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I. INTRODUCTION

Large lateral  payload accelerat ions have been observed during l aunch
of Minuteman vehicles employed for research studies. Several explanations
of the cause of these accelerat ions  have been o f f er ed .  One theory is that
flow separat ion in the rocket exhaust nozzle, during startup, causes large

lateral loads that are transmitted to the payload. A secor,d theory is that

the lateral pay load accelerations art’ due to aerodynamic forces associated
with silo exit asymmetries.

Minuteman vehicles employed on research missions are launched from
shallow silos with the uppe r third of the vehicle initial l y prolective f rom
the silo. In this con figuration protection from weather prior to launch is
afforded by a light but sturdy styrofoam structure . On ignition of the rocket
motor the initial t rans ien t flow from the silo is expected to dest ro~ the foam
struc ture . However , limited p re s su re  and acceierat ion measurements

• made on the vehicle have indicated that  asymmetr ic  aerod ynamic  loads ex ist
on the vehicle .  These asymmetr ic  loads may be caused by the in teract ion
of the initial transient flow with the expendable foam environmental structure

before it disintegrates or by interaction with other asyrun-tetrical features
of the silo exit geometry .

As a means of examining the cause of the asymmetric loading, a
laboratory experiment was performed in which a large-diameter shock tube
served as the silo. A centerbody simulating the vehicle was mounted in the’
shock tube with the fore end projecting from the shock tube . Thus, the
shock wave in the annular shock tube formed by the centerbody and the shock

tube walls served as the initial t ransient  flow in analogy to the flow in the
full scale silo between the missile and the silo walls. In this expe riment the
forebody of the simulated vehicle was instrumented with pressure tran s-
ducers .  The geomet ry  of the silo exit was duplicated , i nc lud ing  the’ expenda-
ble shelter.

L.a
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In this report the earl y transient flow in the silo is described
following Broadw ell and Tau. The modeling of the flow by the shock tube
is discussed , and the experimental resul ts  are presented togethe r with their
in terpre ta t ion.

:1

~J .  E. Broadwell and C.  N .  Tsu, “Transient Pressures Caused by RocketStart and Shutdown in Ducted Launchers , t ’ J. Spacecraft  4 (10) ,  1323 (1967).
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II. THE SILO FLOW
V

The silo f rom which the Minuteman missile is f i red is a simple s t raig ht

cy l i nd r i ca l  tube as shown in Figure  1(a) . When the rocket engine is ignited ,

the flow and the associated t ransient  p r e ssu re  wave may be understood by

examining the wave diagram of Figure 1(b) for a simple s t ra ight tube. The

sudden in i t ia t i on of flow at the bottom of the silo when the rocket motor is

ignited can be likened to a piston suddenly put into upward motion at the

bottom of the silo . The piston disp laces the ambient air , producing com-

press ion  waves of the “R” family in the ambient a i r .  An equivalent p is ton

velocity can be defined that marks  the speed of the inte rface between the

driving exhaust gases and the initial ambient air ,

At the open end at the top of the silo , the boundary condition of ambient

p r e s s u r e  requi res  that the p r e s s u r e  waves reflect  rarefaction waves ( t Q 1

family) of equivalent s trength to that of the p r e s s u r e  waves. These result ing

waves subsequently reflect  from the rigid bottom of the silo as another family

of expansion waves (R) , which in tu rn reflect from the f ree  surface at the

open end again as compression waves (Q). By thi s time the wave interactions

have increased the local flow velocity until  the silo is flowing full of the hot

exhaust gas in a quasi-steady state. For typical shallow Minuteman silos ,

calculations indicate that rocket exhaust would fill the silo in approximately

0. 15 sec. Thi s is shown in Figure 1(b) by the path of the inte rface between

the exhaust gases and the air initiall y in the silo.

The p ressure  measured by gages at any station a distance x above the

silo floor is the sum of these weak acoustic compression and rarefaction

waves, which produce a pulse with a compression and a rarefaction phas e
as shown in Figure 2. The characteristic shape is produced by the phase

shifts between the times of arrival of the various families of waves. The

magnitude of both compression and rarefaction phases also decreases

significantly between the bottom of the silo and the exit. This trend is also

~ 

- 

-9-

______ _____ ______—.- 5-~~~~~~~~~~~~~~~~~~~ --



A
I’

/ ‘( S~

- ..J — 

— ~~~~~~~~~~~~~~~~~~

_ _ _ _ _ _ _

I I \ GROUND LEVEL

~ 
i i  • -

I I ~ I

~~~WAVESj,
I I

I - i
~~~

f :

I I

Li ~~~3O I
UP

-— i— -  1o~ 
,,

EXHAUST /
1

o
(a) 0 100 200 300

TIME (t ) , msec
(b)

Figure 1. Idealized Missile Launching Silo (a) and Schematic

of Wav e Diagram in Silo (b)

~ 

_



_ _ _  
~~~~--~~~~~~ - - -

MISSIL E BASE— 7
(station BOO in., x= 20.87 ft )

~~~

—2 — FLOOR OF REVETMENT—”
- (x = 59.4 ft) I

—6 -— \
—

—10 ~~ I I 1 I I I I I I  i

0 40 80 120 160 200 240
TIME FROM IGNITION (ti, msec

Figure  2. Predicted Pressures  at the Base of the
Missile and Near the Exit of a Silo

— I t —



il lustrated in Figure 2 , which shows the estimates made from the linear

acoustic analysis of Broadwell and Tsu, for the pressure historie s at the

missile base and close to the top of the silo. The predictions for the base
reg ion are very  similar to observations of an operational silo . - 

-
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LU. THE SIIOC I< TUBE FLOW

In the shock tube’ the transient pr~ s su r e  w~.ve , j ,  c • , the shock wave , is

produced in the air initially in the’ d r ive n sect ion as a resu l t  of the ’ pis ton

acti on of the hi gh_ p r e s s u r e  gas in i t ia l ly  in the d r i v e r  sect ion .  The’ s i m i l a r i t y

between the action of the’ rocket exhaust gas and the d r i v e r  gas is at once

apparent .  However , in the shock tube the’ c ompress ion  wave generated

results  f rom the cumulative e f fec t  of the’ s e r ies  of acoust ic  waves  gene rated

as the diaphragm breaks .  These waves have coale ’sued to form a shock wave

with def in i te  speed and p r e s s ur e .  The shock does re f l ec t  at the open end of

the tube with 180° phase change. Consequently , it too becomes a r a r e f ac tion

wave.

An x - t  diag ram for the shock tube comparable to that of F i g u re  1(b) for

the silo is shown in F igure  3. The incident shock U , the’ advancing  contact

su rf ace , the ra re fact i on  wave reflected from the op e’n end of the’ shock tube ,

and the reflected ra re fac t ion  wave from the’ ups t ream end of the ’ shock tub e

d r ive r  a re  all indicated .

In Figure  4 predicted p r e s s u r e  profi les  cor re sponding  to the silo p r o_

files of Figure 2 are shown. The pr inc ipa l  d i f f e r en c e s  be’tween the silo and

shock tube flows are the sharpness  of the pre s sure  r ise in the shock tube ’ f low ,

and the absence of decay in peak p r e s s u re  leve ’ l fo r  the shock wave as it

approaches the ope n end of the shock tube . 

-- 
_ _____  - - _
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IV . EXPERIMENTAL FACILITY

The Aerospace Corporation Low Density Shock Tube was used to

simulate the silo. This facility is shown in Figure 5. The driven section that

represents the silo has an inside diameter of 17 in. and is about 24 ft long.

Since typical Minuteman silos are 12 ft in diameter , thi s corresponds to an

experiment scale of 0. 118. The shock tube driver  has an inside diameter of

3 in. , and a transition section 4 ft long bridges the gap between the driver

and larger diameter driven section. Hig h p ressu re in the driver compensates

for the unfavorable driver-to-driven section area ratio so that adequate shock

Mach number is obtained.

For this configuration, however, the flow in the shock tube is modified

by an upstream facing shock wave standing in the expansion region between - 
-

driver and driven section as a pressure-matching wave,2 As a result, the

pressure  profile obtained at a point corresponding to the missi le  base for the

test conditions at which the shock tube is operated is modified as shown in

Figure 6. The uniform pressur e reg ime is reduc ed to about 4 msec from

the 8 msec predicted. Hence , only the positive phase of the silo flow shown

in Figur e 2 can be simulated.

At the exit of the shock tube the revetment structure character is t ic  of

the silo is reproduced in scale along with a ground plane. A structure

simulating the umbilical tower is included in the revetment area.  A scale

model of the expendable environmental structure is mounted over the end of

the silo as shown in Figur e 7. The material of the structure is styrofoam,

the same fabric from which the full-scal e structur e was made . All dimen-

sion s were scaled according to a one-dimensional anal ysis , duplicated if

time and thickness were similarly scaled.

A large dump tank surrounds the model test field so as to minimize

the environmental impact of the shock tube firing . ihis tank has an inside

2David A. Russell, “Orifice Plates in a Shock Tube , ” Phys. Fluid s 5 , 4 (1962) .
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d ianie te  r of 76 in . .  and the end wa l l  is 10- 1 / ft f rom the t ip  of the ’ model

miss i l e . Therefore ’ , a r ef lec t ion  s ignal  f rom the side’ walls of the’ tank

a r r i v i n g  back at the modt’l l imi t s  the’ undis turbed test time to abou t 6 rnsec .

The shock wave’ f rom the end wall takes 20 mse’c to r ’ach back to the tip

of the model.

Twelve pressure’ transducers (fou r Atlantic Research Corp. Model LC.

60 and eig ht Endevco Model 8~~1O) were installed on the’ model as shown in

F i g u r e  ~~, along r ays  a t 0 , 90 , 180 , and 270 , at  t h r e e  axial loca t ions

8. ~~, 13 . 6, and 27 . 5 in .  f rom the nose. These’ gages  w e r e  expected to sense

the sur face  p r e s su r e  d i s t r ibu t ion  on the model and hence re f lec t  the change

in flow condit ions when the exit  confi gura t ion  of the modeled silo was changed.

As previousl y noted , the scale ’ of the experime ’nt is 0. 118. Time is

a lso scaled accord ing  to thi s f a c to r .  P r e s s u r e  is dup l icated.  Thus , the

p r e s s u r e  in the shock tube ’ co r r e spond ing  to the mi s s i l e  base h cation in the I’

si lo should be on the order  of one aftuosp here (5 to I ~ psi)  for about

10 msec . As noted ea r l i e r , the p r e s s u r e  (F igure  6) is flat for  only about

4 nisec , but  even a f t e r  10 msec it is  dow n by onl y a half .  Since tes t  time

in the modeled tes t  site is l imi ted  to around 6 msec by the a r r iva l  of waves f
f rom the walls of the tank su r round ing  the test a rea , the p r e s s u r e  p r of i l e

obtained in  the shock tube is not limiti ng .
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V . EXPERIMENTAL RESULTS AND DISCUSSION

V..

The objective of the se tests was to determine the effect of the silo exit
geometry as it can be modeled in a shock tube . To do thi s , we examined the
pressure  dis t r ibut ion on the model for three diffe rent silo exit gecmetries:
a complete l y symmetrical  silo to establish a refe rence , a revetment con-
f igura t ion  with a s y m m e t r i e s  in the 0 to 180 direction , and a confi guration
with the expendable environmental st ructure added . This last confi guration
had asymmetry in the 90 to 270 direction. The se geometries are shown
schematically in Fi gure 7; a photograph of the second one is shown in
Figure 8.

Typical pressure measurements for the symmetric confi guration , the
revetmnent configuration, and the configuration with the expendable shelte r
added are shown in Figures 9, 10, and 11.

For the symmetric case, the results can be described referring to
Figure 5, considering f irs t  that the revetment, ground plane , and expendable
shelter are removed. The pressures observed on the model then are the

pressures behind an expanding shock wave. Thus, at the shock tube exit
the pressure wave still has a flat top for a very short time. Further down-
stream where expansion has already occur red, the pressures on the center-
body decay rapidly, reflecting the pressure hi story of the expanding wave.
The peak pr essu re levels fall f rom about 10 psi close to the tube exit to
3-1/2 and 2-1/2 psi at 14 and 19 inches downstream, respectively.

When the revetrnent is added (Figure 5), the expanding shock wave
reflects from the slightly increased revetment “diameter. “ This reflected
wave is observed on the traces at the shock tube exit and at the downstream
positions about 1 msec after the initial shock wave. As the flow expands at
the open end of the tube, a negative phase is reflected back up the shock tube.
This negative phase is shown on the pressure history observed by the gage s
at the base of the model upstream of the end of the shock tube.
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Foam Shelter Added
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About 4 msec a f te r  the shock passes  the two downst ream gage s tat ions ,
a pr e s su re  pu lse i s obse rve d. This wave is the acoustic wave reflected f rom
the side wal ls  of the s i lencer-dump tank . This wave l imits  the test  t ime of
in teres t  to jus t  over 4 msec for  the symmetr ic  and revetment  con f i gu ra t ions .

The measurements  shown in Fi gures  9, 10 , and 11 have also been re-
corded on magnetic tape . As a result , these data can be mani pulated auto-
matically by means of computer to obtain p r e s su re  d i f f e r ences  between oppos-
ing gages at the three axial stations . The sampling rate and f i l t e r ing  of the
data were chosen to be commensurate with the gage ins ta l la t ion  f r equency  re-
sponse , which was about 6 kHz minimum. For the symmet r i c  conf i gura t ions ,
these p ressure  d i f f e rences  along the y and z d i r ec t i ons  at the 27 . ~ in , station
are  shown in Fi gure 12; for  the revetment  confi g u r a ti on , they  a re  shown in
Fi gure  13. Although there is much fluctuation in the p r e s s u r e  d i f f e r e n c e s ,
the re appears to be little net trend in p r es su re  loading in e i ther  the y or z
direct ion for the symmetric confi gurat ion . However , for  the revetment  con-
fi gurat ion a si gnificant  net side p re s su re  appears  for  the direct ion . The
load peak s during the negative phase of the p r e s s u r e  t r a c e s  shown in the top
oscilloscope records  of Fi gure  10. For the ear l ie r  axial s tat ions the p r e s su re s
are smaller as indicated; the p r e s s u r e  d i f f e r ences  a re  according ly also
smaller, They fur ther  show no net t rend in side loading. Onl y the gages  at
the most aft position on the vehicle model seem to have si gn i f i can t  net side
pressure. Thu s, several differences appear in the p r e s s u r e  measurements
which may be attributed to the presence of the revetment , F i rs t , the shock
tube length is extended , thu s locating station 27 . 5 gages inside the end of the
shock tube . Therefore, the reflected rarefact ion wave moving upstream in
the shock tube is observed as a negative p ressure. In addition , shock waves
reflected from the expanded extension also are detected at this gage station ,
Lastly, a net p ressure  is noted at this station in the z direction, which, si g-
nificantly, is the direction of the asymmetry  of the revetment,

When the expendable shelter is installed, the p ressure  measurements
are substantially changed at the two stations close to the model nose , The
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Figure 12. Pressure Difference at Station 27 . 5
for Symmetric Configuration
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shocked ga s flow ing from the tube is reflected from the walls of th.’ shel ter ,
and the ar r ival of these reflected waves at the missile model su r face  is
indicated by sharp rises on the pressure h i s tory .  For the position closest

F to the nose, reflections appear to take plac e . Then , as the shelter  begins
to disintegrate and drift away, about 1-1/2 msec after the initial pressure
arrives , the pressure  at these stations drops below ambient p r e s su re .
High-speed motion pictures of the shelter breakup were made . These were
t ime-cor rela ted  to the pressure measurements  so that the time when the
shelter began to move was determined relative to the pressur e his tor ies .

Pressur e d i f f e rences  between opposing pressure  gages at the th ree
axial stations were also determined for the shelter configura t ion . From
these data , shown in Figures 14 , I c , and 16 , it is seen that at the forward
gage positions there is little net a symm e t r y  in the p re s su re  d i f f e r ences  in
the z direc t ion .  This is to be expected since the shel ter  is sy mm e t r i c  with
respect to the vehicle model in the plane of this d i r e c t i o n .  A net  load does
seem to appear in the y direct ion at all axial stat ions , re f lec t in g fa i r l y well
the closeness of one wall of the she l te r.

In an ef for t  to gain g rea ter  insight into the p r e s s u r e - f o r c e  t ime -
h is to ry ,  and possibl y into the ph ysical  mechanisms which de te rmine  that
h i s t o r y ,  a compute r program was de veloped to t r a n s f o r m  the 0 to  180°
and 90 to 270 ° orthogonal  r ectangu la r  coordinate p r e s s u re - d i f fe r en c e
signals into a polar coordinate (or vector magnitude, vecto r d i r ec t ion )
representat ion of the signature .  Attention was focused upon the r ing  of
four pressure transducers at station 2 7 . 5 , where (at least with  the r evet - 4

ment in place) the effect  of the ref lected waves f rom the sidewalls of the
dump tank seem to be minimized, and the absolute magnitudes of the
pressures and the pressure  d i f ference  forces are relatively large. i’his

work is discussed in detail within Appendix A.  In b r ie f , the vec to r  magni-
tudes for the revetment and revetment  plus SES cases w e r e  both si gn i f ican t l y
larger  than that for the symmetr ic  case. Similarly, for  d i rect ion , the
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symmetric case showed relat ively l imited swings in direction compared
with the revetment and revetment  plus SES cases.  In the case of the

revetment plus SES, the swings in direction were commensurate  wi th  the
asymmetry  of the SES installation on the silo .
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VI. APPLICATION TO F LIGHT DATA

In Appendix B , the rec tangular  coordinate to polar coordinate t ransfo r -

mation for the t ime histories , developed for the shock tunnel data , is applied

to the fli ght tes t  data for the November 197 7 T D V - 3  launch.  That launch ,

conducted subsequent to the present  shock tube stud y, was the f i r s t  in which

a r ing of four pressure t ransducers  was mounted i~ -i the upper vehicle RAW

section . The coordinate t ransformation was applied to the outputs f rom

those pressur e t ransducers  and the nearby two -axis radial accelerometers .

The vector  magnitude and vector direction resultants for the pressure-

d i f f e rence - fo rce  (input ) and acceleration (response) are compared. The

close correspondence of the input and response directional signatures gives

st rong experimental confirmation of the hypothesis that the upper vehicle

• asymmetric  pressure  force is the principal contributor to the observed

upper vehicle response , at least for those vehicles having dynamic charac-

ter is t ics  similar to the TDV series .  A description of the details of the

application of the t ransformation to the TDV data , a presentation of the

t ime-his tory  comparison , and some remarks  on the polar coordinate

characterist ics for both the ful l-scale flig ht data and the l abora tory  shock-

tube resul ts  are contained in Appendix B.
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VII . CONCLUSIONS

With regard to the effect of vary ing the shock tube-silo termination,
it is concluded that:

a. The presence of the a s y m m e t r i c  revetment affects the
pressure loading on the vehicle. The gages on the model
in the revetment location show an asymmetric distribution
of pressure, which is in the direction of the geometric
asymmetry of the revetment . -

. 
-

b. Adding the shelter causes reflected shock waves to
impinge on the centerbody-vehicle , and a small net
asymmetric loading appears in the y direction , the
asymmetric direction of the shelter-vehicle configuration .

c. A data r eduction technique has been developed to treat
the measur ements from the shock tube experiments in

• which the time varying orthogonal pressure coordinates
are tran sformed into an r -e  coordinate system . .

In extending such conclus ions to the actual silo -vehicle flows , one
must keep in mind the differences in the two flows; e. g . ,  the pressure in
the silo flow reflects the slow pressur e rise of combustion in the rocket

motor relative to the steep-fronted shock wave pressure in the shock tube.

Nevertheless, the data reduction technology developed for these shock tube

experiments has in fact been applied to treat  full-scale launch vehicle

surface pressure measurements and vehicle accelerometer measurements.

This treatment showed a strong correlation betwe en these two quantities for

the TDV-3 launch . Thus the conclusion that the accelerations are due to

surface pressures originating from the s ilo exit g eometric asymme tries is

indicated. Similar , but not indentical, features of the pressure difference

force history were observed for vehicle and model during the (scaled ’ time
period in the neighborhood of ulift off ” time .

~~acL;1IM~ ~~~~ ~~~~~ I
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APPENDIX A

PRESSURE FORCE VECTOR RECTANGULAR
TO POLAR COORDINATE TRANSFORMATION

A decision was made to perform additional data processing of the

output from the four station 27. 5 (inside the revetment)  pressur e tr ansducers ,

and to look for additional clues to revetment and SES -induced asymmetries

from these results . This decision was motivated by several factors :  the

complex , unsteady three-dimensional flow result ing from the simulated

launch made it at tract ive to concentrate on the conditions at a single axial

Station and to try to determine the localized directional effects ;  the station 3 F

t ransducers  were most protected from the effects  of the reflected wave

from the dump-tank walls; the la rges t  measured overpressures and l a rges t

unit-length projected area  exist for station 27 . 5; and the pressure- t in e

history with the noticeable underpres sure per iod had the closest approach

to upper-vehicle histories measured to date.

This appendix presents  the results  of t ransforming the 0 to 180 ° and

90 to 270 ° orthogonal ~~p histories into an r -O coordinate system , thus

obtaining the total A p  vector magnitude and vecto r direction history at

station 3.

DATA REDUC TION PROCEDURE

The electrical representations of the pressure- t ime histories from

the four pressure transducers at station 2 7 . 5  are stored on magnetic tape .

Upon playback , these s ignal s were lowpass filtered, sampled , digitized,

and stored on digital tape after being passed through a calibration program .

Additional digital f i l tering was necessary to remove a presumed acceleration

sensitive signal present on the data channels , evidenced by the transition

from a state of unnoticeable fluctuation before a time representative of H
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diaph ragm breaking through a period of graduall y increasing buildingup
of low level random fluctuations before  the arr ival  of the s tar t ing shock at
the t ransducer .  A special power = 2 , 20 half-weights  digital filter
(minimizing time -domain distortion) was used , and the filter cutoff fr e-
quency was altered to give a balance between eliminating the unwanted high
frequenc y mechanical signals and retaining enoug h of the high frequency
character  of the pressure signal . A filter cutoff frequency of 2000 Hz was
finall y selected (which corresponds to a full scale value of 200 Hz).

Diametricall y opposed pairs of signals were differenced to obtain the
orthogonal pair of ~~p traces , oriented in silo coordinates , see Figure 7.

~~p 0~~180 (t )  p 0(t) - p 180 (t)  p 31
(t )  - p 33 (t)

~~p 9 0_ 2 7 0
(t )  = p 90 (t)  - p 270 (t )  = p 32 (t )  - p 34 (t)

These orthogonal Ap histories were  then t ransformed into polar coordinates:

1/2
r ( t )  = A p ( t ) l  = {{Ap 0 180 (t)] 2 

+ [A p 90_ 270 ] 2 }

j [Ap 90 270 (t )1
8( t ) = tan (t)  I

L ~ O .l8O J

Here , r( t)  represents the vector resultant magnitude of the different ial
pressure  forces (pe r unit area) acting on the vehicle . 9(t) is the vector
resultant angle of this force related to the coordinate system show n in
Figure 7 of the main report.

Because of the high fr equency fluctuations appearing in the e(t ) plot at
2000-Hz fil ter cutoff fr equency, al ternate lower frequencies were t r ied  to
bring out the main trends of this data . A frequency of 250 H? was selected
as being the most e f fec t ive  compromise for final digital f i l ter ing of the 8(t)
values.
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RESULTS

Six cases  ~v~~r ’~ se lec ted  for the aforementioned data anal ysis: two

each for the th ree  conf igu ra t ion s — symmetr ical  silo , revetrnent , and revet-

ment plus SES. Two shots for  each configurat ion were chosen as a compro-

mise between obtaining some measur e of the reproducibility of the experiment

for the output parameters chosen and expending undue effort and expense in

reducing a larger number of cases . Generally good agreement in r(t) and

8(t )  for the two cases for each configuration was found, but there was some

var ia t ion  in magnitude over the ensemble of tests.

Figure A - I  presen t s  the prez~cure- t ime his tory for  station 2 7 . 5  (0 ° )

with symmetrical  s ilo configurat ion.  This t ransducer  is selected as a

typical representa t ive  of the four at station 27. 5, and the variations between

the four stations responsibl e for A p ( t )  do not change the overall appearance

of these curves vis-a-vis  the other positions. The ordinate is in pounds

per square inch, which scales one-to -one with full scale pressures. The

abscissa is in seconds f o r  the model case; a comparable full-scale case

comparison is obtained by multiplyin g the time s by about ten , or exactly

8. 5 (the linear model scale). The steep, short s tar t ing pulse from the

shock tube is noted, and, of course, differs from the slower buildup in the

full scale case wherein the pressure wave pattern generated by the relatively

slow buildup history of the motor chamber pressure is the generating

source. The relatively low magnitude of underpressur e for this case is

noted. The 2 psi increase after about 0.005 sec from the starting wave -
~~

may be due to the reflected wave pattern emanating from the dump tank

walls. Thus , the primary value of this simulation is during the first 5 m sec .

Figures A - Z  and A-3  show similar plots for the same position for the

cases with revetment and revetment plus SES added. The larger magnitude

of the underpressure is noted. The presence of the revetment now partially

shields the pressur e tr an sducers , and the arrival time and strength of any

dump-tank -wail generated reflected waves is not easily deduced.
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The time origin for Figures A -4  and A - S  was obtained by examination
of the f i r st  three  fi gures .  The peak-pressure  time for the s ta r t ing  pressure
pulse was taken as t 0 for each of the three  represen ta tive  cases .

Figure A-4 shows the pressure magnitude histories for each of the
con f igu ra t i ons .  The dashed line at p 0.4 psi is taken to be the average of
the rms accelera t ion-dependent  signal , determined from the level observed
jus t  before  t 0. Since the la t te r  level of output signal is assumed to be
present  even if A p 0 at some par t icu la r  time , it is suggested that  the
dashed line should be considered to be a “vir tual  zero axis ” for the
evaluation of pressure magnitude. The levels for the symmetr ica l  silo
case are well below those for the o ther  two confi gura t ions .  The levels for
the SES added case appear higher than those for the revetment alone, but
this evaluation depends to some extent on wh ether the l a rge  amplitude peak
at t 0. 006 is a consequence of the SES or represents the arrival of a wall
ref lec t ion . The times desi gnated t~ and tL~ superimposed upon the curves ,
represent  the t imes that the pressur e crosses the zero axis in the downward
direction (t i) and the time for the lowest pressur e (underpressure )  in the
case of t L~ These times are obtained from Figures A - I  through A -3 .

Similarl y t 0 refe r enced plots for 8( t )  are shown in Fi gure A - S .
The th ree  cases are  plotted on the same axis for comparison . The symme-
t r ica l  case shows relatively limited and i r regular  (30 ° or l e s s )  swings
around the 180° position; on the other hand, the revetment  and then SES
cases show increas ingl y large deviations during the f i r s t  S or 6 msec . The
SES case f ir s t  has a moderate  40 ° swing above 180 ° and then executes an
almost sinusoidal swing with peaks at 90 and 270° , which represent  the
positions on the axis of greates t  SES asymmetry  (offse t ) .  This result  is
consis tent  with a pressur e wave reflection pattern generated by the ver t ica l .
offset , SES walls . The angular  variation as a function of t ime corresponds
to about a 60-Hz rotation of the pressur e force around the vehicle axis for
the ful l-scale case.
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The superimposed symbols for t
L 

serve to reference the peaks and
valleys in the r(t) and 9(t) curves and the shape of the Figures A -I through
A-3 curves. The t~ points also serve this function for Figure A — 4  with
respect to Figures A - I  through A - 3 .  The t~ point indicates the time of
occurrence for the large amplitude peak for the SES case. The simultaneous
direction of 8 205 ° tends to lessen the presumed role of the SES in its
production , but the poss ibi l i ty  of a complex combination of SES ref lect ions ,
flow convection , and revetment reflections still remains.  In any event , the
asymmetry  due to the SES is expected to be more pronounced at hig her
positions on the vehicle than for the revetment surrounded station 3.

CONC LUSIONS

The shock-tube s imulation of the Minutemen I RSLP~ conf igurat ion
launch t rans ien t  flow does exhibit noticeabl e pressure  force  magnitude and
direction changes for the three configurations examined. The asymmetr ica l
revetment  and revetment plus SES cases exhibit la rger  different ial  pressures
force magnitudes and larger  swings of the resultant  direction during the test
time of p r imary  in teres t  for these tests . Because the station 3 positions
considered here  are in close proximity to the revetment and relat ively far
from the (downøtream) SES walls, it can be predicted that this station will
probably not feel the greatest influence from the SES asymmetries .
Therefore, while there is an apparent slight increase in magnitude and large
increase in angular position swing for the SES case between directions of
SES maximum asymmetry,  larger  relative effects are  probabl y to be s een
nearer the upper tip of the vehicle.

The conclusion from the experimental  data (at least for  the station
27. 5 output) ,  is that the revetment and SES additions to the symmet r i ca l
silo exit confi guration do produce increases  in the  magnitude and angular
variat ion of the resul tant  p r e s su re  force .

I

*RSLP R e e n t r y  Sys tem Launch Program
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APPEN I) IX fl

APPLICATION OF COOR DThJATE TRANSFORMATION

TO ‘F l)V - ~ F U L L - S C A L E  F LI GHI  1) A F A

.-\ ppendix A con ta in s a d e s c r i pt i o n  of how the r e c t a n g u l a r  coord inate

p r e s s u r e — d i f f e r e n c e  — f o r c e  component  t ime  h i s t o r i e s  coul d be combined in to

a vector ma gn i t u d e  and d i r ect i o n  pair  of s i g n a t u re s  in polar coordina tes .

and a new viewpoin t for cons ide r ing  the  e f f ec t s  o1 these  fo rces  was thereb y

es tabl i shed .  It is rea l ized  tha t  the da ta  reduc t ion and anal ysIs  technology

r e p r e s e n t e d  by the d ig i ta l  computer  p r o g r a ms  developed for the s h o c k - t u b e

tests coul d also be applied to the  lul l -scale  t e s t  data  f rom the Vandenburg

AF B  launches when equivalent information is available from t hem.

The TDV -3 launch in November 1°77 was the f i r s t  t e s t  for which  four

pressu re  t r ansduce r s  wer e  incorporated at a single upper vehicle axial

stat ion (RAW * section),  ra ther  than the s ingle  pair employed for  a few

previous  launches . In addition , the two radial accelerometers at the same

axial s ta t ion and az imuthal  a l ignment  y ielded a pair of rec tangular  coordi-

nate  components of the total local l a te ra l  acce le ra t ion  vec to r  t ime h i s to r ies

that  could be combined by the same coordinate  t r an s formation as used for

the p ressure  d i f fe rences , to give a total  acce le ra t ion - response  vector

si gnature.  Thus , the re la t ionship  between the time h i sto r i e s  of the p r e s s u r e -

d i f fe rence  forces (input ) and the acce lera t ion  ( r e s pon s e)  at the RAW sect ion

could be compared for insig ht into the degree  of cor respondence  between

them . The remainder of this appendix descr ibes  the application of the

previously developed subscale data r eduction techni ques to the T DV -3  data ,

and an evaluation of the signature comparison for that launch .

EXPERIMENT DEFINITION

The data t rea ted  come from t ransducers  mounted in the RAW section

( axial station 164) of the Minuteman I (MMI) RSLP TDV -3 launch. The

~RAW Re t ro  Adapter  Wafe r

-ct -
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transducers are four ported pressure (acoustic) transducers mounted at

vehicle azimuths of 0 , 90 , 180 , and 270° , and two radial  accele rometers

with sensit ive axes al igned wi th  the 0 to 180° and 90 to 270° d i a m e t e r s .

The data is telen-tetered to a ground receiver on F M/ F M  Link 3’ and the

various f requency mult iplexed subcar r ie r  channels are predetect ion recorded

on a wideband inst rumenta t ion  magnet ic  tape r ecorder .  The 0° pressure

information is on channel F, 90 ° on B, 180 ° on H. and 270° on D. Th e
0 to 180 ° accele romete r output  is t r a n s m i t t e d  on channel  12 , and the 90 to
270° on chann el 13. I -

The time interval of interest begins just before motor ignition and 
. 

-
continues for about 1/4 to 1/2 second . This interval  includes the ignition
t rans ien t , the arr ival  of the N-wav e at the RAW section , range l i f toff

signal , and the return of the pressur e f luctuat ion levels to the lowe r ampli-

tudes c h a r a c t e r i s t i c  of the t ime period a f te r  passage of the N-wave .

DATA REDUC TION

The original data is contained in analog format on the Link 35 tele-.

metered FM/FM frequency multiplexed (subcarrier) magnetic instrumenta-

tion tape . These data , contained in channels 12 . 13, B , D, F , and H , a re

demodulated with the aid of EMR type 4142 tunable d i sc r imina tors .  The

discriminator low pass f i l ter  (7 -pole ) is set to CD (constant  delay, linear
phase , or Bessel ) charac te r i s t i c  to preserve  waveform f ide l i ty ,  and the

cutoff  frequency set to a value appropriate to channel informat ion bandwidth.
The time-dependent discriminator output is passed through an analog-to-

di gital conversion process and an FM calibration program , the result being

a calibrated digital standard data tape .

The p ressu res  at 0 , 90 , 180 , and 270° ( sca la r s )  are d i f f e renced  to
give the appropriate x and y gradients (vectors) .  The orig inal pressur e
waveforms, the differences, and the x and y accelerations are Calcorn p

plotted a f t e r  appropriate digital f i l t e r ing .  These resul t s  have also been

obtained for prior tests .

- . ,  
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The new element in the data reduct ion process reported in this memo-
randum is the t r a n s f o rm a t i o n  of the x, y (or or thogonal ) repr esentat ion to 

- 

-

an r, 0 (vector  magni tude , vector direct ion ) representation . This polar
coordinate t r ans formation  is shown in F igure  B- I .  The s tandard vector  - -

identit ies between orthogonal  and polar coordinates  per ta in , wi th the
x x( t ) ,  y = y (t ), r r ( t ) and 0 = 8 ( t )  being continuous tinie series variables
and the ph ysical  dependent var iable  being e i ther  pressure  d i f fe rence  or
acceleration , as required. The angular coordinate is the launch azimuth
in vehicle coordinates , where  the launch direction defines 0° . and the
clockwise increasing angle, as shown in the fi gure , is obtained by viewing
upward from the bottom or nozzle end of the vehicle .

Calcorup plots of vector magnitude (r) and vector direction ( 0 )  a re  F

obtained to show the time signature of both of these parameters for the
excitation (pressure d i f fe r ential f o r c e )  and the response (acceleration). In
order to show the main features  of these t races , s t ronger  digital fi l ter ing
(lower cutoff fr equency)  was applied in sonic cases.  In orde r to allow the
digital filtering process to give the expected f i l ter  function at these ve ry
low fil ter cutoff ratios , it was necessa ry  to th in  the sample ensemble by
selecting a new sampl e set made up of every tenth point of the original
sample set .  The definition of fil ter cutoff f requency,  for all di g ital f i l t e r ing
considered in this repo rt, is the f requency for which the f il te r  function
amplitude drops to one-half  of the un a ttenuated amplitude .

RES U LTS AND DISCUSSION

The results of this investigation are  displayed by the computer output
Calcomp plot Figures B-2 through B-S.  Each fi gure presents  the exci tation
of ~ pressur e t race  in the upper hal f , and the response or acce lera t ion  in
the lower half , each on a con-tn-ton time base. The resul ts  for bo th vector
magnitude and vector direction are pr esented for cases where the data has
been digitally low -pass f i l tered to 75 Hz and 25 Hz . These frequencies
were selected, in par t, because of an assumption that, in some approximate
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Launch. 75-Hz f i l ter .
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sen s e , t he se  f re quenc i e s  t r e  r e p r e s e n t a t i v e of the range  responsible tor

s i~ n I t i c a n t  loads in th e  s t r uc t u r e .  A more p rec i se  evaluat ion of the sign i —

t i c  ant structural load f r equency  range awai t s  the re su l t s  of studies of

cu m u l a t i v e  modal load con t r ibu t ions  being carried on by hoeing and ‘l’he

Aerospac e C o r p o r a t i o n .

l’he coniinon t lint ’ i.ero r e p r e s e n ts  08 1 ‘~ . 00. 08 7. t u e  or G r eenwich

N-I can Time - The t h re e  solid v e r t i c a l  l ines are to r r e f e r e n c e  purposes

T h ’  line at 0. 208 sec represents the  nominal repor ted  range ‘ ‘ l i f t o f f  t in ie ’’

of 0815. 01. 008 7. . The other  two l ines include a pe r iod where  the exc it a  —

t ion value of ~ p ~~
- 0. 5 psi is deemed ‘‘significant. ‘‘ This time period f rom

0. 14 to 0 . 2 2  sec is also the approximate duration of the N-wave signature

at each of the four pressure  t r ansducers . For re fe rence  purposes  the

‘‘ignition time ’ is at about 0. 038 sec on the le f t  -hand ed ge of the Calconip

t r a c e ;  and the arrival of the p res su re  waves at the  ( s ta t ion  1b4) p r e s su re

ports  is at 0. 08 sec .

Both the pressure  and accelerat ion measuremen t s  a r c  made at th e

same nominal axial loc ation , s ta t ion  1~~4 . It is expected tha t  the local ~ p

force  woul d have a major  role in de te rmin ing  the acce le ra t ion  response ,

but the response  is also subject  to any o the r  fo rces  on the vehicle .  These

forces  produce rapidl y propagated s tr e ss  waves within the structure and

can contribute to the sensed acceleration . The fo rces  include any unba-

‘anced p ressure  forces  act ing on the  en t i re  axial extent  of the vehicle , f rom

t ignit ion t r a n s i e n t  forces , f rom nozzl e flow separat ion forces , e tc .  If t h e r e

is reasonable correspondence in the time s ignature  of the Ap and accelera-

tion functions within the t ime period of interest (within the boundary l ines) ,

then a reasonable spatial coherence of the Ap forces  over some extended

region of the vehicle in the neig hborhood of the pressure  ports , as well as

the measurement po in t , is assumed.

In the vector  magnitude 7 5 - H z  filter case, Figure B-2. the general

character of the two funct ions  is the same, but the duration of the Ap pulse 

—— — -—• --— --- -_--~_—-- —- — - - -  ______



is less than that  of the acceleration . Thi s behavior is reasonable when

consideration is given to the fact  that force input s from other axial stations
can be felt at station 164 . The Ap peak of 1.7 psi is followed a few milli-

seconds later by an acceleration peak of 4 . 0  g.

Figure B-3 presents the related s tory  of vector direction with 75-Hz

f i l te r .  The general s imilari ty of the input and response direct ion-t ime

histories in the interval of interest  is remarkable .  The t races  from 0.08

to 0. 14 sec are also in general agreement .  The remarkable correspondenc e

be tween about 0. 15 to 0 .2 3  sec for the two traces is shown by the near l y
sinusoidal character  with about SO-Hz f requency and 180 ° amplitude , and
with a mean value increasing (with increasing time) between about 140 ° and
200 ° . The acceleration trace is delayed by about 2 to 3 msec with respect
to the Ap t race .  The close similari ty of the directional signatures within

this  time period is advanced as the most signif icant  resul t  of this

invest igat ion .

Similar behavior is displayed by the 2 S-Hz f i l tered versions of the

vector magnitude (Fi gure B-4)  and vector direction (Figure B- 5) .  The

ampl i tude of both the magnitude pulse and the angular  excursions are

reduced when compared to the 75-Hz f i l ter  case , but the same general

j 
behavior and correlation between the traces is observed in a smoothed out

version .

One aspect of the r - e  presentat ion determined worth y of fu tu re  stud y
is the apparent simplicity of possible analytical approximations to both the

r and 9 components when contrasted to the two orthogonal representations

of the same phenomena . This might prove useful in developing the final

MMI  RSLP Lateral Load Forcing Function Model .

One very simplified conceptual model of the load producing action is

provided by a rectangular (or constant ) magnitude function and a sinusoidal

non-constant-mean direction function over the time interval previously

discussed,
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No attempt will be made in this appendix to back out the in f luence  of

the launch fac i l i ty  geometrical  asym metr ies  in genera t ing the observed

s ignatures  due to both the oscil latory charac te r  of the result  and the lack

of alignment wit-h a given asymmetry . These asymmet r i e s  include at least

those in the vicinity of the silo exit , the SES , the revetment  a s y m m e t r y ,

and the umbilical tower and other  ancillary s t ructural  elements . It is

probable that a complex in te rac t ion between these geometr ical  a symmet r i e s

and such features of the flow as wave ref lect ions , the t rans ien t  s t a r t i ng

r ing vortex at the silo exit , and the quas i -s teady sonic or supersonic

annular  jet  flow is responsible for the observed behavior.

CONCLUSIONS

The major conclusions of this  investi gation are as follows:

1. The r - 0  presenta t ion  of Ap and accelerat ion allow additional
insight  into the launch t rans ient  process not easil y per-
ceived f rom the orthogonal or x -y  presenta t ion . The
already developed techniques discussed herein should be
applied to all future RS LI~ launches where  bi-axial  data
is available. Application to selected prior data sho uld
be considered.

2. There is general l y good agreement  between the local RAW
station 164 Ap and accelera t ion magnitude h i s to r i e s .
There is remarkable agreement between the respect ive
directional signatures during the period when their magni -
tudes are significant.

3. Subs tantial, coherent oscillation of both the Ap and ac-
celeration vectors occurs during the significant magnitude
time interval , with an approximate frequency of 50 Hz
and a magnitude of 180 ° (when conditioned by a 7 5- l i z

f i l t e r ) .

4. The observed time coherency implies substantial spatial
coherency of the Ap forces  over some reasonable axial
extent  of the vehicle  in the neighborhood of the RAW
section (station 164).

~~~~
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5. The strong correlation between the directional histories
of upper vehicle Ap and acceleration implies a similarl y
s t r u t ig  basis for the hypothesis that these upper vehicle
Ap forces constitute the major contributo r to the upper
vehicle lateral loads during the MMI RSL~P launch
transient.

6. When comparing the pressure force direction signature
for the shock -tube and TDV-3 cases, similar behavior
with sinusoidal oscillation in the range of about 50 to
60 Hz (referred to full scale by model time scale factor)
is observed for both . There are about 4 cycles for TDV-3
and 1-1/2 cycles for the model . TDV-3 was flown with
an SES on top of the silo , and the SES installed model
case was used for comparison.
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