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NATIONAL ADVISORY COMMITThE FOR AERONAUTICS 

TECENICAL NOTE 1989 

SOME EFEECTS OF DENSITY AND MACH NUMBER ON THE 

FLU'ITER SPEED OF TWO UNIFORM WINGS 

By George E. Castile and. Robert W. Herr 

SUMMARY 

Results of sixty-six experimental flutter tests are presented. to 
show some effects of density and. Mach number upon flutter speed. Two 
uniform, cantilever wing models, one having a small amount o± sweep; 
were fluttered. through a range of Mach number up to 0.82. The mass 
ratio, i, for these models ranged. from 0.00375 to 0.11, while Reynolds 

number varied from 0.266 X 106 to3. 000 X 106. Two testing mediums, 
having different velocities of sound, were used to obtain flutter at 
two Mach numbers at the same density. 

Multiplying the flutter speeds by a simple compressibility factor 
superimposed the plots of flutter speeds obtained in the two gases 
throughout the range of densities, and this correction was indicated, to 
be adequate for the range of parameters considered. An additional 
correction to the flutter speed was made to account for the change due 
to the reduced-wave-length parameter. Correcting the experimental 
flutter speed for both Mach number and wave-length effects resulted in 
a nearly constant dynamic pressure at flutter. No Reynolds number 
effect upon flutter speed. was indicated except at values below 
O.Ii.00 x 106. A specific change in tunnel-wall interference had. 
no appreciable effect on the flutter speed.. 

INTRODUCTION 

Present-day trends toward. flight at high speeds and high altitudes 
have led to increasing interest in the flutter speed at low densities 
and high Mach numbers. An experimental investigation has consequently 
been made to determine some of the effects of these parameters on flutter 
speed. These experiments were carried. out on two uniform cantilever 
wings, one unswept and one with 15° sweepback. A study of'density 
effects was mad.e possible by fluttering the models through a wide range 
of pressure and the Mach number effects were isolated by the use of two 
testIng med.iums having different velocities of sound.
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In the course of this investigation, correlation of the experi-
mental data required consideration of the effects of the reduced-wave-
length parameter and Reynolds number. In addition, the effect of the 
tunnel wall paraflel to the span was studied by changing the distance 
from wall to model.

SYMBOLS 

1	 length of model measured along midchord, feet 

b	 half-chord of model normal to leading edge, feet 

a	 nondiinensiona.1 coordinate axis of rotation relative to 
mid.chord 

r	 nond.imensional. radius of rration relative to axis of 
rotation 

nondimensional center of gravity relative to axis of 
rotation 

natural frequency of torsional vibrations, cycles per second 

natural frequency of bending vibrations, cycles per second 

ff	 flutter frequency, cycles per second 

p	 density of testing medium, slugs per cubic foot 

in	 mass of wing per foot of length 

M	 Mach number 

mass ratio (b2 

v	 flutter velocity, feet per second• 

angular flutter frequency, radians per second (2ltff.) 

F	 in-phase component of circulation functions (reference 2) 

G	 out-of-phase component of circulation functions (reference 2) 

A	 sweepback angle of mid.chord line, degrees
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Subscripts: 

e	 experimental value 

1	 first mode 

2	 second mode

APPARATUS 

These experiments were performed in the Langley flutter tunnel. 
The tunnel is of the closed-throat, single-return type in which either 
Freon-12, air, or a mixture of the two may be used as a testing medium. 
A characteristic of this tunnel is that Mach number and density of the 
testing medium can be varied independently. The pressure can be varied 
from atmospheric to i- inches of mercury absolute, and a density range 
from 0.000317 slug per cubic foot in air to 0.0106 slug per cubic 
foot in Freon-12 is thus provided. The Mach number range of the tunnel 
is from 0 to approximately 0.92. Flutter was attained at Mach numbers 
up to 0.82. The mass ratio, , for these models ranged from 0.00375 

to 0.11. The Reynolds number range was from 0.266 x io6 

to 3.000 x io6. 

In order to investigate some of the effects of tunnel-wall 
interference upon flutter speed, two tunnel test sections were employed: 
one of circular cross section li . 5 feet in diameter; the other, the 
.5 foot section with side walls installed to give a section approxi-

mately 2 feet by 1.5 feet as shown in figure 1. 

Data were obtained for two different model wings (figs. 2 and 3). 
The models were built up of solid balsa wood with dural inserts and 
were mounted rigidly at the top of the test section as cantilever beams 
at zero angle of attack. Model A had 15° of sweepback whereas model B
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had none. Both models incorporated the NACA 16-010 airfoil section. 
The physical properties of these models were as follows: 

Model 

i,feet ....................... 
b, feet ...................... 
m, slugs per foot ................. 

nondiinensional ................ 
a, nondirnensional ................. 
x, nondimensional 

h1, cycles per second 

h2, cycles per second 
f, cycles per second ................ 
p, nondimensional

A	 B 

2.167 
0.167 0.333 

0.0099 0.0272 
0.107 0.32!i. 
-0.16 -0.36 

-0.02k -0.238 
9.1. 

56 27 

97 li.7 
8.81p l2.8p

Two sets of strain gages were attached to each model near the root 
and. were connected to a recording oscillograph in order to determine 
the. natural bending and torsional frequencies as well as the flutter 
frequency. .	 -

ST PROCEDURE 

Flutter occurs very suddenly and. is usually destructive unless 
great care is exercised. Since this series of experiments required 
the physical properties of the models to remain unchanged, preservation 
of the models was an important consideration. The airspeed in the 
tunnel was, therefore, brought up gradually until flutter was observed. 
The airspeed was then reduced inunediately in order to prevent destruc-
tion of the model. At the point of flutter, an oscillograph record 
was taken and the tunnel pressure, dynamic pressure, and. tunnel temper-
ature were recorded. The percentage of Freon-l2 in the testing medium 
was obtained after each test. The natural bending and. torsional 
frequencies of the model were recorded on the osciflograph after each 
test in order to ascertain whether the model had been damaged or 
weakened by flutter. These frequencies did not change a measurable 
amount throughout' the series of tests. 

DISCUSSION OF RESULTS 

Results of sixty-six experimental flutter tests are presented in 
tables I and. II. As stated in the introduction, effects of density, 
Mach number, wave length, Reynolds number, and tunnel-wall interference 
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were partly isolated and. the effects of these parameters are shown 
in figures 11-to 11 and briefly discussed in the following paragraphs. 
Although density is the principal parameter, corrections for Mach number 
and wave length must be applied to the flutter speeds before a compre-
hensive picture of the variation of flutter speed with density can be 
gained. 

Mach number. - Many investigators have studied, theoretically, means 
of correcting the air forces acting on an oscillating wing for the 
effects of compressibility. The calculations involved are generally 
quite tedious. Theodorsen and Garrick have suggested the simple 

correction	 as a first approximation (reference i). The 
results presented in figures 1i and 5 show that . the experimental flutter 
speeds are lower in Freon-l2 than in air at the ame mass ratio (ii). 
This result represents, for the most part, a Mach number effect since 
the speed of sound in Freon-12 is about half of the speed o sound in 
air, and the Mach number is therefore higher in the former medium. 

Inasmuch as model A had 150 sweepback, the Mach number comonet 
perpendicular to the leading edge (M cos A) was used and the correction 

thus becomes	 - (M cos A) 2 . ifl figure 6 the compressibility 
correction for 0 and 150 sweep is plotted as a function of Mach number. 

Figures 7 and 8 show the data corrected for compressibility. The 
adequacy of the correction is shown by the fact that the flutter speeds 
in the two mediums were superimposed throughout most of the density 
range. 

Reduced-wave-length parameter. - Another factor which affects the 
air forces, and thereby the flutter velocity, results from the 
vibrating wing itself. The circulation, and therefore the lift of an 
oscillating airfoil is known to depend on the reduced-wave-length 
parameter v/bw. As v/th is increased, the air forces on the wing 
are increased, and finally approach the steady-state value. Theodorsen 
has expressed this change in lift by means of the so-called F and 
G functions (reference 2). The total effect on the air forces is pro-

portional to the absolute maguitude of the vector V'F2 + G2 . For a 
given density, these air forces are proportional to the velocity 
squared. The correction to be applied to the flutter speed is then 

d/i7	 This factor is plotted as a function of the reduced-wave-
length parameter in figure 9. An attempt is made in figures 10 and 11 
to extract the effect of the reduced-wave-length parameter by multi-

plying the flutter speed by the factor 

Density.- Correcting the experimental flutter speeds for both Mach 
number and wave-length effects resulted in a straight-line plot, which
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if extended, would pass through the origin. This result would seem to 
indicate that, in order to obtain simple bending-torsion flutter from a 
given model, a constant dynamic pressure is required. It should be 
pointed out, however, that this relationship may not be true for mass 
ratios and frequency ratios beyond the range encountered in this 
investigation. 

Reynolds number... If the experimental data are reduced to the form 
presented in figures 10 and 11, some insight may be gained as to the. 
effects of Reynolds number. In figure 10 (model A), at any given 
density ratio, the data obtained in Freon-12 and those obtained in air 
have been nearly superimposed, even though the Reynolds numbers 
differed considerably. The Reynolds number is therefore concluded to 
have little or no effect upon the flutter speed of this model. Three 
flutter points of model B (fig. ii), however, tell considerably below 
the curve predicted by theory. These three points were made at test 
Reynolds numbers below 0.14.00 x io6. Inasmuch as the flutter speed is 
a function of the slope of the lift curve for the oscillating case, 
the Reynolds number might be expected to affeãt the flutter speed in 
the low Reynolds number range. The dash curve in figure 11 is the 
theoretical speed as determined by the two-dimensional potential-flow 
theory. These values are for incompressible speeds and have been 

multiplied by the function \fr1i2 in order to permit correlation 
with the experimental data. In the low-density range, fbr high values 
of \fiii7, the theoretical curve is noted to continue essentially as a 
straight ]4ne. The deviation of the experimental data from theory may 
therefore possibly be an effect of Reynolds number. 

Tunnel-wail interference. - In order to interpret any abnormalities 
in the data that might arise from tunnel side-wall interference, two 
test sections of different configuration were employed. One section 
was 4..5 feet in diameter; whereas the other was the same section with 
side walls installed as shown in figure 1. Differences in flutter 
speed under corresponding conditions in the two test sections can be 
seen in figures If. and 5. As these differences were of the same order 
of maguitude as the experimental error, the effects of changing the 
tunnel configuration were considered negligible. 

CONCLUSIONS 

An experimental investigation conducted of two uniform wings in 
the Langley flutter tunnel to determine the effects of 'density and Mach 
number on flutter speed indicated the following conclusions:
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1. A simple compressibility correction was adequate to account for 
Mach number effects. 

2. After the experimental data were corrected for compressibility 
and wave-length effects, the dynamic pressure at flutter was nearly 
constant over a wide range of densities. 

3. No effects attributable to Reynolds number were found through-
out most of the range tested. The results appear to indicate, however, 
that a Reynolds number effect may occur below a Reynolds number 

of 0)00 x io6. 

14• A specific change in tunnel side-wall interference had no 
appreciable effect upon the flutter speed. 

L.ngley Aeronautical Laboratory 
National Advisory Committee for Aeronautics 

Langley Air Force Base, Va., September 27, 19i.9 

REFERENCES 

1. Theod.orsen, Theodore, and Garrick, I. E..: Mechanism of Flutter - A 
Theoretical and Experimental Investigation of the Flutter Problem. 
NACA Rep. 68, 1914.0. 

2.. Theodorsen, Theodore: General Theory of Aerodynamic Instability and 
the Mechanism of Flutter. MACA Rep.. 14.96, l93.



NACA TN 1989 

101 

1011< 

I	 + I 0'-00o 00VLr N-00-00N-0N-OOO N-Lr\00u\0 
I X H H tfl (fl H 

o oj U\ 0 If\
cfl¼.O	 If\ 

- a)	 CO
- H Cfl 0 CO 0.4 a) 'f\ 0	 N- 
N- 0 01 Lf\ a) CU \D a) H	 H -	 'O

a)	 N- cYI CO 
I .4 -	 U\ (f\ (Vi (Vi .4-.4 H CU CV 01 01 (Vi (Vi (V(.4.4.4 If\ a) c H N- H 

H CU Vi (0 - 

WIr-I

(fla) a) N- N- H Lf\ CU Lf\ N- CU tr 0 - - ¼C) CV N- O\ a) U\ 00 H 1t\ CV 0 
H I i O	 a) 0 H 

U-\ N-a) H.4 0 'O (Vi .4- Lr\\OCO 0
ci a) CV CO Lr (0\O '-0 a) CJ\ 0 0\ H H CV (V (0.4 Ir\O N-a) o CU

If\ (Vi H CX) (0 
H 01.4 U\N-HH H HH H 

- H 0.4 H 
0 H mGi CU 0 ('iN- (U 

CO (V N-\0 N- H (0 (VOl Oi - - a) 0 H - LC\ (1 a) ()\ Gi H Gi CU .4- 0 ('1 \Ø
.4 a) - H U\ 
a) a) N- CX).4 

r-1 C'i-\0 0\ 
HHHHH 0 CiJ Cflu(\ 

HHHH Lr\D'-O N-a) OH 'fl -'.O N-0 
HHHH,-4HCU Lf\O OiH (ON-- 

Hr-4H 

'do U\ Wi Wi 00 tr N- Wi 0 • 000 - Wi 0 - 0000 Wi 0 Wi 0000 

S k O
D a) (Via) O\ 
0 O\ G\ N-\0

H \O (0 CX) 
H Gi G\a)

• 
N-\O N- Wi (Vi (Vi H H - .4 a) 01 
0 0 0 oh Gia) N-V) Lr.4 CO ((J

H (0 H N- Oi Wi H H Gi N-O .4-
--- (Vr-HHH C'JHHH C'JCUCUHHHHHr-4HHH C"JOJHHHH 

0 
-1 

'd1 X 

a	 H
H CU Gi CU (O 
N- N- H Wi CX)

0 \0 \O Wi 
-	 oi 01 '-.0

CV O \0 N- CU N- CO H Wi 00 a) 
CU 0 0 01 0 Wi 0) o\ oh COO) N-

Gi O	 N- a) 
Wi 0	 '-.0 Gi	 N- 

E '-.o WiWi.4- (Vi N-Wi Wi.4- 0 N-WiCOCU 0.a) N-'.0\o IA.4- GiWiHa) N-
0 (VHHHHH HHH 

U
CU 0 a) CO 0 
0 Wi CV 0 a) 
CVHHHO

N- H oh 
CU N- CO Ci 
CUHH,-4

oh CO CO Wi H CU 0 H .4 CO a) 
CU CU 00 CV '0 0 N- - CV HO) a)'.0Ir.4-COCUojHHHH0

N-.4 \0.4 Wi CO 
Wi oh N- oi Wi 

00000 
00000

0000 
0000

000000000000 
000000000000

N-.4CUHH 
000000 
000000 

0 

Wi.4 oh H \0 (00 CV CU oh N-a) N-	 a) \0 \0 CU (Vi a) oh Wi CV [: .'0 .4. 

• 

_____

Wi Oh oh N- Wi CO (U oh Wi CU H oh CU Wi 0 a) N- N- H H CO - 0 H CO Wi N-- 
4 
.	 q-4 Oh CO H CU H 

N- (O'-Q 0-4. (fl.44. WiEni
CU H CO a) 
'.0 0-4 CX) 
(O.4.4-.'1-

Cii iQ Lu a) N- H 0 Wi H En a) H O\ H (0 Wi a) H - Wi N- a) Oh Cii
Wi Wi a a a) cii 
0 - H -4. N- H H CU 01 CU CU CO	 COcO-4. (V CU	 'iCO.4 

CU 4eHH 
1	 0	 I. - 

V 0 '.0 Wi 00 a) 0 (0 CU CU Wi CO CO Wi 00 Oi 0 N-

-s 
P-i	 Ii

0 0 0 0 0 0 0 0 0 Wi Wi LC4. Oh 0 Ci Ci Cia) a) N- .4 0 N- Wi CU (fl 
oha\ohCia) Oha)a)a)a)a)0 0hO\a)a)aDa) 

WiWiWiWi

. 

WiWiWiWiWiu\ 
.P .,-IXO-- 
w'-p

-l•-lr1 
'd'd'd'd'd 4.4..4 

El	 - Wi Wi Wi Wi tn ,D ,0 ,a o Wi Wi Wi L Wi Lf\ in Wi Wi Wi Wi Wi ,0 ,0 0 ,0 ,O ,0 

-4- -* - .4-4. Cii 01 Cii CU .4-4- .4.4-4.-4- -.4.4.4.4.4 CU CU (hJ CU 0101 

H 01(0.4 Wi '.0 N-a) Ci 

........ 

0 H 01 (0.4 Wi'0 N-a) Ci 0 H CV (0.4 Wi\O N-- HHHHHHHHHHCUCU 010101010101

V 



NACA TN 1989

JCU 

H CU
01 U) 

+10 
10 -. 

CU
I 
I 0 0 )C\ 0 H 0 000 C) 0 0 '00 IC) 0 IC) I I I I en NO) 0 0 0 0 C) 0) CU U\ IC) en 0	 10 
I 
I 
I	 I

U\ -	 Ce) H CU a) NO CU IC) IC) 
I5\0 ()\ CU '.00) en N 0\ H 0) 
CU CU CU en en

0) I 0)0) 0) H 0) H 'N H en N-CX)
I	 III 
1	 I	 I	 I CU CU H N'.)) O\ N 0\ I I I	 '0) 0 H CU - '-0 0) en

.11 
Q\CX) IC) 0) en'.o I	 I H en -4- .4- -	 IC).4- CU I CU en en en en I I I I H CU CU CU CU CU CU en - 0) CU N 0 I H H H CU CU ml tin 

0) IC) IC)'-0 '.0 H '.0 '.0 CU 0 \ en N IC) H CO IC) 0 C') Os 0 -	 IC) 10.4- '.0 0\ 0) '.0 0 0) Cfl.O- .Os\0 N 0 NO) H Na)	 HO	 ONH'.O C0- LC)NOs0 I'.00) C'J'.O HHHHCeJCU
'0O\O0)O'.0)O In4-\0 NCO OH CU'. 

H H H CU CU enen.4- IC) 5 O03 o.mo H Cli	 U\'.O NNCO HH 

.) 
-

CU 0 - N en 00)0) W\ N H'.0 H IC)H'.0 -I-CO CU'.0 en '.0 'H -	 U\\0 CU Os I O\() 0)4- N I I I SO) (n'.0 CU NO) '.0.4- I	 I	 I	 I (5)5)) NO CU5)) 0'.0 N\0 N Os\0 0 I ''.0 H'.0 CU Q\'.0 H	 S	 IU\ 0 '.0e0N-N0)0)O) en I	 r'.o'.o I	 I	 S	 I	 ---5
II 

CUCUeneno-cc , I IC) 

-
0

NO IC) IC)'.)) N IC) Cs) en H H 
'-0 '.0 en CU H Os Ce) N IC).4-

.

-4-
ire I -	 0 IC) CU Os 
en I 0 Na)

I III .........

I I I I en H N CU CU U\0) Os CO -	 NO 05 CU I IO 
e U) Os\O\O\O\0)O)0)O)0)O) N N Os I Os0)0)O)0) I I I CU Os Os N N en CU 0 I I I I OsO) 0)O)O)0)0)CI) -	 0 '.0 H N N I I '.0 HHHHHHHHHHH H 'Hm-4H I S I I HHHHHHHH 0005050)10	 '0) CUOJHHHH	 'H 

'.0

III, .......... 

-. 0 
U)

H 
X 

0 
U) Cl E 
E

H Os 0 0) Os 0)'.)) N - IC) N Os en IC) H '.0 CU '.0 N CU CU	 0 0 enCO 0 H '-0 H Os N CU H 0)0)	 0	 CU CO '.1) en IC) O) Os NCO '-0 CU N H Os	 CU -00) en CU en 050) N'.)) IC) IC) .0 - 	 en en CU Os N N'.)) IC) tr\.* 0 '.0 en o N lf\-O- en CU H 0-. 0) Os 05-0- -st N (5) CU CU Os 05 CU N en o as Os Os N 0	 - (nCUCUCUHH,-iHHH CUCUHHH 

+1 

0 O
'.0 H H 0 '.0 CU '.0 05 CU	 05 0 '.0 en H 0) N LC).4- 4- en CU CUHHH0000000

N 0)0 N CU '.0 H irs CU 0 0) N'.)) 050)	 CU CU H en CU H H H 4- 1(5 Cs) CU en NO- H 0) 1(5 CU Os en Os 0 N en CU N¼0 0) 05 0 CU 0 -4- H 0 0 O) 0-.. 00000000000 CUHHH000 
0000000 O)'.))LC\.4-enOJCUCUHHHO NLr\enCUHHHHO 

U) 00000000000 0000000
000000000000 
000000000000

000000000 
000000000 

H 0 
U) 

.0

. 

05	 Os	 en 0 H	 H 0)'.)) fl'.)) 0) H .4- C- H en Lrs'.O IC) 0J019	 .4-4-.
CU N 0 0) N CU 
CU 1(5 N H CU IC) N '.0	 0 N CU N H 0 CU 0) 05 

0) H -* 1- 0.0 ir\0) H -0- N CU '.0 '.0 0) '.0	 en H 0) en 0 '.0 en N en Cli H 

0.) CU
01(50) CU enNN'.o NO) N 
CU H 0) '.0 -4- 0-. 4- H H 0 en

I'5* enl(\H4- 0 
IC)

eno enO) HO 1(5(5) InCU CS) en C 1(5(510) OsCnQJ H N 
. N 0 CU 1(5 05 H '.0 05 H en H CU en en en en4- -4- .0 Ws irs 1(5

0) c'5-4- In H Lr\ 0-. H IC) N 0 CU CU Os 1(5 05 0 05 N H '.0 '.0 0) 0 -4- Irs NO) H CU en ire'.O 0) 0 4- 10 NO- en H 0) -4- N--4-4 N H irs Os	 CU CS) ,-I	 -4-CU CU en en en -0 0 H H H H CU CU CU CU CU CU en en H H CU CU CU CCS en en en 

CU

......... 

00' 

U) 00) H 0 CU	 0.) 0 CU 0)0)0) CU N	 0 0 
CU	 C-.

00000000000 0000000
O) O)NCUOs 

050505050)0)0)0)0)0) NN 0)0)0) NNNCON'.0 

00 

C-. 0)	 '- IC) IC) Irs Irs irs 1(5 IC) IC) LC) 1(5 irs 0 0.0 0 0.0.0 irs 1(5 Irs irs IC) irs irs IC) IC) Ire IC) 1(5 
CU CU CU CU CU CU

.0.0.0.0.0.0 0 .0 .0 

CU CU CU CU CU CU CU CU CU 

U)	
-

H CU en	 '.o NO) 0)0 H 
HH CU en	 '.o NO) HHHHHHH 0)0 H CU m	 0) NO) 0)0 H CU en	 '.0 NO) 0) HCUCUCUOJCUCSJCUCUCUCU(n enenenenenençne.-

<4, 

7 



10
	

NACA TN 1939 

Model mounted rigidly at top 
of test sectlon_.,

1i.5 ft diem. 

Wooden fair ing

'	 I - 
I. 

5,	 -

- 

-	 . 

',	 ' 

/ 

IF 

	

I,	 a_ 

-	 - 
I	 I 

	

/	 S

- 

	

S	 -

I

I'

I,

c;II 

Figure 1.-. Cross-sectional view of 2- by L.5-foot 
test section.
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Figure 2.- Plan andcross-sectional views of model A.
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