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ABSTRACT AND KEY WORDS 

*°*els veTf developed to predict the silo environment end the 
effects of a silo launch on a high-performance vehicle. Based upon the results 
of theoretical analyses using those models, equipment vas designed to explore 
launch effects vith three different silo configurations, nanel^ 

1. 
2. 
3. 

Closed hreech, lov plenum pressure. 
Closed hreech, high plenum pressure 
Vented 

MBEX vehicles were successfully launched from the lov- and high-p-essure 
closed-hreech configurations. Utilization of the vented configuration vas 
thH+h^11 the event that insurmountable difficulties vere encS^tered vith 

«Uîr 00 vere the vented 

The silo thermal and pressure environment measured during the silo laurche* 
compared veil vith the analytical results. The effeSs^f sUo lau^Ss on 

S?11 Signlflcantly different from those encountered during a 
surface launch. The acoustic environment in the vicinity of the silo 
correlated veil vith blast vave theory. 

Acoustic overpressure 

ARPA Project HiBEX 

Closed breech silo launch 

High g Boost Experiment 

Sabot 

Silo pressure 

Silo heating rate 

Vehicle skirt strain 
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1.0 FOREWORD 

This report is one of the series of special reports of significant scientific 
and technical findings during Project HiEEX as defined in paragraph 5.7 of 
Technical Requirement Nr. 50o(l). The report describes analytical methods, 
equipment design, and test results for silo launch investigations conducted as 
part of Project EirSX. 

2.0 INTRODUCTION 

The objectives of the HiEEX silo launch investigation were to determine the 
effects of launch from an underground silo on the HiEEX vehicle and the silo, 
and the resulting acoustic overpressure environnent. 

Studies were nade of three silo types; open silo, closed breech silo, and 
vented silo. Two basic silo concepts were examined in detail. These were the 
closed breech silo and vented silo concepts. In both concepts, the rocket 
exhaust gases are expelled into a plenum chamber below the vehicle, and the 
vehicle is guided out of the silo by means of a sabot which had a close fit 
in the launch tube. In the case of a vented silo, the gas pressure in the 
plenum chamber is reduced by venting a portion of the exhaust gas to the 
atmosphere. 

The closed breech launch, with the vehicle aft skirt riveted to a sabot which 
provided a gas seal and guidance in the silo was selected for the flight test 
program. The primary advantages of the closed breech launch are: 

1) Rapid reaction time 
2) Simplicity 
3) Protection of the vehicle from pressure and thermal environments. 

Vented silos were studied and hardware constructed, but not tested. The selected 
silo is shown in Figure 1. 

The open silo launcher was dropped from primary consideration during Task l(2). 
The open silo would have subjected the vehicle to the disturbing effect of 
reverse flow of high velocity hot exhaust gases. No significant offsetting 
advantages were identified for the open silo design. 

The vented silo test was dropped from the program when tne number of silo 
launches to be attempted was reduced to two. The information vilue of the 
results of a second closed breech launch was judged to be greater than of the 
data from a single vented silo launch. The effects of a vented silo launch on 
the vehicle ere not fundamentally different from the effects of a low pressure 
closed breech launch, except for the possibly disturbing effect of the vent 
exhaust, which can be controlled by the vent exit configuration. 

The silo was a test device and was designed to accommodate the three modes of 
launches; closed breech, vented, end open. In keeping with the scope of the 
HiEEX Program, operational or tactical considerations were not included in the 
design. The silo and sabot were designed by using the analytical methods 
discussed in Section 4. No subscale or full scale development tests were 
performed prior to the two flight tests. 

REV LTR 
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The silo structure vas required to survive the heat, pressure, and exhaust gas 

flow of a launch without damage. The silo inside diameter of 10 ft vas 

selected to permit an open silo fly-out launch and to allow adequate working 

space for in-silo operations during the experimental program. The silo depth 

of 50 ft was established to allow a closed-breech launch with a maximum back 

pressure of about l60 psi. Higher back pressures were obtained by filling in 
the lover portion of the silo to reduce the plenum volume. 

Figure 2 shows an external view with principal dimensions of the HiBEX vehicle 

used in tue launch tests. Other details of the vehicle are shown and described 
in Boeing Document D2-99600-l(3). 

Particular objectives of the launch tests were: 

1) Vehicle 

a) To determine the effects of the silo launch on the 

propulsion system performance and operation. 

b) To determine the effects of the silo launch on vehicle 
dynamics and performance. 

c) To determine the effects of the silo launch and sabot 

separation on vehicle structure and on equipment operation 
and survivability. 

2) Silo 

a) To determine the silo internal environment, including 

pressures and heating rates, and compare the measured 
parameters with analytical values. 

b) To determine the effects of the launch on the silo and 

sabot structure, including the launch tube alignment 
and surface of the bore. 

The acoustic and pressure levels in the launch area resulting from the silo 

launch were also measured and compared with analytical results and pad launch 
results. 

BOlEfNG I N0'_^ D2-9960O-I REV LTR 
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3*0 SUMMARY OF RESULTS AND CONCLUSIONS 

Two HiBEX vehicles with overstrength rocket motor cases were successfully 
launched from closed breech silos, one at I69 and the other at 254 psia 
average silo pressures at vehicle emergence. Both launches were successful. 
The launches were part of the HiBEX D-2(4) and D-3(5) flight tests; they took 
place at WSMR on October 22, I965 and on December 2, I965. 

The analytical model used to predict silo pressure and thermal environment, as 
well as vehicle performance, provided excellent correlation between the closed 
breech silo launch predictions and the launch test measurements. 

There were no detrimental effects of the silo launch on either the vehicle or the 
silo. The dynamic structural analysis technique adequately predicted the 
structural effects, including sabot separation shock. 

3.I SILO ENVIRONMENT 

The silo pressure histories during launch were essentially as predicted (see 
Figures 3 and 4.) Consequently, the analytical methods used during this program 
can be used with confidence for predicting pressure in other closed breech 
silos. The capability of these analytical methods to predict vented silo 
pressures cannot be firmly ascertained at this time since no launches were 
made from a vented silo. 

The calculated average heating rates on the silo walls were in fairly good 
agreement with the measured average values. No attempt was made to calculate 
the heating rate distributions along the silo walls. The measured data showed 
a large variation in heating rates between the top and bottom of the silo, as 
shown in Figure 5. This large variation was partially caused by the incomplete 
mixing of rocket motor exhaust gases and air in the silo. 

The flow within the launch tube remained attached to the launch tube walls for 
silo plenum pressures greatly in excess of the nozzle exit pressure. The flow 
became detached approximately 0.01 sec before the vehicle left the silo 
during the D-3 launch. Launching from a silo of lesser volume than the D-3 
would probably result in a longer period of flow detachment during which high 
pressures would act on the base of the sabot. 

3«2 VEHICLE PERFORMANCE 

The effect of the silo launch on the vehicle performance is summarized below: 

a) The rocket exhaust flow remained attached to the launch tube walls 
throughout launch on D-2 and for most of the launch period on the D-3 
flight. As a result, the high silo pressure had only a small effect on 
the vehicle performance while the vehicle .was in the silo. 

2EV hr _ na je/an s0 iE-99603-1 
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*) Th® rocket exhaust flow became detached from the i ».meh +, v-. «. , 
Prior to vehlcl. «»rs«,.« from 

ttot lautoMmg from a .u0 of lasÄS Síía 
«mit ln . Urs«, affect of back pressure on 

c) The nozzle flowed full during the entire i, ,, , 

^ sî: ^ret œtor tb* -ÄoÄrdr 

4) îssr^sst“ zrzzz*the 
Of «hid. «dt fro4 to. silo4asconpared ^ ^ tlM 

•) 

3.3 

coffl5>ensation fÂoÎT^te^^aJTw acwSlítóthelnClUda early as possible. 73 so as to acconplish the maneuver as 

EFFECTS ON STRUCTURE AND EQUIRENT 

^ ^ anl 

and acceleratlon'uaas'oi^toe StTwiÎims tom torS’i ^T!?1 pre“!UTe 

r no^ÄMS- - -ÄrÄTant 
b) The sabot performed as planned, 

design loads. 

S=iHSïï^“ÂîÂrÆ" 

loads Imposed were less severe than the 

3.¾ launch area effects 

“to ÄÄ la 
accuracy. The modified blast wave theory verified hv 2? 1! ^ 8 d 
cm be used to derive otorpresm^ STlS SI gr^S 

^ .^me Su^ “ 600 « Waet Incidence, co^o* ï*50 ft 

Ste^'î?^ f Paîn f0r Personnel was 1500 ft from the launch 
site for sUo launch compared with 85O ft for pad launch. 
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^.0 

4.1 

4.1.1 

analysis and design 

theoretical analysis - SIU) pressures and heating rates 

Equations and Method of Solution 

«ÎÂ VehlCl' and 
approach va» to «tahïïah mss L thlS Sectlon- ^ analytical 
•»tor chanher and vithln the silo reservoir18^ balances within the rochet 
on the vehicle. reservoir, and to establish a force balance 

najo^branches. The fimbrLS COnsisted of tvo 
and the second solved the vented sSo m! breech sil0 Polens.' 
of two sub-branches which were built erounî^v. ThC second branch consisted 
Ä «instantanée. 

« ve^fen^^ în Sly«»?8 ““ 
4.1.1.1 

Rocket Motor combustion Chaaber Equations 

S'tîMîS^Â Ä»ernfSiTOt0r “ 
rate balance equation. balance equation and an energy 

a) Mass Rate Balance 

The mass rate balance vithln the rocket mtor conbnstlon chanter Is: 

Rate of nass Into motor conbustlon chamber from Igniter, 

plus 

î£fa?é,"“S lnt0 ^841011 <*^l>ar frem propeUant burning 

equals 

Mass flow rate through the rocket nozzle, 

plus 

Mass accumulation rate in the rocket chamber. 

The rate balance is written symbolically as: 

Äo + Ab Pb »"b “ C* Pc At + % Vc d 

- (½) 
dO - *c 
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vhere: 

4. 

U i 
► 

K 
3 

o 

pb 

Pb 

«nr 

Pc 

At 

Me 

R 

0 

TC 

- Mass flow rate of the Igniter 

Prqpellant burning area 

Propellant density 

Propellant burning rate 

Rocket nozzle mass flow coefficient 

Rocket motor chamber pressure 

Cross-sectional area of nozzle throat 

Molecular weight of propellant gas In the chamber 

Volume of rocket motor chamber 

Universal gas constant 

Time 

Rocket motor chamber temperature 

b) Energy Rate Balance 

The energy rate balance within the rocket motor chamber Is: 

Rate of energy into chamber from igniter, 

plus 

Rate of energy Into chamber from burning propellant, 

equals 

Rate of heat transfer from chamber to surroundings, 

plus 

Rate of energy expelled through rocket nozzle, 

plus 

Rate of accumulation of energy In rocket motor chamber. 

This is written symbolically; 

REV LTR 
«*«-y>oo wgy. i/m 
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4.1.1.2 Silo Reservoir Equations 

Rie thermodynamic properties vithin the silo reservoir were determined by the 

aid^tfSr^S>,fi?1Uti0n 0f+f ^38 130181106 equation, an energy rate balance equation, 
and a force balance equation. As measured values of chamber pressure and ^ 

temperature data derived therefrom became available from rocket K»tor static 

. veTf used as inPut t0 the silo reservoir portion of the analytical 
nodal) in place of tha foregoing equations. 

a) Closed Breech Silo 

It vas assumed in the closed breech analysis that the rocket gas and air in the 

mi3ced lll8tantarieously and completely. This assumption greatly 
sinpiified the calculations, and vas believed to be valid because of the high 
velocity and turbulent nature of the rocket exhaust gas. ^ 

1. Mass Balance 

The mass balance vithin the silo reservoir is: 

Accumulation of mass in silo reservoir, 

equals 

Mass into silo reservoir from rocket nozzle, 

plus 

Original mass of air in the silo 

Algebraically, this is vritten as: 

“acc - \ +®a 

2. Energy Rate Balance 

The energy rate balance vithin the closed breech silo reservoir is: 

Rate of energy into silo reservoir from rocket, 

equals 

Rate of heat transfer from tt* servoir to surroundings, 

plus 

Rate of accumulation of energy in silo reservoir 

plus 

Rate of vork done in expanding against the base of the 
vehicle and the atmosphere. 
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This is expressed algebraicelly as: 

C30 'v Pc -»t cp (T T. . 
pc V c + Or ) 

■ P V + d J r r 

r r 
\ 

dB 
R-*4- (Tr - Tr) 
«4 

* [(P‘. - 
)(^ - Asep > + tp., - V 

s • s 

-I dV 

1 - 
J dfi 

The symbols that have not been previously used are defined below: 

C30 “ A constant to account for energy losses in the nozzle 
t 

% 
■ convective heating rate to inner surface of silo reservoir 

r 

P 
r 

P 

» radiant heating rate to inner surface of silo reservoir 

* silo reservoir pressure 

■ silo reservoir volume 

* silo reservoir temperature 

equivalent specific heat at constant volume for the 
gases in the silo reservoir 

- equivalent gas constant for gases in the silo reservoir 

■ mechanical equivalent of heat 

* base area of the vehicle including nozzle exit area 

■ pressure acting on the base of the vehicle 

* ambient pressure 

- nozzle cross-sectional area at the point where separation occurs 
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- pressure acting on the nozzle exit for the silo case 

The total convective heat transferred is given by: 

\M *r (Tr - S* ) r total 

The total convective heat transfer coefficient is composed of three terms: 

^total "S + S + S 

a. Heat transferred to surface of annular section of silo: 

^ - (0.0263) kj. j 

15TB- 

0.8 

b. Heat transferred to bottom of silo: 

\ . (C.0263) kr (W/Asj 0.8 

Va 

c. Heat transferred to the inner surface of the launch tube: 

h^ . (0.0263) kr (w/aJ 

3 0.2.. 0.8 

,0.8 

»b X 

sdie-e : 

C P 
wet 

The radiant heating rate is given by: 

\m v-fvr \ 

and, the emissivity of the aluminum oxide particles in the silo reservoir, £ , 
is obtained from: ®r 

€„ T^-i T._ 

6g_ - 1 - e 
■3/2 

X «r 

s. 
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The additional symbols are defined as follows: 

■ Convective heating rate to inner surface of silo 
reservoir 

\ 
■ > Convective heat transfer coefficient to various 
f sections of inner surface of the silo reservoir 

V 

»r ■ Reservoir inner surface vail temperature 

kj, ■ Thermal conductivity of exhaust g*« in the 
silo reservoir 

V - gç - veight flow rate 

■ Cross-sectional area of the silo duct r 

■ Effective diameter of the chamber (silo reservoir) 

■ Exhaust gas viscosity in reservoir 

■ Silo base (floor) area 

■ Silo diameter 
\ \ 

■ Propellant burning area 

■ Yehl le base diameter 

■ Rocket nozxle mass flow coefficient 

• Cross-sectional area of nozzle at throat 
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■ Radiant heating rate to inner surface of silo 
reservoir 

■ Stefan-Boltzmann constant 

*gj, • Emissivitjr of propellant gas (and air mixture) In 
reservoir 

■ Emissivity of inner surface of reservoir vails 

e(exp) a Natural logarithm base 

'«r ■ Concentration of aluminum oxide particles in 
exhaust gas in the silo reservoir 

I 
gj, “ Thickness of exhaust gas cloud in the silo 

reservoir 

gy • Diameter of aluminum oxide particles in exhaust 
gas in the silo reservoir 

b) Vented Silo 

developed for analyzing the rented silo configurations. The 
first method vas based upon the assumption of no mixing of the rocket motor 
exhaust gases and the air in the silo. The second method vas based upon the 
assumption of instantaneous complete mixing of the gases and air vhich vas 
similar to the method used in the closed breech analysis. 

Details of the analytical model are presented in Boeing Document 12-99539-1^), 
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4.1.2 Restrictions, Limitations, and Basic Assnrmt.-irmg 

Sel?rf- inherent restrictions, linltations, and assunptions in the 
analytical method used to calculate silo pressure and^ heating 

a) The basic silo geometry consisted of tvo concentric cylinders, 
ih! i?íerííne being the launch tubei and the cuter one, the silo. 
flatSÍÍat^íhWaS a f1^. p?-ate and the Pressure diaphragm vas a 
flat piate with a center hole, and both were normal to the axis 
£ lit «n í^rSí as Aeplcted in Figure 1. Minor modifications 
wre chS? ^ V0Uld te reqjllred lf t&sic geometry 

b) The closed breech analysis and one alternate of the vented silo 
ver. tosed on the assumption of Instantáneo™ catata 

nixing of the air and the rocket exhaust gases. 

C) for the vented silo analysis vas based on the 
assumption of no mixing of the air and the rocket exhaust gases. 

d) The analytical model calculated the average thermodynamic 

I0®*®1 ^401, chamber and silo reservoir. 

incta^n'S^ïïytas?1''8' ^WC pr0pertlM 

e) SJ®“* gaf thermoajnanlc properties (specific heats, twleeular 
veights, etc.) vere obtained from chemical analyses. 

f) 6110 ™ to he 

8) temperature vere assumed 

h) tatír^TuS^:c^af::s¿v“eMScf“eer 

PhS?1Statanf?Ce re“88l°" r8t' “ ÄoÄace 

i} SSnS^eîiïd!01* Chamber VOlum® was constant during the 

J) ^ t^tu-es vere assumed to increase 

Ä8 fl0W rate °f the ißnlter vas represented by linear functions 

^cSlfrSX^.^Uant ^8 «‘'"«“ted by exponential 

“) ¡ST1 i?" “8Une4 t* turbulent in the rocket motor chamber, 
nozzle, and silo reservoir for all heat transfer calculations. 
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n) The form of the analytical method vaa applicable to solld- 
propellant rocket motors only. 

4.2 TRADE STUDIES 

Several theoretical trade studies were conducted early in the HiBEX program 
to establish the desired silo configurations and to determine the effect of 
the silo launch on the vehicle performance. 

4.2.1 Effect of Silo Volume 

To establish the prr.per silo size for the desired maximum silo pressures, 
a study vas conducted to determine the effect of silo volume on maximum silo 
pressure. Both closed-breech and vented silos were investigated. Vent areas 
were varied from 1 sq ft to 50 sq ft. The results of this study are presented 
in Figure 6. For the smaller silo volumes, the maximum silo pressure is a 
strong function of the volume; also, the effect of silo venting on the 
maximum silo pressures achieved during launch is much more pronounced for «mail 
silo volumes. 

Silo volume also has a significant effect upon other thermodynamic and 
performance parameters during launch. Based on the as sue? t ion of detached 
flow in the launch tube (see Section 5.1)* the more significant effects are; 

a) The maximum average gas temperature obtained in the silo Just prior to 
emergence is substantially higher for the smaller silos. This is demonstrated 
in Figure 7 where average gas temperature histories are shown for several silo 
volumes. Silo volumes of 3200 cu ft and 850 cu ft resulted in average gas 
temperatures of 4500° F and 60OOO R, respectively. 

b) Silo volume has a similar effect upon the theoretical convective and 
radiant silo wall heating rates, as shown in Figures 8 and 9. The maximum 
convective heating rates are almost twice as high for a silo volume of 850 cu 
ft than they are for a silo volume of 3200 cu ft. The maximum radiant heating 
rates for the smaller volume are more than three times as high as for the 
larger silo volume. 

c) Silo volume also has an effect upon the vehicle performance during launch 
if the rocket exhaust flow is detached in the launch tube. These effects 
are demonstrated in Figures 10 through 12. 

The vehicle velocity as the vehicle emerges from the silo is increased by 
about 13 percent when the silo volume is lowered from 3200 cu ft to 850 cu ft. 

The vehicle acceleration as the vehicle emerges from the silo is increased by 
about 33 percent for the same reduction in silo volume. 

The resulting vehicle thrust is increased by about 33 percent for the same 
reduction in silo volume. 

If the flow is attached to the launch tube walls during the entire launch period, 
the effect of silo volume on vehicle performance is greatly reduced. This was 
the case for the D-2 and D-3 launches during a large portion of the launch 
period, as discussed in Sections 5.I and 5.2. 
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h.2.2 Effect of Rocket Motor Ignition Transient 

The effect of the rocket motor ignition transient on silo pressure vas also 

examined analytically during the early phases of the program. Five ignition 
transients were analyzed, each for a series of silo volumes. The ignition 

transients studied ranged from very fast, rising to full chamber pressure in 

O.O8O sec, to very slow, rising to the full chamber pressure in 0.126 sec. 
The resulting maximum silo pressures are shovn in Figure I3. 

The type of ignition transient had a relatively small effect on the maximum 

silo pressure achieved during launch. The reason for this is that the vehicle 

stayed in the silo longer for the slower ignition transients. This allowed 

the silo pressure to rise for a longer period of time before the vehicle 
emerged from the silo. 

4.2.3 Vehicle Guide (Sabot) Selection 

During launch from the silo, a system was required to guide the vehicle in 

the launch tube and to seal the launch tube to retain silo pressure and thus 
prevent rocket motor exhaust gas flow around the vehicle. 

The original HiBEX program included Phase C ^ vehicles which did not have 

a flight control system. A lateral eg offset was utilized to insure down 

range flight to meet range safety requirements. This eg offset was on the 

order of 0.40 in. The large eg offset combined with other possible vehicle 

angular disturbance effects such as thrust misalignment Eind unsymmetrical 

distribution of base pressure in the vicinity of the nozzle exit plane 

produced a high vehicle pitching moment. This moment was reacted by the 

guide system. From this it became apparent that the system design would 

require very stiff reactions and would benefit from a minimum base area. 

Figure 14 compares advantages and disadvantages of the three types of guide 

systems which were studied during preliminary design. Types I and II were 

similar in that they provided lateral reaction at the exit plane and forward 

of the exit plane. These systems required shear pins or columns to react axial 

forces on the guides. These were necessary to avoid high unit loadings on the 

vehicle caused by the wedging action between the cylindrical launch tube and 

the conical vehicle. If the pins were attached to the vehicle, they became 

protuberances exposed to high aerodynamic heating effects and contributed to 

unpredictable aerodynamic flow characteristics. Pins attached to the guide 

resulted in undesirable holes in the vehicle which were also detrimental from 

heating and aerodynamic standpoints. The columns did tend to relieve this 

problem somewhat, but were heavy due to high inertia forces. The conical 

shape of the vehicle required that these types of systems be segmented to 

separate from the vehicle, and, due to their location, the possibility of 

collision with the vehicle existed at guide separation. Neither type I nor 

II provided moment reaction capability during travel through the full length 

of the launch tube, and they were subject to fit problems due to the radial 

and longitudinal expansion of the motor case. They also tended to interfere 

with, or were subjected to, the roll control exhaust. 
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4.2.2 Effect of Rocket Motor Ifinition Transient 

The effect of the rocket noter ignition transient on silo pressure vas also 

examined analytically during the early phases of the program. Five ignition 

transients were analyzed, each for a series of silo volumes. The ignition 

transients studied ranged from very fast, rising to full chamber pressure in 

O.08O sec, to very slov, rising to the full chamber pressure in 0.126 sec. 

The resulting maximum silo pressures are shovn in Figure I3. 

The type of ignition transient had a relatively small effect on the maximum 

silo pressure achieved during launch. The reason for this is that the vehicle 

stayed in the silo longer for the slower ignition transients. This allowed 

the silo pressure to rise for a longer period of time before the vehicle 
emerged from the silo. 

4.2.3 Vehicle Guide (Sabot) Selection 

During launch from the silo, a system was required to guide the vehicle in 

the launch tube and to seal the launch tube to retain silo pressure and thus 
prevent rocket motor exhaust gas flow around the vehicle. 

The original HiBEX program included Phase C ^ vehicles which did not have 

a flight control system. A lateral eg offset was utilized to insure down 
range flight to meet range safety requirements. This eg offset was on the 

order of 0.40 in. The large eg offset combined with other possible vehicle 

angular disturbance effects such as thrust misalignment and unsymmetrical 

distribution of base pressure in the vicinity of the nozzle exit plane 

produced a high vehicle pitching moment. This moment was reacted by the 

guide system. From this it became apparent that the system design would 

require very stiff reactions and would benefit from a minimum base area. 

Figure l4 compares advantages and disadvantages of the three types of guide 

systems which were studied during preliminary design. ïÿpes I and II were 

similar in that they provided lateral reaction at the exit plane and forward 

of the exit plane. These systems required shear pins or columns to react axial 

forces on the guides. These were necessary to avoid high unit loadings on the 

vehicle caused by the wedging action between the cylindrical launch tube and 

the conical vehicle. If the pins were attached t^ the vehicle, they became 

protuberances exposed to high aerodynamic heating effects and contributed to 

unpredictable aerodynamic flow characteristics. Pins attached to the guide 

resulted in undesirable holes in the vehicle which were also detrimental from 

heating and aerodynamic standpoints. The columns did tend to relieve this 

problem somewhat, but were heavy due to high inertia forces. The conical 

shape of the vehicle required that these types of systems be segmented to 

separate from the vehicle, and, due to their location, the possibility of 

collision with the vehicle existed at guide separation. Neither type I nor 

II provided moment reaction capability during travel through the full length 

of the launch tube, and they were subject to fit problems due to the radial 

and longitudinal expansion of the motor case. They also tended to interfere 

with, or were subjected to, the roll control exhaust. 
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The type III concept vas ultimately selected for use and vas more promising 

in all respects except veight. This vas not an extreme disadvantage due to 

the short silo operation time. A small velocity increase vas in fact predicted 

for the vehicle vith the final base area provided. The major advantages of 

type III (trailing sabot) vhich vere responsible for its selection vere: 

a) It could be assembled and machined as an integral part to dimensions 

closely matching the launch tube diameter thereby minimizing angular 
offset and inertia loads. 6 

b) It did not complicate the vehicle design vith shear pins or sockets,latches. 

e) It could be cleanly separated from the vehicle vith 
problem. 

no post-exit collision 

d) 

e) 

It did not confine nor vas it affected by the roll control system exhaust. 

It provided the smallest practical base area and therefore the smallest 

diameter launch tube and the lovest unsymmetrical base pressure loads. 

A suitable sabot separation technique vas the major problem for the selected 

guide system. Itoring the initial travel, the vehicle provided the motive force 

J?f.Íhe-8ab°í; Tb® sabot to skirt tie thus required a tension strength capa¬ 
bility for this condition as veil as for ground handling. The buildup of silo 

pressure then eventually produced forces exceeding the sabot inertia force. 

^g.C0,iprr8ïVe 011 sabot t0 vehi®le Joint. Studies vere made 
shearable type Joints for separation of the 

sabot. The latch involved many parts, vas complicated, and caused concentrated 

T conPlicated hy a separation timing problem 
The sheerabie Joint solved both the problems of load distribution and timing. 

This design involved riveting the sabot and vehicle skirt together at the 

nozzle exit plane by aluminum rivets in single shear. The riveted loint vas 

capable of withstanding the pitching moment and inertia loads during silo 

4iVel,mi?en VaS sheared by impact vith the stop ring at the top of the 
silo. This provided a simple, passive, cleanly separated, perfectly timed, 

re ease of the sabot. Details of the Joint design are discussed in Section 
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4.3.1 

4.3.1.1 

DESIGN REQUIREMENTS 

Vehicle Dynamics 

Vehicle Silo Alignment 

À + 0.5 deg (3 tí*) turnout flight path angular deviation resulting from vehicle- 
silo alignment vas alloved in the total flight path error budget. To obtain 

the required accuracy, control of the alignment of the gyros, vehicle, and silo 

relative to range coordinates vas required. The following 3 £ launch require¬ 
ments vere imposed in the maneuver and cross range planes relative to the range 
coordinates : 

Gyro vertical launch alignment 

Vehicle motor center line 

Silo vertical alignment 

+ 0.3 deg 
+ 0.2 deg 

+ 0.1 deg 

4.3.I.2 Flight Control Operation in the Silo 

The allowable boost burnout flight path error caused by vertical error at exit 

ftrom the silo vas budgeted to be + 0.5 deg. This burnout error vould have 

resulted from a vehicle vertical axis error of + 2 deg. Analysis vas made of 
vehicle motion in the silo vith, and vithout, tïïe flight control system in 

operation. The results are shown in Figure I5. The flight control system 

caused an unstable moment in the silo, but this vas a small effect compared 

to the vehicle pitching moments vhich could be caused by asymmetrical vehicle 

base pressures. As shown in Figure 15, for the mere probable base pressure 

variation (case II), silo guides were required in order to maintain the required 
vehicle verticality accuracy. A closing bias command was included in the 

flight control system to sllmlnate the possibility of TVC injection causing 

asymmetrical nozzle flow separation while the vehicle was in the silo. 

4.3.1.3 Flight Control Operation at Vehicle Emergence From the Silo 

The effect of silo launch on the method of initiating vehicle maneuvers was 

studied, with results shown in Figure l6. Two general methods of maneuver 

initiation vere considered, one based on a preset timer and the second based 

on distance. The time-based method of initiation of the maneuver vas found 

to be inadequate due to the tolerances in the initial thrust transient. The 

basic problems vere: a) for slow thrust transients, the vehicle could not be 

allowed to start pitching before sabot separation, b) for fast thrust transients, 

the vehicle must not have too large a velocity at initiation of the maneuver 

or the maneuver limit would be exceeded. Figure l6 shows the maximum allowable 

velocity that would not result in excessive lateral acceleration loads during the 

maneuver. Figure l6 also shows that the time-based techniques of maneuver 

initiation caused this maximum allowable velocity to be exceeded. Therefore, 

it vas required that the initial pitchover signal not be initiated by time, 

but in a more accurate and positive manner, (distance), such as a svitch actuated 

by sabot separation at vehicle exit from the silo. This method vas chosen for the 
HiEEX launch. 
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*.3.2 Vehicle Loads 

U.3.2.1 Structural Heating 

Since a closed-breech silo was utilized for HiBEX, the vehicle vas isolated from 

rocket motor exhaust gas flow by the sabot seal.. The thermal environment 

encountered by the vehicle during launch from a silo vas therefore not signi¬ 

ficantly different from that encountered during launch from a surface launcher. 

The roll control gas generators vere ignited 50 ms prior to ignition of the 
rocket motor, so that there vas a short period during vhich the hot roll 

control gases vere confined betveen the skirt and the launch tube. The addi¬ 

tional structural heating so produced vas found to be slirfit, and no specific 
protective measures vere necessary. 

*.3.2.2 Structural Loads 

The sabot configuration selected for the HiBEX silo launch vas a trailing 

cylinder attached to the aft skirt by means of a tension tie. The sabot vas 

separated from the vehicle vhen the sabot struck a heavy steel stop ring as 

the vehicle left the silo, thus shearing the rivets betveen the tension tie 

and the aft skirt. This concept for the sabot caused the following load 
conditions: 

a) Longitudinal and lateral loads, and internal pressure during travel 

in the silo determined the structural size of the sabot and°the tension 
and compression requirements of the sabot to aft skirt joint. 

b) Internal loads of the sabot at impact vith the stop ring required a 

sabot design that insured the integrity of the sabot until the rivets 
betveen the tension tie and aft skirt vere completely sheared. 

c) An impulse load on the skirt caused by shearing of the rivets vhich 

must not exceed the structural capability of the skirt attachment 
to the rocket motor. 

For loads purposes, it vas assumed that the lateral motion of the vehicle in 

the silo did not affect the vertical motion. Therefore, the longitudinal 

trajectory parameters could be taken fron independent analysis and used as 

inputs for the loads equations. Both maximum and minimum pressure launches 

vere considered in order to give maximum compression and tension loads. 

The lateral reactions of the sabot vere determined by solving the dynamic 

lateral equations of motion. The solutions vere checked by reducing the dynamic 

equations to their static form. Lateral bending loads vere determined from the 

lateral reactions during vehicle travel in the silo and at exit. Axial loading 

of the vehicle aft skirt and sabot vas determined by summing the axial pressure, 

inertia, and friction forces active during launch. Axial loading of the aft 

skirt at sabot separation vas determined by analysis of a mathematical model 

of the skirt vhich included a mass to represent the roll control equipment 
mounted on the skirt. u * 

The sign convention and coordinate system used to derive the equations of 

motion are shovn in Figure I7. The results of the structural loads analyses 
are presented in subsequent paragraphs. 
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( a) Pynamic Lateral Equations of Motion 

dyaamic^ateral Equations ^of ^ s°lvlng the general 

I® = t/ DÙf = F 

vhere: 

I * Ma”ent of ‘««ia of sabot and rehlcle about the . .. nicle about the center of gravity 
° •= Angular acceleration 

t' - Monents about the center of grarlty 

"■ » Mass of the vehicle and sabot 

ï - lateral acceleration of the center of gravity 

P ‘ later£a forc« acting on the vehicle 

S'tirstóoí Iln^virufaTa n^nU^T17 StIff an<i ^ spring rate 
assumed that the vehicle vas rlvtn'11 functl°n of deflection, it vas also 
flogs; the lateral equations of motlon^re thenT flexlfclllti’ of the sabot 

lè-v +^v, ft '_R 

f y cc. m-y + cr p * ‘ ^ 

Y = R1.+ Ra-R,-RM+ re -crr m 

Also, 

ó' =““í>, +Y - Ö 

- Y -fxF^ 

^j> ~ ~ o 2> - Y + ^ A 9 

Sv s ' Sos + Y-X^ a 

Where the symbols not previously defined are: 

* * Lateral deflection of the sabot centerline a+ tv, 
cenTfe.line at the reaction point 

R = A non-linear function of £ v 
sabot ring bearing against the silo Serf® Stiffness of th« 

U = Coefficient of friction of tv,o v j. a. inction of the sabot bearing surfaces 
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r = Radius of the sabot 

T = Thrust 

= Initial clearance between sabot and launch tube o 

YCG = Lateral center of gravity offset from the thrust line 

C = Coefficient to account for unsymmetrical pressures acting on the 

p base of the vehicle and sabot 

CT = Angular misalignment of the thrust 

p = Silo overpressure acting at the base of the sabot 

Subscripts 

1,2,3»^ = Sabot reaction points 

The relationship between R and 6 was determined by assuming that the sabot 

rings bore against an infinitely stiff launch tube. As the contact between 

the rings and the launch tube increased, the spring rate of the sabot rings 

increased. The shear deflection of the sabot was incorporated into the spring 

rate of the aft ring. The resulting force versus deflection curve for each 

ring is shown in the upper part of Figure 18 ftr nominal spring rates. 

The above equations were solved to obtain histories of lateral motion and 

sabot reactions as the vehicle was launched from the silo. A typical solution 

for the sabot reactions is shown in Figure 19. 

In order to check the solution, the dynamic equations of motion were reduced 

to their static form (i.e. ‘Ó = 0; ÿ = 0). The resulting equations were, solved 

with various values for the sabot ring stiffness (spring rates). The lateral 

reactions were determined from both the dynamic solution and the static 

solution. A comparison of the two solutions is given in the lower part of 

Figure 18, which shows that the static solution gave higher values for the 

spring rates considered. Further study determined that the dynamic solution 

was transient and had not attained the maximum reaction by the time the sabot 

reached the top of the silo. If the dynamic solution was permitted to run beyond 

the silo exit point, a peak value of about twice the static value was found as 

shown by the points in the lower part of Figure ^8. This dynamic magnification 

factor of two was reasonable if the frequency oí the sabot and the vehicle was 

low canpared to the forcing function (the ignition transient). 

An additional check of the equations of motion was made by determining the 

frequency of the vehicle and sabot. The expression for the frequency was: 

(l-nf)* mb1 t kT~ 
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Where the 

a = 

b = 

c = 

f = 

K * 

symbols not previously defined are: 

( K, Xp * -t Kj 
r 

[Kj xA - K, y, 
rv\ 

CKi -j- bX-i 
r*l 

Frequency of the vehicle/sabot in the silo 

Equivalent spring rate for sabot reactions 

3he solution of the frequency equation can be compared to the frequencies which 

are apparent in the dynamic solution shown in Figure I9. In this solution the 

vehicle initially had just the aft reaction (RO in light contact due to clearance 

between the sabot and launch tube. With the appropriate spring constant for Ro, 

the frequency equation gave a single value of f-,-37.8 cps. This value approxi- 

asree<i the dynamic solution. At a later time in the analysis, 
both forward and aft (Rj^ and R3) reactions were in contact and the frequency 

e^Ua^jn fl“3»57 cps and f2=9^*6 cps. Hie high frequency was readily 
checked in the dynamic solution. The low frequency is apparent in the dynamic 

solution, however, it was difficult to obtain a good check on its magnitude. 

Hiese frequencies throw some light on the dynamic magnification factor discussed 

previously. Hie low frequency degree of freedom had a relatively large period 

compared to the ignition transient. Thus a dynamic magnification factor of 

two would be expected in response to lateral driving forces which had histories 
corresponding to the ignition transient. 

b) Lateral Bending Loads 

Hie lateral bending moments were determined from the general equation: 

MA - P i 

where: 

- Bending moment about point A 

F = Lateral force 

yC = Moment arm 

Referring to Figure IJ the detailed equation for lateral bending moment was 
of the form: 

A C aaiot ) + h Ç+ j— Rt " Rf ) + — ^*/ ) 
+ J., ( R^- *. ) “ rnA ( Ÿ _ ¿ + Ia & - Y c & y 
+ ¿3 $ V 
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Where the symbols not previously defined are: 

r = radius of the sabot reaction rings 

i3 «. distance from point "A" to aft reaction 

distance fron point "A" to forward reaction 

distance from total vehicle c.g. to sabot c.g. L- 

- distance from point "A" to sabot c.g. 

s 

YCG 

moment of inertia of sabot about a normal line through point"A” 

assumed lateral c.g. offset 

parameters vere taken from the silo launch analysis and 
wlutionrS tblZ rf*81, at f6 StI'° Hi8h "étales frcatte static 
âbMt î-t/4 " Ï0“14 °ccur after 0,6 ïehlcle "ad traveled . . y shicle lengths farther. Reasonable sabot reactions for the load 

0ï,tal?ed frCm Elutions with the Sase D v^Se 
characteristics^^ae loads results are shown in summary form in Table I. 

Ver? deîemined by sunming the axial pressure, inertia and 
friction forces active during launch. The general equation was: 

PA * Vs + V +^R 

where: 

P A 

Pb 

m. 

Axial load at point A 

Pressure acting on the base 

Base area at point A 

Mass aft of point A 

X * Axial acceleration 

X/ R = Friction force 

The detailed equations were of the following form: 

PA - •‘bVV* *2*2* M3*3**kh*rD 
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TABLE I 
LIMIT SILO LAUNCH LOADS 

Load 
Parameter 

Bending Moment: 
On Joint M. A 
On Skirt M. 

A 

«B 

KC 

Detached Flow 

Max. Compression 
Silo Overpressure 
= 235 psia(Nominal' 

+ 235,000 in-lb 

+ 189,000 in-lb 

- 48,600 in-lb 

+ 99,000 in-lb 

Load Condition 

Maximum Tension 
Silo Overpressure 
= 100 psia (Nominal) 

+ 158,200 in-lb 

Attached Flow 

Maximum Tension 
Not Dependent on 
Silo Overpressure 

+ 29,700 in-lb 

Axial Load: 
On Joint PA 

A 
On Skirt P. 

A 

Lateral 
Reactions: 

*1 
R- 

23.200 lb 

68,800 lb 

75.200 lb 

40,000 lb 

20,400 lb 

14,600 lb 

+ 30,700 lb + 29,300 lb 

Assumptions: 
D vehicle c.g. offset - 0.1" 
Sabot to launch tube clearance« 0.1" (on the diameter) 
Fwd* sabot ring stiffness « 570,000 Ib/in (maximum) 
Aft sabot ring stiffness « 310,000 Ib/in (maximum) 
Sabot weight » 200 lb. 
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U “ f0e£fi®ie,nt of friction of the sabot reaction rings at points 
dy ¿y 4* 

R = lateral reaction forces at points 1, 2, 3, 4. 

Pjj * surface drag due to flow 

theaia^î!S+Îïe e(luation> it vas significant whether the flow in 
the launch tube was detached or attached. Detached flow would result in Mí* 
oppressive loads at vehicle exit from the silo when S baS presse îas £ 

tf18 ÍTi0n load un4er det!lchei flov conditions va! the result of 
Î^ ^“o!8 hV:8„n(MCk Pr“8Ure “d “^-ation; the maximum loaa occurred for the minimum silo pressure launch at a time prior to silo 
exit. Por a launch with attached flow conditions, the sabot base does not feel 

Mit ihenPïhSSU^e^th!^ef0^e, the tension load would occur at vehicle 1 
níi ^ greatest acceleration occurs. Ohe static analysis for detached 

minimuiil sil° Pressures yielded the maximum tension lo^ds* 
the dynamic analysis yielded lower loads. A loads summary is given in Tablp I 
Loads calculated for a silo launch with attached flow coitions Se also 
given in TJable I. These loads were obviously less than the design tension condi 

atüíhS np”¿nSuSr ä8Si8n l0aäS ï8rC SUfflClent for elth" d'ta<**d ‘ 

d) Sabot Loads at Separation 

Figure 20 shows the stop-ring at the top of the launch tub 
sabot, and the tension tie to the aft skirt of the vehicle 
response of the aft skirt to the sabot separation loads wa 
means of the model shown in Figure 21. 

the top of the 
Hie longitudinal 

determined by 
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Skirt Mass-Spring Model 

Hie skirt shell vas divided into nine equal length mass lumps (m ) and to this 

vas added a mass spring representing the skirt-mounted portion n of the roll 

control system. A tensile impulsive force, F(t), representing the shearing of 

the sabot to skirt Joint, vas applied to the aft mass. Hie resulting force 

vave in the shell is shovn in Figure 22 along vith the force applied at the 

aft end of the skirt. This figure shovs the attenuation of the load as it 

entered the structure and travelled forvard. Hie vave rebounded from the skirt 

to motor attachment and reinforced itself, doubling its magnitude at that point. 

Hovever, the load at the skirt to motor attachment vas still only 60f> of the 
load applied at the aft end. 

Another loading condition existed vhen the skirt to sabot joint, (point "A" 

in Table l) had a compression load resulting from the high silo nressure launch. 

The magnitude of this load vas determined by p/ * 2 TT r ( jg t , ) • When 
A 2TTT nrz 
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:riïÂ“f ::â; « èt^Sf rOTM 
tte solution Indicated that the accelSSn leveí ^ÍJ ÔÍ Sn.f™- 

s analysis showed that there were no structural problems caused bv th* 

impulse ioading since the dynamic load was not greater than the load^rior 

to sabot impact. It was estimated that the roll control on the "D" vLiclp 

Se a^eCu^Sl“ ^ ^ °f 8 ^ the nOTinal Stead* 

HriSÏF-“» s^sr-Ä -¿z«1 
Pcrush * Slock DSb 

* 0.75 TT k2 X 20,000 = 2 X 10^ lb. 

Where: 

Pcrush “ ûxial load applied by sabot 

Slock * vidth of snubber 

D * diameter of snubber ring 

S “ ultimate bearing strength of snubber ring 

ÍL“ SÂpSF tte 8h0rt tl,le Perl0<l lnVOlïed' ^ Of t»o sabot 

w, 

3 
V - 2.X 10L -3a Xs - -r -- 3 3, 300 3 

Xs 1 Pcrush 

Where: 

1 

W = wei^it of sabot 

Xs ' acceleration of the sabot 

r—» 
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The tension tie bolts must then have the following strength: 

\a4 Uns.cr» Tie + P ft ¡vets 

Vhere: 

B 

c 3 3, BoOx 6 -t / 0 0/000 ^ 3 ooy 000 I b 

= required strength of tension tie bolts 

>• 
-J 
z 0 

DC Ui H < Z 
z 
UJ 

oc * UI 
CL >- H 
* O 
u. 

UJ 
*0 3 

rivets = ultimate shear strength of skirt to tension tie rivets 

W. 
Tension Tie = weight of the tension tie 

£ ™s ««f 1«1 that a large gap be left between the tension tie and other 

the^eñsí£ ÍT n°fZle falrlne) "ISht otherwise bear against the tension tie during the deceleration. 

hei^lt of the sabot snubber ring the acceleration of the stop ring, also, was found: 
t • 

P Vp — Pc.rujh 

Where: 

8 ZJLUZf = ¿.zoo * 
3ZZ. 3 

Wp * weight of the stop ring 

• • 
Xp = axial acceleration of the stop ring 

Wie vebicle was assumed to have zero acceleration. Then these accelerations 
ere double integrated to obtain displacement as shown on Figure 24. This 
igure shows that the height of the snubber ring required was 0.6 in. Repeating 

Vei6ht °f the Sabot beinG st0PPe<i showed a'ring118 
folWnv lllJi r?<1Uír?í* y the crushinß strength of the ring the following tension tie bolt requirements were determined: 

% 

20,000 psi 
30,000 psi 
50,000 psi 

’Bolts 

300,000 lb. 
400,000 lb. 
600,000 lb. 

^Ll°y^CeTtfntieA lnVOlved in the analysis (such as the portion of the 
riLVo ïn tiStv'o îcfT de?íded t0 Use a ^000 Psi aluminum snubber 
ïoofoooib?* b 0,75 in* e* ae tension tie bolts were designed to 
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Nozzle Loads 4.3.2.3 

With separated flow existing in the launch tube the silo pressure could also 

cause separation of the flow from the nozzle walls. Ihis resulted in pressure 

distribution shown in the lower part of Figure 25 for the nozzle design loads. 

Summation of the pressure forces plus inertia loads resulted '.n the following 
nozzle axial load equation: 

Sep. 

^*1107 * ” P. A. “ p. A +W„ . X 
R0Z Threat 11 sep. Nozzle 

where the terms are defined above or as follows: 

PNOZ c nozzle axial load 

p^ * normal nozzle pressure 

z 0 
•J 
< 

Z 
IU 
H 
K 

S 

CL 
>• 

ft 
O 
IL 

Ui •o 

* projected area of the nozzle back to the separation plane 

Pjj - pressure acting on the base 

Asep * separated area of the nozzle 

^Nozzle * weight of the nozzle 

X * longitudinal acceleration 

Nozzle axial load obtained from the above equation is shown in the upper part 
of Figure 25. 

4.3.2.4 Vibration 

A marked increase in the vibration level of the vehicle second stage was 

expected for the open silo launch configuration. Siis increase over the pad 

launch configurations was predicted in anticipation of the envelopment of the 

vehicle by the hi#i pressure silo blast wave. The design vibration environ¬ 

ment for the closed breech silo conservatively retained the allowance for 

envelopment of the missile by the high pressure wave discharged from the silo 

after launch. However, the launch results discussed in Section 5.3 indicated 
that the silo discharge pressure wave did not affect the vehicle. A more 

complete discussion of vibration may be found in "HiBEX Vibration Environment". 
re-99572-iu;# ' 
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4.3.3 Sabot Design 

Prior to launch, the sabot supported the vehicle, allowed free rotation of 

the vehicle for azimuth adjustments, and provided the necessary hardware for ?uick disconnect umbiYtcals at both the base and top surface of the sabot 
See Figure 26). 

4.3.3*1 Sabot Structural Requirements 

Structural design requirements for the sabot were as follows: 

1. The sabot must withstand the loads specified in Section 4.3.2. 

2. Ihe sabot must provide for handling equipment attachment for vehicle 

emplacement in the silo. 

3. The sabot must support the vehicle prior to and during launch and 

provide for positive separation from the vehicle at exit from the 

silo without damage to the vehicle. 

a) Structural Description: 

The sabot structure consisted of circumferential rings at stations 196.57 and 

221.57» 10 longitudinal intercostals uniformly spaced around the circumference, 

and an insulated 7075-T6 aluminum alloy inner shell. The rings and inter¬ 

costals were fabricated from 7075-T6 aluminum plate and extrusion respectively. 
A wedge shaped fairing was installed inside the sabot shell to provide flow 

transition from the nozzle contour to the cylindrical sabot inner shell. Both 

the shell and fairing were insulated against heat from the rocket exhaust by 

teflon sheet bonded to the exposed surfaces. The base ring was insulated by a 

cork ring bonded in place. Hie sabot was attached to the aft section skirt 

base by a tension tie ring bolted to the sabot upper ring, and riveted to the 

skirt. 

A close fit was maintained between the sabot and the launch tube to minimize 

the exhaust gas leakage and silo loads, and maintain the desired launch angle. 

The nominal launch tube inside diameter was 44.500 in., and sabot nominal diameter 

clearance was 0.075 in. 

Teflon tape 0.010 in. thick was bonded to the ring surfaces contacting the 

silo wall to reduce friction drag load. 

b) Design Criteria: 

The following criteria were observed in the sabot design: 

1. Limit design loads during launch were increased by a factor of safety of 

I.5 to obtain ultimate design loads, (excluding the sabot/skirt joint 
loads.) 
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2. The proof tested st. gth of the aft rocket motor case extension Joint 

vas 116,000 lb. The maximum sabot separation tension force, minus 
skirt inertia, must not exceed this value. 

3. The factor of safety for the sabot/skirt Joint vas I.25. 

4. Ground handling load factor of safety vas 5.0. 

The sabot components must not break up at impact before the sabot/skirt 
Joint rivets sheared. 

6. Structural strength margin of safety of components must be ¿0 at 
design ultimate load. 

c) Analysis and Design: 

Final design analysis of the sabot structural components considered an internal 
sabot vorking pressure of 40C psig although dynamic loads analyses vere based 
on a nominal pressure of 235 psia which was increased by factors to account 
for above nominal performance, including motor thrust variation. The structure 
vas Insulated from heat from the rocket exhaust so that no degradation in 
structural strength would occur from temperature effects. 

The shell was analyzed for both internal pressure and the combination of bending 
moment and axial load during launch. Data o.i the elastic stability of shell 
under combined loads vere obtained from Boeing Document 132-3617(9/, and the 
analysis considered combined stresses as follows: 

*3 + R, 
1.0 

where R Ratio of applied to allowable stress; 
subscript B refers to bending stress and 
subscript c refers to compression stress. 

The shell was found to be critical for the design ultimate internal pressure of 
600 psig. A longitudinal splice provided circumferential strength continuity. 
The shell thickness was increased locally at the ring attachment for disconti¬ 
nuity stresses. 

The rings vere analyzed for the reaction loads imposed by the sabot resistance 
to vehicle overturning moments. The design considered the reaction load to be 
applied to the ring in a cosine distribution. The ring section was then 
designed to withstand the resulting combined internal moment, axial, and shear 
loads based on closed ring analysis(lO). 

Intercostale were spaced uniformly around the circumference between the rings to 
resist the twisting of the circular rings caused by drag loads and non-uniform 
base pressure distribution. Design analysis combined the load induced by bending 
due to internal pressure deformation of the shell with an equivalent axial 
compression load due to the over-all bending of the sabot and pressure forces 
on the base. 
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The wedge shaped fairing was designed by tension loads due to internal sabot 
pressure and attachment requirements to insure that it would not break up 

prematurely due to hi^ deceleration forces developed at impact of the sabot 

St0p rinS* ^ fairing was attached with 55, 5/l6 in. diameter, 
160,000 psi heat treated steel bolts. The tension tie was bolted to the upper 
sabot ring with w, 1/4 in. diameter, 160,000 psi heat treated steel bolts. 

Other sabot structural cmponents had butt fit compression lead carrying surfaces 

bearing against the upper sabot ring to prevent premature failure and flying 

'-Tie sabot/skirt joint design data are shown in Figure 27 and details of the 

joint are shown in Figure 20. The important requirements of the joint were: 

1. It must provide sufficient strength to carry the combined loads 

imposed by the vehicle disturbances as it traveled up the launch tube. 

2. It must have an axial tension failing strength below the proof tested 

axial tension strength of the rocket motor aft skirt joint minus skirt 
inertia load. 

Figure 27 illustrates graphically the compliance of the joint design with these 

requirements. Rivet single shear strength used for development of Figure 27 ar 

shown in Figure 28. Hie figure shows the cumulative probability of rivet 

failure as a function of rivet strength, and the values used for the joint 
design based on a statistical analysis. 

4.3.3*2 Sabot Thermal Requirements 

The following thermal requirements applied: 

1. A thermal ablative liner over the inner surface of the sabot must 

limit the temperature rise in the sabot structure to 100°F or less. 

2. The sabot material bearing against the launch tube must be compatible 

with the environment caused by the roll control and rocket motor exhaust 
during emergence from the silo. 

- 3« The sabot configuration must effectively seal the launch tube during 
launch. 

4. Hie sabot configuration must provide a smooth fairing from the rocket 

motor nozzle thrcugi the cylindrical section of the sabot to the exit 
plane of the sabot. 

5. The sabot structure must not interfere with the roll control system 
exhaust. 

The thin aluminum skin of the sabot required protection from the rocket motor 

exhaust gases. Teflon was chosen because it was relatively flexible and easy 

to apply, and tough. Charring ablators were felt to offer no Improvement 

because the char would be removed by the high velocity gas flow and particle 
impingement. 
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CONFIDENTIAL 

ïnvesUgatl.Qn of ablation material thickness required was unde--tnir¿ . 
sabot design. A theoretical estimate of the convective *nï Î ^! v. ing 
rates on the inner surface of ^ nvective and radiant heating 
of impinging hot metallic oxide particles ^rTthe^h? Fisurt effect 
and tests of cold particle imrin^ent on ^ SlatinS surface was unknown. 
Hypersonic Wind Tunnel were ^conclusive Considerad in Boelng 
in these tests, however and it le abrasion observed 

Furthermore'^6^'"086 CaÍculated on the conventLnS'basIf o? 

S^rSeTto ac“:8SS eifert XlT Tl? ^ ^ material 

so that a relatively thick laver vonlH b 100 VaS n0t opaque to radiant heating, 

äääota of the 
Silo Configuration 

and ™Ít4°£í?í!¡£“e™ SU°’ 0l°Sel breeCh 

Capability8 ^ SÍ1° ^ Vehicle Structural 

ana in radial loadi^ Se ront ' Sab0t VehlCle aft sklrt 

ss-xr: 
SiVÄt: uSr n,nr tb.e rucai 4eai8" ^^ 

-fvaTÄÄ^ 
structural test tó a presaire of lïl ''“‘«“stalntenage during the nozzle 

^ — Âu^îfh^ 
4.3.4.2 Silo Size Determination 

SôoCmSS1oefânlaU"Sea ,reqUlred 8110 P1'"™ '»i-as to be variable from 
iiSrcn rfV 1600 cu rt- ^ Pressure silo dimensions of 10 ft diameter 
during the TaskTstSf2)1Sh^ “! “bl!factory for the 3200 cu ft volume 

ty • 3be 10 ft diameter also provided work space around 
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COVFmm At 
——»tïrtii- 

the launch tube for service +i»n+<y%„ mu 
achieved by partially filling the sil^iit^aan^r 8Í1° PlenUm Voluine 
concrete floor faced vith steel This f? d d coverinS the sand with a 
the originel floor ^ ^ ‘0 

^•3^.3 Launch Tube 

0.75 In. thick after nechíSng. ríeel “d nominell, 
provided on the outside of the launch tube to v+r\^1’ 4oltinS flanges were 
Stop ring, pressure äiX^ ^ bise Plate =hbot 
stand a maximum operating differential nre«,^ ^6) Was desiSned to with- 
inside surface. The laünch tube bottomPfi °f ^°° pñi on the outside or 
load of 2,800,000 lb derived bv c^ííní 26 re<1Uired to react a tension 
diaphragm load with the^pac^loS the PSi pressure 
flange. Removable hatches^ flush witt thfinn^ separation at the top 
integral part of the tube in oiler t^accLÍÜ Í 8UrffCfi Were re<luired as “ 
testing after the vehicle was emplaned íÍ^^V^ÍÍ;1118' handllnSi and 
heavily coated with molybdenum^sulfidí inner surface was 
oxidation and motor exhaust deposits. & lubrication and protection from 

0"0Ä rtbo°bree 0;030 m., round within 
finish was required to be 32 microinches rms. vertical- The inner surface 

Pressure Diaphragm and Base Brackets 

members bitieM^^iriali^nfthl prlma1y suPPort 
around the tube was made pressure tilt bi Î ^be. (See FiSure 32). The annulus 
A silo pressure of kOO pel would Induce a 3,900¾ f" Äphr^'0' 

«re'ThledlottiÖlaT .“111 ‘1 f0Ur plate «-at 
fabricated fron structural A-36 steel wlthllaf^tbfl 411 CQmponents were 
to k in. Structural design criteria nlílll thickness varying from 1 In. 
loads (limit loads) and no failure at’ultlÎe £a£ (IIVÍi^jT" 

^•3.4.5 Vented Silo ' Requirement.', 

SellTdUll llrlalllUlSr I“4 40 bl~4 
vouid produce a marimum pressure of 235 psIateSgl Isel^chlZc^^ 

designed with mlntalsll orlfll^at^uldle1 °it’ Id" hard“are vse 
tata freu, the Initial closed-brel Hes 4 “ in41Cate4 blr ^ 
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Vented exhaust gases from the diaphragm orifices were directed 30 deg outward, 

by louvers through the moat cover segments. The minimum louver area vas I.5 

times the orifice area. (See Figure 33) 

U.3.^.6 Supplemental Requirements 

A removable work platform was required at approximately the -23 ft level to 
gain access to the sabot umbilical fittings and lower launch tube service 

hatches after vehicle emplacement in the silo. Removable wall ladders were 

bolted to the silo wall throughout the entire silo depth. Ladders were staggered 

I80 deg to provide for personnel safety. All ladders were equipped with safety 

belt attachments for use by test personnel. 

Qttick-disconnect fittings for all umbilical servicing at the sabot base were 

housed in fabricated steel enclosures. This insured against flying parts 

that could damage the silo instrumentation. The enclosures were designed to 

resist 600 psi blast pressures resulting from exhaust plume impingement. 

All tubing and wiring was securely clamped to silo structure and routed in 

protected areas between the vehicle and the umbilical service box built into 

the silo wall. This equipment was required to remain secured during launch. 

Covering and fairing of the 8 ft deep moat formed by the launch tube, silo wall 
and pressure diaphragm was required at ground level to eliminate unsymmetrical 

exhaust plume deflection onto the vehicle after it emerged fron the silo. Moat 

cover sections were made from 2 in. thick A36 structural steel plates to resist 
a load varying from I50 psi at the tube lip to 50 psi at the silo wall. The 

cover consisted of twelve segments to simplify handling during silo refurbish¬ 

ment. One segment was fabricated from aluminum and hinged for use as a personnel 
access hatch. 

Instrumentation outlets and mounting facilities were required throughout the 

silo plenum to support all possible silo launch configurations. Twenty-one 

instrument mounting boxes were built flush with the silo wall. Boxes were 

equally spaced along the East-West wall, the pressure diaphragm, and the silo 

floor. The instrument mounting plates required close tolerance control with 

the instrument box for pressure sealing and fairing requirements. See Figure 3^ 
for -typical box detail. 
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intercckîe cting wiring and 
EÜCTS TO TRANSDUŒR JUNCTION BOX 

SILO LDER 

I.D. LINER 10' 

FLUSH COVER AND 
MOUNT PIATE 

/—I (REF.) • 
< y J PRESSURE TRANSDUCER 

(REF.) 
CALORIMETER 
INSTRUMENT 

TYPICAL SILO INSTRUMENT EISTALIATION 
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4.4.1 

SILO LAUNCH HiSTRUKENTATION 

Heating Rates 

STS Lw !nA the rocket exhaust gas is sealed off 

Objected to b^th t r the VehlCle ln the plenum* ^e 8ll° walls are 
Staî heatiL rîïi. ÎÎÎ Î convective heating. To obtain both radiant and 
rSSn^e ÎS f°mparison with theoretical calculations, rapid 
response low and high range heating rate instruments were developed. P 

Oto^^/ftS^Ï6^“8 rat? “jurements were required. A high range, 
range to^^O^BTU/ft^ru» required for near t^e silo floor. A low 

SHSHS&Fr—“ 
nSSlázHSiíL“ «=?“ 

4.4.2 Pressures 

Pref8?res t0 be “»easured in the closed breech launcher were: l) silo 

pressure fo/detemiLt! ^ 8tatÍC pressure» ^ 3) launch tube static 
<Jet«™lnation of flow separation. Silo volume was adjusted by 

thii°riou^etWeen,tef8 t0 yield the -PP-ximate SsSd sSo 7 
f. f thls required some instrument relocation. For two test volumes used 

plenum pressure instrumentation was sealed for 160 psia and 360 psia. ’ 

SSSstivrsZin^r^r™’ WhICh UtlliZe a sma11- tMn «»Ptoagm rtth 
. train elements, were used to measure the silo pressure The 

^o311'4 ln tl,e äll° ^ tuws aS™ iT Figures 35 and 36 for the D-2 and D-3 launches, respectivelv A silo nressurc 
Instrumentation list is contained in Table III! Sll° pres8ure 

4.4.3 Vehicle Performance 

MerthTano eXhfUBt 8“ flr“ separates from the launch tube, pressure 
rïh^atot s£eï “ l?e baSe of the If »«P^ted flow oecuH 
will.^n^l!^/1'’8. ln part of the rocltet r022le, those pressures 
S=«LfiriL v.MMe“ , pressure c“ produce a iignificLt 
increase in the vehicle acceleration in the launch tube. 

üTthe eno n. specifically designed to measure vehicle performance 
¡^celL^r “““«““‘s «re made with the airborne lineL 

and iS Med to Sck Tl “ 8004 olieck for travelled ana was used to check the double integrated accelerometer data. 
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VEHICLE 

D-2 

D-3 

TABLE II 

SILO HEATING RATE INSTRUMENTATION 

INSTRUMENT 

Calorimeter 

Calorimeter 

Calorimeter 

Calorimeter 

Radiometer 

Radiometer 

Calorimeter 

Calorimeter 

Calorimeter 

Calorimeter 

Radiometer 

Radiometer 

INSTRUMENT RANGE 
(BTU/SQ FT-SEC) 

0-4500 

O-45OO 

O-32O 

O-32O 

O-32O 

O-32O 

O-45OO 

0-4500 

O-32O 

O-32O 

O-32O 

O-32O 

LOCATION 
LEVE» 

47 
50 

8 

23 

8 

4l 

23 

30 

8 

11 

23 

29 

DISTANCE FROM CENTER 
OF SILO (FT) 

5.0 

0.0 

3.4 

5.O 

3.4 

5.O 

J.© 

0.0 

3.4 

5.0 

5.0 

5.0 

* Belov surface of ground 

TABLE III 

SILO PRESSURE INSTRUMENTATION 

INSTRUMENT INSTRUMENT RANGE 
(PSIA) 

Silo Plenum 

Silo Plenum 

Silo Plenum 

Silo Plenum 

Launch Tube 

Launch Tube 

Launch Tube 

Silo Plenum 

Silo Pieman 

Silo Plenum 

Silo Plenum 

O-I60 

O-I60 

O-I6O 

O-loo 

O-3OO 

O-3OO 

O-3OO 

O-3OO 

O-3OO 

O-9OO 

O-30O 

TDCKTICr 
LEVEL 
(FT) 

11 

23 

47 

50 

3 

9 

15 

11 

23 

30 

30 

DISTANCE FROM CENT®R" 
OF SILO (FT) 

5.O 

5.O 

5.O 

0.0 

1.8 

1.8 

1.8 

5.0 

5.0 

0.0 

2.5 

^ SHEET 
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v‘ Sabot Performance 

4.4.4.1 Exhaust Flow Separation 

Two pressure transducers at 180 deg spacings were installed in the sabot base 
ring to determine the magnitude of base pressures, thus detecting a separated 
flow condition in the launch tube and providing an indication of sabot 
pressure symmetry. In addition, two pressure transducers were located near 
the exit plane of the rocket motor nozzle to determine flow conditions. 

4.4.4.2 Sabot Liner 

Available test data on Teflon indicated that a layer 0.025 in. thick was 
expected to be ablated during launch, however, Teflon sheet 0.10 in. thick was 
installed to allow uncertainties. The ablation occurring during launch 
vas determined by inspection of recovered sabot fragments. 

^•^•5 Silo Structural Performance 

The structural steel silo components were designed to conservative allowables 
and no yielding of silo structure was expected. Measurements of critical 
launch tube dimensions were made before and after launches to determine 
structural effects. The short duration of exposure to the thermal environment 
was expected to result in no damage. Visual inspection of the silo and ' 
installed equipment after each launch was utilized for confirmation. 

The launch tube was instrumented with strain gages on the D-3 vehicle launch 
in order to obtain qualitative information on the stress wave response to the 
diaphragm pressure and sabot impact loads. Strain gages were located as 
follows: 

a) Stop ring (3 circumferential gages, 120 deg spacing) 

b) Launch tube (3 longitudinal gages at 3-1/2, 12, and 
16 ft distances from the exit plane) 

c) Tube support bracket (l longitudinal gage on the bracket flange) 

4*4.6 Vehicle Structure 

The only vehicle structure designed by the silo launch conditions was the skirt 
in the region of the sabot attachment. Strain gages were installed on the aft 
•kirt at 0 deg and ISO deg to provide an indication of the actual lateral 
motion and also the magnitude of the axial loads. Furthermore, these gages 
would indicate whether the sabot aft skirt Joint failed prematurely and 
also the magnitude of the skirt response to sabot separation. Instrumentation 
provided to measure th flight vibration environment also recorded the 
vibration environment during silo launch. 
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Acoustic Overpressure h.k.J 

acoustS^rpressSfenviromeS^ th^SedTt^ ?etermine the ground 
The silo blast wave effect orsiro^ndÍLÍuníf !J1Clfity °f the launch‘ 
an important design criterion for future^ h structure could be 
launcher and vehicle. Chrer^ressíre mWoS°8r8E1S emPloying this type of 
area to measure dynamic pressure for placed ln the launch 

l*»’ 800, 300, 100 f? werTchosen to nïovide ° ^ Pad launches- ^stances 
distribution. Measurements at 6o ft and tvo at ^86881116111 of the pressure 

«s accomplished^bybco^entionalMethods °f instruffientation 
extrapolations to the HiBEX levels The'™ l l ? 1 Cases re<luired large 
from abundant Information on large 'caMoltv lou°t ( e'”'lr0'“ent «as acaled 
duration rocket motora, lhe allfblSt Í1™ JT r“e’ lone tlTC 
using the silo blast as a potential d tS **** 8Caled from the°ry 
as an explosive wave. The rocket noise pressure 8a8 escaping, and propegatii 
classical blast wave shÿ^ 22 TsllLtZ VaS 8uPeri^sed on the 
in Section 5.4. ^ ^ estimated and measured pressures are compared 
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5.C TEST RESULTS 

portion of the HIBeToh^ineá during the silo launch 

launcher. ^P^oyea in designinS the Hi.REX vehicle and silo 

5.1 SILO EIT/IROííMEííT 

xthe D-2 “a ^ on tt. .no van. at ..vera location. 

5*1,1 Silo Heating Rates 

These ver^forced conï«^ w^ting^^K 8il° durin8 launch. 
gases and radiation from the cloud ofSsolid 0f,?0t rocket exhaust 
zirconium oxide particles suspended in +h* a“d'or 11^uld aluminum oxide and 
rate is the sum of these ^c^nenïs ^d îaa^ ^ ^ bating 
calorimeters. «uponents and vas the value measured by the 

tte TteZ exposure IZ SorwS a're îulte se'ore. Becaus, 
was small. Heating rate inH+wm,«*'4.?he heat transferred to the valla 
described In parag?apbti!n f°r tlle E1£EX sll° funche, was 

^ «a air in the 
»as required In the development ofth?ÏÏ£ OÍ»Pl.te miring. n,is a.sunpU 
of the D-2 and D-3 1.,.^°^!°, °'"fthematlcq model. The result, 
achieved, especially i„ the of gMes ““ "ot 

TU. «d not have a SScSfewSf“” sll° ^““oh tube 
»Ithln the .llo, but It did hare an ^ ^ pressure distribution 
and radiant heating rate distributions In th» C.iffecl upon the convective 
nixing on the tota heating rate dlsMwí f11“’ ^ effeot of the Incomple 
1 nation of the radiant ¿eaf ?L, ! ‘ÏT ln Hgure 38. dm ££! 
incomplete mixing. ^ di8cussed later also indicates 
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D-2 Launch 

The calorimeter at -8 ft was located on the lower surface of the pressure 

diaphragm midway between the silo and launch tube walls. The total heating 

rate at this point was substantially lover than the predicted average ’.'slue 

in the silo, as shown in Figure 39. This was at least uue partly to incordíete 

nuxing of exhaust gases and air in the annular region beWeen the launch tube 
and the silo since the time available for mixing was so short. 

The calorimeter at -22 ft was located on the silo wall b ft below the bottom of 
the launch tube. The close proximity of the launch tube exit and the rocket 

exhaust gases resulted in total heating rates which were much higher than the 

measured values on the lover surface of the pressure diaphragm. The measured 

values at this location were quite close to the theoretical total values. This 

is shown in Figure 4o, where the theoretical convective and total heating 

rates have both been presented. The dip in the measured total heating rates 

at 0.08 sec is probably associated with the change in flow that occurred when 
the rocket exhaust plume became attached to the launch tube. 

The measured total heating rate on the silo wall at -47 ft is con^ared with 
theoretical values for the silo wall and silo floor in Figure 4l. Calculations 

of the heating rates at this location were not made because of the complex 

flow pattern where the silo wall meets the floor. It was expected that the heatirm 

rates at this location would lie between the silo vail and floor values. The 

measured values lie much closer to the silo floor values than the vail values 

while the flow was detached in the launch tube (0-Ct<0.10 sec, including 

instrument lag time). The measured values were closer to the theoretical silo 

vail values after the time of flow attachment in the launch tube (t >0.10 sec). 

The measured total heating rates at the center of the floor of the silo are 

compared with the predicted values in Figure 42. The predicted (empirical) ' 

values were obtained by scaling measured Minuteman exhaust plume date to 

account for differences in plume geometry, temperature, and composition. No 

purely theoretical method was available for calculating heating rates on a 

flat plate when a plume or Jet is impinging upon the plate. The agreement 

between the measured and empirical values is fairly good early in the launch 

period (up to .10 sec). The disagreement after 0.10 sec is caused by two 

factors. The vehicle is moving away from the silo floor, which tends to 

lower the heating rates. Also, the plume geometry changes substantially 

after the flow becomes attached in the launch tube, and the flow shocks down 

at a location well above the silo floor. The decrease in heating rate after 

0.10 sec is coincident with the decrease in pressure at the center of the silo 
floor. 

The radiometer facing downward on the pressure diaphragm apparently functioned 

properly, but relatively low radiant heating rates were measured. These values 

are compared with the theoretical average radiant heating rates within the silo 

in Figure 43 • The radiation vas much lower than the predicted average silo 

values. This is also believed to be due to the incomplete mixing of exhaust 

gases and initial silo air in the annulus formed by the silo and launch tube 
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walls, resulting in an average gas temperature in that region which was 
considerably lower tha.: predicted. This resulted in radiant heating rates 

rïÆ be0!mse the>r proI,ortlo"al «>8 *»■*» P0«r 

to imwoïïr%0btîîne? fr0^ radiometer level on the silo wall due to improper functioning of the instrument. 

y.1.1.2 D-3 Launch 

»Î S rate? at íhe '8 ft level* H «re approximately one- 
ÎÎ believed tte^hil^3 ? S)1° 03 4erIveä b)r t>>«=retlcal analysis. It 
»ir in ím! !íií„ h ls a3aln dus t0 Ineoaplete mixing of exhaust gases and 
all in this region, as encountered in the D-2 data. 

The calorimeter at -11 ft was located on the silo wall 3 ft below th* nresqur*» 
diaphragn and 7 ft above the bottom of the launch tube. The measured total 
ïw i? ratel3h™ in ngure 45 for this location were substantif lovS 
than the predicted average values in the silo. They were also lowe7than the 
measured values on the lower surface of the pressure diaphragm 

The caiorimeter at -23 ft was located on the silo wall 5 ft below the bottom 

thiflo^f ? ?îd 7 f)b¿í0ve the sil0 floor- Th« total heating rates at 
S the sno “alls2 mUCh higher thaa the Predicted ûverage values on the silo .alls. Tvo factors appear to be responsible for the higher than 

“St iSër.t Sf is incomplete Ling of the rochet mLr 
exhaust gases at this location. The second factor is the close proximity of 

lLih°r' in a flW havins a veTocity vector comptent 
normal to the wall. This effect significantly increases heating rat-s? 

îith heatins ratss at center the silo floor are compared 
fhi empirical values in Figure 47. The empirical values were obtained 

ditf iT" TH aS they Were f0r the launch- Minutemen exhaust plume 
S aCC0Uf f0r dlfferences in geometry, temperature, and 

composition. ^The measured values were somewhat higher than the empirical. This 

if thfhi 1X5 DT2 tS,3t reGults> where the measured values were somewhat 
tbi n-íf P Values- Since the only significant difference between 
f J? measurements was the distance from the nozzle exit plane to the 

tS Shf ûTarS tÍat the decay of heating rate with axial distance along 
SbsXf 11 f +fea^r ihan Predicted- measured heating rates dropped 
ne +h aí + y a vehicle began to move because they Eire a strong function 

Letzrrñrthe noMie exit <at p ^ -- ^ veM^ion 

îi f w Z06™1?friges substantially after the flow becomes attached 
if rfh^ îhe fl0W shocks down at a location well above the 

values Were not accounted for in determining the predicted 

; 
radiad tfííí r T functioned properly during the D-3 launch. The measured 
4g f f A GOmpared with theoretical values in Figures 48 and 
49. The measured radiant heating rates were approximately one-half of the I 
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theoretical values at the -23 ft level tm«. u 
particle temperature at this locatî^ the mean 
the vehicle left the launch tube n-oviei™ *>4 , f lo er than Predicted when 
«t this location. In S ofeéi "ÍÍS. ?" 0l0U* of was opaque 

a fairly small error (2550 deg R InstS of SOro'deg^)?’ tMS corresionäs 

^u“iT“S!iraseec at^rtaf î;Sher than tte theoretical 
•lightly lover th^ the Lo^Scü^alu“! ’ ^ heatlng rslte= “are 
considering the fact that radiant he^t + " *> 3 a3reemen^ fairly good 
pover of the pLtlcîe ïemJ^toe vhLÎ v^ r t0 ‘he fourth 
theoretical analysis? ^ ’ Uch Wa3 “ e3tlmated quantity In the 
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5.1.2 Silo Pressure 

The measured silo pressure histories on the silo uniio o».« . . 

for the D-2 la-onch, and in Figure 5I for the D-3 launch. Th^SlcîîlItfr6 50 

transientsl0iPrehSUre UP°n the measuxed ^cket motor chamber pressure transients, is shovn on the figures for comparison. Pressure 

The pressure on the silo floor was substan+ipiiv x». 

Figure 52 presents a comparison of ÎS av^S 6110^1°Pre3ent‘ 
silo pressure for the D P anrî n 's 1 , ^ silo pressure and the calculated 
chamber P^uíe hîatoriea S'^aSí V? ^ “d B-3 rocket motor 

«thin 14 percent duSnX™1^ SrlM a^ lÄnT 13 
the vehicle emerged from the launch tube For tha n s i percent as 
and measured values a/rree within is no * ^"3 launch, the calculated 

anl within 6 percent aT^fS^ II SScL eÄ^thf^ ^ Peri0d' 
silo pressure at vehicle emergence for the D-S laní^h ? IÍÍ°' averaSe 
approximately SO percent creator them e +. Was Psia> which was 
ejected preîsSe^n» p«a tn3 B'2 lamx:,‘ ver* ”5ar «» 

wâa°t^Ssïîo prê^e'ÎSÆ V*““" tha 

S «^iTthTaSrÄo^18 “cYssure- 
for more than a accond after vehicle emerge^“ atIn0SI,herI<: Prcsanre 

5U.3 Gas Ilynamlcs Purina Innneh 

interes^irTa cS^hScílno^SYÜtT3 '1 ^ °f 

closure pííTis^jMted ^d'^är. Pre8SUre rl8es sliGhtly, the nozzle 

d^nft^LTti: Äa^-oÄ^-2 ™-8that 
between the nozzle exit anfl tho f th larss Pressure difference 
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a sufficient distance, the flow becomes attached throughout the entire system. 

The flow is then supersonic in the exhaust plume until it shocks down to sub¬ 

sonic Just above the silo floor. As the silo pressure increases, the exhaust 
plume changes shape (pinches or necks down) and the region of supersonic 

flow within the plume becomes reduced. A continued increase in silo pressure 

causes the plume to shock down to subsonic flow a short distance from the launch 

tube exit plane. Further increases in silo pressure produce flow separation in 
the launch tube, and eventually in the sabot and rocket nozzle, and a shock 
wave pattern re-forms in the system at the point of separation. 

The nozzle wall, the inner surface of the launch tube, and the silo walls were 

instrumented with pressure transducers in order to establish the flow field 
history during the D-2 and D-3 launches. 

Nozzle Wall Pressure 

Rie nozzle wall pressure transducer locations are shown in the sketch in 

Figure 53* The nozzle wall pressure histories are shown in Figure 54 at 
stations I8O.4, I83.7, I93.O, and I93.5. The average silo pressure and the 

pressure on the base of the sabot are shown on the same figure for reference 

The nozzle wall pressure data indicate that the shock pattern moved out of the 

nozzle 20 ms after ignition. After the initial period of flow separation, 

there was a smooth pressurization transient, and the flow remained attached 
in the nozzle for the remainder of the launch period. 

The agreement of nozzle pressure data at two diametrically opposed locations 
at station I93 during the D-3 launch is indicative of symmetrical flow in 
the nozzle. Consequently, the loads on the nozzle were no greater than for 
a pad launch. 

5»1«3»2 Sabot Base Pressure 

The sabot base pressure history was difficult to predict because the time of 

flow detachment could not be predicted accurately. Two sabot base pressure 

anaiyses were made. The first analysis was based on the assumption of 

detached flow in the launch tube during the entire launch period (until the 

vehicle left the silo). The second analysis was based on the assumption of 

attached flow in the launch tube during the entire launch period. 

A comparison of the measured sabot base pressures (A3FO7 and A3PO8) and the 
predicted pressures for the D-2 launch, based on both flow analyses and the 
measured chamber pressure ignition transient, is shown in Figure 55. The 

agreement with the detached flow model curve is fairly good until about 

0.0Ö sec. At that time the flow became attached or very close to attached 

to the launch tube wall and the sabot base pressure began to drop. Pressures 

corresponding to full flow attachment were not achieved for several milli¬ 

seconds. The agreement with the theoretical attached flow curve is only 

fair after attachment occurred. The reason for this is probably the assumption 

of isentropic flow in the nozzle and sabot in the theoretical analysis. 
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A comparison of the measured and predicted v 
launch, based on both flow analyses and +^bt base pres3ures for the D-3 
Ignition transient, is Î:3 pr*B8ure 
between the measured and calculated detached is reasonable agreement 
T + O.O85 sec. At that time th« flou heo ¿ fl?W values UP to approximately 
wall and the pressure followed a~natte-m f3® attache<i to the launch tube 
At T + 0.122 sec, the sabot base SessSe Í! that 0f the D-2 Wh. 
indicative of detachment of flow from the vliT* ï°+fiS? sharP1y^ v^oh is 

°f 0,4 Mbot' J“84 mor to vehicle em^eñce^Sf.ÍS! 

Se^hÍfíeS"! iXSZ“ LV^h10 0f l4S- 
preeeuree frM the ello píen», „0^d bLTofe^e4s^f.’'lllCh ^ 

5-1.3.3 Launch Tube Wall Pressures 

uZSTuhTr^^n: rrs Dt:vn°°of 
The pressure transducer at the 3 fí Svel díd ^ °f the sllo‘ 
data were obtained at that location tS * n°t function properly, and no 
locations, along with the sabot bas¡ pressï^^d «neSSlireS Ät the other in Figure 57. se Pressare and silo pressure, are shown 

? ÄV^Se^S^r* tbe mtture orifice 
detached flow or near silo plenum pressé îh! n 6 ®orre6P°n<iing to 
appeared to be detached for most of thfTf * ? fl°W at this location 
became exposed to the exhaust flow. UnCh the instrument 

at O.O95 sec, and the^ressuïrÎoae0^^^^ pressure orifice 
psia. Ihe pressure remained at that levfO ^ v6^ f^0W value °f about 4o 
rapidly to the xevel corresponding to1« 1 f &b0Ut 15 m> and then rose 
be seen from a comparis^ of Ssf data Ll th °f ^ It can 
that the flow became detached at the -10 ft w +fb0t b&5e Prössure data, 
before it became detached at the base oí LfQW mill^onäs 
conclusion can be made aft-r examinfru, sabot* Therefore, the same 
after examining the sabot ¿e ^ess^es ÏTu^ as was made 
could have resulted in a longer period of flou ífítlLSmaller Sil° vollime 
pressures acting on the base of the sabot. de"achment, vltb much higher 
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CONFIDENTIAL 
5.2 VEHICLE PERFORMANCE 

two dlsUncfeffSs^ftlifvçhlcxrTeLfTSóe™1^10^ Ell° r'sulte!l *» 

the delayed ioltiation of the pitchover n^euvlr ^°°1^ res^tln3 fron 

5.2.1 Effect of Silo Back Pressurp 

pressure approach^ the silo ulen^^p-21 Ín th6 nozzle md/°* launch tube, a 
and the separated portion îf the °n the base of the 
increment vhich acted upon the vehicle." ™ pressure produced a thrust 

o^tr^el Ä ÍSnXCeâtrhatír ^ the ^ Ia-Ch is shown 

-detached flow (flow fields Ill Z lï ïe^eïïivew ^ the °ther based on 
measured values follow the theoretical deS^S S’7 in para^raph 5-1.3). The 
sec, vhich was approximately the timf at vhîîh Cm7e Until about T + Û.O85 
launch tube wall. After this tw hich the flow became attached to the 
the theoretical curve for attached ilow^^th^iaccePeration curve tendeu toward 
agreement between the measured S tî.L f laUnch tubô‘ The over-all 
velocity and distance traveled during the d!p ,Valuas is eood* The measured 
theoretical values on the lower half^ofh?i conipared ^h the 
time based on either flow model differs ívST+j The theoretlcal sil° exit 
than two milliseconds. differs Prom the measured exit time by less 

-t”r “ the launch 15 
and attached launch tuberas noTS^ Values based on detached 
tion curve corresponds to that of thp « i shape of the measured accelera- 
approximately T + O.085 sec. NeL^hat^iS curve until 
tion curve changes abruptly’and generallv SÍ°Pe °f the measured accéléra- 
attached flow curve. A sUght Inc^S^L ^ that of the =alaulated 

ÄÄrÄt-T-- - separated 
to be of greater duration due to the incrc««^ condltions verc expected 
As noted in the preceding p^ZS a?Sd f, ° PrfEure over ^ test, 
at very near the sane ttoe in^oth teata ^Lf1 sortions were attained , 
greater longitudinal accelemSn tta L. “hlMt slightly 
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5.2.2 Effect of Delayed Pitchover 

i^iuenced byUtheUÍime1rtÍvhiSttheamSeuÍweis,DSiííated8 Strongly 

trIjectoryUan2le?ÍieTherefore^iinitiation8of0th“ÍreCte'Í 
possible time following silo’exit bM^luS the Carliest 

60 shows tho increa<5p in voi-¾ 
velocity at maneuver initiation SeocxatiT“ reSultin8 from increased 
for tteust vector lose which ^ ^ shora tm loos and 
motor burnout out weight **? T ^diU e COmP°nents. The flight weight 

« 75 loe puÂ trt;ectorUÄlfiC ^156 °f 265 -= Ä»ad. 
the maneuver Initiation to 0.13 sei as oomparerto01îro1?i"eCisSÂel8yine 

^ÄiS f tte msht control 
20 ms. This would reduce the 590 fpa veîëc“ J los“o““ ^ “ e5ti“-d 

•ilo hot launch^t-MIARDPOINT^efena^to^t^d °fí ^518° f°r aPPu,:atlon of 
ignition transient talloriní accéléré,^ tTBd^ Colvins motor 
maneuver initiation, and S’ “rÄ^fa^“8- of 
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5.3 

5.3.1 

effects on equipment and structure 

Vehicle 

SS SÄifä Ä 

raall amplitude. Bo such conolisionÔ oaHa Sa^So^tt»^““?“ 

•nd 00 adverse effects on the vehicle structuré. 7 11U1 l tir!d ^°41°11 

Sr,SS1SaÆea1,|lBSf628TtVeIT thf ^ “d vhlch 

xvxvz-iä Ä* “HkSí ESæ*'» 

älHS Sf=H£€~ B,., 
Äfil—ÄS.S-ÄHe. 
The measurpr5^^ ^°ise froin the en3iQe under near maxinm chamber pressure^ 
eS X” .rtt'r!ti0n drta durIc« l“>“=h vaa consider^ S th^Id 

SÏtTS8 ^^”*hf SS ^“¿r^* Pa^ ÄSe^eSär,sr - 
5.3.2 Sabot 

=Ä£2Ä.Ä=M yiÄnÄ“ 
SSSÍSeSSTiv^flShS 1fact<ÏM “ “P«tei- The naaalve eahot 

îs Âts:1“8’ “4 *■“ ^ •"' 
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5.3.3 Silo 

the^cepti^of^Btorrtng^t’fSurr^tS6^1? ab0Ut aS expected- With 

ssä zSB^BïilSS^i - - 
replacement had been provisioned •''or *hp 1filoulau5Phef * st°P 
refurbished rv^noeí+e -e». ^4.- * . ^”3 launch. The launch tube was easily 

reroved ^ 
protection. Figure 63 shows the coatlnG P^vided excellent 
detail of th/S to fS“* berore flrl1« Fi^ « ehova the 
the silo lip? X J°Int aft<!r operation by the sabot stop rlas at 

întfet' ÂÂSoÂÍo^bSÍ2 8rt0t rl,,SS remlnillS 
««Id have been proved u- 

™ ÄlÄeÄe SÄ ~M- «« »dlfleatlon 
ring under the bolt, , : Defomatlon of the D-2 launch stop 

ang under the bolts Indicated a peak ircpact force on the order of 1,600,000 lb. 

EHSä-S-Iä'ä“ which failed Ju^í Sor to were ®n * S™** tape recorder^ 1 of 
ring gage, thewKd i C a reSult of only 1 stop 
recorded. The 3-1/2 ft level s+r ? 88^es, and the support bracket gage were 

“ÄMS«SS, 

“ îSr*ï.“?s.~ 
launch. The neasure.uents L sS™ ^1^%^ eVantS 3Uo 

5.4 ACOUSTIC OVERPRESSURE 

prove/t/be ^ Cl°=a4 teaaah 3110 ^unch 
launch were a coriblnatlïn of «Seî^lsf LTÎS'SÎt *1“ Ä î110 
peak pressure recorded v«n +ho 4.,-1+4 d 611(1 8ld0 “last. In most cases the 

“»SflSítlTÕn pod'launchesf ^ “»^“dllL^ » ÏÏÏo W^’and 

In Figure 66 for a silo launch, aid Fl^^íÕ^rpa/laSch?“2'8 ShC™ 

S'dfSb^.a0S!8tl«ifÜrr°tatlon 8180 Pr°d«eed over-all sound level data 

Ä rÆÂŒ= 
db - 20 log (P /0.0002 dyne/csi2) 

This conventional time average relationship is given so comparisons my be 
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FIGURE 63 - VIEW OF SABOT ATTACHED TO D- VEHICI£ - Sabot la rivet^ to ^ 
skirt with 84 x 5/32 rivets vhich shear when upper sabot ring inpacts sabot 
stop ring at lip of silo.
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PIGORE 64 - SABOT AHD VEHICI2 SKIBT RBLATIOHSHIP JUST AFTEE SABOT SBPARATIOI. 
BlTeted Joist betveen skirt and sabot is sheared vfaen sabot lia^acts stop ring 
at silo lip. Shock is reduced by crash ring. Photo shows distortion of cr\ish 

i stop rings after D-? launch.
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FIGURE 67 - ACOUSTIC OVERPRESSURE FOR PAD LAUNCH 
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made with other vehicles. The nominul measured over-all sound levels are 

shown in Figure 68 for a silo launched vehicle. For a pad launched vehicle 

vith a near vertical flight the levels were roughly 8 db 1er/er. A brief 
summary of peak measured and estimated levels is presented below: 

Estimated 
Approximate Elevation Maximum Peak psi 

Radius ft ft psi Measured 
Over-all Pad Launch 

Sound Level db Peak psi 

2.5 

9 
2 
2 
2 
2 
2 
2 

200.0 224.0 

85.0 86.0 
10.0 12.4 

4.2 4.0 
2.6 1.3 

.8 O.75 

191 
194 
165.5 

164 

155 
149 
137.5 

133 

r 100 
166 

0.8 
0.5 
0.2 
0.08 
0.03 

«D-2 < 300 

800 
.1300 

.3 0.2 

.1 0.1 

* D-2 had a 50 ft deep silo, I70 psia back pressure and no microphones 
inside of a 100 ft radius. 

* D-3 had a 30 ft deep silo, 254 psia back pressure and no microphones 
outside of a 60 ft radius. 

Peak measured pressures in the above table have not been adjusted for the 
difference between the D-2 and D-3 silos. 

The following blast values are given to evaluate the damage potential of the 
measured data: 

For Short Natural Periods of Vibration and Small Plastic Deformation 
at Failure. 

Broken windows O.5 to 1.0 psi 

Failure of wood siding panels 1.0 to 2.0 psi 

Failure of unreinforced concrete 2.0 to 3.0 psi 
block wall p¿nels. 

Failure of 

block wall 
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