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FOREWORD

This report presents the final results of one of the 46 projects comprising the military-effect
program of Operation Plumbbob, which included 24 test detonations at the Nevada Test Site in
1957.

For overall Plumbbob military - effects information, the reader is referred to the "Sum-
mary Report of the Director, DOD Test Group (Programs 1-9)," ITR-1445, which includes:
(1) a description of each detonation, including yield, zero-point location and environment, type
of device, ambient atmospheric conditions, etc.; (2) a discussion of project results; (3) a sum-
mary of the objectives and results of each project; and (4) a listing of project reports for the
military-effect program.
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ABSTRACT

This report presents the results of the participation of two A4D-1 aircraft in Operation Plumb-
bob as Project 5.4.

The objectives of this project were to: (1) measure thermal and blast gust response of the
A4D-1 aircraft to nuclear explosion effects, (2) obtain data to improve the methods of predict-
ing blast gust response of aircraft with wings of triangular planform, and (3) correlate experi-
mental response data for the A4D-1 with analytical methods for use in determining its nuclear
weapon delivery capability.

The A4D-1 aircraft is a single engine, modified delta wing, carrier-based attack aircraft
with capability for delivery of special weapons covering a wide range of weapon yields.

The A4D-1 aircraft, as Project 5.4, participated in seven shots: Boltzmann (11.5 kt),
Priscilla (36.6 kt), Hood (74.1 kt), Diablo (18.7 kt), Shasta (16.8 kt), Doppler (10.7 kt), and
Smoky (43.71 kt).

Since improvement of analytical methods of calculating gust response was the primary ob-
jective, instrumentation emphasis was placed on measuring wing pressure distributions, wing
shears, moments, torques, and airplane accelerations. Instrumentation was also installed to
measure thermal energy received at the aircraft and the temperature response in the thin skin
panels on the lower surface of the aircraft. Additional instrumentation was installed to meas-
ure and record time of shock arrival, overpressure, and the effect of the shock wave on engine
performance.

The gust response results of the tests are presented as wing chord-wise and span-wise
pressure distributions versus time, span-wise plots of wing section lift coefficient, average
pressure, and center of pressure versus time, airplane center of gravity and tail acceleration
versus time, airplane pitching motion versus time, wing shear, torque, and bending moment
versus time, and tail load versus time. Other results of the tests are presented as irradiance
and radiant exposure versus time, temperature in thin skin areas versus time, maximum tem-
perature rise at each thermocouple location, peak overpressure, and time of shock arrival.

Calculated weapon effects and aircraft responses are compared with the measured results
to show the adequacy of the analytical methods. For gust responses, the calculated aircraft
response used for comparison with the measured results reflects refinements in the analytical
methods not included in pretest prediction of gust response. Primarily, the refinements needed
to improve the gust response prediction methods were the inclusion of mass coupling effects in
the analysis of wing vibration and a change in time duration of the shock diffraction loading.
The resulting method of dynamic structural analysis provided analytical solutions which com-
pared favorably with the experimental results.

The prediction methods presented in this report for the thermal effects gave fair agree-
ment with the measured results for the radiant exposure and maximum temperature rise.
From comparison of calculated and measured temperature rise using the measured radiant
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exposure, it is shown that the temperature rise in critical skin panels can be calculated with

reasonable accuracy. The principal improvement of the maximum temperature rise calcula-

tion appears to be in increasing the accuracy of estimating the radiant exposure.

Excellent agreement was obtained between the measured and calculated peak overpressure

and time of shock arrival.
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Chapter 1

INTRODUCTION

1.1 OBJECTIVES

The objectives of Project 5.4 of Operation Plumbbob were to: (1) measure thermal and
blast gust response of the A4D-1 aircraft to nuclear explosion effects, (2) obtain data to im-
prove the methods of predicting blast gust response of aircraft with wings of triangular plan-

form, and (3) correlate experimental response data for the A4D-1 with analytical methods for
use in determining its nuclear weapon delivery capability.

1.2 BACKGROUND

The A4D-1 is a carrier-based attack aircraft with an assigned delivery capability cover-
ing a wide range of nuclear weapons, including those with yields in the megaton range. Theo-
retical analysis (Reference 1) had indicated that the A4D-1 could safely deliver such weapons.
Experimental data from actual field tests were important for substantiating analytical deriva-
tions of structural and thermal response characteristics for aircraft of the A4D-1 configura-
tion.

The A4D-1 has a modified delta-wing planform. In planning the experiment, particular
emphasis was placed on obtaining data on the effect of the shock wave and the associated ma-
terial velocity on this wing geometry to extend the available analytical methods for predicting
gust response. Since it was anticipated that the rigid A4D-1 wing would be responsive to dif-
fraction loading, a system of pressure transducers was installed in the wing to provide
pressure-time histories which included the diffraction process.

1.3 THEORY

Aircraft flying in the vicinity of a nuclear explosion are subjected to the effects of thermal
radiation and blast loading; the crew is subjected to nuclear radiation. These effects are of
primary significance in the design of aircraft and in the establishment of techniques and pro-
cedures for delivery of nuclear weapons. Methods for analytically predicting weapon effects
have been derived by various investigators from basic theory and from empirical data obtained
in previous tests.

The following sections give a general outline of the prediction methods used to plan posi-
tions and correlate the measured data of the two A4D-1 aircraft during Operation Plumbbob.
For a complete description of the positioning methods, see Reference 2 and Appendix C.

1.3.1 Thermal Radiation. The radiant exposure at the aircraft location and the temper-
ature rise in a horizontal aircraft skin were calculated from the following equations which
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include the effects of terrain reflection, fireball orientation, aerodynamic cooling, flyaway
factor, and atmospheric attenuation and scattering.

Wth x 101  r /QRN A Q1
Q=r 2 Isn E + QS [(1-F)] (1. 1)

47rd 2 exp(kD)0[1 sin QE+ \Q-]QN exp(0.5kD) Q 1  (

AT Q(1-FH) (Ga (1.2)
(1-F) G)

where Q = radiant exposure, cal/cm2

AT = maximum temperature rise in the skin, OF
Wth = thermal yield, kt = 0.44 (Wrc) 0.94
Wrc = radiochemical yield, kt

k = attenuation coefficient
D = radial distance from explosion, thousands of feet
d = radial distance from explosion, cm

PE = effective angle between slant range line and horizontal, degrees
A= albedo of terrain

QRN = terrain reflection factor
QI
Qs= scattering factor
QI

(1-F) flyaway factor
(1-FH) = combined flyaway and cooling factor

a thermal absorptivity of aircraft skin
G p cps thermal capacity of aircraft skin, cal/cm2-°F
p = density of material, lbs/cm3

cp = specific heat, cal/lb-°F
s = skin thickness, cm

Ki factor to account for fireball distortion and aircraft orientation to surface or
near-surface bursts

exp (kD) e kD

Values of linear attenuation, k, were obtained by assuming a value of 0.0142 at sea level
and varying this value with altitude and burst height so that the attenuation obtained for the
actual path was equal to that obtained through the same mass of air at sea level. The factor to
account for fireball distortion and aircraft orientation, K1, was obtained from Reference 3.
The reflection factor QRN/QI was obtained from Reference 4. A value of 0.44 was used for the
albedo, A, of the terrain surface at the Nevada Test Site (NTS). The scattering ratio as defined
by the Bureau of Aeronautics can be expressed as:

Q/Q = (SR-4667) (0.01125) (1.3)
1000

where SR = slant range, feet.
The factors (1-FH) and (1-F) were obtained from Reference 5. The combined flyaway and

cooling varied from 0.908 to 0.957 for the range of yields covered in the tests. The flyaway
factor varied from 0.98 to 1.02. The values greater than 1.0 occur because the aircraft was
flying toward the explosion at time zero.

1.3.2 Nuclear Radiation. The predicted nuclear radiation was calculated from data given
in Reference 6, with the following modifications: for the first four shot participations in the
test series, the combined gamma and neutron radiation was increased by a factor of 1.25,
rather than 2.0 per Reference 6, to account for an airborne receiver. On the basis of a com-
parison of measured and predicted radiations for these first shots, the factor was reduced to
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1.0 for Shot Shasta and subsequent events. One rem was added to the calculated nuclear radia-

tion for all cases where the airplane was flying toward ground zero at a horizontal range of

1,000 feet or more at time zero. This was to provide for a radiation increase in approaching

the rising cloud.

1.3.3 Shock-Wave Effects. Basic data for predicting overpressure, gust velocity, time

of shock arrival, density in the shock wave, and length of the positive phase were obtained from

Headquarters, Armed Forces Special Weapons Project (Reference 6). This data was in the

form of curves for a 1 kt burst in a sea level, homogeneous atmosphere, and was scaled for

other yields and altitudes by the modified Sachs scaling equations (Reference 7). A detailed

description of these scaling equations is presented in Appendix B.
The location of the triple-point path was predicted from BuAer-supplied data (Reference

8). For aircraft positions beyond the triple-point path, where the direct and reflected shocks

are fused, the effects were calculated using twice the yield. In Shots Diablo and Shasta, for
which the scaled heights of burst were less than 175 feet, there was a possibility of a fused
region directly above the burst. For these cases, 1.2 times the yield was used. Conservative
estimates of the effects in the triple-point path were calculated using twice the Mach region
overpressure and assuming a vertical gust. Late in the program the criteria for triple-point
effects calculations were changed to use three times the yield and a radial gust.

The structural response of an aircraft struck by a blast wave is influenced by two distinct
phenomena, each characteristic of traveling shock waves.

The first and usually most important of these phenomena is the moving velocity field or
gust which travels immediately behind the shock wave and consists of high velocity air parti-
cles whose motion is directed normal to the shock front. This gust induces aircraft structural

loads in a manner analogous to that of a conventional atmospheric gust.
The second shock wave phenomenon contributing to structural loading is the blast-wave

overpressure which consists of a moving pressure field also traveling immediately behind the
shock wave. The overpressure field reacts with the aircraft as a result of the diffractive dis-
tortion of the shock wave in its passage over the aircraft. The distortion of the wave subjects
certain portions of the aircraft to the blast wave overpressure while others are experiencing
only steady state pressures. This unbalance results in structural loads which must be con-
sidered in addition to the gust loading.

Since the blast wave envelopes the aircraft in a relatively short period of time, the dif-

fraction loading lasts only briefly. For most aircraft structures, the characteristic structural
response time (period of the lowest order natural mode of vibration) is sufficiently long to

make the response to the diffraction impulse negligible. The extreme structural rigidity of the
A4D-1 aircraft, however, results in a short characteristic response time. Consequently, the
diffraction loading cannot be neglected.

The short characteristic response time of the A4D-1 aircraft introduces a further com-
plication into the problem of predicting blast response, namely, the influence of lift build-up

time because of the gust. For aircraft of conventional flexibility this factor is of little im-
portance since the lift build-up even for atmospheric gusts occurs in a small fraction of the
response time. The A4D-1 aircraft, however, has a response time which is actually smaller
than the lift build-up time predicted by conventional gust theory, and thus its response is
highly sensitive to the precise nature of this build-up. For the purpose of analytical prediction
this factor is determined through the choice of a so-called gust indicial function. The choice of
this function for the blast problem has long been the subject of debate, and to date no satis-
factory solution has been found. Conventional gust theory would suggest the use of the Wagner

function which gives the theoretical lift build-up for a two-dimensional wing experiencing an
instantaneous increase in upwash. Another possible choice is the Kussner function which gives
the lift build-up for a two-dimensional wing flying into a stationary sharp edged gust. Another
indicial function suggested by the results of recent research on the problem of traveling gusts
is the step function. Reference 9 presents theoretical indicial functions for both two- and three-
dimensional wings penetrating gusts which closely resemble blast gusts. The results of
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Reference 9 indicated that a step function might be well suited to the delta wing planform of the
A4D-1 aircraft for the Mach number range encountered in Operation Plumbbob.

For the purposes of after-the-fact correlation with measured structural responses from
Operation Plumbbob, the above-mentioned indicial functions were tried and the one which gave
the best experimental agreement was selected. The function giving the best experimental
agreement was the step function. It was found that even in this case the total response was un-
conservatively estimated. Consequently, the remainder of the response was attributed to dif-
fraction loading. Several assumed models of the diffraction phenomenon were examined and
the one which yielded the structural response sufficient to give good correlation with measure-
ments was selected.

The method of analysis used was one of normal mode superposition as explained in Refer-
ence 10. The equations of motion together with pertinent assumptions and the method of scaling
the unit solutions to obtain results for specific aircraft positions and gust overpressures are
given in Appendix C.
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Chapter 2

PROCEDURE

Two A4D-1 aircraft (Bureau Nos. 137827 and 137831) were instrumented. The second aircraft

was provided primarily to serve as an alternate in the event that the first could not partici-
pate. Simultaneous participation of both aircraft in Shot Doppler was accomplished to obtain

additional test data. The major portion of the instrumentation was designed to give data on

structural stresses and gust responses to the blast. Instrumentation was also provided to ob-
tain data for the effects of thermal radiation, aircraft thermal response, nuclear radiation,

overpressure, and engine response.

2.1 OPERATION

For the low yield devices tested during Operation Plumbbob, nuclear radiation was the
most critical effect limiting the choice of positions for the aircraft. Another limiting factor

was the incomplete knowledge of the shock wave diffraction loading process. Therefore, test
positions were selected to give the optimum thermal and blast response consistent with allow-

able nuclear radiation and aircraft structural limits. In most events, these positions were

short of ground zero at time of detonation and directly over or slightly beyond ground zero at
time of shock arrival.

2.1.1 Description of the A4D-1 Airplane. The Model A4D-1 airplane is a light weight,

single place, single engine, modified delta wing, carrier-based attack aircraft with an intended
capability for delivery of special weapons covering a wide range of weapon yields. Special

weapons are carried externally on the fuselage centerline bomb rack. The power plant is a
Wright J65-W-4 engine.

The A4D-1 aircraft has a limit load factor of 7 g at 12,500 pounds. For the weight at time
of shock arrival, approximately 13,000 pounds, the allowable load factor is 6.75 g.

The thinner skin thicknesses on the lower surface of the airplane which are exposed to
thermal radiation are listed below. All these skins were 7075 ST.

Surface Skin Thickness (inches)

Landing flap 0.032
Aileron 0.020
Wing leading edge 0.032

Wing tip 0.032
Gun access door 0.025
Elevator 0.032
Rudder 0.020
After fuselage 0.025
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The aircraft were painted white on the lower surfaces of the wing, horizontal stabilizer,
and fuselage, and gull gray on the sides and top of the fuselage, sides of the vertical, and upper
surfaces of the wing and horizontal stabilizer. After Shot Boltzmann the lower surface of the
flap was changed to gray. The white areas were painted with insignia gloss white acrylic
lacquer, Mil Spec MIL-L-19537; the gray areas with light gull gray acrylic lacquer, Mil Spec
MIL-L-19538.

The leading edges of the wing and horizontal tail of production A4D-1 aircraft are coated
with light gull gray Type 121 CORA-GARD. This material extends approximately 3 inches aft
of the leading edge on both the upper and lower surfaces. Laboratory experiments had indi-
cated that the surface erupts in small bubbles at approximately 370F. Further heat causes the
paint to burn and separate from the surface. For the most severe case during Operation
Plumbbob, the predicted temperature of the leading edge of the horizontal stabilizer was in ex-
cess of 370F. For this reason the gray CORA-GARD on the test aircraft was replaced with
white CORA-GARD (Minnesota Mining and Manufacturing Company experimental X-649002) ex-
cept for a small strip near the tip of the horizontal stabilizer which was left for assessment of
damage to the gray CORA-GARD.

The large blue and red insignia on the lower surface of the right-hand wing was relocated
so that it covered only 0.062 inch skin. If the insignia had not been relocated, excessive tem-
peratures could have been experienced in areas where the dark paint covered 0.032 skin.

2.1.2 Shot Participation. The A4D-1 aircraft (Project 5.4) participated during seven
shots: Boltzmann, Priscilla, Hood, Diablo, Shasta, Doppler, and Smoky. Participation was also
scheduled for Shots Stokes and Kepler; however, radar jamming during Shot Kepler and radar
malfunction during Shot Stokes resulted in aborted missions.

2.1.3 Criteria for Selecting Desired Aircraft Positions. The desired aircraft positions
were selected so that if possible errors in aircraft positions and predicted weapon inputs ac-
cumulated, the effects would not exceed a 450F temperature rise, a nuclear radiation of 5 rem,
an overpressure of 1.5 psi, and a wing root bending moment of 2.9 x 106 in.-lb.

2.1.4 Positioning of Aircraft for Test. For all tests the aircraft were piloted and flown
on a straight and level course directly over ground zero.

Because of incomplete knowledge of the diffraction type loading expected, one A4D-1 was
positioned for relatively low inputs during the first participation, Shot Boltzmann. The same
angle of incidence planned for Shot Priscilla was chosen to provide an empirical basis for
verifying the predicted response to the larger blast inputs desired in Shot Priscilla.

For Shot Priscilla, one aircraft was positioned over the top of the burst and slightly be-
yond ground zero at shock arrival. Although it had originally been planned for both aircraft to
participate during Shot Priscilla, positioning radar was available for only one.

Shot Hood was the highest yield shot in which the A4D-1 participated. Both aircraft were
scheduled to participate, but difficulties with the positioning radar resulted in the abort of the
aircraft scheduled for low-angle thermal effects. The other was positioned to obtain gust re-
sponse at a relatively low incidence angle.

For Shot Diablo, one A4D-1 was positioned to be directly over the burst at shock arrival
to maximize diffraction and gust loading.

Shot Shasta was similar to Shot Diablo. BuNo. 137831 was positioned directly over the
burst at shock arrival to compare data with that obtained by BuNo. 137827 in Shot Diablo under
similar conditions.

Shot Doppler was detonated at a relatively high scaled height of burst. Therefore, the lo-
cation of the triple-point path permitted positioning at an incidence angle of 45 degrees and in-
side the triple-point path at the time of shock arrival. Both aircraft were positioned in forma-
tion, using the one available radar, to obtain wing pressure data at this angle.

During Shot Smoky, the aircraft was positioned outside the triple-point path and received
the gust at an angle of 31 degrees to the fuselage reference line.
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2.1.5 Positioning System. The A4D-1 was positioned with a modified M-33 gun-tracking

radar. This equipment utilized a plotting board with a pen recorder for tracking. The desired

pattern was drawn to scale; a controller compared the actual position with the desired position

and transmitted corrections to the pilot by UHF radio. A computer was designed for the M-33

radar which solved the positioning problem during the 5 minutes prior to time zero. The com-

puter solution was presented to the controller as errors in time and aircraft velocity. An

electric pen recorder system was installed to provide azimuth, range, and elevation for after-

the-fact position data. This recording system included a time-zero signal from a blue box

circuit and continuous 1-second timing marks. Time of shock arrival used to determine after-

the-fact position was obtained from instrumentation in the aircraft. The accuracy of after-the-

fact positions was determined to be approximately ±200 feet.

The normal A4D-1 participation flight consisted of takeoff at H - 39 minutes, pattern entry
at H - 31 minutes, two practice orbits around a race track pattern approximately 35 naut mi in

length, a final run-in over ground zero from H - 5 minutes, and landing at H + 10 minutes.

2.2 INSTRUMENTATION

The instrumentation installed in the A4D-1 aircraft to record weapon effects and aircraft
response is summarized in this section. A detailed description of the instrumentation is pre-
sented in Appendix A. The instrumentation was installed by the Douglas Aircraft Company
prior to delivery of the aircraft to the Naval Air Special Weapons Facility (NASWF).

2.2.1 Installation. The small physical size of the A4D-1 aircraft imposed definite limi-
tations as to the size, shape, and location of the extensive instrumentation required. To alle-

viate the critical internal space situation, it was necessary to install the majority of the data-
recording equipment in a modified, external 300-gallon fuel tank which was carried on the

centerline bomb rack station. The remaining instrumentation was divided between the nose
compartment and the space normally occupied by the guns and ammunition boxes.

The basic recording equipment consisted of one 36- and one 50-channel oscillograph in-

stalled in the 300-gallon external fuel tank; an additional 18-channel oscillograph and a photo

panel recorder system were installed in the aircraft nose section. The number of thermo-
couples, strain gages, pressure transducers, and other instruments exceeded the total number
of available recording channels. Therefore, the instrumentation was designed to permit selec-
tion at the test site of the information to be recorded.

The electronic equipment normally installed in the nose section was deleted or moved to
other locations. The APX-6 (IFF) installation was moved aft in the fuselage.

2.2.2 Scope of Instrumentation. The aircraft were instrumented with pressure trans-

ducers to measure the pressure distribution on the top and bottom of the wing during blast
loading.

Instrumentation was installed to record the time history of the overpressure pulse, the

primary instrument being a pressure transducer located in the nose boom. Two additional
pressure transducers were mounted, one on each side of the fuselage just forward of and above

the speed brakes.
Structural response to symmetrical gusts was measured by systems of electrical strain

gages located on the wing, the horizontal stabilizer, and the fuselage keels. Other instruments

installed for measurement of gust response were: (1) normal accelerometer at center of

gravity, (2) normal accelerometer in tail, (3) aircraft attitude gyro, (4) pitch rate gyro, and (5)
fuel quantity gages for determining airplane weight and center of gravity.

Thermocouples were installed to measure the temperature of various critical aircraft

surfaces. The amount of aerodynamic cooling in thin skins of the aileron and flap was investi-
gated by the comparison of the temperature readings of quartz-covered thermocouples with

those of uncovered thermocouples at the same location.

For the purpose of evaluating thermal effects on the aircraft, two calorimeters and a

radiometer were installed in the instrumentation store to measure the radiant exposure and
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irradiance. Two calorimeters were also installed in the nose section to measure scattered
radiation. The thermal instruments mounted in the instrumentation store were pointed verti-
cally downward with respect to the centerline of the aircraft and therefore measured only the
vertical component of the thermal radiation. All radiometers and calorimeters were supplied
and calibrated by the Naval Radiological Defense Laboratory (NRDL). Furthermore, all data
recorded by these thermal instruments was reduced by NRDL.

Two gun-sight-aiming-point (GSAP) cameras were installed in the forward portion of the
instrumentation store to provide a view of the terrain and any cloud cover in the field of view
of the vertical thermal instruments.

Theoretical analysis and the results of previous nuclear weapon tests indicated that no
detrimental engine effects would be experienced during shot participations; however, a limited
amount of instrumentation was installed on the engine for the purpose of confirming this.

Nuclear radiation was measured by Landsverk dosimeters and by film badges. Four film
badges were located in the bottom portion of the nose section, and six in the cockpit map case.
Dosimeters with various ranges were located in the nose wheel door and in the leg pocket of
the pilot's flight suit.

Special instrumentation was installed to measure such items as time of explosion, control
surface position, time, outside air temperature, airspeed, altitude, compass heading, pitch
attitude, and reference static pressure for overpressure transducers.

S2.2.3 Data Recorded on Oscillographs. The following data was recorded on three oscil-
lographs; one 50-channel, one 36-channel, and one 18-channel. The paper traveled through the
50-channel and 36-channel oscillographs at a speed of 40 in./sec. The paper speed was 20 in./
sec for the 18-channel oscillograph.

1. Time zero (to), determined by a photoelectric cell.
2. Skin and structural temperatures and temperature rise (AT), measured by copper-

constantan thermocouples.
3. Thermal irradiance (I) and radiant exposure (Q), measured by radiometers and calorim-

eters.
4. Free stream overpressure (AP), measured by pressure pickups mounted on the nose

boom and each side of the fuselage.
5. Normal acceleration of the center of gravity and tail, measured by accelerometers.
6. Structural strain, measured by strain gages.
7. Aircraft pitch rate and attitude, measured by aircraft gyros.
8. Engine temperatures and pressures, measured by thermocouples and pressure trans-

ducers.
9. Stabilizer, elevator, and rudder positions, measured by selsyn type instruments.

2.2.4 Data Recorded on Photo Recorder. The following data in the photo recorder was
presented on visual indicating instruments and photographed by a 35 mm camera:

1. airspeed
2. altitude
3. outside air temperature
4. stabilizer, elevator, and rudder positions

5. engine speed
6. normal acceleration

7. pitch attitude

2.2.5 Calibration. Standard procedures were used for the calibration of the oscillograph
traces and the instruments located in the photorecorder. NRDL calibrated the calorimeters
and radiometers. Standard thermocouple calibration curves were used in reducing the thermo-
couple data.

Standard procedures were used to convert the keel and wing strain-gage trace deflections
to stress in psi. Since the keel member at the instrumented station had a simple angle cross
section and was designed to take only axial load, the converted strain-gage values were used
directly to indicate stress in the mehrber. The strain gages installed on the wing were located
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to measure strains in all the principal load paths. These stresses were combined by analytical

methods and compared with inflight calibrations to obtain wing bending moments and shear and

torsion loads. The calibrations consisted of recording strain-gage and acceleration data in

controlled, steady-state maneuvers for which wing loading was known. Preliminary data re-

duction of the wing strain gages made use of the in-flight calibrations. Data for analysis and

presentation in this report was based on combined analytical methods and laboratory calibra-
tion of the wing strain gages.

The horizontal stabilizer was calibrated in the laboratory prior to delivery of the aircraft.

Calibration consisted of installation of strain gages at numerous locations on the structure;
pure bending moments, pure shear loads, and pure torsion loads were then applied to the
structure, and strain-gage responses were recorded. Using high-speed computing equipment,
these responses were analyzed in all possible combinations and sorted to provide three bridge
circuits responsive to bending moment, shear loading, and torsion loading, respectively.

The attach points between the stabilizer and the fuselage formed a determinite system.
These points were also instrumented and laboratory calibrated to give the total stabilizer load.

2.2.6 Method of Instrumentation Operation. All instruments were checked prior to each

shot. For the actual test the instrumentation was started at the time count 5 seconds prior to
time zero. Data was continuously recorded until approximately 50 seconds after shock arrival.

The oscillographs were calibrated when the instrumentation was turned on and off by intro-

ducing known resistances and voltages into the circuit of all the channels.
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Chapter 3

SHOT PARTICIPATION, AIRCRAFT POSITIONS,
AND FLIGHT ENVIRONMENTAL DATA

The results of the tests of Project 5.4 are presented in this and the following chapters. The
chapters are organized to include data for a particular effect from representative shots. Be-
cause of the interdependence of the various parts of the data, such as the thermal input and
temperature time history, the discussion of each phase immediately follows the presentation
of results. This is done to maintain a logical progression and understanding of the interde-
pendent factors.

3.1 SHOT PARTICIPATION

Table 3.1 is a summary of the test events in which the A4D-1 aircraft participated. All
test detonations were conducted at the NTS.

3.2 AIRCRAFT POSITIONS AND FLIGHT ENVIRONMENTAL DATA

In understanding the level of the data obtained in these tests it must be appreciated that
several factors can reduce the magnitude of the effects received. Test aircraft positions for a

TABLE 3.1 SUMMARY OF TEST EVENT INFORMATION

Burst Height

Above Above Mean
Shot Yield* Type Terrain Sea Level

kilotons feet feet

Boltzmann 11.5 Tower 500 4,743
Priscilla 36.6 Balloon 700 3,776
Hood 74.1 Balloon 1500 5,714
Diablo 18.7 Tower 500 4,969

Shasta 16.8 Tower 500 4,882
Doppler 10.7 Balloon 1500 5,686
Smoky 43.7 Tower 700 5,179

*Naval Air Special Weapons Facility Secret Restricted

Data letter A9, Serial 0042 dated 26 February 1958.
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desired response level must be selected for a detonation of magnitude equal to the positioning
yield, a magnitude that represents the highest probable yield of an experimental device. In
addition, the test position must consider the maximum positioning errors possible. In actual
test the yield variations and positioning errors may so combine, that the effects magnitudes
are low indeed.

Tables 3.2 and 3.3 present the aircraft positions at time of explosion and shock arrival.
The distances used in presenting the positions are defined in Figure 3.1. The flight and en-
vironmental parameters which are significant for the data analysis of the time of explosion and
shock arrival are presented in Tables 3.4 and 3.5. For ixll test participations, the surface visi-
bility was officially reported as unrestricted at time zero. There were no clouds at time zero
except for Shot Boltzman for which official reports stated 4/10 altocumulus and 1/10 cirrus
clouds.

TABLE 3.2 AIRCRAFT POSITIONS* AT TIME OF EXPLOSION

Shot Boltzmann Priscilla Hood Diablo Shasta Doppler Doppler Smoky
Airplane Number 137827 137827 137827 137827 137831 137827 137831 137831

Slant range 13,620 12,189 13,525 10,840 10,191 9,750 9,863 11,858
Horizontal range 5,736 4,774 2,453 5,370 5,032 1,633 1,717 5,156
Altitude above burst 12,353 11,215 13,300 9,416 8,862 9,612 9,712 10,678
Altitude above terrain 12,853 11,915 14,800 9,916 9,362 11,112 11,212 11,378

Altitude above mean
sea level 17,096 14,995 19,038 14,401 13,757 15,290 15,394 15,857

X distance -5,733 -4,735 -2,285 -5,370 -5,030 1,632 1,717 t
Y distance -198 -616 892 -22 -99 -59 -9 t

* All distances are in feet

t Data not available

ZeroYProjected On Ground
Aclanned Atrcraft Truck

+y I-
I I -
I I

I Mean Sea Levels

Figure 3.1 Definition of distances locating aircraft positions.
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TABLE 3.4 FLIGHT AND ENVIRONMENTAL PARAMETERS AT TIME OF EXPLOSION

Shot Boltzmann Priscilla Hood Diablo Shasta Doppler Doppler Smoky
Airplane Number 137827 137827 137827 137827 137831 137827 137831 137831

Pressure alt. (ft) 16,780 * 18,340 13,740 13,090 14,350 14,350 15,410
Ambient air temp. (°R) 474 * 486 503 508 494 494 482
True airspeed (knots) 433 * 385 418 395 414 414 420
True airspeed (ft/sec) 731 * 650 706 667 700 700 709
Mach number 0.684 * 0.602 0.641 0.603 0.641 0.641 0.659

Ambient pressure (psf) 1,110 * 1,041 1,255 1,290 1,229 1,229 1,175
Ambient speed of sound

(ft/sec) 1,063 * 1,080 1,100 1,102 1,090 1,090 1,075

Wind speed (knots) 25 6 15 8 12 7 7 11
Wind direction (deg.) 140 220 180 210 140 150 150 290
Ground speed (ft/sec) 748 * 674 718 682 707 707 703

Airplane weight (lb) 12,625 12,885 13,000 12,975 12,990 12,900 12,900 12,300
Fuel in wing (lb) 625 883 1,000 975 1,090 900 1,000 360
Fuel in fuselage (lb) 1,500 1,500 1,500 1,500 1,400 1,500 1,400 1,430
Center of gravity (% Mac) 19.75 20.25 20.15 20.45 20.48 20.3 20.3 19.1

* No data obtained because of photo recorder failure.

TABLE 3.5 FLIGHT AND ENVIRONMENTAL PARAMETERS AT TIME OF SHOCK ARRIVAL*

Shot Boltzmann Priscilla Hood Diablo Shasta Doppler Doppler Smoky
Airplane Number 137827 137827 137827 137827 137831 137827 137831 137831

Pressure alt. (ft) 16,800 t 18,300 13,650 13,100 14,250 14,300 15,400
Ambient air temp. (°R) 474 t 486 503 508 494 494 482
True airspeed (knots) 436 t 387 421 392 416 417 421
True airspeed (ft/sec) 739 t 655 712 661 702 705 711
Mach number 0.692 0.605 0.647 0.600 0.644 0.647 0.661

Ambient pressure (psf) 1,110 t 1,041 1,260 1,290 1,230 1,230 1,175
Ambient speed of sound

(ft/sec) 1,063 1,080 1,100 1,102 1,090 1,090 1,075
Ambient air 1.365 1.249 1.460 1.480 1.452 1.452 1.421
Density (slugs/it 3) x 10-3 x 10-1 x 10-3 x 10-3 x 10-3 x 10-3 x 10-3
Airplane weight (lb) 12,625 12,885 13,000 12,975 12,990 12,900 12,900 12,300

* Data apply to arrival of first, second, and third shock wave. After first shock wave pressure sensitive

instruments are unreliable.

t No data obtained because of photo recorder failure.
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Chapter 4

THERMAL INPUT DATA

The results of the thermal quantities as measured by the radiometers and calorimeters are
presented in this section. The radiometers measured the rate of energy received as a function
of time (irradiance) and the calorimeters measured the total thermal energy (radiant exposure)
received with time.

In all cases, two calorimeters and one radiometer were pointed vertically downward so
that they measured the vertical component of the total radiation. In addition, two calorimeters
were mounted in the nose boom to measure any scattered radiation. One was pointed forward
and up, and the other was aimed in a horizontal direction to the left of the airplane. Table 4.1
presents the maximum values of irradiance, radiant exposure, and the time to the second
maximum irradiance for each shot.

4.1 SCATTERED RADIATION

The maximum value of scattered radiation recorded by the nose-boom mounted calorim-
eters for each shot participation is presented in Table 4.1. The scattered thermal radiation
measured by the instrument directed overhead was less than 1 percent of the direct radiation.
The values obtained by the instrument directed to the side varied from 1 to 4 percent of the
vertical component of the direct radiation. The higher values obtained by the side-directed in-
strument could be caused by reflected energy from the terrain surface, as the field of view of
this instrument would include some of the ground surface to the side of the airplane.

In these tests the aircraft were flying in clear cloudless sky during the release of the
thermal energy. Therefore, although these data indicated that the amount of scattered radia-
tion was negligible, it cannot be assumed that all atmospheres were zero scattering.

4.2 DISCUSSION OF RADIOMETER AND CALORIMETER MEASUREMENTS

The basic thermal input data is presented as irradiance versus time from radiometer
measurements and radiant exposure versus time from the calorimeter measurements.

A pulse calculated from the normalized thermal pulse of Figure 2, Reference 5, is shown
on each measured pulse to compare the irradiance versus time relationship. The normalized
thermal pulse is in the form of I/Imax versus tjtmax and to use it for comparative purposes
the Imax and tmax values must be defined. The tma, was taken from the generally accepted
equation of tmax 0.032Wý1, where W is the total radio chemical yield. There is no generally
accepted theory or expression for defining Imax, so for the purpose of this comparison the
calculated Imax was taken as equal to the measured Imax. Therefore, the peak irradiance
values were the same for both the measured and calculated pulse, and a time dependent com--
parison was possible.
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TABLE 4.1 MAXIMUM MEASURED IRRADIANCE AND RADIANT
EXPOSURE

Shot Time to Scattered
Aircraft Maximum Maximum* Radiant* Radiant
Number Irradiance Irradiance Exposure Exposure

Up Side

sec cal/cm2-see cal/cm 2  cal/cm2

Boltzmann
137827 0.19 3.92 2.65 < 0.009 < 0.07

Priscilla
137827 0.23 14.50 10.13 <0.04 < 0.14

Hood
137827 0.29 14.07 12.85 < 0.07 < 0.16

Diablo
137827 0.25 3.12 3.73 0 <0.07

Shasta
137831 0.25 4.07 3.86 0 <0.13

Doppler
137827 0.12 12.28 3.60 t t

Doppler
137831 0.12 11.43 3.72 < 0.007 < 0.07

Smoky
137831 0.27 11.29 10.52 <0.03 <0.13

*Instruments pointed vertically downward.

t Instruments not installed.

For Shots Priscilla, Hood, and Doppler (Figures 4.2, 4.3, 4.6, and 4.7), it can be seen that

the measured pulse agreed fairly well with the pulse calculated from the normalized curve,

both in time to peak and general shape of the curve. However, for Shots Boltzmann, Diablo,
Shasta, and Smoky (Figures 4.1, 4.4, 4.5, and 4.8), the pulses did not agree. The times to peak

were much longer than would be expected, and the irradiance after the peak value was much
higher than calculated. Shot Diablo had a particularly odd shaped pulse at times prior to the

maximum irradiance. Although no definite reasons for the difference in pulse shape can be

given, it is interesting to note that the pulses that did not agree with the normalized pulse were

from tests in which it is believed the device was shielded. However, any definite conclusion of

the effect of the shielding on the thermal pulse is beyond the scope of this project.

The measured radiant exposure versus time is presented for each shot in Figures 4.9 to
4.16. The values obtained by the nose calorimeters measuring the scattering radiation were so

low that a complete time history was meaningless. So, only the maximum values are tabulated

in Table 4.1. Also shown on the calorimeter data is the integration of the irradiance versus

time pulse for each shot. Since the radiometer records rate-of-energy release, the integration

with time should give the same values as recorded by the calorimeter. For Shots Priscilla,

Shasta, and Doppler (Figures 4.10, 4.13, 4.14, and 4.15), the agreement of the integrated radi-

ometer and the calorimeter was acceptable. However, Shots for Boltzmann, Diablo, and Smoky

(Figures 4.9, 4.12, and 4.16), the integrated radiometer showed much less radiant exposure

than recorded by the calorimeters. For Shot Hood the agreement was acceptable until approxi-

mately 3/2 seconds. After this time the integrated radiometer reached a near constant value,

but the measured radiant exposure continued to increase. The increase in the measured radi-

ant exposure after this time was unusual, and no apparent reason can be found. In the radiant

exposure and temperature correlation discussion, Shot Hood had the greatest discrepancy.
These are the same shots where the measured thermal pulse was at the greatest variation

from the normalized pulse. The reason for this discrepancy is not apparent; although, as
pointed out in the discussion of the radiometer data, the shielding of the device may have af-

fected the release of the thermal energy.
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4.3 CORRELATION OF MEASURED AND CALCULATED RADIANT EXPOSURE

In computing the effect of the thermal energy on the temperature rise in the aircraft
structure, one of the most important quantities was the total radiant exposure at the aircraft
location. Although the rate of energy release as a function of time does affect the amount of
cooling experienced by the surface, this effect is minor for relatively low-yield weapons.

The correlation of the calculated and measured radiant exposure is shown in Figure 4.17
for the methods of calculation presented in Section 1.3.1. It can be seen that the calculated
value is consistently greater than the measured. Since the scattered radiation was found in all
cases to be small, or negligible, the radiant exposure was calculated omitting the scattering
term. This correlation is shown in Figure 4.18. The agreement is somewhat improved, al-
though there is still some scatter between shots. An analysis of the calculations indicated that
the factor for fireball distortion and orientation (K1 factor) could be causing this scatter.
Therefore, an additional check was made using the K1 factor as 1.0. This comparison is shown
in Figure 4.19. From this it can be seen that the agreement between shots is improved, par-
ticularly for Shots Doppler, Diablo, and Shasta, although in some cases the calculated value is
now unconservative. The above suggestion of eliminating the fireball distortion and orientation
angle correction factor to improve the correlation cannot be sufficiently justified at this time.
However, it is a possibility that can be further checked from the results of Operation Hardtack,
when the low orientation angle data will provide a larger range of this variable.
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Figure 4.1 Thermal irradiance as a function of time, Shot Boltzmann.
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Figure 4.11 Radiant exposure as a function of time, Shot Hood.
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Chapter 5

STRUCTURAL TEMPERATURE MEASUREMENTS
AND CORRELATION WITH CALCULATED VALUES

5.1 STRUCTURAL TEMPERATURE MEASUREMENTS

The temperature rises recorded at the various locations on the lower surface of the air-
plane are summarized in Table 5.1. The thermocouple locations and skin thickness at each
position are shown in Figure A.1.

Table 5.1 presents only the maximum temperature rise at each thermocouple location.
The measured temperature-time histories are shown in Figures 5.1 to 5.28, inclusive.

5.2 CORRELATION OF MEASURED AND CALCULATED MAXIMUM TEMPERATURE RISE

The correlation of the measured maximum temperature rise and the value calculated by
Equation 1.2 is shown in Figure 5.29. It will be noted that the calculated temperature rise is
consistently greater than the measured value. Since the scattered radiation was always negli-
gible, one of the obvious means of improving the correlation was to eliminate the scattering
term (QS/QI). As shown in Figure 5.30, this gave better correlation, but the calculated values
were still conservative.

There were two components to consider in the calculation of temperature rises in the air-
craft structure. One was computing the thermal input, or radiant exposure, and the other was
converting the thermal energy into temperature in the skin. The agreement of the calculated
and measured radiant exposure is discussed in Section 4.3. The calculated values are usually
greater than measured. This would give a greater calculated temperature rise. To check the
other phase of the calculation, the temperature rise has been computed from the measured
radiant exposure. This correlation is shown in Figure 5.31 and indicates that the calculated
values are usually conservative, with the agreement being much better than with the calculated
radiant exposure. The correlation of Shot Hood is poor, but this is due to the uncertainty of the
Shot Hood radiant exposure measurement. The calculation of the temperature rise from the

measured radiant exposure was made from the following equation:

AT = QM (1-H) a/G (5.1)

where AT = temperature rise, OF
Q M = measured radiant exposure, cal/cm2

(1-H) = cooling factor
a = absorptivity of surface
G = thermal capacity of material, cal/cm2-°F

The cooling factor was taken from Reference 5 as the value with no flyaway correction. This
was used since the measured radiant exposure included the effect of the moving aircraft.
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TABLE 5.1 MAXIMUM TEMPERATURE RISE

Thermocouple Boltzmann Priscilla Hood Diablo Shasta Doppler Doppler Smoky
Number Location 137827 137827 137827 137827 137831 137827 137831 137831

1 LH gun access door *
2 RH wing, lower skin
3 RH wing, lower skin
4 RH aileron, lower 30.5 132.4 43.7 42.9 60.0 43.6 117.5
5 RH aileron, lowert 113.0 111.4 36.7 57.6 42.5 145.7
6 RH aileron, lower 27.7 126.5 133.8 42.9 85.4 55.5
7 RH aileron, lower 7.4 120.2 126.1 44.1 50.1 122.7
8 RH flap, lower skint 206.9 232.4 76.2 80.6 72.3 77.4 212.9
9 RH flap, lower skin 172.8 183.8 63.5 64.7 60.2 58.0 179.6

10 RH flap, lower skin 173.8 193.3 73.2 64.6 67.5 62.3 184.3
11 RH flap, lower skin 168.5 190.6 69.0 63.2
12 Aft fuselage
13 Aft fuselage 34.9 38.3 100.4
14 RH elevator, lower 30.3 29.7 84.9
15 RH elevator, lower
16 RH elevator, lower 30.4 35.1 86.4
17 Rudder, RH side
18 Rudder, LH side

*Spaces left blank indicate data not measured.
t Quartz covered.

Examination of Equation 5.1 shows that the calculated temperature rise would be de-
creased if the thermal capacity of the material were increased. An increase does, in fact, ex-
ist because the mass and thermal capacity of the paint should be added to the mass and thermal
capacity of the metal.

The total thermal capacity is given by the expression:

G = Pm CPm tm + ppCPp tp

where G = total thermal capacity of metal and paint, cal/cm2-°F
p = density of material, gm/cm3

CP = specific heat, cal/gm-°F
t = thickness of material, cm

subscripts m = metal
p = paint

Laboratory tests were conducted to determine the characteristics of the paint and the results
are reported in Reference 16. The pertinent quantities from this report are summarized in
Table 5.2.

When the above values for the metal and paint are used, and the proper unit conversions
are made, the expression for thermal capacity becomes:

for white paint, G = 0.885 t m+ 0.720 tp, cal/cm2-°F

for gray paint, G = 0.885 tim+ 0.725 tp, cal/cm 2-OF

where t = skin or paint thickness, inches

The specification thickness for the paint is 0.002 inch; hence, the values of G were computed
and are shown in Table 5.3 for the appropriate skin thickness and paint. The correlation of
calculated and measured temperature rise using the measured radiant exposure and the com-
bined thermal capacity of the aluminum skin and paint is shown in Figure 5.32. The agreement
for these conditions is good with none of the shots deviating far from the line of complete
agreement.
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TABLE 5.2 DENSITY AND SPECIFIC HEAT OF PAINT

Paint Density Specific Heat

lb/ft3  Btu/lb-°F

MIL-L-19537 acrylic white lacquer 96.9 0.33
MIL-L-19538 acrylic Navy gray lacquer 100.5 0.32

TABLE 5.3 THERMAL CAPACITY OF AILERON AND FLAP

Skin Thermal Capacity, cal/cm2-°F

Surface Thickness Neglecting Paint Including Paint

inches

Aileron 0.020 1.77 x 10-2 1.91 X 10-2

Flap 0.032 2.83 x 10-2 2.977 x 10-2

From the above comparison, it appears that if the radiant exposure received by the air-
plane is known, the resulting temperature rise in the thin skin panels can be calculated with
reasonable accuracy. Therefore, the main reason for the discrepancy between calculated and
measured temperature rise is the inaccuracy in predicting the radiant exposure.

To summarize the results as indicated by the tests, it appeared that the assumed absorp-
tivity of the paint was satisfactory, the thermal capacity of the paint should be included with
that of the metal skin, and the cooling factor of Reference 5 gave a satisfactory correlation.
The principal improvement of the maximum temperature rise calculation would be in increas-
ing the accuracy of estimating the radiant exposure. Possible methods of accomplishing this
have been discussed previously in Section 4.3, and the comments would also apply for the cal-
culation of the maximum temperature rise.

5.3 QUARTZ-COVERED THERMOCOUPLES

An attempt was made to obtain the reduction in temperature because of aerodynamic cool-
ing by comparing a quartz-covered insulated skin section with the adjacent uncovered skin.
The ratio of the uncovered skin to the quartz-covered skin specimen would then give the cool-
ing factor.

The accuracy of this method proved to be insufficient for any conclusion to be reached.
During the tests the ratios of the temperature rises of the measured uncovered and quartz-
covered skin samples varied from 0.749 to 0.844. The cooling factors estimated from Refer-
ence 5 varied from 0.908 to 0.957. This would seem to indicate that the estimated cooling
factors of Reference 5 were too conservative. However, this discrepancy only represented a
temperature difference of from 9 to 27F. Considering the possibility of accumulative reading
errors for two thermocouples at both ambient and at maximum temperature rise conditions
this discrepancy was within the accuracy of the data.
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Figure 5.2 Temperature time history of aileron skin, Shot Priscilla.
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Figure 5.5 Temperature time history of aileron skin, Shot Hood.
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Figure 5.6 Temperature time history of flap skin, Shot Hood.
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Figure 5.8 Temperature time history of aileron skin, Shot Diablo.
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Figure 5.11 Temperature time history of aileron skin, Shot Shasta.
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Figure 5.12 Temperature time history of flap skin, Shot Shasta.
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Figure 5.14 Temperature time history of fuselage skin, Shot Shasta.
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Figure 5.15 Temperature time history of elevator skin, Shot Shasta.
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Figure 5.17 Temperature time history of flap skin, Shot Doppler, Airplane No. 137827.
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Figure 5.18 Temperature time history of quartz-covered thermocouples compared to ad-
jacent uncovered thermocouples, Shot Doppler, Airplane No. 137827.
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Figure 5.19 Temperature time history of aileron skin, Shot Doppler, Airplane No. 137831.
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Figure 5.20 Temperature time history of flap skin, Shot Doppler, Airplane No. 137831.
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Figure 5.21 Temperature time history of quartz-covered thermocouples compared to ad-
jacent uncovered thermocouples, Shot Doppler, Airplane No. 137831.
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Figure 5.22 Temperature time history of fuselage skin, Shot Doppler, Airplane No. 137831.
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Figure 5.24 Temperature time history of aileron skin, Shot Smoky.
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Figure 5.27 Temperature time history of fuselage skin, Shot Smoky.
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Figure 5.28 Temperature time history of elevator skin, Shot Smoky.
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Figure 5.29 Correlation of measured and calculated temperature rise, scattering included.
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Figure 5.30 Correlation of measured and calculated temperature rise, scattering omitted.
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Chapter 6

NUCLEAR RADIATION DATA

Values of nuclear radiation recorded by the various nuclear radiation instruments are pre-
sented in Table 6.1. Also presented is the value calculated from data given in Reference 6 with
no increase included to account for an airborne receiver. However, one rem was included in
the calculated dose value of those participations where the horizontal range was greater than
1,000 feet and the aircraft was flying toward ground zero at time zero. This was done to pro-
vide for the dose increase because of the decreasing slant range between the aircraft and the
nuclear cloud.

The results of the dosimeter and film-badge measured nuclear radiation are inconsistent
when compared between various locations and various events with the calculated radiation.
The inconsistency is such that no discussion is possible. However, in general, for a specific
location in the airplane, the several indicators agreed well.
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TABLE 6.1 NUCLEAR RADIATION DATA

Shot Boltzmann Priscilla Hood Diablo Shasta Doppler Doppler Smoky
Airplane Number 137827 137827 137827 137827 137831 137827 137831 137831

Nuclear radiation, rem

Cockpit dosimeters:
1 OS* OS OS OS OS OS OS t
2 OS OS OS OS OS OS OS
3 0.3 1.6 1.8 1.4 1.65 2.8 3.2 1.5
4 0.2 1.4 1.3 1.1 1.2 NA$ 2.4 1.1
5 1.0 1.5 1.7 0 2.0 NA 2.0 1.0

Airplane dosimeters
6 OS OS OS OS OS NA OS
7 NA NA NA NA NA NA NA
8 0.35 2.5 2.0 1.8 2.2 NA 3.55 1.6
9 0.4 2.5 2.1 2.0 2.25 4.2 3.75 1.7

10 0.3 1.9 1.9 1.8 2.1 4.5 3.0 1.7

Cockpit film badges
1 0.28 0.64 2.25 1.53 NA NA NA NA
2 0.28 0.79 2.25 1.52 NA NA NA NA
3 0.29 0.76 2.22 1.53 NA NA NA NA
4 0.32 0.70 2.30 1.65 NA NA NA NA
5 0.32 0.76 2.23 1.65 NA NA NA NA
6 0.29 0.68 2.25 1.67 NA NA NA NA

Airplane film badges

7 NA 0.43 2.48 2.3 NA NA NA NA
8 0.34 0.48 2.48 2.0 NA NA NA NA
9 0.35 0.44 2.48 2.05 NA NA NA NA

10 0.33 0.44 2.48 2.0 NA NA NA NA

Calculated 1.10 2.38 2.99 2.76 3.42 2.89 2.57 2.85

*OS, off scale.

tSpaces left blank, data not measured.

$NA, not available. Record of film badge data not retained.
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Chapter 7

ENGINE RESPONSE DATA

Analysis of the engine data obtained during flight of the A4D-1 aircraft radially outbound from
the test explosions at time of shock arrival indicated that there were no violent reactions of
the engine because of the passage of the shock wave.

Although the engine response was at a low level, an attempt was made to determine
whether the data indicated any tendency toward compressor stall or significant changes in
thrust. Table 7.1 presents the before and after shock engine data for each event. Since no sig-
nificant effects on engine operation were observed for the first three shots, part of the engine
data was not obtained during the other participations.

The effect of the blast wave on the engine was considered in terms of its effect on air
temperature, pressure, and velocity. It was concluded that the maximum overpressure pulse
of the blast waves was too small to allow entry into the tailpipe. Therefore, no difficulty from
interference with the discharge flow would have been expected, and indeed none was experi-
enced. When considering engine inlet conditions, it is known that an overpressure to ambient
pressure ratio (AP/PAM) of 0.6 is required to separate a turbulent boundary layer and since a
maximum AP/PAM of 0.11 was experienced, no inlet flow separation occurred nor would any
have been expected.

The pressure and temperature effects were considered as follows: The temperature rise
will produce a sudden reduction in compressor corrected rotational speed. This effect re-
duces the compressor pressure ratio and therefore tends to unload the compressor slightly.
Temperature ratios in the engine are similarly reduced, but both pressure and temperature
effects are offset by the rise in absolute values of entry pressure and temperature. Consider-
ing the small size of the pressure and temperature rises experienced and the compensating
nature of the overall effects, it is reasonable to conclude that the weapon delivery capability of
the A4D-1 aircraft is not limited by any adverse engine operational effects.
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TABLE 7.1 ENGINE RESPONSE TO SHOCK WAVE

Shot Boltzmann Priscilla Hood Diablo Shasta Doppler Doppler Smoky
Aircraft Number 137827 137827 137827 137827 137831 137827 137831 137831

Compressor
inlet total Before* 15.8 14.97 14.97
pressure, psi After$ 16.5 17.14 15.98

Compressor
inlet static Before 14.63 14,52 14.10
pressure, psi After 15.28 15.60 14.93

Compressor
discharge
static pres- Before 254 266 196
sure, psi After 270 304 218

Turbine dis-
charge total Before 794 NA§ 844

temp., °F After 777 NA 844

Fuel distri-
bution mani-
fold pressure, Before NA 171.7 106
psi After NA 206.3 136

Rotor speed, Before NA NA NA 7,440 7,420 7,530 7,505 7,450
rpm After NA NA NA NA 7,400 7,480 7,520 7,450

*Before, value immediately before shock arrival.

t Space left blank, data not measured.
$After, maximum value after shock arrival.
§NA, reduced data not available.
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Chapter 8

SHOCK WAVE EFFECTS

Presented in this chapter are the results and discussion of overpressure, time of shock ar-
rival, and blast gust response effects of the shock wave.

8.1 OVERPRESSURE

The peak values of the measured and calculated overpressure are presented in Table 8.1.
A sample time history of nose-boom measured overpressure is presented in Figure 8.1, to-
gether with the method used to read the peak value.

Values of calculated overpressure are presented in Table 8.1 for comparative purposes.
The methods of modified Sachs scaling as outlined in Appendix B were used with yield factors
based on the aircraft location with respect to the triple-point path (see Section 1.3.3).

Figure 8.2 presents the nose-boom measured data reduced to correspond to a 1-kt burst
at sea level by modified Sachs scaling compared with the basic curve used for predicting this
effect. In general, the prediction curve produced conservative values of overpressure.

8.2 TIME OF SHOCK ARRIVAL

The time of shock arrival as actually measured and as calculated using the method of
modified Sachs scaling as outlined in Appendix B is shown in Table 8.2. Calculations of the
shock arrival time were made using the speed of sound at the aircraft altitude and yield
factors based on the aircraft position with respect to the triple-point path. (See Section 1.3.3).
Figure 8.3 shows the measured time of shock arrival for each shot reduced to correspond to a
1-kt burst at sea level by modified Sachs scaling compared with the basic curve used to pre-
dict shock arrival time. In general, very good correlation between measured and predicted
values was obtained.

8.3 AIRCRAFT RESPONSE TO BLAST LOADING

The installed instrumentation provided two types of measurements of aircraft response to
blast loading: the measurement of structural loads and the measurement of wing pressures.
Each will be discussed separately.

Structural load measurements served the dual purpose of providing information for cor-
relation with load prediction methods and of providing an index to positioning safety during the
tests. The critical item of structural response was the wing root bending moment. A summary
of the percentages of design limit bending moment experienced during the tests is given in
Table 8.3, together with the calculated values for the same quantity.
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TABLE 8.1 MEASURED AND CALCULATED PEAK OVERPRESSURE

Maximum Overpressure (psi)

Measured Calculated

Shot Boom LH Fuselage RH Fuselage YF* Pressure

Boltzmann 0.44 NAt NA 1 0.459
Priscilla 0.80 0.78 0.88 1 NA
Hood 0.65 0.73 0.83 1 0.795
Diablo 0.98 0.96 1.04 1.2 0.952

Shasta 0.93 1.05 1.01 1.2 0.943
Doppler (137827) 0.39 0.37 0.43 1 0.445
Doppler (137831) 0.40 0.43 0.48 1 0.429
Smoky 0.56 0.49 0.57 2 0.595

*YF, yield factor based on aircraft location with respect to triple-point path

(see Section 1.3.3).
tNA, not available because of instrumentation failure.

TABLE 8.2 MEASURED AND CALCULATED TIME
OF SHOCK ARRIVAL

Time of Shock Arrival, (seconds)

Calculated

Shot Measured YF* Time

Boltzmann 10.13 1 9.93
Priscilla 8.52 1 NAt
Hood 10.53 1 10.35
Diablo 6.68 1.2 6.55

Shasta 6.48 1.2 6.35
Doppler (137827) 10.26 1 10.40
Doppler (137831) 10.50 1 10.79

Smoky 15.70 2 15.50

*YF, yield factor based on aircraft location with re-

spect to triple-point path (see Section 1.3.3).

tNA, not available because of instrumentation failure.

TABLE 8.3 COMPARISON OF MAXIMUM WING
BENDING MOMENTS

Aircraft Percent Design Limit Load

Shot Number Measured Calculated

Boltzmann 137827 37 36
Priscilla 137827 55 53

Hood 137827 49 41
Diablo 137827 63 57

Shasta 137831 53 55
Doppler 137827 26 26

Doppler 137831 26 26
Smoky 137831 25 27
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The measured values shown in the table are based upon the maximum wing root bending
moment obtained from either the matrix or rosette data reduction method, whichever was
larger, while the calculated values are based upon the analytical method given in Appendix C
using actual test conditions. It can be seen that the agreement between measurement and cal-
culation is satisfactory.

8.3.1 Structural Loads. The results of structural load measurements for Operation
Plumbbob consisted of recorded time histories of loads for the wing, the tall, and the fuselage
keel, and time hist6ries of aircraft motion. The headings of Table 8.4 indicate the types of
response data obtained for each shot participation.

Wing Loads. Wing strain gages were installed to permit the measurement of wing
shear, torque, and bending moment at Wing Station 36.5 and only the wing bending moment at
Stations 72.0 and 113.0. Two different methods of converting strain gage readings to load were
employed.

The first method was based upon the conversion of the gage data to elastic strain, com-
putation of principal stresses, resolution of the stresses into loads through coefficients de-
rived from the distribution of structural material area, and finally a computation of the result-
ant load at the station in question through a knowledge of the wing geometry. In this report,
this method is called the rosette method since the majority of the gages used were strain ro-
settes. The coefficients used for the rosette method together with the modifications used to
compensate for missing strain gage data are given in Appendix D.

The second method was the more conventional one of utilizing the results of laboratory
calibration of the strain gage installation. In this report this method of reduction is called the
matrix method, since the results of the calibration are given in the form of a matrix which is
multiplied by combinations of gage readings. The matrices used and applicable gages for each
matrix are given in Reference 11.

A third method of determining wing bending moment was employed for three of the test
participations. This method did not depend upon the strain gage data but instead was based up-
on the measured wing pressures as described in Section 8.3.2 and thereby provided a means
of checking the strain gage methods. In brief, the method consisted of determining from the
wing pressure taps the variation in time and space of the applied wing air loads, computing
from these (and a knowledge of the wing normal modes of vibration1 ) the generalized forces
corresponding to each normal mode, then solving the resulting differential equations for the
wing bending moment. Table 8.4 shows the types of reduction procedures employed for each
case. The rosette method was employed at all three wing stations to determine bending mo-
ment, except when gage malfunctions made this impossible. The matrix method was used to
determine wing shear, torque, and bending moment at Wing Station 36.5 for all cases in which
Aircraft No. 137827 participated. Since no laboratory calibration of the wing strain gage in-

stallation for Aircraft 137831 was conducted, the matrix method could not be employed for test
participation of this aircraft.

The shear and torque at Station 36.5 was determined by the rosette method for Shot Diablo.
Figures 8.4 and 8.5 show comparisons of the matrix and rosette methods used for the determi-
nation of shear and torque. It can be seen that the rosette method yielded results which were
too small to be reasonable. Since the rosette shear and torque results were not satisfactory,
no further attempt was made to determine these quantities by the rosette method. Thus, the
usable shear and torque results given in this report were obtained by using the matrix method.
The rosette method was employed only for the determination of bending moment. Shear and
torque results for all test participations of Airplane No. 137827 are shown in Figures 8.6
through 8.14.

For all test participations, the wing bending moment at Station 36.5 was determined by the
analytical method of Appendix C and is compared with the test results in the figures which
follow.

'As in the prediction method described in Appendix C, three normal modes were used,
rigid body translation, first bending, and first torsion.
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TABLE 8.4 TYPES OF WING AND TAIL STRUCTURAL RESPONSE DATA OBTAINED

Tail
Bending Bending Bending Wing Wing Incre- Tail Tail
Moment Moment Moment Shear Torque mental Incre- Incre-

Airplane Station Station Station Station Station Bending mental mental
Shot Number 36.5 72 113 36.5 36.5 Moment Shear Torque

Boltzmann 137827 R* R R
Mt M M

R R R
Priscilla 137827 M M M

Pn
R R M M

Hood 137827 M
M

R R R R R
Diablo 137827 M M M M M M

P

Shasta 137831 RL & A§

R R R
Doppler 137827 M M M M

P

Doppler 137831 RL & A

Smoky 137831 RL & A

*R, rosette strain gage reduction.

tM, matrix strain gage reduction.
* P, bending moment calculated from measured wing pressure.
§L & A, tail load computed from lug and actuator loads.

Figures 8.15 through 8.22 show comparisons of calculated bending moment for Station 36.5
with the results of rosette data reduction. It can be seen that the agreement exhibited for rise
time and for peak bending moment is good. For values of time greater than the rise time,
analysis and measurement tend to diverge. This divergence might be explained by an incom-
plete knowledge of the aircraft normal modes. This point will be discussed at greater length
in a succeeding paragraph.

Figures 8.23 through 8.27 show comparisons of calculated bending moment for Station 36.5
with the results of matrix data reduction. Four reduction matrices were available from the
laboratory calibration of the wing strain gages. These matrices are referred to on the figures
as matrices A, B, C, or D. It can be seen that in general the agreement with the calculations
is similar to that exhibited by the rosette results. For all cases, with the exception of Shot
Boltzmann, Figure 8.23, the matrix method shows a slightly higher bending moment than the
rosette method. Particular attention is called to the results for Shot Priscilla, Figure 8.24,
where a spurious peak bending moment was shown to result from the data reduction by differ-
ent matrices. This result was apparently erroneous since it occurred nowhere else in the data
reduction program and was believed due to an incorrect recording of the response for a strain
gage common to certain of the reduction matrices.

Figures 8.28 through 8.30 show comparisons of calculated and measured bending moments
at Station 36.5, where the measured values were obtained from the wing pressures as previ-
ously described. It can be seen that the peak value and rise time agreement was substantially
the same as that shown for the matrix and rosette methods. The subsequent divergence of
measurement and calculation shown by the preceding methods, however, was absent from the
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pressure determined moments. It is felt that this adds weight to the argument that the diver-
gence arises from inadequate knowledge of the aircraft modes since the same mode values
are used for both the calculated and pressure measured methods.

Figures 8.31 through 8.40 show the time-wise variation of wing bending moment at Station
72.0 and 113.0 as obtained by the rosette method. The analytical method was not employed for
the calculations of wing response at Station 72.0 and Station 113.0 since response at these
points was not critical.

The time duration of plotted data was extended to 0.2 second for the bending moment,
shear, and torque at Station 36.5 for Shot Diablo. This was done to illustrate the fact that the
maximum response was attained well within the first 70 msec after shock arrival. The matrix
method of data reduction was used for this purpose. These plots appear in Figures 8.41
through 8.43. The rate of response decay exhibited by Shot Diablo was typical for all the shots
of Operation Plumbbob.

Tail Loads. The horizontal tail load recording instrumentation was utilized for only
the last four test participations. A matrix type calibration was available for Aircraft No.
137827, but the tail load recording equipment for Aircraft No. 137831 was limited to the strain
gages installed on the horizontal stabilizer supporting lugs and the stabilizer actuator. A sum-
mary of the type of data obtained is given in Table 8.4. Tail bending moment data for Shot
Doppler (137827) was lost through the malfunction of a strain gage. The calibration matrix and
significant gages are given in Reference 11. The results are shown in Figures 8.44 through 8.51.

To illustrate the decay of tail load with time, plots were made of tail shear, torque, and
bending moment with the time scale extended to 0.4 second. These appear in Figures 8.52
through 8.54.

Fuselage Keel Stresses. Prior to participation in Operation Plumbbob it was
anticipated that the fuselage keel at Station 145 would be the most critically loaded structural
member. The fuselage keel stresses were later determined not to be critical since they were
based upon the flight design weight distribution of Reference 12, which located a fictitious
weight of 623 pounds in the airplane nose at Fuselage Station 64.0; a weight distribution pre-
scribed to establish the extreme forward aircraft center of gravity for basic structural de-
sign. This loading can never be encountered in fleet operation of the A4D-1 airplane. Since the
623-pound weight was absent from the Operation Plumbbob test aircraft the observed fuselage
keel stresses were well below the critical value of 55,000 psi.

Figures 8.55 through 8.57 show plots of fuselage keel stresses for the three test partici-
pations of Aircraft No. 137831. Inconsistencies were observed between the left- and right-hand
keel readings obtained for Aircraft No. 137827, which cast considerable doubt on their validity.
Consequently, keel stress data for Aircraft No. 137827 have been omitted from this report.

Aircraft Motion. Time histories of aircraft center of gravity acceleration were ob-
tained from each A4D-1 test participation. Time histories of tail acceleration were obtained
only from participation of Aircraft No. 137827. An accelerometer malfunction resulted in the
loss of all tail acceleration data for Aircraft No. 137831. Plots of tail acceleration time histo-
ries are given in Figures 8.58 through 8.62. Calculations of center of gravity acceleration
based on the analytical methods of Appendix C are shown superimposed upon the measured re-
sults in Figures 8.63 through 8.70.

In comparing the calculated and measured center of gravity accelerations it should be
noted that galvanometers having a relatively low natural frequency were employed for the
measurements. These galvanometers had a natural frequency of 100 cps and employed 64 per-
cent critical damping which permitted flat frequency response up to only 60 cps. Since this
relatively low frequency instrumentation did not permit faithful recording of the applied accel-
eration at the instant of shock arrival, agreement between the calculated and measured accel-
eration at time of shock arrival could hardly be expected. It is believed that the disagreement
shown between the measured and calculated center of gravity acceleration following time of
shock arrival resulted from both the response characteristics of the recording galvanometer
and the high degree of idealization used in making the analytical comparisons. Notable among
these idealizations were the absence from the analytical model of: (1) the pitching degree of
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freedom, (2) several high frequency modes of airplane vibration, and (3) the effects of fuselage
flexibility.

Pitch rate and attitude recording equipment was installed in the aircraft for all test par-

ticipations. The data obtained from these instruments was obviously in error and is not pre-
sented in this report. It was felt, however, that an adequate estimate of airplane pitching
motion could be obtained by integration of the center of gravity and tail acceleration data.
Pitching acceleration, velocity and displacement were obtained from the following formulas:

A= (AnC.G.-n)g (8.1)
s

, .f 'Ai dt (8.2)

Aa =fo Aa dt (8.3)
0

where Aii = incremental pitching acceleration (change from steady state)

AA = incremental pitching velocity
Aa = incremental pitching angle

AnC.G. = center of gravity acceleration
AnT = tail acceleration

g = acceleration due to gravity
s = distance between center of gravity and tall accelerometers (204 inches)

The results are shown in Figures 8.71 through 8.85. To illustrate typical response decay
rates, plots of airplane motion in Shot Diablo with the time scale extended to 0.8 second are

shown in Figures 8.86 through 8.89.

8.3.2 Wing Pressure Measurements. Pressure data were obtained from all but one test
participation for the A4D-1 aircraft in Operation Plumbbob. The data obtained consisted of

time histories of the local pressures experienced by each pressure gage installed on the wing.

A diagram showing the pressure gage locations is shown in Figure A.2. Aircraft No. 137831
carried only the pressure instrumentation shown for Wing Station 61.125. Aircraft No. 137827
carried the full instrumentation shown, but oscillograph and pressure gage malfunctions re-

sulted in the loss of data from the two outboard stations in Shot Boltzmann and in the loss of

all pressure data from Shot Hood. Complete data were obtained from Aircraft No. 137827 par-

ticipation in Shots Priscilla, Diablo, and Doppler. The pressure data obtained were reduced to
various forms for convenient presentation but no attempt was made to reconcile the results
with theoretical aerodynamic pressure distributions.

Information Obtained from Data. The measured data consisted of time histo-

ries of pressure for the various wing pressure taps. A typical set of these curves (for Shot

Diablo) appears in Appendix E. The complete set of time histories obtained from Operation
Plumbbob is published separately from this report in Reference 13. From these data the fol-

lowing information was obtained concerning the incremental (changes from steady state)
pressures:

1. Chord-wise pressure distributions for various time intervals after shock arrival;
2. Span-wise distribution of the wing average pressure and chord-wise center of pressure

locations for various time intervals after shock arrival;

3. Span-wise variation of section lift coefficients;
4. Time-wise variation of the average pressure for the three instrumented wing stations;

5. Time-wise variation of section lift coefficients for the three instrumented wing

stations;
6. Time-wise variation of chord-wise center of pressure locations for the three instru-

mented wing stations; and
7. Time-wise variation of wing span-wise center of pressure.

Plots of the chord-wise pressure distributions for various time intervals after shock ar-

rival are given in Figures 8.90 through 8.97. The chord-wise pressure distributions were ob-
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tained from the pressure tap data for each of the three instrumented wing stations for Shots
Priscilla, Diablo, and Doppler (137827). Chord-wise pressure distributions at Wing Station
61.12 only were obtained from Shots Boltzmann, Shasta, Doppler (137831), and Smoky. Extrap-
olations are shown with broken lines. Separate curves are shown for the upper and lower wing
surfaces. The pressure difference between the upper and lower surfaces is indicated by the
areas containing arrows. The arrowheads point to the pressure curve for the upper surface. It
should be noted that a pressure difference representing lift occurs where the arrow points up-
ward. The quantity plotted represents pressure change from steady state and for this reason
is called incremental pressure.

Since space limitations prohibited the installation of pressure taps in the vicinity of the
leading edge slats and in the thin trailing edge structure, it was necessary to extrapolate the
pressure curves into these regions. The extrapolation of the curves to the wing trailing edge
was accomplished by extending both the upper and lower surface curves so that each agreed at
the trailing edge with the measured free stream overpressure as measured by the nose boom.
The instrumentation at Wing Stations 88.56 and 131.87 did not provide pressure readings for
areas forward of the 25 percent chord station. The measured results were extrapolated to the
leading edge region of the wing by fairing a smooth curve forward from the last data point so
that the pressure readings coincided with, or slightly exceeded the value measured at 3.5 per-
cent chord at Wing Station 61.12. This method of extrapolation gave results which were in
agreement with steady state wind tunnel measurements.

Span-wise distributions of wing average pressure and chord-wise center of pressure loca-
tions are presented in Figures 8.98 through 8.100. From the chord-wise pressure distributions
described above it was possible in the cases for which data was obtained at three span-wise
stations to determine span-wise distributions of wing pressure. For this purpose, the chord-
wise pressure distributions were averaged over the local wing chords for the particular time
intervals considered and plotted versus span. In addition, the chord-wise center of pressure
was determined for each particular time interval and plotted versus span. The resulting
curves were obtained by fairing a smooth curve through the three data points obtained from
each span-wise station.

Curves of section lift coefficient (C1) versus span for various time increments are shown
in Figures 8.101 through 8.103. Section lift coefficients were determined from

C 1 =-&Pav (8.4)
q

where Apav = average pressure difference between the wing upper and lower surfaces, psf

q = '/2P V2, psf
p = free stream ambient density, slugs/fts
V = airplane forward speed prior to shock arrival, ft/sec

The average incremental pressures, section lift coefficients, and chord-wise centers of
pressure for the three instrumented span-wise stations are presented versus time in Figures
8.104 through 8.112.

The average incremental pressures, section lift coefficients, and chord-wise centers of
pressure for the test participations in which data was obtained for Station 61.12 only, appear in
Figures 8.113 through 8.127.

The wing span-wise center of pressure was located for the cases having three instru-
mented stations and plotted versus time. These plots appear in Figures 8.128 through 8.130.

Subsequent to the compilation of the pressure data described above, calculations were
made to convert the measured pressures into forces. These were combined with the airplane
generalized masses and flexibility characteristics to obtain calculated time histories of air-
plane response. Some of the results of these calculations are the bending moment curves de-
scribed in section 8.3.1, but in addition to bending moment the airplane center of gravity ac-
celeration was computed. Both the wing bending moments and the airplane acceleration
determined by this method were found to agree well with the strain gage and accelerometer
results. From this it was concluded that the pressure measurements gave a good estimate of
the total force experienced by the wing as a result of blast gust encounter.
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Figure 8.4 Comparison of wing shear measurements at Station 36.5, obtained by the matrix and rosette
methods, Shot Diablo.
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Figure 8.5 Comparison of wing torque about fuselage Station 283, obtained by the matrix and rosette
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Figure 8.6 Wing shear at Station 36.5 from matrix measurements, Shot Boltzmann.
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Figure 8.7 Wing shear at Station 36.5 from matrix measurements, Shot Priscilla.
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Figure 8.8 Wing shear at Station 36.5 from matrix measurements, Shot Hood.
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Figure 8.9 Wing shear at Station 36.5 from matrix measurements, Shot Diablo.

100
Matrix

A and B

to

40

0)

0.01 0.02 0.03 0.04 0.05 0.06 0.07

Time After Shock Arrival,Seconds

Figure 8.10 Wing torque about fuselage Station 283 from matrix measurements at Station 36.5, Shot
Boltzmann.
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Figure 8.15 Comparison of calculated and measured wing bending moments at Station 36.5, rosette
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Figure 8.16 Comparison of calculated and measured wing bending moments at Station 36.5, rosette
measurements, Shot Priscilla.
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Figure 8.17 Comparison of calculated and measured wing bending moments at Station 36.5, rosette
measurements, Shot Hood.
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Figure 8.19 Comparison of calculated and measured wing bending moments at Station 36.5, rosette
measurements, Shot Shasta.
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Figure 8.20 Comparison of calculated and measured wing bending moments at Station 36.5, rosette
measurements, Shot Doppler, Airplane No. 827.
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Figure 8.21 Comparison of calculated and measured wing bending moments at Station
36.5, rosette measurements, Shot Doppler, Airplane No. 831.

8

E
0

E 4 •/-Calculat ed-
o '• Rosette'Mtoc 4

0'

0.01 0.02 0.03 0.04 0.05 0.06 0.07 00

Time After Shock Arrival, Seconds

Figure 8.22 Comparison of calculated and measured wing bending moments at Station365roet
3.,rstemeasurements, Shot Smoky.Arlae o 81

C

.82

CONFIENTIAC I

00 0.2 0.03 0.04 0.05 0.06 0.07 0.08
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Figure 8.25 Comparison of calculated and measured wing bending moments at Station 36.5, matrix
measurements, Shot Hood.
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Figure 8.26 Comparison of calculated and measured wing bending moments at Station 36.5, matrix
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Figure 8.27 Comparison of calculated and measured wing bending moments at Station 36.5, matrix
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Figure 8.28 Comparison of calculated and measured wing bending moments at Station 36.5, pressure
measurements, Shot Priscilla.
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Figure 8.29 Comparison of calculated and measured wing bending moments at Station 36.5, pressure
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Figure 8.30 Comparison of calculated and measured wing bending moments at Station 36.5, pressure
measurements, Shot Doppler, Airplane No. 827.
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Figure 8.31 Wing bending moment at Station 72 from rosette measurements, Shot Boltzmann.
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Figure 8.32 Wing bending moment at Station 72 from rosette measurements, Shot Priscilla.

87

CONFIDENTIAL



In4

0

C

C

0

0.01 0. 02 0.03 0.04 0.05 0.06 0.07

Time After Shock Arrival, Seconds

Figure 8.33 Wing bending moment at Station 72 from rosette measurements, Shot Hood.
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Figure 8.34 Wing bending moment at Station 72 from rosette measurements, Shot Diablo.

88

CONFIDENTIAL



4I'

0
C

U)

E
0

m

M 0
0.01 0.02 0.03 0.04 0.05 0.06 0.07

Time After Shock Arrival, Seconds

Figure 8.35 Wing bending moment at Station 72 from rosette measurements, Shot Doppler, Airplane
No. 827.
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Figure 8.36 Wing bending moment at Station 113 from rosette measurements, Shot Boltzmann.
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Figure 8.37 Wing bending moment at Station 113 from rosette measurements, Shot Priscilla.
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Figure 8.38 Wing bending moment at Station 113 from rosette measurements, Shot Diablo.
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Figure 8.39 Wing bending moment at Station 113 from rosette measurements, Shot Doppler, Airplane
No. 827.
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Figure 8.40 Wing bending moment at Station 113 from rosette measurements, Shot Smoky.

91

CONFIDENTIAL



12

-~ 8
T-

0

_- 6 ___ __ _

C:

E
0

2C:

0

0,02 0.04 0.06 0.08 0.10 0.12 0.14 0.16 0.18 0.20

Time After Shock Arrival, Seconds

Figure 8.41 Wing bending moment at Station 36.5, matrix measurement, extended time plot, Shot
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Figure 8.42 Wing shear at Station 36.5, matrix measurement, extended time plot, Shot Diablo.
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Figure 8.43 Wing torque about fuselage Station 283, matrix measurement, at Station 36.5, extended
time plot, Shot Diablo.
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Figure 8.44 Horizontal stabilizer load, matrix method, Shot Diablo.
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Figure 8.45 Horizontal stabilizer load computed from actuator and lug reactions, Shot
Shasta.
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Figure 8.46 Horizontal stabilizer load, matrix method, Shot Doppler, Airplane No. 827.
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Figure 8.48 Horizontal stabilizer load computed from actuator and lug reactions, Shot Smoky.
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Figure 8.49 Horizontal stabilizer torque about fuselage Station 437.6, matrix method, Shot Diablo.
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Figure 8.51 Horizontal stabilizer bending moments, matrix method, Shot Diablo.
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Figure 8.52 Horizontal stabilizer load, matrix method, extended time plot, Shot Diablo.
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Figure 8.53 Horizontal stabilizer torque about fuselage Station 437.6, matrix method, extended time
plot, Shot Diablo.
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Figure 8.54 Horizontal stabilizer bending moment, matrix method, extended time plot, Shot Diablo.
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Figure 8.56 Fuselage keel stresses, Shot Doppler, Airplane No. 137831.
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Figure 8.57 Fuselage keel stresses, Shot Smoky.
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Figure 8.58 Measured tail acceleration versus time, Shot Boltzmann.

100

CONFIDENTIAL



12

8

-4
0

4)

0

0.1 00 .4 0.05 0.06 0.07

-40 0.0 0.04-

Time After Shock Arrival, Seconds

Figure 8.59 Measured tail acceleration versus time, Shot Priscilla.
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Figure 8.61 Measured tail acceleration versus time, Shot Diablo.
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Figure 8.62 Measured tail acceleration versus time, Shot Doppler, Airplane No. 827.
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Figure 8.63 Comparison of measured and calculated center of gravity acceleration, Shot Boltzmann.
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Figure 8.64 Comparison of measured and calculated center of gravity acceleration, Shot Priscilla.
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Figure 8.65 Comparison of measured and calculated center of gravity acceleration, Shot Hood
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Figure 8.66 Comparison of measured and calculated center of gravity acceleration, Shot Diablo.
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Figure 8.67 Comparison of measured and calculated center of gravity acceleration, Shot Shasta,
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Figure 8.68 Comparison of measured and calculated center of gravity acceleration, Shot Doppler,

Airplane No. 827.
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Figure 8.60 Comparison of measured and calculated center of gravity acceleration, Shot Smoky.
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Figure 8.72 Incremental pitching acceleration versus time, Shot Priscilla.
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Figure 8.73 Incremental pitching acceleration versus time, Shot Hood.
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Figure 8.74 Incremental pitching acceleration versus time, Shot Diablo.

108

CONFIDENTIAL



c'J
o -12

WU)

V

o -8

C

.2

-4
0L

0.0 0.05 0.06 0'.07

E

S4

Time After Shock Arrival, Seconds

Figure 8,75 Incremental pitching acceleration versus time, Shot Doppler, Airplane No. 137827.
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Figure 8.77 Incremental pitching velocity versus time, Shot Priscilla.
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Figure 8.78 Incremental pitching velocity versus time, Shot Hood.
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Figure 8.79 Incremental pitching velocity versus time, Shot Diablo.
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Figure 8.80 Incremental pitching velocity versus time, Shot Doppler, Airplane No. 137827.
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Figure 8.81 Incremental pitch angle versus time, Shot Boltzmann.
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Figure 8.82 Incremental pitch angle versus time, Shot Priscilla.
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Figure 8.83 Incremental pitch angle versus time, Shot Hood.
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Figure 8.84 Incremental pitch angle versus time, Shot Diablo.
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Chapter 9

DELIVERY CAPABILITY OF THE A 40-t AIRCRAFT

The successful A4D-1 participation in Operation Plumbbob produced data which when com-
bined with the results to be obtained from participation in Operation Hardtack will enable a
reliable analysis to be made of the delivery capabilities of the A4D-1 aircraft over a wide
range of nuclear weapon yields.

Because of the low level of most of the temperature rises experienced, it was not possible
to fully substantiate an absolute upper limit of temperature rise in the aircraft structure.
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Chapter 10

CONCLUSIONS

As a result of the tests participated in by Project 5.4 in Operation Plumbbob, the following
conclusions can be made:

1. The scattered radiation as measured by the calorimeters in the nose of the aircraft
was between 1 and 4 percent of the vertical component of the direct radiation; the instrument
directed overhead measured less than I percent and the instrument directed to the side meas-
ured between I and 4 percent. The higher values obtained by the side-directed instrument
could be due to reflected energy from the terrain surface. Although the scattered radiation for
these tests was negligible, the aircraft were always in clear, cloudless sky, and it cannot be
assumed that all atmospheres would produce zero scattering.

2. The methods for calculating the radiant exposure gave values greater than those meas-
ured for all shots. Since the scattered radiation was found to be negligible, the omission of
this factor from the calculation improved the prediction method although the calculations were
still conservative.

3. The measured temperature rise was always less than the calculated value. The main
reason for this was the overprediction of the radiant exposure.

4. Maximum temperature rise calculations based on the measured radiant exposure
agreed quite well with the measured temperature rise. The agreement was improved further if
the mass and thermal capacity of the paint was combined with that of the aluminum skin. All
future calculations should take into consideration the paint layer over the skin.

5. An attempt to determine the amount of aerodynamic cooling by comparing the maximum
temperature rise of an exposed skin surface to that of an adjacent quartz-covered insulated
skin section proved to be of insufficient accuracy. Because of the relatively low temperature
rises experienced on most shots, the difference in temperature rise between the two skin sec-
tions was not much greater than the experimental accuracy of the data.

6. Overpressure calculations based on the basic 1-kt sea level curve were slightly con-
servative when compared with the values measured by the boom mounted overpressure pickup.

7. The methods for calculating the time of shock arrival gave excellent agreement with
the observed results.

8. The measured nuclear radiation was inconsistent between various recording locations,
shots, and calculated values. The inconsistencies were such that no definite conclusions were
possible.

9. There were no violent reactions of the engine because of the passage of the shock waves

encountered.
10. The dynamic structural analysis method used was adequate for the prediction of peak

structural loads but failed to give good time-wise correlation subsequent to the peak load.
11. The choice of gust lift build-up function was extremely important for predicting

structural loads on highly rigid airplanes such as the A4D-1 airplanes.
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12. A diffraction loading in addition to the gust loading was experienced during the test
participations.

13. The reduction of strain gage data by the rosette method was satisfactory for the de-
termination of inflight wing bending moment.

14. The agreement obtained between airplane structural responses which were based upon
an analytical method and those which were based upon measured wing pressures indicates that
the analytical method satisfactorily accounted for the total forces which acted upon the air-
plane because of the blast wave.

15. The galvanometers used in the oscillographs for the measurement of wing gust pres-
sures did not provide optimum response for recording this data.

16. The results obtained, when combined with the results to be obtained from participa-
tion in Operation Hardtack, will enable a reliable analysis to be made of the A4D-1 nuclear
weapon delivery capability.
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Chapter I f

RECOMMENDATIONS

1. The structural reponse analysis method should be extended to include more aircraft
degrees of freedom, including a third elastic mode.

2. Additional ground vibration tests should be conducted to better define the normal modes
of the aircraft.
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Appendix A

INSTRUMENTA TION

A.1 RECORDING INSTRUMENTATION Two thermocouples, one on the aileron and one on
the flap, were protected from convective cooling by

The recording instrumentation consisted of one 50- quartz covers to measure the magnitude of aerody-
channel oscillograph, one 36-channel oscillograph, namic cooling. Each covered thermocouple was lo-
one 18-channel oscillograph, and a photo panel re- cated near an uncovered thermocouple so that direct
corder. A time of explosion signal was provided by comparisons could be made between the tempera-
two photocells connected in parallel. Adjustable po- tures of the cooled and uncooled skin surfaces.
laroid filters were installed over the photocells to Spare thermocouples were Installed throughout ex-
protect them from excessive energy. The signal cept for the quartz-covered locations, which were
generated by the photocells at the time of explosion accessible and permitted replacement in the field.
was recorded on all three oscillographs. Correlation To attach a thermocouple, a %2-inch diameter,
with the photo recorder was obtained by comparing 0.005-inch thick brass washer was riveted to the
the counter numbers on the photo recorder with those inner surface of the airplane skin with a 1/32-Inch di-
on the oscillographs. The counters on the photo re- ameter rivet; the thermocouple leads were then
corder and those on the oscillographs were all con- clamped under and soldered to the washer.
trolled by the same timer. In addition, a 50-cycle
time trace was recorded on all three oscillographs. A.3 MEASUREMENT OF THERMAL RADIATION
Further correlation between recording devices could RECEIVED BY THE AIRCRAFT
be obtained by pilot operation of the correlation
switch in the cockpit, which actuated the dynamic- Calorimeters and radiometers were installed to
reference trace on each oscillograph and flashed a measure the thermal inputs on the aircraft. Two
light on the photo recorder, calorimeters with fields of view of 90 and 160 de-

grees and a 160-degree radiometer were installed in

A.2 INSTRUMENTATION FOR THERMAL the after portion of the instrumentation store point-
MEASUREMENTS ing vertically downward. Two additional 90-degree

field of view calorimeters were installed in the aft
The thin-skin areas on the lower surfaces of the section of the nose boom to obtain data on scattered

aircraft which were most nearly perpendicular to the radiation; one pointing forward and up, and the other
direction of thermal radiation experienced the great- pointing to the side.
est temperature rise, and hence were the most criti- The thermal instruments were provided and cali-
cal from a thermal-effect standpoint. Eighteen ther- brated by NRDL. The instruments used in each shot,
mocouples were located in these regions to measure their location and field of view as selected by NRDL
the thermal response. Thermocouple positions were are presented in Table A.2. All thermal instruments
numbered and located as shown in Figure A.1 and were equipped with quartz filters.
Table A.1.

The general areas instrumented were the thin
dural skins of the wing lower leading edge; the lower A.4 CAMERA LOCATIONS
surfaces of the flap, aileron, and elevator; both sides
of the rudder; and the lower surface of the aft fuse- Two GSAP cameras were installed in the forward
lage. The thermocouples were located on single portion of the instrumentation store to provide a view
thickness skins as far away from stiffeners or other of the terrain and any cloud cover in the field of view
heat absorbing structures as possible, of the vertical thermal instruments.
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Thermocouple Skin

17 RH Number Gage

18 LH 1 .025

2 ,3 .032
4, 5, 6, 7 .020

8,9, 10,11 .032

1_, 13 .025

14,15,16 .032

17 ,18 .020

D Quartz Covered
Therocou pie

* Uncovered Thermocouple 4 -

7

8 29 Two G SA p

Figure A.1 Thermocouple locations.
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The cameras were equipped with 17 mm lenses pressure because of a change in airplane angle of

providing a field of view of 24 degrees 36 minutes attack would be minimum.

longitudinally and 33 degrees 58 minutes laterally.

Lens filters were not used for any of the events. A.6 WING PRESSURE DISTRIBUTION
Microfile film was used for all events. No shielding MEASUREMENTS
from nuclear radiation was installed for these cam-

eras, since a tolerance of 1,000 r for microfile filmhad been indicated by NRDL. The two A4D-1 aircraft were instrumented with
pressure transducers to measure the pressure dis-

tribution on the upper and lower wing surfaces during

A.5 OVERPRESSURE MEASUREMENTS the blast gust.

The location of the wing pressure distribution
Instrumentation was installed which was capable of transducers is shown in Figure A.2. Aircraft No.

recording the time history of the blast overpressure 137831 had one chord-wise row of nine pressure

pulse. The primary instrument for this measurement transducers installed along the mean aerodynamic

was a pressure transducer located in the nose boom. chord of the left-hand wing. The additional time

Two additional transducers were mounted, one on available for instrumentation of Aircraft No. 137827

each side of the fuselage just forward of and above permitted the installation of pressure transducers at

the speed brakes (Figure A.2). Statham Model two additional span-wise stations, resulting in three
P 131-5D-350 pressure transducers with a differen- wing stations with a total of 24 pressure pickup

tial pressure range of +5 psi and a possible :E7 per- points. Table A.3 presents a detailed listing of the
cent error were used at each location, span-wise and chord-wise locations of the wing

The fuselage pickups were added to ensure that mounted pressure transducers. Because of the lead-

overpressure data was obtained in case of failure of ing edge slats, pressure transducers could not be

the boom mounted system. They also provided a di- located as close to the leading edge on the upper sur-

rect measurement of the pressures experienced" by face at the two outboard stations as to the inboard

the fuselage skin panels. The location of the fuselagE station.
pickup points was chosen so that the change in static All the wing pressure distribution transducers

TABLE A.1 DETAILED THERMOCOUPLE LOCATIONS

Stream-wise

Distance
Thermocouple Thermocouple from Local Skin

Number Location Leading Edge Thickness

inches inches

1 LH gun access door 40 0.025
2 RH wing lower skin 9 0.032

3 RH wing lower skin 33 0.032
4 RH aileron lower skin 47 0.020

5 RH aileron lower skin 63 0.020

6 RH aileron lower skin 65 0.020

7 RH aileron lower skin 87 0.020
8 RH flap lower skin 95 0.032

9 RH flap lower skin 101 0.032
10 RH flap lower skin 121 0.032

11 RH flap lower skin 150 0.032
12 Aft fuselage lower skin 343 0.025

13 Aft fuselage lower skin 420 0.025
14 RH elevator lower skin 24 0.032

15 RH elevator lower skin 29 0.032

16 RH elevator lower skin 66 0.032

17 RH rudder 66 0.020
18 LH rudder 66 0.020
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TABLE A.2 THERMAL INSTRUMENTS

NRDL Field of View

Serial
Instruments* Number Locationt Directiont Degrees

Boltzmann 137827
C Br 69 Store D 160
C Br 408 Store D 90
R RF10-211 Store D 160
C XX-20 Nose U 90
C XX-21 Nose S 90

Priscilla 137827
C Bk 237 Store D 160
C Wh 402 Store D 90
R RF50-203 Store D 160
C XX-20 Nose U 90
C XX-21 Nose S 90

Hood 137827
C Bk 237 Store D 160
C Wh 402 Store D 90
R RF50-203 Store D 160
C XX-20 Nose U 90
C XX-21 Nose S 90

Diablo 137827
C Br 69 Store D 160
C Br 408 Store D 90
R RF1O-211 Store D 160
C XX-20 Nose U 90
C XX-21 Nose S 90

Shasta 137831
C Br 67 Store D 160
C Br 189 Store D 90
R RF10-212 Store D 160
C XX-22 Nose U 90
C XX-23 Nose S 90

Doppler 137827
C Br 69 Store D 160
C Wh 402 Store D 90
R RF1O-210 Store D 160

Doppler 137831
C Br 67 Store D 160
C Wh 403 Store D 90
R RFIO-212 Store D 160
C XX-22 Nose U 90
C XX-23 Nose S 90

Smoky 137831
C Bk 246 Store D 160
C Wh 401 Store D 90
R RF50-202 Store D 160
C XX-22 Nose U 90
C XX-23 Nose S 90

*C, calorimeter; R, radiometer.

tStore, external instrumentation store; Nose, forward nose com-
partment.

tD, vertically down; U, up and forward; S, side.
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~Overpressure

Transducers

B- .- B"-

C- -

Sect. A-A
BuNo. 137831 B BuNo.137827

Sect.B-B
BuNo 137827 Only

Sect.C-C
BuNo 137827 Only

Figure A.2 Wing and fuselage pressure transducer locations.
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TABLE A.3 DETAILED WING PRESSURE TRANSDUCER
LOCATIONS

Left-hand
Aircraft Number Wing-Chor

Wing Chord

137827 137831 Station Surface Location

inches pct

x x 61 Upper 3.51
x x 61 Upper 15.95

x x 61 Upper 32.15
x x 61 Upper 56.28
x x 61 Upper 75.50

x x 61 Lower 9.49
x x 61 Lower 32.18
x x 61 Lower 56.76

x x 61 Lower 74.10

x 89 Upper 28.26
x 89 Upper 46.65
x 89 Upper 70.10

x 89 Lower 10.57
x 89 Lower 29.19
x 89 Lower 47.23
x 89 Lower 68.40

x 132 Upper 25.17
x 132 Upper 41.75
x 132 Upper 58.08
x 132 Upper 82.19

x 132 Lower 6.22
x 132 Lower 30.22
x 132 Lower 58.21
x 133 Lower 82.94

were Statham P 130-15A-350 instruments with a 15 of: (1) 48 gages mounted on the right hand wing
psia range and a natural frequency of 8,500 cps. The upper surface and on the spar webs, requiring 40
oscillograph galvanometers were Consolidated Engi- recording channels; (2) a system of coupled gages
neering 7-315 instruments with a frequency range of mounted on the horizontal stabilizer, its supports and
0 to 60 cps when damped to 64 percent of critical, actuator, requiring seven recording channels; and
The galvanometers in all circuits were nominally (3) four gages mounted on the forward fuselage keels,
damped to 64 percent of critical, requiring two recording channels.

With the exception of the gages on the fuselage

A.7 STRUCTURAL RESPONSE INSTRUMENTATION keels, strain gage installations were designed as load
measuring systems; that is, the results of the vari-

Aircraft structural response to the blast gust was ous strain gage readings were combined to give total

measured by means of electrical strain gages located applied loads, while the individual gages on the keel

on the wing, the horizontal stabilizer, and the fuse- were combined to measure local stress. Structural

lage. The gage Installations were designed to permit analysis of the A4D-1 indicated that the critical area

measurement of loads and stresses resulting from for the airplane structure for the loadings anticipated

either symmetrical or side gusts. Since the gusts was bending moment at the wing root. Therefore, the

received were symmetrical in all cases, only the strain gages at Wing Station 36.5 were used during

symmetrical system of gages was used and, there- the test progress to indicate the percentage of allow-

fore, no description of the side gust measurement able structural loading attained during each event.

system is presented in this report. The symmetrical The wing strain gage installation was designed to
system consisted of 49 recording channels composed permit the measurement of wing bending moment,
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torque, and shear at three span-wise locations. Lab- and all other engine data was recorded on the oscil-
oratory calibration of the wing mounted gages was lographs.

accomplished subsequent to the test program. The Measurements of Tt 5 and pte indicated the outlet
gage installation on the horizontal stabilizer was a conditions of the engine; Pt2, Ps 2, and outside air
system of coupled strain gages calibrated in the lab- temperature indicated inlet conditions. Effects of
oratory prior to the tests to permit measurement of engine inlet and exhaust changes on the fuel control

total horizontal tail load together with span-wise and system were indicated by Pfm"

chord-wise center of pressure. The above data measured the conditions which
The general location of wing and fuselage strain could contribute to compressor stall and/or flame-

gages is shown in Figure A.3. The location of the out.
coupled gage system for the horizontal stabilizer is
not shown as the system is complex and the location
of each gage has no individual significance. A.9 FLIGHT ENVIRONMENTAL AND SPECIAL

Other instruments installed for measurement of INSTRUMENTATION

response to the blast gust were: (1) normal accel-
erometer at center of gravity, (2) normal accelerom- A time of explosion signal was provided by photo-

eter in tail, (3) aircraft-attitude gyro, (4) pitch-rate cells and recorded on each oscillograph and the photo

gyro, and (5) fuel-quantity gages for determining air- recorder.

plane weight and center of gravity. Position indicators were provided to show the
angle of the stabilizer, elevator, rudder, and ailer-
ons.

A.8 ENGINE INSTRUMENTATION The following additional environmental data was
recorded:

Although theoretical analysis and the results of
previous nuclear weapon tests indicated that no det- Time (clock)

rimental engine effects would be experienced during Outside Air Temperature

the Operation Plumbbob shot participations, a limited Airspeed

amount of instrumentation was installed on the Altitude

engine. Heading (compass)

Instrumentation was installed on the engine to Attitude (pitch)

measure and record the following: Pitch Rate
Reference Static Pressure for Overpressure

Pt2 compressor inlet total pressure Transducers
Ps2 compressor inlet static pressure Fuel Quantity (wing and fuselage)
ps 3 compressor discharge static pressure
Pt6 turbine discharge total pressure Nuclear radiation was measured by Landsverk

Tt5 turbine discharge total temperature dosimeters and by film badges. Four film badges

pfm, fuel distribution manifold pressure were located in the bottom portion of the nose sec-

N engine rpm tion, and six in the cockpit map case. Dosimeters
with various ranges were located in the nose-wheel

Engine rpm was recorded on the photo recorder door and in the leg pocket of the pilot's flight suit.
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Appendix B

METHOD OF SCALING SHOCK WAVE EFFECTS

The data in Reference 6 for a 1-kt burst at sea level Particle velocity behind shock front (gust velocity)

and the scaling equations of Reference 7 were used to
predict the burst effects for the test conditions. For U'= U, (Ca) (B.5)

convenience, the scaling relationships are summa- \
rized below. In all cases sea level conditions are for

the NACA standard atmosphere. Duration of positive phase

Slant range t' =t+1 ()(E)% (B.6)

R' = R1 (E)" (B.1) where

Overpressure 
R = Slant range, (feet)
E = Total radiochemical yield, (kt)

AP = Overpressure, (psi)
AP' = Apt ( p(p.) (B.2) P = Ambient atmospheric pressure, (psi)

t = Time of shock arrival, (sec)

The overpressure curve for a 1-kt burst in homoge- p = Densityv (slug/fty)

neous sea level atmosphere from BuAer Confidential U = Particle velocity behind shock front,

letter, Aer-AD-41 (015652), dated 10-15-57, was (ft/sec)

used instead of the overpressure curve of Reference C = Speed of sound, (ft/sec)

6. t+ = Duration of positive pressure phase,
(sec)

Time of shock arrival Superscripts' = Desired yield and altitude conditions
Subscripts = Values for 1 kt at sea level (Refer-

ence 6)

t' = t@ (a) (E) % (B.3) 0= Ambient conditions at sea level
CPa NACA Standard atmosphere

Density of air behind shock front a = Ambient conditions at desired alti-
tude

(B.4) All ambient conditions at altitude refer to receiver

altitude.
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Appendix C

DYNAMIC STRUCTURAL ANALYSIS

C.1 INTRODUCTION from the wing lower surface leaving a region of
doubled blast wave overpressure (Ap) in the wake of

This appendix contains an outline of the methods the reflected wave; (3) formation of expansion (rare-

used to calculate the aircraft structural response for faction) waves at the leading and trailing edges of

comparison with the measured response obtained in the wing and the subsequent propagation at velocity U

Operation Plumbbob. of these waves into the region of doubled overpres-
sure, thus cancelling the doubling effect; and (4) the

C.2 METHOD OF ANALYSIS envelopment of the wing upper surface by the sepa-
rated portions of the blast wave with closure velocity

The method of analysis is described below under
the headings of Assumptions, Equations of Motion, using a value of 1,000 fps for the blast wave propaga-
Solution of the Equations of Motion, and Scaling the tion speed (U) and a value of unity for the overpres-
Solutions. sure. The forcing functions shown in Figures C.2,

C.2.1 Assumptions. The analysis method pre- C.3, and C.4 were obtained from analysis of this

sented here is dependent upon the validity of certain model. It was assumed that these forcing functions
assumptions. For subsequent discussion these as- could be modified to account for arbitrary overpres-

sumptions are divided into three categories: struc- sure (Ap) and blast wave inclination (8) by multiply-
ture, aerodynamic loading, and inertia. ing their amplitudes by the factor ApsinO. The angle

Structure. The analytical structural model 8 is defined as the angle between a normal to the

consisted of a flexible wing attached to a rigid fuse- wing reference plane and the blast wave.

lage and tail. The structural displacements of the It was further assumed that the effects of aerody-

model were represented by the displacements of its namic damping (lift due to aircraft motion) were di-

first three normal modes (rigid body translation, rectly proportional to the local wing velocities. This

first wing bending, and first wing torsion). Rigid amounts to replacing the two-dimensionally correct

body pitching displacements were ignored. Wagner function, customarily used to represent lift

Aerodynamic Loading. In the analysis, two growth due to wing motion, with a step function. This

sources of aerodynamic loading were considered: the assumption is consistent with the use of a step func-

gust and the overpressure. The wing lift caused by tion for lift growth due to gust penetration and has

gust penetration was assumed to reach its peak value some theoretical justification for delta wing plan-

at the instant of its application (step function). The forms, c.f. Reference 14.

overpressure loading was derived from consideration Inertia. The aircraft normal modes mentioned
of the diffraction model illustrated in Figure C.1. under structure above were determined from ground

This diffraction model was selected from several vibration tests of the aircraft without fuel. The effect
which were considered because it came the closest to of the average fuel weight at the time of shock ar-
accounting for the difference between response rival in Operation Plumbbob was added to the analy-
measurements and the response calculations based sis model. It was assumed that the mass coupling

upon gust input alone. Briefly, the diffraction phe- thus introduced into the equations of motion ade-
nomenon was considered to consist of: (1) the strik- quately represented the dynamic effects of wing fuel.
ing of the wing lower surface by a blast wave which

propagates in a direction normal to the wing surface . Eti ons of t he equatons ofmotion for the response of the aircraft to gust and
at velocity U; (2) the reflection of the blast wave overpressure loads are given by:
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MijQi + MijwllQi = Fi (C.1) f2 = 0.005261 P CLa VSUeq (C.7)

where Mij = a third order square matrix of gener-
alized masses corresponding to the where S = wing area, ft2

three normal modes together with the Ueq = equivalent vertical gust velocity, ft/sec

mass-coupling elements introduced - p~u [1 - cosO sinO
through the addition of fuel pI V I

Q= a column matrix whose elements are the u = air material velocity behind the blast

three generalized coordinates corre- wave, ft/sec

sponding to displacement in the three p, = air density behind the blast wave,

normal modes slugs/ft
3

wi the frequency of vibration of the ith 0 = angle between the vector direction of u

mode, radians per second, =0 and the horizontal, degrees

F1 = a column matrix whose elements con- and other symbols are as previously defined.

sist of the generalized forces corre- For the overpressure input the functions f0 , fl, and
sponding to each normal mode including f2 were taken from Figures C.2, C.3, and C.4 which
the effects of aerodynamic damping give the generalized overpressure inputs for a unit

overpres sure.
Dots appearing above a term indicate successive dif- C.2.3 Solution of the Equations of Motion. The
ferentiations with respect to time, solution of Equations C.2, C.3, and C.4 poses no par-

When the numerical values of the generalized ticular mathematical difficulty. When each of the
terms are inserted and the matrix multiplication is terms entering into the equations has been deter-
carried out, Equation C.1 becomes a system of three mined, the solution may be obtained in a routine but,
second order differential equations, namely: unfortunately, somewhat tedious and time consuming

manner. Thus, it was considered desirable to obtain
0 = f0 - d(0.6732 0 + 0,2543j, - 0.649142) solutions which were of sufficient generality to per-

- s(0.02518q1 - 0.2284q 2) (C.2) mit the scaling of single solutions to represent a

4f = f, - 1.92 - 109350q, - d(8.396j0 + 7.6684, variety of aircraft positions and blast inputs.
- 20.7 2 -0,q s(8.3 0 - 7.622q2) (C.3) tIt was first noted that the spring rate and damping
- 20.76542) - s(0.7703q1 - 7.622q 2) (0.3) terms, s and d, appearing in the equations varied

S= f2 - 0.1295q, - 61,600% - d(0.687140 + 0.3704j, only slightly for the range of conditions pertinent to+ 0.886142) -600q 2 d(0.871 0 - 0.34842)(C.4) Operation Plumbbob. Hence, typical values for the
S0.8861•) - s(0.02907q1 - 0.3484q2 ) (0.4) spring rate and damping terms were selected and as-

sumed constant. This procedure was later justified
whe d = dmpring rfunction = (p/2) CL, Va by examining solutions which contained the extreme
p = free stream ambient density, slugs/ft 3  upper and lower limits for the damping and spring

rate terms. It was found that the variations in the
CL = lift curve slope (taken from steady final solutions were small and well within the accu-

state wind tunnel measurements), racy limits for this type of dynamic analysis.

CL /radian With the damping and spring rate terms fixed, the
V = aircraft forward speed prior to shock equations of motion gave solutions which were linear

arrival, ft/sec functions of the forcing terms f0, fl, and f2 . In section
q = generalized coordinate corresponding C.2.1 it was assumed that the overpressure input

to displacement in the normal mode forcing functions are proportional to the quantity
indicated by the subscript Apsin0 which may be represented as Apeq. Simi-

f = forcing function corresponding to the larly, the gust input forcing functions are propor-
normal mode indicated by the subscript

subscripts ( )o = the rigid body translation normal tional to the quantity -C L , VSu q. In paragraph
mode C.2.4 it will be shown that

= the first wing bending normal mode

)2= the first wing torsion normal mode

Forcing functions f0 , f1 , and f 2 were used to intro- 2 a Su eq = 32 APeqVeq
duce either the gust input or the overpressure input.
For the gust input these were: where Veq is defined by Equation C.19.

Thus, utilizing the linearity of the equations of
= 0.00515 2 a VSueq (C.5) motion, fixing the values of the spring rate and

2 0damping terms, and noting the proportionality of the
forcing functions to the quantities APeq and Veq it

p was possible to obtain unit solutions to the equations
ft = 0.06429 CLa VSueq (0.6) of motion. Since the forcing functions for the gust
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and overpressure vary differently with time it was 5 Ap (C.14)
necessary to obtain separate unit solutions for each u =1 6 1 p]1/2
of the two forcing functions. The unit solutions con- 7 p
sisted of time histories of the generalized coordi-
nates and their derivatives. 7 + ]

Time histories of the wing bending moment and the +
aircraft center of gravity acceleration were then ob- Pf = Api P (C.15)

tained from the formulas: 17 + p

AM 22 = 5,946d(1 - e10) - 1,963q 0 - 583q, - 1,810q2 where u = material velocity behind the blast wave,
- 2,630dc1 - 6,143dc2 - 450sq1  ft/sec
+ 4,164sq 2  (C.9) C = ambient speed of sound, ft/sec

p = ambient density, slugs/fts
AM 36 = 4,555(1 - qio) - 1,3464j0 - 4804, - 1,42942 p, = density behind the blast wave, slugs/ft 3

- 2,237dq, - 5,014dq2 - 381sq1  Ap = blast wave overpressure, psf
+ 3,544sq2  (C.10) p = ambient pressure, psf

1 Forming the product plu, expanding by the binomial
An i = 32-.2 - 0.0552qj - 0.195•] (0.11) formula, and neglecting terms containing powers of

where AM 22 = incremental wing bending moment at .p higher than the first, one obtains:
Station 22.0, in-lb P

AM 36 = incremental wing bending moment at 5 Ap
Station 36.5, in-lb p1 = 7 p (p.16)

Ancg = incremental center of gravity acceler-
ation, g Inserting the Operation Plumbbob average value of

and other symbols are as previously defined. 0.186 for Cpthere results:
Since these time histories were based upon unit p

values of the terms APeq and Veq, it was necessary
to develop a scaling technique to produce results for plu = .133Ap (C.17)
specific values corresponding to the A4D-1 aircraft
positions in Operation Plumbbob. Substituting into Equation C.12, with CL., 3.67, and

S = 130.6 square feet:
C.2.4 Scaling the Solutions. From Equations C.2,

C.3, and C.4 it can be seen that for given values of E_ u
the damping and spring rate terms d and s, the air- p L a VSu eq = 32 '1 - V cosol V ApsinG (C.18)
craft response is a linear function of the input terms
f0 , f,, and f2.

By assumption, the overpressure inputs were pro- Letting
portional to the term Apsine. Thus the unit over- ru ]
pressure solutions were scaled by multiplying com- Veq =V 1-Vcos] (0.19)
puted responses by this factor.

It will now be shown that a simple scale factor can
be derived for scaling unit gust solutions to solutions Apeq ApsinO (0.20)
valid for arbitrary blast wave strengths and aircraft
orientations, gives -. CLO VSueq = 32 Veq Apeq (C.21)

From Equations C.5, C.6, and C.7 it is apparent
that the gust inputs are proportional to the equivalent Substituting Equation C.21 into the equations of
gust velocity, ueq, or more specifically to the term motion C.2, C.3, and C.4 gives a set of equations

P CLc VSUeq. which are linear in the product ApeqVeq. Thus, it
2 was possible to solve these equations using unit

values for APeq and Veq and to scale the results to

Since Ueq - 1[ -- cosO] sinO (C.12) represent arbitrary aircraft positions and gust inputs
by multiplying the unit solutions by appropriate

CPLt VS r u values of APeq and Veq.
-PCLa VSueq = 1--cos0j sine (C.13) It should be noted that the only important assump-
2 2 V tion made in the derivation of Equation C.21 was that

Ap
The material velocity (u) and density (p1) are given the ratio -was small in comparison with unity.

by the Rankine-Hugoniot equations (c.f. Reference 15) This condition was fulfilled for all the positions of
as: Operation Plumbbob.
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C.3 DETERMINATION OF CRITICAL WING close to the preshock arrival condition of the A4D-1
RESPONSE aircraft in Operation Plumbbob that no corrections

to the above values were made.
The wing bending moments given by Equations C .9 Critical wing response was predicted to occur at

and 0.10 are incremental bending moments, that is, Wing Station 22.0. Space restrictions, however, did
they represent changes from steady state. It was not permit the Installation of strain gages at this
thus necessary to add steady state bending moments station. Consequently strain gages were installed at
to the computed values to make comparisons with the the closest practical wing station, namely 36.5. The
structural allowable moments. The steady state bending moment readings obtained from Station 36.5
bending moments used for wing Stations 22.0 and 36.5 were then compared with a fictitious allowable bend-
are 330,000 and 262,000 in-lb respectively. These ing moment representing the moment at 36.5 which
values are based upon unaccelerated level flight cal- would be experienced when the Critical Station 22.0,
culations for an A4D-1 aircraft with a gross weight was subjected to its design limit load. On this basis
of 12,500 pounds, with a forward center of gravity, the design limit loads for Stations 22.0 and 36.5 were
and at an altitude of 10,000 feet. This was sufficiently 2.9 x 106 and 2.19 x 106 in-lb respectively.
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Appendix D

THE ROSETTE METHOD

The rosette method of strain gage data reduction was mining the bending stress, arp, as the stress given by
a system for the conversion of elastic strain to wing the principal gage multiplied by a correction factor.
bending moment. To accomplish the conversion it This correction factor was determined from other
was necessary to have a knowledge of the wing geom- test participations in which all the gages of the ro-
etry and the distribution of the wing structural ma- sette in question were operative.
terial. On the basis of this knowledge it was possible The other type of strain gage malfunction which
to determine coefficients by which the bending mo- necessitated correction occurred when the principal
ment at a given wing station could be determined leg of a rosette failed. In this instance the entire ro-
from the formula sette reading was replaced with the reading for a

neighboring rosette multiplied by a correction factor
M = ZKna n (D.1) which was determined from the ratio of wing beam

depths at the rosette stations in question. A list of
where M = bending moment, in-lb the correction factors is presented in Table D.2.

Kn = bending moment coefficient for the nth
strain gage location (n refers to the
gage location numbers given in Figure TABLE D.1 BASIC COEFFICIENTS
A.3), in3  TABLED.1_BASICCOEFFICIENTS

a(Pn = component of wing normal stress in a
direction perpendicular to the aircraft Win GageStation Number* K
center line, psi

Prior to participation in Operation Plumbbob, 36.5 1 0
basic coefficients were calculated for each gage lo- 2 29.92
cation. These basic coefficients are listed in Table 3 25.34
D.1. 4 28.90

The stress ~opn was found from the strain gage 5 0
readings at each location by conventional rosette data 6 23.56
reduction techniques except for Gages 14 and 19. 7 10.54
Gages 14 and 19 were axial gages oriented in a di- 8 0
rection perpendicular to the aircraft center line; 72.0 9 0
therefore, the bending stress, 0`On, was taken as the 10 23.64
direct stress obtained from the gage reading. 11 0

During test participation two types of strain gage 12 27.40
malfunction were encountered which required modi- 13 18.02
fication of the basic system of coefficients. 14 9.42

A rosette gage is composed of three strain gages. 15 0
For the purpose of this report, the individual gages
of a rosette are defined according to their orienta- 113.0 16 0
tion. The principal leg of a strain rosette refers to 17 9.58
the gage whose orientation is closest to that of the 18 13.98
compressive principal stress. The auxiliary gages 19 9.11
are the remaining two gages of the rosette. 20 0

In certain of the tests, auxiliary legs of strain ro-
settes failed. This difficulty was remedied by deter- *See Figure A.3
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TABLE D.2 CORRECTION FACTORS FOR BASIC COEFFICIENTS

Wing Gage Correction
Station Shot Number* Factor Type of Correctiont

36.5 Hood 4 1.120 A

36.5 Doppler 4 1.120 A
(137827) 2 1.076 B (Replace Rosette 2

with Rosette 3)

36.5 Doppler 3 0.930 B (Replace Rosette 3
(137831) with Rosette 2)

2 1.000 A
6 1.150 A

7 1.470 A

36.5 Smoky 2 1.076 B (Replace Rosette 2
with Rosette 3)

72.0 Boltzmann 13 0.867 B (Replace Rosette 13
with Rosette 12)

72.0 Doppler
(137827) 10 1.050 A

113.0 Smoky 17 1.000 A

18 0.920 B (Replace Rosette 18
with Rosette 17)

*See Figure A.3.

t Type A correction consists of using the principal gage of the rosette for de-
termining ao; type B correction consists of replacing an entire rosette with an

adjacent one for determining au.
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Appendix E

WING PRESSURE TIME HISTORIES

Figures E.1 through E.17 are time histories of measured wing pressure for Shot Diablo. It should be noted
that the quantity plotted is the total pressure recorded for each pressure tap. Incremental pressures can
be obtained by subtracting the reading at the time of shock arrival (tsa) from all subsequent readings. The
traces are labeled with the coordinates of the pressure tap. These are given in terms of wing station (WS),
percent of the local wing chord 6), and upper or lower wing surface (US or LS). The time scale is meas-
ured from time zero.
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Figure E.1 Local wing pressure time histories, Shot Diablo.
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Figure E.8 Local wing pressure time histories, Shot Diablo.
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Figure E.9 Local wing pressure time history, Shot Diablo.
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Figure E.10 Local wing pressure time history, Shot Diablo.
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Figure E.12 Local wing pressure time histories, Shot Diablo.
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Figure E.13 Local wing pressure time histories, Shot Diablo.
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Figure E.14 Local wing pressure time histories, Shot Diablo.
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Figure E.15 Local wing pressure time history, Shot Diablo.
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Figure E.16 Local wing pressure time history, Shot Diablo.
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