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By John A. Moore
SUMMARY

The damping-in-pitch derivative + Cmm was determined experi-

mentally at Mach numbers of 2.96 and 3.92 for two delta wings having
aspect ratios of 2 and 3 and for one sweptback tepered wing having an
aspect ratio of 3 by using a free~oscillation technique. The tests yere
made et Re%'nolds numbers based on mean aerodynamic chord from L4 X 10

to 12 X 10° for an angle-of-a.tta.ck range of 0° to 10°. The reduced-

frequency perameter EEV ranged from 0.006 to 0.022.

The damping increased with increasing engle of attack, but the
changes 1n damping with variatlon of Reynolds number and pltching-center
location were within the accuracy of the date. The variation of demping
with oscllletion frequency was not notlceeble for the delta wings; but,
for the sweptback tapered wing, the demplng was much lower for the high
osclllation frequency. The values of damping derivatives for the delta
wings were ebout 15 percent below those predicted by linear theory at
zero angle of attack for each Mach number.

INTRODUCTTION

The linearized supersonic-flow theory hes been used by meny inves-
tligators to determine the longitudinel dynamic-steblility derlvatives (1,,,q

end Cmm for trianguler wings_ end sweptback tapered wings (refs. 1
to 4). Since it is difficult to isolate cmq and Cma in experimentel

tests, most of the published date are on the dynamic stabllity deriva-
tive cmq + Gmd’ Reference 5 prédents deta on delte end sweptback tapered

wings with body at Mach numbers up to 1.9. Reference 6 glves data for
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delta wings with body at Mach numbers to 2.41. For a delta wing alone,
reference T shows the use of a side-wall-mounted model to obtain data

at Mach numbers up to 2.0. The purpose of the present 1nvestigation 1s
to obtain Cmq + Cpy &t higher Mach numbers for delta and sweptback -

tapered wings alone _and to determine the effects of angle of attack,
Reynolds muber, os_ciJ_‘La.tion frequency, and locdtion of pitching center
on the stabllity derivative Cmq Cma

Two delta wings having aspect ratlos of 2 and 3 and one sweptback
tapered wing having an aspect ratlo of 3 were. teq_t_ed. at_Mach numbers of
2.96 and 3.92 by using a free-oscillatian techniqne The test Re olds

nunbers based on mean sercdynamic chord were-4 X 1.06 and 6.8 X 10° for
the sweptback tapered wing, 4.9 x 106 and 8.0 x 108 for the delta wing
having an aspect ratio of 3, and T.hk X 106 and 12.0 X 106 for the delts

- A

7
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b

wing having an aspect ratio of 2. The red.uced—freq,uency parameters weére -

approximately 0.006 and Q.011 for “the sweptback tapered wing, 0.008 and

0.015 foF thé delta.wing having an aspect ratid &f 3, and 0.011 a.nd 0 022

for the delta wing having an aspect ratla of 2. =

[

SYMBOLS . _— -

b2 2b
A aspect ratio, = oOF ——"—Wmm ... = R -

S e (1 + N T
b wing spen — T IITT LI T -
ey root chord _ R 2 e

2

c mean aerodynamic chard, %cr for delta wings; %Cr(%i-—_l_?\—lﬂ>

for sweptback tapered wings - i} = . : -

d distance from wing apex to cemter of rotation .,

D damping moment due to angulaer velocity

I moment of  inertia o el _ _
K mechanical spring constant

M Mach number

q angular velocity in pitch, redlans/sec .

R Reynolds number

L th
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S . wing area
- t time
v veloclity
a angle of attack of wing center line with respect to free-stream
directlon
p density
0 amplitude of oscillation
8o value of 6 at ©t =0
w frequency, radians/sec
g% reduced-frequency parameter
Cp pitching-moment coefficlent, Licching moment
Lovosa
Cp
_ o "
Cmy 2
agt
2v
OCpy
Cmt-,_ &E
2v
A taper retio, Tip chord/Root chord

A dot ebove a symbol denotes differentiation with respect to time.
APPARATUS
Wind Tunnel

The tests were mede in the Jet of the langley gas dynamics lsboretory
described in reference 8. This is a blowdown Jet exhausting to atmosphere,
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with dry air being supplied to the settling chamber at 100° F and at
pressures up to 500 l'b/sq in. gage. A calibration.of the supersonic
nozzles used in this investigation indicated & maximum variation in Mach
number of +£Q.02 in the test regioms.

Models

Dimensions of the three wing models tested are given in figure 1(a).
The models were constructed of steel, and each model has & constant ratio
of maximum thickness to chord of 0.04k. The cross section of each model
was a symmetrical modified-diesmond shape. . Side-w&Zll mounting was_used,
as shown in figure 1(b), and the clearance between the edge of the wing
and the side wall was spproximastely 0.010 inch. .-

Balance - : -

The balance supporting the model is shown in figures 2(a) and 2(b).
It 1s a free-oscillation balance with the model-subport beam atteched to
the main support with crossed flexure beamg. The restoring moment of
these beams supplies the spring constent in the system, and strain gages
attached to these heams. glve the angular displacement of the model.
Adjustable welghts at the end of the model-support beam provide for
changing the moment of inertles of the system. A modified loudspeaker_
was installed to force oscillation of the model, but instrumentation
difficulties prevented the ohtalning of enough forced-oscillation data
for publication. This drive unit remained with the balsnce during free-
oscllliations tests but was disconnected electrically.

The circular disk supporting the model is flush with the side wall,
with about 0.010-inch clesrsnce on the radius. ‘I'his disk 1s attached to
the model-support beem in such a manmner as to allow adjustment of the
angle of attack of the model. The complete balance is enclosed 1n a
vacuum-tight chamber to preverrb flow of alr into the test section in the
reglon of the model.

Instrumentation

The output of the strain gages attached to the flexure support beams
was put into the galvanometer element of a recarding oscillograph. Thus,
a time history of the displacement of the model was recorded on film
moving at the rate of 6 inches per second. Timing lines recorded on the
f1ilm eech 0.0l secord give _a.messure of the frequ.ency of oscilla.‘bion A

typlical recaord is shown 1n . figure 3. i :

| YOy
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Scope of Tests

The present investigation was made at Mach numbers of 2.96 and 3.92

and at Reynolds numbers per foot of 15 X 106 and 25 X 10~ at each Mach
nunber. (Reynolds number range based on mean aerodynemic chord was from
Ik x 10° to 12 x 10°.) The angle of attack of the model wes varied in 2°
increments from 0° to 10°. The center of pitching oscillation was varied
gbout 5 percent for each model, being located at a distence from the wing
apex of about 90 percent and 95 percent of the mean aerodynemic chord for
the delte wings and about 93 percent and 101 percent for the sweptback
tapered wing. Oscillation frequencles were sbout 15 and 28 cycles per
second. The corresponding values of reduced-fregquency parameter %V
were 0.006 and 0.011 for the sweptback tapered wing, 0.008 and 0.015 for
the delts wing of aspect ratio 3, and 0.011 and 0.022 for the delte wilng
of aspect ratio 2. All data were taken at en smplitude of 6 = 3°,

Reduction of Date

The differential equation for the motion of a one-degree-of-freedom
mass system with viscous damping and a lineer spring constant is

I6 + D8 +K8 =0 (1)

When the value of the damping 1s less then the criticsal damping for the
system, the solution of equation (1) can be written as

- D
_ 2T
0= Boe

D
cos wt + ﬁ sin CD'b) (2)

1/2
3
where 6y 1s the value of © at t =0 and m=|:¥-'-(-2]—)f)] . With

the term (cos wt + %&o— sin a)t) of equation (2) a maximum, the following
equation 1s obtalned for the envelope of the meximum velues of 6:

- Dt
8 = 6ge 2L (3)

¥ oy
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Solving for D gives ' : : —

= =2l S - :
D-tlogeeo (4)

The relationship in equatlon _(ll-) was_used ln order to reduce the
data in this investigation. A curve was drawn through the maximum values
of 6 on the recording paper, and values of 6 ywere measured at even
time increments. The values of D determined from equation (4) were
then plotted against 6, and a faired curve through these polnts gave
the final value of ™D used. The wind-off value &f D was subtracted
from the wind-on value in order ‘to obtaln the aserodynamic moment that
was used to determine the stabllity derivative Cmq + Cmd.

With the probeble errors in measuring the quantities involved, the
maximum—error in obtaining a particular value of D was estimated to be
ebout +10 percent; however, fairing a curve throigh 'l:.he values of D
obtained during a run considersbly reduced this error.  All final values
of D were taken at the same amplitude.(6 = 3°) in order to reduce a.ny
errors due to the effect of amplitude. . =

The spring congtant K was determined with the use of calibrated
welghts end an accurate clinemeter. The moment of inertia I of the
system was determined from the natural frequency and the calibrated
spring constant by ualng

a-(8 (5)

A more accurate expression is

Y [Kf ) (2%)2]1/2

However, the statle value of D was so small as to make the term
(%) negligible when campered with I:%
Tests were made 1n en evacuated chamber. in order to determine if
there were gerodynamlic damping momernts in the wind-off values of damping.
These tests indlcated mmy a.erod;yna.mic d.amping momen'bs were within the
sccuracy of the data. y :
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The static pitching-moment coefflcient Cma was determined by two

different methods in order to estimate the effect of side-wall boundary
layer on the forces measured on the models. The first method was the
measurement of .the model deflectlon under wind-on conditions before the
oscllliatory tests were begun. This gave a stabtlce value of cmq The

second method wes the measurement of the displacement of the line for
9 = 00 under wind-on osclllatory conditions relative to the line for

= 0° at wind-off conditions. This method gave a velue of C,, ‘thet
Ineluded any inertia effects. The values of Cma‘ glven by the two
methods were identical and are shown in figure L.

While it 18 not known exectly how the boundary leyer cn the side
wall affects dynamic moments, 1t is felt the effect was small since the
velues of Cmu, were the same under statlc and dynemic conditions.

RESULTS AND DISCUSSION

The variation of Cmq + Cma with angle of atteck 1s shown for the

delta wings in figures 5 and 6 and for the sweptback tapered wing in
figure 7. The trend of increasing demping with increased angle of attack
is present for all the wings at each Mach number. 1In general, there is

very little change in Cmq + with change in o up to a = 4°; most
of the change occurs for o > 6°. This fact 1s particularly true for the
delta wings. :

There 1s no significant change 1n demping with change 1n pitching-
center location for any of the wings tested. However, the test condi-
tlons were such that 4/ could be varied only a small smount. Thus the
change in cmq Cmm predicted by theory could have been cobscured by the

eccuraecy of the data.

The effect of change in Reynolds number and aspect ratio on the
damping Cmq_ + Cma. is within the accurascy of the data. The change

in the reduced-frequency perameter ;ﬁ-—v does not noticeebly affect
Cmq_ + Gm& for the delte wings; but, for the sweptback tapered wing,

increasing % consldergebly decresses the demping. This trend is Jjust

opposlte to that obtalned in reference 7. However, the reduced-frequency
parameters 1n reference T were nearer the reglon of flutter. It 1s not
l1kely that this trend is due to torsional oscillsastions since the natural
frequency of torsional oscilletion for the wing in this report is extremely
high and the torsionsl demping of the material 1s rather large. One

b o i iy
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explanation mey be that the pressure fluctuations separated the boundary
layer in the outboerd region of the wing, although it is not espparent how
the frequency of oscillation would affect this.

The veriation of Cmq + Cma with Mach number for the delta wings 1s

shown in figure 8. The decrease in demping with dnereasing Mach number
follows theory; however, the absolute values of damping are ebout 15 per-
cent below theoretical values.

An investigetion has been mede to determine the damping-in-pitch
parameter . + Cmu for two delta wings &and a sweptback tapered wing at
Mach numbers 2.96 and 3.92 ovz‘r & range o£ Réyr'ioi’ds nurbers based on mean
serodynamic chord from 4 X 10 to 12 X 10~ and an. angle-of-attack range
of 0° to 10°. Also varied were the position of the center of rotation
and the oscillation frequency This investiga.tion indicated the fo:l_lowing
general results: o

1l. The damping of all wings increased with increasing angle of
attack, and the rate of increase in damping was larger at the higher
angles of attack. -

2. For the-delta wings the damping decreased with an incresse in
Mach number but was about 15 percent below the theoreticsal value at each
Mach number. oo . .

3. A change in frequency of -oscillation had no effect on the demping
of the delta wings; but, for the-sweptback tapered wing, increasing the-
frequency of osclllation decressed the damping. -

4., There was no effect of Reynolds nunber or change in plitching-
center location om Cmq + Cmd

Langley Aeronautical Leboretary,
National Advisory Commlttee for- Aeronsutics,

Langley Fleld, Va., June 20, 1957.
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Flgure 1.- Wing models tested. Linear dimensions ere in inches. '
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(b) Typlcal installation of model in tunnel, L-93600

Flgure 1.- Concluded.
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(b) Balance installed on tummel side wall.

Flgure 2.~ Concluded.
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Figure 3.~ Typical oscillation recard.
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(e) Delta wing at M = 2.96.
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(b) Delta wing at M = 3.92.

Figure k4.~ Continued.

e ERTH



NACA RM I5TG1Oa ‘{bﬁ%ﬁ"

17

14
Theory, ref. 3
O---- R = 403xI0°
o—— R = 6.80x10°
12
Q
10 N
N
‘\ N
NN
N
08 \\< \\\
C N \\\
= ma . NN
\ \\
08 ~ \ N N
N \\
04 AR A
\\ \&
NN
o NN
02 AN \
AN
NN
N
0 \\
92 94 96 98 .00 102 .04

Center of rotation, d€

(c) Sweptback tepered wing at M= 3.92.

Figure 4.- Concluded.
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Figure 57— Varlation of Cp + Cp, with angle of ‘attack for delta wing.
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(b) M= 3.92.

Flgure 5.~ Concluded.
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Figure 6.- Concluded.
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Figure T7.- Variation of Cmq + Cmd. wilth angle of &fttack for sweptback
tapered wing at—M = 3.92. A = 3.
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Figure 8.~ Variation of Cmq + Cpy Wlth Mach number for delta wings.
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