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Small Submerged Vortex Generators for Turbulent Flow
Separation Control
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The performance of low-profile submerged vortex generators for controlling moderate two-dimensional
turbulent flow separation has been investigated experimentally. Surface static pressure measurements, as well as
surface oil flow visualizations, have been used to explore the effect of these vortex generators on separation and
reattachment locations and downstream pressure recovery. Drag measurements have also been used to evaluate
the device (or parasitic) drag of these vortex generators. All of the vortex generators investigated have been
shown to reduce the reattachment distance and increase pressure recovery. A small submerged (Wheeler-type)
vortex generator with a device height of only 10% of the boundary-layer thickness is shown to perform as well
as a conventional vane-type vortex generator with a device height (and device drag) an order-of-magnitude

higher.

Nomenclature
., =pressure coefficient, 2(P — P, }/pU?2

h =height of vortex generator

{ =length of vortex generator

P = pressure

R, =Reynolds number based on momentum
thickness

U  =local velocity in the x direction

X,y =coordinates along and normal to the horizontal sur-
face, respectively

o =vortex generator sweep angle

o =boundary-layer thickness

0 =momentum thickness

A =spanwise distance between each geometric cycle

p = density

Subscript

o  =freestream value

Introduction

OMENTUM or energy loss due to flow separation is
detrimental to airfoil and diffuser performance and in-
creases body drag. Excessive separation results in stalling,
which can lead to catastrophic results. Controlling flow sepa-
ration can result in an increase in system performance with
consequent energy conservation, as well as weight and space
savings. Thus, flow separation and its control is an important
research area in fluids engineering.
A common flow separation control technique is to add
momentum to the near-wall flow by redirection of higher
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momentum flow from the freestream region. Vortex genera-
tors have long been known to increase mixing between exter-
nal streams and boundary layers.!"1° Fluid particles with high
momentum in the stream direction are swept along helical
paths toward the surface to mix with, and to a certain extent
replace, the retarded air at the surface. This air, in turn, is
swept away from the surface. The vortices ‘‘energize’”’ the
low-energy boundary-layer flow through a three-dimensional
process and delay separation in regions of high adverse pres-
sure gradients. Although there are may kinds of vortex gener-
ators,! the vane-type generators introduced by Taylor? are the
ones most often used. They consist of a row of small plates, or
airfoils, that project normal to the surface and are set at an
angle of incidence to the local flow to produce single trailing
vortices. These vortex generators have been used in the past to
produce attached flows and enhance aircraft wing lift.>-” They
also have been used to avoid or delay separation in subsonic
diffusers.®® A more recent example is afterbody drag reduc-
tion on a C-130 aircraft using vortex generators.!® However,
all of these studies used vortex generators with device height A
on the order of the boundary-layer thickness 6. Kuethe!! has
examined several wave-type submerged vortex generators with
h/6 of 0.27 and 0.42 that were successful in reducing the
intensity of sound generation in the wake region by suppress-
ing the formation of the Kdrmdn vortex street (implying a
likely reduction in separation) and inducing a spanwise period-
icity. A more recent study by Rao and Kariya!? suggests that a
concave slat-type submerged vortex generator with h/
6~ 0.625 may retain its effectiveness on a significantly reduced
scale relative to the boundary-layer thickness. An in-depth
study was recommended to identify optimum geometric
parameters and to examine the parasitic drag.

The use of vortex ‘‘reinforcers’’ to augment vortex genera-
tor performance has also been suggested. An innovation in
this area is the ‘““Wheeler’’ vortex generator,'!4 which consists
of rows of triangular ramp-like devices shaped like overlap-
ping (downstream-facing) arrowheads. In limited commercial
trials in the trucking industry, up to 10% fuel mileage im-
provement for long-haul semitrailers was claimed. This type
of vortex generator requires further study. ]

An objective of the current research is to experimentally
investigate the relative performance of small submerged
(Wheeler-type) vortex generators with respect to the conven-
tional vane-type vortex generators, for controlling two-di-
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mensional turbulent separated flow at low speeds. Surface
pressure measurements, as well as flow visualization using
surface oil dots, have been used to study the effect of these
vortex generators on flow separation and reattachment. Drag-
balance measurements have also been used to evaluate the
device drag of these vortex generators.

Apparatus and Tests

Separation control experimerits were conducted in the
NASA Langley 20 x 28 in. Shear-Flow Control Tunnel. This is
a low-turbulence subsonic open-circuit wind tunnel. In the
current study,.all of the experiments were conducted at a
freestream speed of 132 ft/s. The freestream reference speed
was measured by a pitot-static probe extended from the ceiling
at the front of the test section. i

Flow separation was established on a backward-facing
curved ramp located approximately 76 in. from the test section
entrance. See Fig. 1 for the test configuration. A suction slot
at the test section entrance was used to remove the converging

section boundary layer to.eliminate any infliience of upstream

history on the test boundary layer. The new laminar boundary
layer that developed downsiream of the suction device was
artificially tripped with a 2-in.-wide strip of sandpaper (36
grit). The ceiling height of-the test section was adjusted to
obtain zero pressure gradient along the test surface upstream
of the ramp. The boundary layer just ahead of the separation
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ramp was fully turbulent and approximately 1.3 in. in thick-
ness. At this same location, the spanwise momentum thickness
@ variation across the test plate was within +2.5% and the
momentum thickness Reynolds number R, was approxrmately
9 x 10°.

The baseline (or reference) separation model was a two-di-
mensional 25-deg ramp with a 8-in. shoulder radius, as shown
in Fig. 2a. The width of the model was 28 in., which covered
the entire test section in the spanw'ise’direction This model
produced reasonably two-dimensional flow separation at ap-
proximately the mldpomt of the ramp, or about 26 down-
stream of the horizontal (or first) tangent point (see Fig. 2b).

The vortex generators investigated in the present study con-
sisted of 1-in.-high (or k/8~0.8) conventional vane-type
(counter-rotating) and 1/2-in.-high and 1/8-in.-high &/
8~0.4 and ~0.1, respectively) Wheeler-type devices. The ge- .
ometry of these vortex generators is summarized in Fig. 3. All
of the vortex generators were placed at varying distances up-
stream of the baséline separation.

Twenty—flve static pressure orifices were located on the cen-

terline of the separation ramp and 20 orifices were located on
the centerline of the floor downstream of the ramp. The
pressure orifices on the floor covered approximately two
chord lengths of thé ramp model. The pressure tubes for the
orifices were connected to a motor driven valve that sequen-
tially connected each orifice to a single differential pressure
gage. All of the surface static pressure measurements were
referenced to the freestream static pressure measurement lo-
cated near the entrance of the test section. Because the flow-
field downstream of the vortex generators was three-dimen-
sional in nature, the spanwise pressure distribution measure-
ments, over (at least) a device wavelength, were needed. This
requirement was met by varying the location of the vortex
generators in the spanwrse direction.
" The method of ““oil dot”’ flow visualization, usmg a mixture
of titanium dioxide and 10 ¢S silicone oil, was utilized to
determlne the surface flow patterns Figure 2b 1ndlcates that
this method worked quite well in identifying the separation
line for the reference model. Qil dots- were placed approx-
imately 1 in. apart, in both the spanwise and flow directions,
to obtain an overall flow pattern.

A small force balance was used to-measure the device drag
of all vortex generators in the current study. The drag balance
was attached to a 4- X 6-in. test surface with narrow gaps along
all of its four sides and flush mounted on the tunnel floor
upstream to the separation ramp. The balance test surface ‘was
supported by two vertical supports that were flexible in the
flow direction but rigid in all other directions. A piezoresistive
deflection sensor was used to convert the test surface displace-
ment into a signal proportional to the drag force. The range of
the drag balance was 0-1.3 Ibf, with a resolution of 2.2 x 10~4
Ibf. The vortex generator device drag measurements were con-
ducted at two streamwise locations of 6 and 42 in. (or 56 and
324, respectrvely) upstream of the separatlon ramp.

Results and Discussion

Flow visualiza_tiorl results for the vane-type vortex generator
indicate that each pair of the 0.86-high counter-rotating vortex
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Fig.3 Geometry of vortex generators.
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generators provided mostly attached flow dlrectly downstream
(see Fig. 4). However, this attached flow was highly three-di-
mensional, and pockets of recirculating flow could be séen on
the separation ramp between adjacent attached flow regions.
Figure 4b shows that when the vortex generators were moved
from 56 to 156 upstream of the baseline separation, the gener-
ators still maintained most of their effectiveness. Pressure
distributions at three spanwise locations downstream of the
counter-rotating vortex generators are presented in Fig: 5. The
three spanwise locations are at a distance of 0, \/4, and \/2
away from the device centerline. The figure shows that, as
expected, there are 51gn1flcant differences among the C, distri-
butions for various spanwise locations, which is another indi-
cation of a highly energized three-dimensional flow. When
examining the baseline pressure distribution, it should be
pointed out that the flow around a corner (or a shoulder)
accelerates and decelerates symmetrically from the potential
flow perspective, and this is the reason for the pressure drop
along-the upstream portion of the shotilder. Baseline separa-
tion occurred just before the sharply increasing C, distribution
began to level off, and reattachment occurred near the region
of maximiim C,. The reattachment distance, therefore, was
definied as the distance between the trailing edge of the model

Flow —
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b)

Fig. 7 Oil flow visualization for 0.16-high Wheeler vortex generators:
a) generators at 25 upstream of baseline separation; and b) generators
at 56 upstream of baseline separation.

ramp and the streamwise location where the maximum C,
occurred. Figure 5 also indicates that the vane-type counter-
rotating vortex generator can provide an improved pressure
recovery, however, this vortex generator also reduced the pres-
sure on the shoulder region of the ramp. This effect is desir-
able if one wants to increase lift, but results in a pressure drag
penalty. The pressure reduction is due to an increase in local
velocity resulting from the redirection of high momentum
flow from the outer part of the boundary layer. This pressure
reduction is probably also an indication that the vortices pro-
duced by the counter-rotating vortex generators were stronger
than necessary. Weaker vortex generator would minimize the
pressure reduction.

Flow visualization results for the Wheeler vortex generators
indicate that the optimum streamwise location for these gener-
ators is just ahead of the horizontal tangent on the shoulder of
the separation ramp (approximately 26 upstream of the base-
line separation). Figures 6a and 7a indicate that both the 0.45-
and 0.18-high Wheeler vortex generators are quite effective in
reducing the reattachment distance (up to 66%) over the base-
line case, when installed at the optimum location. Although
the 0.46-high Wheeler vortex generators provide some regions
of partially attached flow, there are several well-organized
pockets of recirculation at the base of the ramp. In addition,
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for this geometry, separation is delayed by approximately 0.56
with respect to the baseline case. The 0.15-high Wheeler vortex
generators also provide partially attached flow at the base of
the ramp; however, the recirculation region is not as well
organized and is less three-dimensional than in the 0.45-high
case. Figure 6b shows that the effectiveness of the 0.48-high
Wheeler -vortex generators is less when the generators are
moved to approximately 96 upstream of the baseline separa-
tion. Figure 7b indicates that similar performance is displayed
by the 0.15-high Wheeler vortex generators when placed ap-
proximately 56 upstream of the baseline separation line. This
reduction in downstream effective distance for the smaller
Wheeler vortex generator suggests that the vortices produced
were weak and dissipated quickly. Figure 8 presents the pres-
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sure distribution downstream of the Wheeler vortex genera- -

tors with the generators in the optimum location (just ahead of
the horizontal tangent). Figure 8a indicates that the 0.48-high
Wheeler vortex generators produce a small spanwise C, varia-
tion (reflecting the three-dimensional processes shown in the
oil flow studies), which is much less than that associated with
the 0.85-high counter-rotating vane-type vortex generators.
The 0.156-high Wheeler vortex generators produced negligible
spanwise C, variations (Fig. 8b). This is another indication
that the vortices are weak and produce less three-dimensional
flow. In addition to the improved pressure recovery down-
stream of the ramp, the Wheeler vortex generators, unlike the
vane-type counter-rotating vortex generators, also minimize
the pressure reduction at the shoulder region of the ramp. This
effect is especially prevalent with the 0.18-high generators and
is beneficial to pressure-drag reduction.

"The results fTom the 0.16-high Wheeler vortex generators
become even more significant when it is noted that, in addition
to the minimization of pressure reduction, this type of genera-
tor also incurs the least device-drag penalty. At a height of
only about one-tenth of the boundary-layer thickness or 4/
6~ 0 (0.)), it performs almost as well as a vane-type generator
with a device height on the order of 8. The individual device
drag of the 0.15-high Wheeler vortex generator is only 6.3%
percent of that of the 0.46-high Wheeler vortex generator and
2.3% of that of the 0.86-high vane-type counter-rotating vor-
tex generator. Because the number of smaller Wheeler vortex
generators must be increased to provide the same spanwise
coverage as the larger generators, the installed device drag is
approximately 13% of that for the 0.45-high Wheeler genera-
tor and 9% of that for the 0.86-high counter-rotating genera-
tor for equal spanwise coverage. Simplistically, the effective-
ness of the smaller low-profile Wheeler vortex generator is at
least partially due to the full velocity-profile characteristic of

a turbulent boundary layer. Figure 9 shows the location of

generator height relative to the boundary-layer velocity profile
in the current study. Notice that even at a height of 0.15 the
local velocity is already 70% of the freestream value. Any
further increase in height provides only a moderate increase in
local velocity but dramatically increases generator drag. Low-
profile vortex generators with #/6 of the order of 0.1 should
be more closely examined for turbulent separation control,
especially for applications where device drag is important.

Concluding Remarks

The relative performance of small submerged (Wheeler-
type) vortex generators with respect to the conventional vane-
type vortex generators was investigated experimentally for
controlling moderate two-dimensional turbulent separated
flow over a backward-facing ramp. Among the vortex genera-
tors investigated, the vane-type counter-rotating vortex gener-
ator with #/6~ 0.8 provided the largest pressure recovery, but

also imposed the largest device-drag penalty and further re- -

duced the pressure in the shoulder region. Wheeler vortex
generators reduced the reattachment distance by up to 66%
with minimum pressure penalty in the shoulder region. The
smaller Wheeler vortex generator with A/6~0.1 (conse-
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quently, with much reduced device drag) performed as well as
the larger Wheeler vortex generator with #/86 ~0.4. The down-
stream effectiveness of the smaller Wheeler vortex generator
was somewhat reduced, requiring placement no more than 26
upstream of the baseline separation line.
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