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ter of scale. The swirling action of the smallest eddies is prob-
ably similar to that of the largest, although their origin is not
the same.’

This cyele of wave formation, vortex growth and entrain-
ment, vortex decay and turbulent diffusion continues until
the velocity defect and mean strain field are removed. At
this point viscous forces have become important and the
turbulence energy is dissipated as heat.
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Flowfield Produced by Trailing
Vortices in the Vicinity of the Ground

J. K. HARVEY* anD F. J. PERRY?
Imperial College, London, England

ITH the current interest in the behavior of aircraft

trailing vortices it is unnecessary to emphasize the im-
portance of studying how these are influenced by the ground
during the takeoff and landing phases. The motion of the
cores has been experimentally shown, for example by Dee and
Nicholas, to agree moderately well with the paths predicted
by the simple two-dimensional theory for a pair of concen-
trated vortices above an infinite plane. They follow curves
in the cross flow plane, of the form .

1/y* + 1/2% = const

and, as Fig. 1 shows, the transition from the vertical descent
to a horizontal motion is fairly abrupt. The observed flight
data of. Dee and Nicholas! show tolerable agreement with
this predicted path except for a feature which was not strongly
emphasized in their report. Examination of the tabulated
data shows that in many tests the vortices departed from the
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Fig.1 Theoretical and experimental vortex paths.
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Flg 2 Total head contours in planes across the flow down-
stream of the wing.

theoretical path by rising again after having descended close
to the ground (Fig. 1).

To attempt to explain this phenomenon, an experiment was
conducted at Imperial College to qualitatively determine the
cause. A half span rectangular wing of 8 in. chord and 20 in.
semispan was mounted on the wall of a 5 X 4 ft low-speed
wind tunnel so that the single trailing vortex passed over a
moving floor to correctly simulate the ground boundary
condition. 'The test speed was 87 fps.

Since the primary objective was to establish the features of
the flowfield that cause the vortex to rise, the investigation
was centered around a series of total-head surveys in planes
across the flow performed with a {5 in. o.d. Kiel tube? (i.e., a
yaw-insensitive total-head probe). A few additional surveys
were made with a 5-tube yaw-meter to measure the strength
of the trailing vortex.

Two typical total head surveys are presented as contour
maps in Figs. 2 and 3. They depict what would have been
the nearer of a pair of trailing vortices, and they reveal im-
portant details of the flowfield which account for the depar-
ture of vortices from the theoretical prediction. The surveys
can be interpreted by recalling that the total head remains
constant throughout a steady flowfield except where viscosity
is active. In regions of shear (e.g., boundary layers, vortex
sheets and cores) the total head falls below the freestream
value. Thus at the most upstream station in Fig. 2, we can
readily identify the vortex core and a small remnant of the
tunnel boundary left above the moving floor because of in-
sufficient bleed. The vortex induces a cross flow on the floor
with an attendant suction peak beneath the core. Conse-
quently, the boundary layer resulting from this cross flow
has to negotiate an adverse pressure gradient once it has
passed under the vortex. When the vortex is sufficiently near
the ground, the pressure gradient is strong enough for separa-
tion to ocecur, and a bubble forms containing vorticity of
opposite sense to main vortex (Fig. 4a). Progressing down-
stream, we find this bubble growing rapidly to the point where
it detaches from the floor as a secondary vortex fed by a vor-
tex sheet from the separation point (Fig. 4b). The develop-
ment of this flow can be traced from the measured total-head
surveys shown in Figs. 2 and 3.

The subsequent motion of two vortices is a complicated
problem in vortex dynamies, but while the secondary core re-
mains outboard of the main core, it will induce an upward
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Fig. 3 Surveys of total head taken with ‘the wing at a
lower height.
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Fig.4 Suggested interpretation of the total-head surveys:
a) a section downstream of the initial separation, b) the
subsequent development of the secondary vortex.

velocity, thus causing it to rise as seen in the flight tests.
The paths of the main core are shown in Fig. 5 for the two
examples depicted in Figs. 2 and 3 together with two different
incidence cases. Values measured for circulation Reynolds
number (I'/v) and the points where the floor separation was
first detected are indicated. It is clear that the displacement
effect of the bubble, and the influence of the reversed-sense
vortieity within it, immediately effect the main core by check-
ing its downward motion. The subsequent development of
the secondary vortex causes the main core to rise. It also
tends to arrest the trailing vortex’s horizontal motion and in
some configurations actually reverses its direction. The
flight tests of Dee and Nicholas! show evidence to confirm this
retardation but the dominating influence of cross winds
coupled with experimental scatter preclude any positive con-
firmation. The reversal of the motion could be possibly at-
tributed to tunnel wall interference but this is unlikely.

It is interesting to note the similarity between these ob-
servations and the flow over slender delta wings with leading
edge separation®* where the vortex sheet shed by each lead-
ing edge rolls up to form a concentrated core above the upper
‘surface, inducing a secondary separation as in this experi-
ment. There are, however, two significant differences be-
tween the two flows.

First, the secondary vortex formed above the ground is not
confined by a vortex sheet feeding the main core. So it is free
to rise and, under the influence of the stronger main vortex,
would eventually spiral around it. In these experiments
there was no indication of spiralling, and this may indi-
cate that the secondary vortex quickly grows to a strength
comparable with the main core. The rapid rate at which the
main core rises (Fig. 5) would tend to confirm this, but the
vortex sheet from the ground feeding the secondary vortex
may be a contributory factor in preventing the spiralling.

Second, the surface boundary conditions are quite dif-
ferent in the two cases; one moving, the other fixed. Yet
both flows exhibit the same qualitative features of secondary
separation. This poses the question of whether the moving
floor is essential for correct wind-tunnel simulation of trailing-
vortex-ground interactions. Total-head surveys with the
floor stationary clearly showed that, although the over all
character of the flow remained unaltered, there were signifi-
cant quantitative discrepancies. This presents a serious
problem, as extending the limited scope of these tests, espe-
cially to higher Reynolds number, would demand an extremely
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large moving floor. A series of careful full-scale flight tests
made under still conditions and aimed at specifically in-
vestigating this phenomenon would be invaluable in verifying
the relevance of these observations to actual aireraft wakes.
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Characteristics of a Magnetic Annular
Arc Operating Continuously at
Atmospheric Pressure

Joun E. Harry*
BOC-Murex Welding Research and Development
Laboratories, London, England

N a recent paper! Garrison and Smith reported results from

an arc operating continuously at atmospheric pressure, in

which an apparently diffuse discharge filling the annular re-
gion between the electrodes was obtained.

Cathodes of copper and thoriated tungsten were used with a
hemispherical tip 25 mm diam with a copper anode 34 mm
i.d. An axial magnetic field of up to 2.5 Tesla and d.c. arc
currents of from 700 amp to 2000 amp were used in nitrogen at
atmospheric pressure.

The arc was photographed with a framing camera at 10,000
frames/sec with a shutter speed of 2 usec. Examples of a
spoke (constricted) discharge were shown at a magnetic flux
density of 0.27 Tesla and an arc current of 760 amp, a transi-
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Fig. 1 Variation of arc velocity and rotational frequency
with the magnetic flux density at various values of arc
current.
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