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Abstract

This paper presents a numerical evaluation of the flow distribution and thermal performance of a multi-pass, multi-channel heat
exchanger as functions of the number of passes and inlet diameter. To determine the optimal number of passes for a fixed size of heat
exchanger, we investigated the JF factor by varying the number of passes and the inlet diameter. We determined the optimal number of
passes for a given inlet diameter by studying the variation of the JF factor as a function of the ratio of the inlet diameter to header height
ratio. For instance, the optimal number of passes was two for an inlet diameter of 50 mm, and the performance based on the JF factor
was improved by about 89% compared to a reference heat exchanger. We further optimized other design parameters, such as the inlet
location, separator location, and header width to improve the heat exchanger performance by an additional 20%.

© 2007 Elsevier Inc. All rights reserved.
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1. Introduction

Multi-channel, parallel-flow heat exchangers are fre-
quently used in refrigeration and air-conditioning systems
to maximize their efficiency and minimize their volume.
However, a key issue with the multi-channel, parallel-flow
heat exchanger is the non-uniformity of the pressure and
flow distributions between the channels inside the heat
exchanger block. This decreases the thermal performance
and increases the pressure drop across the heat exchanger,
reducing the overall performance. In addition, the non-uni-
formity causes local hot spots in the heat exchanger, that
reduce its life span. Therefore, it is important to study
the characteristics of the flow distribution and the thermal
performance inside the heat exchanger block as well as its
fin-side characteristics (Missirlis et al., 2005).

Several studies (Choi et al., 1993; Jiao et al., 2003; Lalot
et al., 1999; Lee and Oh, 2004) have investigated design
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parameters such as the header shape, ratio of header area
to channel area, channel length, and locations of the inlet
and outlet, since they affect the flow distribution inside
the heat exchanger and its thermal performance. These
studies have proposed various methods to improve the flow
distribution uniformity and the performance of the heat
exchanger, but were limited to single-pass, multi-channel
heat exchangers with a dividing and combining header.
Recent multi-channel heat exchangers tend to have multiple
passes, repeatedly dividing and combining the flow in order
to obtain a high thermal performance and flow distribution
uniformity for a given system volume (Maharudrayya et al.,
2006). Therefore, it is necessary to investigate the character-
istics of the flow distribution inside the heat exchanger
block and the effects of design parameters on the perfor-
mance of a multi-pass, multi-channel heat exchangers.
There are few studies of multi-pass, multi-channel heat
exchangers. Nakamura et al. (1989) proposed a multi-block
method to obtain a uniform flow distribution in a power
charger with multiple passes. Strictly speaking, however,
the heat exchanger they used was not a multi-pass one
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Nomenclature

Ci-», C, turbulence constants
specific heat at a constant pressure

Dp inlet diameter [mm]
d channel spacing [mm]
e relative error

f: body force of gravity

generation of turbulence kinetic energy
header height [mm]

JF factor

thermal conductivity [W/mK]
turbulence kinetic energy [m?/s’]
flow rate [kg/s]

number

channels number of i pass
normal direction

pressure [Pa]

flow uniformity

temperature [°C]

velocity [m/s]

header width [mm]

design parameter

normalized design parameter
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Greek symbols

A difference

0y Kronecker delta

& turbulence kinetic energy dissipation rate [m?/s’]
u dynamic viscosity [kg/m s]

p density [kg/m®]

oy, 0, turbulent Prandtl number of &, ¢
P dependent variable

Subscripts

c channel

eff effective

f fluid

ideal  ideal case

max maximum
min minimum
new present

old previous
ref reference

S solid

t turbulence

because the combining headers had their own outlets.
Chung et al. (2002) investigated the characteristics of the
flow distribution and optimized the performance of a
four-pass, parallel-flow heat exchanger by examining the
number of channels per pass and the inlet and outlet loca-
tions. Rao and Das (2004) studied the thermal performance
of a multi-pass, plate heat exchanger, although the number
of passes was restricted to two or three. They did not report
the flow characteristics in each pass, and did not examine
how the number of passes affects the flow distribution
and overall performance. Further study is therefore
required on how the number of passes affects the perfor-
mance of multi-pass heat exchangers.

This paper addresses the effects of various design param-
eters, including the number of passes and the inlet diameter,
on the performance of a multi-pass heat exchanger. We pro-
pose an optimal multi-pass, multi-channel heat exchanger
for a fixed system volume based on a simultaneous evalua-
tion of the flow distribution and thermal performance. In
addition, we optimize other design parameters, such as the
locations of the inlet and the pass separator, and the header
width, to improve the performance of the heat exchanger
with an optimal number of passes.

2. Heat exchanger geometry and mathematical formulation
The heat exchanger in this study consists of outside fins

and a multi-pass, multi-channel heat exchanger block, as
shown in Fig. 1. The heat is transferred through a 2-mm

thick wall between the fins and the block. The fin length,
height and thickness are fixed at 240, 50, and 0.5 mm,
respectively, and there are 83 fins. The fin, separator, and
other solid walls are all made of aluminum. The fins cool
high-temperature air that flows between the fins. The inside
of the heat exchanger block consists of a variable number
of passes. The circular inlet and outlet are located at the
center of the first and last headers, respectively. Each pass
has multiple channels spaced at 10-mm intervals. The chan-
nel wall is 0.5-mm thick. In the multi-pass heat exchanger
block, the low-temperature fluid introduced through the
inlet is divided amongst all the channels in the dividing
header and is combined in the combining header. This pro-
cess is repeated in each pass until the fluid leaves the heat
exchanger at an elevated temperature. In this paper, each
channel is denoted by channel i—j, where index i indicates
the pass number and index j indicates the channel number
in the pass. The channel numbers are ordered from the top
to the bottom of a pass.

To examine the effects of the number of passes on the
heat exchanger performance, we considered several models,
shown in Fig. 2. The reference model has two passes and an
inlet diameter of 30 mm, other models have the same con-
figuration as the reference model in terms of overall size,
channel spacing, header width, outside fins, and so on,
but the number of passes and the location of the separators
differ. The number of passes is an even number, since the
locations of the inlet and outlet are restricted to the
right-hand side of the heat exchanger; this is given as a
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Fig. 1. Schematic diagram of a typical multi-pass, multi-channel heat exchanger.
design limitation. Each pass in any model has the same (1) The flows in the heat exchanger are three-dimen-

number of channels.

2.1. Governing equations

els, we assumed the following:

sional, steady, incompressible, and turbulent.

(2) The working fluid is a single phase, and the fluid
properties remain constant based on the operational
temperature given in Egs. (11) and (12).

For our numerical analysis of the heat exchanger mod- (3) The thermal contact resistance is negligible between

solid walls.



M.-S. Kim et al. | Int. J. Heat and Fluid Flow 29 (2008) 352-363 355

]

" [~~separator

]

<2-pass heat exchanger>

v

[~ separator

<6-pass heat exchanger>

[ ]

-]

I~ separator

[ ]

<4-pass heat exchanger>

[~ separator

<8-pass heat exchanger>

Fig. 2. Various pass arrangements for a heat exchanger (with an inlet diameter of 30 mm).

To ensure that the flow is fully-developed at the inlet, we
added a computational domain to the inlet which is a 10
times longer pipe than the inlet hydraulic diameter. Since
the flows are fully developed turbulent at the inlet accord-
ing to the Reynolds number based on the hydraulic diam-
eter and inlet velocity, the standard k—& model was used for
the numerical calculations. Therefore, the governing equa-
tions for the fluid regions consist of the continuity, momen-
tum, k—¢, and energy equations as follows:

The continuity equation:

0
—(pu;) =0 1
L) (1
The momentum equation:
0 o 0 Ou;
Zouy) = — £ & it , 2
an (pu,u,) axi + axj [(,u + :ul) axj:| + pﬁ ( )
The k-equation:
0 0 U\ Ok
—(pujk) = — =]—|+ G, — 3
%@w>aﬁKm})&J+k e G)
The e-equation:
Gl Gl i\ O € &2
9 oue) =2 B 22 4 G2 — Cap = 4
Ox; (puje) ox; {(H—i— 01;) 6)@] + “k 2P k 4
The energy equation:
) T o
Co— uT) = kest = i)eff A 5
p paxj (u;T) iy @sz- + (Tij)efr ox, (5)
where
k2
e = pCu: (6)
_ _ au, au,' au,-

G = 210,S5Sij = 1 <6x,- + ax,-) & (7)
Ci=144, =192, C,=009, 0,=10, ¢,=13 (8)

Ou; Ou; 2 Ou; Coit
(Tij)eff = Hefr (a_xj + G_xj) - g.“effa_xiéziv ket = kf + I:;rtt’
u
Hegt = U+ 0_19 9)

Wall function was used near the walls where the dependent
variables had large gradients.

For the solid wall, the following conduction equation
was used:

T

ks —
0x;

=0 (10)

The boundary condition (Costa et al., 1999) for the air at
the inlet of the outside fins was

= i, = 0.02115kg/s, ki = 0.01u2,
Cki?
bin — - , Tr=Tn= ° 11
o= 005D, 3¢ (11)

The inlet boundary condition for the interior of the heat
exchanger block was

= i, = 0.004 kg /s, kin = 0.0l
Cky
i =—2_ Tr=Tp=-30°C 12
005D, f (12)
The outlet boundary conditions for the flow were
= o = i, =0, E_g, Pog Ty
- out — n; al’l_ ) al’l_ 9 ai’l_ I 611_

(13)
On the solid walls, the boundary conditions are given as
Uwall = Dyall = Wyat = 0 (14)

orT 0T

Tr=T, ki—=Kk (15)

on on
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2.2. Numerical method and validation

We used the FLUENT software package to simulate the
flow of fluid in the multi-pass heat exchanger. We selected
the SIMPLE algorithm to couple the velocity and pressure.
To improve the accuracy, we applied a second-order
upwind scheme to the convective terms of the governing
equations. In addition, we tested the grid dependence of
the calculations by varying the number of grids in each
channel, as shown in Fig. 3. After considering the accuracy,
convergence, and computation time, we selected a grid
structure consisting of 1,161,216 subdivisions. More grids
were placed near the walls for better accuracy, as shown
in Fig. 4. The convergence criterion was the relative error
of the dependent variables defined in Eq. (16). The criterion
is 107 for all of the equations. The computation time was
20 h using a 3.0 GHz Pentium IV processor.

120

110+

0. W

100 -

90 -

774,144 967,680 1,161,216 1,354,752 1,548,288
the number of grid points

Fig. 3. Grid dependence as a function of the number of points.

Table 1
Comparison of the heat transfer rate with experimental data

Model Q (W) Relative error (%)
Experiment® 115 -

Standard k—¢ 111.75 2.826

RNG k—¢ 110.85 3.609

Lam and Bremhost 106.72 7.2

% This was performed by the manufacturer of the heat exchangers of
interest.

Qnew_(po
e= Max{ild

} (16)

The results of the standard k— model were compared
with the experimental results provided by the manufacturer
of the heat exchanger as well as the results of the RNG k—¢
and low-Re Lam and Bremhost A—¢ model (Lam and Brem-
host, 1981). The all flow geometries for the comparison are
identical to the geometry shown in Fig. 1b. We performed
the numerical simulations using the same flow and temper-
ature conditions given in Egs. (11) and (12). For the low-
Reynolds model, the local y+ values were less than 1.0,
more grid points in comparison with the standard k—¢
model (Missirlis et al., 2005). However the grids for the
low-Reynolds model could not be made finer because of
CPU speed and computational time limitations. Thus we
selected the standard k—& model whose results agreed well
with the experimental data as shown in Table 1.

new

3. Results and discussion

We performed numerical analyses to investigate the per-
formance of multi-pass, multi-channel heat exchangers by
varying the number of passes and inlet diameter. After
selecting a model with the optimal number of passes and

header

separator

channel wall

Fig. 4. Details of the grid near the header.



M.-S. Kim et al. | Int. J. Heat and Fluid Flow 29 (2008) 352-363 357

inlet diameter, we examined the effects and sensitivity of
other design parameters on the performance. The design
parameters we studied were the inlet and outlet locations,
the header width, and the separator location.

3.1. Effects of the number of passes and the inlet diameter

To investigate the effects of the inlet diameter on the per-
formance of the heat exchanger, we varied the diameter from
20 to 50 mm at 5-mm intervals. The outlet diameter was set
to be the same as the inlet diameter. We also varied the num-
ber of passes; this was an even number (e.g., 2, 4, 6, 8, or 12)
because the locations of the inlet and outlet were restricted to
the right-hand side of the heat exchanger. The maximum
number of passes was determined by the inlet diameter since
the overall size of the heat exchanger was fixed.

The JF factor (Lee and Oh, 2004; Yun and Lee, 2000)
was used to evaluate the performance of the heat exchanger
model. The results are summarized in Table 2. For a given
number of passes, the JF factor increased as the inlet diam-
eter increased since the pressure drop between the inlet and
the outlet decreased as without significantly changing the
heat transfer rate. For example, the heat transfer rate for
the four-pass heat exchanger varied slightly from 111 to
112 W as the inlet diameter increased, but the pressure
drop decreased significantly from 104 to 14 Pa. Therefore,
the overall performance of the heat exchanger was best
when the inlet diameter was 50 mm for the given range of
inlet diameter.

More passes resulted in a greater heat transfer rate but a
larger pressure drop for a fixed inlet diameter. Fig. 5 shows
the pressure distribution in the dividing and combining
headers on the first pass of a heat exchanger with the inlet
diameter of 30 mm. For the two-pass heat exchanger, there
was a significant pressure drop along the middle channels
between the dividing and combining headers, while the
pressure drop was negligible along outer channels since
the inlet diameter was small compared to the header height
of 120 mm. As a result, the majority of the fluid flowed
through the middle channels, leading to a low heat transfer
rate. As the number of passes increased up to eight, the
pressure distribution became more uniform, improving
both the uniformity of the flow and the heat transfer rate.
However, the overall pressure drop between the inlet and
the outlet increased as the number of passes increased.
The change in the heat transfer rate (larger was better)
and the pressure drop (smaller was better) tended to offset
each other since they both increased with the number of
passes. For inlet diameters of 20, 30, and 50 mm, the num-
ber of passes that resulted in the best performance was six,
four, and two respectively, as shown in Table 2.

We considered the ratio of the inlet diameter to the header
height (D/H) as a variable to determine the optimal number
of passes since the header height depended on the number of
passes, and was equal to the pass height, as shown in Fig. 2.
Fig. 6 shows the effects of this ratio on the JF factor. It was
greatest when the ratio was in the range of 0.25-0.5, regard-
less of the inlet diameter. For large inlet diameters, there were

Table 2
Performance of heat exchangers as a function of the inlet diameter and number of passes
Inlet diameter (mm) Number of passes (N,) D/H 0 (W) Ap (Pa) JF
20 2 0.167 104.30 99.04 0.537
4 0.333 111.70 103.51 0.616
6 0.5 117.65 122.23 0.640
8 0.667 121.03 201.64 0.583
12 1 124.86 610.42 0.494
25 2 0.208 103.44 37.00 0.761
4 0.417 111.72 45.65 0.841
6 0.625 117.25 68.84 0.791
8 0.833 120.99 150.02 0.780
30 24 0.25 104.24 18.63 1
4 0.5 111.75 27.09 1.022
6 0.75 117.38 51.18 0.882
8 1 120.80 134.11 0.710
35 2 0.292 104.20 10.61 1.245
4 0.583 111.35 19.33 1.180
6 0.875 116.61 49.92 0.910
40 2 0.333 104.55 6.87 1.517
4 0.667 111.96 15.76 1.322
6 1 116.38 49.89 0.938
45 2 0.375 105.47 5.11 1.749
4 0.75 112.41 14.30 1.356
50 2 0.417 106.45 4.20 1.893
4 0.833 112.37 13.74 1.385

# Reference heat exchanger.
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Fig. 5. Pressure distribution at each header on the first pass as a function of the channel number and number of passes for an inlet diameter of 30 mm.
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—&—20 mm
Lé 12 |
0.8 | ./’\k/‘i\
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0.00 0.25 0.50 0.75 1.00
D/H

Fig. 6. JF factor as a function of the ratio of the inlet diameter to the
header height.

few discrete values for this ratio, but and they were all close to
0.5 because the number of passes was constrained to an even
number while the inlet diameter varied from 20 to 50 mm at
5-mm intervals and the size of the heat exchangers was fixed.

Thus, it is reasonable to conclude that the optimal number of
passes was dictated by the inlet diameter when the value of
D/H was approximately 0.5. For example, from Table 2,
the optimal number of passes was four for an inlet diameter
of 30 mm. Overall, the heat exchanger with the largest JF fac-
tor had an inlet diameter of 50 mm and two passes, and the
performance was 89.3% higher than that of the reference
heat exchanger.

3.2. Effect and sensitivity of the design parameters

We investigated the effects of other design parameters
on the performance of the two-pass heat exchanger with
the largest JF factor. These parameters were the locations
of the inlet, outlet, and separator, as well as the header
width, as shown in Fig. 7. They varied within set geometri-
cal limitations, shown in Table 3, and were normalized to
the upper (X;max) and lower (X; min) limits of the constraint
conditions of each parameter as follows:

Xi = Xirer

S - (17)
% (Xi,max - Xi,min)

Xi
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Fig. 7. Ranges of the design parameters.

Table 3
Ranges of the normalized design parameters

Design parameter Normalization (mm)

—1 (lower) 0 (reference) +1 (upper)
Inlet location (X7) 145 180 215
Outlet location (X3) 25 60 95
Left header width (X3) 20 50 80
Separator location (Xj) 50 120 190

While one design parameter was varied, the other normal-
ized parameters were fixed to a reference value of zero.

Fig. 8 shows the JF factor and the uniformity of the flow
distribution with respect to the inlet locations. Because the
heat exchanger consisted of two passes, the flow distribu-
tion uniformity could be defined as

2 Nien i — 1 2
Stotal = Z Z < i “dea) NC (18>
i=1 j=1 ml ideal
24+ 132
20} e ] 2.4
I/./. E./
"
"
L@ 1.6 {16 gf’ﬁ
12} oo i
O\o\
O.
O—
E) O\O\O\O‘O‘o\o
0.8 1 1 1 40.0
-1 0 1
X

Fig. 8. JF factor and flow distribution uniformity as a function of the inlet
location.

where the subscripts i and j indicate the pass and channel
number, respectively, and N, is the total number of chan-
nels in the heat exchanger. More uniform flows gave a
smaller value of Siya. As the inlet location moved toward
the top of the exchanger, the JF factor increased and S
decreased, indicating that the performance of the heat ex-
changer improved. A comparison of the pressure distribu-
tions in the headers on the first pass indicated that the
improved performance resulted from an increased flow uni-
formity, as shown in Fig. 9. For the lowest inlet location
(x; = —1), the pressure drop along the upper channels
was so small that the fluid hardly flowed through them.
However, it was significantly higher in the lower channels.
In the combining header of the first pass, the fluids moved
down perpendicular to the channels. Therefore, the local
momentum increased and the local pressure decreased as
the flows combined in the header (Bahura and Jones,
1976). This caused a higher pressure drop along the lower
channels. As the inlet location moved upward, the pressure
drop along the channels became more uniform so that the
flow was distributed more evenly, thus improving the heat
transfer performance. The increase in the JF factor was
therefore due to the improved flow uniformity as the inlet
location moved upward.

Fig. 10 shows the variation of the JF factor for the other
three design parameters. As the outlet location moved
upward from x,=—1, the JF factor increased until
x>, =—0.57 (X, =40 mm), and then decreased. This is
because the pressure drop decreased until x, = —0.57 but
increased sharply thereafter, while the heat transfer rate
increased slowly throughout, proportional to the change
in outlet location.

The header width also significantly affected the flow dis-
tribution and thus the overall heat exchanger performance.
The left header width varied from 20 to 80 mm with respect
to the fixed left side wall. Since the channel length remained
at 320 mm, the relative channel position shifted to the
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Fig. 9. Pressure distribution at each header on the first pass as a function
of the inlet location.

right, reducing the width of the right headers. Thus for an
increased width of the left header, the widths of the com-
bining header for the first pass and the dividing header
for the second pass increased, while the widths of the divid-

241 g outlet location nx,0
—A— header width nx,0
—O~ separator locationnx,0

2.0+ R A p

O:GZO:O;KOA\O\O\

16| ya Mo

JF

0.8}

-1 0 1

i

Fig. 10. JF factor as a function of outlet location, header width, and
separator location.

ing header for the first pass and the combining header for
the second pass decreased. As the header width varied from
x3=—11t0 x3 =0.67 (X3 = 70 mm), the JF factor increased
dramatically, and then changed only slightly for higher val-
ues. This is because the flow distribution improved signifi-
cantly up to x; = 0.67.

As the separator location moved upward, the JF factor
increased for x4 = —1 to x4 = —0.28 (X4 =100 mm), and
decreased gradually thereafter. When the separator loca-
tion was biased toward either the top or the bottom, the
pass with fewer channels showed better flow uniformity,
although the results are omitted here for simplicity. How-
ever, the overall flow uniformity was best when the separa-
tor was located near the middle of the heat exchanger.

In order to examine the flow uniformity and verify the
results of Fig. 8, we defined the ratio of the flow rate in a
channel to the total flow rate in a pass as follows:

m;
D

where the numerator is the flow rate in a channel, and the
denominator is the total flow rate of a pass. For a left head-
er width of 20 mm, most flows were biased to the lower
channels (the channels with the greater numbers), as shown
in Fig. 11. This is because the header was too narrow and,
consequently, it caused a severely non-uniform pressure
drop across the channels. The negative flow rates in the
upper channels were caused by back flows due to a recircu-
lation zone in the upper corner of the combining header.
For a left header width of 50 mm, the uniformity improved
slightly compared to the previous case, especially in the
first pass. In contrast, for the largest header width
(X3 = 80 mm), most fluids flowed through the middle chan-
nels. The overall flow distribution in both passes was best
for a header width of X3 = 80 mm.

The flow non-uniformity shown in Fig. 11 was worse in
the second pass than in the first. Fig. 12 shows the pressure

FR (%) = x 100 (19)
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Fig. 11. Flow rate ratios between channels as a function of the header
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distributions in the first and second passes. Significant pres-
sure differences are observed only along the lower channels
of the first and second passes. If the flows from the lower

First pass

—#— dividing header
—o— combining header

p, Pa

0L 1 1 1 1 1 1 1 1 1 1 1 1

12 3 4 5 6 7 8 9 10 11 12
channel number

Table 4

Sensitivity of the design parameters

Content Range (mm) JF factor Difference  Order
Max  Min

Inlet location 145-215 2.018 1.672 0.346 2

Outlet location 25-95 1.941 1.771 0.170 4

Left header width 20-80 1.983 1.145 0.838 1

Separator location 50-190 1.905 1.657 0.248 3

channels of the first pass entered into the upper channels
of the second pass, they should have made a sharp turn
to enter the upper channels in the second pass, resulting
in a significant loss. This is probably a reason that the flows
are biased toward the lower channels of the second pass.
After investigating the effects of the four design param-
eters on the heat exchanger performance, we examined the
sensitivities of the parameters using the difference between
the maximum and minimum values of the JF factor shown
in Table 4. In decreasing order of importance, the param-
eters with the greatest effects on performance were the
header width, inlet location, separator location, and outlet
location. Therefore, we removed outlet location from con-
sideration for the optimization in the next section.

4. Optimization

We selected the inlet location (x;), header width (x3),
and separator location (x4) as design variables for the opti-
mization. The following optimum design problem was
defined considering an objective function and constraint
conditions:

Find X1,X3,X4
to maximize JF(x;,x3,x4) (20)
subject to x1—2x3+1>20

Experimental points for optimization were selected
using a central composite design to create a response sur-
face. A second-order polynomial was used to estimate the

Second pass

b 30

—=a— dividing header
—Oo— combining header

p, Pa

1 2 3 4 56 7 8 9 1011 12
channel number

Fig. 12. Pressure distribution at each header for a left header width of 20 mm.
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Table 5
Design of experiments
Test number Normalization units JF factor
X3 X1 X4
1 -1 -1 -1 1.236
2 1 -1 -1 1.924
3 -1 1 -1 1.058
4 1 1 -1 1.570
5 -1 -1 1 Violated
6 1 -1 1 Violated
7 -1 1 1 1.042
8 1 1 1 1.588
9 -1 0 0 1.145
10 1 0 0 1.967
11 0 -1 0 1.672
12 0 1 0 2.018
13 0 0 -1 1.731
14 0 0 1 Violated
15 0 0 0 1.893

full quadratic model for the response surface. The 15 exper-
imental points obtained from the central composite design
are shown in Table 5. Based on the experimental points, the
following response surface was generated using the objec-
tive function and constraint conditions:

JF (x),x3,x4) = 1.8607 4+ 0.3427x; + 0.1730x,
—0.3035x, — 0.2966x% — 0.0076x>
—0.4170x2 — 0.061 Lz,
4+ 0.0256x3x4 + 0.3060x ;x4 (21)

An analysis of variance (ANOVA) was performed to
validate the accuracy of the response surface, and the coef-
ficient of determination (R?) was 0.989. Based on Eq. (21),
the optimal point was determined as

=10, x=05 x=00 (22)

These results indicate that the optimal inlet location, head-
er width, and separator locations were 215, 65, and 120 mm
respectively. At that design point, the value of the JF factor
was 2.093, meaning that the performance of this optimum
model was 109% better than the reference model.

5. Conclusions

We conducted a numerical investigation of the perfor-
mance of a multi-pass, multi-channel heat exchanger con-
sidering the number of passes and inlet diameter. After
determining optimum number of passes and the inlet diam-
eter, we evaluated the heat exchanger performance by vary-
ing the header width, and the locations of the separator,
inlet, and outlet. We optimized these to achieve the best
performance.

The heat transfer rate varied slightly as the inlet diame-
ter increased for a fixed number of passes while the pres-
sure drop decreased dramatically, improving the overall
performance of the heat exchanger. For a fixed inlet diam-
eter, both the heat transfer rate and the pressure drop

increased as the number of passes increased. Therefore,
the optimum number of passes was different for different
inlet diameters, and was determined based on the ratio of
inlet diameter to header height of 0.5.

For the heat exchanger with the optimal number of
passes and inlet diameter, the design parameters with
the greatest effect on performance were, in decreasing
order, the header width, inlet location, separator location,
and outlet location. After a sensitivity test, the first three
design parameters were selected for optimization. The
optimization using a response surface a model of which
the performance was 109% better than the reference heat
exchanger.

In summary, the selection of the optimal number of
passes and inlet diameter resulted in a performance 89%
better than the reference model. Optimization of other
design parameters led to an additional 20% improvement
in the performance of the heat exchanger. This shows that
the proper choice of the number of passes and the inlet
diameter of a multi-pass, and multi-channel heat exchanger
are critical can dramatically improve its performance.
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