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Abstract

To explore the influences of the angle of attack and the aspect ratio of a winglet, which is punched near the leading
edge of the fin in a high performance finned oval tube (FOT), on the heat transfer enhancement (HTE) and flow loss
penalty (FLP), three-dimensional flow and conjugate heat transfer in a FOT were calculated for a thermally and
hydrodynamically developing laminar flow (Re = 300) by solving the Navier—Stokes and energy equations with a Finite-
Volume Method in body-fitted grids. The conjugate heat transfer was realized by iterations of the energy equation in
the flow field and of the conduction equation in the fin. Three angles of attack (f = 20°, 30° and 45°) and two
aspect ratios (A = 1.5 and 2) were investigated. Velocity and temperature fields, vortex formation, local heat transfer
distributions and global results are presented. The winglet with § = 30° and A = 2 provides the best ratio of HTE to
FLP with (j/jo)/(f/fs) = 1.04. © 1998 Elsevier Science Ltd. All rights reserved.

Nomenclature

a thermal diffusivity, coefficient

A area

b span

B width

h convective heat transfer coefficient ; height of the
winglet

H channel height

J Jacobian

k  thermal conductivity

L length

p pressure

R, thermohydraulic performance factor
t time

T temperature

u, v, w velocity components

x, y,z Cartesian co-ordinates

o central angle

B cofactor, angle of attack

A aspect ratio

* Corresponding author. Tel. : 00 49 234 700 6444 ; fax : 00 49
234709 4162.

0017-9310/98 $19.00 © 1998 Elsevier Science Ltd. All rights reserved

PII: S0017-9310(98)00076-3

&, n, { generalized co-ordinates
0 fin thickness

v kinematic viscosity

p density

¢ general variable.

Subscripts and superscripts
0 reference value

B bulk
CcS cross section
f fin

frt frontal

ht heat transfer

i, j,k index

m mean value

sp span averaged

T tube

VG  vortex generator

w  wall, winglet

zg z=0orz=1

* dimensional (as superscript).

Dimensionless parameters and variables
Bi = h*6*/k; Biot number
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AP* Aj .
Japp =~ ™ friction factor
p*ug’ 2 Ay
.k 6%
Fi = =y fin parameter 1
Ft = a—; i fin parameter 2
" a* Pe P
Ni
Jj= o —  Colburn j factor
Re Pr'3
/ *H* .z
u= 1k* = ﬁ Nusselt number

Pe = Re Pr Peclet number
Pr =v*/a* Prandtl number

oT oT
qg=—=- — heat flux on the fin
Ooz|._, 0Oz|_,
u* %
Re = = Reynolds number.

Abbreviations

DW delta wing

DWP delta winglet pair

FLP flow loss penalty

FOT finned oval tube

HTE heat transfer enhancement
LVs longitudinal vortices

LVG longitudinal vortex generators
RW rectangular wing

RWP rectangular winglet pair
SIMPLEC semi-implicit method for pressure linked
equations, consistent

SIP strong implicit procedure

VG vortex generator

WVG wing-type vortex generator.

1. Introduction

Fins as used in a finned tube heat exchanger (see Fig.
1) are secondary surfaces which reduce the thermal resist-
ance by enlarging the transfer surface on the gas side
where heat transfer is normally very poor due to the
thermophysical properties of gases. The difference of the
heat transfer coefficients on the gas and liquid side can
be so large, that a very large area ratio of fin to tube (up
to two orders of magnitude) is needed to balance the
resistance on both sides. But the effectiveness and thus
the economy of fins decreases quickly with increasing
area ratio. Heat transfer enhancement (HTE) on fins is
therefore necessary. Mechanisms for passive HTE are:
(1) developing boundary layers; (2) swirl; and (3) flow
destabilization.

The wing-type vortex generators (WVG), which have
recently been intensively investigated [1-6], can generate

liquid or steam

Fig. 1. Part of a finned flat-tube heat exhanger core.

all three mechanisms for passive HTE. Four basic WVG
forms—delta wing (DW), rectangular wing (RW), delta
winglet pair (DWP) and rectangular winglet pair (RWP)
can be punched, embossed or mounted on the heat trans-
fer surface with an angle of attack f (see Fig. 2(a), 2(b)).
The aspect ratio of a VG is defined as A = b*/ A4y, where
b is the span and Ay the surface area of the VG. Flow
separation from the edges of the VG generates vortices.
Vortices with their rotation axes normal to the main flow
direction are called transverse vortices (TVs), and those
with their axes aligned with the main flow are called
longitudinal vortices (LVs). VGs with ff < 65° generate
mainly LV and are called longitudinal VG (LVG) [7].
Figure 2(c) depicts the main LVs generated by RWPs.
The optimum geometric parameters of the winglets
depend on the geometry of the flow passage and the flow
structure. For plate heat exchangers Tiggelbeck [7] and
Giintermann [8] investigated experimentally and numeri-
cally the influence of the geometry on the performance
of winglets. For the best ratio of HTE to flow loss penalty
(FLP) ofaDWP (A = 2,h = H), fis45° for a developing
flow in a duct with Re = 2300 [7], while it is 15° for a
very compact arrangement of rectangular winglet pairs
(RWP) (A=0.5, h=HJ/2) in a periodically fully
developed flow with Re = 1000 [8]. A VG with A = 1.5
generates maximum HTE, while a VG with A = 2 pro-
duces the best ratio of HTE to FLP [7]. The distance
from the leading edge of the fin to the tip of the winglet
was also varied. The difference in Nusselt numbers
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Fig. 2. Schematic of vortex generators and their vortices. (a)
Four basic WVG forms; (b) a punched-up DWP; (¢) RWP-
array and LVs.

remains within the experimental accuracy for the dis-
tances of H, 2H and 3H [7].

A finned tube element differs from a plate heat
exchanger element with isothermal plate in: (a) different
flow structure and boundary conditions due to the no-
slip conditions on the tube wall and its blockage to the
passage ; (b) different temperature distribution in the flow
passage due to the heat transfer to the tube (heat source
or sink); and (c) nonisothermal fin temperature due to
the conjugate heat transfer in a finned tube element [9,
10]. For a finned circular tube with a punched DWP
(B =45° A = 1.5, h = H), numerical investigations [11—
13] show that the DWP delays the flow separation from
the tube, deflects the flow to the tube wake, drags fluid
from the recirculation zone to the main flow, intensifies
mixing by swirling the flow and thus enhances the heat
transfer. It can also avoid local heat transfer reversal on
the fin in the tube wake [11, 13]. For a finned flat tube
with embossed and punched staggered rows of RWP in
a developing flow with Re in the range of 500 and 2000,
experimental investigations [14] show that LVGs with
p =20-30° and /& = 0.5H are the most promising, and a
ratio of Colburn ‘j’ to ‘f” factor of more than 0.5 is
achieved. Experimental investigation [15] shows that
HTE by mounted DWP (f=45°, A=2, h=H) in
finned flat tubes is more pronounced than in a finned
circular tube, and the DWPs should be located in the

upstream side of the tube with a distance of two tube
widths between the tips of the winglets.

For a tube-fin element with a flat tube a numerical
investigation of heat transfer enhancement by vortex gen-
erators has never been reported. The experiments [15]
have been carried out with mounted DWPs whereas
punched DWPs are relevant in practice. Furthermore,
the influences of the number of DWPs, of their geometry,
e.g. A, p, and of their location with respect to the tube
have never been investigated. Here lies the scope of the
present paper.

The purposes of this paper are: (1) to investigate in
detail the formation of the swirling flow by punched
DWPs in a finned oval tube; and (2) to study the influ-
ences of f§, A and location of a DWP on HTE and FLP,
aiming to optimize a single winglet as a background
knowledge for further performance improvement with
more winglets.

2. Theoretical formulation and solution procedure
2.1. Geometrical model

Figure 3(a) shows an FOT element with a punched
DWP. Two fins with thickness d form a channel of height
H, width B (=9.1H) and length L( = 15.4H). An oval
tube (Ly/Br = 5.5, cross sectional area Arcs = 24.6H?)
is located at the center of the fin. The ratio of fin to
tube area is 8.44. Such a geometry is commonly used in
industry [16]. A DWP is punched out of each fin near the
entrance. The thickness of the winglet is assumed to be
zero and the height of the DWP (/) is equal to the channel
height (H) so that the DWP can also function as a pitch
holder of the fin. In the y-direction, the mid-points of the
winglets are located at y = 1.68 H, which corresponds to
the middle of the free flow passage in y-direction.

Heat transfer distribution of an FOT without DWP
[10] shows that in the Reynolds number range of 100—
500, the leading edge effect of the fin ceases at x~H,
preceding the influence of the tube. To investigate the
influence of a slightly changed location of the winglet in
the streamwise direction on the performance of the wing-
let, two winglet locations were investigated. In the first
location the tip of the winglet was at xp, = 1.46. The
second location was in the middle of the leading edge of
the fin (x = 0) and the front stagnation point of the tube
(x = 1.26), i.e. xpy = 0.63. The better x-position of them
was selected for further investigations with f, which was
varied to 20°, 30° and 45°. The best § was then selected
for a computation with A = 1.5. Table 1 lists the par-
ameter and location of the winglets in the investigated
configurations.

For small Reynolds numbers, the flow is steady and
the computational domain can be reduced by using sym-
metry conditions on the mid-plane of the channel
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Symmetry: v=0 exit:
d¢/3y=0 (av/ay#0) | [Tube: o¢p/9x=0
T:TT s u,-=0
Entrance:
U=Uy, T =T0
Periodicity: Walls: Symmetry: v=0 |
Pr=0 =Po=1 u=0, T=Tw ||a¢p/3y=0 (3v/ay#=0) ’

(b)

Fig. 3. (a) The geometrical model (L = 15.4H, B =9.1H, L+ = 12.8H, By = 2.4H, A;/Ay = 8.44) ; (b) the computational domain with
boundary conditions.

(v = B/2). Figure 3(b) shows the computational domain
Table 1 and the boundary conditions. To employ the gradient
boundary conditions, the domain is extended by 6 H over
the exit to ensure a recirculation-free flow there. No-slip
config. S A Xea  Vea  Xps Ve Xec  Vec velocity boundary conditions were used on solid walls
(tube and fin).

The winglet position of the investigated configurations

1 45° 2 1.46 241 287 1.00 216 0.29

2 45° 2 0.63 241 204 1.00 133 0.29

3 30° 2 063 219 236 119 186 0.32 2.2. Mathematical model

4 20° 2 0.63 203 251 135 217 041

5 30° 1.5 063 236 293 1.03 243 0.16 The velocity and temperature fields in the channel were
calculated by solving the unsteady three dimensional

The area ratio of DWP to fin is 1.73% for configs. 1-4 and 2.3% Navier-Stokes and energy equations for an incom-

for config. 5. The points P,, Py, and Pc are defined in Fig. 3(a). pressible fluid with constant properties (Pr = 0.7). The
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temperature field in the fin was obtained by solving the
conduction equation. In dimensionless form these equa-
tions in curvilinear coordinate system with Cartesian vel-
ocity components and in index notation are,

oU;
3E, = 0 )]
u 0 1 1/ . ou
J 575, U — ( 6fk +ﬁ/wk>+pﬂki|
(2
J(‘LT+i UT—- 11B"E}T =0 3)
ot o5l T PeJd\70¢) |
1 o1, o[1f ,0T; 1 .
m ag,[ (B 05,)}_&'”’ @
with
i i i pf i 6'14, k
U=upj, Bj=Pbr. oj=—-F
0
and
ug H* v
Re = o Pr = w0 Pe = Re Pr,
v
oSk Lar
"SRk Pe a*

where Einstein summation convention applies and dis-
sipation is neglected. fi'; are the cofactors of dx,/0¢; in the
Jacobian J of the coordinate transformation x; = x,(¢)).
Re, Pr, and Pe are the Reynolds number, the Prandtl
number and the Peclet number respectively. Assuming
very small Biot number on the fin, the conduction in
the fin becomes two-dimensional. The conjugate heat
transfer is described by two parameters Fi and Fr. Their
significance has been explained in [9, 11].

In the eqns (1)—(4), the time is nondimensionalized by
H*/uy, all lengths by H*, the velocity components by the
average velocity u,. The temperature is the difference
between the local and the inlet temperature scaled by the
difference of the tube temperature and the inlet tempera-
ture. The pressure is the difference between the local and
a reference pressure divided by p*ug>. Variables with a
subscript ‘0’ refer to the state of the fluid at the entrance,
with an ‘f* to the fin, and with a ‘T’ to the tube. The
dimensionless temperatures at the inlet 7, and on the
tube T are 0 and 1 respectively. In eqn (4), ¢ stands for
the convective heat removal on both sides of the fin. This
term couples the convective heat transfer to the fins and
conductive heat transfer in the fins. It can be expressed
as:

q = q|:=0 _Cﬂz:l Wlth
., yer, or,, oT .
q|Z_J<6§ﬁ3+ aﬂﬁ3+ 5§ﬁ3>z ®)]

where ¢|._, and ¢|._, denote the heat removal on the

lower and upper side of the fin. They are non-
dimensionalized by dividing

(T7—Ty)k*

H*

2.3. Numerical solution

A grid generation technique by solving the Poisson
equation [17] was used to discretize the computational
domain into a finite number of control volumes. The
winglet with zero thickness was approximated by the
interface between two control volumes. The differential
equations (1)—(4) were discretized by a finite-volume
method [18]. The convective terms were discretized with
a ‘flux blending’ scheme, in which the convective flux
was split into an upwind difference (UD) and a central
difference (CD), and was treated with a ‘deferred-cor-
rection approach’ [19], in which the UD part was cal-
culated implicitly, while the difference between the CD
and UD part was calculated explicitly. SIMPLEC al-
gorithm [20] were used for pressure-velocity correction.
To avoid decoupling of the velocity and pressure field
caused by the co-located arrangement of the dependent
variables, a momentum interpolation was applied [21].
The algebraic equation system was solved by the strongly
implicit procedure (SIP) of Stone [22], in which the orig-
inal coefficient matrix was incompletely split into a prod-
uct of a lower and a upper matrix and solved iteratively.
More descriptions of the solution procedure can be found
in [23-25]. The numerical solution of the velocity and
temperature fields for one time step was carried out with
the following procedure :

(1) The momentum equations were solved with the best
available initial values ;

(2) A pressure-velocity correction based on SIMPLEC
was performed ;

(3) Steps 1 and 2 were repeated until a divergence-free
velocity field was obtained.

(4) The energy equation was solved with the known vel-
ocity field and the best available temperature field on
the fin and in the fluid ;

(5) Thelocal heat fluxes to the fin ¢(x,y) were calculated ;

(6) The heat conduction equation was solved with the
local heat flux as heat sources.

Steps (4) to (6) were repeated until a converged solution
is obtained.

2.4. Validation of the procedure

The basic program code was used to compute complex
oscillating flow in ducts with vortex generator [26] and
flows in hydrodynamic couplings [24, 27]. Some vali-
dation studies have been reported there. The code and
the basis configuration used in this study were the same
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as those in the investigation of the flow and heat transfer
in an FOT without DWP [10]. Computations were per-
formed on an IBM-RISC-System/6000/530H on body-
fitted grids of 187*52*25 (configs. 1-2), 152*60*24 (con-
figs. 3, 5) and 152*52*25 (config. 4) points along x, y and
z coordinates. A divergence-free criterion of 107> was
prescribed. For an FOT with Re = 300 and Fi = 500, the
grid convergence index by Roache [28] is 1.338% for the
apparent friction number f'and 3.51% for the Colburn j
factor [25].

Figure 4 compares the computed and reference [29]
Nusselt number distributions in a developing duct flow
with constant wall temperature. Both curves have an
inflection point around x = 1, where the largest deviation
of the numerical result from the reference curve appears.
The reference curve has a smoother profile in that region.

Y. Chen et al./Int. J. Heat Mass Transfer 41 (1998) 3961-3978

The mean Nusselt number of the numerical result is about
3.2% smaller than that of the reference value. The com-
puted apparent friction factor f,,, is about 3% higher
than that calculated with the correlation formula for
hydrodynamically developing duct flow as recommended
by Shah and Bhatti [29].

Figure 5 compares the measured spanwise averaged
Nusselt number distribution, based on the fluid tem-
perature at the entrance, with the computed Nu in the
FOT with constant fin temperature. In the experiment
the Nusselt numbers were deduced from the heat and
mass transfer analogy and the ammonia absorption
measurements (AAM) performed on an FOT model in a
windtunnel at Reynolds number 1090 [30]. Beginning
at x = 4 the measured and the computed results agree
perfectly. But there are 11.5%, 9.8% and 5.0% dis-

40

30
Nu

20

Nu in a plain channel for Re=500

numerical result

Shah & Bhatti (1987)
(experiment + analysis)

10

0-0-0-0-0—0-0-0

Fig. 4. Analytical-numerical comparison of the Nusselt number distribution in a plain channel of simultaneous developing flow for

Re = 500.

30

25
Nuro

20

Re=1090

Tube

—o>—— numerical result
—+— experimental, AAM

Fig. 5. Experimental-numerical comparison of the Nusselt number distribution in an FOT with constant fin temperature for Re = 1090.



Y. Chen et al./Int. J. Heat Mass Transfer 41 (1998) 3961-3978 3967

crepancy at x = 1, 2, and 3 respectively. The reason for
this discrepancy may be the difference of the velocity
distribution at the entrance. For the computation, a uni-
form velocity distribution was employed at the entrance.
For the experiment, great effort was made to realize a
homogeneous velocity at the inlet. However the influence
of the wall and the blockage at the leading edge of the
test section cannot be avoided. Besides, an exact measure-
ment of the mass transfer at the leading edge by ammonia
absorption technique is nearly impossible [31, 32]. In
Fig. 4, the agreement of the numerical and the reference
results near the entrance is much better than that in Fig.
5. Comparing Figs 4 and 5, we find that the numerical
results lie between the reference and the experimental
results.

3. Flow patterns, temperature field and local heat
transfer

3.1. Flow patterns

In order to study the generation and structure of pri-
mary and secondary vortices, we plotted the streamlines
starting from different grid points of the leading edge and
the trailing edge of the VG. Figure 6 shows the stream-
lines from the winglet leading edge for config. 1 at
Re = 300. Here Az = 0 stands for the line on the leading
edge ; positive or negative values of Az indicate parallel
lines above or below the winglet leading edge. Figure 6(a)
shows the streamlines starting from the points covering
1/4 length (beginning at the tip) of the winglet leading
edge at Az = —0.025. These streamlines braid together
to form the core of the primary vortex, see the secondary
velocity vectors on the exit plane in Fig. 6(a). Figure 6(b)
and 6(c) shows the streamlines from the half and the full
length of the leading edge. These form the streamlines in
and around the core. Figure 6(d)—6(f) show streamlines
from different heights over the full length of the leading
edge. The fluid over the leading edge with a distance up
to Az = 0.175 constitutes the body of the LVs (see Fig.
6(d)—(f)). In this height, the streamlines weave like a
shell of a snail. The rotational velocity decreases with Az,
while the diameter of the shell increases with Az. For
Az = 0.225, (sec Fig. 6(g)—(i)), the rotation of the fluid
becomes weaker. The streamlines from this region com-
pose the transition layer surrounding the LVs. Figure 7
shows the streamlines starting at the trailing edge of the
winglet. Here Ay = 0 represents the trailing edge and
negative Ay indicates away from the trailing edge. The
streamlines participating in the primary LVs decrease
with increasing distance to the trailing edge. The fluid
immediately behind the trailing edge takes part in the
primary LVs, with exception of the two streamlines from
the lowest corner (see Fig. 7(a)). For Ay = —0.05, about
75% of the streamlines in the upper part joins the primary

LVs (see Fig. 7(b)). The remaining 25% in the lower part
do not join the primary LVs, but flow in the surrounding
of the primary LVs. Some of them join the induced vorti-
ces, which result from the interaction of the primary
vortex with the wall [33]. For Ay = —0.15, —0.25 and
—0.35, about 60%, 50% and 25% of the streamlines
near the upper channel wall join the primary LVs respec-
tively (see Fig. 7(c)—(e)). Beginning with Ay = —0.045,
the flow is hardly influenced by the winglet (see Fig.
7(1)).

The angle of attack of a winglet influences the strength
and the form of the vortices. Figure 8§ compares the
secondary velocity vectors and their streamlines in eight
x-sections for config 2, 3 and 4 (f = 45°, 30°, 20°) with
Re = 300. In this range of 5, the magnitude of the sec-
ondary velocity vectors decreases with decreasing f3, and
the difference of the magnitude between f# = 30° and 20°
is larger than that between f = 45° and 30° (see Fig.
8(a)—(c)). In Fig. 8(d)—(f), the ratio of the width to
height of the LVs changes from section to section and
depends on . From near the winglet to far downstream,
the shape of the vortices generated by the winglet with
f = 45° changes from flat to circular, while that by the
winglet with f = 20° from circular to flat. The shape of
the vortices generated by the winglet with f = 30° shows
less change in their shape and keeps nearly in circular
form in all sections (see Fig. 8(e)). If the winglets are
projected to a plane normal to the streamwise direction
(here the y—z-plane), the ratios of the projected width to
height of the winglets are 1.41, 1.00 and 0.68 for f = 45°,
30° and 20° respectively. The shape of the vortices seems
not to be determined by these ratios, as is also dem-
onstrated by the vortices generated by a delta winglet
with f = 30° and A = 1.5 (the ratios of the projected
width to height of the winglet is 1.33), (see Fig. 9). The
streamlines in the vortex cross sections for A = 1.5 seem
to be rounder than those for A = 2. The magnitude of
the secondary flow generated by the winglet with A = 1.5
is much larger than that with A = 2. The difference of
the magnitude of the secondary velocities decreases with
increasing streamwise distance from the winglet.

The pressure difference between the stagnation and the
suction side of the winglet forces the fluid from the lead-
ing edge to the suction side and to form vortices. From
the outer surface of the LVs to the LV-core, the pressure
decreases gradually as shown in Fig. 10. The minimum
pressure lines, where the core of the longitudinal vortices
is located, does not occur at the geometrical middle of
the winglet, but shifts to the side of the trailing edge. The
pressure difference between the wake and its surrounding
is larger for f = 45° than for # = 30°.

3.2. Temperature field and local heat transfer

Qualitatively the temperature distributions on the fin
with and without winglets are similar (see [10]), except
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(a) Az=-0.025, 1/4 length of the
leading edge

(b) Az=-0.025, 1/2 length of the
leading edge

(c) Az=-0.025, full length of the
leading edge

(f) Az=0.175

(g) Az=0.225

Uo

(h) Az=0.325

Ug

() Az=0.425

Fig. 6. Streamlines starting from different distances over the leading edge of the winglet, config. 1, Re = 300. Az = 0 stands for the line

on the leading edge.
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(b) 4y=-0.05 (c) 4y=-0.15

(d) Ay=-0. 25

= W
(e) 4=-0.35

H) 4y=-0.45

Fig. 7. Streamlines starting from different distances to the trailing edge of the winglet, config. 1, Re = 300.

in the vicinity of the winglet (see Fig. 11). The minimum
fin temperature is located near the origin of the coor-
dinate (x = 0, y = 0) as for the FOT without DWP, but
with a lower value. Near the origin, the fin temperature
of config. 2 (f =45°) is lower than that of config. 3
(p = 30°). This changes near the exit, where the fin tem-
peratures of config. 2 are higher than those of config. 3.

The swirling flow rearranges the temperature dis-
tribution in the fluid, as shown in the temperature dis-
tributions in eight y—z-planes in Fig. 12. The temperatures
in the outer layer of the LV are higher than that in the
LV core. In the section of y~2 (near the side of the DWP
tip), the temperature boundary layers are thinned on the
lower fin and thickened on the upper fin, in contrast to
that along y~ 1 (near the trailing edge side of the DWP).
The distorted temperature boundary layers on the fins

break the U-shape distribution of isotherms of an FOT
without DWP [10].

Figure 13(a)—(b) shows the local heat fluxes ¢ for
config. 3 and config. 2, and Fig. 13(c)—(d) the Nusselt
numbers on both sides of the fin in config. 2 for Re = 300
and Fi = 500. In the wake of the winglet, the isolines are
formed with three peaks—one higher peak with two
lower ones on both sides. The higher peak is a result of
the primary vortices, while the lower ones stem from the
secondary vortices. ¢ is higher for config. 2 than for
config. 3, except near the exit, where heat transfer of
config. 2 seems weaker than that of config. 3. On both
sides of the LVs, fluid flows either towards or away from
the fin (the ‘Down-wash’ and ‘Up-wash’ flow), which
enhances or lowers the heat transfer in the corresponding
area. Figure 13(c)—(d) compares the local Nusselt num-
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Fig. 8. Velocity vectors and streamlines of the secondary flow generated by DW with three angles of attack in eight y—z-planes of

x=1.5,3.5,56,7.7,9.7, 11.8, 13.8, 15.4 respectively.

bers on both sides of the fin. On the fin with winglet (the
lower channel wall in this study), fluid flows towards the
fin in the tip side of the winglet and away from the fin in
the trailing edge side. These lead to higher heat transfer
along the tip side and lower heat transfer along the
trailing edge side. These are just the opposites to the
side without DWP, where higher heat transfer along the
trailing edge side and lower heat transfer along the tip
side of the winglet appear.

4. Performance comparison

4.1. Influences of the x-position

Near the entrance, the largest velocity and temperature
gradients occur. To study the performance dependence

of the winglet on its position in that high gradient region,
two configurations with slightly different x-positions of
the winglet were investigated (config. 1 and config. 2).
The x-coordinate of the winglet tip was 1.46 for config.
1 and 0.63 for config. 2. Figure 14(a) and (b) compares
the spanwise averaged pressure distribution and the Nus-
selt number enhancement (Nu/Nu,) of config. 1 and
config. 2 (Nu, refers to the Nusselt number in config. 0).
The pressure loss in config. 1 is slightly larger than that
in config. 2 because of a larger form drag. The largest
difference occurs between x= 1.5 to 3. Then it decreases
gradually in the streamwise direction. Heat transfer
enhancement for config. 2 takes place further upstream
than that of config. 1. Though Nu/Nu, for config. 1 is
larger than for config. 2 in the downstream part of the
fin, the difference in total heat transfer enhancement is
negligible for both configurations due to the com-
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Fig. 9. Vector-plots (a) and streamlines (b) of the secondary flow
generated by the delta winglet (A = 1.5, f = 30°) in different x-
sections (location as in Fig. 8) for Re = 300.

pensation of the larger Nu, near the entrance. In case of
Re =300 and Fi= 500, the thermohydraulic per-
formance factor Rp=(j/jo)/(flfs) for config. 2 is
Ry = 0.96, which is slightly superior to that for config. 1
with Rp = 0.94.

4.2. Influences of

In the investigated range of f§, both heat transfer and
pressure drop increase with increasing f. Figure 15(a)
and (b) shows the spanwise averaged pressure dis-
tribution and Nusselt number enhancement compared to
an FOT without DWP. Comparing the p-distribution of
an FOT with and without winglet, two parts of form drag
can be distinguished, one from the tube and the other
from the winglet. The parallelism of the p-curves in the
wake of the winglet indicates that the LVs themselves
play little role in the FLP, as deduced by Fiebig [34] from
the global drag values of an experimental investigation.
The form drag of the winglets are dominant for FLP.
Nu/Nu, climbs abruptly with the beginning of the leading
edge of the winglet and descends abruptly directly behind
the winglet. These are the combined effects of the HTE
on the fin (the secondary surface [1]) produced by the
LVs and the HTE on the winglet surface (the tertiary
surface [1]) itself because of the direct contact of the
winglet surface with the core flow. The peak value of the
Nu-curve for the winglet with § = 45°is about the same as
that with f = 30°, which is higher than that with f = 20°.
Generally, Nu/Nu, increases with increasing . Down-
stream of x=~ 9, the curve for § = 45° surprisingly crosses
that for f = 30° and remains under the latter. Comparing
the pressure distribution and the Nusselt number
enhancement, we notice that the difference in pressure
drop between f# = 30° and f = 20° is smaller than that
between f = 30° and f = 45°, while the difference in
(Nu/Nuy) is just the opposite of that. The values of Rp
for the winglet with = 45°, 30° and 20° are 0.96, 1.04
and 1.02 respectively.

4.3. Influences of A

HTE and FLP increase with decreasing aspect ratio A.
Figure 16(a) and (b) compares the pressure distribution
and Nu enhancement for A = 2 (config. 3) and A = 1.5
(config. 5). From Fig. 16(b), we see that the peak of the
curve for A = 1.5 is apparently higher and wider than
that of the curve for A = 2. HTE is higher for A = 1.5,
until x~ 11 where the two curves merge. The values of
Rp are 1.04 and 1.02 for A = 2 and 1.5 respectively.

5. Concluding remarks

Flow field analysis reveals :

e The form drag of the winglet dominates the FLP, the
LVs themselves hardly cause any additional pressure
drop.

e The core of the primary LV stems from fluid on the
lower part of the leading edge of the winglet.

e The body and the outer layer of the primary LV are
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(a) pressure on the plane of z=0.5, Re=300, config. 3 | ($=30°)
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(b) pressure on the plane of z=0.5, Re=300, config. 2 | (3=45°)

Fig. 10. Comparison of the pressure distribution on the plane of z = 0.5 for config. 2 and 3 with Re = 300.

(a) fin temperature, Re=300, Fi=500, config. 3 | ($=30°)
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(b) fin temperature, Re=300, Fi=500, config. 2 (B=45°)

Fig. 11. Fin temperature for two configurations with Re =300, Fi = 500.
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Fig. 12. Isotherms in eight x-sections of an FOT with DWP of § = 45° for Re = 300, Fi = 500. From (a) to (h), x = 1.5, 3.5, 5.6, 7.7,

9.7,11.8,13.8, and 15.4.

formed by the fluid near the leading edge and near the
upper part of the trailing edge of the winglet.

e A corner vortex is formed by fluid from the lower part
of the trailing edge and the fluid near the tip of the
winglet.

o The y-coordinate of the LV core changes slightly in the
streamwise direction due to the flow around the tube.

The LVs swirl the flow and enhance the heat transfer.

Performance comparison of the investigated con-

figurations shows:

e Winglet with f = 30° and A = 2 (config. 3) are the best
of the investigated configurations.

o A slight change of the DWP position from xpy = 1.46
to xpp = 0.63 has little change in heat transfer, but
reduces the flow loss slightly, so that the ratio of HTE
to FLP is slightly higher for the latter position.
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(a) fin heat flux, Re=300, Fi=500, config. 3 |  (B=30°)
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Fig. 13. (a)—(b) Comparison of the fin heat flux in config. 2 and config. 3. (c)—(d) Comparison of the Nusselt number on the side with
and without delta winglet in config. 2 (ff = 45°).
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Fig. 14. Comparison of the pressure distribution and heat transfer enhancement of config. 1 and config. 2 with Re = 300, Fi = 500.

Nuy is the Nusselt number in an FOT without winglet.
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Fig. 15. Comparison of the pressure distribution and heat transfer enhancement of configs. 2, 3, and 4 (f = 45°, 30°, and 20°) with
Re = 300, Fi = 500. Nu, is the Nusselt number in an FOT without winglet.
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Fig. 16. Comparison of the pressure distribution and heat transfer enhancement of config. 3 and config. 5 with Re = 300, Fi = 500.
Nuj is the Nusselt number in an FOT without winglet.
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