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AN INVESTIGATION OF THE FLOW EEHIND A WING WHICH COMPLETELY

SPANS THE CLOSED JET OF A WIND TUNNEL

Summary

An investigation was made to determine the flow about a wing which
completely spanned the closed jet of a wind tunnel, and to determine the
effective aspect ratio of the wing,

The experiment included three separate steps: (1) calculation of
downwash by the slope of the circulation curve, (2) downwash measurement
by yawheads, and (3) effective aspect ratio by drag curve,

The first was 1q§eterminate. the second gave AR = 25; and the last
indicated that there was induced drag. The second step was compared with
Glauert's wall corrections,

For a discussion of straightening the flow in the tunnel, a necessary

step before angular measurements could be made, see Appendix.

Introduction

Although many experiments had been made with pressure wings and with
wings that completely spanned the jet of a wind tunnel, so far as is known,
‘no investigation had been made with the combination, a pressure wing which
spanned a closed jet, that included readings close to the wall,

The experimenfl were begun in June, 1938, Preliminary investigation

had shown that the flow was irregular and to correct this anti-twist vanes



had been installed, Refinements of the flexible trailing edges of the
twist vanes and further adjustments were undertaken to smooth out the
flow,

Next the pressure wing was installed and the pressure distribution
read for enough points (usually four) to determine the straight portion
of the lift cufre. Lift curves were determined for stations every two
inches from the tunnel center line to the wall with four extra stations
being taken in the last inch, closest to the wall, where the flow changed
most abruptly.

The 1ift was then plotted against the span, and the circulation
variation acreoss the span was calculated, From the slope of the circu-

lation curve an attempt was nmade to apply Frandtl's downwash eqju-atio;n:"

al axt
H’(x) = ...l._ dx' ’
4y x - x!

to calculate the downwash and hence to get the effective aspect ratio,

The total downwash was then measured by both a large and a small yaw-
head, Since part of it was due to the circulation about the wing, the
total downwash had to be diminished in order to determine that part, if

any, due to the trailing vortices.

Firally, the chord force pressure distribution was plotted from the

pressure distribution curves, and chord force and drag coefficients were

calculated, Then a drag curve was plotted for a station at the center line,

1
Hermann Glauert, The Elements of Aerofeil and Airscrew Theory, p.l35,
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From the behavior of this curve it was possible to draw conclusions as to

Whether the drag was varying with 1ift or not.

Apparatus

The experiments were carried out in the small wind tunnel at the
Daniel Guggenheim School of Aeronautics at the Georgia School of Technology.
This tunnel® has a square thirty inch jet and is of the return type.

Pressure distribution curves were made by means of a pressure wing that
completely spanned the jet, This wing, of Clark Y section, slipped snugly
through rotatable end plates in such a manner that the ring of orifices
could be moved to any station acrose the jet from center line to the wall,
The wing had a 6"chord and S50* span, which, allowing for end fixtures neces-
sary, gave the required lateral movement, Measurements of the angle of attack
were made by placing an inclinometer on two pins set into one end of the wing.
The rotatable end plates had a set screw arrangement so that the wing could
be turned to any desired angle and locked.

Each orifice was connected to & tube of a multiple manometer which con-
glsted of a bank of alcohol filled tubes covered by a glass plate, This
enabled the pressure distribution to be plotted directly,

The angle of flow in the tunnel was measured by yawheads described in
Figures 7 and 8, The large yawhead was a three-quarter inch tube with ori-
ficies one-half inch apart, and a built in vernier scale to read angles, The
small yawhead was made of one-quarter inch tubing and had orifices 3/32%

apart, Angle measurements were made with a fixed arm using an inclinometer,

2 ; '
George Van Schliestett, Experimental Verification of Theodorsen's Theore-
tical Jet Boundary Correction Factors.




Discugsion

Operation of the Pressure Wing

The use of the pressure wing was found to be a quick, accurate
method of measuring the 1ift, To facilitate the computations, the manom-
eters which measured the pressures were set at an angle which was so de-
termined as to reduce the pressure to a function p/q, conveniently arranged
to make a unit p/q a unit on the graph, This enabled the 1ift coefficient
to be simply calculated as one twenty-fourth of the area of the pressure

distribution curve, as follows:

__ MANOMETER TIPPED TO 6£T i
e e

a) For a one inch strip of wing the pressure is in pounds per inch,
When multiplied by the chord, this gives pounds normal force which,
vhen divided by the dynamic pressure, q, gives the normal force coeffi-
cient Cn,

b) For convenience, the mancmeters were tipped to divide effectively

the pressure by q, Thue, for 40 miles per hour (the running apeed), ¢ was



2.48 cms, of alcohol‘ or ,979 inches of alcohol,

R -..RB
q .979 .01 p.

c) To get a large scale we double this and, using a p/q of 2,02,

arrive at the equation

a=P _ =
sin 2.0% .496 ,

which value corresponds to an angle of 29°20°.

d) The normal force coefficient:

Cn = -4 (for a one inch strip),

’—prdt,

qt
I%dt :
fﬁdt.

But, in plotting the pressure distribution curve, the chord was made

]
o i

] L

12" instead of 6", and from (c) above, the ordinate was doubled, so the
graph shows four times the actual area.

Hence,

A 7 gq

4

G.A. Mahoff, L,B, Rumph, and W.R, Weems, Calibration of Small Wind Tunnel
at Georgla Tech, Table I, Report No,4, 1932-1933, unpublished student
technical report deposited in the Library of the Daniel Guggenheim School
of Aeronautics, Georgia School of Technology.
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Figure 2 shows a typical pressure distribution curve, faired in, and
with the area and normal force coefficients as obtained from integration
with a planimeter, The normal force coefficients, as obtained in this
manner, were plotted for positions across the jet from the center line to
the wall, as shown in Figure 3. They were unchanged except for a correc-
tion in g necessitated by the drop in velocity close to the wall (smee
Figure 4). It was found that the pressure wing could be used to read the
velocity, in other words, q, if the wing was set at a low angle (about
3030") and the value of the lowest (highest pressure) ordinate considered
to be q. 'I'ha.valua was from the orifice that became headed directly into
the wind, An example of this is indicated on Figure 2,

Close to the wall the veloclty, q, decreased, Figure O shows a run
with lowered velocity, with the correction shown, This correction is
needed as the manometer stand was set for an angle that would be right for
only one speed.

The Cn, henceforth called Cl, which is well within the limits of
accuracy up to an angle of attack of 8°, as read from Figure 3, and the
velocity, as read from Figure 4, may be used in the following manner to
get the circulation across the span,

In the following equations:

L = 1lift in pounds,

p = mass density.
L =pVbl

or, N = (for a unit span),
pVb



and : %svcl
0t = '
pvb
= Vl t -
2

The circulation was plotted against the span in Figure 6 for an o of

6°, which corresponds to a Cl of 1,115, The slopes were then estimated as

nearly as possible and applied in Prandtl's eqnation:s
al ax
A ) &x! .
= 4n x - Xt

Unfortunately, the reversal of the slope of the circulation curve near
the wmall was of such a magnitude that the downwash could not be calculated,
A slight variation in estimating the slope would produce a considerable
variation in the downwash, precluding accuracy. An example of this is
given below,

From Figure 6, Circulation Against Span, the slopes were calculated
first, The example was worked for an angle of attack of + 1°, The curve

was broken down into & series of straight lines and the slopes were as

follows:
TABLE 1
Section Distance (Span) Height Slope
A) 0 0
6 =
B) .33 to .50 -9.6 - 8.9 7=
c) .50 to .740 0 )
5

Glauert, op.cit., p.1l35.



TABLE I (Continued)

Section Distance (span) Height Slope

D) .74 to 1.00 3.9 - 7-7 _1-_,_3,, 4 62
.26 *

E) 1.00 to 1,207 7.33 = 6.6 73 3, 52
.m?

F) 1.207 to 1.24 6.6 - 8,65 -2,05 = _ 62,2
.033

Prandtlts Relation for the downwash is

ar axt
w= L | _4x'
4m x - x!

where x is taken along the span,
Considering only bhalf a span, this must be doubled., And considering

that the change in ' is constant for a section we then have:
]

wad af [ axr
2n dx') x - x'
(1)
WE -l !’ (10g a - 1log b)
3 dx!
when x = 0 (at the center line),
The total downwash is the sum of the downwashes due to each sectlion,

or:

w = Downwash due to (A+ B+ C+D+E+ F) (2)

Substituting the slopes from TABLE I in the equation (1) we have:



TABLE 2
Section Substitution Downwadh due to Section
congidered.

A) 0 0

B) w= - §§§§ (l0g.33 - log.50 . 285

c) w= 0 0

D w="-%62 (10g.74 - log 1.00 821

) T (log g )
E) w= - %-52% (log 1.00 - log 1.207) .126
F) w= -g%g (log 1.207 - log 1.24) - .079

Total w= 553

= 2993 = 00934 radians.

for a velocity of 59,3 ft,/eec,

From L1
%1% F AR
we get
mS .g..].'—-!.
nw

For this example the AR is i:-i-—-‘ﬁ-%g-sg—- 2.8 .

Unfortunately, the downwash as calculated for Section F is too approxi-
mate and indicates an aspect ratio below the correct value, This is due to
the inaccuracies arising from trying to estimate the slope of the circulation
curve, especially near the wall,

It is to be noted that the pressure distribation method glives quick,

accurate results, as far as 1lift coefficlente are concerned., The curves
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were straight and shifted over as progress was made towards the wall
(Figure 0), At about one-half inch from the wall they showed a radie

cal change, becoming much steeper, Observations of the pressure curves
indicated that the total 1ift was remaining constant although the velocity
was decreasing, Consequently, the circulation went up close to the wall

also, and that gave an opposite sense to the tip vortices (Figure 6).

Downwash by a Large Yawhead

¥hen it was apparent that the downwash could not be calculated by
the slope method in a closed tunnel, a second method was tried, A yew-
head made of three-quarter inch tubing with orificee one-half inch apart
was used and stations taken every few inches back of the wing and in the
plane of the wing, The angle of attack was varied and the total downwash
measured at each station,

Using a yawhead with orifices at such a distance apart gave poor
results, Apparently, as the statione were in the wake, there was a
pressure difference between the two holes that indicated an angular re-
lation that did not exist, Although for angles of attack between — 3°
and + 3° the points faired into a straight line, this line did not have
the correct slope, as later determined, nor did the zero 1lift point
colncide for all stations back of the wing,

An effort was made to take stations below or above the wake, but
no satisfactory results could be obtained,

Figure 7 is a drawing of this yawhead.
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Downwash with a Small Yawhead

It wmas found that a yawhead with a small space between orifices
would read better than that of the previous discussion, This type with
only 3/32" between holes gave points that were substantilly a straight
line from zero 1lift to 8°, and sll curves started from the same point
for zero 1ift, The reason for the smaller yawhead being more accurate is
that by reading in the wake as was done, differences present ln both pres-
sure and velocity appeared on the yawhead as angular changes,

Now the downwash, as measured, was due to two sources; the tralling
vortices and the circulation about the wing. Since the induced anrgle and
hence the effective aspect ratio depend on the part due to the trailing
vortices, it was necessary to calculate and subtract the circulation ef-
fect, The variation of the circulation strength was small over the span,
and the average value from Figure 6 for q = 5° was found to be 14.1 £t23/sec.

The case under consideration was treated as & segment of constant

strength, and the downwash due to circulation, w,, was found as followsse

for an o = 5° we obtain the following table:

TABLE 3
h h r I tan @ ® cos® 2088 W, G
in, ft. 4y 4ph
9.6 .80 1,12 1.40 .640 32%30' .834 1.67 2.33 2.26°
11,4 .95 1,12 1.18 .760 37°10% .797 1.59 1,88 1.82°
13.0 1.19 1,12 .94 .8656 40%s0' 757 1,51 1,42 1.37°
17,0 1,42 1,12 .79 1,13  48°30' .663 1,34 1.16 1.123
20,2 1.68 1,12 .67 1.35 53%30¢ ,594 1,19 .79 .76

si}lmrt. op. cit., p.1l28.
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tan @ = dist, downstream _ h(inches)

half jet width 15

e, =hd01nlash due to c¢irculation

w w
Yo _ Ve (57,3)
v 59.3 = ,966w,

The values of w, are plotted in Figure 9, as well as the values of
the total downwash as read directly from Figures 10-14, The maximum differ-
ence occurs 17% back of the quarter chord point and is about 1.2, Theore-
tically, half of this value has been reached at the lifting line, but prac-
tically, the value there is only 1/1.6, not 1/2.

The induced angle then becomes

1.2 o 76°
1.6 * ¢
Fr
om . = o |
1 mAR
we get
AR = Cl
Tl'G-i

For the case under consideration this becomes

(1,04) (57,3)
(3.14) (.75)

= 25,3.

Inasmuch as the 1ift distribution survey indicated that the 1ift
vanished at the wall, it is interesting to compare the results with those
obtained by assuming that the wing has its geometric aspect ratio, elliptic

loading, and normal wall correctiomns, These are obtained from Gl&uart“7

7
Hermann Glauert, The Interference on the Characteristics of an Aerofoil
in a Wind Tunnel of Rectangular Section, p.244,
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The downwash angle is due to the aspect ratio and the tunnel wall
effects,

- Ao = SL. .65

n AR c

where & is the tunnel wall correction,

For C1l = 1,04, wing area, S = 180 eq.in., tunnel area, C = 900 sgq,in,,
and AR = 5, and using the induced angle,as determined, = ,75, we obtain
the following: |

or,
& = ,254

In our notation this becomes . 508, (GL = 2L)

Glauert gives the wall correction as a :hmction:a

N= 86 =AF_ (6) + T, (6)

where | | »
2 (am+1)! (2m+2) | & |
F.(6) = 2n £ i
148 ™0 ! fmr)] (o)} mes)! () g P
00 + -
AFO= 2y £ 20 [ 30 $)
P |+c5f mwP
_-2mA \
qQ = e where ie the ratio of tunnel height to width;
in our case = 1,
and® q = .00187

Substituting for thé series p = 1,2,3,4, etc., and m = 0,1,2, etc., and

evaluating Jl(up) as a Bessél function, we get:

8

Glauert, op. cit., p.246.
9

Ibid,, p.242.
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1'1(6} .052

AF(6) = ,369

6 = ,411.

This value compares with the value ocbtained by experiment of & = ,508,
and indicates that a wing spanning a wind tunnel jet may be coneidered a
wing of geometric aspect ratio and elliptic loading; affected, of course,
by the tunnel wall correction as given in Footrote 9,

The accuracy is within the range of the estimate of the induced angle
at the wing in terms of the maximum induced angle behind the wing,

Since the 1lift distribution is not elliptic, the downwash is larger,
but apparently the wall interference is increased in about the same ratio,
and this tends to cancel out the difference,

The slope of the 1ift curve from Figure O is found as follows:

cl = 1,04,

a 5.0° or 10.8° from zero lift,

1,04 (57,3) = 5,5 .
10.8

Slope

Downwash at wing for this Cl is .'f°, hence slope for infinite aspect

ratio at Reynolds' Number of 170,000 is

1.04 (57.3) = 5.9 .
10.8 - .?

In order to get assistance in fairing the curve of downwash due to

trailing vortices, a calculation of the theoretical values was made, The
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10
value of the downwash due toc one vortex, as given by Glauert, is:

="'|" (y"_%) [1.|.
"3 T T 2 + (v - 3)° F+z=+(y-£.-)?]

In our case, for downwash at the center line and in the plane of the

wing, y and 2 = 0, and the downwash for two vortices becomes:

4
11
For the case under consideration,
M =14.1
x =h
and b is determined from the formula,
2
AR = -bs— »
or
'bs = S ms
= 180 x 28,
b = 71 inches.
The several values of w work out to be:
r h w
14,1 20n 1,17
14,1 15n 1,07
14.1 10n .96
10

Hermann Glauert, The Elements of Aerofoil and Airscrew Theory, p.159.
11
See page 11,
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When these are plotted, see Figure 9, it is seen that the curve
should be very flat near the wing, and the points discarded are in all
probability too close to the wing to give accurate results, Fortunately,
the resulte depend on the maximum value of the downwash due to the trail-

ing vortices.
Calculation of Cd,

Some work has been done by the U.S, National Advisory Committee for
Aeronautics and other research agencies in measuring the drag by a pressure-
distribution method., Since the pressure curves had already been plotied
for the aspect ratioc and 1lift part of the investigation, it was decided to
use them and see what could be done in the way of drag calculations,

One of the first principles in this work is the understanding of the
meaning of plus and minus pressures, A plus pressure on the nose of the
airfoil gives drag, but on the part past the maximum thickness, it gives
anti-drag, Exactly the opposite is true with mimus pressures, Hence, in
plotting these values against the thickness of the airfoil,6 it is necessary
to keep in mind the meaning of each reading, To facilitate this, each
orifice in the wing was numbered (see Figure 15) and the height of each
marked on the ordinate axes, The values were scaled off the pressure dis-
tritution and plotted as drag or anti-drag as the case might be,

An example has been plotted for Figure 2, although this station (1.0%
from the wall) was not used in the drag calculation, The values on Figure
2 have beern numbered to identify the orifice from which they came, The
pumber assigned to each orifice is shown on Figure 15, The drag plot, giving

the area and calculated Cd, is shown in Figure 16,
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The method of calculation is as follows:

Chord force = q S Cc,
,Ip_ah
q ¢
ok f”h
tJaq

However, the chord of the wing is 6%, and to make a clearer plot, the
thickness was quadrupled, Since the ratio p/q wae also doubled?, the
chord coefficient becomes

1 fnd.h
e sied da °

- _4;!_.8_ 'Edh .

Thus, the chord coefficient is obtained by subtracting the anti-drag
area from the drag area of the chord pressure distribution curves and di-
viding the result by 48,

This has been done for six points and yields the following, The angle

3
of attack as given is un.corracte&. and drag forces are considered plus,

TABLE 4
Chord Force Coefficients
a Area Ce
-4 20V «91D 019
-2 301 . 72D 015
1 10¢ . 14D .003
3 156! . 90A - 019
5 10! 2.50A - 052
7 00 4,084 - 085
12 13

See page 5. See page 19.
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These values are plotted in Figure 17, (Note: D signifies a drag or (+)
coefficient, A an anti-drag or (-) coefficient)
To obtain the drag coefficient, the normal force and chord force

must be resolved as follaws‘:
Cd = Cn sing + Cc cos a .
A table of results is below:
TABLE 5

a Cn Ce (3 eilng cosa Cnelng Cc cosa Cé
(Measured) (true)

-42 .14 .019 -4 30 -.0786 ,997 -.0108 .019 .008

-280 .,28 .05 -3 00 -,0523 ,999 -.0146 015 .0004

- 120 .43 .020 -1 30 -.0262 .999 ~.011 .020 .009
110 .66 .003 100 .0175 .999 .012 .003 .015
315 .8 -,019 3056 .0539 .999 .046 -.019 .027
510 1,04 -.062 500 .0877 ,996 .091 -.062 .039
70 1,22 -,086 660 .,1190 ,993 144 -.085 .059

A polar plot of these values is given in Figure 18,

Since the results of these plots seemed to be open to gquestion, it
dynamic
was supposed that a possible/pressure variation over the chord might he
the cause. This was investigated, and as the pressure change from nose to
trailing edge was under .01 cm. of alcohol for a q of 2,48 cms,, the error
did not lie at that point,

Calct;llating the Cd values for four points already on the pressure
curves gave an indication of the behavior of the Cd curve. (Figure 18 —-
the angle of attack plotted is the measured angle) Further points were
desired and so a.dditionai pressure curves were run at -2 30', - 5 45', and

-6 30*, It had been previously noted that the pressure set-up seemed
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difficult to handle at the very low angles, and this difficulty was
apparent in obtaining the new points, The Cn values fell below the
straight line of the lift curve,

Assuming that ths error was due to angle measurement, an effort was
made to check all angles involved, Since the up flow was 1° in the tunnel,
and since the pins for measuring the angle of attack were 1°10' too high,
it was necessary to correct the angles of attack by subtracting 107, As
can be seen from TABIE 5, the sine of the angle is very critical, as the
Cn is much larger than the Ce,

A second assumption to the effect that the angle was correct and the
error, if any, was in the integration, led to new points less trustworthy

than the old ones,

Conclusions

The downwash relation,

3

W=

4n

ax!
X - x!

f afl  ax'

cannot be used satisfactorily for a wing spanning a wind tunnel jet, as
the slopes of the circulation curve close to the wall are very critical
and cannot be estimated accurately,

The flow angle as measured by yawheads and corrected for circulation
effect indicated that a wing spanning a iind tunnel may be treated as a
wing of normal geometric aspect ratio, if the tunnel iall corrections are

applied,



Bibliography and Related Works

Cowley, W,L., and Jones, L,J., "Ar Experimental Test of the Prandtl
Correction for Tunnel Wall Interference," Aeronautical Re-
search Committee Reports and Memoranda No.898,p.538, Vol.Z2,
1923-24,

Glauert, Hermann, The Elements of Aerofoil and Airscrew Theory,
Cambridge: University Press, 1926,

"The Interference on the Characteristics of an Aero-
foil in a Wind Punnel of Rectangular Section,® Aeronautical
Research Committee Reports and Memoranda No,1458, p.241, Vol.l,
1932-33,

¥Wind Tunnel Interference on Wings, Bodies, and Air-
screws, London: Printed and published by His Majesty's Stationery

Office, 1933. (Aeronsutical Research Committee, Reports and
Memoranda No,1566)

Higgine, George J.,"The Effect of the Walls in Closed Type Wind
Tunnels, ¥ U,S,Netional Advisory Committee for Aeronautics,Annual
Report, Technical Report No.275, p.373, 1927,

Wall Interference in Cjosed Type Tunnels, U.S.
National Ad¥isory Committee for Aeronautics, Technical Notes
No, 256, March, 1927.

Jacobs, Eastman N., and Stack, John, and Pinkerton, R.,M,, "Airfoil
Pressure Distribution Investigation in the Variable-Density

Wind Tunnel,® U,S5 National Advisory Committee for Aeronautics,
Annual Report, Technical Report No.353, p.451, 1930.

Mahoff, G.A., Rumph, L.B,, and Weems, W.R,, Calibration of Small Wind
Tunnel at Georgia Tech, Unpublished student technical report,
Daniel Guggenheim School of Aeronautics, Georgia School of
Technology, Report No.4, 1932-33.

Piercy, N.A.V., "On the Vortex Pair Quickly Formed by Some Airfoils, "

Journal of the Royal Aeromsutical Society, p.488, October,
1923.

Pipkerton, Robert M., The Variation with Reynold's Number of Pressure
Distribution over an Airfoll Section, U.S.National Advisory

Committee for Aeronautics, Technical Report No.613, 1938.



2l

Schliestett, George V., Experimental Verification of Theodorsen's get
Boundary Correction Factors, U.S.National Advisory Committee for
Aeronautics, Technical Notes No, 506, October, 1934,

Sherman, A., "An Integrator of Evaluating the Downwash from a Span-

Loading Curve,™ Journal of the Aeromautical Sciences, p.l48,
February, 1938,

Silverstein, Abe, Katzoff, S., and Bullivant, W.K., Downwash and Wake

Behind Plain and Flapped Airfoils, U.S.National Advisory Committee
for Aeronautics, Technical Report No.651, 1939.

Theodoreen, Theodore, and Silverstein, Abe., "Experimental Verification
of the Theory of Wind-Tunnel Boundary Effects," U,S,National

Advisory Committee for Aeronautics, Technical Report No.478, p.79,
1934,



AFPERDIX



APFENDIX A
Straizhteni the Flow in the Tunnel

The copper trailing edges of the anti-twist vanes already mentioned
were found to be ample to produce & change in flow, although they were only
about 20 per cent of the chord, Apparently, the horizontal vanes, Hun.n‘nelrs
1l and 4, had the most effect on the horizontal flow across the jet. Figure
1 shows the Horigzontal Survey before regulation and also after, Unfortu-

nately, it was believed that a sharp upflow near (withian 2 inches) the wall

Anti-Twist Vanes (Looking Downstream),
(Outer Flaps Down on 1 and 4)

was produced by leakage around the yawhead which was not a tight fit, Later

investigation indicated that this was not the case, and the probable cause
was a pair of vortices, each of nearly equal strength and opposite sense,
The flow mpparently does not make a turn from the propeller to the jet, be-

cause by varying the twist vane at the froat of the tunnel (Number 1), a



variation in the flow at the front side of the jet was produced. The
variation in angularity was decreased from : 2 to 2 1{4° by adjusting
the flexible trailing edges, but this small variation held only for &
static plate of h = 5 cms, of alcohol and decreased to about ¥ 1/2° for

other speeds.,
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