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FOREWORD

This Is s final rsport on chs analysis of the Harpoon aisslle 
response to aircraft catapult launches, arrested landings, captive 
flight and gunfire. The work, authorized by AIRTASK A05P-204/2162/ 
6000/00000 issued by the N»>.al Air Systems Command, was performed from 
May 1974 to January 1976. The information is released at the working 
level.

In the Interest of economy and timeliness in presenting the infor

mation, the report is being published as originally submitted to NWC 
by the contractor, except for minor (typographical) changes to the 
text, formatting to NWC technical publication style, and preparation
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(U) AnAlyaia of HARPOON Missile Structural Reeponse 
to Airaraflj Launohee, Landings, Captive Flight and Gun- 
fire,  by Allan G. Piersol, Bolt Beranek and Newman Inc. 
China Lak4i Calif., Naval Weapons Center, January 1977. 
90 pp. «TC TP 5880, publication UNCLASSIFIED.) 

(U) Dbring its service life the HARPOON missile will 
be exposed to various types of shock and vibration loads 
which pose a reliability hazard to the missile and its 
equipment. This report discusses the response of the 
HARPOON missile to shock loads during catapult launches 
and arrested landings of the missile-carrying aircraft, 
long-term vibration during captive flight, and short- 
term vibration induced by aircraft gunfire. To evaluate 
the missile's response to these shock and vibration 
loads, a number of catapult launch and arrested landing 
tests were performed using an A-7E aircraft carrying an 
instrumented HARPOON missile; extensive captive flight 
vibration and surface pressure measurements were made 
for various flight conditions and carrying positions of 
the instrumented missile on A-7C, S-3A, and P-3C aircraft; 
and vibration caused by gunfire during the A-7C tests 
was measured.J) 

(UV-Although the primary purpose of this measurement 
program was to obtain HARPOON missile structural response 
data for comparison to the HARPOON environmental design 
criteria, also of interest was a comparison of the 
measured response levels to the test criteria of applicable 
specifications, as well as other available data for 
similar missiles. „ 
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ANALYSIS  OP HARPOON MISSILE STRUCTURAL RESPONSE TO 

AIRCRAFT LAUNCHES,   LANDINGS,  CAPTIVE FLIGHT AND GUNFIRE 

1.     INTRODUCTION 

As for all externally carried aircraft stores, the HARPOON 

missile  (AGM-81A) will be exposed during its service life to 

various types of shock and vibration loads which pose a 

reliability hazard to the missile and its equipment.    The 

most significant of the shock and vibration environments 

directly associated with aircraft operations are the shock 

loads during catapult launches and arrested landings of the 

carriage aircraft^  the long term vibration during captive 

flight,   the short term vibration induced by aircraft gunfire, 

and the intense shock loads associated with flight launch 

ejections.    The missile structural response to launch ejection 

shocks has been evaluated in an earlier report [1].    This 

study is concerned with the missile response to the other 

dynamic loads noted above. 

To evaluate the missile response to the shock and vibration 

loads of interest, a number of catapult launch and arrested 

landing tests were performed at the U.  S. Naval Air Test Center, 

Patuxent River, Maryland, using an A-7E aircraft carrying an 

-1- 
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instrumented HARPOON missile. Extensive captive flight 

vibration and surface pressure measurements were made for 

various different flight conditions and carriage locations of 

the same Instrumented missile on three different aircraft; 

an A-7C, an S-3A» and a P-3C.  Limited amounts of vibration 

data during gunfire were measured during the A-7C tests. 

The primary purpose of the measurement program was to provide 

data for assessing the structural response of the HARPOON 

missile as compared to the HARPOON environmental design 

criteria [2], Also of interest, however, is a comparison 

of the measured response levels to the test criteria of appli- 

cable specifications, as well as other available data for 

similar missiles. 

2.  TEST CONFIGURATIONS AND INSTRUMENTATION 

The HARPOON missile (AGM-MA) is a subsonic air breathing 

cruise missile designed for antiship applications. The layout 

of the missile is shown in Figure 1. The missile employes 

a low-level cruise trajectory, active radar guidance, and 

terminal maneuvering to assure maximum weapon effectiveness. 

During cruise, it is powered by a turbojet sustainer engine. 

HARPOON is designed for both air and surface launch, but the 

—2— 
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AIR LAUNCH LENGTH 151 IN.
AIR LAUNCH WEIGHT 1,150 LB

FIGURE 1. Diagram of the HARPOON Missile.
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tests reported herein are concerned only with the air 

launched missile. 

2-1    Test Missile Configuration 

All experiments were performed using the HARPOON Prototype 

Aerodynamic Test Vehicle No. 2 (PATV-2).  The test missile 

included all major equipment items of a tactical missile. 

Some were real items but not necessarily functional, while 

others were dummy loads simulating the mass and center of 

gravity of the item being represented. Water was used to 

simulate the fuel.  No attempt was made to simulate wire 

bundles, valves, tubing or other plumbing components; nor was 

secondary structure included except as required to mount 

equipment. Nevertheless, the test missile provided a reason- 

ably accurate simulation of a tactical missile in size, 

weight and center of gravity, as summarized in Table 1. 

a.J|» 
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Table 1. Weight and C. 0. Characteristics for Typical 

HARPOON Tactical Missile 

Weight CO.  Location 
Item (lbs) (Station No.) 

Radome Section 11.60 18.50 

Seeker 80.52 26.08 

Guidance Wheel 16.26 39.16 

Guidance Structure 17.03 35.12 

T & E Section (Warhead) 519.91 62.56 

Tank Section 139.02 103.81» 

Engine Section 131.25 ll»2.70 

Boattail 71.35 155.37 

Wings 60.69 100.31» 

Fuel 107.51 105.81 

Total 1178.111 83.89 

-5- 
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2.2  Data Transducers 

Eleven structural acceleration measurements and three surface 

pressure measurements were made at various locations on the 

test missile, as illustrated in Figure 2 and detailed in 

Table 2.  The acceleration measurements were made using Oulton 

piezoelectric crystal accelerometers in conjunction with Gulton 

charge amplifiers. The surface pressure measurements were made 

using Gulton flush mounted pressure transducers in conjunction 

with Gulton charge amplifiers.  All transducers and amplifiers 

were procured against special McDonnell-Douglas specifications. 

The frequency response was 10 to 2,000 Hz in all cases. 

Referring to Figure 2 and Table 2, six of the accelerometers 

were mounted internally on primary structure near the mounting 

points of the seeker and midcourse guidance unit (MGU).  Hence, 

these measurements should provide a good indication of the 

input shock and vibration to these two critical equipment items. 

Three other accelerometers were mounted near the forward hook 

to help define those loads introduced to the missile through 

the aircraft interface (principally the shock loads during 

catapult launches and arrested landings). The final two accel- 

erometers were located in the engine section to provide a 

measure of the input shock and vibration to the engine. Two 

•6- 



NWC TP 5880 

• ACCELEROMETER  »VVI 

O PRESSURE SENSORS (VA) 

VV33 (330°) 
VV34 (330ol 
VV35 (330°» 

VV42 (248°) 
VV43 (388°) 

VA18 (270°) 

9.63     23.27 46. 
181.8 1161.18    STATION NOi. 

mTOne2'IteiteagPam 0f TranBduoer8 ^«»tlon« ftr HARPOCN 
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Table 2.  Summary of Transducer Locations for HARPOON Missile Tests 

No. Type Location Direction Sta. No. 

VA 1H pressure guidance section 
surface 

radial 36.0, 14° 

VA 15 pressure guidance section 
surface 

radial 36.0, 270° 

VA 16 pressure boattall surface radial 154.0, 270° 

W 33 acceleration seeker bulkhead axial (x) 25.5, 330° 

W 3^ acceleration seeker bulkhead lateral (y) 25.5, 330° 

W 35 acceleration seeker bulkhead vertical(z) 25.5, 330° 

W 36 acceleration MQU mounting structure axial (x) 38.6, 110° 

W 37 acceleration MOU mounting structure lateral (y) 38.6, 270° 

W 38 acceleration MGU mounting structure vertical(z) 38.6, 180° 

W 39 acceleration fwd. aircraft hook axial (x) 70.5, 0° 

W 40 acceleration fwd. aircraft hook lateral (y) 70.5, 0° 

vv m acceleration fwd. aircraft hook vertlcal(z) 70.5, 0° 

W 1*2 acceleration engine wall radial 111.2 , 248° 

W 13 acceleration engine wall axial (x) 141.2 , 288° 

—Ö* 
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of the pressure transducers were flush mounted near the top 

and on the side of the guidance section to measure the 

aeroacoustlc excitation of the missile in the region of 

critical equipment items during captive flight.  The third 

pressure transducer was mounted on the side of the boattall 

where the aeroacoustlc loads during captive flight should be 

most severe. 

2. 3 Data Transmission and Recording 

All signals from the data transducers were transmitted to 

a ground station using a PAM FM/PM telemetry system.  The 

system consisted of a high level main multiplexer and a hybrid 

(high and low level) submultiplexer mixed with the output of 

three subcarrler oscillators (SCO's). The telemetry R.P. 

link was comprised of a 4 watt S-band transmitter and a wrap- 

around omnidirectional antenna.  Three SCO channels were 

used for transmission of the 11 structural vibration measure- 

ments and the 3 acoustic measurements. An encoder (electronic 

stepper switch) activated within the parent aircraft was 

employed to select a combination of parameters to be processed 

via the SCO's. The ground station recorder was an Ampex 

PR 1800. 

-9- 
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3.  TEST PROCEDURES 

A number of catapult launch, arrested landing, and captive 

flight tests were performed to acquire the desired data 

using the following procedures. 

^ Procedures for Catapult Launch Tests 

The shock response of the HARPOON missile to catapult launches 

of the carriage aircraft was measured by mounting the Instru- 

mented test missile on an A-7E aircraft (No. 157^56), and 

performing test launches of the aircraft from the NATC simulated 

catapult launch and arrested landing facility at Patuxent River, 

Maryland.  Missile response data were recorded during four 

trial launches from a C-7 catapult, as summarized In Table 3. 

Only throo channels of acceleration data could be recorded 

during any given launch. Hence, four launches were required 

to record the signals from all eleven accelerometer locations. 

For all four launches, the test missile was mounted afi weapon 

station location No. 1. This is the furthest outboard wing 

station on the port side of the A-7E aircraft, as illustrated 

in Figure 3(c). The tests were performed with the missile at 

this station because it was believed that the dynamic response 

of the aircraft to the catapult launches would be most severe 

at this location. 

':'A'i.':T'' 
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FIGURE 3. Vfe^»n Station Locatlois on Aircraft Used 
Ftor HARPOON Missile Tests.

-11-
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Table 3.    Summary of Test ^^ of A_7E ^^^^ ^^ 

HARPOON missile on Station No.  1. 

Launch 
No.» 

1 

2 

3 

Distance 
Off Center 
(inches) 

0 

6L 

0 

0 

Longitudinal 
Acceleration 

(g) 

5.3 

5.6 

6.0 

^.7 

Launch 
End Speed 

(knots) 

160 

168 

m 
150 

Aircraft 
Gross Weight 

(pounds) 

26,100 

25,^00 

26,000 

25 

•All launches were performed using 0-7 catapult. 
l^J 

3-2 grocedures for Arrested r.^.^ Tests 

**  shoe, response of the HARPOON „Issue to arrested landing, 

of the carrlase aircraft was measured using the .a« mlsslle- 

alrcraft configuration and test facility efflployed for the 

catapult launch tests. Missile response data »ere recorded 

during ten trial arrested landings using a MK-7 Mod 3 

arresting gear, as susunarlsed In Table ü. Note that the 

trie! landings were performed over a wide range of aircraft 
sink rates.  „owever> th, „„^ ^ ^ ^^ ^ 

about 19 ft/seo. well below the design Umlt of H  ft/sec 

for this aircraft. 

-12- 
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Table  4.     Summary of Test Arrested Landings of A-7E Aircraft 

With HARPOON Missile on Station No.   1. 

•    All landings were performed using a MK-7 Mod 3 arresting 
gear. 

»• Left Main Gear/Right Main Gear 

Landing 
No.» 

Distance 
Off Center 

(feet) 

Longitudinal 
Acceleration 

(g) 

Sink Rate 
LMQ/RMG ** 
(ft./sec.) 

Engaging 
Speed 
(knots) 

Aircraft 
Gross Wt. 
(pounds) 

1 11L 3.2 14.9/14.0 129 24,900 
2 0 3.2 16.0/15.5 131 24,500 

3 8L 3.2 17.9/18/5 132 24,000 
i| 5L 3.2 15.9/16/4 134 25.100 

5 6L 3.2 18.8/19.1 133 24,700 
6 17L 3.2 9.9/9.2 136 24,400 

7 11R 3.3 8.2/8.9 131 24,000 
8 8L 3.6 2.3/2.4 132 25,000 

9 3L 4.2 10.4/10.7 143 24,900 
10 3L 4.3 12.6/12.6 150 24,400 

•13- 
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3.3    Procedures  For Captive Flight I'fests 

The vibration response of the HARPOON missile during captive 

flight was measured with  the Instrumented test missile mounted 

at various weapon  stations on three different  carriage aircraft; 

a P-3C (No.  6512)> an S-3A  (No.  992),  and an A-7C  (No.   156776). 

Vibration and pressure data were recorded for a wide range of 

flight conditions,   as summarized in Table  5.     The various 

weapon station locations  of the test missile are illustrated 

in Figure  3. 

The three aircraft used for the captive flight  tests represent 

a good cross-section of the type of aircraft which might carry 

the HARPOON missile on tactical missions.     The P-3C (Orion) 

is a four engine propeller driven patrol aircraft with a top 

speed of about  100 knots.     One should expect the vibration 

environment of the HARPOON missile on this aircraft to include 

strong periodic contributions from the propeller generated 

noise.    The S-3A (Viking)  Is an anti-submarine aircraft 

powered by two wind mounted Jet engines.     The HARPOON vibra- 

tion environment on this aircraft would probably include Jet 

noise contributions.    The A-7C (Corsair 2)   is a subsonic 

attack aircraft powered by a single fuselage enclosed Jet 

engine, and is capable of flight at dynamic pressures in 

•14- 
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Table  5.     Summary  of Captive Plight   Conditions  for HARPOON 
Missile on Various Aircraft 

~ 1  —t __ 

Aircraft 
Weapon 

: Statlor 
Plight 

i   Condition 

Calibrated 
Airspeed  Altitude Mach 
(knots)   (feet)   No. 

Dynamic 
Pressure 

(psf) 
P-3C 10 Take-off — — —— 

— 

Level Plight 355 1000 0.55 427 
- 

275 1000 0.42 257 140 1000 0.22 66 350 3000 0.56 ■U6 
■ 

210 3000 0.34 150 
^ 305 15000 0.61 30^ 

1 
Level Plight 

255 
1^0 

25000 
25000 

0.62 
0.35 

210 
66 

ä 

10 

2g turn 260 5000 0.42 226 
i 

1 

V   Dive max  ve 355» 7000» 0.60 421» 

t 

1 n Take-off — — -- 
1 ! Level Plight 380 1000 0.59 490 

275 1000 0.42 257 140 1000 0.22 66 340 3000 0.54 392 210 3000 0.34 1^0 
i 

305 15000 0.61 ■WK 

1 
▼ 

3-3C 

Level Plight 
255 
140 

25000 
25000 

0.62 
0.35 

210 
66 

1 
in 

2g 270 5000 0.45 246 
I 

Vmax Div« 355« 7000» 0.60 421» 
£ 5-3A 5 Take-off 

" 
— -- tmmm 

Level Plight 340     loco 0.52 392 
270     1000 0.42 257 110 1000 0.22 66 t 340 3000 0.54 392 

s 
I 
-3A 

V 
Level Plight 

314 
260 

15000 
25000 

0.62 
0.63 

326 
219 

5 3.5g Turn 320 12000 0.60 340 
-  1 
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Table 5. Sujuraary of Captive Flight Conditions for HARPOON 
Missile on Various Aircraft   (Cont'd) 

•Average value over record length of measurement 

Aircraft 
Weapon 
Station 

Flight 
Condition 

Calibrated 
Airspeed 
(knots) 

Altitude 
Cfeet) 

Mach 
No. 

Dynamic 
Pressure 

Cpsf) 
I        A- 
■ 

■7C 1 
i 

Take-off — — — 
■ Level Plight 550 1000 0.85 1026 

350 1000 0.51 116 
180 1000 0.28 110 
130 12000 0.80 595 200 12000 0.38 137 
150 15000 0.87 636 
410 
310 

15000 
30000 

0.80 
0.89 

532 
352 ▼ 300 30000 0.80 281 

1 ' 
Level Plight 190 30000 0.52 117 

1 5.5g Turn 150 1000 0.69 716 
2 
1 

Take-off — — — — 

Level Plight 195 2500 0.78 831 
350 2500 0.55 116 
195 2500 0.31 129 
110 8000 0.76 636 
110 15000 0.86 610 
310 29000 0.88 351 

1 r 300 29000 0.78 279 

1 r 

Level Flight 195 29000 0.52 125 

i 5.5g Turn 150 . 1000 0.69 716 
A-7 'C 2 V   Dive max W-Lve 550» 11000« 0.98« 958» 
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excess of 1000 psf. Hence, the missile environment In this 

case should be dominated at extreme flight conditions by 

aerodynamic excitation. 

3.^ Procedures For Qunflre Tests 

The vibration response of the HARPOON missile during gunfire 

of the carriage aircraft was measured with the Instrumented 

test missile mounted on weapon station location No, 2 of 

the same A-7C aircraft used for the captive flight tests. 

The aircraft was equipped with an internally mounted M61A1 

20 mm Gatling gun. During level flight at 1000 ft with a 

flight dynamic pressure of q ■ 700 psf, several bursts of 

500 rounds each were fired, some with a firing rate of 4000 

rounds/minute and others with a rate of 6000 rounds/minute. 

Vibration and surface pressure data were recorded Just prior 

to the gunfire bursts and then during the bursts. 

1.  DATA ANALYSIS PROCEDURES 

All data from the various HARPOON missile tests were pro- 

cessed and analyzed at NATO, Patuxent River, Maryland. The 

acceleration and pressure records were reduced to peak 

levels, shock spectra, and/or power spectra, depending upon 

the types of measurements, as will now be summarized. 

-17- 
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^•1 Catapult Launch and Arrested Landing Data 

The transient signals from the eleven accelerometers recorded 

during each of the catapult launch and arrested landing tests 

were plotted out as time histories using an oscillograph, and 

the peak acceleration value of each time history was tabulated. 

Selected records were then reduced to maxlmax response (shock) 

spectra over the frequency range from 2 to 2000 Hz using a 

Spectral Dynamics SD-320 shock spectrum analyzer.  The shock 

spectra were computed for two damping factors; C ■ 0.05 (Q ■ 10) 

and C ■ 0.01 (Q ■ 50).  The applications and interpretations 

of shock spectra for transient missile response environments 

have been reviewed and discussed in the report covering the 

HARPOON launch ejection shock [1] and, hence, need not be 

pursued here.  More general discussions of the measurement and 

interpretation of shock spectra data are available from the 

open literature [3,1*]. 

^.2 Captive Flight Vibration and Pressure Data 

The signals from the eleven accelerometers and three surface 

pressure transducers recorded during the captive flight tests 

were reduced to rms values using a calibrated voltmeter, and 

to power (auto) spectral density functions using a Federal 

—18— 
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Scientific UA-6A Ubiquitos spectrum analyzer in conjunction 

with Federal Scientific 129B digital averager.  The auto- 

spectra were computed over a frequency range from 10 to 2000 Hz 

with a nominal resolution bandwidth of B ■ 10 Hz and an aver- 

aging time of T ■ 6.^ seconds, providing estimates with 

n » 2BT ■ 128 degrees-of-freedom. Hence, the resulting 

spectral density estimates have a coefficient of variation 

(normalized standard deviation) of e ■ 12.5%.    It follows that 

a 95%  confidence interval for the spectral density value at 

any frequency in the analyzed data is approximately + 1 dB. 

Details on the applications and interpretations of spectral 

density functions areavailable from the open literature [5,6], 

^.3 Gunfire Vibration and Pressure Data 

The signals from six forward accelerometers in the seeker 

and guidance section as well as the three surface pressure 

transducers recorded Just prior to and during the bursts of 

20 mm. gunfire were reduced to rms values using a calibrated 

voltmeter, and to power spectral density functions using the 

Federal Scientific Ubiquitos analyzer. For the measurements 

prior to the bursts of gunfire, the power spectra were computed 

over a frequency range from 10 to 2000 Hz with a nominal 

resolution bandwidth of B ■• 10 Hz and an averaging time of 

either T«3.2orT"6.*l sees, giving n • 2BT ■ 6k or 

-19- 
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128 degrees-of-freedom, respectively.  N ■ 128 degrees-of- 

freedom provides an estimate with a 95%  confidence interval 

of about + 1 dB, while n = 6^4 degrees-of-freedom yields a 

confidence Interval of approximately +1.5 dB. 

For the measurements during the bursts of gunfire, the 

autospectra were computed over a frequency range from ^40 

to 2000 Hz with a nominal resolution bandwidth of B » ^40 Hz. 

The averaging time was selected to correspond to a period 

when the gunfire was relatively stable. This varied from 

0.i\  sees to 1.8 sees. At the lower limit of T ■ 0.4 sees, 

the degrees-of-freedom for the estimates are n » 32 corre- 

sponding to a 95% confidence interval of about - 2.5 dB to 

+ 2 dB. 

5.  TEST RESULTS 
I 
i 

The basic results of the tests consist of acceleration time 
i 

histories, peak acceleration values, shock spectra of accel- 

eration transients, and power spectra of stationary acceleration 

and pressure signals. The pertinent characteristics of these 

results are now summarized for the various tests. 

5.1 Catapult Launch Testa 

Typical time histories of the acceleration response measured 

-20- 
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on the HARPOON structure at the forward hook (W3<Ml) 

during a catapult launch are shown in Figure 1. Note that 

the time histories display two distinct transient events 

separated in time by about two seconds. The first event 

corresponds to the start of the launch when the catapult load is 

initially applied to the aircraft, and the second corresponds 

to the end of the launch when separation occurs. The separ- 

ation transient is generally more severe than the launch 

initiation transient, suggesting that the separation load 

occurs more abruptly than the launch initiation load. In 

both cases, however, the transients display a distinct oscil- 

latory character at about 10 Hz. 

The peak acceleration levels measured at the eleven acceler- 

ometer locations on the HARPOON structure during the various 

catapult launches are summarized in Table 6. The peak accel- 

erations are shown separately for the launch initiation and 

separation transients. Note that the peak accelerations in 

any given direction do not vary dramatically with location. 

A typical shock spectrum of the HARPOON response to the 

catapult launch load is shown in Figure 5* This spectrum, 

computed for both Q ■ 10 and Q - 50, Is for the vertical 

acceleration transient measured at the forward hook, as 

-21- 
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AXIAL  (VV39X) 

-5 

n/pFs^'^^ 

LATERAL (VV40 Y) 

E      0 
Ul 
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VERTICAL IVV41 Z) 

^| '' ■' ■ ■ i  
1.0 2.0 

TIME AFTER INITIATING LAUNCH. SEC 

FTOUHEtU   Tlrae Hlstortea of HARTOON Missile Aooel«Mti«i 
fes^nse at Porwani Hook During Catapult Laumh ofT^ 

3.0 
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Table 6. Summary of Peak Acceleration Levels on HARPOON 

Structure During Catapult Launches of A-7E Aircraft 

Measurement 
Location 

No.   Description Direction 
Launch 
No.» 

Max 
Launch 
Accel.,g 

Peak Missile Response 
Acceleration, g 

Initiation Separation 
W 33 Seeker 

bulkhead 
Axial 2 5.6 1.5      1.0 

W 31* Lateral 2 5.6 1.3      3-3 

W 35 Vertical 2 5.6 3.8      6.3 

W 36 MGU mounting 
structure 

Axial 1 5.3 1.8      1.8 

W 37 Lateral 1 5.3 1.3      1.3 

VV 38 Vertical 1 5.3 3.5      1.8 

W 39 Forward 
aircraft 

W 10 hook 

Axial 

Lateral 

3 

3 

6.0 

6.0 

1.3      1.0 

1.3 

VV kl Vertical 3 6.0 2.0      2.5 

W 112 Engine wall Radial 4 1.7 2.0      1.5 

W H3 Vertical 1 1.7 1.3      2.8 

•See Table 3 for details. 
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previously presented in Figure Mc). Note that this Is a 

maxlmax shock spectrum for the total launch transient, including 

both the Initiation and separation events. Shock spectra were 

also computed for the initiation and separation events separately 

Such data are Illustrated for the vertical acceleration Input to 

the MGU (W 38) in Figure 6. The shock spectra in this figure 

were computed using Q ■ 10. Note that the spectral values for 

the separation pulse are somewhat higher at most frequencies 

than the values for the initiation pulse. Referring to Table 6, 

this Is consistent with the fact that the separation pulse 

displayed a higher peak acceleration level. The shock spectrum 

for the overall transient approximately envelops the shock 

spectra for the individual events. 

The shock spectra shown in Figures 5 and 6, as well as the 

spectra measured at all other locations during the catapult 

launch testa, have certain common characteristics. Specifi- 

cally, at the lower frequencies, they rise to a maximum or near 

maximum value at about 10 Hz. Referring to the typical time 

histories in Figure 4, this is consistent with the fact that 

the transient has a distinct oscillatory character at about 

10 Hz, probably representing the elastic mode of the A-7E- 

HARPOON combination. At the higher frequencies, the spectra 

tend to rise to a second peak at about Ik Hz, which may be 
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related to the first  flexural ring mode of the HARPOON missile 

shell. 

5.2    Arrested Landing Tests 

Typical time histories of the acceleration response measured 

on the HARPOON structure at the forward hook (VV 39-l»l) during 

an arrested landing are shown In Figure 7.    Unlike the catapult 

launch data,  the time histories in this case reveal only one 

distinct transient event.    However,  the transient has the 

same general oscillatory character at about the same frequency, 

namely,  10 Hz. 

The peak acceleration levels measured at the eleven acceler- 

ometer locations on the HARPOON structure during the various 

arrested landings are summarized in Table 7«    As for the cata- 

pult launch data, the arrested landing acceleration levels in 

any given direction do not vary dramatically with location on 

the missile.    Furthermore, the acceleration levels at a given 

location are relatively insensitive to the aircraft sink rate 

at landing.    For example, the peak vertical acceleration 

recorded at the forward hook (W 41)  for a landing with a 

sink rate of 19 ft./sec. is only about twice the peak accel- 

eration at this location for a landing with a sink rate of 

2.1 ft./sec.    Finally, comparing the results in Tables 6 and 7. 
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Table 7. Summary of Peak Acceleration Levels on HARPOON 

Structure During Arrested Landings of A-7E Aircraft 

Measurement 
_   Location 

De scription 

Seeker 
Bulkhead 

MGU 
Mounting 
Structure 

Forward 
Aircraft 
Hook 

Engine 
Wall 

RöT 

W 33 
W 3^ 
W 35 

W 36 

W 37 

VV 38 

W 39 

W HO 

Direction 

Axial 
Lateral 
Vertical 

w m 

VV 12 
VV 43 

Axial 

Lateral 

Vertical 

Axial 

Lateral 

Vertical 

Radial 
Vertical 

No. 

1 
1 
1 

\9 
10 

9 
10 

6 
9 

10 

2 
3 

5 
8 

2 
3 

5 
8 

2 
3 
i| 

6 
6 

Arrested  Landing 
Sink Rate» '" 
(ft./sec.) 

1^.5 
11.5 
11.5 

10.6 
12.6 

10.6 
12.6 

9.6 
10.6 
12.6 

15.8 
18.2 
16.2 
19.0 
2.1 

15.8 
18.2 
16.2 
19.0 
2.1 

15.8 
18.2 
16.2 
19.0 
2.1 

9.6 
9.6 

•Average sink rate; see Table 1 for details 

Max"; 
Decel.,g 

3.2 
3.2 
3.2 

1.2 
1.3 

1.2 
1.3 

3.2 
1.2 
1.3 

3.2 
3.2 
3.2 
3.2 
3.6 

3.2 
3.2 
3.2 
3.2 
3.6 

3.2 
3.2 
3.2 
3.2 
3.6 

3.2 
3.2 

Peak Missile 
Response 

Acceleration SÜ 
3.5 
3.3 
3.8 

1.8 
2.5 

2.0 
1.3 

3.8 
5.0 
2.5 

2.8 
2.5 
2.3 
3.0 
2.5 

2.5 
1.5 
1.8 
2.0 
1.3 

2.5 
2.5 
2.5 
2.5 
1.3 

5.0 
2.3 
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it is seen that the peak missile response accelerations 

measured during the arrested landings are not significantly 

different, on the average, from the levels measured during 

the catapult launches. 

Now concerning the shock spectra of the arrested landing 

transients, the maximax shock spectra of the acceleration 

transients Recorded at most locations are similar in character 

and level to the shock spectra of the transients recorded 

during the catapult launches.  This fact is illustrated in 

Figure 8, which presents the shock spectrum of the vertical 

acceleration measured at the forward hook (W ^1) for an 

arrested landing with a sink rate of 18.2 (Landing No. 3). 

Comparing these data to the spectra computed at the same 

location for the catapult launch transient in Figure 5, it 

is seen that the spectra levels are quite similar at all but 

the lowest frequencies for both the Q - 10 and Q ■ 50 results. 

At frequencies below 3 Hz, the catapult launch levels are 

somewhat higher. This is obviously due to the fact that the 

catapult launches Involved two distinct transient events 

separated in time by about 2 seconds, producing a contribution 

to the shock spectrum at very low frequencies. 
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5.3 Captive Flight Tests 

The rms vibration levels measured at the eleven accelerometer 

locations on the HARPOON missile structure during captive flight 

of the three test aircraft are summarized for various flight 

conditions in Table 8.  The rms values of the fluctuating 

surface pressure levels measured by the three flush mounted 

pressure transducers are shown In Table 9. Note that both 

the vibration and pressure levels generally increase with 

Increasing dynamic pressure, as would be expected for an 

externally carried aircraft store in captive flight [7,83. 

Further note that the maximum levels usually occur near the 

aft end of the missile (Locations W 42, W 43, and VA 16). 

This is also consistent with past measurements of captive 

flight vibration and surface pressure environments for 

externally carried aircraft stores [?]. 

The power spectra of the recorded captive flight vibration 

measurements are highly "peaked" and generally cover a wide 

dynamic range, as is characteristic of spectra for structural 

vibration response data.  The spectra differ substantially 

from one location to another on a given aircraft, but are 

reasonably similar at a given location and flight condition 

from one aircraft to another. This is demonstrated in Figure 9, 

which presents the power spectra of the vertical vibration 

•»32 •» 
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Table 8.   Suninary FMS Vibration Levels on HARPOON Struoture During Captive Pllgnt 

On Various Aircraft 

1 
Wpr 
Sta 

I Flight  Condition Overall  rms Vlbr atlon Level  in K For Various Locations             1 
Air- 
craft 

Altl- 
.   lüde 

TAIr- Bach 3yn. 
»ressure 

Seeke r Bulkhead MCÜ Hoynt ng 1     Forward Hook   (    Engine      1 
speed Mo. Axial Lat. Vert. Axial Lit. VerTT Axial Lat. Vert.Rad. Axial 

(kft) (kta) DSD wil W34 W3§ W36 W17 W38 W39 W40 W41 W42 W43 
P-3C 1C 0 0 0 0 ... 0.28 0.18 0.32 ... ... ... ... 

I 140 9.22 66 0.11 0.18 0.07 0.07 0.07 0.07 0.07 0.07 0.07 0.28 0.14 
1 275 3.42 257 0.28 0.67 0.35 0.35 0.18 0.21 0.11 0.21 0.14 1.40 0.35 
1 355 D.55 427 0.53 1.11 0.78 0.71 0.39 0.50 0.25 0.53 0.39 2.40 0.71 
3 210 5.34 150 0.14 0.31 0.14 0.14 0.07 0.18 0.11 0.14 0.11* 0.51 0.28 
3 350 ).56 416 0.64 1.10 0.78 0.78 0.35 0.42 0.25 0.53 0.39 2.12 0.64 

15 305 3.61 305 0.42 1.13 0.60 0.64 0.35 0.Ü8 0.21 0.53 0.35 1.84 0.57 
\' 25 140 ).35 66 0.14 0.22 0.21 0.11 0.07 0.14 0.11 0.28 0.11 0.42 0. 14 
10 25 255 }.62 210 0.35 0.67 0.42 0.49 0.26 0.25 0.18 0.28 0.25 0.99 0.28 

1* 0 0 0 0 «•■» ... ... ... .«. 0.32 ... ... ... 0.40 0.20 
1 140 9.22 66 0.07 0.13 0.11 0.11 0.11 0.11 0.07 0.11 0.11 0.30 0.14 
1 275 5.42 257 0.25 0.58 0.32 0.28 0.18 0.21 0.11 0.21 0.21 1.00 ff.28 
1 gs B.59 490 0.39 0.85 0.42 0.50 0.35 0.39 0.14 0.35 0.35 1.80 0.57 
3 D.34 150 0.11 0.18 0.14 0.18 0.11 0.14 0.07 0.11 0.11 0.40 0.21 
3 3,40 ).54 392 0.35 0.89 0.42 0.57 0.39 0.42 0.25 0.50 0.46 2.00 0.49 

15 305 1.61 305 0.32 0.71 0.35 0.46 0.28 0.32 0.18 0.35 0.35 1.70 0.49 
\ ' w 25 140 ).35 

3.62 
66 0.11 0.13 0.25 0.11 0.11 0.14 0.07 0.11 0.14 0.40 0.21 

P-3C 14 25 255 210 0.32 0.53 0.32 0.42 0.35 0.35 0.14 0.28 0.25 1.40 0.35 

S,-3A 5 1 140 D.22 66 0.07 0.07 0.07 0.07 0.07 0.07 mmm ... ... ... ..*• 
i 1 275 3.42 257 0.21 0.53 0.21 0.25 0.14 0.14 0.07 

0.18 
0.18 0.14 0.85 0.21 

1 340 3.52 392 0.35 0.89 0.35 0.42 0.28 0.35 0.32 0.28 1.70 0.49 

'' 

3 3*° 3.54 392 0.39 0.81 0.35 0.35 0.25 0.21 0.18 0.35 0.25 1.64 0.49 
3 3«0 3.54 392 0.42 0.96 

0.81 
0.35 0.35 

0.42 
0.21 0.21 0.11 0.35 0.25 1.96 0.49 

' t 15 314 3.62 32« 0.28 9-35 
Ö.18 

0.21 0.28 0.11 0.32 0.25 l§6 

3.85 
0.42 

3-3 A 5 25 260 3.63 219 0.18 0.50 0.35 0.18 0.18 0.07 0.18 |0.14 0.28 

A-7C 1 0 0 0 0 0.11 0.25 ).ll   ... >.- ... ... ... ... mmm 

1 180 1.28 110 0.14 0.25 0.18 0.11 0.11 >.ll 0.07 0.11 0.11 0.42 0.21 
1 350 

l:p 
416 0.25 0.53 0.28 0.32 0.21 ».25 0.14 0.21 0.25 1.27 0.42 

1 950 1036 0.71 1.27 0.89 
0.18 

0.78 0.57 0.57 0.35 ».53 
0.1* 

0.50 ».38 
0.85 

1.20 
13 200 13T 0.18 0.39 S:I5 0.14 0.18 0.11 0.11 0.28 
12 430 595 0.50 1.06 0.42 0.39 9.39 0.25 0.42 0.35 3.97 0.85 
15 410 ).80 532 0.35 0.85 0.35 0.46 0.25 ).25 ... ... 
15 *50 ».87 636 ... ... 0.28 0.42 0.39 t.h 

0.28 
0.85 

30 190 (.52 
>.80 

117 oTis 0.28 M| 0.18 0.11 ».18 0.03 0.07 0.07 0.14 
i 30 300 281 0.18 0.42 ».18 0.35 0.21 ».18 0.07 ».14 ... 0.85 0.28 
1 30 3*0 ).89 352 0.21' 0.53 0.29 0.29 0.25 9.18 0.11 0.21 0.18 1.27 0.35 

3 0 0 0 0 0.11 0.11 0.11 m-mm* mmm »«* mmm mmm mmm 5"". — 
2 195 ».31 129 0.11 0.21 0.18 0.14 0.11 ».18 0.07 0.07 

9.18 
0.07 0.28 0.14 

2 350 

1« '4 416 0.29 0.57 3.25 0.32 0.18 9.18 0.11 0.18 1.13 
3.68 

0.28 
3 831 S:il 1.27 ».64 0.T4 0.42 9.46 0.28 9.50 0.46 0.99 a l:il 636 0.96 1.4» 0.57 0.35 ».28 0.18 9.35 0.32 2.12 0.57 

0.78 15 »40 610 0.39 0.78 ».39 
y.iB 

0.53 0.32 ».25 0.25 9.35 0.35 3-54 
% g 

i 
39 195 1.52 125 0.11 0.21 0.14 0.11 3.11 0.07 9.07 0.11 0.57 

0.65 
0.11 

\ t 39 300 l:ll 279 0.18 0.42 1.18 0.35 
0.42 

0.21 3.18 0.07 ».14 0.1B 0.11 
A-7C 3 39 340 354 0.21 0.57 B.21 0.25 3.18 0.11 3.21 0.18 1.41 0.18 
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; 

measured at the Seeker CW 35) during captive flight under 

similar conditions on tlie three carriage aircraft. Note that 

the spectra have been standardized to a common dynamic pressure 

of q - ^00 psf using the relationship, GCf) 2 q2 where G(f) Is 

the spectral density at frequency f. 

The results In Figure 9 strongly suggest that the carriage 

aircraft does not have a major Influence on the captive flight 

vibration environment of the missile, at least at the higher 

frequencies, even though one of the carriage aircraft Is pro- 

peller driven and the other two are Jets. This Is consistent 

with prior studies [7,8] that Indicate the vibration environ- 

ments of external stores carried at relatively high speeds 

are dominated by aerodynamic forces related primarily to flight 

dynamic pressure, rather than aircraft propulsion sources. 

At the lower frequencies, the vibration power spectra for the 

propeller driven P-3C flights do reveal strong contributions 

at the P-3C blade passage frequency and its harmonies, at 

least at some locations, as will be detailed later. 

The power spectra of the surface pressure data generally reveal 

a stronger distinction between the propeller and Jet powered 

carriage aircraft, as demonstrated by the data In Figure 10. 

This figure presents the power spectra of the pressures measured 
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on the side of the HARPOON guidance section during captive 

flight on the Jet powered A-7C and the propeller driven P-3C 

aircraft.  Again, the data have been standardized to a common 

flight dynamic pressure of q » 100 psf.  Note that the pressure 

spectrum for the P-3C flight test is dominated by tones at 

about 65 and 130 Hzs corresponding to the P-3C propeller blade 

passage frequency and Its first harmonic.  On the other hand, 

the pressure spectrum for the A-7C flight test is smoother 

with characteristics similar to separated boundary layer 

turbulence [7]. There are small peaks in the spectrum at 

about 75 and 150 Hz which probably represent tonal contributions 

related to the Jet engine shaft rotation. 

5.1 Gunfire Testa 

The rms vibration levels measured at the six accelerometer 

locations in the seeker and guidance section, and the rms 

pressure levels measured by the three pressure transducers 

during captive flight on the A-7C aircraft with and without 

gunfire are summarized in Table 10. It is seen from this 

table that a gunfire burst with a rate of 1000 rounds/min. 

caused the rms vibration levels on the seeker bulkhead to 

increase by over 100$ on the average. For a firing rate of 

6000 rounds/min., the rms vibration levels in the guidance 

section and the rms pressure levels at the three pressure 

:.;•' ■■;■;: ;•■,:''.rf.-••■.' "::'y.r'■:-:'/ 
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Table 10. Summary of rms Vibration and Surface Pressure 

Levels on HARPOON Structure Before and During 

Gunfire of A-7C Aircraft 

Type of 
Measurement* Direction 

Gun- 
fire 
rate 
(rpm) 

rms acceleration (g) 
or rms preasure (dB) 

Measurement Location before 
gunfire 

during 
gunfire Description No. 

Vibration Seeker 
Bulkhead 

MQU 
Mounting 
Structure 

W 33 
W 3^ 
W 35 

W 36 
W 37 
W 38 

Axial 
Lateral 
Vertical 

Axial 
Lateral 
Vertical 

ilOOO 
1J000 
1*000 

6000 
6000 
6000 

0.80 g 
1.50 g 
0.60 g 

0.80 g 
0.55 g 
0.60 g 

1.25 g 
2.80 g 
2.15 g 

1.10 g 
1.35 g 
0.80 g 

Fluctuating 
Surface 
Pressure 

Guidance 
Section 

VA 1^ 
VA 15 

Top 
Side 

6000 
6000 

145 dB 
139 dB 

119 dB 
11*5 dB 

Boattall VA 16 Side 6000 150 dB 153 dB 

»All measurements made during straight and level flight at 1000 ft. 
with a dynamic pressure of 700 psf. 
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transducer locations were Increased by about 70%  on the 

average.  It should be noted that these increases were recorded 

during captive flight at a dynamic pressure of q - 700 psf, 

which produced relatively high vibration levels even without 

gunfire. 

The power spectra of the vibration and pressure measurements 

before and during gunfire indicate that the gunfire increases 

the vibration levels over a wide frequency range, although the 

greatest Increase does occur at the gun firing rate frequency. 

This is illustrated in Figure 11, which shows the power 

spectrum of the vibration measured before and during gunfire 

at 1000 rounds/min. at the location shofing the greatest 

increase due to gunfire, namely, the vertical measurement on 

the seeker bulkhead (W 35). In this figure it is seen that 

the gunfire levels are higher at most frequencies, but parti- 

cularly at 67 Hz., the frequency of the gun firing rate. 
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6.     EVALUATION  OF RESULTS 

Of primary Interest In the test results are possible 

correlations of the measured missile response  levels  (shock, 

vibration and/or fluctuating pressure  levels)  with pertinent 

test conditions,  such as  Ca)  the carriage aircraft used for 

the tests,   (b)   the missile location on the aircraft,  (c)  the 

flight condition of the aircraft,  and  (d)  the measurement 

location on the missile.    These various  correlations were 

Investigated for the catapult  launch and arrested landing 

tests using peak acceleration levels and shock spectra, and 

for the captive  flight and gunfire tests using rms levels 

and power spectra. 

For those evaluations  involving shock or power spectra, 

averages were performed using the logarithms of the spectral 

levels rather than their absolute values.    This was done 

because past studies  [1,7,8] Indicate that the spatial dis- 

tribution of narrow band shock and vibration levels over an 

airborne missile structure tends to be lognormal in character; 

i.e., the logarithms of the spectral levels tend to be nor- 

mally distributed.    In other cases where overall rms values 

were Involved,  and the variance of the data to be averaged 

was relatively small, the averages were computed using mean 
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2     2      1/2 
square values, that Is, average rms •» [rmsj^ + rmsp + ...]  , 

Finally, to permit the evaluations to be performed in an 

efficient manner, all vibration and surface pressure spectral 

data were reduced to maximum spectral density values in one- 

third octave bands, and then keypunched for statistical 

analysis on a digital computer. All such statistical eval- 

uations were performed using the well known UCLA BMD 

statistical data analysis programs. 

6.1 Catapult Launch Data 

Referring to Table 3, all catapult launch tests were performed 

using a single aircraft and missile mounting location. Further- 

more, since there were only slight variations In the maximum 

launch acceleration, aircraft speed, and aircraft gross weight 

among the four tests detailed in Table 3* the missile response 

was not measured at any given location for more than one set 

of launch conditions. Hence, the data are not adequate to 

evaluate possible relationships between the missile response 

and the aircraft configuration or launch conditions. On the 

other hand, since the variation in the launch conditions from 

test to test was slight, the data do provide a basis for 

assessing the variations in the missile response environment 

-43- 



NWC TP 5880 

as a function of location on the missile structure. This is 

done in Figure 12 using the peak acceleration data taken from 

Table 6. 

It is seen from Figure 12 that the peak acceleration response 

of the missile in the vertical and lateral directions is most 

intense at the forward end of the missile. From the time 

history data in Figure 4, the dominant frequency of the 

response is about 10 Hz. These data suggest that the missile 

is responding to the catapult launch primarily at a funda- 

mental normal mode of the missile-rack-aircraft combination, 

which results in both pitching and yawing of the missile, or 

perhaps missile bending. On the other hand, the peak acceler- 

ation levels in the axial direction are relatively uniform in 

level over at least the first 70 Inches of the missile. This 

would be expected since the missile, rack, and aircraft wing 

are very stiff in the axial direction. Note that the average 

peak acceleration in the axial direction (about ^ to 5 g) is 

slightly less than the peak longitudinal acceleration of the 

aircraft (about 5 to 6 g). This discrepancy is probably due 

to the fact that the aircraft acceleration axis during a 

catapult launch does not lie along the missile axis. 

Now considering the data in terms of shock response levels, the 

-»•I*!«« 
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Q - 10 shock spectra of the missile response at the seeker. 

MQU. and forward hook locations are shown for each of the 

three orthogonal axes In Figure 13. Note that the levels In 

the vertical direction are generally higher than the lateral 

and axial levels at the lowest frequencies, but the levels 

at the higher frequencies are similar along all three axes. 

Furthermore, the levels at the three different locations 

are not as different as might have been expected from the 

peak acceleration data in Figure 12. 

There is only a small amount of prior data available on the 

shock response of airborne missiles during catapult launches 

of their carriage aircraft which can be considered reliable. 

Limited measurements of the shock response of a Standard ARM 

missile on an A.6 aircraft indicate higher levels than those 

shown in Figure 13. There is a general design criterion for 

catapult launch loads on wing mounted missiles provided by 

MIL.A-8591D [9]. The design criterion are stated In terms 

of design limit load factors which are shown with the shock 

response spectra for the forward hook location in Figure 13. 

Note that the shock spectra values in all three directions 

generally fall within the design criterion at most frequencies 

below 500 Hz. 
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6.2 Arrested Landing Data 

Referring to Table H,  all arrested landings were performed 

using a single aircraft and missile mounting location, and 

there were only slight variations in the maximum deceleration 

and aircraft gross weight among the ten tests.  However, 

referring to Table 7, repeated measurements were made at a 

single location (the forward hook) for five different landings, 

including one landing with a very low sink rate (2.4 ft./sec). 

Hence, the data can be evaluated for a dependence on aircraft 

sink rate as well as the measurement location on the missile. 

First concerning a dependence on aircraft sink rate, visual 

inspection of the data in Table 7 measured at the forward 

hook location does not reveal a significant dependence of the 

missile response acceleration on sink rate, at least in the 

axial and lateral directions.  In the vertical direction, 

the one acceleration measurement for the sink rate of 2.'! ft/sec 

is about half the measurements at higher sink rates. However, 

a correlation analysis of all the peak acceleration versus 

sink rate data at the hook location does not reveal a 

statistically significant correlation at the 5%  level of 

significance. Hence, it must be concluded that the dependence, 

if any, of the missile response on the aircraft sink rate is 

' zl-i*: ' 
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too weak to be revealed by the available data. 

Now concerning possible variations in the missile response 

levels with measurement location, the average of the peak 

acceleration levels along the three axis at each measurement 

location are shown in Figure 14,  These results were obtained 

by averaging together the data in Table 7 for different 

landing sink rates, excluding the data for the sink rate 

of 2.4 ft/sec. It is seen from Figure 14 that the missile 

response during arrested landings is similar in spatial 

distribution to the response levels measured during catapult 

launches, as shown earlier in Figure 12; specifically, the 

maximum response levels occur at the seeker with the lateral 

levels being somewhat lower than the axial and vertical levels. 

In this case, however, the peak acceleration levels in the 

axial direction are about the same as the maximum aircraft 

deceleration levels measured during the arrested landings. 

The Q ■ 10 shock spectra of the missile response at the seeker, 

MQU, and forward hook locations are shown for each of the 

three orthogonal axes in Figure 15. The spectra are for 

those tests which produced at highest peak acceleration 

levels measured at each location. As for the catapult launch 

results, the shock spectra shown in Figure 15 do not vary 

-19- 
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dramatically from one location to another at a given 

frequency. 

The MIL-A-8591D design limit load factors for arrested 

landing loads on wing mounted missiles are shown with the 

shock response spectra for the forward hook location in 

Figure 15.  Note that the design criterion exceeds the 

shock spectra levels in all directions and at almost all 

frequencies. Furthermore, the arrested landing criterion 

exceeds, at most frequencies, the measured shock spectra 

levels during catapult launches as well. Hence, it can be 

said that both the catapult launch and arrested landing 

loads are within the general design criteria of MIL-A-8591D. 

6.3 Captive Flight Vibration Data 

Referring to Table 8, considerable captive flight vibration 

data were collected for three different aircraft operating 

under a wide range of flight conditions, including take-off. 

For the A-7C aircraft, the vibration levels during take-off 

are substantially lower than the flight vibration levels at 

all frequencies and, hence, can be Ignored. For the P-3C 

aircraft, the take-off vibration levels are lower than the 

flight levels at all frequencies above 30 Hz. At frequencies 

below 30 Hz, the take-off levels sometimes exceed the levels 
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during straight and level flight by a factor of two, but 

are still lower than the flight levels during a turn. Hence, 

the take-off vibration can be ignored for the P-3C as well. 

No take-off vibration data are available for the S-3A aircraft. 

For straight and level flight, the vibration data for all 

three aircraft collapse quite well as a function of dynamic 

pressure. This is illustrated using overal rms values averaged 

over all eleven accelerometer locations in Figure 16. The 

dashed line on each plot in this figure represents the least 

squares regression line for vibration level (g rms) versus 

dynamic pressure (q) with an intercept of zero. 

There are several aspects of the data in Figure 16 which 

should be noted.  First, there is no significant difference 

in the measured vibration levels versus dynamic pressure for 

captive flight on two different weapons stations of the same 

aircraft. Second, the measured vibration levels versus 

dynamic pressure are about the same for captive flight on 

the A-7C and S-3A aircraft. Third, the measured vibration 

levels for captive flight on the propeller driven P-3C 

aircraft display a strong dependence on dynamic pressure, 

although the slope of the dependence is slightly greater 

than occurs for the two Jet powered aircraft. These results 

confirm the conclusions drawn from data for other missiles C7»8] 
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that the captive flight vibration environment of externally 

carried stores is due primarily to aerodynamic excitation and, 

hence, Is relatively independent of the carriage aircraft and 

mounting location. This appears to be true even for captive 

flight on a propeller driven aircraft such as the P-3C, at 

least in terms of the overall vibration levels. 

When considered in terms of frequency spectra, some differences 

do appear in the HARPOON captive flight vibration environment 

among the three carriage aircraft at the lower frequencies. 

This is illustrated In Figure 17. which presents the power 

spectrum averaged over all eleven measurement locations for 

the vibration during captive flight on each of the three air- 

craft operating at a common flight dynamic pressure of 

q « l»00 psf. Note that the average power spectra of the 

vibration environments are remarkably similar (within + 1 dB) 

at all frequencies above 200 Hz. Below 200 Hz, however, 

there are some significant differences. Specifically, the 

spectral levels of the captive flight vibration during car- 

riage on the propeller driven P-3C aircraft are substantially 

higher than for the two Jet powered aircraft, reflecting the 

added contribution of propeller noise excitation to the 

HARPOON vibration levels. Indeed, the first and second 

propeller blade passage frequencies are clearly apparent in 
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the P-3C vibration data.     There  is also a significant 

difference between  the average spectral levels during car- 

riage on the  S-3A and A-7C Jet  aircraft  in the frequency 

range between 50 and 200 Hz, with the  S-3A levels being 

higher.    This  undoubtedly reflects the added contribution of 

engine noise  during the S-3A carriage;   i.e.,   the missile is 

carried at a  location adjacent to the wing mounted engine 

on the S-3A aircraft,  as illustrated in Figure 3. 

The results presented in Figure 17 are for straight and 
f 

level flight.     The vibration levels during a sharp turn of 

the aircraft  are substantially greater in the frequency 

range below 200 Hz due to the low frequency buffet  induced 

by a turn maneuver.    This is demonstrated in Figure 18 

which shows the average power spectra of the vibration 

measured on the seeker bulkhead during level  flight and a 

5.5 g turn of the A-7C aircraft.    Note that the spectral 

data in this  figure have been standardized to a common 

dynamic pressure of q - 716 psf,  which was the actual 

dynamic pressure during the 5.5 g turn.    It is clear from 

these results that the low frequency vibration of the 

HARPOON missile is strongly amplified by buffet producing 

maneuvers. 
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Now consider the spatial variations of the vibration data 

over the length of the HARPOON structure. These spatial 

variations are shown in terms of overall vibration levels in 

Figure 19, where the data for the two Jet powered aircraft 

are pooled together because of their similarity. The data 

in Figure 19 indicate that the vibration levels along the 

three orthogonal axes are relatively homogeneous in the 

forward half of the missile during captive flight on all 

three aircraft. The only exception Is the lateral measure- 

ment on the seeker bulkhead which tends to be about twice 

as high as the other measurements in the forward region.  In 

the aft region of the missile, however, the only available 

radial direction measurement (VV ^0 on the motor) Is about 

four times greater than the general vibration levels in the 

forward region. These data are consistent with the results 

of past studies [7] that indicate the captive flight vibration 

environment of missile is significantly more intense in the 

aft end of the missile than in the forward and mid regions. 

The spatial variations of the missile vibration from one 

location to another are further investigated In terras of their 

power spectra In Figure 20. In fehis figure, the power spectra 

of the vibration measured along the three orthogonal axes 

are pooled together to arrive at a single average spectrum 

at the seeker, M0Ü, and forward hook locations for each of 
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the three carriage aircraft operating at a common flight 

dynamic pressure of q - Hoo  pSf.  Note that the vibration 

levels at the higher frequencies (above about 400 Hz) are 

similar in magnitude from one location to another for a given 

carriage aircraft.  At the lower frequencies, however, the 

seeker vibration levels are higher than those at the MGU 

and forward hook by about 10 dB. 

A final point of Interest is a comparison of the HARPOON 

captive flight vibration levels with data for other exter- 

nally carried aircraft stores, as well as with the test 

requirements of the proposed MIL-STD-810C [10].  To make 

these comparisons, the vibration levels measured at the 

seeker, MGU, and forward hook locations during captive 

flight on the two Jet aircraft (A-7C and S-3A) were pooled 

together after scaling the data to a common flight dynamic 

pressure of q - 1200 psf.  The maximum spectral density 

level In each of 2H  contiguous one-third octave band Intervals 

was then determined from the pooled data. These results are 

compared to the 95%  tolerance level determined for pooled 

data from 12 other externally carried aircraft stores [7] in 

Figure 21. Also shown in Figure 21 is the test requirement 

specified for captive flight vibration environments of 

externally carried stores by MIL-STD-810C [10]. In all cases, 
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the comparisons are based upon an average missile weight 

density of w » 100 pcf and a flight dynamic pressure of 

q ■ 1200 psf. These values constitute the approximate weight 

density of the HARPOON missile, and the approximate maximum 

dynamic pressure for captive flight on an A-7C aircraft. 

The results in Figure 21 Indicate that the maximum spectral 

density levels of the HARPOON captive flight vibration 

environment generally exceed the test requirements of 

MIL-STD-810C at frequencies below 1»00 Hz. However, the 

HARPOON levels at these lower frequencies are bounded with 

reasonable accuracy by the smoothed envelope determined 

from prior data for other airborne missiles. On the other 

hand, at frequencies above 100 Hz, the maximum spectral 

density levels of the HARPOON vibration fall far below 

both the envelope for other data and the MIL-STD-810C test 

requirements. The reason for this lack of high frequency 

response of the HARPOON missile may be related to the fact that 

it Is larger than most of the prior missiles used to generate 

the data pool for Ref. 7 and MIL-STD-810C. 

6.1 Captive Flight Surface Pressure Data 

Referring to Table 9, fluctuating surface pressures were 

measured at three locations on the HARPOON missile during 
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captive flight under various conditions on the three carriage 

aircraft. These pressure measurements are shown as a function 

of flight dynamic pressure in Figure 22. Note that the two 

measurements on the surface of the guidance section have been 

averaged because they are generally similar. Further note 

that an approximate regression line constrained to the theore- 

tically expected slope of 6 dB per doubling of dynamic pressure 

Is superimposed on each plot. 

The data in Figure 22 reveal a dependence on dynamic pressure, 

although the correlation is not as strong as was previously 

indicated for the rms vibration levels shown in Figure 16. 

The greater scatter in the fluctuating pressure data is to be 

expected since point pressure measurements are sensitive to 

local perturbations in the aerodynamic excitation, while 

structural vibration measurements tend to reflect a response 

to the average excitation distributed over the structure. 

Nevertheless, the results are generally consistent with past 

data for externally carried aircraft stores [7], as well as 

the acoustic test requirements of the proposed MIL-STD-810C [10]. 

Comparisons with these past data and MIL-STD-810C, Method 515.2, 

are presented in Table 11. 
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From Table 11, it is seen that the fluctuating pressure levels 

measured on the boattail section are in good agreement with 

past data and, in some cases, with the test requirements of 

MIL-STD-810C.  On the guidance section, the MID-STD-810C 

requirements are about 6 dB higher than the measured levels 

for the two Jet powered aircraft.  However, the agreement Is 

quite close on the boattail. For the propeller driven P-3C, 

the agreement is excellent at both locations, when considered 

only in terms of overall pressure levels.  Of course, the 

spectral levels for the P-3C test exceed the requirements of 

MIL-STD-810C at the low frequencies because the standard was 

not designed for captive flight environments on propeller 

aircraft. 

6.5 Gunfire Data 

Referring to Table 10, the operation of the A-7C aircraft 

Gatling gun increased the vibration levels in the forward 

region (seeker and guidance sections) of the HARPOON missile 

by about 100* above the normal levels for captive flight at 

a dynamic pressure of q - 700 psf.  There is very little 

reliable prior data on the gunfire induced vibration environ- 

ments of airborne missiles available for comparison. Further- 

more, the proposed MIL-STD-810C [10] does not address this 

specific case directly. However, MIL-STD-810C, Method 519.2, 
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does provide test criteria for the gunfire induced vibration 

environment for aircraft equipment.  Assuming a separation 

distance between the store and gun nozzle of about 100 Inches, 

HIL-STD-810C yields the test criteria shown in Table 12. 

The data in Table 12 display reasonable agreement between 

the measured gunfire induced vibration of the HARPOON missile 

and MIL-STD-810C test requirements, depending upon how one 

chooses to make a necessary weight correction.  If the entire 

HARPOON missile is considered a component, then the MIL-STD- 

810C requirements would exceed four of the six measurements, 

but fall short of two measurements by up to 3:1 on the peak 

spectral density and /JIT on the rms value. However, if the 

individual sections of the HARPOON missile are considered 

separate components, then the MIL-STD-810C requirements would 

be highly conservative at all locations. 
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7.  COMPARISONS TO DESIGN CRITERIA 

In the previous section, the measured responses of the HARPOON 

missile to various environmental loads were evaluated and 

compared to prior data and the requirements of general design 

criteria and test specifications for externally carried 

aircraft stores. Of interest now is a comparison of the 

maximum anticipated responses of the missile to the applicable 

design criteria for the HARPOON missile [2]. 

7,1 catapult Launch and Arrested Landing Environment 

The HARFOON design criteria document [2] specifies that the 

missile must meet the requirements of MIL-A-8591D for catapult 

launch and arrested landing loads. A comparison to the 

requirements of MIL-A-8591D based upon Q - 10 shock spectra 

for the missile response during catapult launch and arrested 

landing operations has already been presented in Figures 13 

and 15. The measured data are generally consistent with the 

criteria. 

Beyond the MIL-A-8591D requirements, the HARPOON design 

criteria document [2] specifies carrier handling and storage 

shock requirements and launch ejection shock requirements 

which are generally more severe at the lower and higher 
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frequencies, respectively, than the requirements of MIL-A-8591D 

The q = 1Q shoclc spectra for these two additional requirements 

are superimposed on the envelope shock spectrum for catapult 

launch and arrested landing measurements In Figure 23. 

Excluding a slight violation at 10 Hz, these storage and 

launch ejection criteria comfortably exceed the measured 

shock spectra at all locations and frequencies.  It is clear 

from these results that the catapult launch and arrested 

landing loads are well covered by the HARPOON design criteria 

taken as a whole. 

7'2 Captive Flight Vibration Environment 

The HARPOON design criteria document [2] specifies maximum 

captive flight vibration levels in terms of a power spectrum 

for the vibration at the forward lug (hook). Hence, the 

desired comparison here is to the worst case vibration levels 

which might occur at the forward hook during captive flight, 

including takeoff, on the three carriage aircraft Involved in 

the experiments. No data are available for the vibration 

levels at the forward hook location during take-off. However, 

as discussed in Section 6.3, the vibration levels at other 

locations where take-off data are available indicate the take- 

off data are substantially lower than the vibration levels 

which occur during high dynamic pressure flight. 
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For the aircraft Involved in these experiments, the A-7C is 

capable of the highest flight dynamic pressure, estimated to 

be about 120Q psf.  The envelope of the maximum spectral 

density levels of the vibration measured at the forward hook 

locations for this condition are shown in comparison to the 

design criteria levels in Figure 2^. Note that the A-7C 

vibration levels at the flight dynamic pressure of q = 1200 psf 

were computed by scaling data measured at lower dynamic pressures 

assuming spectral density proportional to q .  It is clear 

from the results in Figure 2^ that the HARPOON captive flight 

vibration levels are well below the applicable design criterion. 

It should be mentioned here that the data presented in Figure 2'4 

are for straight and level flight. No data for sharp turns 

are available at the forward hook location.  However, referring 

back to Figure 18, vibration levels at the seeker location 

were greatly Increased at frequencies below 200 Hz by a high 

g turn maneuver.  It is likely that the vibration levels at 

the forward hook would also be greatly increased at these low 

frequencies, perhaps to levels In excess of the design criterion 

at the very lowest frequencies (below 30 Hz.). 

7.3 Captive Flight Surface Pressure Environment 

The fluctuating pressure environment acting on the exterior 
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surfaces of the HARPOON mls.ile during captive flight is of 

two sources; (a) the aerodynamic noise which is most severe 

during flight at high dynamic pressures, and Ct» the Jet 

engine acoustic noise which Is most severe during take-off. 

As noted in the previous section, the highest flight dynamic 

Pressure anticipated for the aircraft involved in these 

experiments is estimated to be about 1200 psf for the A-7C 

aircraft.  On the other hand, the worst case take-off noise 

occurs on the S-3A at locations on the missile facing the 

engine (location VV ÜO.  These maximum fluctuating pressures 

and acoustic noise levels are shown in Figure 25.  Note that 

the A-7C fluctuating pressure levels at the flight dynamic 

Pressure of q - 1200 psf were computed by scaling data measure- 

ments at lower dynamic pressures assuming dB = C + 20 log q. 

Also shown in Figure^ is the external acoustic noise design 

criterion for the HARPOON missile [2]. m all cases, the 

octave band levels are terminated at the 2,000 Hz center 

frequency because no measurements were obtained above this 

frequency. 

The results In Figure 25 reveal that the overall pressure 

levels for the worst case captive flight conditions are well 

below the design criterion overall level of 165 dB. However, 

the octave band levels for both the take-off and high dynamic 
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pressure flight conditions do exceed the design criterion 

levels at frequencies below 10Q Hz. These exceedances are 

not considered critical since the hlgb take-off levels occur 

only over that limited area of the missile facing the wing 

mounted engine during the S-3A takeoff, and the high flight 

levels occur only on the missile boattall section which does 

not contain sensitive equipment.  The pressures measured on 

the seeker and guidance sections are below the design levels 

even at the lowest frequencies. 

7.^ Gunfire Vibration Environment 

The HARPOON design criteria document [2] specifies a gunfire 

environment in the form of a pressure pulse, probably repre- 

senting the shock wave induced- by the firing of a large 

shipboard gun. Specific criteria for the vibration due to 

aircraft Catling guns are not presented. However, as discussed 

previously In Section 6.5, the measured vibration response of 

the HARPOON missile to gunfire during captive flight on the 

A-7C aircraft is reasonably consistent with the requirements 

of MIL-STD-810C (see Table 12). Furthermore, the gunfire 

induced vibration levels at the seeker and guidance section 

locations on the HARPOON are below the captive flight vibration 

design criterion presented in Figure 21. Hence, it is 

■ .-. 
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reasonable to assujae that the mlselle Is adequately designed 

for aircraft gunfire induced loads. 
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8.     CONCLUSIONS 

The  prl„clpal  conclU3lorl8  t0  be  ^^  ^ ^ 3tudies 

reported herein may be summarUed as  follows: 

The following conclusions apply to the shoe, response of the 

HARPOON .issue counted on weapons station No.  1 0f an 

A-7E aircraft during catapult  launches using a 0-7 catapult. 

(a)    The maximum acceleration response of the missile 

oocurs in the vertical direction af the forward end 

(the seeker), and Is about 6 g peak. 

<»    The « . xo sh00k spectra of the response ^^^ ^ 

all iocatlons are generally less than 10 g over 

the frequency range from 2.5 to 2000 Hz. 

< = )    The response levels are not .Ignifleantly Influenced 

by an off center position on the catapult or small 

variations In the launch speed. 
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(d)  The response levels exceed, in some cases, the HARPOON 

design criterion for catapult launch loads, but are 

well within the design criteria for carrier handling 

and launch ejection shock loads. 

8.2 Arrested Landing Environment 

The following conclusions apply to the shock response of the 

HARPOON missile mounted on weapons station No. 1 of an A-7E 

aircraft during arrested landings using a MK-7 MOD 3 arresting 

gear. 

(a) The maximum acceleration response of the missile occurs 

in the axial and vertical directions at the forward 

end (the seeker and guidance sections), and is about 

4 g peak. 

(b) The Q - 10 shock spectra of the response levels are 

generally less than 10 g at the forward hook over the 

frequency range from 2.5 to 2000 Hz, but reach values 

of about 50  g in the guidance section at frequencies 

above 1000 Hz. 

(c) The response levels are not significantly Influenced by 

the aircraft pre-landlng sink rate or the landing speed. 
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(d)    The response levels slightly exceed.  In some cases, 

the HARPOON design criterion for arrested landing loads, 

but  are well within the design criteria for carrier 

handling and launch ejection shock loads. 

8.3    Captive  Flight  Vibration Environment 

The following conclusions apply to the vibration levels of 

the HARPOON missile  during captive  flight  on  the P-3C,  S-3A, 

and A-7C aircraft. 

(a) The rms  vibration levels at all  locations are approxi- 

mately proportional to flight dynamic pressure. 

(b) The 'Vibration levels during high dynamic pressure 

flight exceed the take-off vibration levels in most 

cases. 

(c) The vibration levels during captive flight are relatively 

independent of the missile mounting location. 

(d) For the same flight dynamic pressure, the spectral 

density levels of the vibration are similar in the 

frequency range above 200 Hz during captive flight on 
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all  three aircraft tested.    Below 200 Hz, the spectral 

levels during captive flight on the P-3C and S-3A 

aircraft are higher than on the A-7C aircraft, reflecting 

the difference in engine noise    ontrlbutions among the 

three aircraft. 

(e) The vibration  levels in the  frequency range below 200 Hz 

are significantly increased by sharp turns of the 

carriage aircraft. 

(f) The vibration  levels are substantially higher in the 

aft  end of the missile than in the  forward end. 

(g) The maximum vibration levels at the forward hook 

location during straight and level flight are well 

below the HARPOON design criterion, which applies 

to this location. 

Ö.l    Captive Flight  Surface Pressure Environment 

The following conclusions apply to the fluctuating pressures 

on the HARPOON missile exterior due to Jet noise during 

take-off and aerodynamic noise during captive flight on the 

P-3C, S-3A,  and A-7C aircraft. 
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(a)    The rms   auotuatlng pre5sure leveis ^ the ^^^^ 

exterior during captive fught are approJ[lmately 

Proportional to  flight äynaMio pre3sure 

(b)    The pressure levels during high dynamlc pre88ur6 fUght 

generally exceed the take-off levels, except for the 

S-A3 aircraft with the „^siie „ounted on a weapons 

nation adjacent to the wing mounted engine. 

(c)    The pressure levels durinc cantlv.  n.  u^ uuring captive flight are relatively 
independent of the missile mounting location. 

W    The pressure levels during both take-off and high 

dynamic pressure captive flight are within the HAHPOON 

design criterion acoustic levels at frequencies above 

100 Hz.    Below 100 Hs. the design criterion levels are 

exceeded at certain locations on the missile, but not 

over the entire missile as a whole. 

8-5   aunnre """-"ion Bnvlr  

The following conclusions apply to the vibration l.v.1. of the 
HAKPOO» „iasne durlng captlve „^ ^ ^ ^ ^^ 

«1th an H61A1 20 mm datling gun operating. 
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(a) The gunfire increases the rxns  vibration levels on the 

HARPOON structure by up to 100% over the normal levels 

during captive flight at a dynamic pressure of 700 psf, 

(b) The gunfire  Increases the spectral levels of the 

vibration over a wide frequency range,  although the 

greatest increase occurs at the gun firing rate 

frequency. 

(c) There  is no specific HARPOON design criterion for 

gunfire vibration, but the measured levels are broadly 

consistent with the test requirements of the proposed 

MIL-STD-810C. 
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