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V. An Investigation of the I'low of Air Around an Aérofoil of Infinite Span.

By L. W. Bryant, B.Sc., 4.R.C.Sc., and D. H. WiLL1aMS, B.Sc., of the Aérodynamics
Department, National Physical Laboratory.

A A

(Communicated by Prof. 1. BairsTow, F.R.S.),

AND

SOCIETY

Note on the Connection between the Lift on an Aérofoil in a Wind
and the Circulation Round it.

By G. 1. Tayror, F.R.S.. Yarrow Research Professor of the Royal Society.

OF

(Received May 27,—Read June 25, 1925.)

INTRODUCTION.

1. A great deal of attention has been directed of late years to the development of a
rational theory of the aérofoil. Prof. L. PRANDTL and others in Germany have applied
the principles of the hydrodynamics of a perfect fluid to the aérofoil with remarkable
results, whilst investigators in this country have extended this work and have verified
experimentally many of the deductions of the PranpTL theory. The assumptions
underlying the work of PRANDTL are, however, of uncertain validity, and it has become
a matter of great importance to add to existing experimental evidence of the fundamental
characteristics of the motion of a viscous fluid round an agrofoil. With this purpose in
view an aérofoil section of fairly high lift coefficient was selected, and a model of it tested in
the Duplex Tunnel at the National Physical Laboratory,* the field of flow being thoroughly
explored with a wind-velocity meter. At the same time the theoretical stream-lines
corresponding to inviscid fluid flow were determined experimentally, as described in
Part IT of this paper. The case considered is that of an agrofoil of infinite span, the
flow being two-dimensional. A comparison was made of the theoretical and experi-
mental distributions of pressure over the surface of the aérofoil, as well as of the two
sets of superposed stream-lines.

The work has provided an experimental verification of the law of Kurra and
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* The results of this investigation are published with the kind permission of the Aéronautical Research
Committee, for whom the work was carried out.
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Jouxkowsky, that the product of the mean velocity and density of the fluid and of the
circulation (according to the hydrodynamical definition of this term) around a contour
enclosing the agrofoil is equal to the lift of the agrofoil (per unit length). It has further
shown that the circulation around the aérofoil is constant within the limits of experi-
mental error and independent of the contour of integration chosen, provided that the
contour line does not at any part approach too near to the aérofoil, and also that it cuts
the trailing *“ wake ”” approximately at right angles to its core. The lowest value of the
circulation found (calculated for a contour as close to the aérofoil surface as the obser-
vations permitted) was about 61 per cent. less than the value corresponding to the lift
coefficient ; this is hardly outside the limits of experimental accuracy in the neighbour-
hood of the aérofoil.

The theoretical stream-lines were calculated on the assumption that a ecirculation
existed corresponding in magnitude to that observed experimentally. Under these
conditions there is no evidence that the experimental front stagnation point differs
in position sensibly from the theoretical one. The rear stagnation point is indeterminate,
and in fact meaningless, in the experimental field ; and indeed the extremely unsteady
and turbulent character of the flow over the rear part of the upper surface and onwards
points to a near approach to the “ stalling  or *“ burbling ”” condition.

Part T.
Tur EXPERIMENTS IN THE WIND TUNNEL.

9. A sketch of the aérofoil section is given in fig. 1. The model was of 18 in. chord
and 7 ft. span, so that the aérofoil just fitted upright in the Duplex Tunnel (which is 14 ft.
wide and 7 ft. high), with no appreciable gap between the ends and the floor or roof.

T T
\\

\

T

Distance From B Y " Y p Y " P v P
L:zz\dir\gEde 090 |1"80 |3'60 |5'40 |7'20 |9Q'co |[10:°80 | 12:60 |14:40 |16-20

Height above Chord.| 2% 1006 | 2:7090 | 3" 2580 | 5-3840| 32688 | 2°9970 | 2-6190 | 2-1780| *6650| 10566

Fie. 1.

Measurements of the wind speed and direction were made over a wide field, with the
chord of the aérofoil at a constant angle of incidence of 10-1 deg. to the wind. Details
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of the experimental method are given at the end of this Part of the paper (§15, etc.). The
mean speed of the wind, where unaffected by the agérofoil, was 49-3 ft. per sec.

Subsequently the pressures at a number of points on the median section were
measured, a small piece of composition tubing being let into the model and a number of
holes pierced through it. Measurements were made with a tilting manometer, one
side of which was connected to the standard hole in a side of the tunnel up-stream from
the model (the hole used for regulating wind speed in the tunnel), and the other
successively to each hole in the aérofoil section.

An exploration of the frictional wake was made, using a simple Pitot tube and
measuring the total head of fluid, z.e., p + $p¢?, at a large number of positions. Finally,
a number of observations were taken at the level of other sections of the aérofoil in
order to discover how far the flow was strictly two-dimensional.

3. The experimental observations are given in the Tables (pp. 226-237) and are
exhibited in figs. 2 to 6. In the tables the origin of co-ordinates of z, y is at the trailing
edge* and the axis of x is parallel to the tunnel axis. Lines of equal resultant velocity
(g) and isoclinics (lines of constant 6, degrees) are given in figs. 2 and 3 respectively. The
next two figures are lines of equal horizontal component velocity (u) and of equal vertical
component velocity (v) respectively, and are drawn on a smaller scale so as to include
the whole field explored. All observations are reduced to absolute units, the unit of
wind speed being the speed in the empty tunnel at the section where the observations
were taken, and that of length the chord of the aérofoil. Over the parts of the field in
figs. 4 and 5, which do not appear in figs. 2 and 3, the relations

=u and =0 X —
1 Y 180

hold well within the limits of accuracy of the observations.

4. Fig. 6 shows the results of the observations of total head (p + 4p¢?). The observed
pressures are divided by air density and by the square of the tunnel wind-speed, in order
to reduce them to absolute units. The lines in the figure are lines of constant total head ;
the magnitude of the total head at any point gives the loss of head arising from
viscosity, i.e., from friction and turbulence—total head at the experimental position
in the empty tunnel being, in the same units, 0-504. In the vicinity of each of the two
lines marked 0-49, observations were extremely difficult to take, the flow being very
variable in character. These two lines may be looked upon as boundaries roughly
indicating the extent of the region where energy is most rapidly dissipated. Observations
of wind-speed and direction within this region are open to doubt, there being some
uncertainty as to what exactly the instruments measure in a very turbulent region.
In figs. 2 to 5 the turbulent region is indicated by shading.

* The trailing edge is the intersection of two planes, one the flat undersurface, and the other tangential
to the aérofoil surface and also perpendicular to the flat undersurface.

2 E2
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TaprLe I.—Total Head Measurements.
Distances given as fractions of chord. Total Head in Empty Channel = 0-504pV2.

N ! i
Total Head. } Total Head. Total Head.
Y L —— () ——ge Y e
pV? i pV* | oV
z == 2-095 ‘ == — 0-020 ; 2 = — 0-:354 (cont.)
" 0-694 0-506 : 0-214 0-506 0098 0-505
Q\Lﬁ 0-582 0-502 | 0-126 0-502 —0-141 0-493
= 0-435 0-502 | 0-112 0-37 to 0-50 0154 0-504
< 0-261 0-503 0-098 0-2410 028 | —0-209 0-503
— 0-093 0-502 0-084 0-06t0 030  —0-265 0-507
olm —0-074 0-500 0-073 0-030 ;
ez —0-141 0-502 0-070 0-030 . g= —0-466
nNe 0-054 0-037 0-702 0-502
= s == 0-316 0-557 0-499
©) 0-584 0475 0-001 0-060 0-417 0-496
Hwv 0-403 0-482 —0-004 0-349 0-230 0-502
—n 0-347 0-501 —0-007 [0-421 0-135 0-481
5z 0-292 0-492 —.0-007 0-457 0-079 0-48 (7)
=0 0-264 0-501 —0-008 0485 ! 0-055 0-479
s 0-236 0500 —0-016 0-487 ; 0-026 0-424
Q<0 0-215 0-494 —0-042 0505 0002 0-30 to 0-38
oZ 0070 0-503 ~-0-030 0-361
=< = 0-215 —0-154 0-507 ~0-057 0-36 t0 0-38
- 0+180 0-489 —0-307 0+504 ~-0-085 0-412
0-166 0-393 —0-113 0+480
0-152 0-191 @ = — 0181 0-142 0502
0-417 0-501 :
©-=0-103 0-194 0-502 @ = — 2-085
0-690 0-497 0-096 0-436 0-694 0-502
0-417 0-496 0-094 0-490 0-529 0-491
0-292 0-183 0-082 0-478 0-361 0-497
0-166 0-481 0-068 0-460 0-194 0-47 to 0-49
0-152 0-494 0-054 0-24 to 0-36 0-126 0-503
0-138 0-33t0 0-39 0-040 0-15to 0-18 0-026 0-478
0-124 0-374 0007 0-2928 0-014 0490
0-110 0-137 0016 0-3922 20-014 0-486
—0-030 0-468 ~.0-030 0-472
@ = 0-020 ~0-060 0-44 to 050 .0-042 0-46 to 0-48
% 0-110 0-466 —0-085 0-489 0070 0-435 to 0455
| 0-096 0-341 0141 0-500 0-085 0-429
— 0-082 0-188 0-098 0-487
< — = - 0-354 —0-113 0-428
> — 0695 0-485 ~0-126 0-426
o) = 0-417 0-492 —0-141 0-41 to 0-42
e 0-250 047 to 0-50 0154 0-425
QO 0-138 0+46 to 0-50 —0-181 0-42 to 0-428
O 0-082 0-483 | - 0-209 0-461
— oA 0054 03810 0-47  — 0-237 0-472
0-040 0-30 to 0-46 —0-296 0495
=34 0-026 0-30 to 0-36
Yo 0-012 0-290
T= —0-002 0-988
3() L ~0-01b 0-267
ag O —0+030 0-321
Sz 0043 0-368
T —0-071 046 to 0-47 , ,
o= 1 B J
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5. The series of curves in fig. 7 is instructive in that it gives some idea of the rate
at which the two streams of air coming from opposite surfaces of the aérofoil gradually

[} ‘l [¢] j
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Fra. 7. Variation of 0 in frictional wake.

intermingle, and also of the extent of the region in which the flow is very turbulent

and readings are uncertain.

VOL. CCXXV.,—A.

2 F

The curves show the variation of wind direction (6 degrees)
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along lines across the tunnel (i.e., constant ). One disadvantage of the method of
measurement arose from the fact that the reading of direction depended upon that of
velocity ; consequently in the frictional wake, where the latter reading was very unsteady
and difficult to take, the apparent variations in direction at any one point were probably
exaggerated.

6. All measurements except those near the nose were made with instruments of the
pressure tube type, and are therefore mean values over a comparatively long interval
of time. For the most part readings at any point in the field could be repeated within
less than 4 per cent. on either side of the mean velocity and to about % degree in
direction. In the eddying wake, however, and from about one chord-length behind the
trailing edge rearwards, the accuracy is limited to 4 1 per cent. of the mean velocity and
to 4 0-3 degree in direction. In the immediate vicinity of the trailing edge the flow
was too variable and indefinite for measurement with the usual instruments; this
remark applied also to a region very close to the aérofoil and extending along the upper
surface from the trailing edge for about a quarter of the chord-length. Iixcept around
the nose, it appeared that the readings up to about + inch of the surface of the aérofoil
were not appreciably affected by interference between the instrument and the surface,
since readings obtained with yawheads of two different sizes showed good agreement.
In regard to readings within 4 inch of the surface important discrepancies between the
indications of the two instruments were sometimes found ; whenever these occurred,
the readings of the smaller instrument were considered likely to be less affected
by interference, and were accordingly taken as correct. Very near the nose, also,
owing to the extremely large changes in speed and direction corresponding to very small
movements of the yawhead in the field, the readings could not be expected to be very
reliable. 'With a view to improving the measurements in this neighbourhood a series
of single hot wire instruments were made as explained below. It is considered that these
instruments have enabled the flow to be sufficiently well defined in front of the nose to
make a reliable comparison with theory possible. '

A light vane, mounted with its leading edge as axis, could be made to rotate in the
wind near the trailing edge, and in a region reaching some little distance along the rear
portion of the upper surface, where the yawhead readings had been found uncertain
and variable.

7. The circulation around a number of contours (mostly rectangular) surrounding
the aérofoil was determined. The relationship, known as the Kurra-Joukowsky
theorem, between circulation (x) and lift-coefficient per unit-length of span (k) may
be expressed thus :—

ky = k/cV,

¢ being the chord, and V the wind speed far from the aérofoil. Circulations are
tabulated below against the area of contour in square chords; the circulations in the
table and in fig. 8 being all expressed as equivalent lift coefficients.
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The numbers represent circulation clockwise in absolute units round
the rectilingar contours indicated by the diagonal lines. o
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. ] KLMN =o0-800 Lift coefft From pressure plotting = 0-801

Fia. 8. Circulation round the aérofoil.

Circulotion round ABCFGJ = 0-748} Circulation round XYZWVUTH = 0-790
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Area enclosed by Lift-coefficient equivalent to l Column (2)
contour in square calculated circulation round | divided by 0-8
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-808
-790
798
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It will be noted that quite close to the aérofoil the circulation is as much as 93+5 per
cent. of the maximum, and that this maximum is in excellent agreement with the lift
coefficient as determined by the integral of the observed pressures on the aérofoil
surface (0-801). An attempt has been made to show graphically the distribution of
vorticity in the field surrounding the aérofoil (see fig. 8). The field is divided into small
squares and the circulation round each square is given by the number in the appropriate

2F 2
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square. Since the accuracy of the results is not sufficient to detect definitely a circula-
tion around one of these squares not exceeding 001, the numbers given in the squares
can only be considered as an indication that over the greater part of the field the
circulation around any contour not including the aérofoil is sensibly zero. A long
narrow contour (ABCFGJ, fig. 8) was drawn as close to the surface as the observations
permitted, and the circulation round it was found to be 0-748. The estimated circulation
round TAB just above the nose was found to be — 0-25; but this is almost certainly
in error on account of uncertainties in the measurement of velocities along IB. In
this neighbourhood only the observations with a hot wire were of any value at all, and
the velocities so measured may easily have been 5 per cent. in error, which fact,
together with possible errors in direction, is sufficient to account for the whole of the
calculated circulation. Again, the circulation round JGH was 0-030; but,
unfortunately, possible errors of observation in the neighbourhood of J were large
enough to account for a great deal of this. The general conclusion, however, may be
drawn that circulation close to the aérofoil is appreciably less than that around larger
contours, and in all probability is zero on the aérofoil. The difference between the
circulations for contours KLMN and XYZWVUTH is hardly outside the limits of
experimental error, and both these contours may be considered to give the maximum
circulation corresponding to the lift ; but the difference between either of these and
ABCFGJ is probably a genuine indication of the existence of vorticity at some little
distance from the aérofoil surface. '

8. It has been proved in the case of a perfect fluid that if a contour or boundary at
a great distance from the agrofoil be chosen, the integral of the vertical components
of the pressures around the boundary constitutes exactly one-half of the total lift, the
rate of transfer of vertical momentum across the boundary making up the other half.
At the asrofoil surface itself the integral of the component pressures constitutes the
whole of the lift, whilst for any contour at a finite distance from the aérofoil the integral
of the component pressures contributes more than half the lift. So long, however, as
the velocities due to the presence of the aérofoil are small compared with the velocity
of the main stream, and are approximately equivalent to a series of concentric circles
of flow superposed upon the main stream, the pressure integral will be sensibly equal
to half the lift. The observations in the wind tunnel show that the momentum integral
for a circular contour distant 14 chords from the centre of the aérofoil is 91 per cent.
of half the lift, and that for a circular contour 1 chord from the centre of the aérofoil
is 93 per cent. of half the lift. The difference between the values of these two integrals
is less than the probable error arising from uncertainties in the readings in the rear of

the aérofoil. The integral is j (lu ++ mv) v . ds, where I, m are the direction cosines of
[

the outwardly-drawn normal, and consequently the errors in the wake where / is large
influence the accuracy of the result to the maximum possible extent. From the
argument of §7 it would appear that in the actual fluid the integral of pressure
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components round a contour near the aérofoil represents a rather greater fraction of
the total lift than the corresponding integral in a perfect fluid, since a reduction of
circulation indicates smaller velocities and smaller rate of transfer of momentum across
the contour.

9. With regard to circulation in the rear of the aérofoil, it was found that the vorticity
was mainly confined to a comparatively narrow wake, but tended to diffuse fairly rapidly.
This was shown by the fact that there was quite distinct evidence of a certain amount of
circulation around a contour entirely above or entirely below the core of the wake
within certain limits, although a contour extending well above and below the wake, and
drawn so as to cut the wake at an angle not too far from 90°, would give zero circulation.
In this connection it is interesting to note that the experimental results bear out Prof.’
Tavror’s argument* that a contour enclosing the aérofoil, but including unequal
amounts of the positive and negative vorticity in the wake, would not give the circu-
lation corresponding to the lift. The discrepancy is not usually appreciable unless the
contour cuts the wake at an angle very considerably less than 45°, or is deliberately
made to run along the core of the eddying wake for some little distance. A contour
of the latter type which included about 1} chords length of the core gave a circulation
10 per cent. less than that corresponding to the lift.

CoMPARISON OF TUNNEL AND THEORETICAL STREAM-LINES.

10. The stream-lines deduced from the tunnel observations are shown by the full lines
in fig. 9. In order to make a comparison with theory it was considered more practicable

Tunnel Measurements v
———————— By Electrical Method (perfect Fluid).

T EE TS T e -5

Fia. 9. Comparison of tunnel and theoretical stream-lines.

* See Prof. TavrLor’s Note, printed as an Appendix to this paper.
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to calculate the stream-lines for the tunnel flow than to attempt to estimate velocities
and wind direction from the theoretical lines. Since it was found impossible to
determine the position of the front stagnation point corresponding to wind tunnel
flow with sufficient accuracy to detect any definite difference as compared with the theo-
retical stagnation point, it was considered advisable to assume that the two points were
coincident ; this avoided the necessity for using the doubtful observations of velocity
very near the aérofoil surface in calculating the stream-lines. Having fixed the front
stagnation point (or rather the intersection, P, of the zero stream-line with the vertical
line # =1 chord), other points on the zero stream-line were determined from the obser-

vations by calculating the value of the expansion integral j(u .dy + v . dz) for suitably

chosen contours, each starting from the assumed point at # = 1 on the zero stream-line.
Other stream-lines could then be readily deduced by similar means. From plotted curves
of u against y (x const.) and v against  (y const,) it was an easy matter to find a point
S (for example) on the line z = 2 such that (fig. 9)

j u.dy -+ { v.dm—}—J u.dy = 0.
PQ JQR RS

The chain-dotted ‘ stream-lines ”” in the shaded frictional wake have little meaning ;
they are merely drawn from mean values of the observed speeds and directions.

11. The theoretical stream-lines for an inviscid fluid are shown by the dotted lines
in fig. 9. The lines were determined experimentally by the electric tank method, as
described in Part IT of this paper. In drawing the theoretical stream-lines the circulation
assumed was that corresponding to the lift on the aérofoil as measured by pressure
plotting.

It will be noted that the tunnel stream-lines lie generally above the theoretical lines.
At a distance from the aérofoil the two systems must of course be parallel ; but in the
neighbourhood of the agrofoil the theoretical lines are somewhat steeper. It appears
also that the velocity of the fluid above the upper surface of the aérofoil is greater, and
below the under surface less for the inviscid fluid than for the actual fluid.

PrESSURE DISTRIBUTION OVER THE ARROFOIL SECTION.

12. The results of the pressure plotting are given in Table TII and plotted in fig. 10 ;
the dotted lines in this figure are plotted from the pressures calculated by Dr. KIRDANY,*
who used a graphical method of solution for perfect-fluid flow. It will be observed
that the principal discrepancies between the two occur vt the trailing edge and in the
region of maximum suction near the nose. These differences were anticipated and agree

_with the results of comparison between theory and experiment made by Dr. Burz with a

% Thesis presented for Ph.D. degree, University of London, 1923. Not yet published.
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Fie. 10. Distribution of pressure on surface of aérofoil.
Jourowsky agrofoil. The curious waviness in the suction side of the experimental
curve may be due to unsteadiness of flow and a consequent want of precision in reading
average values ; it is a feature often noticed with high-lifting aérofoils at a fairly high
angle of incidence.
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13. On the basis of the pressure distribution given in Table III, an estimate has been
made of the velocities near the aérofoil surface, assuming a thin boundary layer to exist
around the agérofoil. Prof. BairsTow has shown* that the pressure gradient along the
normal to the surface at any point vanishes within the boundary layer, provided the latter
can be regarded as thin. The BrrNoULLI relationship

P + }pq*> = constant

will hold outside the boundary layer, since no measurable loss of head by internal friction
occurs except in the “ wake ”; so that ¢ at any point near the agrofoil surface can
be calculated from the observed value of p at the nearest point on the surface. The
values of ¢ so found are plotted in fig. 11 against distances s, in absolute units, along the

2:0

T T ] ' <
-8 Valoditizs ‘cose ko thhe f’,\\}2
6 Acrofoil Surface. : "Dy,
; ¢ NN
14 xS
4 4 \\\ % Q~Aﬂ
e ‘[ N M‘R‘
+ o Velocities deduced from pressure ’ Upper Mo ime
\ .
08 plotting. : Surface < g
q : \ ge]
0'6 \\ ud
N\ (o2}
o4 Front N £
02 Stagration Roint, sl
o o) | | 1| 1S T M
R ik I I —-!: TE T =3 =2 <P 2 3 4 B 6 7 & 9 10 P
o2l—=D0D
I
Ol SB Lower Surface. J
7 4
@ & x Velocitics measured in wind
o8 . = "A’M tunna close to surface.
+ c

a Velocities abt aeiofoll surfece deduced From shepe of v¢locitg conbours
outside boundary of region where frictional loss occurs.

Fia. 11. Velocities close to aérofoil surface.

contour of the agrofoil section. Values of ¢ are positive everywhere, but those for the
lower surface are plotted below the axis s for the sake of clearness near the front stag-
nation point. On the same figure are shown the velocities determined by direct measure-
ment as close to the surface as practicable. The excellent agreement all along the lower
surface and over the region of maximum suction on the upper surface is a good indication
that the boundary layer is thin over these parts of the aérofoil surface. Over the
remainder of the upper surface there is a gradually increasing deviation of the lower
curve from the upper, showing the rapid development of the wake.

# “ Skin Friction,” ¢ Journal of the Royal Aéronaut. Soc.” (Jan. 1925).
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Tasum III.—Pressure Distribution over Median Section of Aérofoil.

Posrrion or Hove.
Distance from Leading Bdge Distance from Trailing Heioht above Chord Prossure
along Chord Edge along Surface °e 8{) olv et nor __r_g@il_u;c_.
(absolute). (absolute). (absolute). eV

(0-945 0-081 0 +0-006

0-896 0-130 0 0-032

0-813 0-213 0 0-072

0-701 0-305 0 0-103

0-588 0-438 - 0 0-127

0-472 0-554 0 0-151

| 0-332 0-644 0 0-177

Lower surface ...... <0-287 0-739 0 0-205
0-2085 0-8175 0 0-240

0-1445 0-8815 0 0-275

0-0948 0-8952 0 0-309

0-0642 0-9258 0 0-351

0-0402 0-9858 0 0-383

0-0212 1-0048 0 0-420

0-0056 1-0234 0-0095 0-497

(L0-00056 1-0372 » 0-0223 -+0-233

(0-00056 1-096 0-0363 —0-017

0-00335 1-0808 0-0518 --0-304

0-0078 1-0688 0-0630 —0-614

0-0175 1-0476 0-0815 —0-864

0-0318 1-0236 0-101 —1-094

0-0714 0-9714 0-136 —1-468

0-1265 0-909 0-1645 —1-474

0-1785 0-85648 0-1795 —1-445

0-232 0-801 0-1875 —1-328

0-290 0-743 0-189 --1-016

Upper surface < 0-352 0-681 0-1875 —0-885
0-403 0-6292 0-182 —0-708

0-46b 0-567 0-173b —0-586

0-5425 0-4876 0-1595 —0-415

0-611 0-4168 0-143 —0-339

0-667 0-3600 0-131 —0-245

0-725 0-3000 0-116 —0-166

0-775 0-2478 0-101 —0-112

0-828 0-1918 0-0832 —0-076

0-920 0-094 0-0502 —0-063

L0-965 0-044 0-0312 —0-062

Measured chord, 17-93 inches. Measured angle of incidence, 10-1 degrees. The positions of holes were
measured on the model immediately after the test. Integration gives %, == 0-80L.

An idea of the thickness of the wake is given by the shaded region in fig. 2 (see §4
above). It will be noticed that the velocity contour lines near the trailing edge bend
sharply towards the front of the aérofoil just before entering the shaded region. If
each of these contour lines be produced from some point just before the bend to meet the
aérofoil surface, an approximate estimate can be made of what the velocity would be at

VOL. CCXXV.—A. 2 a
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the aérofoil surface in the absence of the wake. The result of this process is indicated by
the triangle points in fig. 11. The points lie quite well on the curves deduced from the
pressure plotting, a result which leads to the conclusion that the flow outside the wake
approximates to that of the perfect fluid case. Too much stress should not be laid on
this agreement, however, because the process of estimating the velocities by producing
the contour lines is largely speculative ; moreover, the comparison of stream-lines in
fig. 9 reveals the existence of appreciable differences between the theoretical and
experimental stream-line patterns.

TesT oF THE Two-DIMENSIONAL CHARACTER OF THE FLOW.

14. In fig. 12 are shown the observed values of « and v for four different sections of the
aérofoil, along two lines, viz., z ==1-31 and « = — 1-0. The four sections were—

I. The main experimental section in the centre of the tunnel ;
I1. 9 inches or 0-5 chord below this ;
ITI. 18 inches or 1 chord below the centre of the tunnel ; and
IV. 27 inches or 1-5 chord below the centre of the tunnel.

x I Centre of Tunnel. o I 1 Chord balow centre.
A X o5 Chord baow centre. a1V 15 . "
Section /5 Chord in front of Leading Edge. Section | Chord behind Trailing Edge.
: )
11 ’,oA,/AO"
/
’,A'
Q
U 00 — .—‘% A;(A’
X
s &
&
u
0 Ao /Ax
/ e,
/»’ v’é/
O 2
N
a . M
1% 0
v v
/.\3 TR v
0-20] 3 -0-10 ) D
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X -006 YA
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re oo
* -0:02
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Fi¢. 12. Test of two-dimensional character of flow.
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It is clear from the figure that along the line z == 1-31 all sections give the same result
within the limits of error of the observations, except possibly at section IV in the neigh-
bourhood % = -— 0-1. The same is true for the line # = -— 1, although here the
individual readings are difficult to secure satisfactorily in and near the frictional wake,
and wider apparent variations are inevitable. On the whole, the test is considered amply
sufficient to establish the two-dimensional character of the flow.

MeTHOD OF EXPERIMENT.

15. The model aérofoil was constructed with great care at the Laboratory. It was
built up of wood, and close to the ends templates
of hard wood were fitted to the back or upper
surface, one edge of each template being planed
truly straight and inclined at 10 degrees to the
chord of the aérofoil. Two hard-wood straight-
edges, each 9 feet long, were fastened to the floor
and roof of the tunnel, so that they lay as
accurately as possible in the vertical plane of
symmetry ; and the trued edges of the templates
were made to slide along these straight-edges,
clamps fitting over the latter being employed
to fix the model in any required position up and
down the tunnel. It was found subsequently
that the angle of the chord of the median section
of the model to the wind was 10-1 degrees to the
nearest tenth of a degree.

For the purpose of traversing the yawhead
across the tunnel the braced sliding rod illustrated
by the photograph, fig. 13, was used. This rod
could be operated from outside the tunnel. It was
found on trial that this apparatus could be relied
upon to give the same yawhead readings for the
same position of the rod in the empty tunnel
within the accuracy of observation. The yawhead
used for most of the exploration work was of the
standard N.P.L. type, except that it was two-
dimensional ; it is shown by (@) in fig. 14. The Fre. 15.
mstrument (b) in fig. 14 was used for checking
purposes close to the surface of the aérofoil ; the head was made from the smallest
size of hypodermic tubing that could be manipulated mechanically to the required
shape, larger tubing being employed for connecting the actual head to the base of the

262
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Hollow cone., -45"
L +20 125" 125

>

32

056 dia. nypodermic
tubing.

023"dian.___
hypodermic
tubing.

(b)

hgpodcrmié tubing

b

O 05 ;V\Ch

Fic. 14. Sketch of yawheads.

instrument. Instrument (b) was used for taking readings up to within 0-15 inch of
the surface of the aérofoil, although it is anticipated that readings as close as this
may be appreciably affected by surface interference. At some points the velocity was
observed to begin to fall off before the innermost reading was taken-—in other words,
the influence of the surfaces could be detected within a layer greater than 0-15 inch in
thickness. Where the readings of (a) and (b) overlapped they were found to be in
good agreement, except very near the rear part of the upper surface.

Both instruments were calibrated in a 4-foot tunnel, and again in the Duplex tunnel
itself, and the zero of the instrument was determined from time to time with the model
removed.
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16. The method of using these instruments was to measure the differences of pressure
A-B and A-C (fig. 14). It was found by calibration that these readings were always
proportional to the square of the wind speed, and therefore that the ratio of the two
readings was a function of the wind direction only. A single calibration curve of A-B
divided by A-C against angle to the wind was therefore sufficient to determine direction.
One other curve of A-C against angle for one standard speed would enable the velocities
to be determined, since the reading A-C was proportional to the square of wind speed so
long as the direction remained constant. It was found more convenient in practice to
draw out a chart or family of curves of A-C against direction, for a series of wind speeds
from 20 to 80 f.s. at intervals of 1 f.s.

17. On account of the failure of the two pressure-type yawheads to give consistent
results near the nose, this region was re-explored with the aid of a series of single hot
wires. Fig. 15 is a photograph of the instruments. Each hot-wire consisted of a piece

Fia. 15.

of platinum wire of 0-001 inch diameter and 1 inch long, silver-soldered at its ends to two
conducting prongs of manganin. The prongs were fastened to an ebonite support,
which was attached to a brass shoe at its base. The shoe formed part of a toothed sliding
plece into which a small pinion engaged. Adjustment of the angle of presentation of the
wire to the wind from a convenient point outside the tunnel was possible, the sliding
piece and pinion apparatus being that adopted for the standard N.P.L. pattern pressure-
tube yawmeter. The centre of the hot wire was arranged to coincide with the centre of
the circle of which the sliding piece formed an arc.*

* See Aéronautical Research Committee, R. & M., 844.
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A series of wires making angles of 0 degrees, 10 degrees, 20 degrees and 30 degrees
to the tunnel axis, when the sliding arc read zero was used in order to cover the large
range of angle of the wind (over 50 degrees) which had to be measured near the nose ;
the angle range of the sliding apparatus being only 15 degrees on each side of the zero.
The wire was in each case made to lie along the wind, by finding the inclination to the
tunnel axis for which it was least cooled by the wind ; ¢.e., for which least current was
required to maintain it at a fixed resistance, as determined by means of a Wheatstone
Bridge.

In taking a reading, the current through the Wheatstone Bridge was adjusted by means
of a rheostat until the bridge was balanced, and the current outside the bridge was
measured by the standard resistance and potentiometer method. The wire was, there-
fore, worked at constant resistance—.e., at constant temperature apart from variations
of atmospheric temperature and pressure. In practice, of course, the current had to be
continually altered to follow the fluctuation of wind speed, and the potentiometer read-
‘ing's were usually means over a period of about 30 secs. The first operation after turn-
ing on the wind was always to find the inclination of the wire to the tunnel axis for
which the current required to balance the bridge was a minimum ; this inclination was
approximately the wind direction at the point under observation. The balancing
current was then measured for two or three positions of the wire, separated by 1 degree
on either side of that first determined as giving an approximate minimum ; by this
means a reasonably accurate determination both of speed and direction became possible.
Directions were correct usually to the nearest half-degree, an accuracy sufficiently
good for the region in question, where the inclinations measured lay between 15 degrees
and 55 degrees.*

A calibration for speed in the empty tunnel was carried out before and after each
set of observations, and was generally found to remain very nearly constant so long as
changes in atmospheric temperature and pressure were fairly small. The first calibra-
tion for any new wire was made (after annealing for half a minute at a low red-heat)
at three different inclinations in the neighbourhood of that giving minimum potentio-
meter readings. It was then possible to deduce the calibration corresponding to the
true minimum with sufficient precision. A change of speed of 10 f.s. was represented
on the potentiometer by about 8 in. of wire. The readings were correct to about } in.
of wire, representing less than 0-5 f.s., or less than 1 per cent. of the tunnel speed.

18. Observations with the hot wires were taken along the lines z = 0-998 and
x = 0-945. Fig. 16 gives the results for speed and direction compared with pressure
tube readings for the case x == 1. The hot wire readings are considered much the
more trustworthy ; it is believed that the directions are everywhere correct to half a
degree. The few points above the upper surface at the line x = 0-945 indicated a

* The use of a single hot wire in determining wind-speed and direction was first suggested by Mr. Stmnmoxs

of the National Physical Laboratory—see “ A Hot-Wire Velocity Meter,” by L. F. G. SimmoNs (Aéronautical
Research Committee, R. & M., 975).
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Fic. 16. Comparison of hot-wire and pressure-tube readings along line » = 0-998.

very high velocity, well over 100 f.s. (¢ =2-2); some difficulty was found in extra-
polating the calibration curve above 100 f.s., and there is a possibility of error of 10 per
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cent. or more in these highest readings. Had the opportunity occurred, these points
could have been approximated to by reducing the tunnel speed where the local speeds
were outside the calibrated range of the wire. It was not considered, however, that
the accuracy of the estimated speeds could have been improved sufficiently in this way
to justify the reinstatement of the apparatus, which had been dismantled in the mean-
time. In any case, the determination of the flow very near the surface raises many ex-
perimental difficulties and really constitutes a separate investigation. This will, in all
probability, be undertaken when an opportunity arises. | ‘

A few points are included in fig. 16, taken with the three-wire velocity meter devised
by Mr. Stumons.*

19. The authors desire to acknowledge the assistance generously given by the staff
of the Aérodynamics Department of the National Physical Laboratory in the design and
construction of the apparatus used. They also wish to express their indebtedness to
Prof. Bairstow for his valuable criticisms and suggestions during the preparation of
the paper.

Part I1.
EXPERIMENTAL DETERMINATION OF THE STREAM-LINES FOR AN INviscip FLuip.

20. The apparatus employed for the experimental determination of the stream-
lines for the perfect fluid was that designed by Mr. E. F. ReLr.t It depends upon the
fact that the equations giving the stream-lines in a non-viscous fluid and the equipo-
tential lines in an electric field are identical. The apparatus consists of a concrete tank
5 ft. long, 2 ft. 6 in. wide, and 1 ft. 3 in. deep, filled with water and having thin sheets
of aluminium mounted on the two longer sides. An aluminium model of the aérofoil,
of 3-in. chord, was placed vertically at 10 degrees incidence in the centre of the tank,
the upper end being above water ; a reproduction to scale of the large model in position
in the Duplex tunnel was thus ensured, so that the wall interference should correspond.
An alternating potential difference could be maintained between the two side plates by
means of an oscillatory valve circuit with a frequency of about 200 per sec. In parallel
“with the tank was a potentiometer wire, employed for the purpose of defining exactly
the quantitative spacing of the stream-lines. A selected point on the potentiometer
wire and the movable electrode in the tank were connected to a three-valve low-frequency
amplifier. By listening in the head-phones connected to the output side of the amplifier
the electrode in the tank could be adjusted until no sound was heard. The movements
of the electrode were copied on drawing paper by means of a pantograph of the drafting-
machine type. After completing one equipotential line in this way, the slider on the
potentiometer wire was moved and the process repeated in order to determine a line
at a different potential, and so on until the whole field was suitably explored.

* Loc. cit. A
1 “ An Electrical Method of Tracing Stream-lines,” by E. F. Rerr, ‘ Phil. Mag.’ (Sept., 1924).
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21. Two separate experiments were necessary. First, stream-lines without circulation
were determined as just described. Secondly, the circulation system alone was mapped
out by a similar process, except that the alternating potential difference was now
maintained across the aérofoil itself as one pole, and the two side plates connected together
as the other, the potential wire being in parallel with the alternating supply as before.
In order to define the amount of circulation for the purpose of superposing the two sets
of stream-lines, seven of the largest closed contours obtained in the second experiment

were selected and the value of the integral B% .ds found for each. The values of

the stream function for this purpose were taken on an arbitrary scale, the agrofoil itself
being zero. The integration was done graphically as follows :—

(@) Lines were drawn as nearly as possible to cut the system of stream-lines normally,
using a mirror to determine normals.

(b) The values of ¢ were plotted against the distances measured along these lines,
the distances being determined by a map measurer.

(¢) The slope of the curves (b) at the points corresponding to the intersection of lines
(@) with the stream-lines were next found by drawing the corresponding normals
with the aid of a mirror.

(d) The values of 0¢/on found in (¢) were finally plotted against appropriate distances
around the contours or stream-lines as determined with a map measurer, and the
integrals found for the seven different stream-lines.

The average value of the seven integrals was then used to find the scale of ¢ values
for the circulation stream-lines which would give a circulation equivalent to the lift
coefficient 0-8. The two diagrams could then be superposed, the value of ¢ at any point
in the combined diagram being the sum of the values at the corresponding points in the
component diagrams.

The actual values of the seven integrals obtained were as follows :—

145-2, 146-3, 142-2, 135-3, 135-0, 140-1; 141-0.

The mean of these is 140-7, and the constant for conversion to the scale giving a lift
coefficient of 0-8 is 0-8/140-7, or 0-00568. The greatest difference between one of the
integrals and the mean is 4 per cent., and this is a fair indication of the errors involved
in the processes of drawing normals and estimating the lengths of curved lines.

The lines selected for the determination of the integral j%q% . ds were the seven lines

farthest from the aérofoil, since the probability of error in dealing with the small closed
stream-lines would have been very high.
22. The accuracy of the determination of the stagnation points, particularly the front
one, was not all that could be desired. To begin with, the stream-lines there are widely
VOL. COXXV.—A. 2 H
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224  MESSRS. L. W. BRYANT AND D. H. WILLIAMS: AN INVESTIGATION OF

spaced, and the sensitivity of the method is low as compared with the sensitivity in the
outside field. In addition, location of the position of the aérofoil on the drawing is
not an easy matter, on account of the difficulty of defining the position of the exploring
electrode (which is situated some six inches below the water level) in relation to the aéro-
foil surface.

The electrode used for the main exploration consisted of a piece of glass tube drawn
out to a fine capillary, with a piece of platinum wire projecting a short distance at the
end ; this, on account of its flexibility and want of perfect uniformity in diameter, could
not be used very close to the aérofoil surface. The method of location adopted was to
repeat several lines near the surface with an electrode bent twice at right angles at the
bottom, at the same time marking the position on the drawing when the electrode touched
two or three selected points on the aérofoil surface. Allowance being made for the thick-
ness of the insulation surrounding the electrode, it was then a simple matter to draw
in the outline of the aérofoil section, and finally to superpose the auxiliary drawings
on the main one in order to complete the latter. The two surfaces of the aérofoil had
to be located separately with the bent electrode, but enough material was obtained on
each auxiliary diagram to ensure accuracy in the final superposition.

The results of the experiments are contained in figs. 17 and 18, and in fig. 9, where
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Fie. 17. Stream-lines without circulation, determined by electrical method.

the final diagram of perfect fluid stream-lines is compared with that deduced from the
experiments in the wind tunnel.
23. As a check on the influence of the small ends of the tank on the circulation system
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of stream-lines a number of equipotential lines were drawn with a sheet of aluminium
mounted on each end wall. It was found that the stream-lines so obtained were identical
with the former ones as far out as 1} chords on either side of the centre of the aérofoil,
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and that they were only slightly altered over a considerably greater area. The con-

Wind Direction.
P

Fia. 18. Circulation stream-lines, determined by electrical method.

clusion drawn from this was that the effects of the end walls could safely be neglected,
seeing that the system of circulation stream-lines with an infinitely long tank would be
intermediate between those for a tank with insulated ends and those for a tank with
metal ends, and would probably correspond more nearly to the former than to the latter.

2 H 2
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226 ~ MESSRS. L. W. BRYANT AND D. H. WILLIAMS: AN INVESTIGATION OF

TaBLES of Observations of Velocity and Direction of the Wind.

Y q 0 u v Y q 0 ‘ u

r = 3°643. r = 2-476.

degrees degrees

1-55 1-01 1-8 1-01 0-032 1-60 1-03 2-5 1-03
1-38 1-01 1-8 1-01 0-032 1-38 1-03 26 1-03
1-21 1-015 1-7 1-01 0-030 1-21 1-025 2-7 1-02
1-045 1-01 1-8 1-01 0-032 1-045 1-02 2:9 1-02
0-88 1-01 2-0 1-01 0-035 0-875 1-025 3-3 1-02
0-71 1-00 1-9 1-00 0-033 0-71 1-00 3-4 1-00
0-55 1-00 1-9 1-00 0-033 0-545 0-985 35 0-98
0-38 1-00 1-9 1-00 0-033 0-38 0-98 36 0-98
0-34 0-99 1:6 099 0-028 0-34 0-99 3-1 0-99
0-23 0-99 2-1 0-99 0-036 0-30 0-985 3:6 0-98
0-20 0-99 1-3 0-99 0-022 0-20 0-99 3-1 0-99
0-10 0-99 1-9 0-99 0-033 0-185 0-965 3-5 0-96
0-06 0-98 1-6 0-98 0-027 0-075 0-965 3-3 0-96
—0-04 0-98 1-9 0-:98 0-032 0-06 0-975 3-2 0-97
-—0-08 0-98 15 0-98 0-026 ||—0-04 0-97 3-3 0-97
—0-22 0-98 1-5 0-98 0-026 ||—0-08 0-96 3-2 0-96
—0-35 0-97 1-3 0-97 0-026 || —0-22 0-955 2-7 0-95
—0-52 0-97 15 0-97 0-022 ||—0-36 0-945 2-9 0-94
—0-685 0-97 1-4 0-97 0-024 ||—0-525 0-945 2.7 0-94
—0-86 0-96 1-4 0-96 0-024 ||—0-69 0-945 2-0 0-94
—1-08 0-96 1-4 0-96 0-023 |(|—0-86 0-945 1-8 0-94
—1-33 0-95 1-1 0-95 0-018 ||—1-08 0-955 15 0-95
—1-33 0-95 1-2 0-95

x =1-976.

%= 2-976. 1-63 1-05 2+5 1-05

1-52 1-05 27 1-05

1-5b 1-02 2-2 1-02 0-039 1-38 1-05 2-8 1-05
1-38 1-02 2-2 1-02 0-039 1-21 1-05 3+3 1-05
1-21 1-02 2:2 1-02 0-039 1-045 1-045 3-9 1-04
1-045 1-01 2+b 1-01 0-044 0-88 1-03 4-4 1-03
0-88 1-01 27 1-01 0-048 G- 1-02 4-9 1-015
0-71 1-00 2:6 1-00 0-045 0-545 1-005 5:1 1-00
0-55 0-99 2-6 0-99 0-045 0-38 0-99 5:3 0-985
0-38 0-98 2:6 0-98 0-045 0-34 1-00 4-5 1-00
0-34 0-99 2+b 0-99 0-043 0-24 0-985 5:3 0-98
0-24 0-99 2-6 0-99 0-045 0-20 0-955 4-1 0-95
020 0-99 2-2 0-99 0-038 0-10 0-975 5-1 0-97
0-09 0-98 25 0-98 0-043 0-09 0-96 4-4 0-96
0-06 0-98 2-1 0-98 0-036 |—0-02b 0-955 3-8 0-95
—0-04 0-98 2-4 0-98 0-041 ||—0-04 0-96 4-8 0-96
—0-08 0-97 2:0 0-97 0-034 ||—0-08 0-955 3:5 0-95
—0-22 0-97 2:0 0-97 0-034 ||—0-22 0-945 3:6 0-94
—0-36 0-97 19 0-97 0:032 ||—0-36 0-94 35 0-94
—0-52 0-97 1-8 0-97 0-030 ||—0-52 0-935 3:0 0-935
—0-69 0-96 19 0-96 0-032 |[|—0-69 0-93b 2-6 0-935
—0-80 0-96 1-9 0-96 0-032 ||—0-965 0-93b 2-4 0-935
—1-09 0-96 1-5 0-96 0-025 ||—1-08 0-93 17 0-93
-1-33 0-95 1-2 0-95 0-020 ||—1-33 0-935 1-4 0-935
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TaABLES of Observations of Velocity and Direction of the Wind (continued).
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q 0 uw D) Y q ‘ 0 l uw ) !
& =1-532. = 1-310 (contd.).
degrees degrees
. 1-07 2-2 1-07 0-041 0-13 0-915 12-1 0-90 0-192
1-435 1-075 2:6 1-075 0-049 0-10 0-91 11-6 0-89 0-183
1- 1-08 3:2 1-08 0:060 0-09 0-89 11-3 0-87 0-1745
1 1-08 4-3 1-08 0-081 0-075 0-895 11-1 0-88 0-173
0-935 1-08 5-2 1-075 0-098 0-045 0-89 10-4 0-88 0-161
0- 1-08 5-9 1-075 0-111 0-032 0-875 10-3 0-86 0-157
0- 1-06 6-8 1-05 0-126 0-017 0-885 9:6 0-87 0-148
0- 1-045 77 1-04 0-140 ||—0-01 0-88 9-2 0-87 0-141
0-495 1-035 8-2 1-025 0-148 || —0-02 0-87 8-8 0-86 0-133
0- 1-015 8-8 1-00 0-155 ||—0-039 0-88 8.7 0-87 0-133
0- 1-00 8:6 0-99 0-149 ||—0-079 0-88 75 0-875 0-115
0-295 0:995 8:6 0-98 0-149 ||—0-219 0-87 5-0 0-87 0-076
0-255 0-975 8:6 0-96 0-146 ||—0-356 0-885 36 0-885 0-056
0- 0-97 87 0-96 0-147 {|—0-495 0-895 3-0 0-895 0-047
0- 0-96 8:5 0-95 0-142 ||—0-64 0-90 24 0-90 0-038
0- 0-95 8-2 0-94 0-136 {|—0-775 0-905 1-9 0-905 0-030
0- 0-94 8-0 0-93 0-131 ||—0-905 0-905 1.7 0-905 0-027
0-045 0-94 -4 0-93 0-121 ||—1-04 0-90 1-4 0-90 0022
0-005 0-93 7-2 0-92 0-117 ||—1-19 0-91 1-1 0-91 0-0175
—0- 0-93 71 0-92 0-115
—0- 0-915 6-4 0-91 0-102
—0- 0-915 52 0-91 0-083
—0-355 | 0-915 3-9 0-91 0-062 r=1-143.
—0- 0-915 3:2 0-91 0-051 1-60 1-09 15 1-09 0-0285
—0-695 0-915 2-4 0-91 0-038 1-49 1-095 1.9 1-095 0-036
—0- 0-915 1-9 0-91 0-030 1-38 1-105 9:0 1-105 0-039
—1- 0-:92 1-4 0-92 0-022 1-927 1-115 9.4 1-115 0-047
—1- 0-92 1-1 0-92 0-018 1-16 1-12 9.8 1-12 0-055
- 1-045 1-13 3:6 1-13 0-051
0-935 1-145 4.7 1-14 0-094
. 0-82 | 1-165 | 59 | 1-16 | 0-120
z == 1-310. 074 | 1417 71 | 1-16 | 0-145
1 1-08 1-9 1-08 0-036 0-67 1-18 8-3 1-17 0-170
1 1-085 24 1-085 0-0455 0-62 1-18 9.6 1-17 0-197
1 1-10 2-7 1-10 0-052 0-57 1-18 11-2 1-16 0-230
1-155 1-11 34 1-11 0-066 0-52 1-185 12-4 1-16 0-254
1-045 1-11 4:3 1-11 0-083 0-49 1-185 13:3 1-15 0-272
0-935 1-115 5-2 1-11 0-101 0-45 1-17 14-5 1-135 0-2935
0-825 1-115 6-1 1-11 0-119 0-41 1-16 15-8 1-12 0-316
0 1-115 75 1-11 0-146 0-38 1-14 17-1 1-09 0-336
0- 1-11 9-3 1-10 0-180 0-34 1-07 18-0 1-02 0-331
0- 1-09 11-0 1-07 0-208 0-33 1-10 18-4 1-05 0-348
0- 1-075 11-9 1-05 0-222 0-295 1-06 19-2 1-00 0-348
0- 1-05 12-7 1-02 0-231 0-26 1-005 20-0 0-945 0-344
0- 1-01 12-6 0-99 0220 0-23 0-955 19-8 0-90 0-323
0- 1-02 13-0 0-99 0-229 0-19 0-89 19-4 0-84 0-295
0- 1-00 13-1 0-98 0-227 0-15 0-84 17-8 0-80 0-257
0-2565 0-98 13-2 0-96 0-224 0-115 0-81 16-0 0-78 0-223
0- 0-965 13-0 0-94 0-217 0-088 0-795 16-1 0-76 0-220
0- 0-935 -12-8 0-91 0-207 0-069 0-795 135 0-77 0-185
0-1 0-94 12-9 0-915 0-210 0-03 0-79 12-6 0-77 0-172
0- 0-93 12-4 0-91 0200 0-030 0-795 | 11-6 0-78 0-1595H
0- 0-91 12-3 0-89 0-194 ||—0-012 0-8058 9.7 0-79 0-135
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228 MESSRS. L. W. BRYANT AND D. H. WILLIAMS: AN INVESTIGATION OF

TaBLES of Observations of Velocity and Direction of the Wind (continued).

Y q 0 w v Y q 0 u v
% =1-143 (contd.). z ==1-060 (contd.).
degrees degrees | .
—0-023 0-805 9-7 0-79 0-13b 0-032 0-735 11-0 0-72 0-1405
—0-0395 | 0-805 | 85 | 0-80 | 0-119 | 0-017 | 0-72 91 | 0-71 | 0-114
—0-079 | 0-81 74 | 0-805 | 0-1045 ||-0-0095 | 0-745 | 81 | 0-74 | 0-105
—0-22 | 0-84 44 | 0-84 | 0-065 ||—0-023 | 0-77 76| 0-76 | 0-102
~0-35 | 0-855 | 27 | 0-855 | 0-040 ||--0-0395 | 0-755 | 68 | 0-75 | 0-090
—0-47 | 0-875 | 22 | 0-875 | 0-0335 |—0-079 | 0478 | 55 | 078 | 0075
—0-57 | 0-895 | 16 | 0-895 | 0-025 ||-0-216 | 0-82 31 | 0-82 | 0-044
—0-77 | 0-895 | 1-4 | 0-895 | 0-022 ||-0-355 | 0-85 94 | 08 | 0-036
—0-915 | 0-90 12 | 090 | 0-019 |—0-50 | 0-87 1.5 | 0-8T | 0-023
~1:04 | 0-91 1:0 | 0-91 | 0016 ||-0-64 | 0-88 1.2 | 0-8 | 0-0185
119 | 0-915 | 0-7 | 0-915 | 0-011 ||-0-775 | 0-89 1.2 | 0-89 | 0-018
—1-33 | 0-915 | 06 | 0-915 | 0-010 [-—0-915 | 0-90 10 | 090 | 0-016
—1:05 |.0-91 0-6 | 0-91 | 0-0095
~1-19 | 0-91 05 | 0-91 | 0-008
z = 1-060.
1-63 1-08 1-1 1-08 0-021 O
1:49 | 1-09 14| 109 | 0027 == 0-998.
1-295 1-10 1-7 1-10 0-03: 1-55 1-09 1-2 1-09 0-023
1-215 1-12 2-2 1-12 0-043 1-435 1-10 1-3 1-10 0-025
1-075 1-14 2-9 1-14 0-058 1-295 1-12 1-4 1-12 0-027
0-935 1-155 3-9 1-15 0-079 1-173 1-14 2-1 1-14 0-042
0-82 1-175 5-3 1-17 0-1085 1-045 1-15 2-7 1-15 0-054
0-74 1175 65 1-17 0-133 0-935 1-17 3-4 1-17 0-069
0-6b5 1-195 8-3 1-18 0-173 0-85 1-19 4-4 1-19 0-091
0-60 1-22 9-6 1-20 0-204 0-77 1-205 5-4 1-20 0-114
0-545 1-23 11-7 1-21 0-250 0-685 1-23 6-7 1-225 0-144
0-49 1-255 13-4 1-22 0-2915 0-60 1-265 88 1-25 0-194
0-46 1-25 14-3 1-215 0-3095 0-54b 1-28b 10-9 1-26 0-243
0-435 1-26 15-9 1-21 0-3455 0-49 1-31 13-2 1-28 0-300
0-405 1-26 17-3 1-205 03755 0-435 1-36 15-9 1-31 0-374
0-38 1-255 18-5 1-19 0-399 0-38 1-38 20-1 1-30 0-4755
0-35 1-245 21-2 1-16 0450 0-323 1-43 25-9 1-29 06255
0-32 1-21 234 1-11 0-482 0-298 1-425 29-3 1-245 0-700
0-305 1-185 24-3 1-08 0-489 0-283 1-42 30-8 1-22 0-729
0-29 1-155 25-0 1-05 0-489 *0-507 1-32 12-0 1-27 0-268
0-27 1-105 275 0-98 0-511 *0-493 1-35 12-7 1-29 0-2895
0-255 1-06 28-0 0-94 0-499 *0-476 1-32 13-8 1-26 0-3075
0-24 0-995 29-2 0-87 0-489 *0-460 1-28 14-2 1-22 0-3065
0-225 0-95 28-9 0-83 0-458 *0- 442 1-30 16-0 1-23 0-350
0-21 0-885 29-0 0-775 0-430 *0-4205 | 1-32 17-6 1-24 0-350
0-20 0-82 28-2 0-72 0-388 #0-403 1-31 18-2 1-23 0-400
0-185 0-775 282 0-68 0-366 *0-399 1-35 18-9 1-26 0-4275
0-171 0-715 27-9 0-63 0-335 *0-365b 1-32 22-1 1-205 0-485
0-156 0-68 25-2 0-615 0-289 *0-347 1-33 247 1-19 0-543
0-143 0-6b 24-4 0-59 0-269 *0-347 1-35 246 1-21 0-5495
0-129 0-635 21-9 0-59 0-237 #0339 1-38 25-4 1-23 0-579
0-101 0-655 16-8 0-63 0-190 *0-301 1-34 31-5 1-125 0-6845
0-089 0-70 17-1 0-67 0-206 *0+290 1:35 34-2 1-10 0-742
0-073 0-675 13-5 0-66 0-158 *).2845 | 1-34 35-0 1-08 0-7515
0-045 0-705 11-4 0-69 0-1395 || *0-2745 | 1-33 36-6 1-05 0-775
* These observations were taken with the single hot wire.
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TaBLES of Observations of Velocity and Direction of the Wind (continued).

e i :
Y q t 0 u l v Y } q 0 ' u v
2 = 0-998 (contd.). z == 0-998 (contd.).
degrees ‘ 1 degrees
#0-271 1-34 373 1:05 0-794 ||—1-05 0-89 0-5 0-89 0-008
*0-253 1-28 41-8 0-94 0:-833 ||—1-19 0-91 0-3 0-91 0-005
*0-241 1-25 43-b 0-895 0-840 ||—1-33 0-92 0 0-92 0
*0-230 1-23 45-9 0-84H 0-862
*0-230 1-19 46-5 0-81 0-8415
*0-227 1-23 47-8 0-815 0-889 x == (- 868.
0-227 | 1-206 )\ 47-8 | 0-80 | 0-874 | 4.5y 0.6 [ 1-09 | 0-0115
%0-2045 | 1-115 | 53-5 | 0-655 | 0-876 | . , , I ,
. - 1-435 1-10 0-8 1-10 0-015
*(-1945 1-05 47-8 0-70 0-763 1-97 1-195 1-0 1-125 0-020
'k0'1945 1'025 47”8 0‘68 0'74:]. 1'10 1.15 1,4 ],15 0'028
*0-182 0-925 44-4 0-65 0-630 0-8:(3 -1‘1'9 2'6 1-19 0-054
%0-181 | 0-865 | 43-5 | 0-6155 | 0-578 . Sen = | |
- . 0-66 1-285 4-5 1-28 0-101
@ < 51 b
*0-1563 0-60 237 0-53b 0-2345 0-49 1-435 3.5 1-49 .
e - B S 3 0-212
0-152 1 0-08 | 229 1 0-525 | 0221 [ .46 | j.49 | 1000 | 1-465 | 0-2585
%, K
*0-118 | 0-625 | 138 | 0-59 | 0-1455 | ('5ec [ 1id9 | is6 | 1.65 | 0.4615
0-158 | 0-515 | 310 0-44 0-264 : : , : ,
0-34 1-78 17-0 1-70 0-521
0-147 1 0-53 | 230 | 0-49 | 0-208 || (.59 | j.995 | 16-4 | 1-845 | 0-543
: 3 C
0-143 1 0-59 1 22:5 | 0-55 | 0-22T |\ .35 | 1.91 | 192 | 1-80 | 0-628
0-142 ) 0-55 1 205 051 ) 0-192 | 315 | j.96 | 177 | 1-89 | 0-5965
O-13L 4 0-57 | AT-9 | 0-54 1 0-176 || .51 | 1.99 | 17-1 | 1:905 | 0-586
0-119 0-595 15-7 0-57 0-161 ’
0-116 0-61 14-7 059 0-154 (Y
0-101 0-585 13-5 0-57 0-137 v 0-723.
0-092 0-63 11-7 0-62 0-128 1-63 1-10 0-1 1-10 0-002
0-088 0-65 10-6 0-64 0-119 1-545 1-10 0-3 1-10 0-006
0-0745 | 0-63 10-3 0-62 0-112 1-38 1-12 0-2 1-12 0-004
0-045 0-665 7-9 0-66 0-092 1-21 1-15 0-4 1-15 0-008
0-032 0-71 6-9 0-705 0-085 1-045 1-17 0-2 1-17 0-004
0-030 0-71 6-7 0-705 0-083 0-88 1-21 0-4 1-21 0-0085
0-017 0-70 6-4 0-70 0-078 0-77 1-25 0-4 1-25 0-009
—0-009 0-715 5-5 0-71 0-069 0-655 1-31 0-7 1-31 0-16
—0-:0395 | 0-74H 4-8 0-74 0-062 0-58 1-365 0-4 1-365 0-0095
—0-079 0-77 3-4 0-77 0-046 0-49 1-44 0 1-44 0
—0-0805 | 0-795 4-2 0-79 0-058 0-405 1-55 —1-1 1-55  |—0-030
—0-217 0-81 2-6 0-81 0-37 0-38 1-59 —2-0 1-59 |—0-0555
—0-36 0-845 1-6 0-845 0-235 0-375 1-66 . —1-5 1-6565 |—0-0435
—0-495 0-86 1-2 0-86 0-018 0-35 1-636 | —3-2 1-63 |—0-091
—0-635 0-89 0-4 0-89 0-006 0-35 1-73 —2-6 1-73  |—0-0785
—0-77 0-89 0-9 0-89 0-011 0-33 1-705 | —4-8 1-70  |—0-1425
—0-91 0-89 0-9 0-89 0-011 0-326 | 1-78 —3-9 1-718  |—0-121

* These observations were taken with the single hot wire.
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230 MESSRS. L. W. BRYANT AND D. H. WILLIAMS: AN INVESTIGATION OF

TaBLES of Observations of Velocity and Direction of the Wind (continued).

. (
"y q y 0 u ‘ v Y l q ‘ 0 ’ u
z = 0-573. v == 0-276.
degrees degrees
1-49 | 1-105 | —0-7 | 1-105 |—0-0135 | 1-63 | 1075 | —1-5 | 1-075 |—0-028
1488 | 112 | —0-7 | 112 |-0-0135 | 1-49 | 1-09 | —1-7 | 1-09 |—0-0325
197 | 113 | —0-7 | 1-13 |—0-014 || 1-49 | 1085 | —2-4 | 1:085 |—0-0455
1416 | 1-145 | —0-8 | 1-145 [-0-016 || 1-35 | 1-10 | —2-1 | 1:10 |—0-040
110 | 116 | —1-1 | 1-16 |—0-022 | 1-22 | 111 | —2-4 | 111 |—0-0465
0-92 | 1-185 | —1-6 | 1-18 |—0-033 | 1-21 | 1-11 | —3-4 | 1-11 |—0-066
0-80 | 1-21 | -—21 | 1-21 |—0-044 || 1-07 | 1-12 | —3-6 | 1-12 |—0-060
071 | 125 | —28 | 1-245 |—0-061 | 0-935 | 1:185 | —4-4 | 1-135 |—0-087
0-62 | 1-285 | —3-8 | 1.28 |—0-085 || 0-93 | 1-16 | —4-6 | 1-15 |—0-0925
0-54 | 1-32 | —b-4 | 1-31 |—0-124 || 0-82 | 1-156 | =55 | 1-14 |—0-
0-49 | 1385 | —6-9 | 1.3¢ |-0-162 | 0-79 | 1-17 | —6:2 | 1-16 |—0
0-45 | 1-365 | —7-6 | 1-35 |—0-1805| 0-74 | 1-155 | —6-6 | 1-145 |—0
0-41 | 1-415 | —9-0 | 1-395 |-0-221 || 0-66 | 1-17 | —7-7 | 116 |0
0-38 | 143 | —9-8 | 1-40 |—0-2425 | 065 | 1-185 | —8-0 | 1-17 |—0
0-375 | 1-465 |—11-1 | 1-43 |—0-280 || 0-575 | 1-18 | —9-2 | 1-16 |—0
035 | 148 |—11-6 | 1-45 |—0-2975 | 0-57 | 1-14 | —7-7 | 113 |-0
0-345 | 1-46 |—11-4 | 1-425 |—0-2875 | 0-515 | 1:20 |—11-3 | 117 |0
032 | 1-50 |—13-4 | 1-46 |—0-348 | 0-49 | 1-165 |— 9:9 | 1-15 |—0-2005
0-381 | 1-52 |—l14-1 | 1-47 |-0-370 || 0-43 | 1-15 |-11-3 | 1-13 |—o0-
0-30 | 147 |—12-8 | 1-43 |-0-3255 | 0-38 | 1-155 |—12-7 | 1-125 |—0-
0-80 | 153 |—14-8 | 1-475 |-0-390 | 0-38 | 1-14 |-13-2 | 111 |—0-2605
029 | 1-39 |—13-6 | 1-35 |-0-327 || 0-375 | 1-18 |—15-3 | 1-16 |0
0-32 | 119 |—17-2 | 1-135 |—0-351
0-32 | 1-185 |—15-3 | 1-115 |—0
T == 0+420. 0-275 1-16 |—16-8 1-11 —0
| 0-265 | 117 |—19-3 | 1-105 |—0
152 [ 110 | —1:0 | 1-10 |—0-019 1-115) |—18-0| 1-06 \|—0
182 | 112 | —15 | 1-12  |-0-029 | O2859| 1.145f|—20-07| 1.07 [|—0
1416 | 1414 |-2:1 | 1-14 |—0-0415 | 0-24 | 1-145" |—18-9" | 1-08 ~ |—0-371
102 | 1416 | -2-8 | 1-16 |—0-0565 L S| 1105 =173 | 10551 |0
0-88 | 1417 | —3-3 | 117 |—0-0675 | ©2* | 1-19 f|-20-5f| 1-115/|—-0-416
077 | 1195 | —4-7 | 1-19 |—0-098 | 0-23 | 1-21 = |—19-9 | 1-14 = |-0-412
0-655 | 1-21 | —6-2 | 1-205 |—0-131 | o0-215 | 1-155 |—21-1 | 108 |—0
0-575 | 124 | —77 | 1-23 |-0-166 | o0-212 | 1-11 |—20-3 | 0-045 |—0
049 | 125 | —9-5 | 123 |-0-206 | 212{ 1-075) |—18-5\| 1-02 \|—0
0-43 | 1-27 |-11-3 | 1.25 |—0-339 ' 1-16 [|—21-8f| 1:08 f|—0
0-38 | 127 |—13-6 | 1-235 |—0-38 S 1-055 —17-4% 1-005 |—0
0375 | 1-30 |—14-8 | 1-26 |—0-33 | ©2129| 1.0757|-19-0 5| 1-015f|—0-
0385 | 1-31 |—16-1 | 1-26 |—0-363 || 0-209 | 1-155 |—21-4" | 1.07 ~ |—0-
0-345 | 129 |—15-2 | 1:25 |—0-339 | o0-198 | 1-11 |-23-1 | 1-02 |—0
032 | 1-31 |—17-2 | 1-25 |—0-387 || 0-198 | 1-07 |-21-7 | 0-995 |—0
0-30 | 1-29 |—17-3 | 1-235 |—0-385 || 0-190 | 0-99 |-23-3 | 091 |0
029 | 1-31 |—185 | 1-24 |—0-415 || 0-185 | 0-87 |—22-6 | 0-80 |—0
027 | 1:28 |=20-0 | 1:205 |—0-438 || o f| 0755\ |—18-T\| 0-715) |0
0-265 | 1-305 [—19:6 | 1-23 |—0-4375 5| 079 sl—22-0f| 0-73 S|—0
025 | 1-30 [—20-4 | 1-22 |—0-454 || 0-185 | 0-83 ~ |—17-5_ |—0-79  |—0
0-245 | 1-11 [-18-3 | 1:05 |—0-348 7| 0-80 \|-16-2\| 0-77 |0
0-245 | 1-19 |-21-0 | 1115 {—0-428 || 184} 0.845 f|—18-5 | 0-80 S|—0-268
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THE FLOW OF AIR AROUND AN AEROFOIL OF INFINITE SPAN. 231

TaBLEs of Observations of Velocity and Direction of the Wind (continued).
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y q ) 0 u v Y q 0 I ©w v
x = 0-072. 2 = 0-886 (contd.).
degrees degrees
1:50 1-075 | —2-3 1-075 | —0-043 0-113 | 065 | —64 0-65 |—0-0725
1-34 1-:08 | —3-0 1-08 |—0-057 0-088 | 0-665 | —3-3 0-66 |—0-038
1-185 | 109 | —3-7 1-:09  |—0-070 0-085 | 065 | —35 0-65 |—0-040
1-045 | 109 | —4-3 1-085 |—0-082 0-033 | 0-695 | —0-5 0695 |—0-006
0-905 | 1:095 | —5-7 1:09 |—0-1085| 0-029 | 0-68 | —1-1 0-68 |—0-013
0-77 1-11 —7-1 110 |—0-137 ||—0-026 | 0:725 | —0-5 0-725 |—0-006
0-66 1-12 —8-6 1-11  |—0-168 ||—0-030 | 0-735 0 0-735 | 0
0-655 | 1-11 85 110 |—0-164 ||—0-08 0-735 | —0-2 0-735 |—0-0025
0-54 110 |—10-2 108 |—0-195 | —0-09 0-765 0-4 0-765 | 0-005
0-46 110 |—11-2 1-:075 |—0-213 | —0-22 0-79 | —0-7 0-79 |—0-010
0-385 | 1-08 |—12-9 106 |—0-241 |—0-36 0-83 0 0-83 0
0-375 | 1-11 |—136 1-075 |—0-2605 ||—0-50 0-85 0-3 0-85 0-0045
0-32 1-:07 | —139 1-04 |—0-257 ||—0-64 0-86 | —0-3 0-86 |—0-0045
0-26 1-055 |—14-9 102 |-0-271 ||—0-87 0-88 0-3 0-88 0-0046
0-20 1-04 | —16-6 0-995 |—0-297 || —1-08 0-90 0-3 0-90 0-005
0-154 | 1-035 |—17-7 0-99 |—0-315 ||—1-33 0-915 | —0-3 0-915 |—0-005
0-148 | 1-02 |—17-8 0-97 |—0-312
0-126 | 0-935 |—185 0-885 |—0-297
0-113 | 0-685 |—14-4 0:65 |—0-170 x = 0-800.
0-112 | 066 |—20 062 |—0-2255 || 0-129 | 0-71 |—10-0 0-695 |—0-123
0-098 | 0-385 [—23 0-355 |—0-1505 || 0-118 | 0-72 —9-4 0-71  |—0-117
0-087 | 0-20 |-29 0-177 1—0-0985 || 0-102 | 0-70 | —8-2 0-695 |—0-100
0-057 | 0-705 | —6-1 0-70 |—0-075
—0-08 0-76 | —2-8 0-76 |—0-037
= 0-949. —0-922 0-815 | —2-0 0-815 |—0-0285
0-15 0-565 4.1 0-56 —0-040 —0-36 0-825 —1-3 0-825 |—0-019
0-145 0-57 —9.3 0-57 —0-023 —0-50 0-85 —1-4 0-85 —0-021
0-135 0-585 0 0-585 0 —0-645 0-875 —0-6 0-875 |—0-009
0-12 0-61 2-6 0-61 0-0275 ||—0-86 0-89 —0-3 0-89 —0-0045
0-10 0-65 3.0 0-65 0-034 ||—1-08 0-885 —0-1 0-885 |—0-0015
0-07 0-67 3.9 0-67 0-037 ||—1-33 0-91 —0-3 0-91 —0-005
0-03 0-71 3-4 0-71 0-042
—0-025 | 0-72 2-5 0-72 0-0315 z == 0-674.
ToSe | o A 00105 00815 01106 0478 | —9-T | 0-77  |-0-131
—0- ' 1001 0-80 1 0014 W .97 | .765 |-106 | 0-75 |—0-141
"0'36 0'835 1'2 0'835 O°0175 0.10;—'5 0'80 10'1 0'79 0.14:0[’
—0-60 1 0-855 | 0 0-855 | 0 0-105 | 0718 | —96 | 077 |—0-130
—0-64 0-88 —0-2 0-88 |—0-003 ' _ B
0-098 | 0-77 | —9-7 0-76 |—0-130
—1-085 | 0-91 0-2 0-91 0-003 B _
0-088 | 0-77 | —8-9 0-76 |—0-120
—1-33 0-92 | —0-1 0-92 |—0-0015 :
0-0795 | 0-78 | —8-1 0-77 |—0-110
0-075 | 0-78 | —8-35 | 0-77 |—0-113
_ . 0-0745 | 0-785 | —85 0-775 |—0-116
@ = 0-886. 0-063 | 077 | —7-7 | 0-76 |—0-103
0-147 | 0635 | —9-4 0625 |—0-104 0-063 | 0-775 | —8-1 0-77  |—0-110
0-141 | 0-655 | —8-9 0645 |—0-101 0-036 | 0-785 | —7-65 | 0-718 |—0-105
0139 | 0-635 | —7-8 063 |—0-086 0-035 | 0-78 | —7-1 0775 |—0-0965
0-134 | 0:635 | —8-1 063 |—0-091 0-018 | 0-795 | —6-7 0-79 |—0-0925
0-128 | 064 | —66 0635 |—0-074 0-003 | 0-79 | —66 0-78 |—0-0915
0-126 ] 0-645 | —17-1 0-64 |—0-080 |—0-008 | 0-79 | —6-1 0-785 |—0-084
0-114 | 0-645 | —5-5 0-645 |—0-062 |—0-03051 0-795 | —5-95 | 0-79 [1—0-082
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232 MESSRS. L. W. BRYANT AND D. H. WILLIAMS: AN INVESTIGATION OF

TaBLES of Observations of Velocity and Direction of the Wind (continued). .

|
Y l q l 0 % v Yy q l 0 I % v
x = 0-674 (contd.). 2 = 0-346 (contd.).
degrees degrees
—0-068 | 0-80 | —5-0 0-795 |—0-0695 ||—0-047 | 0-87 | —8-2 0-86 |—0-124
—0-083 | 0-80 | —4-6 0-80 [—0-064 |—0-048 | 0-87 | —8-4 086 |—0-127
—0-093 | 0-825 | —4-6 0-825 |—0-066 |—0-082 | 0-875 | —7-7 0-865 |—0-117
—0-1395 | 0-82 | —3-9 0-82 |—0-0555 |—0-122 | 0-875 | —17-3 0-87 |—0-1115
~0-220 | 0-815 | —3-8 0-81 |-0-054 |—0-22 0-88 | —5-8 0-875 |—0-089
—0-227 | 0-8¢ | —3-2 0-8% [—0-047 |—0-36 089 | —4-2 0-89 |—0-066
—0-34 0-855 | —2-2 0-855 |—0-033 |—0-50 089 | —2-9 0-89 |--0-045
—0-36 0.8 | —2-6 0-86 |—0-039 ||—0-51 0-90 | —3-1 0:90 |—0-049
—0-37 0-86 | —2-3 0-86 |-0-034 |—0-64 0875 | —1-6 0-875 |—0-035
—0-50 0-87 | —1-7 0-87 |—0-026 ||—0-86 0895 | —1-4 0-895 [—0-022
—0-52 0-88 | —1-3 0-88 |—0-020 |—0-94 0-905 | —1-:2 0-905 |—0-019
—0-65 0-88 | —1-2 0-88 |—0-0185 ||—1-08 0-905 | —0-9 0905 |—0-014
—0-65 089 | —1-0 0-89 |—0-0155 ||—1-33 0-91 | —0-4 091  |—0-0065
—0-71 0-89 | —0-3 0-89 |—0-0045
—0-86 0-875 | —0-8 0-875 |—0-012
—1-075 | 0-89 | —0-3 0-89 |—0-0045 z = 0-210.
—1-10 0-915 0 0-915 0
—1-33 0-80 | —0-3 0-89  |—0-0045 || 0-0267 | 0-925 |—10-2 0-905 |—0-163
0-0206 | 0-92 |—10-0 090 [—0-160
0-0083 | 0-91 | —9-9 0-895 |—0-156
z—0-511 —0-0022 | 0-91 | —9-7 0-90 |—0-154
4 —0-020 | 0-915 | —9-2 0-90 |—0-146
0-082 | 0-835 |—10-7 0-815 [—0-144 | —0-036 | 0-915 | —9-0 0:90 |—0-144
0-0755 | 0-83 |—10-4 0-815 |—0-137 ||—0-0795 | 0-91 | —8-3 090 |—0-132
0-0645 | 0-825 | —9-7 0-81 |—0-127 ||—0-22 091 | —6-2 0-905 [—0-100
0-052 | 0-825 | —9-3 0-81 |—0-121 |—0-36 0-91 | —4-5 0-905 |—0-071
0-0395 | 0-825 | —9-0 0-81  |—0-117 ||—0-495 | 0-905 | —3-4 0-905 [—0-054
0-0255 | 0-825 | —8-8 0-815 |—0-114 | —0-64 0-905 | —2-6 0-905 |—0-041
0-003 | 0-83 | —8-4 082 |—0-109 | —0-86 0-905 | —1-4 0-905 |—0-022
—0-024 | 0-83 | —7-8 082  |—0-101 | —1-08 091 | —1-3 0-91 |—0-021
—0-08 0835 | —6-6 083 |[—0-088 | —1-33 0915 | —1-1 0-915 |—0-018
—0+92 0-85 | —4-6 0-845 |—0-0635
—0-36 0-87 | —3-1 0-87 |—0-048
—0+50 0-87 | —2-4 0-87 |—0-037 — 0-046
—0-64 0-88 | —1-3 0-88 |—0-026 .
—0-86 0-89 | —0-6 0-895 |—0-0156 ||—0-0028 | 1-035 | —9:5 1-02 |—0-171
—1-08 0-905 | —0-6 0-905 |—0-0105 ||—0-0039 | 1-005 | —9-3 099 |—0-162
—1-33 0-91 —0-5 0-91  |—0-009 |—0-017 | 1-005 | —9-2 0-99 |—0-161
—0-033 | 0-99 | —8-8 0-975 |—0-1515
—0-056 | 0-98 | —7-9 0-97 |—0-1345
. —0-08¢ | 0-97 | —7-1 096 |—0-120
T = 0-346. —0-194 | 0-935 | —5-7 | 0-93 |—0-093
0-0533 | 0-86 | —9-9 0-85 |—0-148 |—0-22 0-93 | —6-0 0-925 |—0-0975
0-0533 | 0-875 |—10-4 0-86 |—0-152 |—0-36 0-925 | —5-1 0-92 |—0-083
0-045 | 0-875 |—10-0 086 |—0-1515 ||—0-42 0925 | —4-4 0-92 |—0-0725
0-0445 | 0-86 | —9-8 085 |—0-147 ||—0-50 092 | —4-2 0-915 |—0-067
0-037 | 0-875 | —9-7 086 |—0-147 | —0-64 092 | —3-1 0-92  |—0-050
0-028 | 0-87 | —9-6 086 |—0-145 |—0-64 0915 | —3-0 0-915 |—0-048
0-023 | 0-865 | —9-5 0-85 |—0-1425 ||—0-86 092 | —2-6 0-92 |—0-042
0-008 | 0-875 | —9-1 086 [—0-138 | —0-92 0915 | —2-0 0-915 |—0-032
0-003 | 0-865 | —9-1 0-855 |—0-137 ||—1-195 | 0-92 | —1-5 0-92 |—0-024
—0-0195 | 0 092 | —1-6 092 |—0-026

87 | —8-8 0-855 |—0-133 ||—1-33
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THE FLOW OF AIR AROUND AN ARROFOIL OF INFINITE SPAN, 2338

TaBLES of Observations of Velocity and Direction of the Wind (continued).

Y q 0 uw v Y q (] % v
z = —0:062 = —0-145.
degrees degrees
153 | 1-06 | —9-5 | 1-06 |—0-046 || 0-325 | 105 |—11-90 | 1-03 |-0-217
1-41 | 1-065 | —3-1 | 1-065 |—0-058 || 0-268 | 1:03 |—126 | 1:01 |—0-2955
1-27 | 107 | —87 | 107 |-0-060 || 0-1755 | 1-005 |—-14-2 | 0-98 |-0-247
113 | 1075 | —4-2 | 1075 |-0-079 | 0-1005| 0-95 |—16-8 | 0-91 |-0-275
102 | 1055 | =52 | 1-07 |-0-0975 |-0-012 | 0-73 | —3-2 | 0-73 | _-0-041
091 | 1.0 | —5-7 | 1-07 |—0-107 [-0-083 | 0-945 | —3.7 | 0-94 |-0-061
0-795 | 1075 | —6-8 | 1-07 |-0-128 ||—0-18¢ | 0-94 | —4-9 | 0-935 | _0-080
071 | 1-07 | —7-7 | 1-07 |—0-1445 ||-0-3105 | 0-94 | —4- 0-935 |—0-075
0-625 | 1-075 | —8-7 | 1-065 |-0-163 ||—0-418 | 0-94 | —4-9 | 0-935 |-0-069
0-64 | 1075 | —9-4 | 1-065 |-0-176 ||—0-637 | 0-94 | —4-0 | 0-935 |—0-06565
0-48 | 107 |—10-3 | 1-05 |-0-1915||—0-638 | 0-94 | —3-5 | 0-935 |—0-057
0-40 | 1055 |—11-1 | 1-04 |—0-2035|—0-778 | 0-935 | —3-1 | 0-93 |—0-0505
0-3¢ | 1045 |—11-8 | 1-02 |—0-213 ||—0-92 | 0-935 | —9-6 | 0-93 |-0-0425
0-8¢ | 1-05 |—12-1 | 1-095 |—0-220 |—1-055 | 0-93 | —2-4 | 0-93 |-0-039
0-305 | 1-04. |—13-2 | 1-01 |—0-938 ||—1-194 | 0-935 | —9-1 | 0-93 |—0-034
0-285 | 1-035 |—12-6 | 1-01 |—0-2955 ||—1-33 | 0-93 | —2.0 | 0-93 |—0-0325
0-28 | 1-035 |—13-9 | 1-00 |—0-2485
025 | 103 |—14-0 | 1-00 |—0-249
0-24 | 1025 |—13-5 | 1-00 |—0-241
0-225 | 1-025 |—14-3 | 0-995 |—0-2535 @ = —0-228.
0-20 | 1015 |—14-9 | 0-98 |—0-261 | 1-63 | 1-05 | —24 | 105 |—0-044
0-19 | 1015 |—14-3 | 0-985 |—0-251 | 1-60 | 1-06 | —26 | 1-06 |—0-048
0-17 | 1-0156 |—15-3 | 0-98 |—0-268 || 1-43 | 1-06 | —3-0 | 1-06 |—0-055
016 | 1-01 |—14:7 | 0-98 |—0-2565 | 1-32 | 1-065 | —3-4 | 1-065 |—0-063
0-14 | 1015 |-15-9 | 0-975 |—0-278 || 1-91 | 1-065 | —4-2 | 1-065 |—0-078
013 | 100 |—156 | 0-96 |—0-269 || 1-10 | 1-065 | —4-5 | 1-06 |—0-084
0-11 | 0-955 |—16-0 | 0-915 |—0-263 || 0-99 | 1-06 | —5-2 | 1-055 |—0-096
010 | 0-95 |—15-8 | 0-91 |—0-258 || 0-88 | 1-065 | —5-7 | 1-06 |—0-106
0-085 | 0-59to|—16-22 | 0-565to|—0-164t0| 0-77 | 1-06 | —6-7 | 1-05 |-0-1235
0-73 0-70 |—0-2035 || 0-68 | 1-05 | —75 | 1-04 |—0-1375
0084 | 0-8¢ |-180 | 0-80 |—0-259 || 0-60 | 1-045 | —82 | 1-035 |—0-149
0-0755 | 0-43 |-20-8 | 0-40 |—0-1535| 0-49 | 1-035 | —9-0 | 1-02 |—0-162
0-068 | 0-60 |—17-0 | 0-57 |—0-175 | 0-43 | 1-08 | —9-4 | 1-015 |—0-168
0-056 | 0-405 — — — | o3 | 102 |—99 | 100 | 0176
—0-002 | 0-55t0|—10-5t0| 0-54to|—0-1005 | 0-34 | 1-01 |—11-1 | 0-99 |—0-1945
0-63 |—11-4 | 0-615 to 0-335 | 1-04 |—11-2 | 102 |-0-202
—0-124 || 0-32 | 1-016 |—10-2 | 1-00 | 0-180
~0-010 | 0-91 | —58 | 090 |-0-092 || 0-27 | 1-005 |—10-7 | 0-985 |—0-1865
—0-012 | 0-985 | —3-4 | 0-98 |—0-0585| 0-255 | 0-985 |—11-9 | 0-965 |—0-203
—0-021 | 0-935 | —3-0 | 0-93 |—0-049 | 0-24 | 0-995 |-11-2 | 0-975 |—0-193
- 0-023 | 0-975 | —3-4 | 0-97 |—0-058 || 0-21 | 0-985 |-11-2 | 0-97 |—0-1915
—0-032 | 0-95 | —3-9 | 0-95 |—0-066 || 0-20 | 0-965 |-12-5 | 0-94 |—0-909
—0-0345 | 0-965 | —3-9 | 0-96 |—0-0655| 0-18 | 0-975 |-11-1 | 0-96 |—0-188
—0-0395 | 0-955 | —4-2 | 0-95 [—0-070 || 0-17 | 0-99 |-12-7 | 0-97 |—0-218
—0-051 | 0-96 | —4-3 | 0-955 |—0-072 || 0-145 | 0-96 |—11-7 | 0-94 |_0-1945
—0-079 | 0-955 | —4-7 | 0-95 |-0-078 | 0-143 | 0-945 |-13-0 | 092 |-0-913
—0-136 | 0-935 | —5-2 | 093 |—0-085 | 0-103 | 0-945 |-12:0 | 0-925 |—0-197
—0-218 | 0-925 | —55 | 092 |-0-0885 | 0-88 | 0-69to| 14 to |-0-67 to|—-0-167to
—0-354 | 0-925 | —4-6 | 0-92 | _0-074 0-86 ~15 | 0-83 |-0-293
—0-492 | 0-925 | —3-8 | 0-925 |-0-061 | 0-073 | 0-90 |-12-1 | 0-88 |—0-188
—0-633 | 0925 | —3-2 | 0-925 |—0-052 | 0-06 | 0-665 |-14-2 | 0-645 |—0-163
—0-855 | 0-925 | —2:3 | 0-925 |—0-037 | 0-053 | 0-765 |-11-8 | 0-75 |—0-1565
—~1-08 | 0-925 | —1-7 | 0925 |—0-0275 | 0-033 | 0-45 |-11-6 | 0-44 |—-0-0905
—1-33 | 0925 | =15 | 0-925 |—0-024 || 0-032 | 0-575 | _i4-8 | 0-56 |—0-147
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234 MESSRS. L. W. BRYANT AND D. H. WILLIAMS: AN INVESTIGATION OF

TasLEs of Observations of Velocity and Direction of the Wind (continued).

y q 0 u v y q 0 % v
% = —0-228 (contd.). x = —0-450 (contd.).
degrees degrees ‘ _
0-021 | 040 | —6-3 0-40 |—0-044 | 0-167 | 0-97 | —8-0 0-96 |—0-135
0-017 | 0-405(%)] —9-9 0-40(?) |—0-070(3)|| 0-1455 | 0-97 | —8-1 0-96 |—0-137
0-015 | 0-465 | —7-8 0-46  |—0-063 || 0-128 | 0-96 | —7-8 0-95 |—0-1305
0-010 | 0-455 2-6 0-455 | 0-0205 || 0-1005 | 0-95 | —-7-5 0-94 |—0-124
0-004 | 0-52 3-3 0-52 0030 || 0-075 | 0-915 | —17-7 0-91 |—0-123
~0-003 | 0-59 25 0-59 0-026 || 0-073 | 0-935 | —7-6 0-925 |—0-1235
—0-007 | 0-605 | —4-2 0-60 |--0-044 || 0-047 | 0-90 | —6-8 0-895 |—0-107
—0-012 | 0-70 1-0 0-70 0-012 || 0-033 | 0-845 | —7-0 0-84 |-0-103
—0-023 | 0-81 | —3-2 0-81 |—0-045 || 0-017 | 079 | —7-0 0-78 |—0-096
—0-027 | 0-81 | —5-2 0-81 |—0-0735 || 0-003 | 0-74 | —6-4 0-735 |—0-0825
—0-087 | 0-90 | —3-0 0-90 |—0-047 ||—0-007 | 0-73 | —5-4 073 |—0-069
—0-0395 | 0-88 | —4-6 0-875 |—0-070 ||-0-0095 | 0-74 | —6-4 0-735 |—0-0825
~0-058 | 0-92 | —3-7 0-92  |—0-059 ||-0-0245 | 0-74 | —6-3 0-74 |—0-0815
1-0-079 | 0-925 | —35 0-995 |—0-0565 ||—0-0395 | 0-775 | —6-9 0-77 |-0-093
~0-083 | 0-94 | —4-2 0-94 |—0-069 |—0-043 | 0-835 | —4-7 0-82 | —0-0675
—0-111 | 0-92 | —8-9 0-92  |—0-063 |—0-079 | 0-93 | —5-0 0-93 | —0-0815
—0-147 | 0-94 | —4-3 0:94 |—0-0705 ||—0-112 | 0-95 | —5-0 0-95 |—0-083
—0-189 | 0-93 | —4:0 0-93 |—0-065 ||—0-157 | 0-945 | —4-9 0-94 |—0-081
—0-2355 | 0-90 to| —3-8to | 090 to|—0-060t0||—0-:233 | 0-95 | —4-6 0-945 |—0-076
0-935 | —4-5 0-935 |—0-0735 ||—0-335 | 0-945 | —4-4 0-945 |—0-073
—0-2955 | 0-92 | —3-9 092 |—0-063 |—0-38 0-95 | —4-2 0-945 |—0-0695
~0-359 | 0-93 | —4-4 0-93 |-0-072 |—0-48 0-95 | —4-0 095 |—0-065
—0-411 | 0-94 44 0-94 |—0-072 |—0-57 0-95 | —3-8 095 |—0-063
~0-4695 | 0-94 | —4-3 0-94 |—0-071 |-0-635 | 0-945 | —3'5 0-94 | —0-058
—0-551 | 0-93 | —3-6 093 |—0-0585 ||—0-745 | 0-94 | —3-1 0-94 |—0-051
~0-6345 | 0-94 | —3-4 0-94 |—0-056 ||—0-855 | 0-94 | —2-8 0:94 |—0-046
—0-638 | 0-94 | —3-4 0-94 |—0-056 |—0-97 0-935 | —2-3 0-935 |—0-0375
—0-745 | 0-935 | —2-8 0-935 |—0-046 |—1-08 0-935 | —2-1 0-935 |—0-034
—0-855 | 0-935 | —2-5 0-935 |—0-041 |—1-19 0-94 | —2:0 0-94 |-0-033
—0-97 0-93 | —2-3 0-93 |—0-0375 ||—1-30 0-935 | —1-9 0-935 |—0-031
—1-08 0-935 | —2-2 0-935 |—0-036
—1-19 0-93 | —2-0 0-93 |—0-0325 || xz = —0-673.
—1-30 0-935 | —2-0 0-935 |—0-0325 | 1-52 1-:04 | —2-8 1-04  |—0-050
~1-33 0-93 | —2-2 0-93 |—0-036 1-33 1-:04 | —35 1-04  |—0-064
1-18 1:04 | —4-1 1-:04  |—0-075
1-045 | 1-035 | —4-4 | 1-03 |—0-0795
z = —0-450. 0-93 1-03 | —5-0 1025 |—0-090
1-57 1-04 | —2-7 1:04 |—0-049 || 0-82 1-:02 | —5-4 1-015 |—0-096
1-405 | 1-045 | —3-4 1-045 [—0-062 || 0-71 1-02 | —6-0 1-015 |—0-1065
1-27 1-:05 | —3-9 1-05 |—0-0715 || 0-595 | 1-01 | —6-2 1-005 |—0-109
1-13 1-045 | —4-3 1-045 |—0-079 || 0-505 | 1-00 | —6-4 | 0-99 |—0-111
0-99 1-045 | —4-9 1-04  |—0-089 | 0-44 1-:00 | —6-8 0-99 |—0-118
0-85 1-035 | —5-7 1-03 |—0-103 || 0-385 | 0-995 | —6-8 0-99  |—0-118
0-71 1-035 | —6°5 1-:03 |—0-117 || 0-34 1-005 | —6-6 1-00 |—0-1155
0-60 1-02 | —7-1 1-015 |—0-1265 || 0-335 | 1-006 | —7-0 1-00  |—0-1225
0-49 1-016 | —17-7 1-005 |—0-136 || 0-33 0985 | —66 0-98 |—0-113
0-38 1-00 | —7-9 0-99 |—0-138 | 0-279 | 0-98 | —6-4 0-975 |[—0-1095
0-34 1:00 | —86 0-99 |—0-150 || 0-278 | 0-995 | —6-6 0-99 |—0-114
0-32 0-995 | —8-1 0-985 |—0-140 | 0-220 | 0-97 | —6-4 0-965 |—0-108
0-28 0-99 | —8-7 0-98 |—0-150 || 0-219 | 0-985 | —6-2 0-98 |—0-107
0-27 0-985 | —8-1 0-975 |—0-139 || 0-176 | 0-995 | —6-4 0-99 |—0-111
0-213 | 0-975 | —86 0-965 |—0-146 | 0-168 | 0:97 | —6-5to| 0:96 [—0-120t0
0-213 | 0-975 | —7-9 0-965 |—0-134 —7-1 —0-110
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THE FLOW OF AIR AROUND AN ARROFOIL OF INFINITE SPAN, 235

TaBLEs of Observations of Velocity and Direction of the Wind (continued).

y q ‘ 0 % » Y l q l 0 [ % v
x = —0-673 (contd.). & = —1-006 (contd.).
degrees ’ degrees
0-1655 | 0-98 —6-1 0-975 |—0-1045 || 0-0167 | 0-915 | —4-1 0-91 |—0-065b
o 0-112 0-97 —6-5 0-97 |—0-110 0-0072 | 0-93 —4-6 0-925 |—0-074H
<1, 0-0905 | 0-96 —b-7 0-955 |—0-095 ||—0-0395 | 0-88 —4-9 0-88 —0-0755
— b 0-071 0-955 | —6-0 0-95 —0-100 {|—0-0578 | 0-86 3D 0-86 |—0-0b3
< 0-052 0-955 | —6-1 0-95 —0-101 ||—0-142 0:95 —4-2 0-95 —0-070
P > 0-034 0-93 —6-0 0-92 |—0-097 |—0-211 0-975 | —3-9 0-975 |—0-0665
@) = 0-031 0-90 —bH-4 0-895 |-—0-0845 ||—0-329 0-975 | —3-7 0-975 |—0-063
e 23] 0-008 0-885 | —6-2 0-88 0-0955 ||—0-45 0-97 | —3-5 0-975 |—0-060
= —0-021 0-83 —6-1 0-83 |—0-0885 ||—0-54 0-98 —3-2 0-98 |—0-055
= O —0-022 0-81 —4-3 0-81 |--0-061 |—0-635 0-97 | —2-9 0-975 | —0-0495
I @) —0-0395 | 0-815 | —6-0 0-81 —0-08b5 ||—0-T45 0-97 —2+6 0-97 —0-044
=w —0-079 0-89% | —4-7 0-89 |—0-073 ||—0-8b5 0-97 —2:5 0-97 |—0-042
—n —0-083 0-895 | —bH-6 0-89 —0-0875 ||—0-97 0-965 —2-2 0-965 |—0-037
52 —0-128 0-95 —4+6 0-95 |—0-076 |—1-08 0-96 —~2-0 0-96 |—0-0335
=0 —0-180 0-955 | —4-3 0-955 |—0-072 |—1-19 0-96 —2-0 0-96 |—0-0335
EI— —0-2455 | 0-96 —4-3 0-96 |—0-072 |—1-30 0-95 —1-7 0-95 1—0-028
Og 5 —0-305 0-965 | —4-2 0-96 |—0-071
8<h —0-362 0-955 | —4-0 0-95 |—0-0665
=I<Zz —0-418 0-955 | —3-8 0-95 |—0-063
T —0-498 | 0-955 | —3-8 | 0-955 |—0-0635 @ = —1-339.
ole —0-5845 | 0-96 | —3-5 0-96 |—0-0585 || 1.58 102 | —2-6 1-02  (—0-046
—0-:638 0-97 —3-6 0-965 |—0-061 1-43 1-02 —3-0 1015 |—0-053
—0-690 0-96 —3-4 0-96 |—0-057 1-96 1015 | —3-3 1-01  |—0-0585
—0-8055 | 0-965 | —3-0 0-965 |—0-0505 1-10 1-01 3.4 101  |—0-060
—0-9145 | 0-956 | —2-7 0-955 |—0-045 0-935 1-01 —3.6 1-005 |—0-063
—1-023 0-95 —2-2 0:95 |—0-0365 || 0-765 1005 | —3-8 1-00 |—0-0665
—1-1205 | 0-94 —2-0 0-94 |—0-033 0-60 1-00 —4-1 1-00 |—0-0715 |-
1-204 0-94 —20 0-94 |—0-033 0-48 1-00 — 4.9 1-00 |—0-073
1-301 0-94 19 0-94 |—0-031 0-38 1-00 —4-1 1-00 |—0-0715
—1-33 0-95 —2-1 0-945 |—0-035 ||: .34 1-005 | —3-9 1-00 |—0-0685
0-29 0-99% | —3-9 0-99 |—0-068
0-24 0-99 —3-7 0-99 |—0-064
- 0-22 0-995 | —3-8 0-99 |—0-066
W z = —1-006. 0-17 | 0-99 | —3-8 | 0985 |—0-0655
o' 1-555 1-0256 | —2-7 1-025 [—0-048 0-145 0-99 —3-7 0-99 —0-064
~ 1-35 1-025 —3:3 1-02 —0-059 0-1055 | 0-95 —3-2 0-95 —0-053
— 1-18 1-02 —3-6 1-02  |—0-064 0-078 0-98 —3-8 0-98 |-—0-065
< 1-045 1-02 —4-0 1-015 |—0-071 0-043 | 0-94 —2-9 0-94 |—0-0475
> 'S 0-93 1-015 | —4-4 1-01 |—0-078 0-013 0-95 —3-7 0-95 - |—0-061
@) = 0-82 1-01 —4-4 1-01  |—0-0775 ||—0-0155 | 0-90 —2-17 0-90 |—0-0625
e E 0-71 1-00 —4-8 0-995 |—0-0835 ||—0-0395 | 0-91 —3-2 0-905 |—0-0505
O 0-60 099 | —5-0 0-99 |—0-087 ||—0-079 0-8% | —2-9 0-89 |—0-045
TO 0-49 0-99 —b+4 0-985 |—0-093 | —0-147 0-935 | —2-7 0-93 |—0-044
0-38 0-99 —b5-2 0-985 [—0-090 |—0-2245 | 0-98 —3-4 0-975 |—0-058
=« 0-34 1-01 —4-9 1-005 |—0-086 ||—0-29556 | 0-985 | —3-6 0-98 |—0-062
<2 0-315 0-99 —b-1 0-98 |—0-088 ||—0-38 0-98 —3-3 0-975 |—0-056
U% 0-26 0-985 | —5-1 0-98 |—0-0875 ||—0-49 0-985 | —3-3 0-98 |—0-057
= 0-25 0-995 | —4-6 0-99 |—0-080 (| —0-60 0-98 | —3-0 0-985 |—0-0515
0.5 N 0-187 0-98 --5-2 0-98 |—0-089 |—0-705 0-98 —2-8 0-98 |-—0-048
8< © 0-1845 | 1-00 —4-7 0-995 1—0-082 | —0-83b 0-975 —2-4 0-975 |—0-041
0‘2 0-139 0-99 —4-3 0-985 |—0-074 ||—0-97 0-975 | —2-2° 0-975 |—0-0375
:'§ 0-1295 | 0-98 —4-9 0-975 |—0-0835 ||—1-135 |- 0-96 —2-2 0-96 |—0-037
EI— 0-0755 | 0-97 —5-0 0-965 |—0-0845 11—1-30 0-955 | —2-0 0-95 |—0-033
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236  MESSRS. L. W. BRYANT AND D. H. WILLIAMS: AN INVESTIGATION OF

TaBLES of Observations of Velocity and Direction of the Wind (continued).

. | |
Y qand u 0 ! v y g and u 0- { v
7 = —2-006. z = —3-006.
degrees degrees
1-63 | 1-00,1-005 | —2-1, —2-4| —0-0365, 1-63 0-99 —1-8 —0-031
—0-049 1-38 0-99 —2-3 —0-040
1-43 0-995 —9.4 —0-042 1-155 0-99 —2-4 —0-0415
1-38 1-00 —9.8 —0-049 0-93 0-99 —24 —0-0415
1-97 1-00 —92-3 —0-040 0-71 0-99 —2-b —0-0435
1-155 1-005 —3.0 —0-0525 0-49 0-99 —2-8 —0-0485
1-10 1-00 —3.0 —0-0525 0-34 0-995 —2+8 —0-049
0-933 |1-005,1-005,) —2-8, —3:2,| —0-049, 0-28 0-99 —2°2 —0-038
0-995 —3.3 —0-056, 0-27 0-995 —28 —0-0485
—0-057 0-225 0-995 —2-0 —0-035
0-77 1-005 —3.1 —0-054 0-171 0-99 —1-9 —0-033
0-71 1-00 —3.5 —0-061 0-1155 0-97 —1-8 —0-0305
0-60 1-00,0-945, | —3-3, —3-3,| —0-058, 0-073 0-985 —2-9 —0-050
0-99 —9.6 —0-545, 0-060 0-96 —2+5 —0-042
—0-045 0-032 0-955 —2-1 —0-035
0-49 0-995 3.7 —0-064 0-010 0-95 —1-7 —0-028
0-43 0-94, 097 | —3-0, —3-5| —0-049, —0-012 0-94 —1-3 —0-021
—0-059 —0-0345 0-91to |—1-3,—1-2 —0-021
0-38 0-98 —2-8 —0-048 0-99
0-84 1-01 —9.9 —0-051 —0-0395 0-97 —2+3 —0-039
0-33 1-005 3.9 —0-056 —0-057 0-935 —1-9 —0-031
0-27 0-945, 0+99 | —3+4, —3-8| —0-056, —0-079 0-935 —1-8 —0-0295
—0-0655 —0-137 0-95 —1-5 —0-024
0-97 0-99 3.6 —0-062 —0-218 0-945 —1-8 —0-030
0-95 0-995 —9.9 —0-0505 —0-35H 0-98 —2-2 —0-0375
0-20 1-005 —9.7 —0-0475 —0-495 0-98 —-2-1 —0-036
0-136 0-99 94 —0-0415 —0-637 0-98 —2-1 —0-036
0-1155 0-99 9.8 —0-045 —0-855 0-98 —1:8 —0-031
0-108 0-97 —3-5 —0-0595 —1-12 0-96 —1-5 —0-025
0-078 0-98 34 —0-058 —1-33 0-97 —1-6 —0-027
0-027 0-95 —2+3 —0-038
0-0155 0-955 —2-5 —0-042 z = —3-339
—0:0395 | 0-93, 0-92 |—2-9, —2-9 *‘8'8% 0-333 1-0335 —2:0 —0-036
o - 0-193 1-003 —2-1 —0-037
~0-0395 |0-895,0-938 | —3-3, —3-9 —8823% 0-193 0-965 9.0 —0-035
—0-079 0-915 —2-1 —0-0335 _8(1)225 882 _% 2 _8823
—0-0845 | 0-91 —25 —0-039 || _g.369 0-99 19 _0-033
—0-1955 | 0-96 —2-5 —0-042 _0-64 1-00 _1-6 —0-028
—0-36 0-99 —25 —{0-0435 —1-920 0-99 —~1-0 —0-017
—0-45 0-98 —2-4 —0-041
—0-59 0-99 —2-4 —0-0415
—0-64 0-975 24 —0-041 @ == —4-006.
—0-72 0-99 —2-2 —0-038 1:63 0-99 —1-5 —0-026
—0-85 0-98 —1-8 —0-031 1-38 0-99 —1-8 —0-031
—0-92 0-97 —2-0 —0-035 1-155 0-99 —2-1 —0-036
-—0-97 0-97 —1-5 —0-0255 0-93 0-99 —2-2 —0-038
—1-135 0-97 —17 —0-029 0-71 0-99 —2-3 —0-0395
—1-195 0-96 —1-5 —0-025 0-49 0-99 —2-4 | —0-0415
—1-30 0-97 —1+5 —0-0255 0-34 1-005 —1-4 —0-0245
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TaBLES of Observations of Velocity and Direction of the Wind (continued)..
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y gand u 0 v Y g and w 0 v
& = —4-006 (contd.). x = —5-339 (contd.).
degrees . degrees
0-33 1-005 —1-8 —0-031 1-155 0-98 —1-7 —0-029
0-27 0-985 —2-5 —0-043 0-93 0-98 —1-8 —0-:031
0-225 1-00 1-4 —0-0245 0-71 0:98 =17 —0-029
0-19 1-00 —1-6 —0-028 0-545 0-98 —1-7 —0-029
0-115 0-99 —1-1 —0-019 0-38 0-985 —1-8 —0-031
0-062 0-98 . —1-6 —0-0275 0-34 1-01 —1-1 —0-0195
0-060 0-97 —0-9 —0-015 0-33 1-01 —1-2 —0-030
0:0545 0-99 —2-1 —0-036 0-24 0-98 —1-8 —0-031
0-032 0-97 —1-0 —0-017 0-22 1-005 —1-0 —0-0175
0-009 0-96 —1-2 —0-020 0-193 1-005 —1-0 —0-0175
023 0:95 —1-2 —0-020 0-1005 0-97 —1-3 —0-022
0395 0-955 —2-0 —0-033 0-067 0-99 —0-7 —0-012
0795 0-955 —1:3 —0-022 0-0545 1-005 —1-2 —0-021
0845 0-95 —1:6 —0-027 —0-0345 0-98 —0-9 —0-0155
190 0-945 -1-1 —0-018 —0-:0395 0-95 —1-4 —0-0233
<272 0-97 —1:0 —0-017 —0-:0845 0-96 -—1-1 —0-0185
302 0-98 —1-3 —0-022 —0-143 0-96 —0-6 —0-010
+36 0-99 —1:5 —0-026 —0-245 0-96 —0-6 —0-010
-41 0-99 —1:3 —0-0225 —0-358 0-99 —0-8 —0-014
52 0-995 —1-2 —0-021 —0-362 0-99 —1-2 —0-021
638 0-995 —1-1 —0-019 —0-47 1-005 —0-8 —0-014
- 640 0-99 —1:3 —0-0225 —0-5H6 1-00 —0-8 —0-014
- 86 0-99 —1-0 —0-0175 —0-64 1:00 —1-0 —0-0175
<92 0-98 —1-0 —0-0175 —0-71 1-005 —06 —0-0105
-08 0-985 —0-8 —0-014 —0-855 1-01 —0-5 —0-009
205 0-98 —0-7 —0-012 —0-92 1-005 —1-0 —0-0175
+33 0-98 —0-7 —0-012 —0-99 0-99 —0-5 -—0-009
—1-08 0-99 —0-6 —0-010
= —5-339. —1:19 0-99 —0-3 —0-005
+38 0-975 —1-6 —0-027
| |
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APPENDIX.

Nore on THE CONNECTION BETWEEN THE LIrT OoN AN AfroroiL IN A WIND
AND THE CircuraTioN Rounp 1T.

By G. 1. Taywor, F.R.S., Yarrow Research Professor of the Royal Society.

In their paper ““ An Investigation of the Flow of Air Round an Aérofoil of Infinite
Span,” Messrs. Bryant and Wirtiams show thab the flow round a certain model
aérofoil placed in a wind channel is not very different from an irrotational flow with
circulation. There are, however, differences which are considerable in the wake, a
narrow region stretching out behind the aérofoil.

On the other hand, the theoretical connection between the value of the circulation
taken round contours enclosing the aérofoil and the measured lift is very accurately
verified (see Table II of Messrs. Bryant and WitLiams® paper). The question
naturally arises, how far does this relationship between circulation and lift depend on
the irrotational character of the flow? It is clear, that if in the experimental verification
use had been made of every possible kind of contour, and if under those conditions the
circulation-lift relation had been verified, then the circulation in any contour not
enclosing the aérofoil would have been zero, and the motion would have been
irrotational. The drag would consequently have been zero, too.

Neither of these conclusions are borne out by the measurements of Messrs. BRYANT
and Wrirriams. The explanation of the accuracy with which the lift-circulation
relation is verified in these experiments appears to lie in the particular form of contour
chosen, and the object of the present note is to find out which type of contour must
be chosen in order that the lift-circulation relation may be satisfied when the motion
18 not irrotational. Some of the results are, no doubt, known to the followers of
Pranp1L’s work, but I have not been able to find any published work dealing with the
subject.

To fix ideas, consider a large circular contour A (see fig. 19), whose centre is in the
atrofoil. Since the air in contact with the aérofoil is relatively at rest, the circulation
round A is the integral of the total vorticity contained in it (including that in the layer
close to the surface).

Suppose now that all the vorticity is confined to a layer close to the aérofoil and to
a wake contained between the dotted lines (fig. 19). If, now, we take another large
contour B concentric with A, the difference between the circulations in A and B is due
to the vorticity in the part of the wake which lies between A and B. Tn order that the
circulation in A may be equal to that in B there must be as much positive as negative
vorticity in this part of the wake. It will be seen, therefore, that the circulation in a
large circular contour, or, indeed, in any large contour which cuts the wake at right
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angles, is likely to tend to a definite limit if equal amounts of positive and negative
vorticity are carried away in the wake. ,

This qualitative kind of reasoning gives no clue as to how the circulation round such
a contour might be expected to depend on the lift or drag of the aérofoil. The
connection between circulation and lift may be regarded as arising from an equation

Fia. 19.

expressing the conservation of momentum in a direction perpendicular to the direction
of motion of the aérofoil.

Consider the case of an aérofoil, or other two-dimensional body, placed in a stream of
wind moving with velocity -~ U parallel to the axis of @. If C represents any contour
which encloses the body the momentum equations are

D_1(p

_P___Lplvds—{—jc(lu—!-mv)uds, B 1))
L___‘Z_’ lo — _

o= Cpmds J.C(lu—l mo)ods, . . . . . . (2

where L and D represent the lift and drag respectively, p is the pressure, p the density,
u, v, the components of velocity, / and m are the direction cosines of the normal to the
element ds of the contour. The integrals are taken round the contour C.

VOL. CCXXV.—A. 2 K
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These integrals may be written in the form

D_((p_1 z> | { Y @)1

S = jo(? + 3q Zda—{—jc maw - l\\z st, R )

L_ [ (pap _ { <92M'E‘_2a_1_ }

o= j0<g—] 2q>mds L m 5 2)‘, luv pds, . . . (4)
where ¢* = u? - o

Let us now assume that the contour is a large one, so that all points of it are at a
great distance from the aérofoil, and further let us assume that the velocity of the
fluid relative to the aérofoil decreases at great distances, at least as 1/R, where R is the
distance of the point considered from the aérofoil. This last assumption is the same as
that made by Lams in proving the circulation lift formula for irrotational motion.

Writing « =’ — U, where «’, v are the components of velocity relative to the main
air stream

D_((p,, U ras—u [ (mo+mwyd
o= LG afuds 4 5 [ tas = oo+ 0y
P A 4
+L<muv Fg —~2>d8,- - (8)
L_ (o 1e\sger Y - — mu’
L [O<P+2g)mds -3 | mds +U | (10— mar) ds

__jc<h/v4—?gf——’f;m>dk. ... (6)

In each of these expressions (5) and (6) the last of the four integrals contains only
square terms in %’ and v. Hence by the assumption we have made they vanish when a

large contour is used. Also j [ds =0 and j m ds = 0, and since the fluid is incom-
J ¢ (¢}

pressible j (mv -+ ') ds = 0. j (I» — mu') ds is the circulation, which may be
’ C C

written I.
Hence

:Lg+@W@,......... )

:_L@+%@m@+UL...... )
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If the motion is not irrotational then the circulation will evidently depend on the
circuit chosen. In all the cases where the motion outside a rotational ““ wake ™ is
irrotational

(po 1s the pressure at infinity) everywhere except in the wake. If, then, a contour is
chosen so that the part which cuts the wake is a straight line perpendicular to the direc-
tion of motion (axis of ) as in contour C, fig. 19, then

E=~§ Amds +UT=UI, . . . . . . . (0),
e o
because m = 0 in the part of the contour for which A is not equal to 0.

It appears, therefore, that there is one type of contour for which the connection
“between lift and circulation may be expected to hold even when the motion is not
irrotational, 7.e., one which cuts the wake in a line perpendicular to the direction of
motion. It will be noticed that all the contours chosen by Messrs. Bryant and WiLLiams
are of this type. '

Suppose now we imagine the large contour C to contract towards the aérofoil. It is
clear that if it contracts in such a way that equal amounts of positive and negative
vorticity are included in the part of the wake which lies between the new contour D and
the original large contour C, then the circulation in D will be the same as that in C.  If
equal amounts of positive and negative vorticity are carried away from the neighbourhood
of the aérofoil by the fluid in the wake, then one might guess that contours which cut the
wake at right angles to the stream-lines, as contour D (fig. 19), might have the same
circulation as C, 7.e., the “ PRANDTL 7 circulation. In that case small contours such as E,
which cut the wake at right angles to the direction of motion, -— U, might be expected to
have a slightly smaller circulation than the “ PrANDTL ” circulation L/Up.

We have now seen that the relation L = oUI may be expected to hold even when the
motion is not irrotational, provided that the circuit used in calculating I is chosen in a
particular manner. This result is true even in cases where the flow at great distances
from the aérofoil bears no relation to the type of flow contemplated in PraNDTL’S theory.
To prove this we shall consider the discontinuous flow round a flat plate inclined to the
wind. This type of flow, which was studied by Kircanorr and Lord RavLEIGH, involves
the conception of a dead-water region contained between two free stream-lines or vortex
sheets which stretch to infinity behind the plate.

Curculation Round a Flat Plate inclined to the Wind.—In this case the stream is divided
at the plate into two portions separated by a dead-water region which is at rest. The
surfaces of separation can be regarded as sheets of positive and negative vorticity, and
the velocity of the stream just outside them is constant and equal to the velocity of the
stream at infinity. TIn fig. 20 the plate is represented by AB and the two vortex sheets
by the lines AD, BJ.

2K 2
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To calculate the circulation in a circuit enclosing the plate it is required only to know
the two points D and E (fig. 20) at which the circuit cuts the two vortex sheets. Assum-
ing, as RavLEieH does, that the velocity of the fluid at infinity is unity, the circulation
round the circuit C (fig. 20) is equal to

$r — o5 + (length of curve BE) — (length of curve AD) where ¢, and ¢5 are
the velocity potentials at A and B.

Fia. 20.

It is clear that if the relative positions of the points D and E are entirely arbitrary
the circulation in C can have all possible values positive or negative.

Now suppose that we arbitrarily fix another condition, namely, that the contour is
so chosen that the line joining D and E is perpendicular to the flow at infinity. Such
a contour is shown as C' D’ B’ in fig. 20. We shall now prove that the circulation has
a limiting value as the contours are increased in size, so that the points D" and E’ move
off to infinity along the vortex sheets AD and BE. It will be found that this limiting
value is exactly the circulation required to account for the lift according to the circula-
tion theory of lift.

Using the same co-ordinates as Lord RAYLEIGII, namely, oz in the plate and oy per-
pendicular to it, the equation to the vortex sheet AD is

dxl = COS « ---—,._].——..—_———__
ds, \/s1 + 0,
where 8, is the length along the curve measured from A and (Y is o chosen that S, = 0
at the point A. Since the line touches AB at the point A, clx/dS, =0,at5; =0, so0
that C; = (1 — cos a)~2
Integrating (11)
@, =8, cosa + 2v/8; (1 —cos )2 — 2 (1 —cos )™, . . (12a)

(11)

the constant being chosen so that © = 0 when S, = 0.

* “ On the Resistance of Fluids,” * Phil. Mag.,” vol. L1, pp. 430 to 441 (1876).
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Similarly, if z,, ¥,, S, are similar co-ordinates for points on the other vortex sheet
BE, it will be found that

Ty =Sy cos « — 24/S, - (1 - cos )22 (1 4-cosa)-t. . . (I12B)

dyl - ’dxl>
=A/1- (%) &

Writing 8, + C; = 1/u,? it will be found on integrating that

To find ¥,

1

sin o <1 U, COS oc> {1 _2uzcos  w? )}

iy == ; i
h Ul sin? o sin? « sin? o]
. log {( M oosa) | / | _2mcosa u >*}
sm3 sin? « \ sin? « sin? o
— ———Jogsin e . . . . . . . . . .« v . . . . . .3
sin? o~ © ‘ ‘ (13)

where the constant of integration is so chosen that ¢; = 0 when S; = 0.
When 8, is large so that w, is small, we may expand in powers of «, equation (13) then
becomes

' sin « 2 cos « 1
hW=— - : - —— (cos? « —1)
U, u, 8in o« sin® «
logw, . 1 . . .
-+ (?g? ! — ——log (2 sin «) |- (terms containing «, as a factor). (144)
sin® & gin® «
Similarly,
sin« , 2cos o 1 log u
gy = SR 2080 L (oga — §) OB
Uy #, 8In o sin? « sin® o

1
sin® o

log (2 sin «) 4~ (terms containing u, as a factor). . (14B)

In order to facilitate the calculation we shall take u, =4, = u, and calculate the
relative positions of the points D and E (fig. 20). In this case

———S—i~C—————S + C,,
2 w2
so that
S, —8, =C, —C,=(1—cos a)?— (+oos c/)f-—tlor:lsa (15)
From (144) and (14B)
4 cot a
Yy — Yy = CZ”, N ¢ 1)
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and from (124) and (12B) after a little reduction

4 4
sin* o u’
As S increases indefinitely z, — 2, and y, — ¥, increase indefinitely, but the distance

of the point I& from the line drawn through D perpendicular to the direction of the
fluid at infinity tends to a finite limit. Calling this distance d

d = (x, — 5 + ) cos « — (yy -~ 7,) 8In
where [ is the width of the plate, which in RayLeien’s calculation is
4 -+ qsin oy

sint «
Hence

. / 4 4 7 4 cob o\ . 7 COS o
d el Q-— —— — 1 "1-—- - 1 “'1" 3 >C’OS A’ — < ) Sln o == _."‘3'—— . (18)
w  sin*a  sinte  sind o sin® «

At a great distance from the plate the vortex sheets are parallel to the direction of
flow at infinity, so that S,— S, -|- d is the difference in the length of the curves B K’
and A D’.  Hence the circulation in a circuit for which D’E’ is perpendicular to the
general direction of the flow is

Ty —dy 8 — S Fde . o L (19)

To find ¢, — ¢y it is necessary to refer again to RavreigH’s calculation, where it
will be found that

da =y — — (1 — cos @) |- (1 4 cos o)~ — — B2, (20)
Hence from (19), (18) and (15)
7T COS «
T (21)

It appears, therefore, that the circulation tends to a finite limit when the contour
is chosen in the special way described.

—— as the pressure on a lamina
4

Referring again to RaYLEIGH'S paper, he gives o

whose width is 4—%%—{ This pressure acts normally to the plate, so that the lift is
¢4
7 COS o
sin® o ( )

* RavLeIGgH, loc. cit.
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Comparing (21) and (22) it will be seen that the relation between circulation and lift
is true, even in the extreme case of discontinuous motion, provided the contour is
chosen so that in the part where it crosses the wake it is perpendicular to the current
and a long way from the plate. Any other type of contour would evidently have given
a different result, though it is not difficult to show that a contour which crossed the
wake close to the plate, hut was perpendicular to the general direction of the current,
would have a circulation which differed only slightly from that which corresponds with
the lift.

Conclusion.—The relationship between lift and circulation may hold when the
motion is not even approximately irrotational, provided that large contours are chosen
so that they cut the wake in a straight line perpendicular to the direction of motion of
the aérofoil.
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