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SUMMARY

The report is concerned with the vortex flow which arises
when separation occurs at a highly swept leading edge. iMeasurenents
werc made in the flow over flat plates at 15° incidcnce each having
a sharp leading edge of 65° sueep. The precsure and velocity
distributions both along the axis of the vortex and for one
cross scebion of the [low are prescnted together with a preliminary
discuscion of their significance.

T Inftroducticn

Current research at #.P.L. into the flow over swept and
delta wings includes an extensive programuc of measurements in the
vortex fiow due to separation [rom a sharp leading edge. An
opportunity is now taken to present a connected set of results which
raise new and intercsting questions regarding the structure of the
vortex flowe

2. Measurements

The measurements included in this report rclate to
sharp-edged lifting plates having 65° leading-cdge sweepback and 15°
incidence. Under these conditions the axis of the vortex above the
plate lies in an approximatcly straight linc from the apeX. The nain
reoults were obtained at a smced of 30 ft/scc in a 9 4 x 7 £t wind
tunnel with the hali-model shovm in Fig. 1. The plate had a
completcly Tlat upper surface and was bevelled on the underside to
provide z sharp leading cdgc. Plancs normal to the leading edge were
chosern at statious A, 3, C and D for flow cxploration and surface
pressure measurcucnts, but only the results ovtained for scction I and
in cxplorations along the axis of the vortux arc glven in this report.

A 5-tubc probe vhich could be positioncd and aligned
remotely provided dircet measureicnts of the total head and flow
Tl

dircction and derived valucs of Llhe static pressurc and velocity at

numerous,/
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numerous positions in the vortex {ield. The outsidc dlameter of the
5-tube probe was 0°10 in., this being snall in relation to the

dimensions of the vortex field and thought %o be azceptable except when
encountering steep gradients in the flow. Inform.tion on the intensity
of the pressure fluctuations in the flow Tield was obtained by replacing
the S5-tube probe by a plain total-head probe aligned with the flow and
connected by tubing to a microphone.  Although the significance of these
particular measurements is not perfectly clear, the root-mean-square
output of the microphone is regarded as a measurc of the intensity of
the fluctuations in the total-head pressurec.

ihe pressures ab positlons along the axis of the vortex were
obtained using small individual pitot and static tubes of diameters
0-02k in. and 0°035 in. respectively. The stotic tube had a single
hole in its surface and initially the tube was carefully aligned along
the axis of the vortex by trial and error adjustment until rotation of
the tube about its axis had no effect on the measured pressure. The
total head pressure was subsequently measured at the same position.

With the flat delta plate showm in Fig. 2 the velocivy of
fluid passing along the axis of the vortex was measured in a water
tunnel., A thin filament of dye solution introduced upstrean of the
model was so positioned that it travelled along the axis of the vortex.
Periodic interruption of the dye emission enabled the speed with which
each new front moved along the vortex to be obtained from frame-by-frame
analysas of ciné records, The free strcam waber speeds ranged fron
2 in./sec to 15 in./sec.

In both wind tunnel and water btunncl cxperinents ths
measurcnents werc confined to the region ahead of the peosition of
vortex bursting, which in both cases was downstream of the trailing edge.

3. Rosults

The notation and reference axes are shown in Fig. 3. For tne
purpose of display, ths velocity at each measuring position has been
resolved into two components:

(1) wu, the coaponent parallcl to the leading edge,
and

(i1) a vector (the resultant of v and w) in the
measuring plane normal to the leading edge.
In Fig. 3 the nid-point ol each arrow corresponds to the position of
the measuring voint and the length and directioa revresent the velocity
vector (v + w) whilst contours of equal values of u are given in
Fig. 4. Ir both diapgraas the velocities are expressed as ratios to
the frec stream velocity VO; It nmust be mentioned that in deducing

these ratios from the pressure measurements, the density has been taken
to be constant throughout the vortex field, The ratios are thuc more
prec.scly ratios of indicated velocity.  Also plotted in Fig. 5 is the
distribution of pressure on thez upper surface of thc plate determincd
frow surface pressurc holes,

e e Loxr
The static pressure coelfTicient® CD = (y—yo) szO , the
total head pressure decrenent (Ko~3)/%pvg and the nicrophone output

are shown rospoctively ia Tigs. 5, 6 and 7 by contours which have been
obtained by interpolation from the mcasurcd values,
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The pressures measured with the static and total head tubes
at several positiorsalong the axis of the vortex are shown in I'ig. 8.
The values at station B can be regarded as independent measurements of
the maximum values appropriate to the main vortex contours of Figs.5 and 6.
From the measurements with the static and total head tubes at the axis of
the vortex, a velocity V, along the axis has been deduced on the assumption
that the change of static pressure across the radius of the static tube can
be ignored, The results are plotted as the ratio VA/VO in Fig.9 together
with the direct speed mecasurements made in the water tunnel.

A thorough assessment of the accuracy of the results would be
valuable; unfortunately this is not yct possible owing to a lack of
experience of measurcuents in a strong vortex field. At present it is
only possibtle to malte comparisons vetween the few rcsults which have
been obtained by more than onc method.

A large discrepancy exists between tlhie prossure measured by
heles in the upper surface of the platc and the surface static pressure
suggesicd by the b-tube probe readings. For instance, the peak value
of -0p 1s about 2°5 by surfacc pressurc mecasuremcnts (Fig. 3) but less
than 2°0 by extrapolation of thc contours of Iig. B. This suggests
that thc static rressurcs obtained with the 5-tube probe are too high.
This is borne out by tests which showed that the prescnce of the probe
near the surface raiscd the local static pressure. Very close to the
axis of the vortex, the size and form of ihe b-tube probe would make the
significance of the readings very doubwtful. devertheless, althougn a
precisc extrapolation to the position of the axis cannot be made owiung
to the steepness of the gradicnts, the b-tuvc probe results arce not
inconsistent with those fron the statiic and total head tubes,

The watcr tunnel measurcncnts ol the velocity of [luid along
the axis of the vortex were intended to corroborate by o different and
norc direcct method the remarkably high velocities deduced from the axial
pressure measurencnts in the wind tunnel. They do in fact confirm the
existence of axial veclocitics in cxcess of Trece stream and, in vicw of
the trend with Reynolds nuuber shom by the water-tunncl resulis in
Fige 9 and the wuch highor Reynolds number of the wind~tunnel exneriment,
they suggest that the velocitics derived from the precsure ncasurcments
are feasible.

From general considerations, errors cuc to the finite size
of the probe and thosc from any uwustcadiness in the vortex position
would be cxpected to decrecase the gradients in the trarsverse distributbions
of the mcasured cuantitics. In addition it is likely <©rat there is
some error when the total-head measurcaents crce made in turbuleat flow.

h.  Discussion

The results cowprise the distribution ol guantities Loth
along the axis of the vortex and in a v»lane normal to the leading cdge,
whick, due to the small anglc {(less than 8°) betweecn the,vortex axis
and the leading edze, is closc %o a transversc scetion of the vortex.

Lol Velocity field

The character of the main vortexr and the position ol its
central axis arc shown by I'igs. 2 and L. The velocity component u
norral to the planc of measurcuents, which is approximately the axial
velocity component along the vortex, 1s greatcr than the frce-stream speed
and incrcascs considerably as the axis is approached. The gradient
remains very stecp cven in the viecinity of the vortex axis. The
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values of the transverse vector (v + w) show that the angular velocity
about the vortsxz axis incrcascs as the axis is approached. (n physical
grownds, a core of solid body rotation is to be cxnected.  However,

down to a radius of about 0°25 in., bclow which the 5-tube probe
measurenents are likely to be unrcliable, no such core has been detected.

Just above the upper surface and closc to the lcading cdge
therc is a rcgion which usually contains wcak subsidiary vorticecs.
In the present measurcments the most significant feature ol this
region 1s a flow which is mainly parallecl to the leading edge and has
velocities approximating to that of the frec strecam. It is noticeable
that the shcar layer between this rcgion and the flow around the lcading
cdge docs not scem to extend far into the vortex ficld. The
discontinuity across this shear layer involves a considerable change
in flow direction. Tor iZnstance, in the accompanying diagram al a
point such as 3 Just inboard of the shear layer the results show
the velocity has magnitude 0:99 V5 with a dircetion almost nermal
to the planc of the diagram, whilst at S  Jjust outboard of the laycer
the velocity is 1+39 Vg at 36° to the planc.

ke2 Pressurc field
As shown in Figs. 5 and G, the static and the total-head
pressures both fall with incrcasing stecepness towards the axis of the
vortex. The low static pressure is assoclated partly with the
increascd velocitics in the vortex and partly with the reduction of total
head., Fig. 8 shows that nearly hall the rcduction in static prussurce
at the axis of the vortex is attributable to a rcduction of total head.
In view of the very low pressures encountered necar the axis of
the vortex it is of somc interest to cxanmine the possivility of com-
pressibility effects. It is convenicnt to consider the ratio of the
static pressure p at a point in the vortecx to py the frec-strean
static pressure. For a cooprossiile gas we have the rclation

T = 1 + 2yM® C
/P, 2vilg €
waere My 1is the free-strcam Mach number and Cp is the pressurc
cocfficicent corrcsponding to pressurc pe

At 80 ft/scc (il = 0:07), the wind speed of the present tests,
the value of Cy measured at the vortex axis at station B was
approximately —?3. Now if thc valuc of the pressurc cocfficient
rcmained the same when the speed was increascd to correspond to
Mg = 0°23 +the value of p/Po would be approxinately O+5 and the
vortex ficld would be modified by density and temperaturc changes.

This is confirmed at 130 £1/sec (ho:g 0-16) by a reduced temperaturc
indicated by a thermocouple placced near the exis of the vortex and,
under suitable conditions of humidity, by the condensation of water
vapour. In practice thoe value of Cp muct inorease from =13 with

increcasing/
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increasing Mach number, certainly before the value M, = 033 is
reached for otherwise the pressure in the vortex would fall to absolute
vacuum.

In addition to the minimum at the axis of thce vortci, two
other rcgions of reduced total head exist (Fig. 6), one in the reglon
just inboard of the lcading edge, the other corresnonding to the shcar
layer from the leading cdge and forming a total-head valley which curls
into the vortex.

The contours of microphone output (Fig. 7) curl into the
vortex in a manner similar to that of total head (Fig. 6). There is
a region of maximunm intensity of fluctuations at the axis and another
at some distance along the shear laycer from the leading cdge, but in
the immediate neighbourhood of the leading edge thers is a remarkable
absence of fluctuations. It would appear then that the shear layer
leaving the leading ecdge is initially laminar and stcady, but becomss
turbulent in the region of maximum {luctuation intensity.

The cause of the intense {luctuations at the axis of the
vortex is not yet understood but further measurements at other stations
should help. At least thrce possibilitics exist:-

(1) The fluctuations gencrated by the turbulent breakdown
of the shear laycr are convected into the vortex {ield.
The moximum intensity ncar the axis is a result ol a
central "focussing" of the disturbances diffusecd from
the particle paths which are nearly cylindrical spirals.

2) TFluctuaticns arc generatcd everywhere in the vortex field
b . .
particularly ncar the axis where high shecarscxist.

(3) The fluctuations originate in the tunnel wall boundary
layer some of which entcrs the vortex at the apex of the
model.,

With rcgard to (2) above it can be pointed out that
generation of turbulence everywherc along the axlis of the vortex would
be expected to be accompanicd by a rcduction of total hcad with distance
along the axis. Fig. 8 shows that except near the apex, the distribution
of total head along thc axis is almost flat and even shows a slight
tendency to rise, However the absence of a falling toval-head pressure
might be duc to the radial inflow of fluld of higher total hcad rather
than to an absence of turbulence gencration.

In view of the magnitude of the fluctuations near the axis
in relation to that usually encountered in a turbulent boundary laycr,
the authors believe that possibility (3) above is unlikely.

o3 Measurements along the axis of the vortex

The mechanism by which the excess velocity along the axis of
the vortex is produced and maintained is a matter of considerable
interest and speculation. The wind-tunnel results show a favourable
pressure gradient and an axial velocity increasing with distance fron
the apex. There is the possibility that the velocity components
parallel to the axis of the vortex are e direct consequence of a
pressure distribution prescribed by the rotational vclocity components.
Then if with increasing distance from the apex these rotational
components are augumented in some manner by the vorticity generated by
the flow around the leading edge, such a mechanism could explain the
falling static pressure along thc axis.

Furthermore,/
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Furthermore the measurcd increase of axial velocity along the
axis must entail a radial inflow component towards thc axis of the vortex.
On the assumption that angular momentum is conserved, the tightening of
the spiral paths tends to increase the rotational components in the region
of the axis.

The water~tunnel measurements can be interpreted to suggest
a  trend with Reynolds number of the velocity along the vortex axis.
However, it must be pointed out that there was a noticeable increase in
stream turbulence between the flow for R = 0*1 x 10° and that for
R = 0°3 x 10°; +this itself may have a significant effect on the axial
velocity.

Arising from a consideration of the flow over a delta of
infinite extent, it would be expected that for a finite wing, the axial
velocity ratio at any position well upstream of the trailing edge could
be considered as a function of a local Reynolds number depcnding on
the distance from the apex. An analysis on this basis would be of
interest and will be attempted when mcasurcments over a suitable range
of conditions have been obtained. Although the watcr-tunnel neasuremcnts
already made have been used to obtain the mcan fluid velocity over
finite lengths of the vortex axis, they arc not sufficiently accurate
for an analysis involving variations along the axis.

5. Further Work

Similar measurements at other stations along the platc and
for other angles of sweepback and incidence are alrcady planned or in
progress; these will include an attempt to obtain morc detailed
information on the flow close to the leading edge. In addition it is
intended to investigate Reynolds number erfccts, also compressibility
effects including thc temperature field.

Another aspect which is being covered concerns the mechanism
of vortex bursting.
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FIG. 3.
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