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Abstract—Several different designs for a header type were numerically studied to achieve uniform distribution of
gas phase flow in the header of a shell-and-tube heat exchanger. The different geometries included the position and
shape of the inlet nozzle, number of outlet tubes, and length. In numerical calculations, the k-epsilon realizable tur-
bulent model was employed. Standard deviation was used to evaluate the uniformity of the velocity distribution among
the whole outlets of the header. As a result, flow patterns in the header could be visualized by using post-processing
of numerical results. The uniformity of flow distribution increased with header length, whereas it decreased with gas
flow rate. Furthermore, the optimum position and shape of the inlet nozzle could be proposed for a uniform distribution
of a 1.3 m-length header, the very same used for the heat exchange of the commercially viable allyl chloride process.

Key words: CFD, Shell-and-tube Heat Exchanger, Header, Distribution

INTRODUCTION

At least 60% of heat exchanger types are the shell-and-tube type
exchanger, indicating its prevalence in the process industry [1], with
applications in oil coolers and power condensers, as well as pre-
heaters in power plants and steam generators in nuclear power plants,
process applications, and the chemical industry [2]. One of the most
common assumptions in basic heat exchanger design theory is that
fluid can be distributed uniformly at the inlet of the exchanger on each
fluid side and throughout the core. In general, flow rates through
the channels are not uniform and, in extreme cases, there is almost
no flow through some, exhibiting poor heat exchange performance
[3]-

Maldistribution of flow, which can take place in the header, can
cause a change of local heat flow and directly affect the perfor-
mance of total heat transfer [4]. Much research has been focused
upon understanding the characteristics of velocity distribution and
to improve its uniformity.

In Eq. (1), Fraas et al. [5] described the extent of maldistribution
using the velocity ratio between maximum and minimum value in
the tube:

/0.5 PVi+Ap.,
77 = -
Ap,,

where, Ap,, is the average pressure drop in the heat exchanger and
0.5pV(2) is the dynamic pressure of inlet nozzle. Eq. (1) indicates
that the velocity distribution becomes uniform as the average pres-
sure drop increases.

Lalot et al. [6] performed experimental and computational works
conceming velocity distribution in an electrical heater. They reported
that the computed velocity ratio (maximum velocity/minimum veloc-
ity) deviated less than 5% from the experimental.
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Vist et al. [7] classified the parameters of fluidization distribu-
tion into operating parameters, such as mass flux and heat quantity
at each pipe, and geometric parameters, such as tube diameter/di-
rection and inlet length.

In this present study, CFD (Computational Fluid Dynamics) mod-
eling for flow patterns in different header types was used to investi-
gate the characteristics of their velocity distribution in a shell-and-
tube heat exchanger, and the effectiveness of the simulated results
in an actual heat exchanger was also evaluated.

NUMERICAL ANALYSIS

The commercial package, FLUENT 6, was used as a CFD solver
[8]. Three-dimensional plane symmetric geometry was considered
with the tetrahedral-meshing scheme. A schematic diagram of shell-
and-tube heat exchanger header is shown in Fig. 1. This header (1.05
m-ID) has one inlet nozzle (0.25 m-ID), 80 tube side outlets (0.08 m-
ID)and a2 : 1 ellipsoid head. From this basic shape, the header length

QPIane symmetry

2:1 Ellipse head

Fig. 1. Schematic of the shell-and-tube type heat exchanger.
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Fig. 2. Different header configurations of the shell-and-tube type
heat exchanger. (a) A-type header, (b) B-type header, (c) C-
type header, and (d) D-type header.

Table 1. CFD parameters employed in present study

Variable Properties Unit
Header type A,B,C,D -
Flow rate (Q) 0.54, 1.08, 1.62, 2.16 m’/s

Header length (H) 655.5, 874, 1092.5, 1311 mm

was changed into 655.5, 874, 1092.5, and 1311 mm, and the inlet
nozzle position changed into horizontal or vertical side, as shown
in Fig. 2. Simulation parameters are summarized in Table 1.

Steady state flow modeling using FLUENT was performed. For
flow analysis, continuity (Eq. (1)) and momentum (Eq. (2)) equa-
tions were solved with a k-epsilon realizable turbulence model for
turbulent analysis used as follows:

V- (pv)=0 )
V- (0W) =~ Vp+ u(Vi+ V) @

The working fluid was a gaseous mixture of propylene and chlo-
rine in a high temperature reactor (0=2.49 kg/m’, =1.7x107 Pa-s
at 540 K). Gas flow rate and gauge pressure were 9,666 kg/h and
236.66 kPa, respectively.

SIMPLEC algorithm was used for pressure-velocity coupling
[9], and the solution was iterated until convergence was achieved
so that the residual for each equation fell below 107,

RESULTS AND DISCUSSION

1. Effects of Header Type

Fig. 3 shows the vector field of velocities in the header of the
heat exchanger when the volumetric flow rate of 1.08 m’/s flows
through each header type shown in Fig. 2. For an A-type header,
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Fig. 3. Velocity vectors of the different header type configurations
at the volumetric flow rate of 1.08 m’/s. (a) A-type header,
(b) B-type header, (c) C-type header, and (d) D-type header.

17 [m/s]
15
00

U1 ©0 (o)
ecee 00ee @900 0000
- @80 2000 @600 @009
1w 988600 00000 00000 ocoGOe
€800 90099 00000 00000
90000 00000 000060 00000
@90600 0©000O® 0000® 00009
5 @00 Q000 0000 0000
@ 00 0000 Q000 o000
e 00 (o]e) 00

@ (b) © (d)

IO

Fig. 4. Variation of velocity in the hole for the four header type con-
figuration. (a) A-type header, (b) B-type header, (c) C-type
header, and (d) D-type header.

the velocity vector collided directly against the exit side to pass pre-
dominantly through central holes, whereas it collided against the
lateral side of the header and then exited in the case of the B- and
C-type headers, indicating that B- and C-types are better suited for
velocity uniformity. On the other hand, the velocity vector in the
case of the D-type header collided against opposite sides of the exit
and subsequently passed through the exit, completely owing to the
effect of the nozzle shape inserted in the header. In this case, mainte-
nance, repair, and manufacture should be difficult, although it is
expected that the velocity uniformity would be much improved.

Fig. 4 shows the velocity distribution in the hole for the four header
type configuration. Most of the flow rate in the A-type header, as
mentioned above, passed predominantly through central holes leav-
ing several holes through which the flow rate did not flow. In con-
trast, it was shown that the uniform stream could be observed in
the case of the B-type header, as opposed to the A-type header. In
addition, the D-type header, where the nozzle was bent at a 90 degree
angle, showed more effective gas distribution than the C-type header
that, bearing an outside flux entrance, showed better gas distribu-
tion than the B-type header.

To estimate the efficiency of each header quantitatively, the pres-
sure drop at the whole part and standard deviation for velocities of
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Fig. 5. Variation of standard deviation and pressure drop accord-
ing to header type under volumetric flow rate of 1.08 m’s.
(a) A-type header, (b) B-type header, (c) C-type header, and
(d) D-type header.
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Fig. 6. Comparison of standard deviation and pressure drop for
each header type with the volumetric flow rate. (a) pres-
sure drop, and (b) standard deviation.

fluid flowing through tubes were calculated and presented in Fig. 5.
There was no remarkable difference in pressure drop for A- through
C-type headers. However the pressure drop in the D-type header
was large compared to the other types because of pressure loss caused
by nozzle shape. Since large pressure drop means high power cost
when it is operated, B- and C-types, showing uniform distribution
as well as low pressure drop, are adequate for application.
2. Effect of Volumetric Flow Rate

Fig. 6 shows the variation of pressure drop and standard devia-
tion of the velocity with the volumetric flow rate. As shown in Fig.
6(a), the pressure drop increased with increasing volumetric flow rate
irrespective of header type. The difference in pressure drop among
the four header types grew as the volumetric flow rate increased.
In Fig. 6(b), it is also shown that the standard deviation increased
with increasing volumetric flow rate to make dispersion effective-
ness low regardless of header type. The difference between the A-
type header and others, as shown in Fig. 6(b), increased with the
volumetric flow rate, but the gap between B- and D-type headers
decreased. The reason for this can be attributed to the different geo-
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Fig. 7. Comparison of standard deviation and pressure drop for
each header type according to the header length. (a) pres-
sure drop, and (b) standard deviation.
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metric configurations of each header type that cause the fluid to collide
directly against exit side, as with the A-type, and that of other types
that make it pass through the exit after collision against the internal
walls. Therefore, the A-type is not as effective as the other types
because of its higher pressure drop and standard deviation.
3. Effect of Header Length

Fig. 7 shows the effect of header length on pressure drop and stand-
ard deviation for each header type. The pressure drop slightly in-
creased with increasing header length, but the standard deviation
decreased; thus, it can be expected that the velocity distribution would
be uniform with header length. However, a long length of header
is not proper due to the occupancy of a large space and a low dis-
tribution effectiveness compared to the header type.
4. Case Study

The results of the present study were applied to the header modifi-
cation of a shell-and-tube heat exchanger, consisting of 754 tubes,
at the next step of an allyl chloride reactor. Its header length and
volumetric flow rate of mixed gas were 655.5 mm and 1.08 m’/s,
respectively. This heat exchanger has the problem of low efficiency
of heat exchange though, owing to the maldistribution among tubes

5000

4000 | e

3000 F A-type, Q=1.08 m*/s

E C-type, Q=1.08 m’ls
a A-type, Q=216 m'/s
- 3
< 000 C-type, Q=2.16 m’/s
B -——-—————ccoaee
1000 oo o
0 .
10 100 1000
Number of tubes, [ - ]
(a)
1"
H: 655.5 mm ,
10 + A-type, Q=1.08 m'/s

C-type, Q=1.08 m¥s
A-type, Q=216 m'ls
C-type, Q=2.16 mYs

gome

Standard deviation, [ - ]
L] [#] E= (4,1 [+3] - [=:] w

10 100 1000
Number of tubes, [-]

(b)

Fig. 8. Effects of number of tubes on the standard deviation and
pressure drop of A- and C-header type at each volumetric
flow rate. (a) pressure drop, and (b) standard deviation.
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and plugging phenomena of tubes by tar.

If the efficiency of the heat exchanger with 754 tubes was to be
calculated using CFD, then long computational times are recom-
mended because of the increase in mesh number caused by the de-
crease in mesh size. Therefore, the initial investigation focused on
how the tube number, ranging from 32 to 112 in the exchanger, af-
fects pressure drop and standard deviation through modeling. Fig.
8(a) shows that the pressure drop increased with increasing num-
ber of tubes regardless of header type or volumetric flow rate, and
was remarkable at high volumetric flow rates. In the case of the stand-
ard deviation shown in Fig. 8(b), it decreased with the tube number
irrespective of header type or volumetric flow rate, differing from
pressure drop. This effectiveness was predominant in the header
with a high standard deviation. However, it was found from Fig. 8
that the tendency of change in pressure drop and standard deviation

(b)

Fig. 9. Effects of header type on plugging phenomena in actual heat
exchanger. (a) A-type header, and (b) C-type header.
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according to the tube number was the same regardless of header
type or volumetric flow rate.

Therefore, in this section, the effect of the C-type header, with a
length of 1,311 mm, on the prevention against the plugging phe-
nomenon by tar was compared with that of an A-type header of the
same length in an actual exchanger, shown in Fig, 9. Fig. 9(a) shows
that most of the outer tubes in the heat exchanger with A-type were
plugged. On the other hand, Fig. 9(b) shows that the portion of plugged
tubes in the heat exchanger with a C-type header was quite low com-
pared to that in Fig. 9(a). Consequently, a uniform distribution with
low power consumption would be achieved when the heat exchanger
with C-type header is used.

CONCLUSIONS

CFD modeling was performed to evaluate the flow distribution
characteristics in shell-and-tube heat exchangers according to header
type. From this present study, the commercially used A-type header
was not adequate to distribute the flow uniformly in the heat ex-
changer, whereas the C-type designed in this study had a good effi-
ciency in flow distribution. Moreover, the optimum position and shape
of the inlet nozzle could be proposed for a uniform distribution of
a 1.3 m-length header, the very same used for the heat exchange of
the commercially viable allyl chloride process.
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NOMENCLATURE

: tube diameter [m]

: header length [m]

AP : pressure drop [Pa]

AP, : average pressure drop [Pa]
: volumetric flow rate [m?/s]
: pitch length [m]

: velocity vector [m/s]

: velocity of tube hole [m/s]
: velocity ratio [-]

: viscosity [Pa-s]

: density of fluid [kg/m’]

jani =l

< wT O
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