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ABSTRACT

The transient behavior of heat exchangers has a dominant impact on the effectiveness
of heat transfer in time-dependent thermal systems, especially in financial-limited scenarios
and rapid heat sources. The present paper provides computational fluid dynamic (CFD)
simulation for 2D model of shell-and-tube heat exchanger (STHE) in Ansys rendered
environment. The tested 1200 mm in length STHE prototype consists of 2 baffles, 14 tubes
with shell inside and tube outside diameter of 600 mm and 51 mm. In this simulation, the
effect of baffle angles on outlet temperature of cold flow (Tcou), l10g mean temperature,
pressure drop in the cold domain and hot domain were examined. Simulation of three
different baffle angles (70, 80, 90°) revealed that the Tc 0.t Was slightly changed and pressure
drop in cold and hot domain were quite significant. The log mean temperature difference
resulted from alteration of baffle angles from 90 to 70° were 91.26, 91.27, and 91.31 K,
respectively. From this log mean temperature difference, the overall heat transfer coefficient
at baffle angles of 90, 80 and 70° were 0.8678, 0.8680 and 0.8700 kW/m?K, respectively.
The results demonstrated that using 70° baffle angle can achieve the highest heat transfer
efficiency from the largest the LMTD and the overall heat transfer of the heat exchanger.
The thermo-hydraulic performance of modeled heat exchanger from the simulation
suggested that it can be used instead of the vapor recovery unit (VRU) that is currently
employed in petroleum refineries.
Keywords: Computational fluid dynamic, Heat exchanger, Baffle angle, VVapor recovery unit

1. INTRODUCTION

Petroleum industry in Thailand has
grown tremendously over the past few years
due to globalization and increase in
population. One of the major concerns
regarding this industry is its negative impact
on the environment and the ecosystem
surrounding the establishment. McKee
RH. et al. [1] and Hadidi et al. [2] Vapor
recovery unit (VRU) was used to turn rich
gas and distillate from the fluid catalytic
cracking unit (FCCU) into liquefied
petroleum gas and gasoline. In addition to

having economic value, a vapor recovery
unit also helps mitigate emission of toxic
gas such as benzene, nitrogen oxide (NOy),
sulfur oxide (SOyx) and volatile organic
compound (VOC). However, Webb G. [3]
and Lu E. et al. [4] the current vapor
recovery unit is expensive and requires high
maintenance cost. Among various recovery
installations, such as Shin MS. et al. [5]
membrane, Ma H. et al. [6] extraction and
Kosgey KE. et al. [7] mechanical vapor
compression, applied heat exchanger have
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emerged as a promising technique and
attracted remarkable attention due to its
economic advantages compared with
conventional VRU.

Yang J. et al. [8] and Markowski M.
et al. [9] Shell-and-tube of heat exchanger
(STHE) is usually employed due to its
flexibility, toughness, and consistent
performance. You Y. et al. [10] Baffle is a
necessary component inside the heat
exchanger due to their ability to increase the
nusselt number, which reflects in the
improvement of heat transfer performance.
However, addition of baffles has a
significant impact on pressure drop.
Ambekar AS. et al. [11] have investigated
the effect of four different baffle
configurations on pressure drop inside the
STHE and suggested that a double
segmental baffle is better than single
segmented. A helical baffle can reduce the
pressure drop even further by more than
roughly 30%. A finned type tube was also
proposed to improve the heat transfer
performance. Sadeghianjahromi A. et al.
[12] successfully enhanced heat transfer
using louver angle. The optimized louver
angle found through genetic algorithm was
21°. In the cases, simulation of heat
exchanger devices has been conducted in
various research in order to determine the
appropriate size of the device. Biglarian H
et al. [13] reported mathematical modelling
of borehole heat exchanger used as ground
heating source for heat pump systems. In
this report the length of the borehole was
reduced by 16% due to appropriate
simulation using Fluent software. Rahimi
A. et al. [14] Fluid dynamic in terms of
Rayleigh number was found to have a
significant effect on heat transfer of C-
shaped heat exchangers.

This Research aims to investigate
the effect of baffle angle (70, 80 and 90°) on
log mean temperature, outlet temperature,
pressure drop in both cold and hot domains.
A computational fluid dynamic analysis of
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the modeled STHE will be used to generate
temperature profile and vector profile of
fluid dynamic in an operating heat
exchanger. A successful prototype will be
installed to recover the emission of vapor
from the refining unit in the petroleum
industry.

Figure 1. 3D view of the shell and tube heat
exchanger designed.

2. EXPERIMENTAL METHOD
2.1 Governing equation

Based on Cengel YA. et al.
[15] The analysis of the continuous steady
state -, Versteeg HK. et al. [16,17] and
Pozrikidis C. et al. [18] including of energy
balance (4) is shown in equation (1) to
equation (4). The parameters used to
calculate these equations are shown in
Table 1.

Table 1. Mathematical operating conditions
employed to heat exchanger analysis.

Level Conditions

1 Analysis of steady state system

2 Use properties of water for
analysis of fluid at high and low
temperature.

3 Three-dimensional analysis

Analysis included gravity

5 Using standard k-epsilon to
simulate viscosity

6 Solve pressure-velocity coupling
by simple scheme

o
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Continuity: . div(ou) - 0 )
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Friction factor (f) can be used to
calculate pressure drop (AP) which can be

found through equation (5), given length

(L), average velacity (v), p is the density of
fluid and inside diameter (d;).

AP LV? (5)

Heat power emitted and absorbed
are found using the equation below. The
two values of heat can then be used to
calculate the efficiency (n) of the heat
transfer device.

QH = My CP,H (TH,in - TH,out) (6)

Qc = mcCP,c(TC.out - TCri”) O

) 8
n:& x 100 % ®)
H

Log mean temperature can be
found by measuring the temperature of hot
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and cold flow both into and out of the heat
exchanger.

AT, = TH,in - TC,out
AT, = TH,out - TC,in
ATl - ATZ (9)

ATpy = ———— 2
'm = In (AT, — AT,)

Overall heat transfer coefficient:

d
d,Inln (d—‘l’>

1 1 1
U h, + Roa * 2k,
% do
dih;  dihia  (10)
Where
U, = Overall heat transfer coefficient
(W/m?K),
ho = Outside fluid film coefficient
(W/m?K),
hi = Inside fluid film coefficient
(W/m?K),
hoa = Outside fouling factor coefficient
(W/m?K),
hia = Inside fouling factor coefficient
(W/m?K),
kw = thermal conductivity of tube wall
material(W/mK),
di = Tube inside diameter (m),
do = Tube outside diameter (m)
Rateof net Q= mc,AT +mL  (11)
heat = AU, ATy,
transfer:
Where
Qit = Rate of net heat transfer (kJ/s),
m = Mass flow rate (kg/s),
Co = Specific heat of substance
(kJ/kg-K),
L = Latent heat of substance (kJ/kg),
U, = Overall heat transfer coefficient
(W/m?-K),
ATim = Log mean temperature (K)
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The velocity (v) can be found
using equation 12 given mass flow rate (1),
Density of substance (p) and Tube inside
diameter (d;).

V=
7pd? (12
2.2 Design of a shell and tube heat
exchanger
The parameters used to calculate
these equations are shown in Table 1. The first
step is to analyze by assuming that the system
is in steady state condition. The properties of
water such as density and vapor pressure were
then plugged into the software considering
both high and lower temperature fluid. Three-
dimensional analysis of the heat exchanger
system was then performed including gravity
and standard k-epsilon to simulate viscosity.
The pressure-velocity coupling equation was
then solved using the simple scheme. The
operating condition and basic configuration of
the heat exchanger are shown in Table 2.

Table 2. Geometric design inside the heat
exchanger.

Designation Value/Unit
Baffle cut 25%

Heat exchanger length 1,200 mm
Working fluid Water
Inlet & outlet shell nozzle

diameter 96 mm
Number of Baffles 2

Number of tubes 14

Shell inside diameter 600 mm
Tube outside diameter 51 mm.
Baffle Space 300 mm

In Figure 2, the heat exchange is
composed of channel nozzle (inlet and
outlet), shell nozzle (inlet and outlet),
shells, tubes and a shell cover as shown in
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Figure 2a. Figure 2b depicted the circular
plate or the baffle used to hold the tubes in
their places.

_Outlet channel nozzle

Inlet shell nozzle L Tube

Eﬁ / /Shcll b

__Shell cover
./

Outlet shell nozzle

Baffle
Inlet channel nozzle

(a)
r Baffle cut

.

“_Baffle hole

(b)
Figure 2. Typical parts of heat exchanger
designed (a) and the baffle (b).

Figure 3 shows the operating
procedure of the heat exchanger with varied
parameters as shown in Table 3. Cold water
will enter the inlet channel nozzle and then
circulate along each tube, into the shell
cover and then exit at the outlet channel
nozzle located at the top of the heat
exchanger. Similarly, hot water is set into
the inlet shell nozzle, while then flow to the
shell parallel with the baffle, through the
baffle cut and then out through the outlet
shell nozzle.

Cool water out,. X2
Hot water in,. X3

‘ Baffle angle 90°,.X1

=¥ AT

" Hot water out,.X3
Cool water in,. X2 ’

Figure 3. General operation of a heat
exchanger.



Comparison of heat transfer
capability at different as baffle angle
changes were conducted. This test was
performed to compare the ability of heat
exchange devices at different baffle angles
according to the parameters as shown in
Table 3.

Table 3. Parameters for analysis of heat
exchanger.

Parameter/Abbreviation Value/Unit
Baffle angle, X1 90,80,70°
Rate of cooled water, X2 4L/s
Rate of hot water, X3 30 L/s
Temperature of cold

water, X4 300K
;’(%mperature of hot water, 400 K

Temperature
Contour 1
4,000e+002
! 3.900e+002
! 3.800e+002
3.700e+002
3.600e+002
3.500e+002
3.400e+002
3.300e+002
3.200e+002
3.100e+002

3.000e+002
[K]

Temperature
Contour 1
4.000e+002
! 3.900e+002
" 380064002
3.700e+002
3.600e+002
3.500e+002
3.400e+002
3.300e+002
3.200e+002
3.100e+002

3.000e+002
(K]
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3. RESULTS AND DISCUSSION

Results from the computational
dynamic fluid analysis on the operating heat
exchanger are shown in Figure 4 to 7.
Figure 4 (a) demonstrated the front view
analysis showing the effect of temperature
when the baffle angle was set at 90°. A
reduction of baffle angle from 90° to 70°
was found to have an insignificant effect on
the temperature distribution of the operating
heat exchanger.

Figure 5a-c demonstrated the side
view analysis of the effect of temperature at
different baffle angles. The side view
demonstrates also indicated that the baffle

angle has insignificant effect on the
temperature profile inside the heat
exchanger.

Figure 4. Front view contour of temperature of fluid in front baffle angle 90° (a), 80° (b)

and 70°(c).
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Temperature
Contour 1
4.000e+002
I3.900e+ooz
3.800e+002
3.700e+002
3.600e+002
3.500e+002
3.400e+002
3.300e+002
3.200e+002
3.100e+002
3.000e+002
[K]

Figure 4. (Continue) Front view contour of temperature of fluid in front baffle angle 90°

(a), 80° (b) and 70°(c).

Temperature
Contour 2
4.000e+002
l 3.900e+002
3.800e+002
3.700e+002
3.600e+002
3.500e+002
3.400e+002
3.300e+002
3.200e+002
3.100e+002
3.000e+002

[K]

Temperature
Contour 2
4,000+002
I 3.900e+002
3.800e+002
3.700e+002
3.600e+002
3.500e+002
3.400e+002
3.300e+002
3.200e+002
3.100e+002
3.000e+002

[K]

Temperature
Contour 2
4.000e+002
I 3.900e+002
3.800e+002
3.700e+002
3.600e+002
3.500e+002
3.400e+002
3.300e+002
3.200e+002
3.100e+002
3.000e+002

[K]

(©)
Figure 5. Side view contour of temperature of fluid in top baffle angle 90° (a), 80° (b) and
70°(c).
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Formation of vortices were
illustrated in the vector profile of fluid flow
inside the heat exchangers shown in Figure
6 and 7. These vortices indicated intense
mixing of the fluid implying turbulent
behavior and rapid heat transfer. In Figure
6 (a), revealed formation of several vortices
along the length and the shell cover of the
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heat exchanger with 90° baffle angle. A
reduction in baffle angle to 80° caused
formation of another vortex located at the
outlet of cool water as shown in Figure 6b.
However, when the baffle angle was
reduced further to 70° the vortices along the
tubes started to disappear, only the vortex at
the shell cover remained.

Figure 6. Top view vector of flow at different simulated baffle angle 90° (a), 80° (b) and 70°(c).

Figure 7 demonstrated the side
view perspective of the vector profile inside
the heat exchanger. Table 4 show the

calculated value of temperature and
pressure drop at different locations of the
heat exchanger.
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Velocity (Projection)
Vector 2

5.752e+000

4.314e+000

2.870e+000

1.438e+000

0.000e+000
|m s*-1]

Velocity (Projection)
Vector 2

5.752e+000

4.314¢+000

2.876e+000

1.438¢+000

o LT
RIS T TN

1.000e+000
[m s*-1]

Velocity (Projection)
Vector 2

5.752e+000

4.314e+000

2.870e+000

1.438e+000

0.000e+000
|m s*-1]

(©)
Figure 7. Side view vector of flow at different simulated baffle angle 90° (a), 80° (b) and
70° (c).
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Table 4. Comparative analyses of changes in baffle angle.
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Baffle angle (°)

Level Parameter 70 80 90 Unit

1 Pressure drop 426 429 422 Pa
2 Highest temperature of cold water 320 320 320 K
3 Average temperature of cold water 307 307 307 K
4 Inlet temperature of cold water 300 300 300 K
5 Outlet temperature of cold water 314 314 314 K
6 Highest speed of cold water 0.598 0.5863 0.5919 m/s
7 Average speed of cold water 0.1632 0.1657 0.1642 m/s
8 Highest pressure of cold water 409 414 405 Pa
9 Average pressure of cold water 176 181 174 Pa
10 Highest temperature of hot water 400.00 400 400 K
11 Average temperature of hot water 397 397 398 K
12 Inlet temperature of hot water 400.00 400.00 400 K
13 Outlet temperature of hot water 397 397 397 K
14 Highest speed of hot water 5.8572 5.6285 5.6335 m/s
15 Average speed of hot water 0.7164 0.7172 0.7210 m/s
16 Highest pressure of hot water 32,964 56,562 26,721 Pa
17 Pressure of cold water 13,799 38,360 9,530 Pa

Comparison of pressure and
temperature calculated at different parts of
the heat exchanger were demonstrated in
Figure 8 to 11. According to Figure 8,
pressure drop along the cold-water domain
was found to increase as baffle angle
increases from 90° to 80° and then reduced
again as the baffle angle increases to 70°.

435

130 4292

426.1

AP(Pa)
&

420

415

T 90

&0
Baffle angle (°)
Figure 8. Pressure drop-in cold-water
domain.

The average speed of was the highest
at a baffle angle of 80°, followed by 90° and
then 70° (Figure 9). This suggested that if
the average speed is too high then the
system risked having high pressure drop.

0.167

0.166

)
o
A

0.164

Average speed(m/s)
e §
2

0.162

0.161

0.163

70

0.166

80

Baffle angle()

90

Figure 9. Average speed of cold-water

domain.

Figure 10 reveales the averaged
pressure of the cold-water domain.

184

182

180
& 178
F
5176
@
2174
[T

172

170

168

176.79

70

181.23

80
Baffle angle()

174.62

90

Figure 10. Average pressure cold water

domain.

Vol.14 No.1 January — June 2020 71

4



o a sSwUIna
MFATIY W( nsvinw

The outlet temperature of cold water
was the highest at baffle angle of 90° as
shown in Figure 11.

3148
314.78
314.76 314.75

F 31474
E 31472
B
5
F 314.66
314.64
314.62

70 80 90
Baffle angle(")

Figure 11. Outlet temperature of cold
water.

The simulation results of outlet cold
water shown in Figure 11 substituted in
equation (9), which gave log mean
temperature difference as shown in Figure
12. It can be observed that the heat
exchanger with 70° baffle angle gave the
highest long mean temperature difference
compared with other baffle angles and
indicated the most effective heat transfer.

9132
9131
913
9129
89128
2 9127
|
9126
9125
9124
9123

9131

91.27
91.26

70 80 90
Baffle angle(")

Figure 12. Log Mean
Difference (LMTD).

Temperature

Figure 13 shows the pressure drop of
hot water at different baffle angles.
Simulation results show that pressure drop
was the highest at the baffle angle of 80°,
followed by 70°and then 90°.
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m 38.4

0 80 90
Baffle angle(?)

Figure 13. Pressure drop of hot domain.

As shown in Figure 14 relevant
research on heat exchanger simulation by
Bin Gao also suggested a proportional
relationship between baffle angle and
pressure drop as shown in Figure 14. [19].
However, unlike this work their research
does not include a baffle angle of 90°.

50 a0 70 78
Baffle angle(")

Figure 14. Pressure drop in hot water from
Gao B.’s journal [19].

This is because the temperature
difference between the inlet and outlet
temperature of the heat exchanger with 70°
baffle angle is the largest calculated from
equation 9.  The over heat transfer
coefficient of baffle angles 90°, 80° and 70°
are 0.8678, 0.8680 and 0.8700 kW/m?K,
respectively.



0.8705
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o 0.8685
0.868
0.8675
0.867
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70 80 90
Baffle angle(")

Figure 15. Overall Heat Transfer

Coefficient, U.

Figure 16 shows the efficiency of
heat transfer inside the heat exchanger at
different baffle angles, which are calculated
using equation (8). It can be found that the
heat transfer efficiency of a heat exchanger
with 70° baffle angle is the highest
compared with heat transfer efficiency of
heat exchanger with 80° and 90°
respectively.

%)
=

79.19

Efficiency, (%)
3,08 @ @ @
- )

~
@
=Y

70 80 a0
Baffle angle()
Figure 16. Efficiency of heat transfer inside
the heat exchanger.

4. CONCLUSION

In this study, using computational
fluid dynamic analysis is a comparison of
heat transfer capability at different baffle
angle changes. From analysis results,
demonstrate the effect of temperature and
cold-water  parameters. The  outlet
temperature of cold water 90° baffle angle
is 314.753K higher than with 80° and 70°
baffle angles, respectively. As the baffle
angle was varied from 90 to 70°. Pressure
drop inside hot domain, variation of the
average pressure for cold water, the
pressure drop in cold water
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with 80° baffle angle is the largest because
of the fastest velocity. However, the heat
transfer efficiency using 70° baffle angle is
the highest indicating optimized heat
transfer capability because the LMTD and
the overall heat transfer of the heat
exchanger are the largest than another
baffle angle. It can be concluded that the
70° baffle angle presents the best
comprehensive performance among the
baffle angle of heat exchangers prototype to
replace the vapor recovery unit (VRU) for
PTT Co. Ltd.
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