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Experimental Study of a Ground Vortex
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Laser-Doppler measurements of the mean and turbulent components of the velocity flowfield resulting from the
frontal collision of a wall jet with a boundary layer are presented and discussed, together with the visualization of the
flow with direct photography and digital film imaging. The experiments were carried out for boundary-layer-to-wall-
jet velocity ratios of 0.5 and 0.58. The results revealed the existence of a small counter-rotating recirculating zone
located upstream (in the sense of the wall-jet flow) of the separation point, not reported before for this type of flow.
This secondary vortex has an oscillating behavior observed in other ground-vortex flows, similar to that which can be
observed, namely, through the bimodal histogram of the horizontal velocity (parallel to the wall) measurements,
although the power spectra measurements do not exhibit any particular peaks.

Nomenclature

D = diameter of the jet at the nozzle exit (short/vertical
takeoff and landing application)

f = frequency of oscillation of the ground vortex

H = height of the rectangular jet nozzle slit (present
geometry)

h = distance from the nozzle exit to the ground plane

h, = ground-vortex height

U; = velocity of the wall jet

U, = boundary layer or crossflow velocity

u, U, = instantaneous, mean, and turbulent horizontal
velocity components (u = U + u')

u'v' = Reynolds shear stress

Upns = root mean square of the horizontal fluctuating
velocity component (+/ %2, square root of the
horizontal Reynolds stress)

V; = velocity of the jet at the nozzle exit (impinging-jet
configuration)

Vi = boundary-layer-to-wall-jet (or crossflow-to-jet)
velocity ratio (Uy/U;)

v, V,v = instantaneous, mean, and turbulent horizontal
velocity components (v =V + V')

Vlins = root mean square of the vertical fluctuating velocity
component (V1?, square root of the horizontal
Reynolds stress)

X = horizontal Cartesian coordinate (parallel to the wall,
pointing in the sense of the jet)

Y = vertical Cartesian coordinate (normal to the wall
pointing upward)

8 = boundary-layer thickness

I

IGLY curved flows are quite common in nature and are
frequently originated by impermeable surfaces that deflect a
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flow [1]. Flows of this type are characterized by complex phenomena
such as extra rates of strain and enhanced turbulence production due
to the interaction of normal stresses with normal strains. They can be
found in impingement cooling applications in industry, as well as in
the flow beneath a short/vertical takeoff and landing (VSTOL)
aircraft lifting off or landing with zero or small forward momentum.
In the latter application, the impingement of a lift jet on the ground
results in the formation of a wall jet that flows radially from the
impinging point along the ground surface and interacts strongly with
the aircraft, resulting in lift losses, enhanced entrainment close to the
ground (suckdown), engine thrust losses following reingestion of the
exhaust gases, and possible aerodynamic instabilities caused by
fountain impingement on the aircraft underside. The interaction of
this wall jet with a freestream flowing parallel to the wall in the
opposite sense (crossflow), such as wind, results in the formation of a
highly curved flow (ground vortex) far upstream of the impinging jet
(from the perspective of the boundary-layer flow) that has profound
influences on the flow development [2—7]. Measurements of this type
of flow are very scarce in the literature, and those that have been
reported are focused on the study of a secondary flow within the
impinging-jet flow problem and are dispersed among many different
configurations and operating conditions.

Most studies published so far with relevance for the V/STOL
problem consider only small impinging distances /D < 8 and low
crossflow-to-jet velocity ratios V; < 0.1 (Figs. la and 1b). Some
information relevant to the flow beneath a V/STOL aircraft in ground
vicinity has been provided for some limiting cases, such as h/D=
0.4, but only in the absence of a crossflow (i.e., only for V; = 0)
[8,9]. Others studied the interaction of the crossflow with solid
surfaces near the nozzle jet exit, such as the underside of the aircraft
fuselage and wings (Fig. 1b) [2,4].

Among the studies that do not consider the presence of a surface at
the jet exit (Fig. 1a), there is some agreement on the fact that the flow
includes large-scale, probably coherent, unsteadiness, although there
is no consensus on its causes. Reference [6] reports velocity fre-
quency spectra (obtained with hot-wire measurements) with broad-
band humps [indicating very-low-frequency unsteadiness (f = 4 Hz
for h/D =3 and U, = 0.1)] that were attributed to the large-scale
“puffing” oscillation (low-frequency pulsating behavior) of the
ground vortex and were accompanied by significant variations in the
size of the ground vortex. This phenomenon was found to be corre-
lated with disturbances either in the crossflow or in the jet. Therefore,
the puffing oscillation was attributed to gross features of the ground-
vortex flowfield itself, such as the observed irregularities of its
growth and breakup. This unsteadiness was also found to lead to
large fluctuations in the height £, of the vortex, which reaches more
that 8 jet diameters for V; = 0.05, increasing with decreasing
frequency f, the latter tending almost linearly to zero with V.
Reference [10] also reports a distinct frequency of oscillation for the
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Fig. 1 Diagrams of the various geometries studied: a) jet normal to the wall, b) jet normal to the wall with confinement and crossflow, and c) jet parallel

to the wall against a boundary layer (present study).

case of a fountain flow resulting from two compressible impinging
jets with nozzle pressure ratios between 1.05 and 4 and impingement
height h/D = 4.4.

The studies for the lowest values of the velocity ratio V, with an
upper wall at the jet (or jets), which confines the flow (Fig. 1b), can be
found in [2—4,11-14] for single-, twin-, and three-jet configurations.
These studies report numerical and experimental results obtained
with laser-Doppler velocimetry (LDV) for velocity ratios V=
0.014, 0.024, and 0.033 and impingement height 2/D = 3,4, and 5.
They perform a through analysis of the turbulence structure of the
impinging jet and ground-vortex zones, in which no bimodal LDV
histograms of velocity are observed, such as could be associated with
the kind of instability of puffing oscillations. This is surprising only
at first sight, because puffing oscillation of the ground vortex has only
been reported for unconfined impinging-jet configurations. In fact,
extrapolating the data of [6] for unconfined geometries to the case
considered in [3], a ground-vortex puffing frequency f = 0.2 Hz is
obtained for V; = 0.033, but was not noticeable in LDV measure-
ments using samples of 10,000 points at a acquisition rate of about
100 Hz. The same extrapolation for the ground-vortex height leads to
h/D = 3.51t09.5, which is larger than the distance &/ D between the
upper and lower plates that confine the crossflow.

Reference [14] further reports that the shape, size, and location of
the ground vortex depend on the velocity ratio V according with two
different regimes. In the first regime (high V), the ground vortex and
the impinging jet are in contact, whereas in the second regime (lower
V&), the ground vortex is detached and upstream of the impinging
zone. It is also observed that the crossflow accelerates above the
ground vortex, due to a blockage effect, in a way that is directly con-
nected with the jet exit velocity V, and the influence of the upstream
wall jet is not limited to the ground vortex but continues upward due
to a mechanism not yet understood. The results do not make
perceptible any oscillation of the ground vortex, which seems to
indicate that the confinement, parameterized by 4 /D, inhibits the
instabilities of the ground vortex.

The present research program is dedicated to the identification of
the parameters and regimes associated with instabilities and other
secondary effects of a particular ground-vortex flow. To avoid the
influence of the impinging region, a plane wall jet is directly
produced using a configuration inspired in a previous study of two-

dimensional upwash flows (see [15]). The wall jet collides frontally
with a boundary layer flowing in the opposite sense produced in a
conventional wind tunnel, for variable velocity ratios V (Fig. 1c).
This research program deepens that of [16], which detected a small
recirculation zone located upstream (relative to the wall jet) the
separation point for the first time in this type of flow.

II. Experimental Method and Procedures

The wind-tunnel facility designed and constructed for the present
study is diagrammed in Fig. 1 and shown in Fig. 2. The recommen-
dations of [17] for open-circuit wind tunnels were followed through-
out all the design process, especially for the boundary-layer part of
the flow. A fan of 15 kW nominal power drove a maximum flow of
3000 m?/h through the boundary layer and the wall-jet tunnels of
300 x 400 mm and 40 x 400 mm exit sections, respectively. The
facility was built to allow variable heights of the wall-jet exit from 15
up to 40 mm.

A5

Fig. 2 Photograph of the experimental rig.
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Table 1 Principal characteristics of the 2-D
laser-Doppler velocimeter

He-Ne laser  Diode laser

Wave length A, nm 633 532
Focal length of focusing lens f, mm 400 400
Beam diameter at ¢~2 intensity, mm 1.35 1.35
Beam spacing s, mm 38.87 39.13
Calculated half-angle of beam 2.78 2.8

intersection, 6, deg
Fringe spacing d;, um 6.53 5.45
Velocimeter transfer constant K, 0.153 0.183

MHz/ms™!

The origin of the horizontal X and vertical ¥ coordinates was taken
near the visual maximum penetration point. The X coordinate is
positive in the wall-jet flow direction and Y is positive upward.

The present results were obtained at the vertical plane of symmetry
for a wall jet with mean velocities of U; = 6 and 13.7 m/s and mean
boundary-layer velocities of U, = 3.48 and 6.9 m/s, corresponding
to velocity ratios U, of 0.58 and 0.50, respectively.

The velocity field was measured with a laser-Doppler velocimeter
(Dantec Flowlite 2-D), which comprised a 10 mW He-Ne laser and a
25 mW diode-pumped frequency-doubled Nd:YAG laser, with
sensitivity to the flow direction provided by frequency shifting from a
Bragg cell at f, =40 MHz, a transmission, and a backward-
scattered light collection focal lens of 400 mm. The half-angle bet-
ween the beams was 2.8 deg and the calculated dimensions of the axis
of the measuring ellipsoid volume at the ¢~ intensity locations were
135 x 6.54 x 6.53 pum and 112 x 5.46 x 5.45 um, respectively.

The horizontal U and vertical V mean and turbulent velocities
together with the Reynolds shear stress u'v’ were determined by a
two-velocity-channel Dantec BSA F60 processor. The principal
characteristics of the laser-Doppler velocimeter are summarized in
Table 1. The seeding of the flow with glycerin particles of 0.1-5 pm
was produced with medical atomizers operating at 1.5 bar. The trans-
mitting and collecting optics were mounted on a three-dimensional

Wall jet
U

transversing unit, allowing the positioning of the center of the control
volume within +0.1 mm.

III. Results and Discussion

Experimental visualization studies were first performed using a
direct digital photography and a smoke generator to produce the
tracer particles. The visualization results of the present complex flow
were used to provide a first insight into the nature of the flow and to
guide the choice of quantitative measurement locations. The wall jet
collides with the boundary layer and is strongly deflected backward
with an angle of 36 deg with the ground surface (see Figs. 3 and 4).

Figure 4 shows the measured velocity field and the corresponding
streamlines in the vertical plane of symmetry, which shows clearly
the upward-deflected flow due to the collision of the wall jet and the
boundary layer. The visualization picture is also shown in this figure,

Fig. 5 Visualization of the small vortex and drawing of possible
streamlines for V; = 0.58.

Boundary layer

u

o

S P

Fig. 3 Visualization of the flow in the impinging zone for V; = 0.58.

——

Fig. 4 Visualization of the flow with direct photography, with representation of the measured velocity field and the corresponding calculated stream

trace lines for V, = 0.58.
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a)
Fig. 6 Small vortex burst and new vortex growth for V; = 0.58 at frames instants # = 0, 1/25, 2/25, and 3/25 s.

which confirms the nature of the flow. In the collision zone, both wall
jet and boundary-layer fluid moves toward the wall, giving rise to an
extremely complex flow, which includes a small secondary-vortex
flow near the separation point, probably due to the rollup of the
vorticity of the boundary layer.

More detailed visualization studies were performed with a digital
camera (Sony DCR-VX2100 PAL). Illumination of the flow was
achieved by a sheet of light, about 3 mm thick, obtained by spreading
alaser beam with a cylindrical lens. The camera shutter speed was set
to 25 frames/s to the best compromise between image contrast and
time integration of tracer-particle velocities. The visualization movie
was analyzed in detail with Adobe Premiere software, which allowed
a frame-by-frame treatment to enhance the flow structures.

Figure 5 was obtained with the method described in the previous
paragraph, with some lines drawn to allow a better identification of
the small front vortex, which can be observed in the right side of the
curved flow. For the present conditions of V; = 0.58, this vortex
exists most of the time (about 90% of the frames of the movie), but is
highly unstable, with its shape, size, and location varying almost

4 4
5[ Y=120mm 3 *%%%e
2 ° L] (1]
0= ; 4
2 *%eed o 15 v=120mm o
oo 0~ !
6 '_10 1 4 10
1s 18
16 16
- 14
14 ..m”l(_somm )
L] L] -
® " e | Y=90mm]2 . e
. 0 0
L 1)
° . 12 1-2
1.4 1.4
10 ¢ *ls 10 -6
8l 8r
6 6
s LI 4+ Y=60mm
4r ..o ALY
o[ o4 2L ee .,
0 Y = 60 mm .0- o] * e o
2L . 2 F
. al
4+ .
6L - 10 6 1 10
. . 18 18
L]
. 16 16
®e 44 14
L] o,
42 oo % v_30 412
< 4 =30 mm
Y =30 mm b .
U 0 ® L +— 0
L]
4-2 4-2
LI la
o q4
104 ls 10 ¢ 1
8F o 8
ef ° 6
_ . _ -
g 4r . g4
£ 2f . g 2}
5’ Y=12mm 4 - 0! ® o og0
0 S > ese o
2t oo.. 2LY=12mm
4+ . 4 +
6 L . 6 Lu )
-100 0 100 -100 0 100
X (mm) X (mm)
a) b)

Fig. 7 Horizontal profiles of the mean velocity characteristics for
Vr = 0.5: a) horizontal component U and b) vertical component V.

constantly. The behavior of this small vortex is quite similar to the
puffing of the ground vortex, as reported by [6], and is illustrated in
Fig. 6 with frame instants of 1/25 s. First, the vortex is very small but
growing. The lower part of the boundary layer with anticlockwise
vorticity seems to merge into the growing vortex. As the small vortex
continues to grow, it becomes higher than the boundary layer and
breaks up suddenly while is convected upward in the direction of the
curved flow. Then a new small vortex appears and starts to grow, and
the cyclic process repeats itself (at a frequency of about 8.33 Hz).
Reference [6] attributes the vortex growth to the shear-layer vortices,
which convect with the wall jet and merge into the ground vortex. In
the present case, according to the results of [6], an oscillating
frequency of f between 4.2 and 8.6 Hz would be expected, which
includes the observed value of 8.33 Hz (from the visualization
results). Nevertheless, there is a substantial difference: although the
secondary vortex has the same sign of vorticity, it cannot merge into
the deflected flow resulting from the collision of the wall jet with the
boundary layer, because the vertical velocity component is always
positive above the vortex. So the unsteadiness reported before is pro-
bably due to an additional small vortex upstream of the ground vortex
that, due to its extremely small size, could not be observed so far, as in
the case of small crossflow-to-jet velocity ratios [2—4,11-14].
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Fig. 8 Horizontal profiles of the turbulent velocity characteristics
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stress +/v2.
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Fig. 9 Typical histograms of the vertical v (LDA1) and horizontal u (LDA?2) velocity components at the collision zone (X =1 mm and Y = 12 mm) for

Ve =0.5.

The velocity ratio was further decreased to Vz = 0.5, which
corresponds to a puffing frequency of about 5.2 4= 1 Hz, according
to [6]. Figure 7 shows horizontal profiles of the mean horizontal U
and vertical V velocity components, which confirm the preceding
description of the flow and quantify the mean flow characteristics of
the collision zone. The mean vertical velocity component (Fig. 7a) is
negative for ¥ = 12 and 30 mm and X > 0, but is always positive
elsewhere. This confirms the existence of the secondary vortex, but it
also reveals that when it disappears, it is simply removed upward by
the curved flow resulting from the collision between the wall jet and
the boundary layer. The profiles of the horizontal velocity show that
no significant deflection occurs in the impinging zone (X = 0) for
Y < 120 mm, but for Y = 90 to 120 mm, a substantial increase in the
vertical velocity component is observed.

From the measured horizontal profiles of the mean velocity com-
ponent, it can also be observed that the center of the deflected flow
cannot be estimated from the zero values of the horizontal velocity
component or the maximum values of the vertical velocity compo-
nent, because they do not coincide. The horizontal velocity compo-
nent is close to zero at Y = 90 mm and X = 0, and the maximum
vertical velocity component occurs at X = —40 mm, but for
Y = 120 mm, the zero value of U occurs only at X = —120 mm and
the maximum value of V is only slightly displaced (relative to the
case ¥ =90 mm) in the crossflow direction. This figure also con-
firms that the center of the secondary-vortex flow is located upstream
(in the jet flow sense) of the separation point, probably somewhere
before the so-called maximum penetration point (see Fig. 1). This
result indicates that this secondary-vortex flow may also be present
for the other situations, depending not only on the velocity ratio Vg,
butalso on the relative size of the clockwise vorticity zone of the wall
jet and the counterclockwise vorticity of the boundary layer.

Figure § shows horizontal profiles of +/i">and v/ v* and quantifies
the turbulence characteristics of the collision zone and deflected
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Fig. 10 Power spectra of u corresponding to the measurements shown
in Fig. 9 (X =1 mm, Y = 12 mm, and V, = 0.5).

wall-jet flow. The peaks of Vil® are larger than the corresponding
peaks of V7% in the collision zone, giving rise to high levels of aniso-
tropy with Vi / V92 & 2.5. The maximum values of the horizontal
velocity fluctuations are observed in the collision zone in which the
mean horizontal velocity component is zero, giving rise to extremely
high local turbulence intensity values of Vi® /Upean greater than
100%. For vertical velocity fluctuations, the maximum values only
coincide with the zero values of the mean vertical velocity compo-
nent close the ground plane (Y = 12 mm), and the local turbulence
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intensity is much smaller, although high values such as 40% can be
observed, for example, at ¥ = 90 mm and X = 0. These results are
misleading to some extent, because although the LDV measurements
were obtained with a sufficiently high acquisition data rate to detect
the possible low-frequency characteristics of these type of insta-
bilities (5.2 & 1 Hz according to [6]), the total time to obtain the
10,000 measurements needed to keep the statistical errors sufficient
low (1.5 and 3%, respectively, for the mean and variance values for a
95% confidence interval [18]) allow the averaging of about 20 cycles.
As a consequence, instabilities might be being treated as turbulence,
which means that large-scale coherent and turbulent instabilities
might be mixed up.

The particular ordered sequence that was identified from the
visualization studies for the small recirculation zone that appears
near the separation point can also be interpreted as an oscillation of
the separation zone or of the virtual deflected-flow origin, which
seems to be confirmed by the bimodal histogram of the horizontal
velocity measurements obtained in this zone (Fig. 9). In spite of the
apparent organized sequence of the turbulent structure of the
collision zone, the power spectra of the horizontal velocity compo-
nent does not exhibit any evident particular peak for the same
location (Fig. 10).

The profiles of the shear stress (Fig. 11) are generally consistent
with the direction of the mean flow. The shear stress is positive along
the vertical direction of the center of the collision zone (X = 0),
suggesting that faster-moving elements of the wall jet (¢’ > 0) tend to
move upward with the deflected upper side of the boundary layer
(v' > 0). Similarly, the shear stress along the wall-jet side of the
deflected flow (X <—40 mm) is negative, because the forward
movement of fluid particles corresponds to negative vertical velocity
fluctuations (v' < 0). However, far from the ground, the locations of
the zero values of the shear stress occur in the neighborhood of X = 0
(for example, X = —40 mm for ¥ = 90 mm), but do not coincide
with the central zone of the deflected flow, which is associated with
the maximum of the vertical velocity component, where dV /X = 0.
Far from the wall (¥ > 25 mm) with the approach of the separation
point (X =0), dU/dY increases on the wall-jet side (X < 0) and
decreases on the boundary-layer side (X > 0). Near the wall, dV /dy
and 0U/0X are the most important shear strains, and the magnitude
of the peak of the shear stress decreases. This is because the flow in
this region is subjected to strongly stabilizing curvature that reduces
the shear stress more than the turbulent kinetic energy.

Figure 12 shows measured vertical profiles of the mean velocity
components U and V and reveals the presence of the small vortex in
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Fig. 12 Vertical profiles of the mean velocity characteristics for V; = 0.5: a) horizontal component U and b) vertical component V.
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Fig. 13 Vertical profiles of the turbulent velocity characteristics for V; = 0.5: a) horizontal normal stress /', b) vertical normal stress +/v", and
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the boundary-layer side of the separation point (X > 0) in the profiles
at X = +10, 430, and +60 mm. The vertical V velocity component
changes its sign with the distance to the wall, with negative values of
V (i.e., downward) close to the wall, revealing the existence of the
counterclockwise vorticity in the collision zone already discussed in
the previous paragraphs (see also Fig. 4).

The vertical profiles of the turbulent velocity characteristics
(Fig. 13) also show the high turbulent intensities measured in the
collision zone near the wall at X = 0. It should be pointed out that the
histograms of the measured horizontal velocity component are
bimodal near the wall, with the dominant peak located on the nega-
tive or positive side, depending on the location of the measuring
point. The bimodal histograms are also associated with the larger
dispersion of the measurements near the wall (¥ =0) and the
separation point (X = 0), because the number of measurements was
maintained constantly equal to 10,000.

IV. Conclusions

Laser-Doppler measurements of the velocity characteristics of
two-dimensional ground-vortex flows resulting from the collision of
a wall jet with a boundary layer were presented and discussed with
visualization results for boundary-layer-to-wall-jet velocity ratios of
0.5 and 0.58.

The results revealed the existence of a small-vortex flow located
upstream (in the wall-jet flow sense) of the separation point, not yet
reported before for this type of flow.

The secondary vortex has a similar very-low-broadband pulsating
behavior by expanding and contracting observed in some impinging-
jet configurations with ground-vortex flows. First, the vortex is very
small but growing. The lower part of the boundary layer with anti-
clockwise vorticity seems to merge into the growing vortex. As the
small vortex continues to grow, it becomes higher than the boundary
layer and breaks up suddenly while is convected upward in the
direction of the curved flow. Then a new small vortex appears and
starts to grow, and the cyclic process repeats itself.

The secondary-vortex growth cannot be attributed to the shear-
layer vortices, which convect with the wall jet, because it cannot
merge into the deflected flow resulting from the collision of the wall
jet with the boundary layer, because the vertical velocity component
is always positive above the vortex.

The unsteadiness of the ground vortex reported before for the case
of impinging jets in unconfined crossflows may also be associated
with an additional small-vortex upstream separation point, but due to
its extremely small size it could not be observed so far, as in the case
of very small crossflow-to-jet velocity ratios.

The particular ordered sequence that was identified from the
visualization studies for the small recirculation zone that appears
near the separation point can also be interpreted as an oscillation of
the separation zone or of the virtual deflected-flow origin and can be
confirmed by the bimodal histogram of the horizontal velocity
measurements obtained in this zone. In spite of the apparent orga-
nized sequence of the turbulent structure of the collision zone, the
power spectra of the horizontal velocity component does not exhibit
any evident particular peak for the same location.
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