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SUMMARY 

A se r ies  of t e s t s  have been conducted at  Mach numbers of 1.64, 2.0, 
3.0, and 4.0 t o  investigate the poss ib i l i ty  of f l u t t e r  on dynamically 
and e l a s t i c a l l y  scaled models of the all-movable horizontal- and ver t ica l -  
t a i l  surfaces of the X-13 airplane. No f l u t t e r  w a s  obtained on the scaled 
models. 

F lu t t e r  w a s  obtained on four weakened models of the horizontal tai l  
at  Mach numbers of 1.64, 2.0, and 3.0 and one weakened v e r t i c a l - t a i l  model 
a t  a Mach number of 3.0. The t e s t  results and s t ruc tu ra l  information are  
presented. Also presented are the resul ts  of f l u t t e r  calculations using 
aerodynamic forces derived from piston theory. The agreement between cal-  
culated and experimental f l u t t e r  speeds is very good at  a Mach number 
of 3.0 f o r  the horizontal t a i l ,  but a t  the lower Mach numbers the agree- 
ment i s  l e s s  sat isfactory.  

INTRODUCTION 

F lu t t e r  character is t ics  of various components of the X-15 airplane 
have been determined at  the Langley Research Center. 
program, t e s t s  have been made on dynamically and e l a s t i ca l ly  scaled 
models of the X-l ’ j  components in  the various speed ranges of the airplane.  
Previous t e s t s  on the X-l ’ j  components f o r  hypersonic speeds are  reported 
i n  references 1 and 2. 

A s  par t  of t h i s  
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This paper presents the results of tests in the Langley 9- by 18-inch 
supersonic aeroelasticity tunnel of models of the horizontal- and vertical- 

the scale models fluttered, the results that are presented are for model 
surfaces whose stiffness has been reduced until flutter occurred. A com- 
parison is made with calculations in which the aerodynamic forces are 
derived from piston theory. (See ref. 3 . )  The first three natural modes 
of the horizontal-tail models and the first two natural modes of the 
vertical-tail model were used in the calculation and were experimentally 
determined by the method outlined in reference 4. 

tail surfaces at Mach numbers of 1 .3 ,  2.0, 3.0, and 3.98. Since none of 
*. 

SYMBOLS 

a speed of sound, ft/sec 

b root semichord of model, ft 

C local semichord, ft 

f frequency, cps 

Displacement of any point on surface 
Displacement of point of maximum displacement 

I h mode shape, 

2 span of model, ft 

M Mach number 

m mass of model segments, slugs 

Am mass of increments of model, slugs 

Mass of wing model to air mass density ratio, 

frequency, radians/sec 

dynamic pressure, PV 1 2  , lb/sq ft 

air density, slugs/cu ft 

J O  
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v velocity, fps ~ ~ . a 

Y spanwise coordinate # '  

Subscripts : 

1,2?3?4 indicate natural modes in ascending order of frequency 

e experimental flutter data 

C calculated flutter data 

MODEL DESCRIPTION 

A l l  models were supplied by the manufacturer. Although the models 
were of similar construction, they were scaled in stiffness and mass on 
the basis of the dynamic pressure available in the test facility. Since 
the available dynamic pressure decreases with an increase in Mach number 
above 
and more flexible as the Mach number increased above M = 2. 

M = 2, the models designed for the higher Mach numbers were lighter 

The models are identified in the text by the following scheme: HT 
3 and VT designate horizontd- and vertical-tail, respectively. The 

suffix contains the model number and the letter H or C. The suffix C 
designates those models which represent the airplane in the cold condi- 
tion, whereas the suffix H designates the models which have been weakened 
to represent the airplane in the hot condition. For example, a model 
designated VT-2 is vertical-tail model 2 whereas model HT-4H is horizontal- 
tail model 4 which has been weakened to represent the airplane in the hot 
condition. 

I 

Horizontal Tail 

The models of the horizontal stabilizer were 1/12 scale with an 
exposed surface aspect ratio of approximately 2.5, a taper ratio of 0.305, 
and a sweep angle of 4 5 O  at the quarter-chord line. The airfoil section 
was an NACA 66~003 modified so that it was 1 percent thick at the trailing 
edge with a straight-line fairing to the point of tangency. The airfoil 
ordinates are listed in table I. 

Of the five horizontal-tail models of this investigation, four were 
a designed to simulate surfaces reduced in stiffness by aerodynamic heating. 

The stiffness of the fifth model was not reduced and represented the case 
of the airplane not weakened by aerodynamic heating. Since no flutter 

u' 
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was obtained on the dynamically gcal@ qoQels,, the  spindle spring 
r e s t r a in t  w a s  reduced below the scaled valkes u n t i l  f l u t t e r  occurred. 

A l l  the horizontal- ta i l  models were b u i l t  with an aluminum box spar 
Small lead weights were dis t r ibuted over the plan and r i b  construction. 

form i n  order t o  obtain the  proper dynamic character is t ics .  
the a i r f o i l  shape the section w a s  f i l l e d  with balsa  and covered with 
lightweight s i l k .  
construction. 

To obtain 

Figure 1 is  an X-ray picture which shows typical  

A top-view drawing of the model mounted i n  the t e s t  section i s  
shown i n  figure 2( a ) .  
also as a spacer t o  support the model i n  the airstream beyond the tunnel 
boundary layer. A ref lect ion plane, a lso shown i n  figure 2(a) ,  w a s  
attached to  the model base block ju s t  inboard of the w i n g  root.  
model was supported i n  i t s  base block by means of two flexure pivot 
springs which simulated the spindle bearings of the prototype. 
was a t  25 percent of the mean aerodynamic chord. A spring w a s  mounted 
ahead of the model spindle and attached t o  the  spindle with a screw as 
i s  shown in  figure 2(b).  
support combined t o  simulate the actuator s t i f fnes s  of the prototype. 

The model base block served as a model mount and 

The 

The pivot 

The s t i f fnes s  of the pi tch spring and the pivot 

Vertical  T a i l  

The ve r t i ca l - t a i l  models were 1/12 s c a l e  with an aspect r a t i o  
of 0.359 and a leading-edge sweep angle of 29O. The a i r f o i l  section w a s  
a wedge with an enclosed angle of loo. Figure 3 shows top- and end-view 
drawings of the model as mounted i n  the t e s t  section. The ve r t i ca l  t a i l  
w a s  b u i l t  i n  two par t s .  
attached to  the base block. On one model speed brakes comprised some 
34 percent of the rear  portion of the  inboard section. Figure 4 is  a 
photograph of the  t r a i l i n g  edge of t h i s  model showing the speed brakes 
extended. 
was attached t o  both the fixed portion and the model base block with 
springs. 

Approximately one-fourth of the span w a s  r ig id ly  

The movable portion of t he  t a i l  w a s  attached t o  a spar which 

Two models of the ve r t i ca l  t a i l  w e r e  tested; one constructed with 
a magnesium frame covered with sheet balsa and s i l k  did not f l u t t e r .  
This model had the speed brakes and i s  shown i n  f igure 4. 
model which did f l u t t e r  w a s  much l igh te r  and weaker. 
of t h i s  model i s  shown i n  figure 5. The spar w a s  formed by wrapping a 
balsa  box with aluminum-alloy sheet. 
supporting spindle a t  the root-spar cap which was in tegra l  with the model 
and may be seen as the dark area at the root of the movable portion of 
the ver t ica l  tai l .  The fixed portion of the second model was  not equipped 
with speed brakes. 

The second 
An X-ray photograph 

The t a i l  w a s  then attached t o  the 
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A recording oscillograph was used to obtain a continuous record 
during each test of tunnel stagnation, temperature, and pressure. Signals 
from strain gages mounted on the model spar were recorded on the same 
record and were used to determine flutter onset and frequency. Motion 
pictures, at 1,000 frames per second, were taken of the model during each 
tunnel run. 

LABORATORY MEASUREMENTS 

Prior to each run the frequencies and node lines for the first four 

Figures 6(a) and 6(b) show typical sets of 
natural modes were determined for the horizontal tail and the first two 
modes for the vertical tail. 
node lines. 

The mode shapes were determined by the method of reference 4 on at 
least one, usually the stiffest wing in each series of tests. These 
mode shapes are presented in tables I1 to V I I .  

Horizontal Tail 

After flutter testing was completed, the horizontal-tail models which 
were damaged but not completely destroyed were cut up in order to deter- 
mine the section properties. The pitch inertia, r o l l  inertia (about the  
strip center of gravity), and mass of the strips shown in figure 7 are 
given in table VIII. The section mass moment of inertia was determined 
by use of a bifilar suspension. The mass distribution in each section 
was also determined. Since the small lead weights cause discontinuities 
in the chordwise mass distribution, the streamwise sections were cut into 
small blocks. The apparently random distribution of cuts shown in fig- 
ure 7 was decided upon to minimize the amount of mass lost in cutting. 
Table IX lists the mass of the blocks shown in figure 7 but does not 
include the mass of material lost in cutting. 

Although the model designated as HT-7C was destroyed during the 
testing, its construction was so nearly identical to that of model HT-1H 
that a mass distribution for IEII-7C was generated by consideration of the 
differences in the location and mass of the lead weights in the two models 
and the total mass of the model determined before testing. 
distribution is also given in table M. 

This mass 
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Vertical T a i l  

s It was necessary t o  calculate the mass dis t r ibut ion of the ver t ical-  
t a i l  model VT-2 since it w a s  destroyed by f l u t t e r .  The thickness of the 
aluminum-alloy-spar skin, 0.003 inch, and the weight of the lead ballast 
and spar attachment cap were known. (See f i g .  5.) The balsa sheet w a s  
assumed t o  be 0.0625 inch thick with a density of 6 pounds per cubic foot.  
The t o t a l  weight of the ve r t i ca l - t a i l  model as determined from the summa- 
t ion  of the measured and calculated weights of the various par t s  w a s  within 
2 percent of the t o t a l  measured weight of the model. 

L 
2 

assumptions, are given i n  figure 8 ;  The ordinates of these curves are  i n  8 
slugs per square foot of control 0 
ness and density of material at  a par t icular  point. 
t o  90-percent span the values for  tha t  portion of the chord which includes 
the spar have been adjusted t o  include the m a s s  of the spar webs. The 
m a s s  of the t r a i l i n g  edge, the mass of the lead balance weights, and the 
m a s s  of the spar cap a re  not included. Neither i s  the mass of the two 
intermediate r ib s  included. The masses of the balance weights and the 
spar caps are shown i n  f igure 5 .  The mass of increments of the two 
intermediate r ib s  and the t r a i l i n g  edge i s  given i n  tab le  X. 

Chordwise mass dis t r ibut ion curves, based on the previously mentioned 

surface mea and are  based on the thick- 
For 10-percent span 

Since these discrete  masses are d i f f i c u l t  t o  represent on a m a s s  
d is t r ibut ion curve, they a re  added into the f l u t t e r  calculations as an 
incremental correction a f t e r  the generalized mass of the  model i s  cal-  
culated by u t i l i z ing  the mass dis t r ibut ion curves. 

COMPARISON OF FREQUENCY SPECTRUM, MODE SHAPES, AND 

NODAL PATIERNS FOR MODELS AND PROTOTYPE 

Information on the  t a i l  surfaces of the prototype has become avail-  
able and is compared with the vibration character is t ics  of the models. 
The ful l -scale  information w a s  obtained i n  vibration surveys made pre- 
liminary t o  some tests of ful l -scale  t a i l  surfaces i n  the Langley 9- by 
6-foot thermal structures tunnel. 

A comparison of the nodal patterns and frequency spectrums of the 
models and prototype are shown i n  figure 6(a) for  the horizontal t a i l  
and i n  figure 6(b). for  the ver t ica l  t a i l .  A graphical comparison of the 
second mode of models HT-7C and HT-8H with the second mode of the proto- 
type is shown i n  figure 9. The prototype modes which were measured are  
presented in  tabular form i n  table  X I .  
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A summary of the  test resu l t s  is  l i s t e d  i n  table  XII. The table  
l i s t s  the  tunnel conditions a t  f l u t t e r .  For model "T-8H, where no f l u t t e r  
w a s  obtained on the weakest feasible configuration, maximum q i s  l i s t e d .  
Also l i s t e d  are the density r a t i o  of model m a s s  t o  air mass p, the model 
natural  frequencies, the f l u t t e r  frequency, and the s t i f fness -a l t i tude  

parameter 2 @, where UQ i s  the frequency of the second natural  mode 

i n  radians per second. 
sented graphically i n  figures lO(a) and 10(b) which are p lo ts  of the 
s t i f fness -a l t i tude  parameter aga ins t  Mach number f o r  the horizontal and 
ve r t i ca l  tai ls ,  respectively. In  these f igures  a constant dynamic pres- 
sure is  a s t ra ight  l i n e  through the origin. The f l u t t e r  region is  below 
and t o  the  r igh t  of the f l u t t e r  boundary, larger  values of the s t i f fness -  
a l t i t ude  parameter indicating less likelihood of f l u t t e r .  Also shown is 
an airplane f l i g h t  l i ne  based on a constant dynamic pressure of 2,500 pounds 
per square foot.  

a 
The resu l t s  of the  f l u t t e r  t e s t s  are a l so  pre- 

Horizontal T a i l  

No f l u t t e r  w a s  obtained on any of the  dynamically scaled models of 
In  the horizontal t a i l  at the Mach nuniber f o r  which they a re  designed. 

order t o  obtain f l u t t e r  information, the spring r e s t r a in t  was  reduced 
below scaled values u n t i l  f l u t t e r  occurred. 
f l i g h t  path and the experimental results,  p lot ted i n  figure l O ( a ) ,  indi- 
cates t h a t  the f l u t t e r  margin established by the models is smallest at 
M = 1.64. Since the  st iffness-alt i tude parameter i s  inversely propor- 
t i ona l  t o  the square root of the dynamic pressure, it can be noted tha t  
at t h i s  Mach number the dynamic pressure corresponding t o  the experimental 
f l u t t e r  point i s  60 percent greater than the dynamic pressure corresponding 
t o  the f l i g h t  path. 

A comparison of the airplane 

Vertical Tail 

No f l u t t e r  w a s  obtained on the  f i r s t  ve r t i ca l  t a i l  tested,  model VT-1. 
The tests were p a r t i a l l y  inconclusive i n  tha t  the speed brakes of the model 
were bottomed out on the stops by the aerodynamic loading before the  
desired dynmic pressure w a s  obtained. T h i s  r e su l t  w a s  due t o  the f a c t  
that the  spring s t i f fnes s  of the speed brake w a s  determined from frequency 
considerations and tha t  the spring was not large enough t o  be preloaded 
t o  a point where it could withstand the aerodynamic loads. The t e s t s  
were extended t o  the m a x i m u m  available dynamic pressure w i t h  the  weakest 
feasible  root r e s t r a in t  in  am e f fo r t  t o  obtain f l u t t e r  on the all-movable 
portion of the surface. - 
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After no f lp t tgr  py ok tebed  on the first model, a second model VT-2 

w a s  constructed; as described i n  the  section "Model Description," and 
t e s t ed  at M = 3 .  This model f lu t t e r ed  t o  destruction; t he  r e su l t s  a re  
presented graphically i n  f igure 10(b).  

I 

A t  a Mach number of 3 the  expert- 

mental f l u t t e r  point i s  a t  a '? @ of 3.5 whereas the  f l i g h t  boundary 

is  at a 'Gfi of 9; thus, a very large margin of safety i s  indicated. 

a 

CALCULATED RESULTS 

Modal-type f l u t t e r  analyses w e r e  made by using the  method of cal-  
culation s e t  fo r th  i n  reference 5 .  
piston theory ( r e f .  3 )  which assumes t h a t  the loca l  pressure on one point 
of t he  wing is a function only of the downwash veloci ty  at t h a t  point and 
is independent of disturbances at other points of the wing. 
three natural modes of the  horizontal  t a i l  and t h e  first two natural  modes 
of the  ver t ica l  ta i l  were used i n  the  calculations, the  mode shapes having 
been determined by the  method of reference 4. 
culations are  summarized i n  tab le  X I  and are compared graphically with 
the  experimental r e s u l t s  i n  figures l O ( a )  and 10(b) .  

Aerodynamic forces were based on 

The first 

The results of these cal-  

Horizontal T a i l  

The agreement between experimental and calculated f l u t t e r  speeds 
fo r  the  horizontal t a i l  a t  M = 3.0 w a s  very good, with a difference 
of only 1 percent i n  the  conservative direct ion.  
when using piston theory, the agreement at  the  lower Mach numbers w a s  
not as good. The difference between the  two values w a s  11 percent a t  
M = 2.0 and 16 percent a t  M = 1.64, both unconservative. Although 
no f l u t t e r  w a s  obtained a t  M = 3.98, i n  view of t he  agreement between 
experimental and calculated values a t  
while t o  make similar calculations f o r  the  model tes ted  at  
These calculations showed t h a t  f l u t t e r  should occur a t  a higher dynamic 
pressure than w a s  available a t  t h i s  Mach number. 

A s  might be expected 

M = 3.0, it w a s  f e l t  t o  be worth- 
M = 3.98. 
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As a matter of in te res t ,  and as a check on the  e f f ec t s  of possible 
inaccuracies i n  the determination of mode shape, the  mode shape of the  
second mode o f  the horizontal- ta i l  model, the  mode t o  which these par t ic-  
u l a r  calculations are most sensi t ive,  w a s  a r b i t r a r i l y  changed by decreasing 
the deflection of the t r a i l i n g  edge by 20 percent and the  deflection of 
the  73-percent chord l i n e  10 percent. 
t o  be greater than any expected experimental inaccuracies. The resu l tan t  

This change i n  mode shape i s  f e l t  

4 

-- 
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calculated f l u t t e r  speed a t  a Mach number of 3.0 was  3.4 percent lower 
than the or iginal  calculated value. .' 

9 

A second al ternate  calculation was made by using a l e s s  exact mass 
dis t r ibut ion.  Instead of several mass increments along each streamwise 
s t r i p ,  only three w e r e  used. These were the portion of the s t r i p  ahead 
of the spar, the spar section, and the portion of the s t r i p  behind the 
spar. The mode shapes used were the same as those f o r  the or iginal  cal-  
culation. 
6.3 percent lower than the or iginal  value. 

This modification resulted i n  a calculated speed which was  

A t h i r d  al ternate  calculation was made by omitting the t h i r d  mode 
from the calculations. This variation i n  the  input data resulted i n  a 
calculated speed which w a s  7.5 percent higher than the or iginal  value. 

It i s  interest ing t o  note tha t  for t h i s  par t icular  model the intro-  
duction of the first two variations (change i n  mode shape and mass dis- 
t r ibu t ion) ,  which might occur as a resul t  of experimental errors o r  
approximation, r e su l t  i n  a more conservative f l u t t e r  speed. The omission 
of the higher frequency mode ra i ses  the calculated f l u t t e r  speed and thus 
tends t o  be unconservative. 

Vertical  T a i l  

The resu l t s  of the f l u t t e r  calculations f o r  model VT-2 are presented 
i n  table  X I 1  and f igure 10(b).  It may be seen t h a t  the calculated values 
are 28 percent conservative. 
ence between experimental and calculated r e su l t s  f o r  the ve r t i ca l  t a i l  is 
so  much larger  than the difference between the same two quantit ies f o r  
the horizontal t a i l .  The lower aspect r a t i o  and the unconventional air- . 
f o i l  shape of t h i s  configuration may be contributing factors .  

There i s  no obvious reason why the differ- 

CONCLUSIONS 

Tests have been made on dynamically and e l a s t i c a l l y  scaled models 
of the all-movable horizontal and ver t ica l  surfaces of the X - 1 3  airplane 
t o  investigate the poss ib i l i ty  of f l u t t e r .  
ness did not f l u t t e r .  
of 1.64, 2.0, and 3.0 on weakened models of the horizontal t a i l  and at  
a Mach number of 3.0 on a weakened model of the ve r t i ca l  t a i l .  

The models with design st iff-  
F lu t te r  points were obtained at  Mach numbers 

1. The minimum difference i n  dynamic pressure between the ten ta t ive  
f l i g h t  path and the experimental model f l u t t e r  boundary of the two sur- 
faces occurs a t  a Mach number of 1.64. Based on the s t i f fness -a l t i tude  



10 

parameter the flutter dynamic pressure is 60 percent greater than the 
expected dynamic pressure at this Mach number. 

z . 

2. The agreement between calculated and experimental flutter speeds 
was excellent for the horizontal tail at a Mach number of 3 ,  but the cal- 
culated values tended to deviate, and become unconservative, from the 
experimental values at Mach numbers of 2 and 1.64. 

3. Flutter was only obtained on one model of the vertical tail at 
a Mach number of 3 .  This result indicated that the airplane vertical 
tail has a very large margin of safety from flutter at this Mach number. 
A comparison of the experimental with the calculated flutter speed showed 
that the calculated speed was 28 percent lower than the measured speed. 
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Langley Research Center, 
National Aeronautics and Space Administration, 

Langley Field, Va., August 19, 1959. 
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TABLE I. - ORDINATES FOR NACA 66~005 (MODIFIED) AIRFOIL  

E rd ina te s  in percent of chord 1 

t 

X Yu = YL 

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 

0 
.269 
.408 
331 

.590 

.650 
791. 

1.048 
1.270 
1.460 
1.766 
2.001 
2.182 
2.318 
2.416 
2.476 
2.500 
2.488 
2.438 
2.346 
2.176 
2.083 

.500 

%traight- l ine fa i r ing  from 67- t o  100-percent chord. - 

11 
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speed brakes extended. 
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Model HT-7C. 

Mode 

(a)  Horizontal tail.  

Scaled 
Node line 'Ode' prototype 

freq UencY fre q uenc y 

Figure 6.- Comparison of nodal. patterns and frequency spectrums of 
model and prototype t a i l  surfaces. 
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Figure 7.- Sketches of models of horizontal tail showing cuts made 
to determine mass parameters. 
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Figure 7.- Continued. 
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