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By W i l l i a m  T. Lauten, Jr., Gilbert M. Levey, 
and W i l l i a m  0. Armstrong 

SlMMARY 

Results of tests for/-possible f l u t t e r  of a dynamically and e l a s t i c a l l y  
scaled modeLof a proposed all-movable horizontal t a i l  surface f o r  the  

ber of 6.86 were made on the  scaled model and on several  other configura- 

influence coeff ic ients  and calculated modes and frequencies f o r  the  weakest 
configuration a re  presented. Calculations of f l u t t e r  speed of the weakest 
configuration (piston-theory aerodynamic forces, calculated mode shapes, 
and experimentally determined frequencies i n  a modal-analysis calculation 
scheme being used) yielded a f l u t t e r  speed approximately f o  
high as the velocity obtained i n  the  t e s t s .  

@orth American X-15 airplane a re  presented herein) Tests at a Mach nun- 

.I t i ons  having lower s t i f fnesses .  No  f l u t t e r  w a s  obtained. F l ex ib i l i t y  

INTRODUCTION 

Recent developments Fn a i r c r a f t  and missiles with all-movable con- 
t r o l s  have l ed  t o  increased in t e re s t  concerning the  f l u t t e r  of such plan 
forms. Current design trends indicate the  need f o r  f l u t t e r  information 
on all-movable plan forms a t  hypersonic speeds. Reference 1 reports  
t e s t s  of a research program i n  which a rectangular-plan-for,  all-movable 
control w a s  t e s t ed  at  a Mach number of 6.86. 

A s  a pa r t  of a program of f l u t t e r  t e s t ing  of the  various surfaces 
of the  North American X-15 airplane,  tests were made i n  the  Langley 11-inch 
hypersonic tunnel on a 1/12-size model, dynamically and e l a s t i c a l l y  scaled 
on the  basis of dynamic pressure, of a proposed horizontal t a i l  surface. 
I n  addition t o  the  scaled model, several configurations with reduced panel 
and mounting s t i f fnesses  were tes ted .  

Presented herein a re  the t e s t  conditions during the tunnel runs, the  
s t r u c t u r a l  charac te r i s t ics  of the various configurations, and, fo r  the  
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weakest configuration, the measured f l e x i b i l i t y  influence coefficients 
and mode shapes and frequencies calculated from the influence coeffi- 
cients. The r e su l t s  of f l u t t e r  calculations on the weakest configura- 
t i on  are included. These calculations were made by using piston-theory 
aerodynamic forces ( ref .  2), the first three calculated mode shapes, and 
the corresponding experimentally determined natural  frequencies. 

a velocity of sound, fps 

f frequency, cps 

damping coefficient,  theore t ica l  value needed t o  produce 
f l u t t e r  

M Mach number 

dynamic pressure, lb/sq f t  

P a i r  density, slugs/cu f t  

Subs cr  i p t  s : 

192,374 indicate natural vibration mode in order of ascending 
frequency 

exP exper iment a 1  

calc calculated 

MODEL DESCRIPTION 

The model of the all-movable control surface w a s  1/12 scale with 
an exposed-surface aspect r a t i o  of approximately 2.5, a taper  r a t i o  
of 0.305, and a sweep angle of 45’ at the  quaster-chord l i ne .  
f o i l  was an NACA 66~005 modified so that it w a s  1 percent thick a t  the 
t r a i l i ng  edge with a s t ra ight - l ine  fa i r ing  t o  the point of tangency. 
The a i r f o i l  ordinates are l i s t e d  i n  t ab le  I. 

The air- 

A top-view drawing of the model mounted i n  the t e s t  section i s  shown 
i n  figure l ( a ) .  Figure l ( b )  shows a three-dimensional sketch of the 
d e t a i l  of the spindle and spring r e s t r a in t s .  
i t s  base block by means of two flexure springs attached t o  the  spindle i n  

The model w a s  supported in 
c 
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such a way tha t  the flexure Fprings;psovided the same re s t r a in t  points 
as the spindle bearings i n  the prototype. The flexure spring pivot w a s  
a t  25 percent of the mean aerodynamic chord. A t h i rd  spring, similar t o  
the flexure springs, was mounted ahead of the m o d e l  spindle and attached 
t o  the spindle with a screw as shown i n  figure l ( b ) .  
additional p i tch  stiffness and is referred t o  as the pi tch spring. The 
s t i f fnes s  of the three springs combined t o  simulate the actuator stiff- 
ness of the prototype. 

T h i s  spring provided 

Several configurations were tested. The basic m o d e l  w a s  dynamical ly  
and e l a s t i c a l l y  scaled f romthe  prototype, both in panel stiffness and 
spindle restraint, on the basis of dynamic pressure. 
consisted of a so l id  aluminum spar, on which the  thickness was varied 
t o  obtain the  desired stiffness distribution, and f ive  hollow aluminum 
streamwise segments, as shown i n  figure 2. The spar had an integral 
spindle for  mounting. Each segment was f i t t e d  t o  the spm and fastened 
i n  place with two screws i n  such a way tha t  the wing s t i f fness  was deter- 
mined by the spar s t i f fnes s  with the segments contributing a negligible 
amount. This model i s  referred t o  as model I i n  tab le  11. 

The model w i n g  

Several weaker configurations were tes ted.  Model I1 had the same 
construction as model I except tha t  a hollow spar was used which had 
about two-thirds the s t i f fness  of the spar of model I. Model I11 was 
the same as model I1 except the s lots  between the segments were covered 
over with fiber-glass tape. This resulted i n  a somewhat s t i f f e r  panel. 
Model IV w a s  ident ical  t o  model I except t ha t  the spar w a s  d r i l l ed  out 
with 0.1873-inch-diameter holes 0.244 inch on center i n  order t o  reduce 
the s t i f fnes s  fur ther .  This method of controlling s t i f fnes s  i s  discussed 
in  d e t a i l  in reference 3 .  ModelV was a modification of model IV i n  tha t  
the holes were enlarged t o  0.204 inch and the spindle w a s  milled so t h a t  
i t s  calculated s t i f fness  was cut i n  half .  Figure 3 shows the f i n a l  spar 
and spindle for  model V. The small holes i n  the edges and t i p  were an 
attempt t o  obtain a more uniform st i f fness  and mass dis t r ibut ion.  The 
frequency spectrum of modelV indicated that it had about one-fourth the 
s t i f fnes s  of model I. 

The model base block, shown i n  figure 1, served as a model mount 
and a l so  as a spacer t o  support the model i n  the  airstream beyond the 
tunnel-wall boundary layer.  
was attached t o  the model base block just inboard of the wing root.  A 
photograph of the model mounted in the tunnel is  shown i n  figure 4. 

A reflection plane, a lso shown in figure 1, 
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I. INSTRIMEXCATION 

A recording oscillograph was used t o  obtain continuous records 
during each t e s t  from s t r a i n  gages oriented on the model spar t o  record 
s t r a i n  about two axes (primarily panel bending and torsion) and from a 
s t r a i n  gage mounted on the pi tch spring. Simultaneously recorded were 
the outputs from a thermocouple and a pressure c e l l  from which tunnel 
stagnation temperature and pressure could be determined. 
a t  a speed of 128 frames per second were taken of the model during each 
tunnel run. 

Motion pictures 

LABORATOHY MEASUREMENTS 

A s  a preliminary t o  each tunnel run the frequencies and node l ines  
fo r  the first four natural  vibration modes were determined by use of an 
acoustic shaker. Figure 5 shows a typ ica l  s e t  of node l ines .  

I n  addition t o  the natural  frequencies of a l l  models, f l e x i b i l i t y  I. 

influence coefficients were determined pr ior  t o  tes t ing  for  models IV 
and V (runs 9 and 11). 
were loaded is  shown i n  figure 6. 
( the  weakest model) are tabulated i n  tab le  I11 with the calculated mode 
shapes and frequencies fo r  the f i rs t  three natural  modes. 
are the experimentally determined frequencies. 

The location of the points at which the models 
The influence coefficients fo r  model V 

Also l i s t e d  

The wing deflections were measured e l ec t r i ca l ly  by an array of d i f -  
f e r en t i a l  transformers. These transformers were connected t o  a n u l l  
balance indicator with a visual  indication which could be read t o  
0.0001 inch. This system was accurate t o  k O . 0 0 1  inch from 25 t o  75 per- 
cent of f u l l  range; however, fo r  reading small differences, for  example, 
the difference between 0.0530 and 0.0560 inch, the readings could be 
repeated t o  a t  l ea s t  f O . O O O 1  inch. 

The mass, center of gravity, and moment of i n e r t i a  of each of the 
f ive  wing segments were determined experimentally. 
quantit ies f o r  the portion of the spar of modelV associated w i t h  each 
segment were calculated. Then, in order t o  meet the requirement fo r  
correct t o t a l  mass, center of gravity, and moment of i n e r t i a  of any 
streamwise segment while s t i l l  associating two masses with the loading 
points of tha t  segment, a f i c t i t i o u s  mass was assigned t o  each segment 
a t  the locations shown i n  figure 6. 
each such mass was found by l inear  interpolat ion between the loading 
points of t ha t  segment. 
mass matrix. 
by Rodden i n  reference 4 and, while sat isfying the three known conditions 

The corresponding 

The displacement associated w i t h  

This resu l t s  i n  dynamic coupling terms i n  the 
(See table  IV.) These terms are similaz t o  those introduced 
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of mass, center of gravity, and moment of i ne r t i a  of a s t r i p ,  give the 
proper kinet ic  energy of the vibrating s t r i p .  

TEST PROCEDURE 

The tests were made in the Langley l l - inch  hypersonic tunnel by 
With t h i s  nozzle, 

A description 
using a single-step, two-dimensional In= nozzle. 
the  tunnel operates at an average Mach number of 6.86. 
of the tunnel is  given in  reference 5 and a preliminary cal ibrat ion of 
the  Invw nozzle is included i n  reference 6. 

In  an e f for t  t o  determine a f l u t t e r  boundary, the density i n  the  
tes t  section was  increased during each run by gradually increasing the 
stagnation pressure from 5 atmospheres t o  a peak value of about 38 atmos- 
pheres. For normal runs, about 30 seconds were required fo r  the dynamic 
pressure t o  reach a maximum value. 

I n  order t o  a l lev ia te  the danger of damage t o  the model by the 
starting and stopping t ransients ,  restraining pins, operated by a lever 
outside the tunnel, were inserted into the root section u n t i l  the  s t a r t i ng  
shock passed through the tes t  section, were retracted during the increase 
t o  maximum pressure, and were reinserted before the tunnel closed down. 

There w a s  deviation from the normal tes t ing  procedure on three of 
the  t e s t s .  
pressure - 42 atmospheres; i n  run 7, the wing w a s  preloaded a t  the t i p  
and released suddenly when the tunnel reached near maximum pressure; and 

I n  run 6, the tunnel was s ta r ted  at maximum stagnation 

i n  run 10, the model was t e s t ed  a t  an angle of 

of these variations had any apparent e f f ec t  on 

RESULTS AND DISCUSSION 

A summary of the t e s t  resu l t s  is given i n  

+O attack of about 2- . None 

the model s t ab i l i t y .  
2 

table  11, which l i s t s  the 
f i r s t  four natural  frequencies, test-section density, speed of sound, 
and dynamic pressure at m a x i m u m  pressure t e s t  condition and presents 
br ief  explanatory remazks for  each run. 
of the  configurations tes ted.  

No f l u t t e r  w a s  obtained on any 

Since reference 1 reported good agreement between calculated and 
experimental f l u t t e r  speed at  the t e s t  Mach number, it was f e l t  worth- 
while t o  make the same calculation on model V reported here. The cal-  
culations were made by using the aerodynamic forces derived from piston 
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theory ( r e f .  2 ) ,  the f i r s t  three coupled vibration modes as calculated 
from the influence coefficients, and the  experimentally determined f re -  
quencies fo r  these modes i n  a modal-analysis calculation scheme. 
e f fec ts  of thickness were included. This calculation yielded a r e su l t  
t ha t  may be interpreted al ternat ively as follows: 
was about four times the maximum speed reached i n  the t e s t  o r  (2) the 
s t i f fness  of model V would have t o  be decreased by a factor  of approxi- 
mately 16 before f l u t t e r  could be expected t o  occur. 
would have been impractical with the model as or iginal ly  constructed. 
The resul ts  of these calculations are presented i n  figure 7 in the form 
of a plot of velocity against damping coefficient f o r  the only mode of 
vibration tha t  had an ins tab i l i ty .  The damping coefficient g w a s  
assumed t o  have the same value for  a l l  modes and provides fo r  theore t ica l  
o r  actual damping forces as i l lus t ra ted ,  fo r  example, i n  section 8.1 of 
reference 7. 

The d 

(1) The f l u t t e r  speed 

T h i s  reduction 

CONCLUDING REMARK;s 

Flut ter  t e s t s  a t  a Mach number of 6.86 of a dynamically and e l a s t i -  L 

ca l ly  scaled model of a sweptback, all-movable horizontal t a i l  proposed 
f o r  the North American X-15 airplane and on several  configurations having 
lower st iffnesses are reported. The spectrum of natural  vibration f r e -  
quencies indicates t ha t  the weakest configuration w a s  one-fourth as s t i f f  
as the s t i f f e s t  configuration. No f l u t t e r  w a s  obtained. 

Langley Aeronautical Labor at o r y  , 
National Advisory Committee fo r  Aeronautics, 

Langley Field, Va.,  February 12, 1958. 
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TABIX I 

ORDINATES FOR NACA 66~005 (MODIFIED) AIRFOIL 

[Ordinates in percent of chord] 

0 
.10 
* 25 
* 50 
* 75 

1.25 
2.50 
5.00 
7.50 

10.00 
15.00 
20.00 
25.00 
30.00 
35 00 
40.00 
45.00 
50.00 
55 00 
60.00 
65.00 

a67. 00 
100.00 

Yu = YL 

0 
.269 
.408 
531 
590 

.650 
791 

1.048 
1.270 
1.460 
1.766 
2.001 
2.182 
2.318 
2.416 
2.476 
2.500 

2.346 
2.176 
2.085 

500 

2.488 
2.438 

~ ~~ 

Straight-line fairing from 67 to 100 percent a 

chord. 



MPERlMENTAL DATA 

1 -  

- 
iun 
- 
1 

2 

3 

4 

5 

6 

7 

8 

9 

LO 

11 

II 

- 
lode1 

I 

IA 

IB 

I1 

IIA 

IIA 

IIA 

I11 

Iv 

Iv 

v 

- 
:1, 
:ps 

8& 
- 

8& 

87 

82 

79 

79 

79 

83 

54 

54 

44 

- 
f29 
cps 

26: 

254 

224 

207 

207 

207 

227 

13E 

13E 

11; 

- 
f 4  9 

cps 
P, 

;lUgs/cu f t  

o.000128 

.000110 

.000111 

.000108 

.000115 

.000134 

.000129 

,000128 

.000126 

.00011g 

.0001l2 

q, 
.b/sq f i  

769 

724 

707 

719 

735 

793 

794 

692 

730 

702 

713 

9 

Remarks  

Sol id  spar and stiffest 
p i tch  spring 

Solid spar and weak-  
ened p i tch  spring 

Solid spar and no 
pi tch spring 

Hollow spar and no 
p i tch  spring fo r  
r e s t  of runs 

Hollow spar, reduced 
flexure s t i f fnes s  

Same as run 5 ,  except 
run s ta r ted  a t  
maximum density 

Same as run 5, but 
model excited 
during run 

Same as run 5, but 
s lo t s  taped over 

Solid spar d r i l l e d  
with 0.1875-inch- 
diameter holes 

Same as run 9 but 
model a t  angle of 

a t tack of 2- 
2 
lo 

Holes i n  spar enlarged 
t o  0.204 inch i n  
diameter, and spindle 
s t i f fness  decreased 
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First mode 
Second mode -- - 
Third mode - 
Fourth mode --- 

L-T-- Spindle 

Figure 5.- Sketch of model showing t yp ica l  nodal pat terns .  
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@ Loading stations 

Y. Dynamic coupling 
stations 

c Chord 

s Semispan 

Figure 6.- Sketch of model showing points of load application and meas- 
urement of  f l e x i b i l i t y  influence coefficients and the location of 
f i c t i t i o u s  masses t ha t  a re  used i n  the ana ly t ica l  solution. 
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