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a b s t r a c t

The secondary flow is frequently used to enhance the convective heat transfer. In this paper, the cross-
averaged absolute vorticity flux in the main flow direction is used to specify the intensity of the second-
ary flow produced by vortex generators that are mounted on a three-row flat tube bank fin surfaces. The
relationship between the intensity of the secondary flow and the strength of convective heat transfer is
studied using a numerical method. The results reveal that cross-averaged absolute vorticity flux in the
main flow direction can reflect the intensity of the secondary flow; a significant relationship between this
cross-averaged absolute vorticity flux and span-averaged Nusselt number exists for the case studied. This
cross-averaged absolute vorticity flux can account only for the secondary flow effects on convective heat
transfer but cannot quantify the effects of developing boundary layer on convective heat transfer.

� 2009 Published by Elsevier Ltd.
1. Introduction

In tube bank fin heat exchangers, the airside resistance gener-
ally comprises more than 90% of the total thermal resistance.
Therefore, special surfaces are employed to effectively improve
the airside heat transfer performance of tube bank fin heat
exchangers. Vortex generators (VGs) can be applied on the fin sur-
face to generate longitudinal vortices in the main flow; hence, the
heat transfer of the fin surface is enhanced. There are many re-
ported results of the studies in this branch [1–20]. These results
mainly report the effects of the geometrical configurations of
VGs, such as the positions VGs are located, the attack angle of
VGs, the arrangement of VGs, and the shape of VGs on heat transfer
and pressure loss. The methods used in these studies are experi-
mental and numerical. A large number of useful insights on the
mechanism of the heat transfer enhancement using VGs have been
obtained. The most recently results [21] show that the vortices
generated by different VGs will interact with each other, and such
interactions will have influences on heat transfer enhancement.

Although there are the terms common flow down and common
flow up to distinguish the role of vortex generator pair [13], the
key point of heat transfer enhancement using VGs is the secondary
flow produced by the VGs. It is not clear why the secondary flow
will have efficient enhancement on convective heat transfer even
if such flow is weaker than the main flow. The answer may be
Elsevier Ltd.
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found from field synergy [22]. But one faces a fundamental chal-
lenge: Except in some special cases, there is no parameter that
can be used to specify the intensity of the secondary flow.

If the heat transfer enhancement method using the secondary
flow is considered, there are other methods. Tubes with helical ribs
have been used as one of the passive heat transfer enhancement
techniques; they are the most widely used tubes in several heat
transfer applications such as heat recovery processes, air condi-
tioning and refrigeration systems, and chemical reactors [23–25].

The use of a twisted-tape insert is an effective method to im-
prove the convective heat transfer of laminar flow in the tube,
since it offers significant increase in heat transfer as compared
with the pressure drop, particularly at high Prandtl numbers
[26–31].

In above-mentioned methods using the secondary flow to en-
hance convective heat transfer, except for the twisted-tape inserts,
few published papers have reported a parameter that can specify
the intensity of the secondary flow. For the tube with the
twisted-tape insert case, there is a parameter called swirl parame-
ter, but it cannot be used in more general cases. Like twisted-tape
inserts, it is expected that for the secondary flow, there should ex-
ist a parameter that can specify its strength with more general con-
sideration than in the case of the twisted-tape insert. The other
work should be to connect this parameter with the intensity of
heat transfer. For real applications, this parameter should be used
to revaluate the goodness of the arrangement of secondary flow
producers such as VGs on fin surface. In this paper, we show such
parameter and find the relationship between this parameter and
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Nomenclature

A cross-section area of flow passage [m2]
a width of flat tube [m]
b length of flat tube [m]
dh characteristic length [m]
f friction factor: f = Dpdh/(Lqu2

m/2)
h heat transfer coefficient [W/m2s]
H height of winglet type vortex generators [m]
Jn vorticity flux in normal direction of cross-section [s�1]
Jn
ABS cross-averaged absolute vorticity flux in normal direc-

tion [s�1]
Jn
ABS;S stream wise averaged Jn

ABS[s�1]
L stream wise length of fin [m]
n direction normal to the cross-section or wall surface [m]
Nu Nusselt number: Nu = hdh/k
Re Reynolds number: Re = q�umax�dh /l
S1 transversal pitch of flat tubes [m]
S2 longitudinal pitch of flat tubes [m]
Tp fin spacing [m]
T temperature [K]
um maximum velocity [m/s]
u average velocity of air [m/s]
ui, u, v, w u, v, w components of velocity vector [m/s]

Greeks
g coordinate
k heat conductivity [W/m K]
l viscosity [kg/m2 s]
q density [kg/m3]
h attack angle of vortex generator [�]
H dimensionless temperature [�]
D small interval
Dp pressure drop [Pa]
x vorticity [s�1]
C circulation of velocity [m2 s�1]
n, f coordinator axes

Subscript
bulk cross-averaged value
local local value
m averaged value
w wall or fin surface
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the enhancement of heat transfer in the case of flat tube bank fin
mounted with VGs.

2. Problem studied and its mathematic formulation

A flat tube bank fin with three-row tubes as shown in Fig. 1 is
studied. The arrangement of the tube and the positions of VGs
are shown in Fig. 2(a). The geometry of the fin pattern of the tube
bank fin heat exchanger is based on a typical locomotive radiator.
To validate the suitability of the numerical method used in this pa-
per, we selected the geometry of the fin pattern used in naphtha-
lene sublimation experiments, where the geometry of locomotive
Fig. 1. Schematic view of a finned three-row flat tube bank with mounted VGs.
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Fig. 2. Flat tube bank parameters and positions where VGs were mounted, (a)
configuration and (b) shape of VG.
radiator is enlarged with a factor of 2.5. If this factor is considered,
the fin spacing is in the normal region: 1.6–2.4 mm.

The geometry of VG is shown in Fig. 2(b). The tube length b is
46.3 mm; the tube width a is 6.3 mm; the transversal pitch be-
tween flat tubes S1 is 40 mm; the longitudinal pitch between flat
tubes S2 is 55 mm; the span distance between two VGs d is
12.6 mm; the angle of attack h is 35�; the base length and height
of the VG are 8.0 and 4.0 mm, respectively; three types of fin spac-
ing, Tp = 4.0, 5.0, and 6.0 mm, are selected.

The flow and heat transfer are assumed to be incompressible
and in a steady state. The studied domain is selected as shown in
Fig. 3. The physics of the problem studied can be described by
the compact forms of governing equations:

Continuity equation

@

@xi
ðquiÞ ¼ 0 ð1Þ

Momentum equation

@

@xi
ðquiukÞ ¼

@

@xi
l @uk

@xi

� �
� @p
@xk

ðk ¼ 1;2;3Þ ð2Þ

Energy equation
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Fig. 3. Simulation domain and indication of boundary.
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The boundary conditions are

at inlet cross-section of fluid flow (AJ in Fig. 3):
uðx; y; zÞ ¼ uin; mðx; y; zÞ ¼ 0;wðx; y; zÞ ¼ 0; Tðx; y; zÞ ¼ T in ð4Þ

at outlet cross-section of fluid flow (DE in Fig. 3):
@

@x
uðx; y; zÞ ¼ 0;

@

@x
mðx; y; zÞ ¼ 0;

@

@x
wðx; y; zÞ ¼ 0;

@

@x
Tðx; y; zÞ ¼ 0

ð5Þ

on symmetric surfaces(AB, CD, JI, HG, FE in Fig. 3):
mðx; y; zÞ ¼ 0;
@

@n
uðx; y; zÞ ¼ 0;

@

@n
wðx; y; zÞ ¼ 0;

@

@n
Tðx; y; zÞ ¼ 0 ð6Þ

on the fin surfaces:
uðx; y; zÞ ¼ 0; mðx; y; zÞ ¼ 0;wðx; y; zÞ ¼ 0; T ¼ Tw ð7Þ

The Reynolds number and the friction factor are defined as:

Re ¼ q � um � dh=l ð8Þ
f ¼ Dpdh=ðLqu2

m=2Þ ð9Þ

The Reynolds number is selected from the working condition of
a typical locomotive radiator. This type of radiator has a working
velocity of about 10 m/s of air and a flat tube with a width of
2.5 mm; in this condition, the Rea is about 1300 (using the charac-
teristic length of flat tube width, 2.5 mm).

To compare the numerical results with the experimental re-
sults, in this paper we used the width of the tube as characteristic
length, dh = a.

The local heat transfer coefficient is determined by the follow-
ing equation

Hlocal ¼ �k
@T
@n

�� �
ðTw � TbulkÞ ð10Þ

Local heat transfer coefficient is averaged over total surface in-
volved in heat transfer (except the surface of VGs) to obtain the aver-
aged hm. The local and average Nusselt number are determined by

Nulocal ¼ hlocal � dh=k and Num ¼ hm � dh=k ð11Þ

As mentioned above, the focus of this paper is to find a param-
eter to specify the intensity of the secondary flow. Before further
process can be made, the next step is to select this parameter.
3. Selecting the parameter to quantify the intensity of the
secondary flow

Generally speaking, the secondary flow is a flow on cross-sec-
tion normal to main flow. This flow does not need to be a swirling
movement of fluid. In most cases, the swirl of fluid is described by
the word of ‘‘vortex”. Here we referred to Treffethen and Panton’s
statement: ‘‘There seems to be no good working definition of vor-
tex, in spite of the fact that vorticity is well defined mathematically
x ¼ r� v . The term may have to remain as a vague category for
various swirling motions” [32]. Fiebig added this statement with
that combined expressions such as vortex line, vortex street, vortex
element, and numerous others are well defined [1]. According to
Fiebig’s description, the vortex should be that the flow moves
around a common center, with

x ¼ r� v – 0 ð12Þ

C ¼
I

L
v � dl ¼

Z Z
w

x � dA – 0 ð13Þ
The other requirement is flow has re-circulation.
For the secondary flow, it really meets the requirement as indi-

cated in Eq. (12), but does not always meets the requirements of
re-circulation and Eq. (13). There is no clear definition about the
vortex as mentioned above, inferring from the definition of vortic-
ity, here we use a statement that the secondary flow is the combi-
nation of vortices. In this case, the secondary flow can be
quantified by vorticity with some special treatments. Vorticity
has three components respecting to commonly used x, y and z
coordinates. If the secondary flow is considered, we use the com-
ponent normal to the cross-section to describe the intensity of
the secondary flow. This direction is aligned with the direction of
heat transfer in fluid flow because moving fluid transports heat
along the main flow direction.

Jn ¼
Z Z

A
xndA ð14Þ

It is found that this vorticity flux can describe only the intensity
of the secondary flow when just one vortex exists in the cross-sec-
tion and the secondary flow on the cross-section without a solid
boundary. If more than one vortex exists in cross-section, espe-
cially with counter-rotating direction, Jn will be reduced or coun-
ter-balanced [21]. If the cross-section has a solid boundary, Jn is
zero. In such cases, although every vortex will contribute to the
convection, Jn specifies only the overall results of vorticity flux. In
order to overcome this shortcoming of using Eq. (14) as the
description of the intensity of the secondary flow, we use following
definition

Jn
ABS ¼

R R
A j xn j dA

A
ð15Þ

The absolute vorticity flux Jn
ABS denotes the averaged absolute

vorticity flux of all of vortices over the unit area of cross-section,
it includes all vortices on this cross-section, and so it is expected
to describe the intensity of the secondary flow.

In order to get the absolute vorticity flux, velocity field informa-
tion is necessary. There is no experiment can get detailed informa-
tion of velocity field, a numerical method is used here.
4. Numerical method and its validation

The numerical method used is the finite volume method with
structure grid system. The power scheme is used to discretize
the convective terms. SIMPLE algorithm [33] is used to handle
the coupling between velocity and pressure. The collocation grid
arrangement is used to easily treat of VGs penetrating into the
flow. To ensure the coupling between velocity and pressure, the
momentum interpolation of Rhie and Chow [34] is adopted to
determine the interface velocity. VGs mounted on the surface are
simulated by a solid slice immersed in the flow as indicated in
Fig. 4(c). The numerical method of treating the solid slice im-
mersed in the flow is reported in Ref. [35].

To handle the complex of simulated domain, the governing
equations shown above are then transformed into governing equa-
tions in the computational space. The simulation domain in the
physical space (x–y–z coordinates) is also transformed into a rect-
angular parallelepiped in the computational space (n–g–f coordi-
nates) by using the multi-surface algebraic method [36]. The
schematic view of the grid system in physical space is shown in
Fig. 4.

It is possible to have a smooth interpolation of the grid points
and create the winglets of zero thickness [37,38]; however, this
method also has shortcomings such as the real thickness of vortex
generator is not zero, and for the winglet VGs, this method is
also stepwise in the direction along the height of VGs. The
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Fig. 4. Schematic view of grid system used in simulation, (a) locations of VGs and
grid in plane of x–y, (b) grid system, (c) projective view of the treatment of VGs.
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boundary-conforming treatment of the winglet VGs can be realized
only with the unstructured grid system.

The non-boundary-conforming grid about the vortex generators
may not be able to capture the full physics of the winglet vortex or
introduce inaccuracy in some degree. But after carefully checking,
it is found that the step wing treatment of VGs can produce good
agreement between local Nusselt numbers obtained by numerical
and experimental methods. The comparison of the local results of
Nusselt numbers is presented elsewhere. It is sure that step wing
treatment of VGs will bring the inaccuracy of local flow field; how-
ever, the size of VGs is small compared to the length in which vor-
tices produced by VGs can penetrate along the main flow direction,
such inaccuracy of local flow field is acceptable if finer grid system
is used in simulation.

In present simulation computations are conducted for three
cases, Tp = 4, 5, and 6 mm, at certain Reynolds numbers. Grid inde-
pendence study are performed at Re = 1136, 1121, and 1076,
respecting to the experiments. Three grid sizes are used for each
case, shown in Table 1. The difference in the average Nusselt num-
ber and friction factor between three results for each case are both
less than 3%, and the solutions presented in this paper is obtained
using the grid of 345 � 44 � 13, 345 � 44 � 16, 345 � 44 � 19 for
each fin spacing, respectively.

Before further simulation is carried out, fluid flow and heat
transfer in the configuration, adopted in the experimental study,
was simulated in order to validate the suitability of numerical
Table 1
Grid dependence of numerical results.

Re Tp (mm) Grid (x � y � i) Nu f

1136 4 282 � 39 � 11 11.03 0.1564
4 315 � 39 � 12 11.01 0.1587
4 345 � 44 � 13 11.00 0.1612

1121 5 282 � 39 � 13 10.41 0.1210
5 315 � 39 � 15 10.11 0.1176
5 345 � 44 � 16 10.15 0.1194

1076 6 282 � 39 � 16 9.05 0.0926
6 315 � 39 � 17 9.08 0.0939
6 345 � 44 � 19 8.95 0.0912
method. The numerical results of averaged Nu and f are compared
with the experimental data reported in Ref. [8]. The detail of the
experiment will not be repeated here, but it should be emphasized
that in numerical analyses, the same configuration and the same
boundary conditions of experimental surfaces are used. For the
naphthalene sublimation experiment, the exact boundary condi-
tion of surface sublimation that takes place is isotherm condition.
In experimental study, an experimental model with a factor of 2.5
to real application size is used; hence, in real application, all geom-
etry sizes should multiply by a factor of 1/2.5.

For Tp = 4 mm, in region of Reynolds number studied, a good
agreement between numerical and experimental results is ob-
tained, with the relative error of Nu below 5%. For Tp = 5 mm, good
agreement is obtained only when Re < 1200. The largest relative er-
ror of Nu occurs near Re = 1600, which has a value of 9.8%. For
Tp = 4 mm, except small Re, a good agreement between numerical
and experimental results of f is obtained. The largest relative error
occurs near Re = 500, which has a value of 7.9%. With the increas-
ing of Re, the relative error of f decreases. For Tp = 5 mm, a good
agreement in f is obtained in Re region studied. The largest relative
error occurs near Re = 400, which has a value of 5.2%.

For Tp = 4 mm, the local Nusselt number on the fin surfaces
mounted with VGs (fin surface I) and without VGs (fin surface II)
formed the same channel, as presented in Figs. 5 and 6, respec-
tively. We will not explain these figures in details. These figures
indicate that the numerical method used in this paper can reason-
ably reproduce most significant characteristics of the local Nusselt
distributions obtained by experimental method both on fin sur-
faces I and II. The above-mentioned facts demonstrate the suitabil-
ity of the numerical method used.

5. Results and discussion

The outline of presentation of results is: Firstly, we show that
Jn

ABS can be used to describe the intensity of secondary flow; then,
the relationship of Jn

ABS with Nusselt number is presented.

5.1. Relationship between Jn
ABS and the intensity of the secondary flow

Fig. 7 shows the distribution of Jn
ABS along stream wise. The abso-

lute vorticity flux decreases with the increasing of Tp. Because in
the inlet region, the secondary flow is not strong, in this region
Jn

ABS has the minimum value. Jn
ABS increases with developing of flow.

There are peak values both in front of the tube and in position
where VGs located. Around the first tube, in position of the second
VG located, is larger than that in position of the first VG located,
and in the region behind the second VG, Jn

ABS is also larger than that
behind the first VG. Around the second and the third tubes, in the
position of the second VG the value of Jn

ABS is weaker than that in
position of the first VG; this trend is contrary to the case around
the first tube. The peak values located at leading edge of the second
tube is larger than that at leading edge of the third tube. The peak
values located around the second VG of the three tubes are nearly
equal. As expected, it is found that Jn

ABS decreases along the stream
direction after every VG.

Fig. 8 shows the velocity vectors on 16 cross-sections along
stream wise for Tp = 5 mm, Re = 1121. These series of velocity vec-
tor fields clearly show the development of vortices in the channel
formed by the flat tube bank fins. These fields also present the
intensity of the secondary flow. The positions of these cross-sec-
tions are at x/S2 = 0.053, 0.259, 0.378, 0.697, 0.817, 1.0190, 1.272,
1.392, 1.711, 1.830, 2.007, 2.259, 2.378, 2.711, 2.830, and 2.981.
On the section near the inlet region before the changing of the
channel area, the secondary flow is weak; this can be seen on
cross-section at x/S2 = 0.062 in Fig. 8(a), and from Fig. 7 it is found
at this location Jn

ABS is small. On cross-section the leading edge of
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Fig. 5. Comparison of experimental and numerical simulation results of local Nu
distribution on fin surface I for Tp = 4 mm and Re = 1136, (a) experimental results on
fin surface I and (b) numerical results on fin surface I.
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on fin surface II and (b) numerical results on fin surface II.

Fig. 7. Distribution of span-averaged Jn
ABS.

Fig. 8. Velocity field on different cross-sections.
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VGs located, Fig. 8(b), a strong secondary flow is generated, and at
this location a peak value of Jn

ABS in Fig. 7 is found. The intensity of
the secondary flow decreases behind the first VG, see Fig. 8(c).
When the flow passes through the second VG, the secondary flow
becomes strong again, see Fig. 8(d); farther downstream, the
strength of the secondary flow becomes weak behind the second
VG, see Fig. 8(e). Comparing Fig. 8(b) and (d), one finds that the
secondary flow is stronger in the region around the second VG than
around the first VG. Comparing Fig. 8(c) and (e), we can find that
the secondary flow is also stronger behind the second VG than be-
hind the first VG. On the section located between the first and the
second tubes, shown in Fig. 8(f), it is found that the secondary flow



Fig. 9. Distribution of Jn
ABS on different cross-sections.
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generated by the VGs becomes weaker if Fig. 8(e) is used as refer-
ence. Around the second flat tube, see Fig. 8(g) to (j), there exist
two main vortex systems on each cross-section; the vortex system
far away from the second tube comes from the upstream, which is
generated by VGs around the first row tube. Another vortex system
is generated by the VGs around the second row tube. The second-
ary flow is stronger behind the second VG than behind the first VG;
this trend is similar to the flow around the first tube. The secondary
flow coming upstream decreases continually downstream; it be-
comes weak on the section located between the second and the
third row tubes, shown in Fig. 8(k). Around the third row tube,
shown in Fig. 8(l) to (o), the characteristic is similar to the case
on cross-sections around the second row tube. Comparing the dis-
tribution of Jn

ABS with the development of velocity vector fields on
different cross-sections along stream wise, we can find that Jn

ABS

really reflects the intensity of the secondary flow.
It is found that on the cross-sections located in the second tube

row, the vortices produced by the VGs around the first tube row are
in counter-rotation direction with the vortices produced by the
VGs around the second tube row. If we use only vorticity to de-
scribe the secondary flow intensity, the averaged vorticity intensity
will be reduced. In such case, averaged vorticity cannot describe
the intensity of the secondary flow; however, absolute vorticity
intensity can reflect the intensity of the secondary flow formed
by two or more vortex systems with different rotation direction.

Some evidences can also be found in Fig. 9. This figure shows
the distributions of Jn

ABS on the same sections in Fig. 8. On the
cross-section near the inlet region, the flow direction changed,
strong secondary flow generated near the fin surfaces, there has
largeonly in region close to the fin surfaces, this can be seen on
cross-section at x/S2 = 0.053 in Fig. 9(a). In the section behind the
first VG, shown in Fig. 9(b), there has strong secondary flow gener-
ated by the first VG, there has large Jn

ABS both in the region behind
the VG and the regions adjacent to the fin surfaces. Jn

ABS behind the
first VG decreases downstream, shown in Fig. 9(c). When the flow
passes the second VG, as shown in Fig. 9(d), the strength of Jn

ABS

near the tube become stronger than that behind the VG, and the
strength of Jn

ABS in this section is large compared with Jn
ABS in the

section behind the first VG shown in Fig. 9(b). The strength of
Jn

ABS decreases downstream the second VG, as shown in Fig. 9(e).
Fig. 9(f) shows Jn

ABS on the section located between the first and sec-
ond tubes, in this cross-section the value of Jn

ABS in flow core de-
creases greatly, but there has large Jn

ABS near top fin surface. On
the cross-sections around the second tube row, see Fig. 9(g) to
(j), the development of Jn

ABS caused by the VGs located in this region
is similar as that on the cross-sections around the first row tube;
the difference is that on these cross-sections, there are zones with
high values of Jn

ABS behind the first row tube, and these zones locate
far from the second row tube. The value of Jn

ABS in these zones de-
creases downstream until they meet the third row tube. On the
cross-sections around the third row tube, see Fig. 9(l)–(o), it is
found that the development of Jn

ABS is similar to the cases around
the second row tube. Comparing the distributions of Jn

ABS on differ-
ent cross-sections along stream wise with the development of
velocity vector field on the corresponding cross-sections, it is
found that that Jn

ABS can be used to quantify the intensity of the sec-
ondary flow.

The question we face now is that although Jn
ABS can be used to

quantify the intensity of the secondary flow, what is the relation-
ship between Nus and Jn

ABS?

5.2. Relationship between Nus and Jn
ABS

Distributions of span-averaged Nus and Jn
ABS at different fin spac-

ing are shown in Fig. 10. The first conclusion can be made is that
both Nus and Jn

ABS are affected by the fin spacing, because when
Tp is small, the same height of VGs, H/Tp increases; hence, the
intensity of the secondary flow increases. Except at the leading
edge of the fin, where Nus reaches its maximum and Jn

ABS has its
very small value, Nus and Jn

ABS really have some significant relation-
ship. As one expected, the secondary flow in most cases cannot
change the boundary layer characteristics greatly, especially for
internal flow in inlet region. Fig. 10 clearly states that in inlet re-
gion, the large Nus is not produced by the intensity of the second-
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ary flow. Downstream the second VG located around the first tube
row, the heat transfer enhancement produced by VGs is mainly
caused by the secondary flow. Peak values of Nus appear in the
locations of VGs. There has a similar distribution of compared with
the distribution of Nus except at inlet region. The value of Jn

ABS

reaches its peak values in front of the tube and in the locations
of VGs.

There is no strong relationship between Jn
ABS and Nus in the inlet

region, indicating clearly that Jn
ABS can account only for the contri-

butions of the secondary flow to convective heat transfer. Other
contributions to convection are not included in this parameter. In
the inlet region, the intensity of convection is not determined by
the secondary flow; hence, Jn

ABS cannot have the strong relationship
with Nus.

5.3. Relationship between stream wise averaged Jn
ABS and the overall

heat transfer intensity

The stream wise averaged absolute vorticity flux is defined as

Jn
ABS;S ¼

1
LA

Z Z Z
A
j xn j dAdx ð16Þ

The comparison of distribution of overall Nu, f and stream wise
averaged Jn

ABS;s as a function of Re for three fin spacing is shown in
Fig. 11. It is found that the distribution of Jn

ABS;s has the similar ten-
dency as Nu. Both the Nu and the absolute vorticity flux increase
with increasing of Re and Tp. The differences of Nu and Jn

ABS;s be-
tween Tp = 4 mm and 5 mm is a little smaller than that between
Tp = 5 mm and 6 mm. There is nearly the same value of Nu and
Jn

ABS;s when Re is 200 for three types of fin spacing studied in this
paper.

The value of f decreases with the increasing of Re and Tp, The
difference of f between three fin spacing decreases with increasing
of Re. The difference of f between Tp = 4 mm and 5 mm is larger
than that between Tp = 5 and 6 mm; this is contrary to the differ-
ence of Nu and Jn

ABS;s The detailed effects of the fin spacing on heat
transfer and friction factor are already presented in Ref. [8], and we
should not repeat here.

The above results are obtained at a condition when the fin sur-
faces are at uniform wall temperature, which means the fin effi-
ciency is 1. When no uniform temperature is considered, the
Fig. 10. Distribution of span-averaged Nu and Jn
ABS with fin spacing Tp = 4 and 5 mm.
reported characteristics still hold. But there are some differences:
If fluid prosperities dependence on temperature is not considered,
when the thermal boundary condition is changed, Jn

ABS does not
change, but the intensity of convective heat transfer will be chan-
ged; for example, when the fin efficiency is considered. This means
that the intensity of convective heat transfer depends not only on
but also on the thermal boundary condition. The detailed informa-
tion about this topic will be presented elsewhere.

6. Conclusions

As mentioned in the introduction section, in most cases, the sec-
ondary flow is used to enhance convective heat transfer. Except for
twisted-tape inserts, a parameter that can specify the intensity of
the secondary flow in general case is strongly called for. If such
parameter is found, the relationship between this parameter and
heat transfer intensity should be checked. In this paper, we have
made efforts to find such parameter and check its relationship with
the Nusselt number. From facts stated in above sections, the fol-
lowing conclusions can be made:
Fig. 11. Overall characteristics, (a) comparison of over all averaged Nu and stream
wise averaged Jn

ABS at different Re and (b) friction factor.
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1. The averaged absolute vorticity flux normal to the cross-section
includes all vortices on this cross-section, and can be used to
describe the intensity of the secondary flow.

2. Except at the beginning region of boundary layer, the span-
averaged Nusselt number has nearly the same tendency with
the cross-averaged absolute vorticity flux normal to the cross-
section.

3. In most cases, the secondary flow cannot change greatly the
boundary layer characteristics, especially for the internal flow
at beginning region of boundary layer. The averaged absolute
vorticity flux can account for only the secondary flow effects
on convective heat transfer but cannot quantify the effects of
developing boundary layer on convective heat transfer.

4. The stream wise averaged absolute vorticity flux normal to the
cross-section has the same trend with the Nusselt number.
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