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Abstract

Flow field survey results for the effect of ramp-shaped vortex generators (VG) on a turbulent
boundary layer are presented. The experiments are carried out in a low-speed wind tunnel and the data are
acquired primarily by hot-wire anemometry. Distributions of mean velocity and turbulent stresses as well
as streamwise vorticity, on cross-sectional planes at various downstream locations, are obtained. These
detailed flow field properties, including the boundary layer characteristics, are documented with the
primary objective of aiding possible computational investigations. The results show that VG orientation
with apex upstream, that produces a downwash directly behind it, yields a stronger pair of streamwise
vortices. This is in contrast to the case with apex downstream that produces a pair of vortices of opposite
sense. Thus, an array of VG’s with the former orientation, usually considered for film-cooling application,
may also be superior for mixing enhancement and boundary layer separation control.

Introduction

The objective of this study is to obtain a database on the flowfield past an array of ramp-shaped
vortex generators (VG) placed in a turbulent boundary layer. Each VG produces a pair of streamwise
vortices. The series of vortices with alternating clockwise and counter-clockwise sense, produced by the
array, enhance mixing in the boundary layer. This has the potential application for control of secondary
flow and boundary layer separation. A tie-in of the present effort is with an experiment conducted earlier
in the 8- by 6-Foot Supersonic Wind Tunnel at the NASA Glenn Research Center (Ref. 1). The study
addressed flow control for an inlet using similar VG’s with the aim of alleviating shock-induced boundary
layer separation. While the VG array in the latter experiment was designed with guidance from CFD
studies and past experience with various shapes of VG’s (Refs. 2 and 3), questions remained regarding the
optimum parameters. The focus of the present study, conducted in a low-speed wind tunnel, is to explore
the optimum parameters of the VG array. Detailed data on the evolution of the flowfield properties are
obtained while the spacing and orientation of the VG’s are varied. Most of the data are acquired for VG
geometry such that there is an ‘upwash’ between the pair of vortices originating from it. This
configuration considered in the cited inlet experiment, as well as in References 2 and 3, will be referred to
in the following as ‘VG-u’. A summary of the results obtained in the present study with this configuration
has been given in a conference paper (Ref. 4). Subsequently, a limited parametric study was conducted
with the reversed orientation of the VG’s—a configuration referred to as “VG-d’ in the following. The
VG-d geometry, producing a ‘downwash’ between the pair of vortices, has been considered for film-
cooling application (Refs. 5 and 6). Effects of the VG array with the two opposite orientations are
compared and analyzed for otherwise identical conditions. Highlights of the results are discussed in the
following text. All datasets on the flow-field properties including boundary layer characteristics, vorticity
and turbulent stresses, usually difficult to measure at higher speeds, are also documented in order to aid
possible CFD investigations. These datasets can be found on a supplemental CD (not published on the
Web) which may be requested from the NASA Center for AeroSpace Information (CASI) at
http://www.sti.nasa.gov, or 443—757-5802. Further description of the data files are provided in the
appendix at the end of this report.
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Experimental Procedure

Flow-visualization and hot-wire anemometry experiments are conducted in a low speed, open-loop
wind tunnel. A picture of the tunnel test section, set up for flow visualization, is shown in Figure 1(a). A
picture of the VG array placed on the test section floor is shown in Figure 1(b); the flow is into the page
and the VG orientation is such as to produce an upwash directly behind it (VG-u). Also seen in
Figure 1(b) is the probe traversing mechanism with two crossed hot-wires. A schematic of the
experimental setup is given in Figure 2 illustrating various definitions as well as the coordinate system.
An ‘array’ will imply 5 equally spaced VG’s placed in a line perpendicular to the tunnel flow. Note that
the spacing (s) in the array is defined as the edge-to-edge distance and not the pitch of the repetitive
pattern. In the following text, when the configuration is obvious the suffix ‘-u’ and ‘-d’ will be dropped
from ‘VG-u’ or “VG-d’ for simplicity. All data pertain to a nominal tunnel velocity (U.,) of 29 ft/sec.

Flow visualization was performed using a Rosco (Rosco Laboratories, Stamford, CT) fog machine.
Smoke was introduced through a hole in the tunnel floor into a narrow chamber, formed between the floor
and a thin plate. Smoke came out as a sheet through the downstream slit of the chamber which was
approximately 0.075 in. high and 6 in. wide. The location of the slit was about 9 in. upstream of the VG
array. Thus, a sheet of smoke was simply introduced into the approach boundary layer, part of which got
entrained by the streamwise vortices and marked the velocity defect region downstream of the VG’s. The
cross-section of the flow field was visualized by a laser sheet and the data were recorded by a video
camera; (an interested reader may find some further description of the set up and procedure in (Ref. 7)).
Samples of the visualization pictures for various VG spacing and different x-locations are shown in the
following but these are not included in the supplemental CD. For consistency all hot-wire measurements
were performed with the smoke plate left in its place.

The two X-wire probes, one in u-v and another in u-w configuration, were used for flow-field surveys
downstream of the array. They were stepped through the same grid points in space and thus time-
averaged values for all three components of velocity and turbulence intensity were acquired at each point.
In addition, two components of Reynolds stress were obtained while from the velocities on y-z plane the
streamwise component of vorticity (@,) was calculated. A single hot-wire measurement provided the
boundary layer profiles at different x-locations on the center plane (z = 0) of the flow domain.

The dimensions of each VG (in inches) were, w = 1.16, 4 = 0.561 and ¢ = 1.435 (Fig. 2). The
tunnel speed was U,, = 29 ft/s yielding a Reynolds number based on the width w, Re,~17,500. The
approach boundary layer momentum thickness was, & /w = 0.08. In the following, the VG base width w
and the tunnel speed U, are used to nondimensionalize the data.

Results

Figure 3 shows laser sheet illuminated cross-section of the flow past an array of VG-u. The pictures
in Figures 3(a) to (c) show the flow field at three streamwise locations for a given spacing, s/w = 0.5. The
pictures in Figures 3(d) to (f) show the flow field at a given location (x/w = 2.1) for three additional VG
spacing. The velocity defect due to individual VG’s can be seen clearly. With increasing streamwise
distance (from pictures in Figures 3(a) to (c)) the smoke traces get more diffused. With increasing spacing
(from Figures 3(d) to (f)) the velocity defects move farther from one another. Thus, with zero spacing in
(d) the defect regions are almost merged together while with the largest spacing (s/w = 1) in (f) there is
little interaction among the defect regions.

Figure 4 shows the tunnel boundary layer characteristics without any VG. The legends in each plot
show the measurement location (x/w), momentum thickness (&, /w), shape factor (H;, = &; /6, where 9, is
the displacement thickness) as well as the peak turbulence intensity (¢ .. /Ux). It can be seen that the
momentum thickness grows gradually with increasing streamwise distance. The shape factor appears to
show an inverse trend. The peak turbulence does not exhibit any clear trend and may be considered to

NASA/TM—2012-217437 2



remain about the same. The boundary layer is inferred to be nominally turbulent throughout the
measurement domain.

Figure 5 shows X-wire survey results for mean velocity on the y-z plane, without any VG, for the
same x-locations of Figure 4. The velocity contours, especially at the farthest downstream locations,
exhibit mild undulations possibly due to imperfections in the smoke plate (§2). Nevertheless, the
boundary layer may be considered two dimensional for the purposes of this study where gross distortions
are introduced by the VG’s.

Before conducting detailed hot-wire surveys the effect of spatial resolution in the measurement was
briefly checked at x/w = 1 for the flow over a single VG-u. The step size in z was varied while that in y
was held a constant at 0.08 inches. Mean velocity and streamwise vorticity measured for three z-step sizes
are shown in Figure 6. It can be seen that the largest step size (0.22 in.) resulted in obviously smeared
distributions while the other two step sizes essentially produced similar results. Thus, for this x-station the
intermediate step size was chosen for further measurements. The step size was varied for other
streamwise locations (smaller upstream but larger downstream) based on past experience so that the
smearing due to inadequate spatial resolution was minimal while data acquisition time in the surveys was
not prohibitively long.

While the accompanying folder contains all data, only streamwise mean velocity, turbulence intensity
and vorticity at limited locations are discussed in the following. Figure 7 shows the flow field properties
for a single VG-u at two x/w locations. (The U and «, data at x/w = 1 are repeat measurements (see
Fig. 6). The repetition in this and some later figures are made to facilitate a direct visual comparison). At
x/w =1, the mean velocity distribution exhibits the typical ‘kidney’ shape. In this shape, the higher
momentum fluid is on the top periphery while the interior holds lower momentum fluid drawn from the
wall boundary layer. As already done while discussing the flow visualization pictures, the kidney shaped
region will be alternatively referred to as the ‘velocity defect’ in the following. The maximum turbulence
intensity occurs within it. The pair of streamwise vortices, originating from the VG, is also seen nestled
within this region. At the downstream measurement location (x/w = 12) a dome of low momentum fluid
with high turbulence marks the velocity defect, although turbulence is not as high as in the boundary
layer. The streamwise vortex pair has diffused and is barely detectable.

The streamwise evolution of the flow field is captured by the mean velocity distributions in Figures 8
to 11, for VG-u spacing (s/w) of 0, 0.25, 0.5 and 1, respectively. As seen with the flow visualization, the
velocity defects are closer together for smaller spacing (Fig. 8). By x/w = 8, these have merged together
and at the last station the flow domain essentially has become a thick boundary layer. With the largest
spacing (Fig. 11), on the other hand, there is little interaction and each velocity defect behaves as if it is
from an isolated VG (compare with data in Fig. 7). For mixing enhancement within the boundary layer,
perhaps, the preferred effect is an intermediate situation where the defects are neither too far apart nor
completely merged together. Thus, for s/w = 0 (Fig. 8), for example, the most beneficial effect may be
expected around x/w = 4. This implies that if boundary layer separation control is desired at a given
location, a VG array with zero spacing should be placed about 4 widths upstream. With larger spacing the
array needs to be placed farther upstream and the available extent of the flow in the actual hardware may
thus dictate the choice of the VG configuration. Some further analysis and discussion of this issue is
given in Reference 4.

Mean velocity, turbulence intensity and streamwise vorticity data are shown in Figure 12 for the
effect of the VG-u array with zero spacing, as an example. The data, for two x/w locations, are presented
in the same format as for the single VG-u case in Figure 7. (As stated before, some of the mean velocity
plots are repeats to enable a direct visual comparison for the reader). Of note is the @, distribution at the
downstream location. Even though the contours are diffused, significantly stronger positive and negative
vortex structures can be seen on the left and right of the domain, respectively. The vorticity from the
middle of the domain has migrated leaving barely detectable structures. When viewed at x/w = 12, it is as
if the array of five VG’s acted as a single wider VG.
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Data for the reversed orientation of the vortex generators (VG-d) are now discussed and compared
with corresponding data from VG-u arrays. Figure 13 shows data corresponding to Figure 12 for VG-d
array with zero spacing. Note the shift in the positions of the velocity defect; while it was centered at
z =0 in the left column in Figure 12, for example, two defect regions straddle z = 0 in Figure 13. This is
because the signs of the vortex pair from the individual VG’s have switched. The latter is evident upon an
inspection of the vorticity data at x/w = 1. The effect at x/w = 12 is by and large similar to that seen in
Figure 12, however, there are subtle differences. One difference is that the streamwise vortices (displayed
with the same scale in the two figures) are stronger especially at the downstream location, a point
elaborated further in the following.

Only the mean velocity distributions are compared for VG-u and VG-d arrays for different spacing, as
shown in Figure 14. These data are for x/w = 1 and significant differences in the flow field are noticed for
wider spacing. The effect of the VG-d array appears to pervade farther in span. Corresponding data at
x/w =12 are compared in Figure 15. Upon a further scrutiny it can be seen that a more pronounced effect
has persisted with the VG-d array with wider spacing. Thus, a stronger lifting of low momentum fluid
from the boundary layer (blue contours) can be seen within the velocity defects for the VG-d case.

The turbulence intensity distributions for the VG-u and VG-d arrays are compared side by side in
Figure 16 for s/w =0 and 1 and x/w = 1 and 12, as indicated. Commensurate with the mean velocity data
(Fig. 14), the turbulence intensity for the VG-d array with the wider spacing and at the upstream location
(row 2), are seen to be more uniformly distributed. In comparison, the corresponding flow field for the
VG-u array is marked by distinct velocity defect regions. At x/w = 12 the turbulence distributions have
become somewhat similar for the two cases, although the intensities are somewhat higher for the VG-d
case. Streamwise vorticity distribution, compared similarly in Figure 17, exhibits distinct differences at
the downstream measurement station. The vortices are clearly stronger for the VG-d case. Peak
streamwise vorticity, taken as the average of the absolute values from the two in a pair, is only slightly
larger at the upstream location for the VG-d case (2.84 versus 2.61 for s/w = 0; 3.15 versus 2.82 for
s/w = 1). Corresponding values at the downstream location for the VG-d case are more than double of that
for the VG-u case. These trends are analyzed further in the following.

The peak vorticity (as defined in the previous paragraph) is plotted in Figure 18 as a function of x/w.
For the VG-u arrays, the values are identical at the upstream locations. Farther downstream, the values
appear to be somewhat larger with the array cases relative to the single VG-u case, however, there does
not seem to be a consistent trend. For the VG-d arrays data were acquired only at x/w =1 and 12. At
either location, the peak o, value was found to be affected little by the spacing. Average values at those
two locations for the VG-d case are shown by the solid square symbols. It can be seen that the peak
vorticity value is slightly larger at the upstream location, however, it is significantly larger at the
downstream location relative to the data for the VG-u cases. Thus, the vorticity produced and its
persistence in the flow is clearly more pronounced for the VG-d configuration. This effect is further
illustrated with the following data.

The streamwise vorticity magnitudes for the same ramp-shaped VG’s were measured earlier in
connection with a film-cooling study (Ref. 6). The effect of the VG on an inclined jet-in-crossflow was
explored. An issue addressed was the effect of the roundedness of the edges of the VG since, in
applications, sharp-edged VG’s may not always be practical. A series of VG’s were designed with
increasing radius of curvature for the upper edges while keeping the frontal blockage to the flow a
constant. This resulted in VG shapes shown by the pictures at the top of Figure 19—the limiting case
being a hemisphere. The pertinent data are the peak streamwise vorticity measured at a fixed downstream
location with the jet turned off and with the tunnel flow at the same speed as considered here. Peak @,
(defined the same way, i.e., average of the two absolute peaks from a pair), is shown in Figure 19. Value
from a vortex pair with downwash sense is assigned a positive sign while that from a pair of upwash
sense is assigned a negative sign. The data are presented as a function of the radius of curvature used to
round off the edges of the VG, normalized by the radius of the limiting hemisphere case. Open data points
are for the film-cooling (VG-d) configuration while the solid data points are for the opposite VG-u
configuration. It can be seen that the absolute magnitudes of peak @, are significantly larger in the VG-d
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configuration. It is as if the flow favors the downwash sense, producing a pair of vortices of that sense
even in the limiting hemispherical case (i.e., at the abscissa value of unity).

Figure 19 also shows that with increasing roundedness of the edges the vorticity magnitude drops off
with either VG orientation. Thus, sharp edged VG’s are more effective even though small amount of
roundedness may be quite acceptable in practice. What is important in the present context is the higher
vorticity magnitude produced by the VG-d configuration. An array of VG’s with either orientation
produces an array of streamwise vortices with alternating signs. However, the VG-d array produces an
array of stronger vortices. Thus, the latter configuration may be preferable not only for film-cooling
application but also for mixing enhancement and separation control for a boundary layer.

Conclusion

An array of VG’s may be used for control of secondary flow or separation of a boundary layer. The
appropriate spacing of the VG’s should depend on the distance available between the location where the
VG’s may be placed in the hardware and the location where flow separation is expected. At a given
location downstream the impact of the VG array may be less if the spacing is too large. On the other hand,
the impact may also be also less if the velocity defects from individual VG’s have already merged
together due to too short spacing. Thus, the optimum effect may occur when the velocity defects are about
to merge by the time they arrive at the separation location. Following this criterion, the present data
indicate that the VG spacing needs to be zero if the separation location is only about 4w away, 0.25w if
the separation location is about 8w away, etc. An important inference is that the VG’s with apex
upstream, such that there is a downwash directly behind each, produce stronger streamwise vortices. This
is in contrast to VG’s with opposite orientation considered in previous flow separation control studies.
Thus, an array VG’s with the former orientation may be expected to be more effective not only for film-
cooling application but also for boundary layer separation control.
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Appendix—Data Files

The following is a description of the data files accompanying this TM. The data files can be found on
a supplemental CD (not published on the Web) which may be requested from the NASA Center for
AeroSpace Information (CASI) at http://www.sti.nasa.gov, or 443—757-5802.

(1) 5_VG-u_diff spacings_all_surveys—These are X-wire survey data for different VG spacing and
for measurement at different streamwise location. The VG’s are oriented with apex downstream (VG-u).

While examples of U, u’and @, data are shown in the hardcopy, these data files also include v’, w’, uv and

uw (all nondimensionalized by freestream velocity (U.,) and VG base width (w)). [Notes: (1) Plot routines
are included for convenience; some shows nondimensionalization by the symbol ‘@’ which should be
replaced by ‘w’. (2) In the files, U is represented by ‘ubv’, u’ by ‘ur’, v’ by ‘vr’, w’ by ‘wr’ and @, by
‘wx’.]

(2) 5VG-d_Ow_apart_film_cool_config—These are X-wire survey data for ‘VG-d’ array with
spacing of s = 0. Each VG is placed with apex upstream so that there is a ‘downwash’ between the pair of
streamwise vortices. Other comments as in item 1 apply.
locations for different spacing. Other comments as in item 1 apply.

(4) Boundary layer profiles diff x.—These data are taken by a single hot-wire. Columns 1, 2 and 3
are y/w, U/U, and u"/U,, respectively. Boundary layer momentum thickness (), shape factor (H;,) and
maximum turbulence intensity (#,4,) are noted in the last line.

(5) Misc_line_plots.—These are data files for various line plots at end of TM. The peak streamwise
vorticity is the average of the absolute values of the two counter-rotating components in the pair. For
explanation of VG edge roundedness see the TM.

(6) No_ VG U surveys_diff x.—These are survey data for mean velocity for the baseline flow
without any VG.

(7) survey_at x 1 to _check grid density effect—These are X-wire survey data assessing the effect
of survey grid resolution. The vertical step size (in y) is kept constant at 0.08 inches while the horizontal
step (in z) size is varied as 0.22, 0.11 and 0.055 inches for 'course’, 'medium' and 'fine' cases, respectively.
Other comments as in item 1 apply.

(8) survey single VG x 1 _and 12.—These are X-wire survey data for a single VG at two
streamwise stations. Other comments as in item 1 apply.

- (b) .
Figure 1.—Experimental facility. (a) Wind tunnel test section and set-up for flow visualization. (b) Interior
of test section showing VG array and hot-wires.
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Figure 3.—Laser-sheet illuminated cross-section of the flow field. (a)-(c): streamwise evolution of flow for array of
5 VG with spacing s/w = 0.5; (d)-(f): flow at a fixed streamwise location for array of 5 VG with different spacing.
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Figure 4.—Boundary layer profiles at various streamwise locations for the baseline flow (without any VG).
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Figure 8.—Streamwise evolution of mean velocity (U/U,,) for the array of 5 VG-u with spacing s/w = 0.
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Figure 9.—Streamwise evolution of mean velocity (U/U.,) for the array of 5 VG-u with spacing s/w = 0.25.
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Figure 10.—Streamwise evolution of mean velocity (U/U.,) for the array of 5 VG-u with spacing s/w = 0.5.
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Figure 11.—Streamwise evolution of mean velocity (U/U,,) for the array of 5 VG-u with spacing s/w = 1.
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Figure 12.—Mean velocity, turbulence intensity and streamwise vorticity distributions at two x-locations for the array of 5 VG-u

with spacing s/w = 0.
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Figure 13.—Mean velocity, turbulence intensity and streamwise vorticity distributions at two x-locations for the array of 5 VG-d
with spacing s/w = 0; VG-d is VG with reversed orientation producing a ‘downwash’ directly behind.
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Figure 14.—Comparison of mean velocity distributions at x/w = 1 for the array of VG’s with different spacing. Left column for
‘upwash’ orientation (VG-u) and right column for ‘downwash’ (film-cooling) orientation of vortex generator (VG-d).
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Figure 15.—Comparison of mean velocity distributions at x/w = 12 for the array of VG’s with different spacing. Left column for

‘upwash’ orientation (VG-u) and right column for ‘downwash’ orientation of vortex generator (VG-d).
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Figure 16.—Comparison of turbulence intensity at x/w = 1 and 12 for s/w = 0 and 1, as indicated. Left column for ‘upwash’
orientation (VG-u) and right column for ‘downwash’ orientation of vortex generator (VG-d).

NASA/TM—2012-217437




VG-u VG-d
1.5 1.5 xiw =1
474 074 025 124 223 322 474 074 025 124 223 322
O —
o
S
5%
15 xiw =1 15 Xiw =1
174 074 025 124 223 322 174 074 025 124 223 322
— p—
[Tl
S
3
zlw
[ xw =12 [ xw =12
 mEE o iE A oo W
o d L 016 -0.11 -0.06 002 007 0.12 L .016 -011 -0.06 002 007 012
[T = o[ [
gz >
‘4} r
r
[ xiw =12 [ xiw =12
¥ mEm oom TE ¥ mEm oom TE
—a L 016 -011 -0.06 002 007 0.12 L 016 -011 -0.06 002 007 0.12
Il I = 5[ [
gz >
4 i
1_

Figure 17.—Comparison of streamwise vorticity at xw = 1 and 12 for s/w = 0 and 1, as indicated. Left column for ‘upwash’
orientation (VG-u) and right column for ‘downwash’ orientation of vortex generator (VG-d).
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Figure 19.—Effect of varying roundedness of the
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at x/w ~ 6.5 (Ref. 5).
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