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FLOW STUDIES IN THE ASYMMETRIC ADJUSTABLE NOZZLE OF
THE AMES 6~ BY 6-FOOT SUPERSONIC WIND TUNNEL

By Chsarles W. Frick and Robert N. Olson

SUMMARY

Surveys of the flow in the test section of the asymmetric
adjusteble nozzle of the Ames 6~ by 6—foot supersonic wind tunnel
have been made to determine the uniformity of the air strean.

The results of the surveys show only small variations of stream
pressure and direction at a nominal Mach number of 1. k., As the
Mach number is increased or decreased from a velue of 1.k, however,
vertical pressure gradients of significent magnitude are fomd
Smaller axial gradients also exiet. There are no transverse gradi-—
ents of appreclable magnitude,

Tast techniques for minimizing the effects of stream irregu—
larities are discussed and the results of force and pressure—
distribution tests of a swept—wing model are presented to lllustrate
the effectiveness of these technlgues.

INTRODUCTION

In reference 1, H. J. Allen has ghown that the continuous
adJustment of the Mach nmumber of the flow in the test section of a
supersonic wind tunmnel may he accomplished by the use of an asymme—
tric adJustable nozzle. The advantages of thils scheme, in contrast
with nozzles with fixed dimensions or those with flexible walls, in
increasing the utility of s supersonic wind tunnel sre apparent.

One disedvantage of such & nozzle, however, 1ls of speclal interest

to an experimenter, nemely, that, with the present technique of npzzle
design, it has not been found posslible to obtaln a mmiform stream at
‘all Mach numbers. JIn view of the increase in the usefulness of the
wind tumnel, however, some deviations in stream flow may be tolerable
if their influence on the test results can be accurately determined
or can be shown to be small.
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Speed control by use of the asymmetric edjustsble nozzle was
incorporated Into the design of the Ames 6— by 6—Ffoot supersonic
wind tunnel. This facility, which was planned in 19441945, was
put into operation in the summer of 1948. Extensive surveys of the
air gtream of this wind tunnel have been made to determine the char—
acteristics of the air stream both for the purpose of providing
essential Information needed for the interpretation of test results
and for use in the further development of nozzle design technigues.
The results of these surveys are given herein togethern with the
results of some model tests which show how the effects of stream
irregularities may be minimized.

GENERAL CHARACTERISTICS OF THE WIND TUNNEL

The Ames 6~ by 6~foot supersonic wind tunnel (fig. 1) is a
clogsed~return, variable—pressure, supersonic wind tunnel with a
6-foot-square test section. The ssymmetric adjustable nozzle used
in this wind tunmnel permits the Mach number of the flow in the test
section to be varied continucusly from M = 1.1 to M = 2.0. The
ordinates of the nozzle blocks are given in taeble I, Separate origins
are given for both the upper and lower nozzle blocks. The results of
pressure and aengle surveys presented later will be given for certain
values of the axlal displacement of the lower block from the upper .
which 1s designated as D, as noted in the sketch on table I.

The tunnel is powered with twe 25,000-horsepower wound-rotor—
induction motors soclid—coupled in tendem to an extension shaft which
Arives an eight—stage axisl-flow compressor. Synchroncus speed for
the motors is 900 rpm. A slip regulator permits the speed to be
lowered to 775 rpm. The drive power 1s sufficiant to permit the
attainment of a maximum stagnation pressure of sbout 17 pounds per
square inch sbsolute at the lower Mach numbers. A stagnation pressure
of 2 pounds per square inch 1s the minimm value attainable.

The wind tunnel is a sealed pressure vessel and is equipped with
air drying equipment of sufficient capacity to permit the absclute
humidity of the air to be maintained at a value of less than 0.0003
pound of water per pound of alr, The deleterious effects of moisture
condensation on the uniformity of the flow in the test section are
thereby avoided.

The temperature of the air stream may be held at a maximum
stagnation temperature of 560° Rankine, Temperature control is
obtained by use of finned cooling colls which are located in the
tunnel Just downstream of the compressor. -
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SYMBOLIS
horizontel distence in the axlal direction from the vertical
plane perpendicular to the test section axis -and passing

through the center line of the schlieren windows in the test
sectlon, positive downstream, inches

horizontal distance in the transverse directicon from the verti-—
cal plane passing through the test—sectlon axls, positive to
the right a8 viewed from a downstream position, inches

vertical distance from the horizontal plene passing through the
gxis of the test section, positive above the test—section
axis, inches

distance from the nozzle wall, inches

the angle that the tangent to =ny streamline mskes with a
horizontal plane, positive for upflow, degrees

axial dlsplacement of the origin for the lower block of the
nozzle from the origin of the upper block of the nozzle, inches

total pressure of the stream at any point within the boundary
layer, pounds per square inch

total pressure of the free gtream, pounds per square inch
model wing area, square feet

stream velocity, feet per second

stream mass density, slugs per cubic foot

dynamic pressure (%p\?'z) pounds per square foot

mean aerodynamic chord of the model, feet

11ft coefficient ( E?)
g

moment coefficient Gnom__g&_%
gSc

drag coefficient (d_rgag
Q
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M Mach number <E> s Where = 1s the local spéed of sound
a

loading coefflclent, the change in the difference Iin pressure,
in terms of the dynamic pressure, across the wing surface at
any polnt in terms of the change of angle of attack, per
degree

o ° angle of attack of the model wing, degrees

&Ny the change in model anglie of attack used in the celculation of
the loading coefficient, degrees

stream pressure coefficient, the difference between the pressure
measured by the survey needle and the pressure measured by the
arbitrary reference orifice in terms of the dynamic pressure

o

SURVEY . APPARATUS

Pressure surveys of the test—section air stream were made with
a power—driven pressure—survey apparatus (fig. 2) on which were
mounted three static—pressure survey needles, These needles consisted
of a 100—caliber oglval nose followed by a cylindrical afterbody 5/8
inch in dismeter, Static pressure orifices 0.0135 inch in diameter
were located 1n the needle at the axial position for which linear
theory indicates that the pressure on the surface is essentially equal
to that of the stream over the test range of Mach numbers. These
needleg were not calibrated, since no known standard exists, but it
is belleved that the needles read the true static pressure within
*1/2 percent of the dynamic pressure.

The pressure—survey apparatus was so designed that survegs
any desired axisl position In the test section could be made in con—

centric circles varying in radiuvs by 3—Inch increments up to a radius
of 24 inches.

. Stream-angle surveys were made with a small cone of 30o included
angle. Pressure orifices of 0.0135—inch diasmeter were drilled into
opposlte sldes of the cone in the plane in which the measurement of
stream angle was desired. The cone was mounted on a bar of wedge—
shaped section which in turn was mounted as a cantilever beam from a
fitting on the wall of the tumnel (fig. 3). The end of the beam
passed through the wall of the tunnel and was machined to fit a
protractor. '

The cone was calibrated by pitching the angle survey apparatus
through & wide range of angles of attack at & point in the stream

il
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both in an upright and an inverted position. A comparison of the
curves of the difference in pressure across the pressure orifices

In terms of the dynamlic pressure as a functiorn of the angle for the
upright and inverted positions gives the angle devistion of the true
zero of the come from that of the arbltrary reference axis read by
the protractor. Stream angles are then obtalned by reasding the
inclination of the arbitrery reference for a null reading of the
orifices and correcting by the callbration. The accuracy of measure—
ment is estimated to be %0.1°. Calibration curves for the cone are
shown in figure 4.7

Boundary-layer surveys on the curved walls of the tummel were
made at several points with rakes of total-head tubes located as
shown In figure 5. These rakes were constructed so-as to be very
slender in the stream direction and were attached in such a way as
to minimize any possible disturbance.

RESULTS.
Pressure Survey

The results of the pressure surveys® of the test section of the
wind tunnel are given in figures 6 to 8. The data obtained are pre—
sented as a difference between the pressure measured at an srbitrary
reference orifice located in the side wall of the tunnel near the
upstream end of the test section (at x = —28) and the pressure meas—
ured with the survey needle. This pressure difference is glven in
terms of the stream dynamic pressure as calculated from the total head

of the stream and the statlic pressure of the arbiltrary reference orifice.

In order to reduce the mass of data accumilated to a size con—
gsistent with publication in a report without eliminating essential
information, the results of axial surveys are presented for three
vertical survey positions, at the center line and 18 inches sbove
and below the center line, and vertical pressure varlations ere
shown for three axial positlons. Only a few cross—stream plots of

17he Mach numbers given in figure 4 and subsequent figures are the
average Mach numbers along the center line of the tunnel within
the test sectilon.

®Ko surveys were made for Mach numbers greater than 1.7, a limita—
tion imposed at the present time by certaln deficiencies of the
model support system.
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the data are glven toc show that the varlation in pressure across the
stream 1s negligible. Data are given for only one stagnatlon pressure
gince it was found that the characteristics of the stream were not
appreciably effected by the stagnation pressure in the permigsible
test range.

In all tests made for the purpose of obtaining these data, the
normal shock wave in the wind tumnel was kept downastream of the model
spupport in the diffuser of the wind tumnel. A constant check on the
position of the normesl shock wave was made by observing the dlstri-
bution of pressure along the wall of the tunnel as measured by a
number of orifices distributed along the horizontal center line from
the test section into the diffuser section. Control over the position
of the normal shock 1s maintained by controlling the compression ratio
of the compressor by varying the motor speed between 775 and 860 rpm.

Mach nmumber variations in the test section of the wind tunnel
are shown in figures 9 and 10,

Angle Survey

The vertical pressure gradlents cbserved in the alr stream at .
some Mach numbers are not in themselves as significant as the
streamwise variation In the stream angie which they imply. If the
flow 1s two—dimenslonal, and the stream pressure varlations are small
snd not disconktinuwous, the rate of change of ptream angle with axial
poaition can be related to the vertical pressure gradient as

a(A)
£ = -28.65 -(—f}’z@— (1)

This equation permits a calculation only of the rate of change of
the stream angle; the absolute magnitude must he determined by experi-
ment. Calculated stream-engle varilations agree quite well with the
results of stream—angle surveys as is shown by the dmta of filgure 11,
In view of the agreement shown, the amount of stresm—angle survey work
done was reduced to those tests needed to establish at any one point
the magnitude of the stream angle at any Mach number, as, for insta.nce,
in figure 11(a) for ‘& Mach mumber of 1.23,

Boundary-Layer Survey

Surveys of the boundary layer were made at three positions on
the nozzle walls as shown by the sketch in figure 5., The results
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of these surveys are presented in figure 12 for use in any nozzle
calculations which the reader may wish to make. The local stream
pressure coefficlent is given in the figure. .

DISCUSSION

Examination of the pressure—survey data shows that the flow
in the test section of the Ames 6~ by 6—Ffoot supersonic wind—tunnel
nozzle is essentially uniform at a nominal Mach number of 1.k, As
the Mach number is increased or decreased from a value of 1.k,
however, vertical pressure gradients of considergble magnitude are
found. Axlal pressure gradients alsc exist but are of smaller magni—
tude., There are no apprecisble transverse pressure gradlents in the
tunnel which indicates that the flow In the nozzle is two—-dimensionsal,
that is, there is no cross—stream flow within the test sectlion. The
surveys of stream sngle also show that the flow is satisfactory at
M = 1.4, and that apprecisble variations in stream angle occur as
the Mach number veries from that value.

The deviations of stream pressure and direction from a uniform
stream revealed by the results of the surveys are significant only
in the error they produce. The tolerable magnitude of such devia—
tions must be esteblished by investlgating what errors are entalled
in the results of tests of a model in such s stream. Iarge devias—
tions in stream angle sre permissible if their influence is known as,
for instance, the influence of the stream curvature induced 1n the
test section of a subsonic wind tumnel by the reflection of the model
vortex sheet in the tunnel wall.

Figure 13 presents results of force® tests of the model of
reference 2 in the air stream of the Ames 6— by 6—Foot supersonic
wind tunnel for variocus test conditions?%. Tt may be noted that a

8The model was equipped with a h—inchaaiameter,four—comyonent,
strain—gage balance which, of course, measures normasl force and
chord force instead of 11ft and drag. Lift and drag are obtained
by resolution of the chord and normal forces. It should be noted
that the model wing was twisted and cambered so that zero l1ift
does nect occur at zero angle of attack.

4 .
The angle of attack is referred to the horizontal plane or to the
verticael plane through the axis of the test section.
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comparigon of the results obtained wlth the model upright and in-—
verted gives the same values of the lift—curve slope and the moment—
curve 8lope. Such a result 1s to be expected 1f firspt—order super—
sonic Wing theory 1s applied to the estlmetion of the effects of
stream—angle varistions which give sections of the wing effective
camber and twist. The angle of zero 1ift, the trim 1ift coefficient,
and the magnitude of the drag, however, are affected to an undesir—
able degree by the nonuniformity of the stream. The first two of
these parameters are necessary in the snelysis of the stabllity of
the aircraft. Methods of correcting thece results for the effects
of gtream curvature, at least to a first—order approximation, exist
in the literature on supersonic wing theory. However, the applica—
tion of the theory is tedious and laborious. Further, it 1s not
posdible to account for the second-—order effects of thickness and
induced camber snd twist whilch in conjunction with viscoslty effects
may, under specisl conditions, play an important part in determining
the cheracteristice of the model.

The mest dlrect approach toward eliminating the effects of
stream lrregularities is to orient the model so &8 to minimize their
influence. BSince there is no crosg—siream flow in the nozzle of the
6— by 6-foot tunnel, it mppears that, if the plane of the wing is
placed vertically, essentially the game results will be obtained as
for a uniform stresm except for the influence of the small ysw angles,
discussed later, resulting from the stream—engle variation in the
vertlical plane. Results obtained with the model so placed are also
shown in figure 13. It may be noted that the points shown fall midway
between the test data for the upright and inverted positions, which
indicates that the effects of stresm deviations were negligible when
the model was mounted with the plane of the wing vertical.

The influence of the stream—angle variations on_the drag charac—
teristics are especially large when. the wing is oriented in the hori-
zontal plane,since the stream angle influences the inclination of the
lift vector. It is essential, therefore, that drag tests be made for
conditions where the stream angle is zero or, at least, where it 1s
accurgtely known. The latter conditlon cannot be satisfied if the stream
angle varies over the span of the test model as 1s the case for the
present swept—wing model moumted with the wing horizontal. It is
necessary, therefore, to place the span of the wing vertical.

If the model is mounted with the plane of the wing vertical,
certain inaccuracles are still possible because of the following:

1. The Mach nunber variation across the span of the model.
For the present swept—wing model, this effect is relatively small
since the varietion of model cheracteristics with Mach number
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1s small. The effect on the characteristice of other models needs
to be investigated.

2. The effects of small yaw angles on the characteristics.
These are, of course, gmall 1f the characteristice studied are not
greatly influenced by the angle of yaw. In this regard, if the
model 1s tested with the plene of the wing vertical, stresam angular—
ity Influences only those characteristice which are functions of
both plitch and yaw which is the unusual case, but which might be
noted as applylng to the rolling moment and yawing moment due to
sideslip for swept wings and to certain characteristics of cruciform
wings. Since the 1ift, drag, and pitching moment do not vary appre—
clebly with small angles of yaw, these characteristics are not
affected.

3. The effects of exlal pressure gradients in rroviding a
buoyent force and the possibility of the pressure gradients altering
the true pressure gradients over wing and body to such an extent that
the viscosity effects are changed. This latter effect is remote,
however (unless the stream contains discrete shock waves not revealed

by the surveys). A correction mey be applied for the former. (See
reference 3.)

It should be noted that the results of the force tests indicate
that experimentsal investigations of the loading due to angle of
attack through measurement of the pressure difference between the
upper and lower surface of a wing may as well be done with the model
mounted wilth wing horizontal if more convenient. This may be deduced
from the fact that the lift—curve and moment—curve slopes are not
influenced by the orlentation of the model. Tests were made with the
model of reference 2 to demonstrate the valldity of thils conclusion.
The results are shown in Pigure 1t for the wing horizontal and wing
vertical.> The agreement is seen to be generally satisfactory except
in regions where viscoslty effects are large near the trailing edge
and tip. In these regions the pressures vary to some extent from
test to test with the same model orientation.

SThe data given are for 3.70° and 5.7h° change in angle of attack
with the model horizontal. Data for a nominal change in angle
of 5° with wing vertical were obtained by rotating the 59 bent
sting used in the tests of reference 2 through 90°. The change
in angle of gttack Ac. has been corrected for the deflection
of the model support sting under load.
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If the pressure distribution over either the upper or lower
surface of the wing is required independently, however, the influ-
ences of stream curvature in producing effective camber and twist
must be minimized by moumting the model with the span vertical.

There 1s also the gquestlon of correcting for the pressure variastion
in the stream so that the pressures over the.model may be referred
to the average ambient pressure of the stream. This may be done by
a simple superposition process as in reference 4. The correction
can be reasoned as a valid first—order approximation if the pressure
disturbances (expansion or compression waves of infinitesimal
strength) are small and are not reflected by the wing surface. If
the flow in the nozzle 1s two-dimenslonal, reflectlion of the pressure
disturbances will not occur 1f the plane of the model wing is placed
so a8 to intersect at right angles the planes along which the weak
pressure waves are propageted. In the Ames 6—~ by 6—foot supersonic
wind—tunnel nozzle, the plane of the model wing must be placed vertil-
cally to insure the wvalidity of the correction.

CONCLUDING REMARKS

The surveys of the air stream in the test section of the
asymmetric adjustable nozzle of the Ames 6— by 6~foot supersonic wind
tunnel show that the flow is nearly uniform at a nomlnal Mach number
of 1.4, As the Mach number is incressed or decreased from a value of
1.4, however, vertical pressure gradlents of significant magnitude
are found. Smaller axial gradients also exlist. .The transverse
gradients are of negligible magnitudes which indicetes that the flow
1s essentlally two—dimensional.

The existence of large vertical pressure gradients implies an
appreciaeble variation in stream angle with axlgl position. Streem-

angle measurements confirm this.

The results of tests of one swept—wing model indicated that for
this model, at least, the effects of the nonuniformity of the stream
on certain model characteristics may be minimized by testing with the
plene of the model wing parallel to the two-dlmensional—flow planes.
For other model characteristics which are combined functions of the
angle of pitch and the angle of yaw, this method will not be effective,
In such cases, appropriate corrections need tc be applied. At some
Mach numbers, the magnitude and uncertainty of these corrections may
be such as to preclude certain tests. Research devoted to the refine—
ment of nozzle design techniques is- how proceeding wlith a view toward
improving the flow in the wind tumnel at these Mach numbers.

Ames Aeronautical Laboratory,

Natlonal Advisory Committee for Aeronautics,
Moffett Field, Calif.
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TABLE I
Coordinates of Nozzle Blocks
Test
Section
462.0 66.0 |+—

o
| Slide |
Plane L
fe 546.0
Dimensions In inches.
Iy Hy Iy By Iy By
0 1. 000 0 R, —6.000 . 265.84 6,281
3'9’2 *£8_000 -21.360 7. 8.17h
.35k #138.000 ~35.976 ggm 9.99)
2. 788 1kk.000 -35. .203 11. 734
61.243 150.000 —35. :ggoﬁe 13. 504
%9. 726 156.000 —3k. 724 958 15.002
=8.227 152.000 —33.7R6 300.887 16.%28
56.Th3 168.000 ~32, 306.852 17.58%
55-3273 ;873000 -=30.876 gigfhsg égg;g
53. 000 TR0 . .
=2.620 186,000 ~25,991 2k, 035 21.76
51,395 192,000 —2h. 713 . 329.92% _ 22.929
50,223 198,000 28,243 335. 25.332
k9.10 £00.000 -21.381 L. 738 25.
.033 202.000 ~20.501 34T7.665 26,080
T.017 204,000 -19.605 353.601 27.022
416,0m1 206,000 -18.693 354,548 .916
3.135 208,000 -1 Zgz 365206 28,764
267 210,000 R 371.AT2 29,567
43, Lhg 212.000 -25.865 - 37T.M9 30,326
&8, 677 213.000 -15.385 3.%36 31.0hk
k1,933 213.899 —1k.553 389.433 31723
41,276 214.800 —k.522 395.439 32.363
k0,643 215,702 ~1k.092 *OL.45 32,960
%0.0%6 216.605 -13.663  ROT.N 33.512
39.378 217.502 —13.235 13,51k 3k.0L6
38.9%6 218,51 -12.808 *19.560 34,570
38,582 221.133 -11.539 28,617 3%.87h
38.271 226.%96 -9.056 k3l. 35.221
37.909 233.095 ° ] 437,762 35.50k
ger ae @ E ke
.33 3. . .
T.086 2k8. 80k 156 k=8.070 35.948
36.860 2%k, 2.2TE k62.000 36.000
656 260.12¢ k. 31/ %Ak, a0 36.039
36.476
36,321
36.3;3 Circular aro of redius 284.382 inches between (*) stations
36,027 h T
. 998
16,000
- M3 3rug
. Ti2
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Figure 2 .— Static—pressure survey apparatus.
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Tunnel wall

All dimensions in inches
Sketch not to scale

Figure 3 = Stream - angle survey apparatus.
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Oistance above
floor, inches

.04000
stainless steel
tubing

Typleal rake detail

Dimensions In inches.

522.2
495.0 —e
|
|

B

—

%
|

le— D -——L—— 209.8 ——‘v 168.3 ——| ~mwa

Figure 5.~ The apparatus for boundary-layer surveys in the
Ames 6- by 6~fool supersonic wind tunnel.
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