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Recoverable launch vehicle conwpts for the Solar Power Satellite program have been identified 
which have a payload capability in the 400 metric ton range. These large launch vehick  are 

powered by proposed new engines in the F-l thrust level class. In comparison t o  the Saturn V. 

thew vehicles are much larger in size (by a 1.5-3.0 factor) and use 16 of the F-1 class engines rather 

than the 5 on the Saturn V. 

Both ballistic and aerodynantic winged recovery versions of the launch vehicle have been identified 

in a previous portion of the SPS study (Ref. 1-1 ). Due t o  the large size of the vehicles and the 

magnitude of the installed thrust. investigations into the prediction of the launch noise and sonic 

overpressures during ascent and reentry were undertaken. 

This volume includes: 

o Description of the candidate launch vehicles and their operating mode. 

o Predictions of the sonic overpressures during ascent and entry for both types of vehicles. 

o Prediction of launch noise levels in the vicinity of the laitach site. 

o (herall assessment and criteria for sonic overpressure and noise levels. 

1 .1  REFERENCE OPERATING MODE 

The andlysis of predicting the solaic overpressures and noise levels in the vicinity of the launch site 

and also in the landing zone was conducted for both the ?-stage ballistic recoverable and ?stage 

winged recoverable vehicles. 
* 

The operational mode for both veh~cies is a launch t o  a 477.5 km circi~lar orbit at  31' inclination 

assunling a launch site at 1 8 . 5 O ~ .  The first stages of either vehicle are recovered downrange with 

sea recovery for the ballistic booster arid land recovery for the winged booster. The upper stages. 

in both cases. circularize the payload and deorbit approximately 24 hours after launch t o  return t o  

the launch site area. A nominal zero degree (0') angle of attack has been assumed for the ballistic 

reentering stages. Winged stages arc at a (lo0 angle of attack until they perforni the subsonic transi- 

tion. The transition occurs usually between 20 km and 24 km altitude. 

1.2 BASELINE VEHJCLES DESCRIPTJON 

2-Stage Ballistic Vehicle 

The reference concept for thc ballistic recoverable vehicle is shown in Figure 1.2-1. Main propul- 

sion is provided by sixteen ( 1  6)  RP-I /LO? gas generator cycle engines which use liquid hydrogen - 
( LH, - ) for engine cooling. 
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The baseline engine is a scaled up  version of the Atternate Mode 1 engine defined by Aemjet 
Liquid Rocket Company under contract NAS3-19727 to  NASA Lewis Re-search Center. The 
following main engine charact aristics were used in the analysis. 

Propellar. ts RP-I I L O I ~ I L H ~  
Thrust -Vacuum 9.059 x h 6 ~  (2.037 x lo6 Ibf) 

Chamber Pressure 29300 kpa (4250 psia) 
Mixture Ratio 2.9: I 
Specific lmpulse (SLIVac.) 323.51350.7 see. 

Total Flow RatefEngine 2635 kg/sec (5808 Ibmfsec) 

Engine overall length is 5.4,i;n and the power head and exit diameters are 3.5 1 m and 2.97m. 
respectively. 

The ascent trajectory chacacteristics for the vehicle are shown ir? Figure 1.2-2. The major char- 
acteristics are summarized as foilows: 

Fiat  Stage 
TIW @ Ignition = 1.30 
Maximum Dynamic Pressure = 31.1 25 kpa 
Maximum Acceleration = 4.90 g's 
Stage Bum Time = 176.89 sec. 
Dynamic Pressure at Staging = 405 pa 

Second Stage 
T/W @ Ignition = 0.76 
Maximum Acceleration = 2.28 p's 
Stage Bum Time = 394.84 sec. 

At main engine cutoff (MECO) the trajectory charactenstics are as follows: 
Altitude = 110948m 
Relative Velocity = 7540 mlsec 
Burnout Mass = 749583 kg 

The significant trajectory parameters for the sollic overpressure analysis are the mach number, 
altitude. and flight path angle (7 )  as a function of distance along the ground trdck. Thew 
parameters are plotted for the ballisticall) recoverable vehicle or stages in Figure 1.2-3 through 
Figure 1.2-5. The vehicle ascent characteristics are shown in Figure 1.2-3 dnd thc rcentry char- 
acteristics for both the booster and second stage are shown in Figures 1 . 2 4  and 1.2-5. 
respectively. 
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The reference concept for the ~ic ; i i i  recovcrab!~ vehicle is shown in Figure 1.2-6. Main propulsion 
is prcn id& b) rB teen 4 16 ) RP- I .  LO- LH, g s  generator cyde engines similar to those on the - - 
2-stage ballistic vehick. The tbllosing engine cha~~cter i s tks  were used in the anal>rb: 

Chamber Ptessure 292G0 kpa 
Mixture Ratio 2.9. i 
Specific Impulse (S.L.,'V=t 323.5 2350.7 set.-. 

The ascent trajccton charscteristk-s for the tehiiir arc shown in Figure 1.2-7. Tix major chaw:er- 

istic3 are summarized as foUoss: 

First Stage 

T&' :a Ignition = i -30 
~ 4 -  p\~mun:  - -  Dynami, Prcsatrc = 31.446 kpa 
Maximum Xi;iltmtion = 3-49 fs 

Stage Burn Tttnf = l4'.96 sx. 

Dynamic Pressure 31 Staging = 18 19 pa 

E - m d  S t a g  

f#' iP ignition = 3-03 
Maximum ~lccelention = 3.67 g's 

S t a g  Burn Time = 35 1.78 =. 

?ie ma& number. altitude. and flight phth as a function of distzwe along the ground track for the 

winged vehicle and stages are shown in F i y m  1.2-8 through 1.2-1 0. The winged vehicle a x n t  

chaiastcristic~ are shown in Figure 1.2-8 and the reentry characteristics for the booster a d  sewnd 
stage are shown in Figures 1.2-9 and 1 2 - 1  3. respectively. 

Ref- 
1-1 ;P!S Tranig.rrt;rtion: Representative System Descriptions. D 18G20689-5. Part I of Con- 

tract NASIi-15 196. 
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2.0 LAUNCH AND ENTRY OVERPRESSURE ANP LYSIS 

The sonic boom characteristics have been developed for the candidate SPS launc-: vehicles during 

both ascent and reentry. During ascent the main engine plumes are a significant factor in the overall 

sonic overpressures. The vehicle reentry characteristics. particularly the subsonic transition altitude. 

influence the magnitude and the area impacted by the sonic: overpressure. 

2.1 MAIN ENGINE PLUME CHARACTERISTICS 

During ascent, it is the vehicle exhaust plume which determines the magnitude of the sonic boom 

that is generated. This is because the plume is so much larger than the vehicle itself. Therefore. 

good estimates of the plum:: size are essential. 

To estimate the plume characteristics of the SPS launch vehicle, the following approach was used. 

The Saturn V plume characteristics were first estimated by assun.ing a plume length of 1.5 times 

the vehicle lengtll (as suggested in Reference 2- 1) and a plume diameter which resulted in an esti- 

mated linearized theory sonic boom overpressure which matched the measured overpressure for the 

Saturn V at flight altitude of 107.000 feet. The estimated Saturn V plume length and diameter at 

107.000 feet were then multiplied by 1615, which is the ratio of the number of F-l thrust class 

rocket engines on the SPS launch vehicle t o  the number of F-I rocket engines on the Saturn V. The 

justification for this approach is that the ratio of the Saturn V plume length and diameter t o  the 

plume length and diameter of a single F-l engine is fairly close to  the ratio of the number of engines 

(5: 1). This results in a plume length of 1744 feet and a plume diameter of 1024 feet for the SPS 

launch vehicle at an altitude of 107,000 feet. The plume length and diameter were assumed t o  vary 

with altitude in the same ratio as that of the F-1 engine (Reference 2-2). The resulting SPS ascent 

vehicle estimated plume characteristics are shown in Figure 2.1-1. 

2.2 SONlC OVERPRESSURE CALCULATION METHODS 

Sonic boom calculations for typical supersonic airplane configurations are based upon linearized 

supersonic aerodynamics. However. the accuracy of these methods begins t o  decrease for mach 

numbers greater than 3.5 and for non-slender vehicles. Therefore, it was questionable whether this 

approach could be used to calculate the sonic booms generated by the SPS vehicles. However, corn- 

parisoils b :ween linearized theory estimates and measured Apollo 17 ascent data and measured 

Apollo 15 command module reentry data for mach numbers as high as 4.8 have shown fairly good 

agreement. Figure 2.2-1 summarizes these comparisons and gives the equation used to make the cal- 

culations. This equation is a modification of Whitham's equation for the bow shock overpressure 

(pressure rise through the shock) of a slender, pointed body of revolution (Reference 2-3) and is 

given in Reference 2-4. These results show that linearized theory can be expected t o  give good esti- 

mates of the sonic boom characteristics of the SPS launch and reentry vehicles for the mach number 

and altitude ranges which produce significant overpressures at ground level. This conclusion is in 

agreement with the results of a study by Carlson and Mack (Reference 2-5) which demonstrated 

15 





Fire 2.2-1 Validation of Linearized Sonic Boom Theory at High Mach N u m b  

The following equation was used to make the linearized theory estimates: 

d . KR . ( ~ 2  - 1,118 . - 
(114 Kv 

where: AP = Bow shock overpressure in psf 

PA = Atmospheric pressure at vehicle altitude in psf 

PG = Atmospheric piessure at grou~td level in psf 

h = Perpendicular distance from vehicle flight path in feet 

KR = Reflection factor (usually about 2.0) 

M = Vehcile Mach number 

d = Vehicle diameter 

= Vehicle length 

K, = Vehicle volume shape factor (.54 < K, < .8 1 ); assumed to  be 0.8 for this study 

This equation is called the modified "Whitham Equation" and is given in Reference 6. 

FLIGHT DATA 

VS 

LINEARIZED THEORY ESTIMATES 

ORIGIN& PAGE 18 
OE WoR Q u m  

CASE # 

CASE I 

CASE 2 

CASE 3 

CASE 4 

Mach 

3.78 

4.00 

4.84 

4.57 

Vehicle 

Saturn V 

( Apollo 1 7) 

Saturn V 

( Apoilo 1 7)  

Saturn V 

(Apollo 17) 

Command 

Module 

( Apollo 1 5 1 

Measured 

AP (psf) 

4.5 

4.1 

1.3 

0.4 

Altitude (ft) 

107.400 

1 1  5.500 

1 49,400 

110,000 

Estimated 

AP (psf) 

4.5 

4.4 

- 

2.1 

0.0 



that linear theory sonic boom methods gave good agreement between test and theory for bodies 

with ratios of diameter t o  length as great as two and for rrrach numbers as high as 4.14. 

The modified Whitham equations was used t o  estimate the sonic boom overpressures of the SPS 
vehicles. However, in order t o  determine d,ock wave locations on the ground, caustic locations, 

and the location of the "cutsff '  which occurs at the edge of the region affected by the sonic boom, 

it was necessary to use TEA-25 1 (Rzference 2-6). This is the Boeing version of a computer program 
devcl~ped by Hayes (Reference 2-7) which calculates sonic boom propagation in a stratified 

atmosphere. 

Whitham Wrpmsures Under Flight Ttacir 
The overpressures predicted by the modified Whitham equation along the vehicle flight track are 
shown in Figures 2.2-2 through 2.2-4, as a function of vehicle altitl~de. These overpressures were 

used together with data from progwn TEA-25 1 to  determine sonic boom overpressure patterns 

lateral t o  the ground track. 

2.3 SONIC BOOM OVERPRESSURE PATT'ERNS 

Figures 2.3- 1 through 2.3-8 show the sonic boom overpressures as a function of ground location for 

each of the SPS vehicle configurations, as determined using the TEA-25 1 ground shock patterns 

together with the Whitham overpressures. 

Figure 2.3-1 shows the overpressures for the winged vehicle ascent and booster reentry. The combi- 

nation of vehicle trajectory and acceleration results in the generation of a caustic or "focai zone" in 

which the sonic boom overpressures are much larger than they would be for steady flight. Over- 

pressures in this very localized region will be about 25 psf. The beginning of the caustic is located 

3 I nmi downrange from the launch site. The overpressure under the flight track decreases rapidly 

to  10 psf a t  a point 35 nmi downrange from the launch site. It has dropped to 2 psf 66 nmi down- 

range from the lairnch site. These overpressures are about three times as large as those generated by 

the Saturn V. The werpressures generated by the reentry of the booster reach a maximum of 4 psf 

in the vicinity of the landing site. 

Figure 2.3-2 shows the overpressures generated by the ballistic vehicle ascent and booster reentry. 

The ascent overpressures are very similar to  those of the winged vehicle. However, the booster 

reentry overpressures are much larger than those of the winpd vehicle. reaching a maximum of 11 

psf in the vicinity of the landing site. This is caused by the difference in trajectory between the 

wingd booster and the ballistic booster. The ballistic booster maintains supersonic velocity to  a 

much lower altitude than the winpd booster resulting in the higher overpressures. The difference 

in trajectories. primarily the higher staging velocity, also results in the ballistic booster landing site 

being much further downrange than that of the winged booster. 
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Figures 2.3-3 and 2 - 3 4  show the winged v-e a s a t  and boaster reentry averprrssurts in greater 

detail. Figure 2.3-5 strows the sonic boom overprczsures resulting from the reentry of the second 

stags of the winged vehicte. lhc g t ' e r p w e s  re&+ a maximum of 3 psf in the vicinity of the l a d  

ing site. 

Figurn 2.34 and 2.2-1 sboar the btliirtic vchkk ascent a d  w e r  reentry oltcrpafsures in geatcr 

detail than was shown in F i  2.3-2. F i r e  2-34 &awn the sonic boom overpressures resulting 

f m  dre reentry of the =and of the ballistic vehiik. The overpr- ruch a maximum 

of 4 prf in the vicinity of the landing site. 7 l e  lateral extent of the region affected by the sdcwLd 

stage of the Mistir. vehick is less than !hat of the second stage of the winged vehick because it has 

a lower tmjectory. 

2.4 PRESSURE SICNATURES 

Figures 2.4- I through 2.4-5 show the l t i v e  portions of the sonic boom pressure signatures for 

each of the SPS vehkk cxmfiratk#ts X pressure signature is the variation of sonic boom over- 

pressure with time that an observer at a €id point would experience. Wj the positive pressure 

portions of the pressure signature were calculated in the present study. 

F i r e  - 4 - 1  sham sonic: boom prcwiurz signatures at two points along the flight track of the SPS 
ascent veh-sk. These sipnatures are applicable to both the winged ascent vehicle and the ballistic 

ascent vehicle. The first pressure signature is that which occurs 32 nmi downrange f m  the launch 

site. This signature was generated when the vehicle was ii an altitude of 92.000 feet and a mach 

number of 3.2. T!.e maximum mvrprcssure is 2 I psf and the duration of the positive portion of the 

pressure signahire is 2.3 seconds. The second pressure signature occurs 39 nmi downrange. i t  has a 

maximum overpressure of 8.4 psf aild a positive lobe duration of 2.65 seconds. 

The pmwre signatures shown in Figures 2.4-2 through 2-45 have much shorter durations than 

those of the ascent vehicles because the reentry vehic1:s are much shorter than the exhaust piumes 

of the ascent vehicles. The duration of the positive lobe for the reentry vehicles is about 0.7 sec. 

2 5  EFFECT OF ASCENT VEHICLE SIZE 

The effect of ascent vehicle size on the magnitude of the sonic boom overpressures is shown in Fig- 
ure 2.5-1. Ascent vehicle sue was varied by varying the number of F-1 class engines and, thereby. 

the plume size. The overpressure at the caustic decreases from 25 psf to I5 psf when the number of 

engines is reduced from 16 to 10 and from 25 psf to 8 psf when the number of engines is reduced 

from 16 to 5. These peak overpressures are the ! h i t  in the focal zone. 



F i  2.3-3 W i  HLLV Arent Sonic Boom Ovaprraures 
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Figure 2.3-6 Ballistic HLLV Ascent Sonic Boom Overpressures 
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Fwre 2.4-4 Ballistic HLLV First Stage Reentry Sonic Boom Pressure Signrtxcs 
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2.6 CONCLUSIONS 

It is estimated. b a d  upon the correlation obtained between the linear theory estimates and the 

Apdlo t 7 data, that the estimated overpressures for the SPS vehides are within 30f; of the actual 

values. The caustic and lateral cutoff locations am pmbbly  within 10% of the actual locations. 

The following are some general conclusions that can be d ~ a w n  from the results of this sntdv: 

(1 ) For the ascent vehicles maximum overpressures of 25 psf will occur in the vicinity of  the 
caustic. 

(2) Overpressures at the caustic arc reduced fror; 25 psf t o  15 psf when the number of F-l engines 
is reduced from 16 to  10 and to  8 p f  when the number of F-l engines is reduced to 5. 

(3) For the reeatry vzilicla maximum overpressures of 3-5 psf will occur in the bicinity of the 
landing site except for the first stage of  the ballistic vehicle, in whkh case the maximum over- 

pr-ssures in the vicinity of the 1a:lding site will be 1 1 psf. 

(4) For the ascent vehicles the duration of the positive lobc of the pressure signature will be about 
2.5 seconds. 

( 5 )  For the reentry vehicles the duration of the positive Inbe of the pressure signature will be 

about 0.7 =on&. 

(6 )  The only significant difference between the sonic boom characteristics of t l ~ r  winged and bal- 
listic vehicles is that the ballistic booster reentry overpressures are much flighrr then the 

wingd booster reentr): overpressures, and the ballistic booster Idnding site is much farther 

downrange than the winged booster landing site. 
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3.0 LAUNCH NOISE ANALYSIS 

A preliminary investigation was conducted on the Sdu Power Satellite (SPS) launch vehicle noise 

t o  provide basic noise information to  vress the environmental impact on a launch facility and t o  

facilitate preliminary launch site selection. The investigation included rocket launch noise predic- 

tion, a limited literature survey on past experience, and a &.ew of present prediction capabilitv to 

assess technology development requirements and m'ommendations. Each of the above items WrrA 

be discussed in some detail in the fdlowing sections 

3.1 ROCKET LAUNCH NOISE 

The bask launch noise for rockets is created by the rocket engine exhaust. The high velocity 

exhaust contacts the stationary ambient air and a mixing of the two gas masses takes place. Two 

basic noise generating mechanisms have been identified as being the main contributors to noise gen- 

eration in this process. k t  mixing noise is generated by turbulent pressare fluctuations in the miu- 

ing region. In addition to  this mixing noise, shock cell generated noise is also present in jets with 

supersonic n o d e  exit velocities. Both of th; above noise sources have been a subject of consider- 

zble past investigatio~~. Jet mixing noise has been investigated in connection with subsonic aircraft 

and supersonic aircraft propulsion systems. Procedures for aircraft type power plant jet noise pre- 

diction have been developed and computerized computation procedures were available. These avail- 

able prediction procedures were modifwd to extend the prediction range to jet velocities that are 

characteristic of the SPS .,dnch vehicle prcpulsion engines. The basic prediction method is docu- 

mented in References 3-1 and 3-2. The predrction procedure utili~es the basic jet noise generation 

influencing parameters (jet velocity. density. massflow, temperature and nozzle area) and predicts 

the sound spectrum generated by the jet. Spectral information is obtained at lo0 intervals around 

the jet axis. Distance extrapolations are also handled by the computer program accountings for the 

effect of spherical divergence and atmospheric attenuation as a function of distance. Overall Sound 

Pressure Levels (OASPL) and Perceived Noise Level (PNL) are also computed from the predicted 

spectral information. The computer program is equipped to handle jets with the effect of vehicle 

forward motion taken into account. 

This option has not been used in these predictions because the forward flight velocities are small 

compared to the jet velocities in the initial stages of the flight. Due to the limited scope of this 

investigation. noise prediction was limited to the static case. 

The predicted launch Overall Sound Pressure Level (OASPL) contour rrrap is shown on Figure 3.1-1. 

The predicted iaunch Perceived Noise Level contour is shown on Figure 3.1-2. The contour liraps 

represent the maximum noise emitted by the launch vehicle at the site. As a measure o i  relative 

comparison, it is suggested that for building damage estimates the OASPL levels should not exceed 

147 dB and for habitation the PNL levels should not exceed 108 dB. The building damage limit 

level is suggested on the basis of literature survey results and the PNL level limit is based on criteria 
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Figure 3.1 -1 SPS Predicted Overall Sound Pressure Levtis-OASPLdB 
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Figure 3.1 -2 SPS Predicted Pcmivtd Noise Levels-PNLdB 
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established as maximum for commercial aircraf? in any category on takeoff o r  landing approach (at 
the measureing point per Reference 3)  in the United States. (The 108 dB PNL levels assume a 10 

second time duration for the noise level to decay 10 dB from the peak.) 

Figure 3.1-3 shaws the OASPL and PNL levels for the SPS launch vehicle 3s a function of radial dis- 

tance along the graund surface (8=Wl. From this curve. it can be seen that the maximum OASPL 
level for building damage occurs at I 0 0 0  ft from the launch vehicle and the PNL limit 108 dB takes 

place at 32,000 ft from the launch axis. Figures 3.1-4 through 3.1-6 present the polar plot of the 

predicted OASPL for 1000.10,000 and 100.000 ft distances and the PKL prediction for the same 

distances is shown on Figurn 3.1-7 through 3.1-9. Figures 3.1-10 through 3.1-1 2 show the sound 

spectrum along the ground plane for the above distances. 

3.2 LITERATURE SURVEY AND PAST EXPERIENCE 

A review of applicable data on rocket noise has identified a number of information sources. The 
majority of available material on rocket noise that is available is from 1964. 1968 and 1972. A 

summary of this material is provided in the following paragraphs: 

( 1) Determination of  Rocket Engine Noise Damage to Community Dwellings Near Launch Sites- 
1964. 

Volume I is a discussion of the study. 

Volume 11 is a presentation of  the data. 

Both volumes deal with the tests on windows and walls. Tests were cunductcd to check struc- 

tural damage. There was no glass damage below 120 dB. Wall damage (dry wall type) 

occurred above 147 dB. 

Thc post-Saturn booster created no glass damap and some plaster damage when weather 

conditions were such that the noise focused on the building with the plaster wails. 

Weather conditions caux  "acoustical focusing" that could caux  damage. The weather condi- 

tions are hard to  predict. The velocity of the wind plays an important part in acoustical focus- 

ing and it is hard to measure. 

This report is concerned with the dynamic response to  windows and wall dallldpr causcd by 
rocket noise. It also specific., that the authors fcel that the psycllulogical danlapc possibility is  

remote. 

2 ) Analysis of Potcntid ('ommunity Response to Test Operalions of KockctdyneiSanta Suwna 
facility I c)hW. 

Structural Ja111agc was no! predicted. Cornphifits occurred when noise got t o  he ahout 120 dB 

or windows r;tttled. C'en few claims wcrc paid altliouph a lot wtsre tiled. 

42 
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Figure 3.14 SPS bunch Vthick O m r U  Sound ResRlre LeveldB (1,000 ft. SideliM Dishnet) 
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Figure 3.1-5 SPS Launch Vehicle Overall Sound Pressure LeveldB (10,000 ft. ~ i d e l i k  Distance) 
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Fipre 3.1-6 SPS Launch Vehicle Overall Sound Pressure Level-dB (100,000 ft. Sideline Distance) 
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Figure 3.1-7 SPS hunch Perceived Noisc Levei-dH (1.000 ft. Polar Ilistance) 
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(3) Stmctural Damage Claims Resulting from Acoustical Environnrents Developed During Static 
Test Ftring of Rocket Engines- 1972. 

(a) Data measured from about 1 Hz and higher. Highest OASPL values at about 10 Hz. 

(b) Weather plays an important part. "Less favorable" days gave higher sound pressurt level 
values and therefore more complaints 

(c) ' 'A~y)~~t ic  damage'' is refemd to  as the basis for claim remuneration but what the dam- 
age consists of was never mentioned. 

(d) Number of complaints increased with increase in OASPL. 

concktsionc 
No inionnation is available in these documents on the effect of the low frequency noisc on humans. 

One document states that they feel that there is no effect on humans. Other information does not 

mention any words about the subject. All were concerned with glass and wall damagz rather than 

human annoyance. The loudness (over 120 dB) of the noise was the reason for the c.ompls;nts. 
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..O PRELIhlINARY LAUNCH SITE SELECTKlN CRITERIA 

Establishment of preliminay launch site selection criteria from a standpoint of  sonic overpressures 

and ldunch noise required a review of present standards, reports on the impact of noise on struc- 

tures (buildings, etc.) and humans. In addition t o  the overpressure and launch noise problem. 

the explosive hazard of the large launch vehicles must be considered. 

4.1 EXPUlSIVE HAZARD DUE TO THE PROPELLANT COMBINATIONS 

The explosive hazard o! ~e prop:thnt combir:ztions used in the SPS launch vehicle was estimated 

using the procedures of the Air Force Fxplosives Safety Manual (Reference 4- 1 1. The first stage 

propellants include liquid oxygen (LO?). - liquid hydrogen t LHI) - and a hydrocarbon rocket propel- 
lant (RP-I ). The equivalent mass of  TNT for these combinations is as follows: 

LO2 + RP-I = 20% of the loaded mass in equivalent mass o f  TNT 
LO? - + LH? - = 60% of the loaded mass in equivalent mass of TNT 

Using these proportions the totai vellicle explosive hazard is the equivalent of 2806 metric tons 

(6.2 X 1 o6 Ibm) of TW.  with 5 I c"j on the first s t a p  and 49't on the second. The predicted over- 

pressures from an on-pad explosion are shown in Figure 4.1-1 and were deveiopd using the meth- 

odology in Reference 4-1. The required minimum separation distances as e~tablished in Reference 

4-1 fcr this explosion hazard is: 

2840m (9330 ft) for inhabited buildings 

1700m (5600 ft 1 for public highways 

The safety manual (Reference 4-1 ) also provides some examples of overpressures (of short time 

duration) on structural elements. These effects are summarized below: 

BLAST OVERPRESSURE EFFECTS 

PSI 
Side On 

Structural Element Failure Overpresswe 

Class windows, large and small 
Corrugated asbestos siding 
Cormgated aluminum or  steei paneling 

Brick wall panel 8 t o  12 in. thick (not 
reinfor. .d)  

Wood si ng panels standard housing 
construction 

Concrete or cinderblock wall panel 
8 to  12 in. thick (not reinforced) 

Steel frame buildings 
Steel towers 

Damage t o  control su~faces and 
other minor repair 

Major repair 
Shattering occasional frame failure 
Shattering 
Connection failure fotfowed by 

bucW ing 
Shearing and flexure failure 

Usual failure at main connections 
anowing panel t o  be blown in 

Shattering of the wall 

Sides blown in distortion 
Blown down 





Overpressures in the range of 1 to 2 psi are sufficient to  dish in panels and buckle stiffeners!stringers 

on adjacent vehicles. Therefore, using a mittimum pud separation distance 01.2 ntiles will lintit  tit^ 
owrpwssz~res to  less than 0.75 psi on udjuc-cttt pads and will minimize utty pateti tiuI do,t~age. 

4.2 EFFECTS OF SONIC OVERPRESSURES 

The effects of sonic overpressures on humans, due t o  the operation of supersonic aircraft structirres. 

etc.. has been investigated by many researchers in the past. An ovcrdll sumnlary to  tile effects can 

btt found in Reference 4-2. "Sonic Boom Literature Survey." The following paragraphs will nrmma- 

rize some of these findings. 

Hum.... Effects 

Transient overpressures of considerable magnitude can be experienced under certain circu~vstanccs 

without significant discomfort. For example. the overpressures inside a car when the door is closed 
3 are up to  145N m2 (4 pstl for standard sedans and station wagons up to 425 Nrm- 18.5 ptl lor 

compact cars. Overpressures of 600 ~lrn:  ( 1  2 psll have been measured in public vicwin, - awas 

during firework displays. 

Limits for physical damage to  hunians due t o  sonit. booms have been reported by H. E. toti tiierkc 

(Reference 1-31. A summary of  these results are shown below: 

( 1 ) Rupture of the tympanic membrane 
None expected below 720 #/ft2 

o None obsemed up to  144 #ft2 

(2) Aural pain 

o None observed up to 144 #/ft2 

( 2 )  Short tempcrary filllness. tinnitus 

o Reported above 95 #lft3 

(4) Hearing loss-temporary 

o None measured 
I 

- 3 3  hours after exposare up to  I20 81ft- 

- immediately after booms up to 30 #!ft2 

( 5 )  Stapedoctomy 

o No ill effects reported after booms up to  3.5 #/ft2 

( 6 )  Hearing aids . 
o No ill effects reported aftei bnoms up to  3.5 #/ft2 

The most probable objection by humans to sonic boom is the behavioral effects rather than pliysisal 

damage. hince the anticipa1.d overpressure levels are much lower than those which I 3n cause tiam- 

age or  discomfort. 



The International Civil Aviation Organization (ICAO) sonic boom panel published a report (Refer 

ence 44)  on the behaviord effects on humans due to  sonic boom. The observations noted by the 
lCAO panel are shown below: 

Son$ Boom Overpressure 
N l m ~  - (PSF) - 
16 (0.33) 

Behavioral Effects 

- Orienting, but no stsrile response 

- Eyeblink response in 10% of subjects 
- No armlhand movement 
- Mixed pattern of orienting and startle responses 

- Eyeb:ink in about half of the subjects 
- Armihand movements in about a quarte: of sub- 

jects; no gross bodily movements 
- Predominant pattern of startle response 
- Eycblink response in 90% of subjects 
- .4rm/hand movements in more than half of the 

subjects; gross body flexion in about a fourth of 
subjects 

- Armlhand movements in more than 90% of 
subjects 

The Oklahoma City test t Reference 4-21 for the 6 month period of February to  July 1964 where 
the populace was exposed to 1 253 sonic booms between 1.1 3 to 1 -60 psf in magnitude rest11 ted in 
about 73% to 905% feeling they could accept eight booms per day of this magnitude. A number of 
the people who actually complained to the FAA. during this test series, were the most intensely 
annoyed and most hostile toward the SST (Supersonic Transport). 

Structural Damage Effects 
Sonic booms of varying magnitude can cause various degrees of damage to  dwellings and other 
structures. A number of test series have been conducted to measure the effect of sonic boom at 
varying levels of overpressure on selected structures and materials. One of these test series was con- 

ducted at the White Sands Missile Range from November 18. 1964 through February 15. ! 4'65 and 
is reported in Reference 4-5. The observed results of this test program has provided the data to 

establish 1 ) the maximum safe predicted or recorded overpressure for representative building mate- 
rials and bric-a-brac other than glass (see Table 4.2-1 ) and 2) the maximum safe predicted or meas- 
ured average ground ovemressure for plate and window glass (see Figure 4.2-1). 

Recommended Sonic Overpressure Criteria 
A maximum allowable overpressure o f  2.0 psf ourside of  the government reservation perimeter shall 
nor be exceeded in populated areas for SPS launch vehicle operations. The Space Shuttle is 
expected to produce a 2.1 psf sonic overpressure during a typical return to Kennedy Space Center. 



Interior w* ind cdinp 

1. ~ e r o n w o o d l a t h  
2. plaster on gyp lath 
3. pluter on expanded metal lath 
4. plaster on eoncnte black 
5. gypsum board (new) 
4- w p s u m ~ d ( * )  
7. Mil pcPP@(-) 
8. bathroom tile (dd) 
9. damaged suspended ceiling (new) 

10. stucco(ntw) 

1. extremely precariously placed or 
unstable item 

2. nonrully stable or placed item 

1. brickstacked 
2. glass door I d  
3.- twisted mullions 
4- popped d d i r y  

1. Less than one c h c e  in 10,000 when within fm miles of flight tnck. Ihh d u e  corresponds 
to a 99.99 percent confidence that damage win not '&cur. 

2. Small (lets than three inches) hairline cracks extensions or pm-damycd paint chipping or splllurg. 

3. Falling plater or tile, etc. 



Figure 4.2-1 Maximum Safe Predicted or Measured Average Ground Overpressure for Plate and Window GLw 



4.3 LAUNCH NOISE EFFECTS 

The Occupational Safety and Health Administration (OSHk ) noise standards for t.spostrre It,\ zls 

and sllowable duration are shown in Table 4.1-1. A nlaxiiniim of  140 d B  peak sound noise Irt cl 1s 

acceptable for a very short d u n t i o n  (impact noise). The safe limit appears t o  be 147 dB for huiid- 

ing damage as a result of  a literature survey. A perceived noise level (PNL) of  108 dB for habitation 

is the nlaximuni allowable for commercial aircraft in any category on  takeoff or landing approiich in 

the United States (Part 36-Noise Standards: Aircraft Type Certification: Federal Aviation Kcgula- 

ttons). The 108 dB PNL levels assure a I0 second duration for the noise level to  drcay I0 dl3 iron1 

!he peak. 
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Dl 80-228764 

Tabk 4.3-1 OSHA Noise Qtandards for Occupational N o h  Exposure 

D If t11esc lrrcls must be exceeded minin~iration procedures must be undertaken (car plugs. 

acoustic helmets. etc.) 

r 

Sound Level-d6 

115dB 
l I0 dB 
105 dB 
102 dB 
100 dB 
97 dB 
0 5  dB 
92 dB 
00 dB 

Allowable Exposure Time (llours) 

114 hour or less 
I / 2  hour 

1 hour 
1 - 1 /T hours 
2 hours 
3 hours 
4 hours 
6 hours 
8 hours 



5.0 SUMMARY AND RECOMMENDATIONS 

Summary 
The SPS launch ve1,icles are expected to  produce peak qclnic overpressures of 25 psf during ascent 

priniarily due t o  the plume effect and total thrust of the \:hicle. Thcse peak pressures occur d o ~ n -  
range about 3 0  miles from the launch site due t o  the focusing phenomena. Winged vehicle con- 

cep, ,re expected to  produce a peak overpressure in the  3 t o  4 psf range during reentry. Ballistic 
recoverable vehicles are expected to  produce reentry overpressures of  between 4 and I 1 psf. It is 

expected that the launch noise will be I 4 0  PNL d B  in the vicinity of  the launch pad and 108 PNL 
d B  at  a distance of 32,000 ft  from the pad. The explosive hazard due t o  the on-board propelliint 

combinations i5 expected t o  produce an overpressure less than 0.'5 psi two  ~ i l e s  away from the 

launch pad. 

Based on the above. the following criteria are proposed for inhabited areas along the proiincl track. 

( 1 )  Maxirnuin allowable overplessure of  3.0 psf 

( 2 )  Maximum noisc level o f  108 PNL ctB 

In addition, it is recolnmended that n 1r:inch pad sersration distance of a t  ieast 2 miles be used. 

Recommendations 

in order to  enhance the confidence level in the accuracy of  the predictions and the  e f  .ic 

overpressurc and noisc the following items are recommended for future effort '  

(: j Ttie accuracy of the sonlc boom overpressure estim:tes mdde in t h ~ s  study cou l~ .  ,n$rovcd 

upon by c o ~ d u c t i n g  a wind tunnel test usjng models of the SPS vehicles. The resi~lts of this 

test brould be near-field sontc boom pressure signatures which could then be extrspolated t o  

tlipllt coordinations. This is u well-known technique used by NASA (Ret'crt.nce 2-1 ) t o  preclist 

the Space Shuttle sonic hoom characteristics. 

2 i t  is recon~mcnclccl that il cil.tdi1t.d study bc underfaken t o  review tht validity o f t h e  x ~ ~ a l y t ~ c a l  

tools currently available in tenns o f  existing rocket noise data. This study should include 

review o f  data quality and rneasurernent trchnology by which such data had bt:en acquired. 

Extrapola t ix~ techniclucs should be verified where prediction techniques based on supersonic 

transport aircraft engine noisc are extended to  the relatively high velocity range of rochct 

engines. 

( 3 )  A study should 3lso be I-indertaken t o  establish subjective noise limits t o  be set for valid assess- 

ment of rocket noise on human sub jo i t~ .  Bt~ilding darnage assessment should also be improved 

by a comprehensive assessment of past experience. 


