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THE WIND-INDUCED WADS ON A DYNAMICALLY SCALED MODEL 

OF A LARGE MISSILE IN LAUNCRLNG POSITION* 

By Donald A. % e l l  and George C .  Kenyon 

SUMMARY 
9 0 2 0 %  

Wind-tunnel t e s t s  were made of a model of a large missi le  i n  
launching p s i t i o n .  
t o  7 mill ion based on the maximum diameter of the  model, and the  dynamic 
response of the model was determined. Measurements were made of t he  
bending moments, accelerations,  and average drag of the  model w i t h  and 
without various modifications. In addition, dynamic air  pressures on 
the s ides  of the model were measured. 

Ground winds were simulated a t  Reynolds numbers up 

The r e su l t s  showed t h a t  wind may induce model motions which have a 
randomly varying amplitude and which can produce transverse loads much 
la rger  than the dragwise loads. However, ce r t a in  small modifications t o  
the model, par t icu lar ly  ne= the nose, g rea t ly  reduced the  f luctuat ing 
lozds . 

INTRODUCTION 

The act ion of wind on a m i s s i l e  i n  launching posi t ion induces 
s t resses  i n  the drag d i rec t ion  and a l s o  i n  a plane perpendicular t o  the  
wind direct ion.  
induced loads not' only f o r  considerations of s t r u c t u r a l  in tegr i ty ,  but 
also f o r  proper guidance-system alinement and f o r  prediction of d r i f t  of 
the missi le  at launch. 
resembles t h a t  of a smokestack, and the problem of wind-induced osc i l -  
l a t ions  has long been recognized i n  smokestack design. Reference 1 is  
an example of a recent investigation into the problem. 

It is  important t o  know the magnitude of these wind- 

The shape of large missi les  i n  launching posi t ion 

Much data  has been compiled i n  the past  on the  flow around c i r cu la r  
cylinders, but it has been confined chiefly t o  s u b c r i t i c a l  Reynolds 
numbers ( l e s s  than 5OO,OOO approximately). A t  these Reynolds numbers, 
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the  pressure fluctuations on the  cylinder have a predominant frequency 
associated with the  famil iar  K&n& vortex s t r e e t  i n  the wake. 
cyl indrical  missiles,  however, t he  Reynolds numbers of i n t e re s t  are super- 
c r i t i c a l .  A t  these Reynolds numbers the  boundary layer i s  turbulent as 
it separates from the cylinder, and the  pressures i n  the wake tend t c  
have a random f luctuat ion.  The random osc i l la tory  forces a r i s ing  from 
t h i s  type of flow have recently been measured on a two-dimensional model, 
and the  resu l t s  are reported i n  references 2 and 3. 

For large 

Very l i t t l e  is known about the unsteady aerodynamic loads on three- 
dimensional cylinders a t  large Reynolds numbers and the influence of the  
s t ruc tura l  dynamics of the  cylinders on the  aerodynamic loads. The lack 
of information i n  t h i s  regard led t o  a wind-tunnel investigation of the 
e f fec ts  of winds on a dynamically scaled model of a b a l l i s t i c  m i s s i l e  i n  
the launch position. The wind tunnel and the scale  of the model used f o r  
the investigation were selected t o  provide fu l l - sca le  Reynolds numbers 
and reduced frequencies of the missile without introducing aerodynamic 
compressibility e f fec ts .  The t e s t s  were performed i n  the Ames 12-foot 
pressure wind tunnel with a model having external  dimensions 1/10 of 
those of the ac tua l  missile.  The model w a s  designed and constructed by 
The Martin Company of Denver, Colorado. 

Measurements were made of the accelerations and s t r a ins  induced i n  
various par ts  of the  model by winds having equivalent fu l l - sca le  veloc- 
i t i e s  up t o  80 miles per hour. 
model as a whole w e r e  a l s o  measured. The e f fec ts  of externalmodifica- 
t ions near the nose, surface roughness, and presence of nearby s tmctures  
were investigated. 

The average forces and moments on the 

NOTATION 

drag drag coeff ic ient ,  - 
qs 

diameter 

frequency of osc i l la t ion  

acceleration due t o  gravi ty  

length of cy l indr ica l  portion of second stage 

mas s 

t o t a l  pressure 

root  mean square of the increment of pressure across the  second 
stage 
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9 dynamic pressure 

rms root mean square 

S f r o n t a l  area 

v veloci ty  

P air  density 

Model and Support 

3 

The model consisted of an aluminum s t r u c t u r a l  s h e l l  with external  
dimensions 1/10 those of the full-scale Titan missi le ,  and with enclosed 
weights and instrumentation as shown in f igure 1. The s t i f fnes s  and mass 
of the model evolved from the requirement t h a t  Reynolds number, frequency, 
and dynamic deflections of the  m i s s i l e  be properly simulated. To obtain 
fu l l - sca le  Reynolds numbers, the  model wind speed w a s  twice fu l l - sca le  
values and the air  density w a s  f i v e  times standard sea-level atmospheric 
density. Lead weights i n  the  model were of such a s i z e  t h a t  the r e l a t ive  
density f ac to r  was the same for the  model as f o r  the missile,  and 
the weights were positioned so as t o  approximate the mass d is t r ibu t ion  
of the f u l l y  loaded m i s s i l e .  The s t ruc tu ra l  s h e l l  w a s  made of the  same 
mater ia l  as the missi le  with cross-section moments of i n e r t i a  0.002 of  
those of the missile. 
a na tura l  frequency 20 times the fu l l - sca le  value and made the dimension- 
less frequency parameter 
as f o r  the missile.  With t h i s  dynamic scal ing and with s t r u c t u r a l  damping 
of the missi le  equal t o  t h a t  of the model,  the  model deflections would be 
1/10 of the fu l l - sca le  deflections and the  bending moments would be 1/50 
of the simulated bending moments on the missi le  ( r e f .  2 discusses the 
e f f ec t  of damping). 
t i c s  of the model. 

m/pD3 

This s t i f fnes s  and m a s s  d i s t r ibu t ion  gave the model 

fD/V (Strouhal number) the same f o r  the model 

Figure 2 shows the mass and s t i f f n e s s  character is-  

For measurements of the  dynamic character is t ics  the model w a s  bolted 
t o  a 4-inch-thick steel base which was i n  t u rn  bolted t o  the tunnel she l l .  
A s t e e l  f a i r i n g  w a s  provided over the  base support. 

For measurements of the steady drag and overturning moment the  model 

A 4-foot-diameter plate attached t o  the model and f lush  
was attached d i r ec t ly  t o  the conventional lever-type balance system of 
the wind tunnel. 
with the tunnel f l oo r  prevented leakage near the model during the balance- 
system measurements. Some of the  lead w e i g h t s  were removed from the  model 
during the  balance-system measurements t o  prevent a l lo teb le  s t ruc tu ra l  
loads from being exceeded at  large wind speeds. 
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Considerable e f fo r t  w a s  expended t o  eliminate r e l a t ive  motion at 
model and support jo in ts  during the  osc i l l a t ion  measurements. This w a s  

connected t o  the model as shown i n  f igure 3. Model joints-which showed 
re l a t ive  motion were e f fec t ive ly  tightened by applying adhesive between 
jo in t  surfaces. The ex ter ior  surface of t he  model w a s  f i l l e d ,  painted, 
and sanded smooth with number 400 sandpaper with the  exception of the 
screw holes a t  the t i p .  These holes were f i l l e d  and f a i r ed  in to  the  nose 
contour w i t h  w a x .  

g rea t ly  f ac i l i t a t ed  by shaking the  model with an electromagnetic shaker, 1 

Modifications and additions t o  the ex ter ior  of the  model were numer- 
ous, par t icular ly  near the nose. In  f igure  4 are shown some of the revi-  
sions which w i l l  be discussed. The model w a s  a lso t e s t ed  i n  the  presence 
of an "umbilical" tower which i s  shown i n  f igure 5 i n  one of the  four 
positions tes ted .  The appearance of t h e  model surface i n  f igure 5 i s  
not representative of the  model as tes ted.  

The wind tunnel i n  which the t e s t s  w e r e  performed has an a i r  stream 
of exceptionally low turbulence by v i r tue  of a large contraction r a t i o  
('25 t o  1 in  area) and the use of e ight  fine-mesh screens i n  the  s e t t l i n g  
chamber. Hot - w i r e  measurements of the  longitudinal mass-f low f luctuat ion 
have indicated a root-mean-square amplitude of considerably less than 0.1 
percent a t  the speeds of in te res t  here. Hot-wire measurements during the 
tes ts  showed t h a t  the  model had no e f f ec t  on the  turbulence i n  f ront  of 
the  model. 

a 

Model Instrumentation 

The model instrumentation consisted of s t r a i n  gages bonded t o  the  
model she l l  a t  f i ve  s ta t ions,  accelerometers i n  the  t i p  and on the  base 
support, and dynamic pressure transducers at one s ta t ion .  The s t r a i n  
gages were mounted four t o  a s t a t ion  and were wired i n  pairs t o  indicate 
bending i n  and perpendicular t o  the  wind direct ion.  Two l i nea r  acceler- 
ometers i n  the t i p  indicated movement i n  the  transverse direct ion with 
two different  s ens i t i v i t i e s  (5g and 50g maximum acceleration).  A t o r -  
s iona l  accelerometer w a s  mounted near the nose t o  show tors iona l  movement 
about the longitudinal axis of the  model (very l i t t l e  movement w a s  
detected, however). 
si tuated so as t o  indicate the horizontal  and ro ta t iona l  movement of the  
base i n  t he  plane perpendicular t o  the  wind. The pressure transducers 
were placed i n  the model near the  middle of t he  simulated second-stage 
s h e l l  on a diameter normal t o  the  a i r  stream and w e r e  wired t o  indicate 
pressure difference across the  model. A 3 kilocycle c a r r i e r  frequency 
w a s  used f o r  the power supply of the  s t r a i n  gages and one t i p  acceler- 
ometer, and ba t te r ies  supplied the other accelerometers. A 20 kilocycle 
current powered the  pressure transducers. A l l  output signals,  properly 

Two l inea r  accelerometers on the  base support were 

I 
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amplified, were recorded on an oscillograph, and i n  addition the  s ignals  
from the pressure transducers, a t i p  accelerometer, and the  s t r a i n  gages 
a t  the base were recorded on magnetic tape. 

The wind-off damping of the  model was determined i n  the wind tunnel 
from the r a t e  of decay of osci l la t ions which were excited by one of 
two methods. One method w a s  t o  deflect  the t i p  of the model by means of 
a turnbuckle arrangement and then cut the  res t ra in ing  member. The r e s u l t  
of t h i s  procedure was a predominantly first-mode osc i l l a t ion  and a s m a l l  
higher frequency osc i l l a t ion  which decayed more rapidly than the f i rs t .  
This method of exci ta t ion w a s  applied i n  both the dragwise direct ion and 
the transverse direction. The second method of exci ta t ion was by means  
of the shaker previously referred t o  and gave a pure first-mode osc i l l a -  
t i on  more nearly representative of  the wind-induced motion. However, it 
was applied i n  the transverse direction only. The results of these 
measurements are shown i n  f igure 6 and indicate t h a t  the  measured damping 
was about 0.6 percent of c r i t i c a l  i n  the transverse direct ion and probably 
half t h i s  amount i n  the dragwise direction. The measured na tura l  frequency 
of the first-mode osc i l la t ions  was about 15 cycles per second i n  the  
transverse direct ion and 16-1/2 cycles per second i n  the dragwise direc-  
t ion.  
shown i n  f igure 2 and is essent ia l ly  the same as any of the first-mode 
osc i l la t ions  observed during the  t e s t s .  

The d is t r ibu t ion  of the bending moments induced by the shaker is  

TESTS 

8 The procedure f o r  the dynamic t e s t s  w a s  t o  subject the model t o  winds 
of varioius s-peeds m d  measure the amplitude of the f luctuat ing bending 
moments, acceleration, and pressures experienced by the model. The 
average dragwise bending moments were determined a t  the same time, but 
the accuracy was somewhat limited because of zero s h i f t s  and the high 
attenuation required t o  keep the oscillograph t races  orderly and f a c i l -  
i t a t e  t h e i r  ident i f icat ion.  
drag and overturning moment w a s  obtained l a t e r  with the model mounted on 
the tunnel  balance system. 

A more accurate determination of the average 

The osc i l l a t ion  t e s t s  were performed at a t o t a l  pressure of 75 pounds 
per square inch absolute, and the  average free-stream s t a t i c  density w a s  
0.0113 slug per cubic foot .  For each configuration the wind veloci ty  
w a s  varied from 0 t o  about 160 miles per hour o r  t o  the veloci ty  a t  which 
the s t r e s s  limits of the model w e r e  reached. 
the Reynolds number per foot w a s  7 million, and the Mach number was 0.2. 

A t  the maximum velocity,  

The s ta t ic-drag t e s t s  w e r e  performed a t  the  same Reynolds numbers 
and Mach numbers as were the dynamic t e s t s .  However, limits in  veloci ty  
imposed as a resu l t  of excessive model o sc i l l a t ion  during the  dynamic 
t e s t s  were avoided f o r  the s t a t i c  tests by removal of the  in t e rna l  weights 
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from the upper portion of the  model. 
made at  Reynolds numbers down t o  70,000. I n  these t e s t s  t he  density w a s  
reduced i n  steps down t o  0.0006 slug per  cubic foot,  and the  Mach number 
w a s  varied up t o  a maximum of 0.3. 

A f e w  measurements of t he  drag were 

DATA REDUCTION 

Bending Moments 

The output s igna l  of the s t r a i n  gages consisted of a f luctuat ing 
voltage which was related t o  the bending moment by fac tors  t h a t  had been 
evaluated pr ior  t o  the  t e s t s .  Samples of the  signals from gages a t  the  
base of t he  model are shown i n  f igure 7 f o r  a t e s t  veloci ty  of 139 m i l e s  
per hour. 
high-frequency f luctuat ion impsed on the first-mode wave but were other- 
wise similar t o  those shown. The length of the en t i r e  data  sample f o r  
each t e s t  veloci ty  w a s  generally between 30 seconds and lminu te .  Reduc- 
t i on  of the  data sample began with the  select ion of the  maximum transverse 
bend-ing moment, assumed t o  be half  the maximum difference between adjacent 
peaks. 
value was the maxinum within one o r  two cycles of the p i n t  of maximum 
transverse bending moment. This point occasionally coincided with the 
point of maximum dragwise fluctuation, but there appeared t o  be no con- 
s i s t en t  re la t ion  between the two points. 
w i s e  f luctuations i n  the data sample and the average dragwise bending 
moments were also recorded. 

Signals from gages near the nose of the model had a la rger  

Several values of the dragwise bending moment were recorded. One 

I n  addition, the  maximum drag- 

c 
A correlat ion between the maximum transverse bending moment and the 

root-mean-square value of the transverse bending moment was desired 
because mathematical analyses of random processes are ordinar i ly  i n  t e r a s  
of root-mean-square values (c.f ., r e f .  2 ) .  
recorded signals were passed through a thermocouple-type mean-square 
meter, and the  mean-square output w a s  recorded. The cal ibrat ion of the  
recorder output i n  terms of bending moment was made by means of shaker- 
induced osc i l la t ions  at constant amplitude recorded simultaneously on 
the oscillograph and tape. In an e f fo r t  t o  produce a constant reading 
f o r  wind-on t e s t s ,  condensers w e r e  introduced in to  the c i r c u i t  of the  
mean-square meter, increasing the time constant f o r  i t s  response t o  
7-1/2 seconds. 
par t  of f igure 7. The rather  large and e r r a t i c  changes i n  value, despite 
the  sluggish instrument response, are descriptive and typ ica l  of the  model 
motion. Integration of the area under the  curve was  used t o  determine 
the mean squared bending moment f o r  the  complete data  sample. The square 
root of t h i s  quantity provided the desired information f o r  comparison 
with the previously determined maximum bending moment. 

To achieve t h i s ,  the tape- 

The resul t ing output of t h i s  meter i s  shown i n  the lower 

L 
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Acce l e  rat  ions 

Accelerometer outputs were similar t o  the strain-gage outputs with 
the  exception t h a t  higher frequencies than the f irst  mode w e r e  a lso 
evident. The output of one of the accelerometers i n  the model nose was 
fed i n t o  a galvanometer which had a f la t  response c w e  up t o  only 
30 cycles per second, and this procedure eliminated much of the "hash." 
Mean-squared values of acceleration had the  same variat ions as those of 
bending moment. 
and frequency on the  assumption t h a t  the f luctuat ions were sinusoidal. 

Tip deflections were computed from the  t i p  accelerations 

Pres sure Fluctuations 

~ 

The output of the  pressure transducers consisted of a randomly 
f luctuat ing voltage which w a s  re la ted t o  pressure by means of a s t a t i c  
pressure cal ibrat ion.  
wave analyzer which determined the power spec t ra l  density of the data 
sample at  frequencies from 5 t o  100 cycles per second f o r  a band w i d t h  
of 1-1/2 cycles per second. Some model configurations caused the ampli- 
tude of the pressure f luctuat ions t o  reach a peak at spec i f ic  frequencies, 
but the concentration of energy w a s  not at  a l l  large and ra re ly  occurred 
at  the  na tura l  frequency of the model. 
tudes which w i l l  be presented are root-mean-square values taken from the 
frequency analyses a t  the na tura l  frequency of the model. 

The tape-recorded s igna l  w a s  passed through a 

The pressure f luc tua t ion  ampli- 

Corrections 

Corrections were applied t o  the measured dynamic pressure t o  account 
f o r  the  blockage of the model, of t he  umbilical tower, and of the wakes 
of the model and tower. The blockage corrections were computed by the 
method of reference 4 and increased the ve loc i ty  by amounts up t o  
3 percent. A correction, a lso computed according t o  this reference, was 
applied t o  the drag measured i n  the s ta t ic-force tests t o  account f o r  
the wake-induced pressure gradient i n  the air  stream. This correction 
reduced the drag by less than 1 percent. I n  the  s ta t ic - force  tests the 
presence of the model induced moment tares on the  balance-system turn- 
t ab le  which amounted t o  about 13 percent of the overturning moment at  
the base of the model. 
the  base of the model, perpendicular t o  the model axis, and exposed t o  
the  air  stream. The turntable  t a r e  was assumed t o  be the difference 
between the measured pitching moments and the average dragwise bending 
moments measured i n  the dynamic t e s t s .  Although the  accuracy of the 
dynamic data w a s  not comparable t o  that  of the balance system, t e s t s  of 

The turntable  was a p la te  4 feet i n  diameter a t  
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many configurations were available with which t o  determine an average 
turntable t a r e  f o r  each velocity.  Because of the  spread i n  the  bending- 
moment data, inaccuracies possibly as large as the tare may ex i s t  i n  the \r 

computed pitching moments on the model. 

RESULTS AND DISCUSSION 

Measurements on the Basic Configuration 

S p i c a 1  values of the maximum bending moment at the  base are  pre- 
sented i n  f igure 8 fo r  the model with no attachments o r  modifications. 
The maximum bending moment at the  base i s  suf f ic ien t  t o  define the  s t resses  
at a l l  points on the model since the s t r a i n  gages at other s ta t ions  always 
indicated a first-mode moment d is t r ibu t ion  l i ke  t h a t  i n  f igure 2, within 
the accuracy of  the  data. 
a l l y  ixcreased with velocitytand tha t  the  transverse moments w e r e  much 
la rger  than the dragwise moments fo r  the  basic configuration. The drag- 
wise moments i n  f igure 8 are the maximum occurring within one o r  two 
cycles of the maximum transverse fluctuation. The "resultant" shown i n  
the figure i s  the vec tor ia l  sum of the  transverse and dragwise moments 
and i s  l i t t l e  d i f fe ren t  from the transverse. For t h i s  reason most of 
the  discussion w i l l  be concerned with bending moments i n  the transverse 
direction. The Reynolds number scale i s  shown i n  i t s  approximate re la t ion  
t o  velocity fo r  a l l  dynamic t e s t s  and shows t h a t  the  Reynolds number w a s  
supercr i t ical  (greater  than about 500,000) based on e i t h e r  the f i rs t -  o r  
second-stage diameter. Points from the repeat t e s t  give an idea of data  
repeatabi l i ty  with the only change being a reduction of the  length of data 
sample from about 1 minute t o  about 30 seconds. The s t ra ight - l ine  f a i r ing  
between points w i l l  be used i n  succeeding figures and the p i n t s  w i l l  be 
eliminated f o r  simplicity.  

Figure 8 shows t h a t  the bending moments gener- 
# 

r 

The agreement between repeat measurements on the basic configuration 

Figure 9 i s  a compar- 
was  less sa t i s fac tory  than the case j u s t  considered when a greater  time 
in te rva l  and model changes occurred between tes ts .  
ison of transverse bending moments from tests m a d e  a t  various times 
throughout the investigation. It i s  apparent t ha t  l i t t l e  significance 
can be attached t o  s m a l l  differences resul t ing from configuration changes. 
A t  t he  same time, however, the great improvement resul t ing from the  addi- 
t i on  of a nose spoi ler  ( t o  be discussed l a t e r )  i s  obvious. 
pected that  the bending moments shown i n  f igure 9 might, a t  times, be 
isolated peaks nonrepresentative of the  motion. To investigate such a 
possibi l i ty  a s t a t i s t i c a l  analysis was made of several  points i n  the 
regions of both good and poor repeatabi l i ty .  
of transverse bending-moment fluctuations exceeding nominal values f o r  
four tes t  veloci t ies  plotted on normal-probability graph paper. 
sample at each velocity contained about 800 cycles. 

It was sus- 

Figure 10 shows the number 

The data 
The f igure shows 
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t h a t  the peak values a re  random and t h a t  the  maximum measured value i n  
a l l  cases i s  representative of the en t i re  da ta  sample. 
a b i l i t y  i s  thus not primarily a resu l t  of inadequate sampling. 
acknowledged t h a t  the  l a b e l  "maxjmum" i s  not s t r i c t l y  correct  when applied 
t o  any of the measured values since the probabili ty of reaching any given 
stress depends on the length of da ta  sample. However, su f f i c i en t ly  long 
da ta  samples were obtained t o  represent almost 20 minutes on the  f u l l -  
sca le  missi le  (with l i t t l e  change i n  the measured maximum t o  be expected 
f o r  in te rva ls  several  times as long). 
considered t o  be the results of most prac t ica l  in te res t .  

The poor repeat- .. It is 

The measured maximums are therefore  

As previously noted, other measurements of the model o sc i l l a t ion  
were m a d e ,  and these are compared w i t h  the  maximum bending-moment da ta  
i n  f igure 11 f o r  one of the  basic  model t e s t s .  The close agreement of 
the  trends indicated by the  maximum bending moments, the root-mean-square 
bending moments, and the t i p  deflections i s  t yp ica l  of a l l  t e s t s .  The 
r a t i o  of 3 between root mean square and maximum bending moments i s  also 
typical .  It should be noted t h a t  the  t i p  deflections were derived from 

w a s  completely isolated from the strain-gage system. Even the base 
acceleration, although orders of magnitude l e s s  than the t i p  acceleration, 
had a var ia t ion with wind veloci ty  tha t  w a s  similar t o  the  base bending- 
moment variation. (Movement of the base i s  a t t r ibu ted  t o  flexing of t h e  
tunnel she l l . )  The pressure f luctuat ion i s  t h a t  of t he  pressure difference 
across the  maximum width of the second stage. 
Reduction section, the analysis of the  pressure da ta  i s  summarized f o r  
only one frequency, and the area t o  which the measured pressures apply 
is  qui te  limited. Nevertheless, the  e f fec t  of veloci ty  on pressures is  
reasonably consistent with tha t  shown by the other measurements. It i s  
concluded tha t  the poor repea tab i l i ty  of the  data shown i n  f igure 9 i s  
not a r e su l t  of instrumentation e r ror .  The charac te r i s t ics  of the model 
motion ayparently changed from time t o  time, possibly as a r e su l t  of 
surface conditions of the model o r  some such unknown. O f  the  several  
types of measurements made, the maximum bending moments at  the base have 
been selected as the most useful  representation of the  model motion. 

2 
7 -  * 

* the  battery-powered t i p  accelerometer which had an e l e c t r i c a l  system t h a t  

A s  mentioned i n  the Data 

Transverse Bending Moments 

The most surpr is ing r e su l t  of the  t e s t s  was  the large e f f ec t  on the  
transverse bending moments of small modifications t o  the nose. In  
f igure 12 the maximum transverse bending moments of several  configurations 
are  compared. It i s  seen t h a t  spoi lers  mounted on the  nose of the  model 

f luctuat ion.  The spoi lers  on the conical portion of the nose extended 
1/2 inch from the surface. 

dimensional e f f ec t s  were influencing the flow separation on the cy l indr ica l  

I normal t o  the air  stream produced substant ia l  reductions i n  the transverse 

The d d i t i o n  of a l/2-inch rod (representing . a probe) had l i t t l e  e f f ec t ,  however. It was reasoned t h a t  three- 
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par t  of the second stage.  
by attaching an end p la te  under the nose cap as shown i n  f igure  4(c) .  
The plate extended downstream a distance equal t o  the  diameter of the 
model a t  the s t a t ion  of attachment. Figure 13 shows the large reduction 
i n  transverse bending moments due t o  t h i s  p la te .  The f igure also shows 
t h a t  a smaller horizontal  p la te  did not produce much of an e f f ec t  and 
t h a t  a streamwise v e r t i c a l  vane was perhaps adverse t o  the f luctuat ion.  
This l a t t e r  e f f ec t  demonstrates t h a t  the aerodynamic damping t o  be gained 
from such a surface i s  inconsequential. 

An e f f o r t  t o  eliminate t h i s  influence w a s  made 

The t i p  e f f ec t s  were fur ther  explored by tests of various nose 
The extended-nose con- shapes, and the r e su l t s  are shown i n  f igure 14. 

f igurat ion was the only one showing much improvement over the basic  shape. 
This configuration consisted essent ia l ly  of the  basic shape with an added 
cylinder having a diameter about l/3 of the  second-stage diameter. 
extension was actual ly  accomplished by a change from the o r ig ina l  nose i n  
i t s  en t i re ty  t o  one of so l id  wood construction. 
the  change i n  mass d is t r ibu t ion  on the r e su l t s ,  a repeat of the basic  
t e s t  was made a f t e r  the small nose extension had been cut off and the 
remaining portion was rounded off ( t h i s  modification gave a negligible 
m a s s  change). 
t h a t  good agreement was obtained with the e a r l i e r  t e s t .  

The 

To check the e f f ec t  of 

The check t e s t  i s  ident i f ied  i n  f igure 14, and it i s  noted 

It appears from the foregoing t h a t  three-dimensional e f f ec t s  had a 
powerful influence on the f luctuat ing loads. A possibly s imilar  r e su l t  
has been indicated f o r  subc r i t i ca l  Reynolds numbers i n  reference 5 ,  which 
notes that  an unexpectedly large end e f f ec t  was observed i n  the dynamic- 
pressure measurements on a "two-dimensional" cylinder. 
the  t i p  e f f ec t  it would be desirable t o  know both the amplitude of the 
pressure f luctuat ions a t  various longitudinal s ta t ions  and the phase 
re la t ion  of the  f luctuat ions a t  various s t a t ions .  In  the present t e s t s ,  
no information was obtained on the Bhase re la t ions ,  but it w a s  determined 
t h a t  nose revisions which reduced the transverse bending moments gener- 
a l l y  reduced the measured pressure f luctuat ions at the na tura l  frequency 
of the  model. No values are presented since the scope of the measure- 
ments was so limited. 

To understand 

Another e f f ec t  pursued at some length w a s  t h a t  of spoi lers  mounted 
on the cy l indr ica l  portion of the second stage.  In  f igure 15 are shown 
the effects  of attaching spoi lers  1/2 inch high i n  planes perpendicular 
t o  the wind direct ion (lower three configurations) and 45' from the wind 
direct ion ( f i g .  4 (h) ) .  
bending moments. 
caused a loss i n  effectiveness at some ve loc i t ies .  

A l l  were e f fec t ive  i n  reducing the transverse 
Figure 16 shows t h a t  a reduction i n  spoi le r  height 

The r e su l t s  i n  f igure 17 show t h a t  roughness on the surface of the 
cyl indrical  sections increased the transverse bending moments a t  the 
lower ve loc i t ies .  The roughness was i n  some cases carborundum par t ic les  
blown on the surface a f t e r  an adhesive had been applied. The par t ic les  

J 

I 
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covered approximately 10 percent of the area. Alternatively, garnet 
paper having the  same s ize  paSticles i n  a more dense coverage w a s  glued 
t o  the model. 
ably similar. There is  also a strong resemblance of the e f f ec t s  of rough- 
ness t o  those of the smallest spoilers i n  figure 16. 
t o  the  nose with approximately 50-percent coverage of t he  area had a 
comparatively s m a l l  e f f ec t .  

The results with varying amounts of roughness were remark- 

Roughness applied 

The transverse bend- moments on the  model i n  the  presence of an 
umbilical tower are  compared i n  figure 18 t o  the  moments f o r  the bas ic  
model from a t e s t  immediately preceding the  tower tests. 
were grea t ly  reduced when the tower acted as a windscreen f o r  the model 
i n  the 0' posit ion.  The la rges t  adverse tower e f f e c t  occurred when the  
tower w a s  in the 90' posit ion,  as shown i n  figure 18. 

The moments 

Dragwise Bending Moments and Forces 

The maximum f luctuat ion i n  dragwise bending moment observed through- 
out each data  sample w a s  always l e s s  than the  maximum transverse bending 
moment but, when added t o  the steady (i-e. ,  average) dragwise loads, 
exceeded the transverse loads on some configurations. The f luctuat ing 
and the steady components of the dragwise loads have been separated t o  
show more c lear ly  the  various e f f ec t s  of i n t e re s t .  The maximum bending- 
moment f luctuat ions i n  the dragwise direction f o r  severa l  configurations 
are presented i n  figure 19. The reduction caused by the t i p  spoiler is  
typ ica l  of the  e f f ec t s  due t o  other t i p  modifications which reduced the 
transverse osc i l la t ions .  Fluctuations of the  dragwise bending moment as 
high as 40,000 inch-pounds were obtained on other  t e s t s  of the  basic 
model. This w a s  the  la rges t  value observed f o r  any of the configurations. 
The records of the motions, both wind on and wind of f ,  indicated t h a t  very 
l i t t l e  energy associated with the osc i l la tory  motion was passed back and 
fo r th  between the dragwise and transverse direct ions.  This w a s  fortunate 
from the standpoint of interpret ing the r e su l t s ,  par t icu lar ly  since the 
s t ruc tu ra l  damping was di f fe ren t  i n  the two direct ions.  It i s  perhaps 
worthy of mention t h a t  t h i s  independence could not be established u n t i l  
a l l  the  looseness i n  the model mounting had been eliminated. 

The steady component of the dragwise load was  most accurately deter-  
mined in  the s ta t ic - force  t e s t s .  The d r a g  coeff ic ients  of the basic  model 
are  shown i n  f igure 20 f o r  a range of Reynolds numbers from 70,000 t o  
7,000,000. Drag data  from reference 6, which are typ ica l  of measurements 
on two-dimensional cylinders, are shown f o r  comparison. The da ta  for the  
missi le  model a t  low Reynolds numbers are only approximate because of the 
very low dynamic pressures involved, but they show the usual drag decrease 
t h a t  occurs at the c r i t i c a l  Reynolds number. 
numbers the drag coeff ic ient  approached a constant value of approximately 
0.5. The e f f ec t s  of various configuration changes on the steady drag are  

A t  the  higher Reynolds 
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shown i n  f igure 21. It i s  in te res t ing  t o  note t h a t  the  end plate ,  which 
w a s  so effective i n  reducing the transverse loads, decreased the steady 
drag component also.  The t i p  spoi le r  had a s imilar  but smaller e f fec t .  1 

The center of pressure of the steady drag computed from the steady over- 
turning moment and drag i s  shown i n  f igure 22. A t  the  highest Reynolds 
numbers the center of pressure of the  steady drag f e l l  approximately on 
the  centroid of f ron ta l  area. I n  terms of moment, the steady drag loads 
were approximately the  same as the  dragwise moments presented i n  f igure 8, 
where the f luctuat ion component w a s  generally s m a l l .  It should be r e i t -  
erated that the evaluation of model-support t a r e s  i n  the s t a t i c  tes ts  
involved approximations which leave a possible inaccuracy i n  the over-al l  
l eve l  of t he  centers of pressure of 7 o r  8 inches. 

CONCLUSIONS 

Wind-tunnel t e s t s  at  Reynolds numbers up t o  7 mill ion per foot have 
been performed on a l/lO-scale model of the  Titan m i s s i l e  i n  launching 
position. The following resu l t s  were obtained: 

1. For some t e s t  configurations, the transverse loads induced by 
the  wind were much larger  than the dragwise loa&. 

2. A t  a l l  t e s t  veloci t ies ,  the measured pressure f luctuat ions and 
the  amplitude of the model response were random i n  nature. 

3 .  Certain small additions o r  modifications t o  the  nose reduced the 
amplitude of the transverse f luctuat ions.  

4. Flow spoi lers  on the cy l indr ica l  sections near the nose were also 
effect ive i n  reducing the transverse f luctuat ions.  

5 .  A rough model surface o r  an adjacent s t ructure  increased the 
fluctuations a t  some speeds. 

6. A t  the  highest Reynolds numbers the average drag coeff ic ient  of 
the  basic model was  about 0.5 and the center of pressure w a s  approximately 
on the  centroid of f ron ta l  area. 

Ames Research Center 
National Aeronautics and Space Administration 

Moffett Field,  Calif . ,  July 28, 1959 
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Second- stage diameter 
First - stage diameter 

Two linear accelerometers 

Distance from nose 
to strain gages: 

20.7 
36.5 
52.9 

Torsiona I accelero 

Joint pinned and screwed 

Strain gage bonded to shell 

Joint pinned and screwed 
Inductance-type pressure transduc 

(26.9 from nose) 

Lead weights pinned and 
screwed to shell- 

I 95.6 7 7.7 
94.9 

Joint 

Gage 

bonded, pinned, 
and screwed 

Machined 2014-T6 aluminum 

Shell bonded, pinned, 
and screwed to socket 

Linear accelerometers 
'. 

f l  

i 45.7 

Socket bolted 

Base bolted 
to base 

to tunnel 

far dynamic 
tests 

Figure 1.- Dimensions and de t a i l s  of the model. Lineal dimensions i n  
inches. 
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Figure 5.- U m b i l i c a l  t o w e r  installed in the 30° w s i t i ~ n .  
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Figure 6.- The s t ruc tu ra l  damping of the model measured with the 
wind o f f .  
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