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A new type of aluminum heat exchanger with integrated fin and micro-channel has been proposed. The
air-side heat transfer and flow characteristics of the integrated fin and micro-channel heat exchanger are
systematically analyzed by a 3D numerical simulation. The effect of flow depth, fin height, fin pitch and
fin thickness at different Reynolds number is evaluated by calculating Colburn factor j and Fanning
friction factor f. A parametric study method is used to analyze the fin designed parameters affecting the
performance of the heat exchanger. The results show that the contribution ratio of the fin geometries in
descending order is flow depth, fin pitch, fin height and fin thickness. The air-side performance of the
integrated fin and micro-channel heat exchanger is compared with that of the multi-louver fin micro-
channel heat exchanger and the wavy fin micro-channel heat exchanger.

© 2010 Elsevier Ltd. All rights reserved.

1. Introduction

Micro-channel heat exchanger is a highly efficient air-cooled
heat exchanger, and is one of the potential alternatives for replacing
conventional finned tube heat exchangers [1], mainly used in
industries such as automobiles, air conditioning and refrigeration at
present. The louver fin flat tube heat exchanger and the wavy fin
flat tube heat exchanger are the main forms of the micro-channel
heat exchanger. For the fin and tube heat exchanger, the heat
transfer is limited by the thermal resistance on the air-side. Thus,
the louver fin and the wavy fin have been studied by a number of
researchers.

Multi-louvered fin and flat tube heat exchangers have been
performed experimentally by Kim and Bullard [2]. Forty five heat
exchangers with different louver angles, fin pitches and flow depths
were tested. The Colburn factor j and Fanning friction factor f
correlations related to the heat transfer coefficient and pressure
drop were generalized as functions of Reynolds number based on
louver pitch according to the experimental data. Comparison
results between the general correlations for j and f factors were
analyzed. Chang et al. [3], and Chang and Wang [4,5] performed
experimental studies on the air-side characteristics of louvered fin
heat exchangers and developed correlations for j and f factors.
Zhang and Tafti [6] focused on the effect of the Reynolds number,
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fin pitch, louver thickness, and louver angle on flow efficiency in
multi-louvered fins. Their results showed that flow efficiency is
strongly dependent on geometrical parameters, especially at low
Reynolds numbers. The air-side thermal performance data were
analyzed using the effectiveness-NTU method for the wavy fin flat
tube heat exchanger by Dong et al. [7]. The effects of fin pitch, fin
height and fin length on the performance of heat transfer and
pressure drop were examined. The general correlations for j and f
factors were derived, and they can predict 95% of the experimental
data within +10%. Computational fluid dynamics method has been
also introduced into heat exchanger study. Malapure et al. [8]
performed three-dimensional simulations to investigate different
geometries with varying louver pitch, louver angle, fin pitch and
tube pitch and for different Reynolds number. The air-side perfor-
mance of heat exchanger is evaluated by calculating Stanton
number and friction factor. They obtained designed curves to
predict the heat transfer and the pressure drop for a given louver
geometry. Hsieh [9] proposed successively increased or decreased
louver angle patterns for multi-louver fin flat tube heat exchanger,
and carried out a 3D numerical analysis on heat transfer and fluid
flow to address this issue.

As mentioned above, micro-channel heat exchanger is a highly
efficient air-cooled heat exchanger. However, the manufacture of
traditional micro-channel heat exchanger is complex, and the cost
is high. Its flat tube and the fin are welded together, so a long period
of stress changes caused poor contact for the tube and the fin, and
then affect the heat transfer performance. On the other hand,
condensate removal and frost problems are the main factors
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Nomenclature

Cp specific heat at constant pressure, ] kg™! K1

Cr correction number

Dy hydraulic diameter, mm

f Fanning friction factor

Fp fin pitch, mm

Fd flow depth, mm

Fh fin height, mm

&m air flux flow at the minimum cross-section of the flow
area, ms !

h heat transfer coefficient, W m~2 K~!

j Colburn factor

JF JF factor, dimensionless

k thermal conductivity, W m~! K~

Kc abrupt contraction coefficient

Ke abrupt expansion coefficient

L the fin length along the air flow direction, m

Nu average Nusselt number

Pr Prandtl number

Te the number of effective replications

R the difference between the maximum and the

minimum SN ratio

Rep, Reynolds number based on hydraulic diameter
Sp mean variance for measured data

SN signal-to-noise

St sum of square for measured data

T temperature, K

U velocity, m s~!

u, v, w x,y,zvelocity components, m s~ !

Ve error sum of squares

XV z Cartesian coordinates

AP pressure drop, Pa

Greek symbols
0 thickness, mm

u dynamic viscosity of air, Pa s

p density, kg m—3

0 angle of fin

i signal-to-noise ratio

Subscripts

in inlet

w wall

R reference

upper upper part of the computational domain

constraining its development and application. Therefore, a new
type of aluminum heat exchanger with integrated fin and micro-
channel has been proposed in this work. The photo of it is pre-
sented in Fig. 1. Compared with the traditional micro-channel heat
exchanger, the new type of micro-channel heat exchanger has
many advantages. Its processing is simple and the cost is low, and it
doesn’t occur that the fin will loose from the wall, and affect the
heat transfer performance in use. There is no contact resistance as
the fin and the flat tube are integrated. Its structure may be in favor
of drainage and preventing frost as the fin has a certain angle, but it
need to be studied further.

Since the heat transfer on the air-side is the major factor influ-
encing heat exchanger performance, a three-dimensional CFD
simulation is carried out to study the air-side heat transfer and flow
characteristics of the integrated fin and micro-channel heat
exchanger, to provide theoretical guidance for the fin geometry
designing. The fin geometries are investigated in terms of Colburn j
factor and Fanning friction ffactor as a function of Rep, . The Taguchi
method [10], known to be a very reasonable tool in a parametric
study, is used to analyze the contribution ratio of fin geometry
factor on the performance of the heat exchanger. Finally, the air-
side heat transfer and flow characteristics of the integrated fin and
micro-channel heat exchanger are compared with that of the

Fig. 1. Integrated fin and micro-channel heat exchanger core section.

traditional micro-channel heat exchanger published in literatures
[2,7].

2. Numerical simulation
2.1. Physical model

The map of the integrated fin and micro-channel heat exchanger
core section is presented in Fig. 1. The schematic diagram of the
integrated fin and micro-channel heat exchanger core section is
shown in Fig. 2, which gives a top view and front view of the
computation domain. Due to the symmetric and periodic
arrangement, the section of the heat exchanger shown in Fig. 2 is
selected as the computing units. The neighboring two fins’ middle
surfaces are selected as the upper and lower boundary of the
computational element, respectively. The side surface of the fin and
the tubes’ middle surface are selected as the front and back
boundary of the computational element, respectively. Because of
the fin thickness, the air velocity profile is not uniform at the
entrance of the channel formed by the fins’ middle surfaces.
The computational domain is extended upstream 0.25 times of the
original heat transfer zone to ensure the velocity distribution
uniform at the inlet of domain. The computational domain is also
extended downstream 0.5 times of the original heat transfer zone
so that fully developed boundary condition can be used at the
outlet [11,12]. The elementary computational domain is presented
in Fig. 3, in which x, y, z are stream wise, span wise and normal
coordinates, respectively.

2.2. Grid generation

In this paper, the body-fitted coordinates are adopted, which
helps to transform the complex computational computation
domain in physical space into a simple domain in the computation
space. The computational meshes are generated using Gambit,
which is packaged with FLUENT software. The computational
domain is divided into three parts in the flow direction: the
upstream-extended region, the fin coil region and the upstream-
extended region. The computational domain is discretized by
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Fig. 2. Computational unit and definition of fin geometries: (a) top view; (b) front view.

non-uniform grids with the grids in the central-fin region being
very fine while those in the extension domains being coarse to save
the computing resource. The generated grid system is shown in
Fig. 3.

2.3. Governing equations and boundary conditions

The CFD software FLUENT is used for the numerical simulation.
The air flow between the neighboring fins is laminar owing to the
low velocity and the small fin pitch. In the computation, the Rey-
nolds number based on the inlet average velocity (1—7 m s~ ') and
flow passage hydraulic diameter is below 2000. The flow is taken as
steady, incompressible one [11,12]. The governing equations
include continuity, momentum and energy equations for fluid
region, conduction equation for solid region. The equations are
expressed as follows [11,12]:

Continuity equation : 3%’){“1) =0 1)
i
on = L pun) — (2 _ o
Momentum equation : aXi(puluk) = ax; (“axi) ox (2)
Energy equation : i( uT) = 0 (ko (3)
gyeq ’ axi P - aXi Cp aXi

Governing equations are discreted by means of the control volume
method, and the convection term is discreted by adopting the
power-law scheme. The coupling between pressure and velocity is
conducted by the SIMPLE algorithm calculating the regional. Fin
thickness and heat conduction in the fins are taken into account.
The temperature distribution for the fins can be determined by
solving the conjugate heat transfer problem in the computational
domain. Similar treatments can be found in references [12,13]. The

tube region

\ wind tunnel area

convergence criterion is that the normalized residuals are less than
107 for the flow equations and 10~8 for the energy equation.
The boundary conditions are described as follows:

At the inlet, velocity-inlet boundary condition: u = ujy, T = Tip,
v=w=0

At the upper and lower surface of the wind tunnel region (x—y
planes), periodic boundary conditions:

au_av_oywzoyg
0z

ik =0 (extended reglon); U=v=uw

oT .
=0, 2z 0 <ﬁn reglon)

At the front and back surface of the wind tunnel region (x—z
planes), symmetry boundary condition:

oT

au_aw_()’v:O’_i
oy

ay 0

At the outlet boundary, outflow boundary condition:

ou v dw 9T

ox  ox  ox  oX
Fin surface region, interface: u = v = w = 0, dT/dy = 0
Tuberegion: u=v=w=0,T=Ty

Geometric size and computational condition are listed in Table 1.
The numerical simulation model mentioned above is generally
carried out for simulating air-side performance of the fin and tube

back

outlet

top
bottom

Fig. 3. Computational domain and grid system.




Table 1

Geometric sizes and computational conditions.
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Parameter Size or value
Flow depth Fd

Fin height Fh

Fin thickness )

Fin pitch Fp

Tube diameter 0.8 mm
Tube spacing 0.78 mm
Flat tube thickness 3.5 mm
Fin angle 6 70°

Wall temperature T,y 333.15K
Inlet temperature of air Ti, 308 K
Inlet frontal velocity uj, 1-7ms!

heat exchangers. It was presented by Tao et al. [13] and Leu et al.
[14], agreements are very good for their results between simulation
and experiment. Thus, this method is employed to simulate the
integrated fin and micro-channel heat exchanger in the present
work.

2.4. Parameter definition

To improve the model to be easily understood, Reynolds
number, average Nusselt number, Colburn factor j, Fanning friction
factor f are defined as follows:

Re — &mPn 4)
o

Nu = h% (5)

i-g :cp"’r% (6)

f = i%% (7)

To calculate the hydraulic diameter, the computational domain is
divided into two equal parts along the z direction, and
Dy = 2Dn,upper Dh,upper = 4(Vupper/supper)v Vupper is the upper part
volume of the computational domain, Sypper is the upper part
wetting area of the computational domain.
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Fig. 4. Variation of the predicted Nusselt number with grid number.
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Fig. 5. Variation of j factor and f factor with flow depth.

2.5. Grid independence test

The grid independence test has been made, and the numerical
results can be almost regarded as grid-independent as far as the
average Nusselt number is convergenced. Taken the model of the
heat exchanger with flow depth of 51 mm, fin height of 6.6 mm, fin
pitch of 1.4 mm and fin thickness of 0.14 mm as an example, five
grid systems were tested. They are 82 x 13 x 8, 164 x 13 x 8,
164 x 13 x 14,164 x 25 x 14, 278 x 25 x 14. From Fig. 4, it can be
seen that the solution of the grid system of 278 x 25 x 14 yields
a Nusselt number about 1% lower than that of the grid system
164 x 25 x 14. So the grid system of 278 x 25 x 14 can be regarded
as grid independent. Similar examinations are also conducted for
the other cases.

3. Results and discussion
3.1. Heat transfer and flow characteristics

The air-side heat transfer and flow characteristics of the inte-
grated fin and micro-channel heat exchanger with different fin
geometries are presented in Figs. 5—12. The effect of the flow depth,
the fin pitch, the fin height, and the fin thickness are analyzed, with
Reynolds number below 2000. As is shown, the Colburn factorj and
Fanning friction factor f all decrease with increasing Reynolds
number within the range of examined Reynolds numbers.

Fig. 5 displays the effects of flow depth on the Colburn factor j
and Fanning friction factor f of the fin for the integrated fin and
micro-channel heat exchanger. It is noted that Fanning friction
factor f increases with going up flow depth while j decreases with

Y(mgl) 26mm 39mm Slmm f—
m hsuva e
I I i | “\r\' 1l
0 001 002 003 004 005
X (mm) a
%M g

b

Fig. 6. Distribution of isothermal and streamline for Re = 882.9.
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Fig. 7. Variations of j factor and f factor with fin height.

flow depth increasing. The trend of Colburn factor j and Fanning
friction factor f as the function of flow depth is the same as that of
Kim et al. [2] and Dong et al. [7]. As the flow depth increasing, the
boundary layer develops more fully, and it’s not in favor of heat
transfer. Analyzed by the field synergy principle [15], Fig. 6 indi-
cates that the isotherms are more or less normal to the local
streamlines at the front part, implying good synergy between
velocity and temperature field. Flowing to the back part of the
domain, synergy between velocity and temperature field become
worse and worse, the effect of heat transfer becomes worse.

Fig. 7 presents the j and f factors tend to increase with fin height
increasing. The results are the same as that of the wavy fin and the
louvered fin. From Fig. 8, it is shown that the intersection angle
between local temperature field and the velocity flied decreases
from 4.2 mm to 6.6 mm for the fin height, at the middle cross-
section between the adjacent fins. It indicates synergy between
velocity and temperature field becomes better as the fin height
increasing. But the fin is not the higher, the better. The heat transfer
effect and production cost must be considered together. There
exists an optimal value of the fin height. For the fin height at the
range of 4.2—6.6 mm, the fin height of 6.6 mm will be chosen.

The data points in Fig. 9 show the effect of fin pitch (1.0, 1.2,
1.4 mm) on the air-side thermal hydraulic performance of the heat
exchangers with the same flow depth of 26 mm, fin height of
6.6 mm and fin thickness of 0.1 mm. At the same Reynolds number,
the decrease of fin pitch results in the increase of j and f factors. As
the fin pitch increases, the boundary layer interruption between

330.0006-

311144 322147 4.2mm
113 \arsgsol N\ v N\ 5.6mm
! T T T P T Y T V. P N 1 ! f ! s L6, 6num

-0.005

0.01 0.02 0.03

b

Fig. 8. Distribution of isothermal and velocity field for Re = 518.4.
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Fig. 9. Variation of j factor and f factor with fin pitch.

the fins is delayed, and the heat transfer performance becomes
worse. Fig. 10 shows the normal-averaged Nusselt number on the
z—x plane, it can be seen Nusselt number for smaller fin pitch is
higher than those for larger fin pitch as the boundary layer inter-
ruption between the fins is delayed. There are some peaks for
normal-averaged Nusselt number in Fig. 10. Apparently, the inter-
rupted fins break the boundary layer growth along the flow
direction. While meeting a new interrupted fin, the boundary layer
growth will appear a new leading edge for the flow, and the
normal-averaged Nusselt number increases.

As increasing the fin thickness, the air flow will become more
turbulent at the same fin pitch as the boundary layer interruption.
Fig. 11 indicates the j and f factors increase with the fin thickness
¢ increasing. As can be seen from Fig. 12, the normal-averaged
Nusselt number is higher for the fin thickness § = 0.1 mm than that
of fin thickness ¢ = 0.115 mm and ¢ = 0.14 mm. The boundary layer
interaction between the fins cannot be ignored for the plain fin
while the fin pitch is small. The peaks for the normal-averaged
Nusselt number are explained above.

3.2. Factor and level analyzed by Taguchi method [10,16]

The signal-to-noise ratio used in the analysis of Taguchi method,
which is a measurement particularly used for process design. SN
ratio can help engineers to find out which levels of control factors
are more efficient. This study analyzes four factors (flow depth, fin
height, fin pitch and fin thickness) affecting the air-side heat
transfer and flow characteristics of the integrated fin and micro-
channel heat exchanger using Taguchi method. The factors and the
levels are shown in Table 2.

S/ o
J /)3 (®)

JF is a dimensionless number which can effectively evaluate the
thermal and dynamic performance of a heat exchanger since it
includes both the j and the f factor.

SN ratio of the dynamic characteristics is defined as the
following equations:

SN(= 1) = 101g<:x(5‘*;v“’)> (9)
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Fig. 10. Normal-averaged Nusselt number at z—x plane with different fin pitch.

Calculating the number of effective replications r. and mean vari-
ance for measured data Sg:

n

N2
Te = ;(ReDhi 7ReDh> (10)
1| & o ’
SB = r|:Z<ReDhi ReDh)]Fl} (11)
€li=1

Here, Rep, ; and JF; represent the ith Reynolds number based inte-
grated fin and the ith JF factor, respectively. There are seven test
points of Rep, in this study.

Calculating the sum of square for measured data Sy, Cr is the
correction number:

n

2
St=> JF -G (12)
=1
014 Fd=51mm,Fh=6.6mm,Fp=1.4 mm i
] j f 8
— [ | O 0.14 mm
[ ] O 0.115 mmy
A A 0.1mm
0.01 4 —
T T T T T T T T T
0 300 600 900 1200 1500

Re,

Dh

Fig. 11. Variation of j factor and f factor with fin thickness.
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Fig. 12. Normal-averaged Nusselt number at z—x plane with different fin thickness.

2

(=i JR)

Cr —
T n

(13)
Calculating the error sum of squares S. and estimate of random
error variance Ve:
Se = S-S (14)
T n-1

n — 1 represents the freedom.

The contribution ratio means the effect of each factor on the JF
factor, namely the performance characteristics of a heat
exchanger. This is calculated using R that indicates the difference
between maximum and minimum of the SN ratio on each factor.
As a result, the contribution ratio of each factor is obtained from
the ratio of R corresponding to each factor to total R. Thus, the
effect of each factor on the JF factor of the flow depth is
enumerated as 39.06% for flow depth, 21.45% for fin height,
25.94% for fin pitch, and 13.58% for fin thickness as presented in
Table 3. Fig. 13 shows the contribution ratio of the fin pitch is the
largest and the fin thickness is the smallest among the consid-
ered factors. It is different from the analysis for the multi-louver
fin flat tube heat exchanger by Qi et al. [16]. However, it is noted
that the present results on the contribution ratio is limited to the
effects of the four factors used in this study. Hence, to investigate
the effects of factors other than those above, one can repeat
a similar procedure.

Fig. 14 shows the SN ratio of four factors in every level, which
can help us to choose the optimum fin geometry. The largest SN
ratio level of all the levels on each factor has the best performance
as mentioned above. For the flow depth, the level 1 (26 mm) is the

Ve (15)

Table 2
levels of each factor.
Code Factors (unit) Level 1 Level 2 Level 3
A Flow depth, Fd(mm) 26 39 51
B Fin height, Fh(mm) 4.2 5.6 6.6
C Fin pitch, Fp(mm) 1.0 1.2 14
D Fin thickness 6 (mm) 0.1 0.115 0.14
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Table 3
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Factional effect and contribution ratio for each factor.

Level Control factor
A B C D
SN ratio(n) 1 18.232 13.332 19.566 17.105
2 15.612 14.186 18.084 16.472
3 14.528 15.367 17.105 15.816
R(Nmax — Mmin) 12.03 3.704 2.035 2.461 1.289
Contribution ratio (%) 100 39.03 2145 25.49 13.58

best condition. As mentioned above, the performance of the front
area has better heat transfer than the back area along the flow
direction. For the most important parameter fin pitch, the smaller
fin pitch has better heat transfer effect, so the fin pitch of 1.0 mm is
optimal shown in Fig. 13. It also shows that the optimum size of fin
height and fin thickness is 6.6 mm (C1) and 0.1 mm (D1), respec-
tively. So the optimum condition is A1B3C1D1.

3.3. Comparison with traditional micro-channel heat exchanger

Fig. 15 displays the comparison of air-side heat transfer and
flow characteristics for the integrated fin with that of the other
type of fins. It is certain that the fins have the same geometry
parameters: Fp = 1.0 mm, Fh = 6.6 mm, Fd = 26 mm, d = 0.1 mm.
It is clear that the integrated fin has the interrupted plate fin while
other fins are the multi-louvered fin and wavy fin. It can be seen
from Fig. 15(a) that j and f of the integrated fin and are smaller
than that of the multi-louvered fin and wavy fin at the same
Reynolds number. Because the stronger disturbance is produced
by the louvered fin and the wavy fin, heat transfer is enhanced and
flow resistance also increases. Compared with that of the multi-
louver [2] and the wavy fin [7], the maximum difference of Col-
burn j factor for the integrated fin is 24.3% and 20.1%, and the
maximum difference of Fanning friction factor f the integrated fin
is 28.6% and 20.5% at the same Reynolds number. Fig. 15(b) shows
the comparison on the overall performance of the integrated fin
with the multi-louvered fin and wavy fin by examining j/[f*(1/3)]
factor. When Reynolds number is below 1018.5, the performance
of the integrated fin is worse than the multi-louvered fin and the
wavy fin, because the boundary layer isn’t broken strongly as the
multi-louvered fin and wavy fin. With Reynolds number
increasing up to 1018.5 and 1552.3, the performance of the inte-
grated fin exceeds the wavy fin and the multi-louvered fin,

40

30+

20

Contribution ratio(%)

A B C

Fig. 13. Contribution ratio of every factor.

20

S/N Ratio(n)
>
1
/

T T T
B1 B2 B3 C1 C2 C3 D1 D2 D3

Factors

T
Al A2 A3

Fig. 14. SN ratio on every factor.

respectively. As Reynolds number increases, the flow resistance
play the dominant role for the j/[f*(1/3)] factor gradually. The
integrated fin has low flow resistance, so the overall performance
becomes better and better. It is worth promoting and applying in

a B O integrated fin
® O wavy fin
0.1 A A Jouver fin -
—
0.01 4 .
T T T T T
0 300 600 900 1200 1500 1800
Reg,
0.030
0.027 4 m integrated fin
' ® wavy fin
A multi-louver fin
6 0.024
&
" 0.021 -
ReDh—1O18.5
0.018 4 ReDh=1552.3
’ 1
0.015 T T T T T T T T T T
0 300 600 900 1200 1500

Fig. 15. Comparison of the heat transfer and flow characteristics with traditional
micro-channel heat exchanger: (a) j and f; (b) j/[f*(1/3)].
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the automobiles, air conditioning, refrigeration, considering the
performance and the advantages of the integrated fin and micro-
channel heat exchanger.

4. Conclusions

In this study, an integrated fin and micro-channel heat
exchanger has been proposed. The heat exchanger has the advan-
tages of stable performance, easy drainage and preventing frost,
low cost, light, compact, long service life. The air-side heat transfer
and flow characteristics of the integrated fin and micro-channel
heat exchanger are systematically analyzed by a 3D numerical
simulation, the conclusions are as follows:

1. For Re number below 2000, both of the Colburn factor j and
Fanning friction factor f increase with fin height and fin thick-
ness increasing, and decrease with fin pitch increasing. As
increasing the flow depth, j factor decreases but f factor
increases.

2. According to analysis of the parameters with Taguchi method,
descending order of the contribution ratio for the performance
of the heat exchanger is flow depth, fin pitch, fin height and fin
thickness. In the given size range, the heat exchanger with fin
pitch of 1.0 mm, flow depth of 26 mm, fin height of 6.6 mm and
fin thickness of 0.1 mm has the best performance.

3. At low Reynolds number, the air-side performance of inte-
grated fin and micro-channel heat exchanger is worse than that
of the multi-louver fin flat tube heat exchanger and the wavy
fin flat tube heat exchanger. As Reynolds number increasing,
the air-side performance of integrated fin and micro-channel
heat exchanger is better than that of the multi-louver fin flat
tube heat exchanger and the wavy fin flat tube heat exchanger.

Therefore, the integrated fin and micro-channel heat exchanger
has good performance and so many advantages as described above,
it is worth promoting the application and will have good prospects.
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