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ABSTRACT

Time records of incident and reflected overpressures from the high-altitude burst (Shot
10) of Operation Teapot were obtained at an array of ground stations. Modified Sachs’ scaling
to sea level for 1 kt gives overpressure result. in agreement with an extension of the pressure-
distance curve determined from canister data. Acoustic refraction did not appreciably alter
the pressure-distance effects on this occasion. Shock-wave time parameters for this test were
found to satisfy ordinary Sachs’ scaling. An average pressure reflection factor of 0.92 was ob-
served, but no correlation with surface parameters was obtained.



FOREWORD

This is one of the reports presenting the results of the 47 projects participating in the
Military Effects Tests Program of Operation Teapot, which included 14 test detonations. For
readers interested in other pertinent test information, reference {8 made to WT-1153, Sum-
mary Report ot the Technical Director, Military Effects Program. This summary report in-
cludes the following information of possible general interest.

1. An over-all description of each detoration, including yield, height of burst, Ground Zero
location, time of detonation, ambient atmospheric conditions at detonation, etc., for the 14 shots.

3. Discuasion of all project results.

3. A summary of each project, including objectives and results.

4. A complete listing of rll reports covering the Military Effects Tests Program.
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CHAPTER 1

INTRODUCTION

1.1 OBJECTIVE

The objective of Project 1.3 was to measure at an array of ground stations the peak ground-
level overpress.res, both directly incident (free air) and reflected (near the ground), resulting
from the Shot 10 high-altitude detonation. Experimental results were to be used to examine
free-air pressure scaling techniques, surface reflection of shocks, and the effect of atmos-
pheric structure. Should the blast efficiency of the high-altitude detonation be appreciabiy lover
than that obtained on low-aliitude detonations, the measured incident overpressures on the
ground would be a very rough index of such changes in blast efficiency.

1.2 BACKGROUND AND THEORY

A nuclear detonation is a complic:‘ed series of events in which each of the parameters
such as thermal radiation and blast energy can, to a large extent, undergo mutual interactions.
Although previous studies indicate that there i8 probably only a small change in the blast ef-
ficiency over the first 40,000 ft of atmosphere,' the studies were qualified with statements that
several details of a detonation at 40,000 {t could not be determined very accurately.

The general tread was a decrease of blast efficiency with altitude. However, Project 1.3
results are not particularly valuable as a check on yield; that is, when the shock wave reaches
ground stations it has traveled a considerable length through an inhomogeneous atmosphere.
Therefore Sachs’ or modified Sachs’ scaling cannot be used, with complete confidence, to scale
results for comparison with the free-air pressure curve. Project 1.3 results are accordingly
valuable as a check on scaling laws, providing the yield, biast efficiency, and free-air preesure
curve (for a homogeneous atmosphere) are known.

Sachs’ scaling’ of shock parameters from a given burst in one hcmogeneous atmosphere is
uged to predict the parameters to be experienced from a different y.eld in a different homoge-
neous atmosphere. Thus, when

P,

AP, - AP, <F) (1.1
[}

then, with a given burst of 1 kt,
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where AP = overpressure
P = atmospheric pressure
R = siant range
W = kiloton yield
t = time
T = absolute temperature
Subscripts 0,1 refer to the given bursat and
predicted burst parameters, respectively.

14.3)

This prediction process is often used to obtain effecte expected after passage of a blast
wave through a nonhomogeneous atmosphere; i.e., to a gauge situated at a different altitude
from the burst.> This method, “A-scaling,”* is usually called Sachs’ scaling. It states that
when

AP, = AP (-;;—) (1.4)

then, to scale to a 1-kt burst at sea level,

Y

R, = Rg (P:)\'i’a) (1.5)
and
oo (22)" (2) »

where subscripts 0,G,B = sea level, gauge, and burst conditions, respectively.

Modified Sachs’ rcaling was proposed' to improve prediction of overpressures when gauge
conditions differed {rom burst conditions. Use of modified Sachs’ scaling indicates that shock
parameters depend on the ambient conditions at the gauge. Here, when

Py
APy =aP; (35) 1.7

then, to scale to 1 kt at sea level,

Ry = Rg (pop—;s)ll (1.8)
and
t=tg (P:)v(;,,)l’ ('Tf?)’ e

A more complex theoretical system involving corrections for nonhomogeneous atmospheric
propagation paths is available,‘ and a few numerical computations have been carried out or
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proposed.”™ These different methods give diifering reaults which are not considered in this
report,

Previous measurements on surface or low air bursts have often given smaller overpres-
sures than would be predicted by a Kirkwood-Brinkley extension of the Tumbler-Snapper com-
posite free-air pressure vs distance curve to low overpressures of 0.5 psi and below.'" One
facto. that reduces overpressures |a an upward divergence of the shock front due to higher sur-
face temperatures and, hence, acoustic refraction. On the other hand, early morning low-level
bursts at the Nevada Test Site (NTS) frequently give higher-than-predicted overpressures at
the low overpreesures. This is usually caused by refractive ducting under 4 surface tempera-
ture inversion; Teapot Shot 4 damage to the Federal Civil Defense Administration structures
at 7 miles is an example of this effect.'' No precise quantitative analyses of these pressure
variations have been successful because surface terrain and atmospheric inhomogeneities in-
terfere with the systematic collection of impulses from the number of possible ray paths of
travel.'?

Shot 10 gave fractional pounds-per-square-inch overpressures at relatively short ground
range without complications, due to interactions between the terrain and the surface air layer.
A single ray-travel path exists to each observation point for nearly 30 miles ground range. A
relatively small correction for refractive divergence, differing from spherical expansion, may
be computed from the atmospheric conditions using sound ray-path techniques.'”'? Any further
deviations from the scaled pressure-distance curve extrapolation, if they occur, must be ex-
plained by other than refraction effects.

Blast-wave asymmetry {8 of interes! in predicting overpressures in nonhomogeneous
atmospheres at levels different from burst altitude. A check observation of overpressures and
arrival times at points near and circling Ground Zero provides data on the shape of the wave
front. With the acoustic assumption, the shape may be computed {from the atmospheric con-
ditions cf wind and temperature; a comparison with the observed shape shows the relative sig-
nificance of sound velocity and pressure-altitude gradients as sources of distcrted e‘fects.

In addition to providing information about spherical shock distortion, this study was also
useful for long-range damage prediction. To predict pressure amplitudes at great distances,
where atmospheric ducting is present, a knowledge of the energy reflection efficiency for
bounces of the signal from the ground is neressary.'? A theoretical reflection factor for topsnil
in the frequency range involved may be computed to be 0.997 by agssuming acoustic coupling
across the density discontinuity to the ground surface.' This value seems too high when com-
pared with statistical interpretations {rom observations. Shot 10 provided a shock wave ap-
proaching the ground at a high-incidence angle even in the acoustic pressure region. Instru-
ments mounted on poles were used to detect separately t..e overpressure of both the incident
pressure and reflected signals. In this way the reflection factor (i.e., reflected energy divided
by incident energy) was obtained, since the wave shape and time parameters of the two com-
ponents may be assumed to be the same in integrating:

2
E-) ‘A%’_Vd_‘ (1.10)

where E = energy

P = peak overpressure
p = ambient air density
V = ambient wave velocity

Thus, energy {8 proportional to the square of the peak overpressure since ambient air
density and ambient wave velocity are constant in the acoustic case. Several stations were set
up to measure this reflection factor, giving a check on the functional dependence of reflection
factor upon pressure amplitude, incidence angle, and, to a certain degreec, terrain roughness.

13
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CHAPTER 2

INSTRUMENTATION

Three types of pressure transducers were operated during Shot 10 (see Fig. 2.1 for loca-

tions).
Sandia Corporation Biast Prediction Unit operated Wiancko $- PBM-2 microbarographs!
at the Control Point, Camp Mercury, and at the intersection of the main area access road and

Table 2.1 —METEOROLOGICAL DATA

Wind

Altitude, Direction, Speed, Temp., Pressure,
10% ft MSL deg knots °C mb
Surface 030 09 +10.5 885
5 020 10 + 7.0 851
6 040 16 + 4.1 820
8 040 16 -2.3 760
10 030 13 -6.8 705
12 020 16 -9.5 652
14 360 16 -13.2 602
16 010 12 -18.0 554
18 010 18 -23.0 511
20 010 18 -27.3 470
25 350 18 —40.0 377
30 310 27 —47.7 301
35 320 27 —47.2 238
36.64 ¢ 300 28 —47.8 222
40 290 43 —45.9 190

* Burst altitude.

the Frenchman Flat turnoff road. All sensing units were mounted on 60-{t poles to obtain both
incident free-air and reflected overpressures. By using various set ranges it was possible to
measure pressure pulse amplitudes from § ub (4 ub = 1.5 x 107* psi) to 24 mb (24 mb = 0.35
psi). Records were obtained on Brush recorders at 12.5 cm/sec paper speed.

At Ground Zero and at 12,000 and 24,000 ft from Groud Zero on a line toward the Control
Point, Sandia operated millibarogr‘.\phs.’ These were l‘-psl Northam transducers. At the
12,000-1t station a Wiancko 1-psi transducer was used for comparison. At Ground Zero two
transducers were mounted on a 32-ft pole, and two were placed at ground level. Records were
obtained with a new d-c¢ system.’ One transducer at 24,000 ft and two at 12,000 ft were set at

15
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ground level with recordings made by Consolidated D systems. All recorders were activated
by an Edgerton, Germeshausen, and Grier (EG&G) signal, and a zero time mark was recorded
from an EG&G Blue Box signal.

Ballistic Research Laborator'es (BRL) provided self-recording very low pressure (VLP)
microbarographs for measurements at approximately 40,000 ft from Ground Zero in the north,
east, and west di-ections.® Personnel from BRL installed these recorders and reduced their
records. Sensing elements were mounted at ground level and on 60-ft poles at the east and
west stations but were mounted only at ground level at the north site.

All barograph unit locations were surveyed to +1 ft. For the reflection-factor computation,
a ground profile extending 1000 ft toward Ground Zero was necessary for each pole-mounted
unit. Profiles toward the east and west T-mile stations and the Control Point are shown in
Fig. 2.2.

Weather data consisting of temperatures, pressures, and wind direction and speed, from
rurface to 93,000 ft mean sea level (MSL), were obtained from the Alr Weather Service; the data
at levels selected for acoustical analysis are shown in T=b'e 2.1,

REFERENCES

1. Microbarograph Evaluation Report, Sandia Corporation, SC-2990(TR), Sept. 18, 1953.

2. G. W, Rollosson, Test Procedures and Inst-umentation for Projects 1.1c, 1.1d, 1.4a, and
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Project 39.2, ITR-1192, May 19855,

4. J. J. Meszaros, Ground Surface Air Pressure Vs Distance from High-yield Detonations;
Operation Castle, WT-805.
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CHAPTER 3

RESULTS

3.1 GENERAL

Shot 10 was detonated at approximatiely 1000 Pacific Standard Time, 6 April 1955. Burst
altitude furnished by EG&G was 36,645 + 30 ft MSL; the actual Air Zero was 404 + 25 ft west
and 57 + 20 ft south of intended Ground Zero. Ground Zero altitude was 4038 ft MSL; thus the
burst height above ground was 32,607 + 30 ft. By radiochemical analysis the yield of the weapon
was found to be 3.3 + 0.4 kt,

Table 5.1 —STATION LOCATIONS AND SLANT RANGES

Ground True heading, Slant Pole
Elevation, range, burst-to-gauge, range, height,
Station ft MSL ft deg ft ft
Ground Zero 4,038 408 82.0 32,410 34
12,000 ft south 3,869 11,978 177.7 34,732
of Ground Zero
24,000 ft south 3,880 23,943 178.7 40,492
of Ground Zero
Control Point 4,144 34,158 177.5 47,149 60
Frenchman Flat 3,229 82,072 169.7 85,614 60
turnoff
Mercury Quonset 3,795 135,804 171.4 139,721 60
No 28
7 miles east of 4,330 37,309 100.2 49,358 66
Ground Zero
7 miles west of 4,960 39,560 279.6 50,750 58
Ground Zero
(not surveyed)
7 miles north of 4,250 36,008 0.3 49,183
Ground Zero

Alr Zero 36,645

Ground ranges and slant ranges of the various stations are listed in Table 3.1. Arrival
times and Initial overpressures are given in Table 3.2; Fig. 3.1 definea these quantities.
Ground-surface pressures from polc =Casurements were calculated by taking the sum of two
pressure nteps, P, and (P, — Py). A probable error of 5.2 per cent {or these readings may be
derived by examining the internal consistency of the measurem-nts at Ground Zero. However,
this incluces a reading based on faulty calibration, and, {f it {8 ignored, the probable error is

19
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reduced to below 1 per cent. For caution, a limit of 10 per cent error i8 assigned to the
12,000- and 24,000-ft stations since no electronic gain correction was employed at these sta-
tions; sensitivity shifts up to 10 per cent have beer observed with the equipment employed. The
microbarographs usually have an error of less than 5 per cent; however, they have a response
time of about 10 msec.

Two Ground Zero pressure-time records are displayed in Figs. 3.2 and 3.3. Figures 3.4
and 3.5 show records from the 12,000- and 24,000-{t stations, respectively, which do not show
the classical wave shape of exponential decay but show instead a typical peak and decay fol-
lowed by a pressure hump. In Fig. 3.5 the hump pressure exceeds the initial pressure if the
wave-front gauge ringing is discounted. This phenomenon is real but is not understood. Similar
wave shapes noted in microbarograph observations from low bursts under inversions have been
explained as interference phenomena,

However, in Shot 10 no {nterference or multiple ray paths seem possible. A mechanism
for a delayed secondary impulse is reflection from a temperature-discontinuity surface which
might exist near the ground, remaining from the usual nighttime inversion. Indeed, the delay
of the hump behind the shock {ront suggests such a layer at about the same height above ground
over the 12,000- and 24,000-ft stations. However, at the incidence angle involved, less than
"', per cent of the reflected wave energy would be reflected from a 10°C inversion, This is an
order of magnitude too low to account for the secondary puise observed. It also seems unlikely
that a pulse results from interaction with the surface since the angle between the incident shock
and the ground is small. The obvious possibilities left are that the phenomenon represents: a
shock-wave decay stage; an unexpected secondary pulse within the sphere of shccked air which
is the result, perhaps, of the large-scale tnhomogeneity; or an absorption of high-frequency
components near the shock front in the reflection. Examples of records obtained by BRL are
shown in Fig. 3.6. Although ringing is evident in the records, reasonably accurate (+15 per
cent) estimates of initial pressure may be made from the traces. These also show a pressure
hump, but the effect i8 not nearly so pronounced as at the 12,000- and 24,000-ft stations.

The incident overpressures as a function »f slant range, scaled to 1 kt, free air, and mean
sea level, have been plotted in Fig. 3.7. A prescure reflection factor of 0.92, obtained as the
average of the reasonable .alues in Table 3.5, was used (o obtain incident free-air pressure at
stations where only ground pressure measurementr were made. Results are tabulated in Table
3.3. For comparison, the pressure-distance curves from reference 1 (to 0.10 psi) and refer-
ence 2 (to 0.07 psi) are shown extended by the semiacoustic theory.' These curves have been
selected for this comparison as the most recent and reliable. It will be noticed that scaled,
measured overpressures lie slightly below those predicted by the extrapolated reference
curves when modified Sachs’ scaling i8 used but are quite high when the usual scaling is em-
ployed. It thus seems that modified Sachs’ scaling {8 more appropriate. However, the experi-
ment is not completely definitive since the true free-air pressure curve has not been deter-
mined in this pressure region.

3.2 TIME-OF-ARRIVAL SCALING

Table 3.4 shows a comparison of observed shock arrival times at various stations with the
sound arrival times computed for the slant range and integrated through the observed atmos-
pheric conditions of temperature and winds. It appears that the Grqund Zero, “ontrol Point,
and 7-mile stations had accurate time bases, whereas the other clocks were fast. An approxi-
mate correction necessary to bring the observed times from the fast clocks up to the appar-
ently correct clocks’ average differences is included in the tab.e. The Sachs’-scaled ~rrival
time shouid differ from acoustic arrival time at ambient 222-mb pressure and —47°C by 1.75
sec; bui, since the ambient pressiure {8 increasing along the downward-directed shock ray, the
observed difference should be smaller, and 1.7 sec seems reasonable. On the other hand, an
arrival difference of 0.98 sec is obtained by modified Sachs’ scaling.
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Fig. 3.6 —Examples of BRL overpressure records, Shot 10, 40,000 -f1 stations east and west.
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Table 3.3—INCIDENT FREE-AIR OVERPRESSURE P, = P, /1.92

Modifird Sachs’ scaling

Sachs’ scaling

Incident Ambient Incident Incident
Gauge overpressure, pressure, overpressure, Distance, overpressure, Distance,
No.* psi mb psi ft psi ft
1 0.080 883 0.092 21,360 0.365 13,501
21
3 0.072 883 0.083 21,360 0.329 13,501
4 0.0865 883 0.075 21,360 0.297 13,501
5 0.083 885 0.095 22,824 0.379 14,404
53 0.088 0.101 0.402
6 0.081 885 0.093 22,824 0.370 14,404
83 0.090 0.103 0.411
7 0.053 884 0.061 26,563 0.242 16,764
73 0.061 0.070 0.278
8 0.059 873 0.068 32,231 0.269 20,434
9 0.049 873 0.057 32,231 0.224 20,434
10 0.052 873 0.080 32,231 0.237 20,434
11 0.055 873 0.064 32,231 0.251 20,434
12 0.045 852 0.054 32,886 0.205 21,014
13 0.045 852 0.054 32,886 0.208 21,014
14 0.048 852 0.055 32,886 0.210 21,011
15 Extradamped
16 0.052 875 0.060 32,i66 0.273 20,362
17 0.048 875 0.056 32,166 0.219 20,362
18 0.060 879 0.069 30,883 0.274 19,520
19 0.038 910 0.042 58,662 0.173 36,686
20 0.0094 891 0.011 91,797 0.043 57,844
* Gauge locations are given in Table 3.2.
t Faulty calibration.
$Indicates values extrapolated forward from the secondary pressurc hump.
Table 3.4—SIGNAL ARRIVAL TIMES
Observed shock Computed sound Difference Time
arrival time, arrival time, (sound - shock), correction
Station sec sec sec factor
Ground Zero 30.060 31,734 1.674
12,000 ft south 33.¢28 33.418 0.190 0.95507
of Ground Zero
24,000 ft south 39.367 38.676 0.941 0.93495
of Ground Zero
Control Point 43.130 44.829 1.699
Frenchman Flat 83.120 83.695 0.575 0.98667
turnoff
7 miles east 46.050 47,438 1.388 0.99359
of Ground Zero
7 miles west 47.900 49.577 1.677
of Ground Zero
27
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3.3 NEGATIVE-PHASE-DURATION SCALING

Since the incident pressure wave is nearly acoustical, durations measured at the surface
may be considered identical with those in free air. At Ground Zero the observed negative-
phase duration was 2.72 sec; duration corrected by factors in Table 3.4 is 2.66 sec at the
12,000-ft station and 2.83 sec at the 24,000-1t station. The average wau 2.74 sec. Scaling the
negative-phase duration of IBM Problem M (reference 4) to burst conditions by Sachs’ scaling
gives 2.77 sec for the anticipated duration. On the other hand, modified Sachs’ scaling for
negative-phase duration gives 1.5¢ sec. It is apparent that Sachs’ scaling is the more proper
for predicting negative-phase durations. This seems reasonable for, as pointed out i{n refer-
ence 5, the negative-phase duration is stabilized in the burst vicinity. Negative-phase durations
used in this method of yield determination* should be Sachs’-scaled {rom burst conditions to
sea level and 20°C.

3.4 POSITIVE-PHASE-DURATION SCALING

The positive-phase duration at Ground Zero measured approximately 1.08 sec; this value
Sachs’-scaled to sea level for 1 kt gives 0.383 sec, and modified Sachs’ scaling gives 0.679 sec.
When pressure records observed by the Air Force Cambridge Research Center canister gauges
(reference 6) at or near burst altitude are Sachs’-scaled, they show positive-phase durations
which approach 0.4 sec at comparable shock strengths. The maximum duration computed in
IBM Problem M scales to about 0.40 sec for { kt at sea level. Thus it appears that positive-
phase duration is dependent upon ambient conditions at burst altitude rather than at gauge alti-
tude for small weapons.

3.5 GROUND REFLECTION

Pressure and energy reflection factors as well as terrain characteristics are listed in
Table 3.5. The pressure refiection factor is here defined as the ratio of reflected to incident
overpressure (P, — Py)/Py from Fig. 3.1. The energy reflection factor is defined as the square
of the pressure reflection factor. This procedure {8 used because the energy of the wave is
proportional to the square of pressure in the acoustic case. There seem to be no significant
variations in the reflecticn factor attributable to the terrain differences.

3.6 ACOUSTICAL DISTORTION

To examine the effect of atmospheric structure, preliminary acoustic paths were computed.
It was noticed that, for stations beyond the Control Point, the acoustic path was bent to nearly
parallel with the surface. This accounts for the difficulty in separating incident and reflected
waves at these more distant stations. Furthermore, it was found that little or no signal would
be expected at Camp Mercury. Consequently, the deviation cf this point on the free-air pres-
sure curve is not surprising. The expected deviation of the observed-to-ideal (no wind or tem-
perature gradient) overpressure for the other southern stations is given in Table 3.8.

Since these aberrations are smaller than probable error, no correction for this effect has
been employed in the free-air pressure data (Fig. 3.7). Also, acoustical distortion would affect
the arrival times by amounts smaller than the timing errors encountered; thus the validity of
acoustic distortion theories cannot be verified with the results of this experiment. The Raypac
(reference 7) plot for acoustic propagation to the south is shown in Fig. 3.8.

* This method relates radiochemical yield (W) and negative-phase duration (6) by the ex-
pression W = K(6)). The coefficient K is 0.5 kt/sec® for a low burst which forms a Mach stem
and 1.0 kt/sec® for a high burst. Results of Shot 1C are tn agreement with this equation.
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Table 3.5 —PRESSURE AND ENERGY REFLECTION FACTORS

Pressure Energy
reflection reflection Terrain
Station factor factor features
Ground Zero 0.930 0.863 Flat with brush
Ground Zero 0.908 0.824 Flat with brush
7 miles east of 0.800 0.810 30 1t toward Ground Zero, rocky
Ground"lero
7 miles west of 0.940 0.882 20-ft hill; 40-ft dip toward
Ground Zero Ground Zero; rocky
T miles west of 1.240 1.5636 (Doubtful record; not included
Ground Zoro in averages)
Control Point 0.820 0.845 50-ft downward slope toward
Ground Zero; rocky
Average 0.9196 0.8448
Standard deviatio 10,0145 0.0259

Table 3.6 —EXPECTED DEVIATION OF OVERPRESSURES CAUSED
BY TEMPERATURE GRADIENTS AND WINDS

Expected ratio of
observed pressure to

Station {deal pressure

Ground Zero 1,000
12,000 ft south 0.956

of Ground Zero
24,000 ft south 0.986

of Grounc Zero
Control Point 0.974
Frenchman Flat turnoff 1.028
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CHAPTIIR 4

CONCLUSIONS AND RECOMMENDATIONS

4.1 CONCLUSIONS

Shock overpressures at surface levels from high-altitude bursts may be more accurately
predicted with modified Sachs’' scaling than with ordinary Sachs’ scaling. Modified Sachs’-
scaled observations showed about 20 per cent lower overpressures than those expected {rom
the free-air pressure-distance curve, whereas ordinary Sachs’'-scaled observations measured
about twice the expected overpressures. Similarly, predictions made by modified Sachs’ scaling
of the extended overpressure curve give results slightly higher than observed.

Positive- and negative-phase durautions and the difference between acoustic anc shock ar-
rival times were found to satisfy ordinary Sachs’' scaling. Thus the time parameters for
small-yield weapons depend upon ambient conditions at burst altitude and the strong shock
region, and not upon conditions at or near the observing point.

Measurement of the surface-pressure reflection coefficient was not as definitive as had
been hoped for, but an average value of 0.92 was confirmed. No correlation with surface tex-
ture or incidence angle was possible. Atmospheric acoustic effects on the overpressure dis-
tribution were too small to be measured in this experiment.

4.2 RECOMMENDATIONS

It further high-altitude bursts are made, measurements should be repeated as a check on
the results presented here and .o further explore the effect of changes of yield, burst height,
and atmospheric structure. Preliminary effort to reduce ringing characteristics of gauges
would be necessary, as would use of more consistent time bases to better define the reflection
factor and the acoustic distortion effect. It appears that further data from pole-mounted sta-
tions are needed to isolate the causes and to help exnlain the anomalous secondary pressure
hump observed on some records of this experiment.
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