow rate at inlet is 1.2 kg/s at 224K and
at an absolute pressure outlet. The tube side mass flow rate
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Figure 1: (A). shell and tube heat exchanger - 1. Outlet of
cold fluid 2. Inlet of cold fluid, 3. Inlet of hot water 4. Outlet
of hot water. (B) Inside arrangement of tube attached
segmental baffle. (C) Squire pitch arrangement of tube. (D)
Triangular pitch arrangement of tube.

Fig. 2: Isometric view meshing of shell and Meshing of
Square tube arrangement
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|—@—Triangular with baffle
120 |—A— Squire wthout baffle
|—¥— Triangular without baffle
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Figure 3: variation of Nu with mesh elements
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at inlet is taken to be 2.5 kg/s at 363K and at an absolute
pressure outlet.

REesuLTs AND DiscussION

After the simulations the following variations can be
discussed below, where the parametric study is done based
on data generated on the ANSYS 19.2

Effect on pressure in the shell as an
investigation domain

The above figure 5. represents the pressure of heat
exchangers with and without baffle with square and
triangular tube arrangement. Here in these figures, pressure
keeps on decreasing along longitudinal direction. A similar
profile is shown in square tube arrangement and triangular
tube arrangement may it be with or without baffle. The
difference between the profiles for with baffle and without
baffle is that in device without baffle the pressure contour
along the longitudinal is constant throughout the length
of the tube and varies along y-direction (increases along
y-direction). But, in device with baffle, the baffles help to
direct the fluid and help the fluid to flow along a particular
manner. Also, pressure along y- direction is more when it
enters the first baffle. Furthermore, when the fluid moves
along z-direction, the pressure along longitudinal keeps on
decreasing.

The pressure variations are found to be more in baffles are
considered in the shell due to a new obstacle are available
along its length developed by baffle.

The figure 9. shows for square tube arrangement with
baffle has a highest pressure drop of 126.69 Pa followed
by triangular tube arrangement with baffle 110.13Pa and
79.34Pa for triangular tube arrangement without baffle.
The minimum pressure drop was found in the square
tube arrangement without baffle as 73.79Pa. The pressure
developed in the baffle attached was 1.59 times the without
baffle for triangular tube arrangement. And this value was
1.49 time for squire arrangement of tube. It means that the
triangular arrangement creates higher resistance factor and
fluid flowing through the shell losses energy more quickly
than the squire arrangement of tube.

Temperature Variation

The Figure 7 the temperature variation along with length
of shell and tube. The cold fluid enters the shell from below
of the shell which is entry gate of cold fluid but hot fluid
enters from left entry gate section of the tube to exits from
exit gate which is right hand side of the whole test domain.
It is clearly seen that the hot fluid without baffle exits with
higher temperature but when it is operates with baffle then it
getting colder. The triangular tube arrangement is better heat
extracted than squire. And cold fluid getting heat then exits
from outlet gate of the shell. For cold fluid it is also observed
that the triangular tube arrangement is better for heating the
fluid. So overall the triangular is very good to enhancing the
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(c) triangular tube arrangement with baffle
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(d) triangular tube arrangement without baffle

Figure 5: pressure variation across the heat exchanger different tube arrangement

Tube arrangement

|:| Triangular with baffle
- Squire with baffle

- Triangular without baffle
:] Squire with baffle

Figure 6: Pressure drops for different sets of models.

heat transfer for colder fluid.

Here, the above figure 8 shows outlet temperature of hot
fluid flowing inside shell domain. The fluid flows longitudinal
and as the hot fluid flowing in tubes encounters cold fluid
which flows in shell side domain, the hot fluid loses its heat
and cools down and the cold fluid gains heat. The outlet
temperature getting more hotter in case of triangular with
baffle tube arrangement.

Figure 9 shows the outlet temperature of the cold process
fluid flowing over the tubes which is being heated by the
hot fluid passing inside the tube. The out temperature of
cold fluid was 290.45K, 272.12K, 264.34K and 241.23K for
triangular with baffle, squire with baffle, triangular without
baffle and squire without baffle respectively. And the same

1

(c) triangular tube arrangement without baffle

(d) triangular tube arrangement with baffle

Figure 7: temperature variation across the heat exchanger for different tube arrangement
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i

(b) square tube arrangement for with baffle

(a) square tube arrangement for without baffle

i

Figure 8 :Temperature variation of cold fluid outlet for different tube arrangement

Tube arrangement

for hot fluid the outlet temperature were 306.15K, 325.34K

337.56K and 348.7K. 120 [_] Triangular with baffle
[ squire with baffle
Effect of Nu in the shell 1004 [ Triangular without baffle
| |Squire without baffle

The figure 10 shows the Nusselt number for different tube
arrangement with baffle and for without baffle. The highest
value of Nusselt number have been observed for triangular

80

40

20

0

w
S
S

o
S

Figure 10: Nusselt number for different sets of models.
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Table 3: Nomenclature
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Nomenclature
Specific heat ()
- K Thermal conductivity(W/mK)
- - A Nu Nusselt number (---)
) V e ' v Kinematic viscosity ()
Pr Prandtl number

p Density ()

Figure 9: outlet temperature of cold and hot fluid for various Mass flow rate (kg/s)
Viscosity (

tube arrangement
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tube arrangement with baffle was 110.64 and for squire was
101.74. Nusselt number was detected very low when there
was baffle used. The corresponding value of Nusselt number
were found to be 69.45 and 65.38 for without using baffle.
The Nu for baffle attached with shell was 58.87% higher
than the without baffle for triangular tube arrangement. And
for squire arrangement of tube, the enhancement in Nu was
55.61%. The result shows that the more ratio of convection
to the conduction heat transfer was found in the triangular
arrangement of tube than the squire arrangement.

CONCLUSIONS

The important conclusions emerged out from the present

study are as follows:

« The pressure developed in the baffle attached was 1.59
times and 1.49 times the without baffle for triangular
tube and squire arrangement respectively.

« The cold fluid attained a maximum outlet temperature of
290.45K and the hot fluid dropped the minimum outlet
temperature to 306.15K.

+ The Nu for baffle attached shell was 58.87% and 55.61%
higher than the without baffle for triangular and squire
tube arrangement respectively.

+ Inthis study, the best result is achieved in the triangular
arrangement of tubes with baffles as its desired
outcomes have more than other arrangements. The
triangular arrangement creates a higher resistance factor
and fluid flowing through the shell losses energy more
quickly than the squire arrangement of the tube.
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