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TECHNICAL NOTE D-645 

CALCULATION OF W I N D  COMPENSATION FOR LAUNCHING 

OF UNGUIDED ROCKETS 

By Robert L. James, Jr., and Ronald J. Harris 

SUMMARY 

A method f o r  calculat ing wind compensation f o r  unguided miss i les  
i s  derived which has a grea te r  degree of f l e x i b i l i t y  than the previously 
proposed methods. 
set of assumptions which are (1) vehicle motions i n  p i t c h  and yaw are 
independent, (2) l i nea r  aerodynamic coeff ic ients  with respect t o  flow 
incidence angle are  used, (3) launch angles f o r  wind compensation a re  
the  dispers ion angles computed by using the  weighted wind, and ( 4 )  fac-  
t o r s  used t o  determine azimuth correction are computed f o r  the  standard 
launch-e leva t  i on angle . 

Most of the e a r l i e r  theories were based on a common 

Elimination of the f i rs t  two l imitat ions i s  the  r e s u l t  of using a 
three-dimensional t r a j ec to ry  simulation w i t h  arbitrary wind and nonlinear 
aerodynamic coef f ic ien ts  with respect t o  flow incidence angle. The las t  
two l imi ta t ions  were removed by the  unique ana ly t ica l  methods used i n  
the  present paper. 

Ut i l iza t ion  of the  wind-compensation technique i s  demonstrated by 
using the Shotput vehicle as a model. Postf l ight  simulations of four  
of these m i s s i l e s  with the  use of measured winds show t h a t  i f  the  winds 
are known, very good accuracy can be obtained by using the proposed 
method. 

A wind-compensation system f o r  t he  unguided Scout-SX-1 i s  presented 
This system w a s  developed by using the  assumptions and i n  the  appendix. 

methods presented i n  t h i s  paper. 
sane magnitude as those found f o r  the Shotput system; ye t  t he  missile 
configurations and performance h i s t o r i e s  are very d i f f e ren t .  

The er rors  obtained a r e  of about the  
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INTRODUCTION 

The advent of high-altitude-performance missiles has made the con- 
sideration of factors causing trajectory deviations o r  dispersion a 
necessity. One of the main contributors to the dispersion of an unguided 
vehicle is wind, and the purpose of this paper is to present a method for 
minimizing this effect on the trajectory. 

During the past decade several theories have been proposed for cal- 
culating wind compensation, and results of flights made with the use of 
these methods have been good in some cases and very poor in others. Most 
of the previous work was done by using a similar set of assumptions which 
can cause large errors. These assumptions are: 

1. Vehicle motions in pitch and yaw are independent. 

2. Linear aerodynamic coefficients with respect to f l o w  incidence 
angle and small angular perturbations are used. 

3 .  Launch angles for wind compensation are the dispersion angles 
computed with the use of the weighted wind. 

4. Factors used to determine azimuth correction are computed for 
the standard launch-elevation angle. 

The first assumption is poor because the azimuth change is greatly 
The trajectory should be computed in dependent on the elevation angle. 

three dimensions so that proper coupling effects between pitch and yaw 
can be simulated. 

Assumption 2 can cause large errors since most vehicles are more 
sensitive to the wind early in flight when the flow incidence angle can 
be well into the nonlinear range. 

Assumption 3 is a direct misconception of the wind problem and can 
The angular dispersion is computed by using cause very large errors. 

the weighted wind, and the compensation angles required are assumed to 
be equal and opposite to these deviations. It is necessary to perform 
an iteration to determine the proper launcher angles. This assumption 
also causes additional errors in pitch since the effect of gravity varies 
with the launch elevation angle. 

The errors introduced by assumption 4 are related to assumption 1. 
If the wind-compensation procedure calls for a change in the launch ele- 
vation, then the yaw-compensation factors should also be changed. This 
is due to the change in yaw sensitivity associated with the elevation 
angle. 
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Probably the most well-known wind-compensation procedure i s  t h a t  
described i n  reference 1. I n  t h i s  paper the rocket i s  assumed t o  tu rn  
instantaneously i n t o  the  wind so tha t  the  vehicle ax is  i s  always tangent 
t o  the t ra jec tory .  I n  addition, the wind-weighting f ac to r s  are assumed 
t o  be iden t i ca l  i n  p i t c h  and yaw. 

I n  reference 2 the  theory of reference 1 i s  improved, as f a r  as 
the  vehicle response i s  concerned, w i t h  the use of more complete m i s -  
s i le equations. These equations, however, are  s t i l l  l imi t ed  t o  one 
plane, and a l s o  the same weighting f ac to r s  i n  p i t c h  and yaw are assumed. 

Applications of these theor ies  t o  d i f fe ren t  missiles with some 
s l i g h t  adjustment are described i n  references 3 t o  6. 
applications,  d i f f e ren t  weighting f ac to r s  i n  p i t ch  and yaw have been 
assumed, but the  assumptions l i s ted  previously are again made. 

I n  some of these 

A mu.ch Fmproved wind-compensation scheme w a s  developed f o r  the 
L i t t l e  Joe booster and i s  presented i n  reference 7. 
based on a six-degree-of-freedom t ra jec tory  simulation which i s  described 
i n  reference 8. The vehicle motion is, therefore, very accurate but t h i s  
wind-compensation method has l imi ta t ions  and disadvantages which are not 
necessary if  the proper procedure i s  followed. For instance, the analy- 
sis i s  l imited t o  very low a l t i tudes ;  and although it i s  t rue  tha t  a 
large percent of the wind e f f ec t  occurs at the lower a l t i t ude ,  t h i s  i s  
an unnecessary l imi ta t ion  which can be removed without making the  pro- 
cedure more d i f f i c u l t .  The system f o r  t h e  Little Joe involves a large 
number of carpet p lo ts .  
the  launcher corrections which must be done after the  wind i s  measured. 
This r e s u l t s  i n  a large amount of computation and graph reading during 
the  last  few minutes of the  count down. 

This analysis  w a s  

The method e n t a i l s  an i t e r a t i o n  i n  obtaining 

The wind-compensation procedure which i s  included i n  t h i s  paper 
w a s  not developed as an improvement of t h e  technique.for the  L i t t l e  Joe. 
I n  f ac t ,  t he  two methods are qui te  d i f fe ren t  although both were based 
on the same t r a j ec to ry  simulation. 

I n  the  wind-compensation procedure of the present paper, the a l t i -  
tude l imi ta t ion  i s  not m a d e  and the i t e r a t ion  i s  involved i n  the  devel- 
opment and not during the count down. Also,  the  scheme only cons is t s  
of conventional two-dimensional p l o t s  which are simple and easy t o  use. 
The amount of t r a j ec to ry  simulations and labor necessary t o  develop 
the  correct ion graphs i s  considerably less. 

None of t he  l imi ta t ions  f o r  references 1 and 2 are assumed i n  t h i s  
analysis .  There are a f e w  simplifying assumptions, causing negl igible  
e r r o r  i n  the  solution, which are described as they a re  applied. 
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SYMBOLS 

In the present paper, distances are measured in U.S. feet 
(1 U.S. foot = 0.3048006 meter). 

cA, 0 axial-force coefficient at zero flow incidence angle, 
dimensionless 

Cm pitching-moment coefficient, dimensionless 

rate of change of pitching-moment coefficient with pitching 
&m 1 

= cnr’ radian 
ve loc ity , 

c% 

9 C rate of change of pitching-moment coefficient with rate of 
Z m  1 change of flow incidence angle, 

normal-f orce coefficient, dimensionless 

yawing-moment coefficient, dimensionless 

rate of change of yawing-moment coefficient with yawing 
ZIl 1 velocity, - (3)’ radian 

D reference length, ft 

IX 

IY 

=2 

rolling moment of inertia, slug-ft2 

2 pitching moment of inertia (Iy = Iz), slug-ft 

yawing moment of inertia, slug-ft2 

MY pitching moment, ft-lb 

rate of change of pitching moment with pitching velocity, 
f t - lb- se c aM Y =  

as 
Mys 

Mzr’ radian 



5 

yawing moment, f t - l b  

rate of change of yawing moment with yawing velocity,  - % ar ’ 
f t - lb-  sec 

radian 

pi tching velocity,  radianslsec 

yawing velocity,  raiiians/sec 

time at  which missile i s  considered insens i t ive  t o  wind 

missi le  l i nea r  veloci ty  r e l a t ive  t o  ear th ,  f t / s e c  

t o t a l  missi le  l i nea r  veloci ty  r e l a t ive  t o  wind, f t / s e c  

horizontal  wind veloci ty  re la t ive  t o  ear th ,  f t / s ec  

horizontal  wind veloci ty  component from the eas t ,  f t / s e c  

horizontal  wind veloci ty  component from the  north, f t / s ec  

earth-fixed axes, dimensionless 

components of missi le  ve loc i ty  along XE-, YE-, and %-axis, 
r e  spe c t  ive ly, f t  /see 

center-of-gravity distance from nose, f t  

center-of-pressure distance from nose, f t  

f l igh t -pa th  angle i n  pi tch,  deg 

launch elevat ion angle, deg 

f l igh t -pa th  angle i n  yaw, deg 

f l igh t -pa th  angle i n  yaw i n  plane normal t o  plane of t r a -  
jec tory  and tangent t o  the instantaneous f l i g h t  path, deg 

launch azimuth compensation f o r  Wind, deg 
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4 

OW 

h 

JlW 

flow incidence angle, radians 

rate of change of flow incidence angle with time, radians/sec 

wind d i rec t ion  r e l a t i v e  t o  true north, deg 

no-wind f i r i n g  azimuth, deg 

angle between Vw,h and project ion of m i s s i l e  center l i n e  
i n  XEYE-plane, deg 

SHOTPUT CONFIGURATION CHARACTERISTICS 

The method f o r  wind compensation presented i n  the present paper i s  
not l imited t o  any spec i f ic  missile. However, due t o  the  complex nature 
of the problem, the procedure as outlined i s  applied t o  a pa r t i cu la r  m i s -  
s i l e ;  namely, the Shotput vehicle. The Shotput i s  a two-stage sol id-  
propellant rocket vehicle used t o  t es t  the  in f l a t ion  techniques f o r  the  
100-foot-diameter balloon s a t e l l i t e .  These missi les  a re  f i r e d  from NASA 
Wallops Station. 

The Shotput ex terna l  charac te r i s t ics  are presented i n  f igure  1. 
The configuration shown i s  the  one which exists a t  launch and during 
f i r s t - s t age  burning ( i n  t h i s  section, only data  pertaining t o  the  vehicle 
during f i r s t - s t age  burning are  presented). The f i r s t - s t age  propulsion 
system consis ts  of a Pollux rocket motor and two Recruit rockets which 
are used t o  increase the  acceleration at  launch and burnout a t  about 
2 seconds. 
having an area of 15 square feet  per panel. 
long and has a maximum diameter of 33 inches. 

Aerodynamic s t a b i l i t y  i s  obtained by using four  8' wedge f i n s  
The missi le  i s  384.6 inches 

The aerodynamic parameters f o r  t h i s  missile are presented i n  f i g -  
ure 2. 
Mach number f o r  various values of 7. Included are Cmq, Cmi ,  C A , ~ ,  

It was  assumed that the  vehicle has r o l l  symmetry although 
the Recruit rocket motors produce an unsymmetric e f f ec t .  The aerodynamic 
coeff ic ients  a re  based on a reference area S of 1 sq f t  and a reference 
length D of 1 f t .  

Figure 2(a)  shows the  aerodynamic coef f ic ien ts  as a function of 

CP '  
CN, and x 

P lo t s  of the time varying parameters are presented i n  f igure  2(b) 
for  time from launch t o  f i r s t - s t a g e  burnout at 32.5 seconds. Included 
i n  t h i s  f igure are weight, xcg; thrus t ,  IY, Ix, and My Again the  

assumption w a s  made t h a t  t he  vehicle has r o l l  symmetry. 
9' 
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The nominal performance of t he  Shotput vehicle i s  shown i n  f igure  3 
as p l o t s  of a l t i t u d e  and veloci ty  variations with range. 
computed i n  the IBM 704 e lec t ronic  data processing machine using the 
aerodynamic parameters presented above and the t r a j ec to ry  program dis- 
cussed i n  reference 8. 
angle of 7 8 O  were used i n  these computations. 

These data were 

An ICAO standard atmosphere ( r e f .  9)  and a launch 

ANALYSIS 

The wind-compensation procedure derived herein involves four aspects.  
They are  an adequate t r a j ec to ry  simulation, select ion of wind p ro f i l e s ,  
development of wind-compensation graphs, and a wind-weighting procedure. 

Trajectory Simulation 

The requirements f o r  a t ra jec tory  program needed f o r  a wind- 
compensation procedure are (1) that the t ra jec tory  be three  dimensional, 
(2 )  t h a t  provision be made f o r  a rb i t r a ry  wind veloci ty  and azimuth and 
(3)  t h a t  nonlinear aerodynamics w i t h  respect t o  flow incidence angle be 
included. The first two requirements are obvious since, i n  the consid- 
e ra t ion  of s ide winds, the t r a j ec to ry  is three dimensional and the wind 
veloci ty  and azimuth a re  a rb i t ra ry .  The t h i r d  requirement i s  imposed 
because the introduction of surface winds during launch can create  angles 
of a t tack  la rger  than 90°, which grea t ly  exceed the l i nea r  range of the 
aerodynamic coef f ic ien ts .  

A t r a j ec to ry  simulation incorporating the above requirements i s  
presented i n  reference 8. 
simulation assumes a vehicle w i t h  s i x  degrees of freedom and aerodynamic 
symmetry i n  r o l l  and the m i s s i l e  posi t ion in  space i s  computed r e l a t i v e  
t o  a f l a t  nonrotating ear th .  This t ra jec tory  simulation w a s  programmed 
on the  IEN 704 e lec t ronic  data  processing machine and i s  the  bas i s  f o r  
a l l  t r a j ec to ry  computations made i n  t h i s  paper. 

In  addition t o  the above requirements, t h i s  

Selection of Wind Profi les  

The winds a t  some geographical locations have been measured and 
recorded over periods of t h e  longer than a year.  
indicate  t h a t  the wind veloci ty  generally increases with a l t i t u d e  u n t i l  
a peak i s  reached a t  the j e t  stream and then decreases r a the r  abruptly.  
Recordings made at  Pa t r ick  A i r  Force Base, Cocoa, Flor ida a r e  presented 
i n  reference 10. 
se lec t ing  p r o f i l e s  t o  be used i n  the wind analysis.  

These measurements 

These annual recordings were used as a bas i s  f o r  
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The annual p r o f i l e  i s  shown i n  f igure 4. This curve represents 
the wind ve loc i t ies  which were measured over a year ly  period. 
winds indicated on the curve were not exceeded about 96 percent of t h e  
t i m e .  
used i n  the analysis.  The maximum wind p ro f i l e  assumed t o  be 40 f t / s e c  
is shown as a l i nea r  approximation t o  the  annual curve. The other pro- 
f i l es  shown i n  t h i s  f igure  are f r ac t iona l  multiples of the  basic  curve. 
It should be noted t h a t  a p ro f i l e  i s  referred t o  i n  terms of t h e  surface 
wind veloci ty  of t h a t  p ro f i l e .  There were a t o t a l  of four  wind p r o f i l e s  
considered which represented surface winds of 10, 20, 30, and 40 f t / s ec .  

The sca l a r  

Also shown i n  f igure  4 a r e  the  l i n e a r  wind p ro f i l e s  which were 

A missi le  i s  insens i t ive  t o  wind above a ce r t a in  a l t i t ude .  For 
the Shotput vehicle t h i s  a l t i t u d e  w a s  determined t o  be 42,000 feet  as 
is  shown i n  a subsequent sect ion of t h i s  paper. Thus, the l i nea r  pro- 
f i l es  of f igure  4 are stopped at  t h i s  a l t i t ude .  I f  the  s e n s i t i v i t y  
range had extended above 42,000 fee t ,  the  assumed p ro f i l e s  would be 
extended also; and t h e i r  slopes would be changed so t h a t  the  curve f o r  
40 f t / s e c  would closely approximate the  annual p ro f i l e .  

The assumption t h a t  the  wind w i l l  vary with a l t i t u d e  on the  day of 
f i r i n g  as one of these p r o f i l e s  i s  not made i n  the  analysis .  The devi- 
ation from the  p ro f i l e s  of the measured wind i s  taken in to  account by 
weighting the  wind which i s  discussed i n  a subsequent section. 

Derivation of Wind-Compensation Graphs 

I n  t h i s  section the development of a set of wind-compensation graphs 
i s  presented. The r e s u l t  i s  a graph of launch-elevation and launch- 
azimuth angles as a function of wind azimuth and velocity.  
the following analysis,  assumptions a r e  made which a re  d i f f i c u l t  t o  prove 
d i rec t ly  although they seem correct  i n tu i t i ve ly .  
only pointed out as they are passed and are subsequently checked as a 
group by making sample computer runs with varying wind conditions. 

Throughout 

These assumptions are 

It i s  convenient t o  define here some of the terminology used i n  the  
analysis. Consider t h e  following diagram: 
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- 2, 

J Earth f ixed axes ' 

ZE 

The f l igh t -pa th  angle i n  p i t ch  i s  given by 

1& 
V = sin' 

yP 

XE 

where V 
expressed as 

i s  the missi le  veloci ty  re la t ive  t o  the ground and can be 

The f l igh t -pa th  angle i n  yaw can be expressed a s  
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Note that t h i s  angle i s  i n  the  plane of t he  missile veloci ty  vector and 
i s  not an ear th  projection. 
i n  t he  plane of the  ear th  i s  given by 

The projection of the yaw f l ight-path angle 

These yaw angles are re la ted  t o  each other through the  following equation: 

( 5 )  P 
s i n  y ' = s i n  y cos y 

Y Y 

The time at which the  wind i s  no longer e f fec t ive  i s  cal led 
Shotput t h i s  value i s  25 seconds. This corresponds t o  an a l t i t u d e  of 
42,000 f e e t  which'was pointed out above. 

te ,  and f o r  

The nominal, no-wind launch elevation f o r  Shotput i s  78O, and the 
nominal values of the  preceding f l ight-path angles a t  t e  = 25 seconds 
are 

yy' = oo 

yp = 67.3O 

Wind conditions cause changes i n  some o r  a l l  of these angles depending 
on the  wind direct ion.  

Head and t a i l w i n d s . -  Consider f i rs t  the  e f f ec t s  of head and t a i l  
winds. Since the  missile i s  s tab le  and thrust ing during the  port ion of 
the t r a j ec to ry  being analyzed, it weathercocks. 
missile down and a t a i l  wind pi tches  it up. Trajector ies  were computed 
with various head- and tail-wind p ro f i l e s  and the  r e s u l t s  of these com- 
putations are shown i n  f igure 5 as a p lo t  of t he  f l ight-path angle i n  

a t  t e  (25 sec)  against  wind veloci ty  a t  the  surface. The pitch, 
conditions of these t ra jec tory  simulations a re  shown i n  tab le  I as runs 1 
t o  9. 
t ra jec tor ies .  

A head wind pi tches  the  

YP, 

The launch elevation w a s  held constant a t  78' f o r  a l l  of these 

Trajector ies  were a l so  computed with no wind f o r  various launch ele- 
vation angles, and the  change i n  f l ight-path angle w a s  computed by using 
the equation 
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a7P = 7P,0 - (Tp)te 

i s  i s  the f l ight-path angle a t  launch. In  f igure  6, where 

p lo t t ed  against  launch elevat ion f o r  the no-wind cases, and a l so  curves 
are shown f o r  head winds and t a i l  winds. The no-wind t r a j ec to ry  s imu-  
l a t i ons  are shown i n  tab le  I as run 1 and runs 10 t o  12. Data f o r  t h s  
head winds and t a i l  winds were available f o r  a launch elevation of 78 
as presented i n  f igure  5 (runs 2 t o  9 )  and f o r  a wind of 40 f t / s e c  with 
varying launch elevation i n  runs 13 t o  18. The family of curves shown 
i n  t h i s  f i gu re  w a s  obtained by interpolation between these data points .  

A7P 7P, 0 

It was stated previously that  t h e  desired value of w a s  6 7 . 3 O .  

Therefore, f o r  the idea l  case, equation (6) can be written, 

- AyP = 67.3' 7P, 0 (7)  

This expression can be solved graphically with the use of a 45' l i n e  
p lo t ted  against  7 ) which i s  also plo t ted  i n  f igure  6. A p a i r  

of dividers  set a t  67.3' can be moved u n t i l  t he  value set i s  the differ-  
ence between the  45' l i n e  and one of t he  curves. 
t o  67.3' i s  i l l u s t r a t e d  i n  f igure  6 i n  the  posi t ion f o r  determining 

f o r  a head wind of 20 ft/sec. 
i s  82.8' f o r  t h i s  wind condition. 
i s  the c w e  shown i n  f igure  7. This figure gives the launch elevation 
needed f o r  wind compensation i f  the existing wind i s  a head or  t a i l  wind. 
Hence, i f  compensation f o r  head and t a i l w i n d s  were the only considera- 
t ion,  f igure 7 would suff ice .  

( yP, 0 P,O 

. The length corresponding 
7 P,O 

It can be seen that the value of 7 P, 0 
The resu l t  of t h i s  graphical solut ion 

By making a comparison of f igures  5 and 7 it i s  readily seen that 
the t r i a l  and e r ro r  process described above i s  very necessary. 
wind p ro f i l e  of 40 f t / s ec  gives a value of 

i s  16.3' lower than the desired value of  67.3'. 
added t o  the  launch-elevation angle of 7 8 O  it gives 94.3' f o r  the cor- 
rected launch angle as compared t o  87.8O which i s  shown i n  f igure  7. 
T h i s  i s  an e r r o r  of 6.50 i n  the  launch-elevation angle which, of course, 
could not be tolerated.  Carrying out a similar comparison f o r  a t a i l  
wind of 40 f t / s e c  indicates  t h a t  an e r ro r  of 8.5' would be m a d e .  

A head- 
of >lo ( f i g .  5) which (7dt ,  

Now, if t h i s  charge i s  

Side winds.- The next s tep i n  the  analysis i s  the consideration of 
side-wind components o r  winds from any direction. The angle qW i s  
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defined as the angle between the  launch azimuth and the  horizontal  com- 
ponent of wind ( the  horizontal  wind component i s  assumed t o  be the  t o t a l  
wind vector)  as shown i n  the following diagram: 

Wind vector / 
1 Launch azimuth 

The vectors i l l u s t r a t e d  i n  the diagram are a l l  i n  the horizontal  plane. 

Trajectory simulations were made f o r  various values of $w and 
wind p ro f i l e s  assuming a launch-elevation angle of 78'. The conditions 
of these computations a re  shown i n  t ab le  I as runs 1 t o  9 and runs 19 
t o  30. Also shown i n  the  t ab le  a re  values f o r  y and yyl  which a re  
l i s t e d  a t  t,. 
and were p lo t ted  against  
f igure 8. The curves were p lo t ted  f o r  pos i t ive  values of 
the da ta  can be used f o r  e i t h e r  posi t ive or negative values of 

P 

f o r  the  d i f f e ren t  wind ve loc i t i e s  as i n  
These values were computed by using equations (1) and ( 3 )  

JIw 
qw; however, 

qW with 

the signs of ( Y ~ ' ) ~ ,  being opposite from those of qw. 

The next f igure  constructed w a s  made up of da ta  presented i n  f i g -  
f o r  various head- and tail-wind 

(Tp )te 
ures 5 and 7. Figure 5 gives 

veloci t ies ,  and f igure  7 gives the  launch elevat ion needed t o  compensate 
for  these winds as a function of wind veloci ty .  
of the  da ta  i n  these f igures ,  it i s  possible t o  construct a curve of 

By making a cross p l o t  

p lo t ted  against  the correct  launch elevation. This r e s u l t  i s  
(7p )te 
shown i n  f igure  9. Thus, f o r  any value of obtained from a 
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t r a j ec to ry  i n  which the  launch elevation was 7 8 O ,  it i s  possible t o  
obtain from t h i s  f igure  the launch elevation which i s  required t o  make 

equal t o  67.3O or  the nominal, no-wind value. For example, sup- 

pose a t r a j ec to ry  were computed by using a launch-elevation angle of 7 8 O  
('PI te 

and some head- o r  tail-wind prof i le .  If the under these condi- 

t i ons  came out t o  be &lo, then the launch elevation needed t o  f l y  the  
no-wind t r a j ec to ry  can be read from figure 9 as 71.3'. 

It isaassumed t h a t  the curve of figure 9 i s  va l id  f o r  wind condi- 
t i ons  other than head and t a i l  winds. I n  other words, i f  a value of 

i s  obtained with a launch angle of 78' f o r  any wind veloci ty  o r  

direct ion,  t he  launch elevation necessary t o  compensate f o r  t h e  e r ro r  
i n  p i t ch  can be read from the  figure.  
possible t o  determine the  correct launch elevation f o r  each value of 

Mte 

( yp) te 

By making t h i s  assumption, it i s  

are read i n  f igure  8 and then 

the  correct  launch angle i s  determined from f igure  9.. The r e s u l t s  are 
shown i n  f igure  10. In  t h i s  f igure  i s  plotted the  correct  launch e le -  
vat ion as a function of \c;r f o r  various velocity prof i les .  This curve 
gives the  wind compensation i n  the  launch elevation f o r  any wind azimuth 
and various veloci ty  prof i les .  Note t ha t  t h i s  f igure  appl ies  f o r  posi- 
t i v e  or  negative values of 

( 7p> te 
i n  f igure  8. Values of 

qW. 

The problem remaining i s  the  determination of the azimuth compensa- 
t i o n  graph. By rearranging equation ( 5 )  t he  following expression i s  
obtained f o r  the yaw angle i n  the  plane of the earth:  

becomes It can readi ly  be seen tha t  as 

la rger  than the  value of 7 '. The reason f o r  t h i s  i s  t h a t  7 i s  the  

yaw angle i n  the  plane of the  missile and y i s  the project ion of t h i s  

angle i n  the  ea r th  plane. Hence, as the pitch angle increases, the pro- 
jec t ion  becomes la rger  f o r  a given value of I .  For t h i s  reason, the  

dispersion problem becomes very c r i t i c a l  when unguided rockets a re  
launched a t  steep launch angles. 

yY 
increases, t he  value of 

7P 

Y Y 

Y 

yY 
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It i s  assumed t h a t  the  data  f o r  i n  f igure  8 can be used 

f o r  any launch elevation i n  the neighborhood of 78' ( t h i s  assumption 
along with others w i l l  be proven va l id  i n  a subsequent sec t ion) .  

w i l l  be 67.3' a t  After wind compensation, the  p i tch  angle 
7P 

from f igure  8 and 7 P = 67.3O (7Y '> te 
25 seconds. By using the  values of 

f o r  each wind 
These values were computed and are  shown 

i n  equation (8), it i s  possible t o  determine values of 
yY 

direct ion and veloci ty  prof i le .  
i n  f igure  11. 

Consider the following diagram showing the  geometry of t he  wind 
problem i n  the  horizontal  plane: 

True north t 
/ 

It can be seen i n  the diagram t h a t  

where 8, i s  the  wind d i rec t ion  r e l a t ive  t o  t rue  north, 7y,0 i s  the  

azimuth compensation f o r  wind, and A i s  the  desired azimuth at  te .  



By transposing and subst i tut ing 90' f o r  A 
di rec t ion  of f i r e  f o r  Shotput), the  following equation i s  obtained: 

(s ince east w a s  the  desired 

= goo - e, qw - yy,o 

T h i s  equation i s  solved by using a graphical solution similar t o  t h a t  
used previously i n  solving equation ( 7 ) .  

ure 11 are-measured r e l a t ive  t o  the launch azimuth of the missile; there- 

Y,O 7 

i f  the  vehicle i s  on course a t  t,. (See the preceding diagram..) A 
4 5 O  l i n e  i s  a l so  shown i n  f igure 11 

i n  f ig -  ( yy) te 
The values of 

must be equal i n  magnitude and opposite i n  sign t o  fore, (yY)te 

values of qW - yy,o Or *w - (-YJte 

p lo t  of qw against  qW) so the 
can be obtained f o r  various 

( 

values of goo - 8, which are assumed. The following table includes 
some sample calculations using t h i s  procedure. 
ure 11 corresponds t o  the  f i rs t  calculation i n  t h i s  table. 

The arrow shown i n  f ig -  

After the  value of Jrw i s  determined, it i s  possible t o  determine 

I the  launch-elevation angle from f igure 10. Values of launch elevation 
are a l s o  given i n  the above table .  

If t h i s  procedure i s  carr ied out f o r  each veloci ty  p ro f i l e  and 
wind-direction angle 
the f i n a l  wind-compensation graph as shown i n  figure 12. 

any wind d i rec t ion  and f o r  t he  various velocity prof i les .  
be noted t h a t  the  desired azimuth i s  90' and that the  curves would be 
sh i f ted  right o r  l e f t  f o r  other values. 

8, from 0' t o  360°, it i s  possible t o  construct 
This graph 

gives the  launch azimuth and elevation angles needed t o  compensate f o r  
It should 

I 

These curves only apply t o  wind-velocitx p ro f i l e s  l i k e  those assumed 
previously and wind direct ions which are invariant with a l t i t ude .  There- 
fore,  the  curves are not very useful  alone since wind data  at f i r i n g  time 
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w i l l  generally show di rec t ion  changes with a l t i t ude  and the  ve loc i ty  
w i l l  probably not duplicate the assumed gradient.  

In  order t o  a l l ev ia t e  t h i s  l imitat ion,  a wind-weighting procedure 
i s  used which e f fec t ive ly  determines the  veloci ty  p ro f i l e  and wind direc- 
t ion which most nearly agree with the  ac tua l  wind conditions. 
cedure i s  discussed i n  the next section. 

This pro- 

Wind-Weighting Procedure 

Previously i n  t h i s  paper it w a s  pointed out t h a t  assumed wind pro- 
f i l e s  were used i n  the  analysis.  Before wind-compensation angles can 
be obtained by using f igure  12, it i s  necessary t o  determine the  l i nea r  
prof i le  t h a t  most nearly approximates the ac tua l  wind conditions a t  
launch time. I n  other words, some weighting procedure must be used 
which relates ac tua l  wind data  t o  one of the  assumed p ro f i l e s .  

The a b i l i t y  t o  compensate f o r  winds depends grea t ly  on the  accuracy 
of t h e  wind data  which are  used. A discussion of the  various wind meas- 
uring techniques and t h e i r  inherent e r ro r s  i s  beyond the scope of t h i s  
report, but it should be emphasized t h a t  accurate wind data  are necessary 
before good r e s u l t s  can be obtained with a wind-compensation procedure. 

A s tab le  missi le  i s  most sensi t ive t o  winds ear ly  i n  f l i g h t  when 
i t s  veloci ty  i s  low and the  a l t i t ude  i s  low. The sens i t i v i ty  decreases 
rapidly with increasing a l t i tude ;  hence, it follows t h a t  more weight 
must be given t o  the  low-altitude wind data .  A large percentage of the  
sens i t iv i ty  occurs i n  the  f i rs t  1,000 feet of a l t i t ude  i n  most cases. 

Obviously, there  i s  some point along the  t ra jec tory  of a vehicle 
a f te r  which the  wind no longer has any noticeable e f f ec t  on the  f l i g h t  
path. The f l i g h t  time te when the  missile reaches t h i s  point i s  taken 
as the  end point f o r  t he  consideration of wind effects ;  a corresponding 
a l t i tude  determines the cutoff a l t i t u d e  f o r  t he  wind p ro f i l e s .  

A s tab le  missi le  tends t o  yaw, o r  weathercock, i n to  the wind. The 
vehicle does not t u rn  completely i n t o  the  wind but t r i m s  a t  some angle 
of yaw determined by the  respective ve loc i t i e s  of the  missile and wind. 
I f  the  missile i s  thrusting, the th rus t  vector i s  a l so  yawed through the  
same angle and f l ight-path deviations become evident. 
cocked missile i s  not thrusting, however, the  only e f f ec t  of wind on 
the f l i g h t  path i s  d r i f t  and, i n  most cases, the missi le  veloci ty  i s  
high and d r i f t  can be neglected. 

I f  the  weather- 

Burnout time, thus, appears t o  be a sui table  endpoint f o r  t he  wind 
consideration. It should be noted that the  vehicle may become v i r t u a l l y  



insens i t ive  t o  wind at  some t i m e  before burnout. 
ever, i f  the chosen endpoint i s  beyond the sensit ive range. 
must be t rea ted  individually t o  determine the sensi t ive region of the  
t r a j ec to ry  t o  be considered. 
no ru l e  which can be used i n  a l l  cases. 

Nothing i s  los t ,  how- 
Each missi le  

Configurations vary so much t h a t  there i s  

There are several  schemes f o r  determining sens i t i v i ty .  The method 
used here consis ts  of programming a sharp-edged horizontal  gust t o  h i t  
the vehicle a t  various a l t i t udes  along i t s  nominal no-wind t ra jec tory .  
A constant side wind of 50 f t /sec,  which was allowed t o  remain e f fec t ive  
unti l  burnout, w a s  used f o r  a l l  cases considered. I n  other words, the 
vehicle is' f ly ing  the nominal t ra jec tory  until the gust a l t i t u d e  i s  
reached and then remains under the  e f fec t  o f  the  wind until burnout. 
The a l t i t udes  chosen f o r  the wind t o  become ef fec t ive  were a rb i t ra ry ,  
but  most were a t  the  lower a l t i t udes  where the sens i t i v i ty  i s  greater .  

The wind causes the  missi le  t o  yaw through an angle y which i s  Y 
evident a t  t e .  By knowing the  value of y at t e  and by assuming Y 
that the p i t ch  angle at t h i s  point w i l l  be the nominal value a f t e r  wind 
compensation, it i s  possible t o  use equation (8) t o  determine the  values 

A comparison of the resu l t ing  f o r  d i f fe ren t  a l t i t u d e s  i s  

a measure of wind sens i t iv i ty .  A t yp ica l  plot showing the  change of 
with gust a l t i t ude  i s  given f o r  the Shotput i n  f igure  l3(a).  

k Y t )  t e 
Note tha t  the  a l t i t udes  are the  a l t i t udes  a t  which the  vehicle en ters  
t he  gust.  

From the f igure,  it i s  seen t h a t  there i s  no noticeable change i n  
past  an a l t i t ude  of 42,000 f e e t .  This i s  the  end of t he  sen- ( % t ) te 

s i t i v e  range and the wind p ro f i l e s  f o r  Shotput were cut  a t  th i s  point.  
The corresponding time of f l i g h t  w a s  25 seconds which determined te.  
The data  of f igure  l3(a) can be put i n  a more useful form by dividing 
each value of 

ure 13(b). The maximum value w i l l  usually occur a t  zero a l t i t ude ,  but 
t h i s  i s  not a necessity.  
s ens i t i v i ty  since it i s  a comparison of values as a function 

by the  maximum value occurring, as shown i n  f i g -  
(Yyl)te 

This curve i s  a representation of r e l a t i v e  

of a l t i t ude .  A change i n  the r a t i o  of 0.01 repre- 

sen ts  a 1-percent change i n  sens i t iv i ty ,  and the  corresponding a l t i t u d e  
bracket i s  the  layer  over which the  change occurs. 
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The a l t i t ude  f o r  each 0.07 change w a s  read and l i s t e d  i n  t ab le  11. 
These a l t i t udes  define the  boundaries of wind layers  which have a weight 
fac tor  of 0.05 assigned t o  them. Thus, a t o t a l  of 20 layers  w a s  obtained 
but more or less may be used depending on the vehicle charac te r i s t ics  and 
the shape of t he  sens i t i v i ty  curve. Note t h a t  55 percent of s e n s i t i v i t y  
OCCUTS i n  the  f i r s t  1,000 f e e t .  

The boundaries defining the  wind layers  w e r e  drawn on a p lo t  of t he  
wind p ro f i l e s  as i l l u s t r a t e d  i n  f igure  14. 
scale, the small layers  below 1,000 feet would be ind is t inc t ;  therefore,  
a logarithmic scale w a s  used which tends t o  make the  layers  equally 
important. A disadvantage i n  using the  logarithmic scale i s  the  impos- 
s i b i l i t y  of having an exact zero a l t i t ude ,  but t h i s  usually creates  no 
problem since the vehicle center of gravi ty  i s  not at  zero a l t i t u d e  a t  
take-off. 
ground while s t i l l  on the launcher.) 

For any reasonable a l t i t u d e  

(The Shotput center of gravi ty  w a s  about 25 f e e t  off the  

As an example of the  wind-weighting procedure, consider the  wind 
data  plot ted i n  f igure  14. These data  were measured before the  f i r i n g  
of a Shotput vehicle on October 28, 1959 a t  NASA Wallops S ta t ion  using 
aerovanes and radar-tracked chaff balloons. Table I1 includes the  wind 
veloci ty  and d i rec t ion  readings for each layer .  
the  wind veloci ty  read was 30 f t / s e c  which w a s  in terpolated from the  
assumed constant gradient prof i les .  
since no p ro f i l e s  ex i s t  f o r  t h e  wind azimuth. 

For example, i n  layer 20 

The wind azimuth i s  read d i r e c t l y  

After the  veloci ty  and azimuth values a r e  tabulated f o r  each layer ,  
the  eas t  and north components a r e  determined by using the  following 
expressions : 

The components are added algebraical ly  and the weighted wind veloci ty  
and azimuth a r e  obtained from these summations as shown i n  t ab le  11. Note 
that the  weighted north and east components are determined by dividing 

(Vw,h)* and E( vw,h)E by 20. The value 20 must be used since each 

layer has a weight of 0.05 as explained previously. 
velocity and direct ion f o r  t h i s  pa r t i cu la r  wind was computed t o  be 
16.4 f t / s ec  and 305O, respectively.  Hence, t he  ac tua l  wind i s  represented 
by a constant gradient with a surface veloci ty  of 16.4 f t / s ec  and a direc- 
t ion  of 305O. 

The weighted wind 
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Using these values i n  f igure 12 gives 74.7' f o r  the  launch eleva- 
A discussion of t he  r e s u l t s  with t i on  and 9 9 O  f o r  the launch azimuth. 

t he  use of these angles i s  presented i n  the next section. 

DISCUSSION 

Check of Analysis and Assumptions 

The previously described wind analysis w a s  checked by using two 
d i f f e ren t  schemes which w i l l  be discussed i n  t h i s  section. I n  the f i r s t  
of these, t r a j e c t o r i e s  were computed by using the assumed p ro f i l e s  while 
holding the  wind d i rec t ion  constant i n  each simulation and by using the  
derived launch corrections discussed previously and presented i n  f i g -  
ure 12. 
of the  wind analysis up t o  the point of the wind-weighting procedure. 
The second scheme consisted of computing t r a j ec to r i e s  with wind data 
having varying veloci ty  and d i rec t ion ,  part of which were measured a t  
NASA Wallops S ta t ion  on the  days of Shotput f i r i n g s  and the remainder of 
which were arbitrari ly selected.  
t i ons  again but ,  i n  addition, it checks the  wind-weighting procedure. 

By t h i s  procedure it w a s  possible t o  check the  basic  assumptions\ 

This procedure checks the  basic assump- 

The r e s u l t s  f o r  the f irst  scheme of checking are shown i n  f ig -  
ure l5(a) .  Various wind p ro f i l e s  and wind d i rec t ions  were considered 
which a re  l i s t e d  i n  the  f igure.  
read from f igu re  12 for each of these conditions and were used i n  the 
t r a j ec to ry  analysis. 
t i o n  values a r e  i n  excellent agreement w i t h  the  t o t a l  change produced 
by the  wind i n  each case. 
assumptions made i n  developing the  wind-compensation graphs a r e  va l id .  

P i tch  and yaw compensation angles were 

It can be seen from the f igure  t h a t  the compensa- 

It w a s  concluded from t h i s  study t h a t  the 

The r e s u l t s  f o r  varying wind veloci ty  and d i rec t ion  a re  shown i n  
Actual wind data  measured on the  day of f i r i n g  of four  f igure  15(b) .  

Shotput vehicles were used i n  this study i n  addi t ion t o  one a r b i t r a r i l y  
selected wind p ro f i l e .  
sented i n  f igure  14, and the  remaining wind data a r e  presented i n  f ig -  
ure 16. These winds were weighted using the procedure described under 
the  previous sect ion of t h i s  report  and the  compensation angles were 
read from f igure  L2 using the  weighted values. 
a r e  a l s o  l i s t e d  i n  f igure l5(b)  with the  date the wind was measured. 
Here again, t he  compensation values agree very w e l l  with the  t o t a l  
change produced by the wind. 
the average e r r o r  i n  y a w  was 1.3'. 
that  the weighting procedure i s  suf f ic ien t ly  accurate.  

Winds measured on October 28, 1959, a r e  pre- 

These weighted values 

"he average e r ror  i n  p i t ch  was 0.3' and 
It was concluded from these r e s u l t s  

An e r r o r  analysis  similar t o  t h e  one discussed previously was car- 
r i ed  out f o r  t he  wind-compensation system fo r  the unguided Scout-SX-1 
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missile. This system w a s  developed by using the  assumptions and methods 
described i n  t h i s  paper and i s  presented i n  the appendix. 
obtained were of about t he  same magnitude as those found f o r  the  Shotput 
system yet  the missi le  configurations and performance h i s t o r i e s  a re  very 
d i f f e ren t .  

The e r r o r s  

Significance of Limitations Imposed on 

Previous Wind-Compensation Methods 

Several other wind-compensation methods were described i n  the  
Introduction of t h i s  paper with the l imi ta t ions  imposed on them. In  
the  following paragraphs, an attempt w i l l  be made t o  show the e f f e c t s  
of these l imi ta t ions  f o r  the  type of vehicle and launch conditions con- 
sidered herein.  The assumptions made i n  references 1 and 2 were given 
as : 

1. Vehicle motions i n  p i t ch  and yaw a re  independent. 

2. Linear aerodynamic coef f ic ien ts  with respect t o  the  flow inci-  
dence angle and small angular perturbations a re  used. 

3 .  Launch angles f o r  wind compensation are the  dispers ion angles 
computed using the  weighted wind. 

4. Factors used t o  determine azimuth correction are computed f o r  
the standard launch-elevation angle. 

The e r r o r  caused by the  f i rs t  assumption can readi ly  be seen i n  
the wind-compensation graph of f igure  12. A pure side-wind p r o f i l e  
(& = Oo, 180°, or  3600) with a veloci ty  of 40 f t / s e c  requires  a 

fo r  wind compensation of 74.5O which i s  3 . 5 O  beiow the  nominal launch 
angle of 7 8 O .  
p u r e  s ide winds so t h i s  would be a 3 . 5 O  e r r o r  i n  e levat ion under these 
conditions. 

yP, Q 

I n  the  previous methods, no p i tch  correction i s  made f o r  

The second assumption i s  poor because the flow incidence angle 7 
is  very large during the ea r ly  portion of f l i g h t .  If the  Shotput vehi- 
cle were subjected t o  a 40 f t / s e c  wind a t  launch, it would t r a v e l  about 
63 f e e t  t o  an a l t i t u d e  of 90 feet  before 
As can be seen i n  f igure 14, there  a re  almost four  wind layers  i n  t h i s  
a l t i t ude  region which comprise 20 percent of the t o t a l  wind e f f e c t .  
Since t h i s  i s  a large port ion of the  t o t a l  e f f ec t ,  it i s  concluded t h a t  
nonlinear aerodynamic coef f ic ien ts  should be used. 

q decreased t o  a value of loo. 
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The e f f e c t  of the t h i r d  assumption can be seen by re fer r ing  t o  
f igu re  11. 
(qw = 90") act ing on the missi le .  

the vehicle would yaw ?lo under these conditions. 
were used as the launch-azimuth correction, the new value of 
be 90° + 51° or 141'. 
muth e r r o r  would be 18' which i s  very large.  
applied t o  the p i t ch  case as w a s  shown previously i n  the section e n t i t l e d  
"Derivation of Wind-Compensation Graphs." 

Suppose there  were a pure side-wind p r o f i l e  of 40 f t / s e c  
It can be seen i n  the f igure  t h a t  

Now, i f  the  f u l l  ?lo 
qw would 

The missi le  would then yaw only 33' and the az i -  
The same argument can be 

Errors introduced by assumption 4 can be shown by considering equa- 
t i o n  (8) which w a s  s ta ted  a s  

Now, l e t  y ' be a reasonable value of 5O and l e t  y be TO0 and 80°. 
Y P 
corresponding t o  these values would be 14.8O and 3O.2O, respec- Then, 

t i ve ly .  Thus, a difference by f ac to r  of approximately 2 i s  obtained f o r  
the  two launch angles. Obviously, using the  same wind correction f o r  each 
launch angle can produce in to le rab le  e r ro r s .  

yY 

The main l imi ta t ion  imposed on the wind-compensation method of r e f -  
erence 7 f o r  t he  L i t t l e  Joe i s  the maximum a l t i tude .  The author points  
out the  e r r o r s  t h a t  could be obtained with the Little Joe vehicle f o r  
various wind conditions under t h i s  assumption. For the  Shotput, it i s  
in t e re s t ing  t o  note i n  f igure 14 that 60 percent of t he  wind weighting 
remains a t  an a l t i t u d e  above 455 feet which is about the  a l t i t u d e  tha t  
the L l t t l e  Joe analysis was discontinued. 
t i on  of reference 7 can not generally be made without causing e r ror .  

It is  concluded that the  l imita-  

CONCLUDING FilWUKS 

A method f o r  calculat ing wind compensation f o r  unguided miss i les  
has been derived which has a grea te r  degree of f l e x i b i l i t y  than previ- 
ously proposed methods. Most of the e a r l i e r t h e o r i e s  were based on a 
common set of assumptions which are: (1) vehicle motions i n  p i t ch  and 
yaw a re  independent, (2 )  l i n e a r  aerodynamic coef f ic ien ts  with respect  
t o  flow incidence angle and small perturbations a re  used, (3)  launch 
angles f o r  wind compensation a re  the  dispersion angles computed using 
the  weighted wind, (4)  f ac to r s  used t o  determine azimuth correction are 
computed f o r  t he  standard launch-elevation angle. 
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Elimination of the first two limitations resulted from using a 
three-dimensional trajectory simulation with arbitrary wind and non- 
linear aerodynamic coefficients with respect to flow incidence angle. 
The last two limitations are removed by the unique analytical methods 
which are presented. 

Use of the wind-compensation technique was demonstrated by using 
the Shotput vehicle as a model. Postflight simulations of four of these 
missiles with the use of measured winds showed that, if the winds were 
known, very good accuracy could be obtained using the proposed method. 

A wind-compensation system for the unguided Scout-SX-1 is presented 
This system was developed by using the assumptions and in the appendix. 

methods presented in this paper. The errors obtained are of about the 
same magnitude as those found for the Shotput system; yet the missile 
configurations and performance histories are very different. 

A more detailed preflight trajectory analysis is required for the 
use of this technique than is necessary with the use of conventional 
methods. However, in order to obtain the desired missile performance 
with minimum wind dispersion, a wind-compensation scheme having the 
capabilities of the one presented must be used. 

Langley Research Center, 
National Aeronautics and Space Administration, 

Langley Field, Va., October 17, 1960. 



APPENDIX 

WIND COMPENSATION FOR TH2 SCOUT-SX-1 

The Scout-SX-1 vehicle w a s  t he  f i r s t  t e s t  of the  Scout se r ies .  
This missile w a s  f i r e d  without guidance; thus it w a s  necessary t o  use 
a wind-compensation procedure. The procedure described i n  t h i s  paper 
w a s  selected and the  compensation graphs and r e s u l t s  a re  presented. 

The Scout-SX-1 external  character is t ics  are presented i n  f igure  17. 
This i s  the  configuration that e x i s t s  a t  launch and during f i r s t - s t age  
burning. The f i r s t - s t age  propulsion system i s  an Algol  solid-propellant 
rocket motor. 
e t e r  of 40 inches. Four 8' wedge f i n s  having an area of 4.5 square f e e t  
per  panel provide aerodynamic s t ab i l i t y .  

The missile i s  760.1 inches long and has a maximum diam- 

The aerodynamic parameters f o r  t h i s  missile a re  presented i n  f ig -  
ure 18. 
of Mach number, errii the  time varying parameters are shown i n  f igure 18(b) .  
These are the  same terms as previously presented f o r  t he  Shotput vehicle 
except t h a t  R o l l  

symmetry was again assumed and the  reference area S and length D are  
1 square foot  and 1 foot ,  respectively.  

Figure 18(a) shows the aerodynamic coeff ic ients  as functions 

Cmi 
w a s  small arid assumed t o  be zero f o r  t h i s  missi le .  

The nominal performance of the  Scout-SB-1 vehicle i s  shown i n  f i g -  
ure 19 as p l o t s  of a l t i t ude  and veloci ty  variations with range. 
launch angle w a s  81O and the ICAO standard atmosphere ( r e f .  9 )  w a s  
assumed. It can be seen by comparing figures 3 and 19 t h a t  the  launch 
acceleration i s  much smaller f o r  Scout-SX-1 than f o r  Shotput. The Shotput 
launch accelerat ion was ll.9g; whereas f o r  Scout-SX-1 t h i s  value w a s  2.7g. 
The combination of lower acceleration a t  take-off and the  steeper launch 
elevation (81O f o r  Scout, 7 8 O  f o r  Shotput) are fac tors  which make the 
Scout vehicle more sensi t ive t o  wind than the Shotput. 

The 

A s e n s i t i v i t y  curve yas computed using t h e  method previously 
described. The p lo t  of i s  presented i n  f igure  2 0 .  

This curve i s  very similar t o  the  one presented f o r  Shotput i n  f igure  13, 
which i s  reasonable since t h i s  curve only shows the  r e l a t ive  sens i t i v i ty  
f o r  d i f f e ren t  a l t i tudes .  

The wind-compensation graph f o r  t he  Scout-SX-1 i s  shown as f igure  21. 
When compared with the  Shotput curve of f i g u r e  12, it can be seen t h a t  the 
p i t ch  corrections are very similar f o r  the same wind veloci ty  and direc- 
t ion .  (Note t h a t  Scout curve has a maximum wind veloci ty  p ro f i l e  of 
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30 f t / s e c . )  The azimuth corrections are qui te  d i f fe ren t ,  however. The 
maximum correction for Scout with a 30 f t / s ec  p ro f i l e  i s  about 48' but 
t h i s  value f o r  Shotput i s  38'. 
the same for the  two vehicles, t he  lower acceleration of the Scout must 
be somewhat compensated f o r  by i t s  smaller r a t i o  of aerodynamic moment 
t o  p i t ch  ine r t i a .  
t o  t he  higher launch angle of the  Scout. 

Since the  sens i t i v i ty  i n  p i t ch  i s  almost 

The increased yaw sens i t i v i ty  must then be mostly due 

Wind b t a  measured on the  day of f i r i n g  f o r  t he  Scout-SX-1 are pre- 
sented i n  f igure 16. 
310° f o r  the weighted wind veloci ty  and direct ion,  respectively.  
compensation angles were obtained from f igure  21  using these values. 

These data were weighted which gave 26.9 f t / s ec  and 
The 

For the  pos t f l igh t  simulation, it was found that the  y change P 
obtained i n  simulation was 4.6' as compared with the  4.8' ac tua l ly  
used and t h a t  t he  
pared with the  17.8' ac tua l ly  used. The data show a 0.2' e r r o r  i n  
pi tch and a 0 . 6 ~  e r ro r  i n  yaw as com ared with the  average e r ro r s  

I 
yy change obtained i n  simulation was 17.2' com- 

obtained f o r  Shotput of 0.3' and 1.3 8 . 
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Figure 5.- Effec t  of head and t a i l  winds on p i tch  f l igh t -pa th  angle a t  
t, f o r  the  Shotput vehicle. yp,o = 78 . 
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Figure 6.- Change i n  f l ight-path angle i n  p i t ch  due t o  launch elevat ion 
f o r  head and t a i l  winds. Shotput vehicle. 
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Figure 7.- Launch elevation for compensation of various head and tail 
winds. Shotput vehicle. 
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Mach number 

(a) Variation of ems, c A , ~ ,  CN, and xcp with Mach number. 

Figure 18.- Aerodynamic parameters for Scout-SX-1. 
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Figure 18. - Concluded. 
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