
RESEARCH MEMORANDUM 

A F U G H T  INVESTIGATION OF TRE DAMPING IN ROLL AND 

ROLLJNG EFFECTIVENESS INCLUDING AEROELASTIC EFFECTS OF 

ROCKET-PROPELLED MISSILE MODELS HAVING CRUCIFORM, e-.. 
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The  damping i n  roll and roll ing  effectiveness of two models of a 
missile  having  cruciform,  triangular,  interdigitated  dngs and ta i ls  have 
been  determined  through a Mach number range of 0.8 t o  1.8 by u t i l i r i n g  
rocket-propelled tes t  vehicles. Results indicate  that   the b p i #   i n  +, 
roll w a s  relatively  constant  over  the Mach m b e r  range  investigated. 7 
The rolling  effectiveness was essentially  constant at low supersp ic  ; 
speeds and increased  with  increasing Mach numbers i n  excess of I@ over: 
the Mach number range investigated.  Aeroelastic  effects  increase  the 1 
rolling-effectiveness  parameter - 6 and decrease  both t h e  r o l e n g -  
moment coefficient CZ8 and the damping-in-roll coefficient 
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INTROlXTCTION 

' u :  
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The Pi lot less   Aircraf t  Research  Division of the Langley Aer4- 
nautical  Laboratory i s  inveetigating some of the  aerodynamic chaGcte 
i s t i c s  of a mfssile  having  cruciform,  triangular,  interdigitated 'qrings 
and tai ls  by utilizing  rocket-propelled  test  vehicles. One phas$ of i 
the  program, the measurement of the  variation of zero-lift  drag w%$h t 
Mach number for  several  missile configurations,  has been  complete5 andpi  
the results reported  (reference 1). Another  phase of the program. t h e 4  
investigation of the  longi tudinal   s tabi l i ty  and cont ro l   charac te r i s t ics ,  
i s  being made .  Results of the first f l i gh t  tes t  i n  t h i s  phase ar4 t i  

rolling  effectiveness has been-cmpleted and the   resu l t s  are rep0 
herein. 

f 

reported  in  reference 2. An investigation of the damping in  
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The f l i gh t   t e s t s  were conducted at the  Pilotless  Aircraft  Research 
Station, Wallops Island, Va. 

C 
ZP 

SYMBOLS 

damping-in-roll  coefficient AC A - ( 2 1  E;) 
cz = Rolling moment 
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torque,  foot-pounds 

angular velocity 

wing-tip  helix  angle,  radians 

velocity, feet per second 

rolling-moment coefficient due t o  wing deflection (aC,/a€j) 

drag  coefficient  based on cross-sectional area of f iselage 
(0.442 sq ft) 

dynamic pressure, pounds per  square  foot 

exposed area of two wings, square fee t  

wing span, feet  

Mach  number 

ambient static  pressure, pounds per square  inch 

modulus of e las t ic i ty ,  pounds per  square  inch 

wing deflection  angle,  degrees 

Reynolds number, based on wing mean aerodynamic chord of gross 
are a 

Subscripts : 

W wing 

t- - t a i l  
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MODELS AND TESTS 

Model 1 

The general arrangement of model -1 i s  sham  in   f igures  1 and 2 and 
a photograph of model 1 i s  sham i n  figure 3. Some physical  character- 
i s t i c s  of model 1 are  sham  in   tables  I and 11. 

Model I has a cylindrical  body with an ogival nose of fineness 
r a t io  6.25, cruciform  triangular wings of aspect  ratio 2.3, and cruci- 
form t r i angu la r   t a i l s  of aspect  ratio 4 with wings and t a i l s  . interdigitated.  

The fuselage was constructed of 0.064-inch 75S-T6 aluminum alloy - with ring  st iffeners.  The wing and t a l l  fuselage  sections,  the wfngs, 
and the tails were forged &a machined  from alumhum alloy. Each of the 
four wings was se t   a t  3O def lec t ion   to  produce roll. 

c 

The model was propelled t o  a Mach nmber of about 0.5 by a special 
booster  rocket motor. Following the  boost  period, an ABL Deacon rocket 
motor propelled  the model t o  a Mach  number of 1.92. The ABL Deacon 
rocket motor was equipped  with a nozzle  assembly  having four &mall canted 
nozzles which produced both  thrust and a rolling moment during the  
powered f l i gh t .  A photograph of the  model and booster on the  launcher is 
sham  in figure 4. 

A standard NACA telemeter was ins ta l led  in the  nose section. Quan- 
t i t i e s  measured included total  pressure,  rolling  velocity,  longitudinal 
acceleration, and rocket chaniber pressure. During f l i gh t   t he  model was 
tracked  with CW Doppler radar t o  determine velocity and SCR 584 radar t o  
determine the  f l ight  path.  Atmospheric data were determined by radio- 
sonde measurements. The damping-in-roll derivative was calculated from 
the increment in   rol l ing  veloci ty  at a given Mach  number by using equa- 
t ions of equilibrium l n  r o l l  during power-on and power-off f l i gh t .  The 
rol l ing moment due' t o  the  torque  nozzle w a s  calculated from the  measured 
chamber pressure  with  the  use of a cal ibrat ion  obtained  in   s ta t ic   f i r ings.  
A complete description of the  canted-nozzle  technique may be found i n  
reference 3. 

- 
The rolling-effectiveness  parameter &/€j was determined  during 

coasting flight. 2v - - 
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Model 2 

The general arrangement of model 2 and test  vehicle fs sham  in  
figure 5. A photograph of the model i s  sham  in  f igure 6 and a photo- 
graph of the  model and tes t  vehicle combination i s  .sham  in  figure 7. 

The fuselage. of model 2 was machined from 24s-T aluminum and the 
wings and ta i ls  were of' S.A.E. 4130 steel. The four wings were set-at 
Oo deflection  angle. 

The model w a s  sting mounted t o  the nose of the  test vehicle. Rela- 
t i ve  displacement i n   r o l l  between the model and the test  vehicle was 
measured by a  torsion-spring  balance i n   t h e  nose of the tes t  vehicle. 
Stabi l iz ing  f ins  set a t  an  angle of deflection  forced the model and test  
vehicle  to  roll .   Histories of model rol l ing moment, model rol l ing 
velocity, and flight-path  velocity were obtained by using  standard NACA. 
procedures. These data w e r e  used i n  conjunction w i t h  atmospheric  data 
obtained w i t h  radiosonde t o  determine C A complete description of 
t h i s  technique may be  found i n  reference 4. 

ZP' 

The variation of' Reynolds number with Mach  number for  the  various 
investigations i s  shown i n  figure 8. 

ACCURACY 

The errors   in   the  resul ts  are estimated t o  be within  the following 
limfts : 

I 

C 
IP c28 

M 

Model 1 Model I Model 2 Model 1 
r 

0.9 

f. 001 2.03 5 05 2.0003 1.5 
t. 001 2.04 2.05 i. 0005 1.2 

fo.001 *o .08 20.05 ?O.OOo7 

These errors  are  systematic i n  nature; the variations m d  trends shown 
in   the   resu l t s   for  each model are subject  to much srnsller errors. 

. The e r r o r   i n  wing deflection S i s  estimated t o  be within fo.0lo. 
- 



RESKGTS AND DISCUSSION 
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The measured variation of the  wfng-tip  helix  angle pb/W with 
Mach  number obtained with model 1 i s  shown in   f igure  9 f o r  power-on and 
power-off flight. Also shown i s  the ateady-state @ = 0) variation of 

pb/2V wlth Mach  number obtained by correcting the measured values of 
pb/2V for  the ef fec t  of angular  acceleration  about the roll axis. Also 
shown in   f igure  9 i s  the  variation of rolling-n;oment coefficient due t o  
the  torque  nozzle with Mach  number. 

The variation  of C2 (the rolling-moment coefflcient of the test 
model) and pb/2V (the wing-tip  helix  angle of the test model) with 
Msch  number obtained with model 2 i s  shown i n  figure 10. 

DEtmping i n  Roll 

The variation of the damping-in-roll  coefficient wfth Mach 
number obtained with model 1 by the method of refererlce 3 i s  shown i n  
figure 11. Also shown in   f igure  11 is  the  variation of CZp with Mach 
number, obtained w i t h  model 2, calculated from the quantities of fig- 
ure 10. The resu l t s  shown in   f igure 11 indicate tha t  the denping i n  r o l l  
was relatively  constant over the Mach number range investigated. The 
measured values of damping are less than theoretical  values  obtained by 
calculating (and adding) t h e   a w i n g  in roll of the  individual  cruciform 
wing and ta i l  assemblies according to references 5 and 6.  Shm also i n  
figure 11 are values of C obtained by wind-tunnel t e s t s  of a slmilar 

conf iguratian  (reference 7). Excellent agreement is  shown between 
model 2 and the 0.135-scale mode l  wind-tunnel-test results. Flight-test 
results  obtained  with model 1 shm less damping in r o l l  than the  flight- 
test results  obtained w i t h  model 2. 

e % 

2P 

The differences  noted in  figure 11 between the  experlmental results 
of model 1 and model 2 are believed. t o  be due p r h a r i l y  to aeroelastic 
e f f ec t s . fo r   t he  following reasons: 

From simple  considerations it can be Been tha t ,   a t  a given Mach 
number, the loss i n  damping fn r o l l  due to aeroelastic  effects varies 
l inearly  with the ambient s ta t ic   preesure P and with the reciprocal 
of the modulus of e l a s t i c i t y  1/E. The variation of C w i t h  P/E 
is shown in  f igure 12 for M = 1.6 where the  values of C2 are  those 
determined by t e s t s  and the  values of P are the ambient static pres- 
sures under test   conditions and E is  the modulus of e l a s t i c i t y  of  the 

ZP 
P 
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material  used  for  the wing and t a i l  surfaces of the models. A l s o  shown 
in  f igure 12 i s  an estimated  rigid  value,  obtained  as  described  in  the 
appendix, f o r  model 1 a t  a.Mach number of 1.6. The curve  joining  these 
two points i s  the  estimated  variation of with P/E fo r  model 1. 

The interpolated  (essentially  rigid) wind-tunnel  value  (reference 7) 
a p e s  well.  Test  results of model 2 are slightly  higher,  probably 
because of differences  in wing and t a i l  root  restraint  and wing-gap 
effect .  Model 2. and the wind-tunnel model had s t ee l  wings and t a i l  sur- 
faces  with  full-chord: root attachment‘s; the wing and tail surfaces of 
model 1 w e r e  of aluminum alloy, t h e   t a i l   r o o t  attachment- was only pa r t i a l  
chord  (fig. l), and the wing root  attachment  consisted o f a  trunnion and 
a wing adjustment  tab. Root restraint   has an important  effect on the  
wing and t a i l  deflection  patterns.  Results from load  tes ts  of a wing 
s imi la r   to  mode l  1 with  modification t o  give a full-chord  root  attachment 
show approximately 40 percent less wing twist than  the  results  obtained 
frm load tests of a wing iden t i ca l   t o   t ha t  of model 1. No similar t e s t s  
were made  of t h e   t a i l .  The value of C determined by the  curve  at 

= 0 i s  lower  than  that  obtained by sunnning the  theoretical  values of E 
damping i n   r o l l  of the  individual  cruciform-wings and tai ls .  The differ- 
ence i s  due t o   t h e   e f f e c t s  of  wing-body-taif interference, wing-body-gap, 
root  restraint ,  wing thickness, and viscous  effects. 

c l P  

ZP 

Rolling  Effectiveness 

Figure 13 shows the  steady-state power-off values of &/6 
obtained  during  coasting  flight with model 1. The variation of C z 6  
with k c h  number, obtained  with model I, calculated by using  steady- 
s ta te  power-off values of & 6 from ffgure 13 and values of C x p  from 
figure 11 i s  also shown in   f i gu re  13. These results indicate that the 
rolling  effectiveness was constant at low supersonic speeds and increased 
with  increasing Mach numbers i n  excess  of 1.4 over  the Mach  number range 
investigated. Shown also  are  values  of - 6 calculated by using  super- 

Tv 

2v I 

””/ 2v 
sonic wind-tunnel values and Cz6 from references 7 and 8, 
respectively. Values  of calculated from wind-tunnel tests are  
lower than  those  obtained  in  flight  with model 1. Calculations by the  

. method outlined  in  the appendix indicate  that  most of the  difference  in 
the  values of  2v pb/8 obtained i n  free fl9e;ht and wind-tunnel t e s t s  i s  
due t o  a loss i n   e f f ec t ive  t a i l  damping due t o  t w i s t  i n   t he  t a i l  surfaces 
under load. Also shown in  f igure 13 are wind-tunnel  values of CI f r o m  
references 8 and 9. The estimated  rigid  values of Cz6 calculate8 by 
the  method outlined  in  the appendix f o r  M = 1.6 agree well with essen- 
t i a l l y   r i g i d ,  supersonic  wind-tunnel  values. 



. 
Drag  Measurement s 

The variation of  t he  drag coefficient CJJ with Mach  number obtained 
during  parer-off  roll ing  f l ight with model 1 i s  shown i n  figure 14. Also 
sham are no-roll   results from reference 1. The increment i n  drag which 
i s  due to the  combined ef fec ts  of wing deflection and ro l l ing   ve loc i ty   i e  
re la t ively  large at the  lower supersonic speed& and becomes smller with 
increasing Mach number. 

The following  conclusions are indicated  f romthe tests reported 
herein of two models of a  missile  having  cruciform,  triangular, inter- 
digitated w i n g s  and ta i ls :  

1. Damping i n  r o l l  vas relatively constant  over  the Mach number 
range  inve et igated. . 2. Rolling  effectiveness was constant  at   the low supersonic  speeds 
and increased  wfth  increasing Mach numbers in excess of 1.4 over  the 
Mach number range  investigated. 

3. Aeroelastic  effects  increase  the  rolling-effectiveness  parameter 

- 6 and  decrease both t he  rolling-moment coefficient C and t he  
pb/ 2V 26 
damping-in-roll coefficient C ZP‘ 

Langley Aeronautical  Laboratory 
National Advisory C e t t e e  f o r  Aeronautics 

Langley Field, Va. 
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W E T  OF AEROELASTICITY AT M = 1.6 
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Static  load tests of simulated  supersonic air loads at a Mach 
number of 1.6 and a dynamic pressure of 3480 pounds per square  foot 
during  parered  flight and 2670 pounds per square foot durfng power-off 
f l igh t  were made of wing and tail surfaces  identical t o  those of model 1 
t o  estimate  the  aeroelaetic  effects of the  wing and t a i l  surfaces on the  
damping in r o l l  and rol l ing  effect iveness   for   this  missile configuration. 
The estimation was  made by the following method: 

For model 1, the damping-in-roll  coefficient C and the  roll ing- 
2P 

effectiveness  parmeters and */6 w e r e  determined from measure- 
ments of model r a t e  of r o l l  during  parer-on and power-off f l igh t .  The 

'problem was, therefore, t o  determine the rate of r o l l  which a r ig id  
configuration would have had a t   t h e  same conditions. The determination 
.of the   ra te  of rol l   for   the  r igid  configurat ion  in  powered f l i gh t  con- 
s i s ted  of evaluating  the  following  equation of equilibrium i n  roll: 

cz& 2v 

where T i s   t h e   r o l l i n g  moment produced by the  torque  nozzle, 8% i s  
the  rol l ing moment produced by differential   deflection of four wings, 
$ i s   t h e  dimensional  damping-in-roll derivative, $ i s   t h e   r a t e  of 
change of rol l ing moment produced by aeroelastic  deflections  caused by 
the loading due t o   r a t e  of r o l l  with  rate -of ro l l ,  i s  the  ra te  of 

change of roll ing moment produced by aeroelastic  deflections  caused by 
loadings due to   the   d i f fe ren t ia l   def lec t ion  of four wings with  deflec- 
tion, L, i s  the mament due t o  out of trim, and L i  i s  the moment due 
t o  Interference. 

In the  equation of equilibrium T was the measured torque, LE was 
obtained from reference 5, Lp was obtained fmm reference 10, and 

was obtained from references 6 and 11. The factor  

by the ,  following  aeromechanical iteration  process : The in i t ia l   r ig id-  
surface load distribution,  obtained fram reference 5, was placed on the 
wing by means of distributed  concentrated  loads.  Figure 15 is a photo- 
graph of a t yp ica l   t e s t  setup. The local streamwise surface  slope  at 

W % 
( L@€i)v 

was obtained 



each of the  loading  points produced  by the  init ial  loadfng was obtained 
by interpolations between dial-gage  locations. The incremental load due 
t o   t h i s   de f l ec t ion  was  obtained by taking a proportion of t h e   i n i t i a l  
load at the  point   in  the  r a t i o  of t he  change i n  slope to t h e   i n i t i a l  
slope. The incremental  loading w a s  applied and the  deflections measured. 
A t  this point it was calculated  th8t  the  third  incremental  loading w o u l d  
produce deflections  within  the  accuracy of t he  technique. The 

factors (LeP) w (L8pj)t 
were obtained sfmilarly with the  use of 

in i t ia l   r ig id-sur face  load dist r ibut ions from references 10, 11, and 6. 

The foregoing  quantities were inserted into the  equation of equi- 
librium t o  obtain a roll ing  velocity pf for   the  f lexfble   condi t ion.  
The equation w a s  also solved by asslrming L = 0 t o  obtain a 

rol l ing  veloci ty  pr for  the rigid condition. A factor equal t o  Pf - p, 
P r  

was applied t o  t he  measured power-on rate of r o l l   t o   o b t a i n   t h e  rate of 
r o l l  which would have  been  obtained  with a r igid  s t ructure .  It w i l l  be 
noted t ha t   t he   e f f ec t  of neglecting  the  interference  roll ing moments i n  
the  equation of equilibrium fa minimized by  applying  the  factor 
t o   t h e  rates of roll measured i n  flight. PF 

% = $8 

Pf - Pg 

The foregoing  procedure W&B also applied t o   t h e  power-off condition 
where T = 0. 

The value  of C for $he rigid configuration w a s  determined  with 
2P 

the  use of the  increment i n  6 calculated  for  the rigid configuration 
and the  rolling-moment coefficient due t o  the  torque nozzle. 

"I 
The rolling-mament coefficient of t he  r igid configuration was % 

then  determined  by  using  the  rigid values of C and  parer-off gh. 
The effecte of aeroelast ic i ty  due t o  wing and tail deformations are given 

2P 

iQ the fo l la r ing  table : 

. 
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Mea'sured i n  
r ig id  values flight t e s t  

Estimated 

(parer-on) pb'2v I 0.0840 

Pbl2' I .0185 1 .0141 
(parer-off) 

Percent change 
from rigid  value 

due t o  t a i l  
def omat ion 

31 

3i 

-28 

-7 

Percent change 
from rigid  value 

due t o  wing 
def omat  ion 

8 

0 

-6 

-6 

Values of Czp, g/6, and C determined f o r  the  rigid  configura- 

t ion   a re  shown i n  figures l2 and 13, respectively. It i s  in te res t ing   to  
note  that   for model 1, ... most of the loss i n  damping is due t o  the  defor- - 
mation of the. ta i1   surfaces .  

26 

It is seen that  the  rolling-effectiveness  parameter - 6 i s  

increased  because of aeroelastic  effects for t h i s  missile configuration 
and that   the  rolling-moment coefficient C and the damping-in-roll 

coefficient C are  decreased  because of aeroelastic  effects. 

"I 2v 

28 

2P 
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PHYSICAL CHARACTWISTICS OF MODEL 1 

Over-all  length. i n  . . . . . . . . . . . . . . . . . . . . . . .  
M a x i m u m  diameter of constant  section. i n  . . . . . . . . . . . .  
Weight (loaded). lbs . . . . . . . . . . . . . . . . . . . . . .  
Weight (motor expended). lbs . . .  ' . . . . . . . . . . . . . .  
Cente-of- gravity  (loaded) Rzselage stat ion. i n  . . . . . . . . .  
Center-of-gravity (motor expended) fuselage  station. i n  . . . . . . .  
Ekposed area of each wing.  sq ft . . . . . . . . . . . . . . . .  
Exposed area of each tail. sq ft . . . . . . . . . . . . . . . .  
Wing thicltness  ratio.  t/c . . . . . . . . . . . . . . . . . . .  
Tail thickness  ratio.  t/c . . . . . . . . . . . . . . . . . . .  
Wing deflection. deg . . . . . . . . . . . . . . . . . . . . . . . .  

143.28 
9.00 
364.5 
264 

74.12 
67.75 
1.6 

0.637 
0.04 
0.03 
t3 

. 

. 
I 

. .  
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Figure 2.- WintpfueeZage juncture of' model 1. All dimensions are In inchee. 
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Eygure 3 . -  Model 1. 
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FYgure 4.- Model 1 and booster on launcher. 
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F'igure 7.- #ode1 2 and test vehicle. 
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Figure 8.- Variation of Reynolds number, based on wing mean aerodynamic 
chord of gross wing area, with Mach number. 
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FYgure 9. - Variation  with Mach number of wing-tip helix angle and mllfng- 
moment coefficient due t o  the torque nozzle for model 1. 
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Figure 10.- Variation of wing-tip hel ix  angle and rolling-moment 
coefficient with Mach number f o r  model 2. 
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Figure 12. - Variation af Cz with P/E. M = 1.6. P 
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Figure 13. - Variation of rol l ing effectiveness with Mach number 
for model 1. 
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Figure 14.- Variation of drag coefficient with Mach number for model 1. 
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Figure 15.- A typical  load t e s t  setup. 
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