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Abstract

Purpose — To provide some heat transfer and friction factor results for fin-and-tube heat transfer
surfaces which may be used in air conditioning industry.

Design/methodology/approach — Numerical simulation approach was adopted to compare the
plain plate fin and three types of radial slotted fin surfaces.

Findings — It is found that at the same frontal velocity (1.0-3m/s) the plain plate fin has the lowest
heat transfer rate with the smallest pressure drop. The full slotted fin surface has the highest heat
transfer rate with the largest pressure drop penalty. The partially slotted fin (where the strips are
mainly located in the rear part of the fin) and the back slotted fin are some what in between. Under the
identical pumping power constraint, the partially slotted fin surface behaves the best.

Research limitations/implications — The results are only valid the two-row fin surface.
Practical implications — The results are very useful for the design of two-row tube fin surfaces
with high efficiency.

Originality/value — This paper provides original information of slotted fin surface with radial strips
from the field synergy principle.

Keywords Numerical analysis, Simulation, Heat transfer, Heat exchangers

Paper type Research paper

Nomenclature

Ao, Aq, Ay = curve-fitting parameter Q = heat transfer rate

Dp = pressure drop Re = Reynolds number

f = friction factor Om = average synergy angle

Int = integrated value of convective d = fin collar outside diameter of
term tube

Nu = Nusselt number h = average heat transfer coefficient

1. Introduction

Finned-tube heat exchangers have been widely used in air-conditioning, refrigeration,
chemistry engineering and power industries. Various types of finned surfaces
are proposed, including the wavy or corrugated fin, offset strip fin and louver fin
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(Leu et al., 2001; Atkinson et al, 1998; Jing, 2001; Comini and Groce, 2001; Zhou et al.,
2003), etc. The finned surfaces are almost exclusively adopted for air-side heat transfer
in compact heat exchangers for which the most comprehensive design database up to
the eighties of twentieth century is the monograph by Kays and London (1984).
Numerous experimental investigations (Mori and Nakayama, 1982; Xin et al, 1992;
Wang et al., 2001) have shown that for enhancing heat transfer the interrupted fin
surfaces behave better than the corrugated fin surfaces because they can provide
periodical renewal of the boundary layer from the conventional understanding of heat
transfer enhancement mechanism. For example, it was shown by Xin ef al. (1992) that
according to their test results under the same pumping power the slotted fin surface of
two-row plate-fin-and-tube surface is about 40 percent higher than that of plain plate
fin and than wavy fin surface. Numerical simulations have also been widely used to
investigate the flow and heat transfer details of different kinds of plate-fin-and-tube
surfaces. Shah et al. (2001) made a comprehensive review on the numerical simulations
for many finned heat transfer surfaces.

Recently, Guo et al (1998) and Wang et al. (1998) proposed a new concept of enhancing
convective heat transfer for boundary layer type flow. According to this concept the heat
transfer flux at the wall equals the integration of the inner production of pc,(UegradT’)
along the boundary layer thickness. Therefore, for a fixed flow rate and temperature
difference the smaller the intersection angle (hereafter, it will be called synergy angle)
between the velocity and temperature difference, the larger the heat transfer flux. This
implies that the reduction of the intersection angle will increase the convective heat
transfer rate. Later this new concept has been extended to the elliptical type flow (Tao et al,
2002a). It is shown that for conventional fluids such as air and water, the integration:

/ pcp(UogradT) dQ
Q

represents the heat transfer rate over the entire domain. And it has also been demonstrated
by numerical simulations that all the existed explanations for enhancing convective heat
transfer can be unified under this principle (Tao et al, 2002b). This basic idea is now called
the field synergy principle. Thus, it is clear that a better synergy (i.e. smaller synergy angle
between the velocity and temperature gradient) will make the integration larger, hence,
enhance the heat transfer.

In this paper, the heat transfer and pressure drop characteristics are numerically
investigated for four types of fin surfaces, including plain plate fin and three-slotted fin
surfaces at which the slots are arranged more or less in the radial direction. The effect
of finite thickness of the fin is taken into account. The numerical results are discussed
from the point of view of the field synergy principle, and the effect of slot locations on
heat transfer and pressure drop is analyzed in detail.

2. Computational models
A schematic diagram of the plain plate-fin-and-tube surface is shown in Figure 1. In this
paper, plate fin and tube surface with two rows of tubes in the flow direction is studied.
The slotted fin surface is alike except that there are some slotted strips in the plain
plate.

Figure 2 shows the detail fin configurations of the four type fin patterns studied
among whom three fin surfaces are slotted with different arrangement of slots.
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Figure 1.

Schematic diagram of
fin-and-tube heat
exchanger

Figure 2.
Four types of fin surfaces
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Figure 2(a) is the plain plate fin. Figure 2(b) is a slotted fin surface with six strips
mainly located in the back part along the flow direction. Each strip is punched with
1 mm width and 0.6 mm depths from the base sheet and is aligned more or less in the
radial direction of the second tube. The strip number of Figure 2(c) is eight with two
more strips located in the front part of the fin surface. In Figure 2(d) the entire fin
surface is slotted and there 12 strips with each tubes share six ones. The fins are made
detailed geometry of the heat exchanger

of aluminum and the tubes of copper. The

surface and operating conditions are presented in Table L.

Following assumptions are adopted:

+ the fluid flow is in steady state and laminar;

+ the thermal physical properties are
neglected;

constant and the energy dissipation is
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Tube outside diameter 7.2mm
Longitudinal tube pitch 12.7mm
Transverse tube pitch 10.5mm
Fin thickness 0.105 mm
Fin pitch 1.2mm
Slotted Strip width 1.0mm
Radial angle 77.2°

Slit height 0.6 mm
Tube temperature 313K
Inlet air temperature 303K
Inlet frontal velocity 1.0-3.0m/s
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Table 1.
Operating conditions and
geometry dimension

+ the contact between the fin surface and tube is perfect;

* in the tube axis direction, there are many pieces of fin surface, hence, the fluid
flow and heat transfer are periodically developed in that direction, and the heat
transfer and fluid flow between any two pieces of fin surfaces can serve as a
representation of the whole stack of surface; and

+ in the spanwise direction, tubes are periodically arranged such that the fluid flow
and heat transfer are also periodically developed in this direction.

With these assumptions, our computational domain is shown in Figure 3 for one of the
slotted fin surface. The three coordinates x, y, and z are in main flow direction,
spanwise direction and perpendicular to the fin sheet, respectively. For this
computational domain, following two features may be noted. First the height of the
computational domain is the fin pitch, and half thickness of the upper and lower fin
sheet is included in the computational domain. This implies that the computation is of
conjugated type in that both the fin and fluid temperature distributions are
simultaneously determined. Second, the fluid flows across the fin from the left to the
right. Ahead of the first tube and at the back of the second tube there are additional
regions where no fin sheet exists. The streamwise length of these two additional
regions are 1.5 and 5 times of the streamwise fin length, respectively. Therefore, the
whole length of the computation domain is 7.5 times of the real fin length.

Because of space limit, the 3D general governing equation in Cartesian coordinates
will not be given here, and for details reference (Patankar, 1980) may be consulted.
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Figure 3.
Slotted fin surface with
parallel strips
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Figure 4.
Slotted fin with parallel
strips

The boundary conditions are as follows:
+ inlet boundary: # = const, v = w = 0, T}, = const.
+ outlet boundary:

au_av_aw_o oT

—=—=—=0, —=0.
0x 0x  0Xx 0x

+ top and bottom boundary: in the extended region,

ou v
—=—=0, w= O’

0z 0z

In the fin region, periodic boundary condition is applied in the place where slit
exists: u(x,y,0) = u(x,y,p5), 0(x,9,0) = v(x,y,pr), w(x,y,0) = w(x,y,pr),
T(x,y,0) = T(x,y,ps); In the remaining place, adiabatic boundary condition is
adopted for temperature at the symmetric line of the fin thickness, isothermal
condition for temperature is used for the tube boundary, while all velocities take
zero; and

+ frontal and back boundary:

u_v o w=o, Loy
ay 9y ay
for the fluid region, and at the tube wall surface 7" = const, # = v = w = 0 are set up.
The governing equations were discretized by FVM (Patankar, 1980; Tao, 2001), and
the SIMPLE algorithm was used. The techniques described in Tao (2001, 2000) were
used to numerically implement the conjugated solution procedure.

3. Examination of model and grid independency

Some preliminary computations were conducted to verify the model and the
grid-independence of the numerical solutions. For this end the slotted fin surface with
strips parallel to the y-axis was simulated for which experimental correlation is
available in the open literature (Kang et al, 1994). The fin surface simulated is shown in
Figure 3. The computational domain is similar to the one shown in Figure 2 and only
the fin part shown in Figure 4. Some geometric data of the fin are as follows: fin
thickness is 0.2 mm, the outer diameter of tube is 10.15 mm, and the fin pitch is 2.0 mm.
Three grid systems were used with total grid number of 1.8 x 10°, 3.2 x 10°, and
4.5x10°, respectively. The convergence criterion is the relative residual of the

=



http://www.emeraldinsight.com/action/showImage?doi=10.1108/02644400510626497&iName=master.img-004.jpg&w=231&h=67

Downloaded by Xi'an Jiaotong University At 23:34 23 February 2018 (PT)

momentum equations: R, =5x107% It is found that the maximum relative 3D numerical
difference of the average Nusselt number and friction factor of the three grid systems is simulation
3.7 and 2.8 percent, respectively. Since this difference is not quite small, the grid system

with the intermediate grid number, (i.e. 3.2 X 10°) was adopted for computations. The

simulated Nusselt numbers are then compared with the experimental correlation of

Kang et al. (1994) at the approaching velocities from 0.5 to 1.5 m/s, typical values in the

air-conditioning engineering. The comparison results are listed in Table II. Except 945
from the Nusselt number at the approaching velocity of 0.5m/s, the agreements of all
the other data are reasonably good, with deviations usually less than 10 percent. Such
deviations of the numerical results from experimental correlation are acceptable. The
most severe deviation is in Nusselt number at the approaching velocity of 0.5m/s.
According to Kang et al. (1994), at the low approaching velocity, the heat transfer rate
measurement accuracy was deteriorated, and it is our consideration that this rather
large deviation may be caused by the test data uncertainty.

With this success in experimental validation, we have sufficient confidence to
explore the heat transfer and fluid flow characteristics of the air flow in the slotted
fin-tube passages.

In the computations for the slotted fin surfaces with radial strips, the grid number is
3.786 % 10° (136 x 116 X 24) in order to match the boundaries of the radial strips more
precisely. The grid systems are shown in Figure 5. Figure 5(a) is viewed in x-y plane
where the almost black region is the fin surface and the very fine gridlines makes it
looked as black. The details of the grid lines in the fin region are shown in Figure 5(c),
where it can clearly be seen that the tube boundaries and the strips edges are simulated
by stepwise approximations. It should be noted that in order to arrange the pictures
conveniently both Figure 5(a) and (b) are not shown in scale. It should be noted that
between the fin region and the extended regions the grid spacing change is rather
abrupt. A question may arise as whether this may affect the numerical results. A grid
comparison was made in He ef al (2005) where the same situation happens. And it is
found that whether the change in grid spacing is gradual or abrupt is actually has no
effect on the heat transfer and fluid flow simulation. This is because in the extended
region neither heat transfer nor pressure drop occurs. These two regions are empty and
their existence is only for the numerical execution of the inlet and outlet boundary
conditions.

Now definitions are presented for the characteristic quantities which will be used in
the presentations of numerical results.

Velocity 0.5m/s 1.0m/s 1.5m/s 2.0m/s 2.5m/s

Characteristic

parameter Nu f Nu f Nu f Nu f Nu f

Computational Table II.
value 3015 327 3381 197 3649 158 3880 132 40.71 1.31 Comparison between
Experimental numerical and
correlations 2624 314 3178 195 3658 153 4096 141  45.04 1.18 experiment results

Deviation (percent) +149 +42 +638 +12 -27 432 -53 -71 -106 +106 (Kang et al., 1994)
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Figure 5.
Grid-system adopted in
the simulations

(a) x-y plane

(b) x-z plane

i

(c) Magnified local picture showing simulations of curved boundaries

The friction factor is defined by:

Ap
f=—r— )
5PV sl /d
The Reynolds number and Nusselt numbers are determined by:
o = M’ Nu = % (22)
v A
where
. Q
h= AT A (@)

In the above definitions, d is the fin collar outside diameter of the tube, d, 4+ 26¢, Vinax
is the average maximum fluid velocity at the minimum cross section flow area, / is the
average heat transfer coefficient of fin surface defined by Newton’s law of cooling for
which the heat transfer area A is the projection area in the x-y plane of the fin, and A7},
is the logarithmic mean temperature difference between tube wall and the fluid.

The integration of the convective term in the energy equation over the entire domain
1s calculated by:
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I = / pcplf]llgradTlcos 0dQ 3)
Q
And the average synergy angle over the entire domain is defined by:
dv;
O = szvi *0; 4

In the above equation 6 is the local synergy angle between velocity and temperature
gradient which is calculated by:

aT aT aT
6 = arc u@j—v@+w¥ ®)
|UllgradT|

where u, v, w are the velocity components in x, y, and z directions, respectively.

4. Results and discussion

The presentations of the numerical results will be started from the predicted pressure
drop and heat transfer rate in the range of the approaching velocity from 1.0 to 3.0 m/s,
followed by the descriptions of flow and temperature fields. Then performance
comparisons will be made under the constraint of identical pumping power for the four
types of fin surfaces studied. Finally discussion will be conducted from the view point
of field synergy principle proposed in Guo ef al. (1998) and Wang et al. (1998).

4.1 Pressure drop and heat transfer results

Figure 6 shows the pressure drop of the four types of fin surface shown in Figure 2.
The corresponding frontal velocity ranges from 1.0 to 3.0 m/s. It can be seen that for all
types of fin with the increase in flow velocity, the pressure drop increases. The
pressure drop also increases with the increase of strip number. The pressure drop of
plain plate fin is the lowest among them, and the value of the fully slotted fin is the
highest. The pressure drop of the fully slotted fin 1s about 2.0 times of that of the plain

85
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65 -] —e— partially slotted
80 —a— full slotted

55 —a— back slotted
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Figure 6.
Pressure drop vs velocity



http://www.emeraldinsight.com/action/showImage?doi=10.1108/02644400510626497&iName=master.img-006.jpg&w=212&h=166

Downloaded by Xi'an Jiaotong University At 23:34 23 February 2018 (PT)

EC
22,8

948

Figure 7.
Heat transfer rate vs
velocity

plate fin at V = 2.0m/s. That is mainly due to the frequent interruption of the flow
created by the high-density strips. The pressure drop of back slotted fin and partially
slotted fin are in the middle of the above two, and the pressure drop of the partially
slotted fin 1s about 7.5 percent higher than that of the back slotted fin at frontal velocity
of 2.0 m/s. This is simply because the partially slotted fin has two more strips than that
of the back slotted fin.

Figure 7 shows the numerical results of heat transfer rate of the four types of fin at
the approaching velocity from 1.0 to 3.0m/s. The corresponding Reynolds number
ranges from 686 to 2,058. The heat transfer rate of all slotted fins is far higher than the
plain plate fin, and the more the strips, the higher the heat transfer rate. At the velocity
of 2.0m/s, the heat transfer rate of the fully slotted fin is about 100 percentage higher
than that of plain plate fin.

In order to make performance comparison the numerical results are curve-fitted by a
quadratic in the form of:

YV =A)+ A1 X + A X? (6)

where X stands for the approaching velocity and Y represent friction factor or heat
transfer rate. The values of Ao, Ay, As for the different fin surfaces are listed in
Table III. The relative deviation of curve-fitting for heat transfer rates and that for
pressure drop is very small, being in the order of 1072 ~1075.

In terms of dimensionless parameters, i.e. Reynolds number, friction factor and
Nusselt number, the numerical results are shown in Figure 8.

4.2 Flow and temperature fields

The air velocity fields at a x-y plane at the middle of z-direction are shown in Figure 9.
It can be seen that the velocity fields change a lot due to interruption caused by the
strips. Compared with the velocity field of the plain plate fin, it can be observed that for
the slotted fin surface, the major flow stream after the first cylinder gradually changes
its direction with more fluids flow over the area in the back of the second cylinder.
Leading to a more uniform flow field in the back part of the fin. This change is, of

- o
o £

0.34

0'32"_ —m— plain plate
0.30 4 —&— back slotted
0.28 —a— partially slotted
’ —v— fully slotted

0.26
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3D numerical

Fin type Performance Ao Ay Ay simulation
Plain plate Dp 3.45938 1.89005 3.82255
Q 0.03001 0.1043 —0.01114
Back slotted Dp 0.13511 10.74531 3.55099
Q 0.00318 0.14256 —0.01474 949
Partially slotted Dp 1.58148 10.47343 3.96911
Q 0.0014 0.14366 —0.01354 Table IIL
Fully slotted Dp 1.2903 13.55584 418554 Values of A. Bl and B2
Q —0.00114 0.14839 —0.01339 in t};e quadratic
4.2
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Figure 9.

Air velocity fields in the
middle of two adjacent
fin surfaces

(c) Partiall

(d) Fully slotted fin

course, favorable to the enhancement of heat transfer. Therefore, from the conventional
point of view of heat transfer augmentation, the enhanced heat transfer rate of the
slotted fin surface comes not only from the increase in interruption in the boundary
layer, but also the reduction of the void zone in the back of the second cylinder where
the velocities are usually quite small and some weak recirculation exists, making this
part of surface quite inactive in heat transfer.

The air temperature fields at the middle x-y plane are shown in Figure 10. From the
isothermal distributions it can be clearly observed that strips appreciably reduce the
low temperature region, and the more the strips the larger the region with higher fluid
temperature. For the plain plate fin surface, the lowest temperature region penetrates
into half of the buffer region between the two cylinders, while for the fully slotted case
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Figure 10.

Air temperature fields in
the middle of two adjacent
fin surfaces
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Figure 11.
Comparison under
identical pumping power

this low fluid temperature region mainly reduces to the inlet region of the fin surface.
This implies that the strips can effectively increase the heat transfer between the
surface and the fluid.

4.3 Performance comparisons

From Figures 6-8, it is obvious that the enhancement of heat transfer of the slotted fin
surfaces is obtained with the penalty of higher friction factor or pressure drop, and the
percentage increase in friction factor even larger than that of Nusselt number.
Therefore, a question may arise as how to evaluate the heat transfer and pressure drop
performance for such enhanced surface that meaningful conclusion may be obtained.
Depending on the objective function, there are a lot of performance evaluation criteria,
as discussed in detail in Webb (1994) and Shah and Sekulic (2003). To the authors’
opinion, for the air-conditioning engineering, one of the most convenient objectives is to
reduce the pumping power for fixed duty and surface area such that the noise and
power consumption may be reduced by the adoption of enhanced surface. Therefore,
we will adopt the identical pumping power constraint to compare the four types of fin
surfaces. According to the geometric conditions in our study, this criterion leading to
the following equation (Huang and Tao, 1993):

(fRes)plain = (fRes)slotted (7)

The solution process is as follows: starting from a selected Reynolds number of plain
plate fin surface, the corresponding value of the Reynolds number of the enhanced
surface is searched such that the above equation can be satisfied. In the search process,
the curve-fitting equation as shown by equation (6) is used. Therefore, the solution
procedure is iterative in nature. Once the pair of the Reynolds numbers of the plain
plate fin and the enhance surface are obtained, the corresponding heat transfer rates or
the Nusselt numbers can be obtained with ease. The results are shown in Figure 11. It
can be seen there that the partially slotted fin surface behaves the best and the heat
transfer enhancement of this surface is about 100 percentage higher than that of the
plain plate fin within the velocity range compared. This result is quite meaningful and
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can explain why in the air-conditioning engineering the slotted fin surface is wide
adopted for indoor heat exchangers. What is new in our comparison is that it is the
partially slotted surface, not the fully slotted surface that behaves the best. The fully
slotted fin surface has too large pressure drop penalty that makes it not so attractive at
the constraint of identical pumping power.

Another very simple comparison criterion is the ratio of j factor over friction factor f.
Although it is generally not recommended as indicated in Webb (1994), we also
adopted this method because its simplicity, and furthermore, for our case it still
provides us some useful information. The results are shown in Figure 12. It is interested
to see that the partially slotted fin surface almost have the same values of j/f as the
fully slotted one.

4.4 Discussion on the mechanism of enhanced heat transfer of slotted fin surface
Attention is now turned to the heat transfer enhancement mechanism of the slotted fin
surface. According to brief introduction to the field synergy principle, the domain
integration of the convective term equals the overall heat transfer rate, and in our
computations it is found that this is the case, with a very small relative difference
comes from some numerical errors. The variations of domain integration of the
convective term are shown in Figure 13. It can be seen that all the three slotted fin
surfaces have much higher values of the integration, which is consistent with Figure 7.
The field synergy principle indicates that the essence to enhance single phase heat
transfer is to reduce the synergy angle between the velocity and the temperature
gradient. In this paper the domain averaged synergy angle is used as the symbol of
synergy between the two fields of the entire domain. It is defined as follows:

v
O =D s<q; * 0 ®

where 0; is determined by equation (5).
For the four types of fin studied, at the same frontal velocity the mean synergy
angles are compared in Figure 14. Following features may be noted. First the figure
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Figure 12.
Comparison of j/f
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Figure 13.
Domain integral of
convective term vs Re

Figure 14.
Domain average synergy
angle vs Re
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shows that the domain average synergy angle becomes larger with the increasing in Re
for all the fin surfaces, indicating that the increase in velocity leads to deteriorate the
synergy between velocity and temperature gradient; Second, at the same Re, the
synergy angles of the slotted fin surfaces all smaller than that of the plain plate fin
surface. This implies that the synergy of the slotted fin surface is better than that of the
plain plate fin; third, for the three slotted fin surface, the increase in strips leads to the
decrease in the synergy angle. Thus it becomes quite clear that the fundamental
function of the strips is to improve the synergy of the two fields.

In order to reveal the mechanism in depth, the local synergy angles in the flow field
are computed and their distributions are presented for the plain plate fin and the
partially slotted fin as examples (Figure 15). It can be observed that at the back of the
two cylinders the synergy angles are greatly reduced in the partially slotted fin surface,
leading to a better synergy of the whole domain.


http://www.emeraldinsight.com/action/showImage?doi=10.1108/02644400510626497&iName=master.img-013.jpg&w=220&h=160
http://www.emeraldinsight.com/action/showImage?doi=10.1108/02644400510626497&iName=master.img-014.jpg&w=221&h=157

Downloaded by Xi'an Jiaotong University At 23:34 23 February 2018 (PT)

3D numerical

simulation

955
1
3
?’ -

3 Figure 15.

TETH
//"’

Local synergy angle field
in the middle x-y plane

(b) Partially slotted fin

5. Conclusions
According to the above analysis, the following conclusions are drawn:

+ For the four types of plate fin surface, both heat transfer and pressure drop
increase with the increase of the frontal velocity. At the same frontal velocity,
heat transfer rates of the slotted fin surfaces is higher than that of plain plate fin
surface. And for the slotted fin with radial strips studied, the more the strips, the
higher the heat transfer rate. However, the enhancement of the heat transfer is
obtained with larger pressure drop penalty. In the range of velocity computed,
the corresponding equations for the heat transfer rates and pressure drop with
the frontal velocity are obtained.

+ Performance comparison under the identical pumping power indicates that
the partially slotted fin surface has the best performance. The major character of
the partially slotted fin surface is that the strips are mainly located in the
downstream part of the fin, with no strips arranged in the inlet part of the fin.
The j over f ratio of the partially slotted fin surface is almost the same as that of
the fully slotted one within the entire range of the approaching velocity.

* Analysis from the view point of field synergy principle demonstrates that the
strips of the slotted fin surface can appreciably reduce the domain average
synergy angle between velocity and temperature gradient, hence improve the
synergy between the two fields. The slots located at the back of cylinder where
vortex usually occurs can significantly reduce the local intersection angle.

The above results should be useful for the design of new type of enhanced surface.
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