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Abstract

The flow and heat transfer characteristics of a pair of embedded counter-rotating vortices are studied experimen-
tally. In order to control the strength of longitudinal vortices, angle of attack of the vortex generators is varied from
+20° to £45°, and the spacing between the vortex generators is 4 cm apart. The heat transfer measurements using
thermo-chromatic liquid crystal are made to provide the local surface distributions of heat transfer coefficients. The
following conclusions are obtained from the present experiment. For the common-flow-down cases, two maximum
values in the local heat transfer distributions exist for the three angles of attack. With the common-flow-up cases, only
one maximum value exists. The common-flow-down cases show better heat transfer characteristics than the common-

flow-up cases. © 2002 Elsevier Science Ltd. All rights reserved.

1. Introduction

The interaction of vortices and boundary layers oc-
curs in flows of many engineering applications. In tur-
bulent boundary layers longitudinal vortices are
generated in many cases naturally or purposely. Recent
studies on longitudinal vortices have focused on the in-
teraction of vortices and boundary layers, or on the ef-
fect of heat transfer. Also, the proper rules for the design
and installation of vortex generators have been studied.
Pauley and Eaton [1] studied two types of flow patterns
with changing angle of attack of vortex generators;
the flow between vortices is away from the wall, com-
mon-flow-up, and approaches toward the wall, com-
mon-flow-down. Wendt and Hingst [2,3] studied the
interaction of vortices and boundary layers occurring
downstream of vortex generators, changing the spacing
between vortex generators. Eibeck and Eaton [4] have
investigated the effects of embedded longitudinal vorti-
ces on wall heat transfer. Recently, the studies on the
performance of vortex generators, which are used as
heat exchangers, have been widely performed. Fiebig [5]
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noted that longitudinal vortices show less flow loss and
better heat transfer characteristics than that of latitudi-
nal vortices. Zhu et al. [6] have also studied the heat
transfer effects from longitudinal vortices generated by
combining rectangular wings and ribs in a duct. Con-
sidering previous studies, the interaction between vorti-
ces is an important factor. Other important factors are
the spacing between vortices, and the height of vortices
from the surface wall. These parameters can be con-
trolled when vortex generators are installed. To control
the flow and heat transfer using vortex generators in
turbulent boundary layers, a study on the effect of the
interaction between vortices is necessary.

In the present study, the experiment is performed with
the huge values of angle of attack, f, of vortex gen-
erators, +20°, +30°, +£45° compared to previous studies
(—24° < <24°). The structure of vortices occurring
downstream of vortex generators, and the characteristics
of heat transfer, are studied using thermo-chromatic
liquid crystal [7-12] and a five-hole probe.

2. Experimental apparatus and method

Fig. 1 shows the shape of two half-delta wing vortex
generators, and the heat transfer surface instrumented
for heat transfer distributions at the downstream of
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Ty wall temperature of a heating plate (°C)
U, free velocity of free flow (m/s)

Ouo air density of free flow (kg/m?)

0 thickness of a boundary layer (cm)

o displacement thickness (cm)

0 momentum thickness (cm)

Nomenclature
Co specific heat at constant pressure of air (kJ/
kg K)
H height of a half-delta wing (cm)
Hy shape factor
L transverse length of a half-delta wing (cm)
Rey Reynolds number UL/v
T, air temperature of free flow (°C)
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Fig. 1. Schematic diagram of the test facility: (a) half-delta
wing; (b) heat transfer surface.

vortex generators. The subsonic wind tunnel which is 10
cm high, 40 cm wide and 200 cm long is used and half-
delta wing generators which are 2 cm high and 5 cm long
are mounted at 58 cm downstream from the contraction
section of the wind tunnel. From the centerline of vortex
generators to a clockwise direction, angle of attack, f, is
defined as a negative direction. The heat transfer surface
is constructed of a stainless steel foil of 40 cm long and
25 cm wide with a thickness of 0.005 cm. The angles of
attack of half-delta wing generators in a mainstream
direction vary at £20°, +30°, and +45°, and the spacing
of half-delta wing generators 4 cm is measured between
the generators and the test wall centerline.

A five-hole probe positioned using a three-axis tra-
verse is mounted at 5, 10, 20, and 35 cm downstream of
the trailing edge tip of vortex generators. At each loca-

tion, a slot of 0.4 cm long, 35 cm wide and 0.5 cm thick-
ness in an acrylic plate is made, and a five-hole probe
can be moved along the slot to measure the velocity
profiles. To prevent the leakage of air in the slot, a
sliding plate is attached to a five-hole probe.

A set of pressure data from a five-hole probe is
transferred to a pressure transducer (FC044). Then, the
pressure data are transformed into digital signals through
a multi-channel A/D converter (PCL-718). To reduce
errors of pressure data, the pressure values of each pres-
sure hole are collected after 500 measurements, and the
total eight dataset with each pressure hole are obtained,
and the data of the ensemble mean values of pressure
datasets are used [13].

In the heat transfer experiment, a hue-capturing
technique using liquid crystal is used, and before mea-
suring the heat transfer field the calibration experiment
is conducted for the temperature measurement. A video
camera is used for the capture of hue changes with
temperature variations of liquid crystal (see Fig. 2). The
experiment is conducted in a dark room to block any
light except that, which is necessary for the experiment,
and the calibration experiment is installed at the same
position with the actual experimental section. The dis-
tance between the calibration apparatus and the video
camera is 150 cm apart, and the angle between the light
and the calibration plate is fixed at 60°. To measure
the temperature and the hue change of liquid crystal
simultaneously with a time constant of 100 Hz, a video
camera and a standard temperature system that has
an accuracy of £0.1 °C are used. The calibration ex-
periment is conducted four times measuring at differ-
ent times, and Fig. 3 shows the hue versus temperature
profiles of liquid crystal. From these results, ensemble
average values are calculated and the calibration curve
to show the variations of hue versus temperature is
given. The calibration curve equation is the following:

T = 34.967 + 0.048852 x Hue — 0.0017587 x Hue’
+1.793 x 107° x Hue® — 6.303 x 10~* x Hue*. (1)

Fig. 4 shows the experimental apparatus to measure
the heat transfer characteristics developed by vortex
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Fig. 2. Schematic diagram of calibration apparatus for local hue versus temperature relation.
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Fig. 3. Local hue versus temperature relation.

generators with varying angles of attack. On an acrylic
plate (1 cm thick, 40 cm wide, and 40 cm long), the
liquid crystal (R35C5W) is airbrushed. To absorb un-
necessary light, black backing paint is uniformly sprayed
on a liquid crystal film, and to heat liquid crystal a
stainless steel foil (0.005 cm x 40 cm x 25 cm) is used.
Also, a copper bar with 0.1 cm diameter is attached at
both sides of the stainless steel foil. A uniform heat flux
is produced by passing a current across the stainless steel
foil via copper bars at both sides [8]. A Bakelite plate is
used to block the heat from the copper pipe. The resis-
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Fig. 4. Experimental apparatus for the measurement of heat
transfer rate on the wall surface.

tive heating can be determined by measuring the current
passing through the stainless steel foil and the voltage
drop across the length of the heated surface.

3. Experimental results and discussion

To investigate the flow characteristics in the test
section, mean velocity, boundary layer thickness, and
turbulence intensity are measured using I type hotwire
probes and boundary layer probes. A starting position is
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located 58 cm downstream from the contraction section
of the wind tunnel, and parameters are measured with
0.05 cm intervals from the bottom wall using a three-axis
traverse. Experimental conditions calculated for the
present experiment are shown in Table 1. The flow
characteristics with common-flow-down and common-
flow-up are described in Han’s paper [14] in detail. In
this paper, the results are presented only for £30° angles
of attack. Since a five-hole probe measures a higher
pressure on the upper pressure tap than on the lower
pressure tap in the boundary layer, pressure data of a
five-hole probe measured in the boundary layer contain
significant errors. Therefore, the secondary flows mea-
sured with a five-hole probe are corrected by the cor-
rection method of Westphal et al. [15]. Fig. 5 shows the
velocity vectors of secondary flows with common-flow-
down for 30° angle of attack at several positions. Vortex
pairs are counter-rotating; one circulates in a counter
clockwise direction and the other in a clockwise direc-
tion. It is clear that as the flow moves to a downstream
direction, the velocity vectors of vortex pairs decrease by
the conservation of angular momentum and turbulent
diffusion, and the distances between vortex pairs in-
crease. Fig. 6 shows the secondary velocity vectors of the
common-flow-up case at X = 5, 10, 20, 35 cm with —30°
angle of attack. A vortex pair occurs; one vortex rotates
to a clockwise direction, and the other to a counter
clockwise direction. A counter-rotating vortex makes an
up-wash flow around the centerline, and a downwash
flow at the outer section of the central region. It is seen

Table 1

Experimental conditions
Boundary layer thickness (J) 1.3 (cm)
Displacement thickness (6) 0.417 (cm)
Momentum thickness (6) 0.275 (cm)
Shape factor (Hy = 6"/0) 1.52
Reynolds number (Rep, = U, L/v) 31400
Turbulent intensity 0.6 (%)

—: 0.2 m/s /o
/

Fig. 5. Secondary velocity vectors at f§ = 30°.

—: 0.2 m/s

Fig. 6. Secondary velocity vectors at f = —30°.

clearly that the common-flow-up vortices interact
strongly with each other. Therefore, as the measured
positions move to the downstream of vortex generators,
the velocity vectors decrease and the distance between
vortices barely change which is as much as in the com-
mon-flow-down case. However, the rising trend of the
vortices from the wall increases. These phenomena are
also observed in the experiment of Pauley and Eaton [1].

The local heat transfer characteristics occurring
downstream of half-delta wings can be represented by
the Stanton number as follows:

q

St paoCPUOO(Tw -T)’ @)
The uncertainty analysis of the Stanton number has
been carried out using the methods of Holman [16] and
Abernethy et al. [17]. It is shown in Table 2 that the total
uncertainty in the Stanton number is 5.4%. In calculat-
ing the uncertainty, the specific heat, Cp, is assumed to
be a constant because it is not sensitive on the range of
the parameters of the present experiment.

The heat transfer coefficients for the contour devel-
opments of vortices represented by the Stanton number
with the common-flow-down cases at 20°, 30°, and 45°
angles of attack are shown in Fig. 7. In the figure, the
Stanton number has a unit of St x 1000, and the contour
lines show at each 0.00015 interval. At 45° angle of at-
tack, two maximum heat transfer values over the whole
domain exist (see Fig. 7(c)). At 30° angle of attack, there
are also two maximum heat transfer values after X =
10 cm. At 20° angle of attack, it occurs after X = 15 cm.
As the angle of attack increases, the distance between
vortices increases. This causes the interaction between
vortices to weaken. Thus, the local heat transfer distri-
butions having two maximum values are shown over the
whole domain. The positions of each maximum value
almost agree with the centerline positions of vortices,
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Table 2
The uncertainty of the Stanton number with odds of 20 to 1
X; Value oX; (0X:/X:) x 100 (%)
14 2(V) 0.12 (V) 0.6
1 46 (A) 1(A) 2.17
A 0.105 (m?) 0.001 (m?) 0.95
Poo 1.2822 (kg/m?) 0.0111 (kg/m?) 0.87
Ux 10 (m/s) 0.23 (m/s) 2.3
o (AT) 8.0 (°C) 0.33 (°C) 4.125

Total Stanton number uncertainty
o(St)/St = 5.38 (%)
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Fig. 7. Temperature contours for (a) f = 20°, (b) f = 30°, and (c) § = 45° angles of attack.

and occur when the vortices developed from vortex
generators are attached at the surface of the wall to the
downwash domain. Fig. 8 shows the heat transfer co-
efficients of the whole wall with the common-flow-up
cases at —20°, —30°, and —45° angles of attack. At —20°
angle of attack, the two maximum values are shown up
to X =30 cm: at —30° angle of attack, it is shown to
X =20 cm: and at —45° angle of attack, the local heat
transfer distributions have only one maximum value
over the entire domain. This means the interaction be-
tween vortices is strong when the angle of attack de-
creases. The positions of two maximum heat transfer
values are almost the same with the vortex centers. After
X =30 cm, only one maximum heat transfer value ex-
ists for all three angles of attack. By the interaction
between vortices, the positions of vortices rise from the
wall (see Fig. 6). The distance between two maximum
heat transfer values does not change clearly when the
angle of attack is decreased.

Figs. 9-12 show the local heat transfer distributions
at X =15, 10, 20, and 35 cm for the common-flow-
downs. For 45° angle of attack, two maximum values
exist. However, for 20° and 30° angles of attack one
maximum value exists. For all cases of angle of attack,
at least two minimum heat transfer values exist. In
general, these two minimum values occur when flow
produced by vortex generators moves from a downwash
domain to an up-wash domain. The heat transfer gra-
dient along a spanwise direction is the largest for 45°
angle of attack. For 45° angle of attack, the maximum
heat transfer values increase 7% and 3% more than those
of 20° and 30° angles of attack, respectively. In Fig. 10,
for 20° and 30° angles of attack two maximum values
exist at X = 10 cm. In Fig. 9 one maximum value for
the case of 20° angle of attack exists. Compared with
Fig. 9, the positions of maximum and minimum values
of the Stanton number move to a spanwise direction.
This means that the interaction between vortices in
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common-flow-down case becomes weaker. For 45° angle
of attack, the maximum Stanton number increases
about 9.5% more than for 20° angle of attack and about
4% for 30° angle of attack. Fig. 11 shows the local heat
transfer distributions with varying angles of attack at
X =20 cm. The two maximum heat transfer values with
the common-flow-down cases exist along a spanwise di-
rection. The spacing between maximum values increases
as the angles of attack increase. For example, the max-
imum values increase less for 30° angle of attack than
for 45° angle of attack. The overall heat transfer values
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Fig. 10. Spanwise profiles of the Stanton number with
p = £20° £30° and £45° at X = 35 cm.

decrease compared with those of vortices at the up-
stream location, because turbulence diffusion makes
vortices weak. In Fig. 12, the profiles of the heat transfer
distributions are similar to Fig. 11. However, for 20°
angle of attack, the heat transfer distributions clearly
show two maximum heat transfer values. For 30° and
45° angles of attack, the maximum values of heat
transfer distributions are almost the same.

Next, the common-flow-up cases in Figs. 9-12 are
explained. It is observed from Fig. 9 that for —20° and
—30° angles of attack the local heat transfer distribu-
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Fig. 11. Spanwise profiles of the Stanton number with
p = +£20°, £30° and +45° at X = 20 cm.
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Fig. 12. Spanwise profiles of the Stanton number with
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tions show similar profiles, but for —45° angle of attack
one maximum heat transfer value exists. This is because
as the angle of attack increases, the interaction between
vortices becomes stronger. For —45° angle of attack, the
maximum heat transfer value increases about 10.5%
more than that of —20° and —30° angles of attack, but
for —20° and —30° angles of attack the maximum value
does not change clearly. In Fig. 10, the heat transfer
distributions for three cases of —20°, —30° and —45°
angles of attack show a similar profile, but for the case
of —45° angle of attack the local maximum heat transfer
value increases about 4% more than that of —20° and
—30° angles of attack. In Fig. 11, for all three cases the
heat transfer distributions show similar profiles com-
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Fig. 13. Streamwise distributions of averaged Stanton number.

pared with the profiles in Fig. 10. However, the maxi-
mum heat transfer value for —45° angle of attack is
smaller than that for —20° and —30°. This is because as
the angle of attack decreases, the interaction between
vortices becomes stronger, and the rising effect of vor-
tices from the wall increases. In Fig. 12, only one max-
imum heat transfer value exists for —20° and —30°,
respectively. After X = 35 cm, the rising effect of vorti-
ces from the wall becomes stronger.

Fig. 13 shows the average heat transfer distributions,
which are calculated using Simpson’ integral method, at
selected positions. The average heat transfer for all an-
gles of attack shows similar profiles. After X = 20 cm,
the decreasing rate of the average heat transfer becomes a
constant. For 45° angle of attack, the heat transfer shows
the highest value for all positions along a X-direction.
Before X = 10 cm for all angles of attack, the average
heat transfer changes rapidly, and after X = 10 cm the
heat transfer changes smoothly. For —20° and —30°
angels of attack, the average heat transfer shows similar
profiles, but the heat transfer values for those two cases
increase more than those for —45° angle of attack. Before

X = 10 cm, the local heat transfer with varying angles of

attack changes rapidly, and after that position the trend
is smooth. The cases that installed half-delta wings show
better heat transfer characteristics than the case with a
half-delta wing. The heat transfer shows the best char-
acteristics in the common-flow-down cases.

4. Conclusion
An experimental study has been carried out to in-

vestigate the effects of longitudinal vortices embedded in
turbulent boundary layers with the common-flow-down
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and common-flow-up cases. For the common-flow-
down cases, two maximum values in the local heat
transfer distributions exist for the three angles of attack.
With the common-flow-up cases, only one maximum
value exists. As vortex pairs with common-flow-down
move to a downstream direction, the interaction of a
boundary layer becomes stronger than the interaction
between vortices. However, with common-flow-up, the
vortex interaction is stronger than that of the boundary
layer. The common-flow-down cases show better heat
transfer characteristics than the common-flow-up cases.
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