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ABSTRACT
Overpressure and dynamic pressure were measured as a function of time and distance (690 to
3,250 feet) on a surface burst of a medium yield (40 kt) nuclear device on Site Yvonne, Eniwetok.
Overpressures were measured with ground baffles and pitot-static gages. A precursor formeal
but died out at an unusually high overpressure of between 35 and 55 psi. The usual high dynavstc
pressures associated with precursors were observed. Outside of the limited region in which the
precursor existed, the overpressure and dynamic pressure measurements were in agreement
with previous measurements on surface bursts. They were consistent with ttWe free-air values
for 1.6 times the actual yield of 39.5 kt.

FOREWORD
This report presents the final results of one of the projects participating in the military-effect
programs of Operation Redwing. Overall information about this and the other military-effect
projects can be obtained from WT- 1344, the "Summary Report of the Commander, Task Unit
3." This technical summary includ&s: (1) tables listing each detonation with its yield, type,
environment, meteorological conditions, etc.; (2) maps showing shot locations; (3) discussions
of results by programs; (4) summaries of objectives, procedures, results, etc., for all proj-
ects; and (5) a listing of project reports for the military, effect ]programs.
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Chop/er /
OBJECTIVE and BACK6GROUNd

1.1 OBJECTIVE

The objective of this project was the measurement of overpressure and dynamic pressure as
a function of time and distance from a surface burst of P. :•dium.-yield atomic device, a yield
range not previously examined experimentally for this type burst.

1.2 BACKGROUND

Surface bursts on which overpressure (References 1,2, and 3) and dynamic pressure (Refer-
ences 4 and 5) have been mei-sured represent extremes. The Jangle surface shot was a 1-kt
burst with the shock wave propagated over land, and the shots during Ivy and Castle were mega-
ton-range detonations with the shock wave traveling mainly over water.

For al". the large-yield shots, yields were determined from early fireball radii versus time
measurements with the assumption that the hemispherical fireball corresponds to a free-air
burst of twice the actual energy release (2W theory). Pressure measurements gave pressur=
versus distance data that scaled as the cube root of the yield but that corresponded to approiL-
mately 1.6 instead of 2 times (Reference 3) the fireball yields. Some small distortions of the
initial portion of pressure waves have been measured, but in general the shock waves are ap-
proximately ideal. The distortions and small anomahes in the dynamic pressure have been
attributed to a mechanical interaction of the shock with the rough wator surface and the loading
of the air with water spray (References 3 and 6). These distortions have generally not resem-
bled precursors as observed on low air bursts in Nevada. However, on Castle Shot 6 at about
the 43-psi level the rounding of the shock pressure-time record was reminiscent of the precursor
records near the point where the precursor dies out.

The two methods ol predicting precursors (References 7 and 8), Figure 1.1, predict that a
precursor will not form for a 40-kt surface burst or for one of any yield although the band of
uncertainty given by Shelton would allow a precursor for yields greater than about 100 kt. Both
methods presume that the precursor is caused by the formation of a surface layer of air heated
by the thermal radiation from the burst. This tadiation heats a surface layer of air which re-
fracts the shock wave causing it to run ahead of the main snock, thus the name precursor.

The Armed For'es Special Weapons Project-Naval Ordnance Laboratory (AFSWP-NOL)
scheme has three criteria (Reference 3):

1. Sufficient thermal radiation arri ea to heat about a 5-foot layer of air and this condition
is satisfied if the true height of burst i3 such that (W/h 2) 2 5, where W is the yield in kilotons
and h is the height of burst in thousands of feet.

2. The scaled height of burst (h/WI/A) is large enough so that the cosine law does not reduct
the normal component of the thermal radiation too drastically. This is assumed satisfied if
(h/WO) ;t50.

3. The time before shock arrival is short enough so that the heated layer does not dissipate.
This is assumed satisfied if the arrival time at ground zero is less than 0.5 second.

These criteria are logical, but the assumptions about the conditions under which they are
satisfied are admittedly highly arbitrary.
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Shelton (Reference 7) applies empirical data to evaluate some constants that appear in the
theoretical analysis of the refraction of a sound wave in a thermal layer. His basic criterion
is that the sound speed, C', in the heated layer is high enough so that the refracted shock front
becomes normal to the surface and then begins to travel faster than the intersection of the inci-
dent shock with the ground. For ambient sound speed, C, and the angle a, that the incident
shock front makes with the ground, this will occur when

C' C/sin a (Snells' Law) (1.1)

GURST POINT

From data on one shot (Tumbler 4) Shelton used the measured precursor velocities, pressures,
arrival times, the Rankine-Hugoniot relations, and the calculated components of thermal radia-
tion incident normal to the surface before shock arrival (Q.jps) to obtain a relation between the
sound velocity in the heated layer and QLPp. For preparing his precursor prediction chart, the
known thermal radiation pulse shape, the height uf burst, and the above relation were used.
Q.•.i was calculated by assuming a point source and taking the cosine of the angle of incidence to
obtain the normal component. To extend his curves to yields over 30 kt, Shelton assumed that
the fraction of the energy emitted at times scaled as WIA would vary as W-1A since thermal
times are proportional to WIA. This extension does not appear proper since it seems to imply
a lineai relation between thermal radiation versus time.

Shelton (Reference 8, page 40) has also pointed out other factors involved, such as the finite
size of the fireball, its rate of rise, and the fact that with increasing yield, low bursts will have
smaller and smaller fractions of their surfaces obscured by dust.

In addition to the time delay because of the rate of emission of the thermal radiation, a finite
time is required to 'eat the air. Two mechanisms have been postulated for this heating, and
both probably conwibute to it. The so-called popcorn effect, in which water of hydration causes
the grains to explode, is a rapid method of heating the air; however, turbulent convection and ex-
pansion can also take place rapidly enough (Reference 9) to provide a heated layer before shock
arrival.

The ideas and methods outlined above &re of great value, but since they are semi empirical
and somewhat arbitrary in their choice of parameters, there is a need to extend them.

During Operation Teapot a comparison of the two methods was made, and it was c•oncluded
that the existence of precursors on Slhots 2, 5, and 11, where Shelton had predicted none, favored
the AFSWP-NOL method (Raference 10). The evidence could just as easily, Lai fact more reason-
ably, be interpreted to mean that Shelton's .urve should be modified. Shots 2 and 5 showed the
typical precursor hump in the pressure-distance curve, and the pressure-time records showed
the typical development and decay of the precursor with ground distance. However, Shot 11,
wh.ch was farthest from Shelton's curve (Figure 1.1), showed only one dynamic pressure record

9
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that departed markedly from ideal, and there was almost no evidence of the hump in the pressure-
distance curve. This would indicate that Shot 11 was on the edge of the precursor region and
that Shelton's constants should be modified to put his curve through this point.

There are other indications that his curve should be modified. First, his use of the Rankine-
Hugoniot relations to obtain sound speed from the precursor speed can be questioned since the
precursor is a slow rising pressure wave and therefore should be traveling with sonic velocity.
The appropriate modification would make the thermal radiation more effective in the empirical
correlation of thermal radiation with sound speed and would move Shelton's curve in the correct
direction to be compatible with the Operation Teapot results. Figure 1.2 suggests another modi-
fication to his procedure; that is, some sort of height of burst and yield dependence is needed
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Figure 1.2 Precursor velocity versus normal component of thermal radiation.

for the relationship betwecn the sound velocity in the heated layer and the amount of preshock
thermal radiation since as is evident the relationship does vary for both height of burst and yield.

In opposition to the AFSWP-NOL assumption of no precursor below a scaled height of burst

of 50 feet, photographs of Trinity and Greenhouse George, both at scaled heights of approximately
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35 feet, show evidence of some sort of disturbance running ahead of tho main shock and Mach
stem. Unfortunately, no pressure-time records were obtained on either shot so the extent or
effect of the disturbances cannot be evaluated.

1.3 PRECURSOR PREDICTION

Without trying to draw a new quantitative prediction chart at this time, previous shots and
some calculations for surface bursts to obtain a better understanding of the possibilities of pre-
cursor formation from surface bursts can be examined.

Use is made of two qualitative concepts: (1) the larger the product Q.s sina, the more prob-
able is a precursor, and (2) if the shock arrival time, ta, is larger than twice the time of ther-
mal maximum, tin, then the larger the ratio ta/tm, the less likely is the precursor formation.

The first criterion corresponds to that of Shelton; Q.ps is one factor that determines the
temperature and therefore the sound speed in the thermal layer and sin a accounts ýor the in-
clination of the shock to the ground. The second is a generalization of the AFSWP-NOL idea
that the thermal layer will dissipate if the shock does not arrive at ground zero before 0.5 sec-
ond. Robertson (Reference 11) at the National Bureau of Standards has shown that for bomb-
like thermal pulses the time at which the surface reaches its maximum temperature varies from
1.2 to 2.4 times the time to thermal radiation maximum. Sauer (Reference 9) has shown that
for c3nvective heat transfer, the air temperature reaches its maximum some time later than the
surface. For example, with reasonable assumptions about the thermal eddy diffusivity of air,
Sauer's calculations show that at 1 foot above ground the peak air temperature is reached at about
twice the time to maximum surface temperature.

Plots of Qissina versus ta/tm for several shots are shown in Figure 1.3. The higher air
burst curves have been calculated with the burst treated as a point source. The surface bursts
have been treated in a way that takes account of the finite size of the fireball. The latter calcu-
lations are described in setail in the Appendix. The low air bursts are treated by a combination
of the two methods, since they may be treated as surface bursts for most of the time of interest
because their fireballs become hemispherical before much of the thermal radiation is emitted.
The measured thermal yields, as well as arrival times, have been used for all the actual shots.
The amount of thermal radi atiorn before shock arrival has been obtained using the measured
thermal versus time curve for the Upshot-Knothole and Tumbler-Snapper shots, while for the
other shots the curve for Upshot-Knothole 11 was scaled as the square root of the yield. No
attenuation was included in any of the calculations, and only on Castle 6 would it appreciably
affect the values. Here the change did not appear significant.

Even though Upshot-Knothole 9 had QP.psina values as high as some of the precursor shots
(Figure 1.3), the earliest shock arrival was almost 6 times the thermal maximum time. Even
so, Upshot-Knothole 9 had a well developed thermal Mach stem that even toed out slightly (Ref-
erences 12 and 13). Thus, Upshot-Knothole 9 seemed to be near the edge of the precursor re-
gion and served to give some idea of how late the shock arrival must be to adversely affect pre-
cursor formation. The Upshot-Knothole and Tumbler-Snapper shots that had well formed pre-
cursors were the ones with the highest peak values of the QLps. The Jangle surface shot, on the
other hand, had by far the lowest value of preshock thermal, which is consistent with the observed
lack of a precursor. The Greenhouse shots were grouped with Castle 6 and the calculated 40-kt
surface burst. Since Greenhouse Easy and Greenhouse Dog had precursors, one is tempted to
say that Castle 6 and the 40-kt surface burst should also. Although Castle 6 did not seem to have
one, there was some indication of thermal effect as mentioned in Section 1.2. Transmission
measurements in approximately the same direction as the blast measurements gave a transmis-
sion of about 87 percent at the 43-psi station mentioned. This absorption, coupled with the fact
that the ground was wet from rain the morning of the shot, could explain why no precursor was
formed.

Two opposing factors about the 40-kt surface burst calculation are to be noted. First, the
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arrival times were taken from a 2W free-air curve, while L A precursor actually formed, these
times would be shorter. This would, of course, lower the amount of thermal before shock arriv-
al. On the other hand, the thermal yield used, 10 kt, was based on Operation Greenhouse meas-
urements, which were much lower than later and presumably more acc'.rate measurements. If
only the later measurements were considered the thermal yield would be expected to be about
15 kt. This would not change the relative likelihood of precursor formation between the 40-kt
surface burst and the Greenhouse shots, but it would bring them up nearer the Nevada shots and
above Castle 6 which had little sign of a precursor. The curve marked L is for Shot Lacro e,
using measured thermal yield, and will be discussed in Chapter 3.

Figure 1.4 shows that the early measurements of thermal yield made by Naval Research
Laboratory (NRL) were generally lower than later ones made by either NRL or others. It should
be noted that if only the later measurements (After Tumbler-Snapper) are considered, there is
no apparent difference in thermal yield of high or low air bursts. Although the lower limit cov-
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Figure 1.4 Thermal versus total yield.

ered by these measurements is about 100 feet scaled height of burst, this indicates that surface
bursts should not differ either, since they are similar in shape (hemispherical) to the low air
bursts during the radiation of almost all the latter's thermal energy. This means that one should
not expect any appreciable reduction in thermal for surface bursts compared to air bursts as
long as the yield is in the range covered by the observations, I. e., above about 10 kt. The large
reduction in the thermal yield (one third of an air burst) for the Jangle surface shot, if true,
must rapidly become less when the yield increases to 10 kt.

It was evident from the above reasoning that blast measurements an Shot Lacrosse could pro..
vide useful information about precursor formation. The calculations presented above show that
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under certain conditions a precursor should be expected for a surface burst. Shot Lacrosse
was expected to answer the question for a particular condition. Not only was the yield to be one
of tactical significance, but the weather and surface conditions would be less favorable than at
Nevada, since in the Pacific In Maty the ground could be expected to be wet and certainly the air
attenuation would be higher. Thus, the results from this test would be subject to the same inter-
pretation as previous EPO data. If a precursor formed, one might expect a more severe one in
Nevada, and even if none formed, a precursor might still form in Nevada.

14
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Chop/er 2

EXPER IMEN T OES/GN
2.1 INSTRUMENTATION AND RECORDING SYSTEM

Overpressures were measured with Wianko variable reluctance pressure transducers mounted
in ground baffles (Reference 15) and in pitot-static gages (Reference 5). Dynamic pressures were
measured with similar transducers in the pitot-static gage. The pitot-static gage mounts were of
the type used in Operation Teapot (Reference 16). Information was recorded as a frequency mod-

• '30 s"•ea 20,

YVONNE ISLAND '
ENIWETOK ATOLL

Figure 2.1 Gage layout.

ulated signal on magnetic tape. Though not identical with such systams used by Sandia Corpora-
tion in the past, use was made of Consolidated Type D System amplifiers and Ampo Model S-
3439 magnetic tape transports u had previous Sandia Corporation systems (Reference 15).

2.2 GAGE LAYOUT

Layout of the blast line was made in conjunction with another of Sandia Corporation responsi-
bilities, Project 30.2. The layout for both projects is shown in Figures 2.1 and 2.2. Project
30.2 included overpressure and dynamic pressure gages at its stations; these results will be

15
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included in the present report. Table 2.1 lists the perttnent gages, loc ions, and predicted
blast parameters. Two sets of predictions are shown, the first based on 1.6 t'oiea the free-air
values for 40 kt and the second on 2 times the free-air values. Operation Castle experience indi-
cated the lower values would be the expected ones. However, the larger 2W values were used
for set ranges, since with the yield uncertainty this provided the best protection against the sig-
nals being either so large or so small that accuracy would be lost.

The gag numbering system includes the last part of the station number, an abbreviation for
the type of gage, and the height above ground if the gage is not at ground level. GB is ground

TASLE LI IBM10 LACaISIU D5TRUM ATTION AN1D PAIMURE PUXDICTIOWW

OGround Overposumr, "m!O Prue awe Arrival Time
supw . 2W 1.W 2W L.w 2W

ft ft psi pDo io
120.01 00.1q3.001P3 3 1,793 36 40 23 so 0.431 0.414
1c0.0s oolq08.0003 3 2,00 11.0 19.5 6.1 1. 0.6110 0.o00
121.01 10nO 0 2.806 171.0 19.5 6.1 7.8 0.350 0.300
1D."508 W3,0@,503 2,900 IL 14.6 L5 4.5 .LG7 1.050
III0- 1M"05 0 2.800 IL2 14.5 3.5 4.5 1.10 1.060
a*0M. 004q,004s03 a $AM 10.8 11.7 LS 30 U.341 1.201
M02 I A*45* 040 so09 470 s40 1100 0.066 0.400

30*2 SOSL,0t e W In5 210 am2 310 0.104 0.004

32 S• 8 Is. 6 so 0.2o oatN
- OMLMM 0 ,1400 60 72 I S 0.01? 0.244

We ~o• •0 0 X7S 38 as 20 3 0.462 0.40

baffle, P is overpressuro In the pi"ot gage, and q is the dynamic pressure element in the pilot
Pie. R and L are used on the ground bffles to indicate gages to the righ or left, respectively,
as one faces Sroun sera. GAge iGBR.RF was recorded by wireless telemetry to Site Elmer.
AA an example of the numbering systems gage, 00lq$ is the dynamic pressure element of a pitot-
static gage at *Maton 120.01, mounted 3 fet above the surface of the ground.
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Chop/er 3
RESULTS

nlesults are given in Tables 3.1 and 3.2 and the results scaled to sea level and 1 kt are given in

'rabies 3.3 and 3.4. Pressure-time records are shown in Figures 3.6 through 3.10. The data

plotted versus ground raroe are given in Figures 3.1 through 3.5. The pressure-time records

shown in Figures 3.7 and 3.10 are smoothed records in which, by intercomparison of all records

the noise and zero shifts have been extracted. Gage ringing and perhaps some small pressure

fluctuations have also been smoothed through. The results in Tables 3.1 and 3.2 are derived

from these smoothed curves. 6caling factors and ambient conditions for Shot Lacrosse are shown

in Table 3.5.

3.1 ARRIVAL TIMES

Arrival times were consistent with 1.6 times the free-air values for the yield of 39.5 kt, and
except for Station 3023 did not show the abnormally early arrival times associated with precur-
sors. The arrival times versus ground range are plotted in Figure 3.1 along with the curves
for 1.6 and 2 times the free-air values for 39.5 kt.

3.2 OVERPRESURES

Figure 3.2 shows a comparison of the measured overpressurs with the free-air pressure
distance curve for 1.6 times the yield of 39.5 kt, the Naval Ordnance Laboratory pressure-
distance curve measured along the surface over water, and the pressure-distance curve for an
average surface taken from Capabilities of Atomic Weapons. No correcticns were made to the
overpressure measurements for the instruments observing precursors. Overpressures for the
other gages were corrected for Mach number effects according to wind tunnel calibrations. The
NOL curve and the free-air curve for 1.6 times the yield are essentially identical and the gage
measurements fit these curves well within the experimental error of 5 percent with two excep-
tions. At 920 feet 2 GBR (Figure 3.6) shows evidence of the initiation of a precursor and the
pressure is 15 percent lower than 2GBL at the same distance. At 1,400 feet both 3GBR and
3GBL (Figure 3.6) show definite precursor wave forms although the peak pressures arc not re-
duced, as is usually the case. In fact, at this station the pitot gage, 3P3, shows an unusually
high peak pressure even though having the distorted precursor wave form. The localized varia-
tion in the precursor is pointed up by the differences lai the wave forms of the records obtained
by the three gages at this station. The two ground baffles are at the same radial distance but
are separated laterally by 138 feet. The right ground baffle, 3GBR, has a decidedly rounded
main peak but does not have the front porch apparent at 3 GBL and 3P3. This Is consistent with
the arrival times since 3 GBL and 3PI have the same precursor arrival times showing that the
precursor front here was asymmetric, being inclined at about 25 degrees from radially outward.
The pressure in the main peak, however, arrives at the two ground baffles at the same time
indicating the main wave is symmetric with radius from ground zero.

Examination of Figure 2.1 shows that not only do the stations vary in ground range but also
In their a&;Lmuth from ground zero. Thus, the evidence from the wave forms discussed above,
that is, (1) no pressure at 2GBL (2) slight pressure at 2 GBR (3) most pronounced at 3GBL
(4) less pronounced at 30OR than SGBL (5) none at 4GBL or 4GBR indicate that the precursor
was limited in extent both in round range and in lateral extent. The measurements made by
Ballistic Research Laboratories (BRL) on this shot (Reference 16) support the limited extent of
the precursor. Three of their stations, 114.15, 115.22, and 115.23 are shown in Figure 2.1.
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At 114.15 a definite precursor type wave form was measured, while at 115.23 the shape was
essentially ideal. A satisfactory record at 115.22 was not obtained.

A look at Figure 2.1 shows that Station 3023 was almost in line with the pipes extending from
the cab. Even though it was quite some distance from them, it was necessary to consider the
possibility that the t,,ive forms were caused by a jet down the pipes. Fireball pictures, however,
show no evidence of any jet, so this possibility has been excluded.

There was no positive evidence about the condition of the ground at shot time. Though it had
been raining almost every night, there was no definite information that it rained the night before
the shot. The ground was at least damp from previous rains. It was coral sand however, which
drains quite well. Thus even though the exact state of affairs is not known, it is believed that
in Nevada the effects would have been more pronounced.

3.3 DYNAMIC PRESSURES

The dynamic pressure records were consistent with the overpressure records showing the
precursor wave form only at Station 3023. The data points are plotted in Figure 3.3 and com-
pared to the curves for 1.6 and 2 times the free-air values for 40 kt. The measured values of
q at the 1,793-, 2,500-, and 2,900-foot stations have been corrected according to wind-tunnel
tests of the pitot gage. The value measured at the 1,400-foot station, showing the p'ecursor,
has not been corrected at all. Although the p'tot gage has not been calibrated in a Itow of as

TABLE 3.2 DYNAMIC PRESSURE RESULTS

Ground Arrival Peak Dynamic Dynamic
Station Range Gage Time Dynamic Pressure Pressure

Pressure Duration Impulse

ft sec psa see psi-sec

3022 920 2q3 0.104 235 0.12 11.2
3023 1,368 3q3 0.244 180I 0.78 7.7

120.01 1,795 001q3 0.446 22.8 0.23 2.3
120.02 2,500) 002q3 0.840 6.6 0.67 1.0
120.03 2,900 003q3 1.096 4.0 0.9 0.84

*Peak pressure at 0.256 see, precursor pressure 140 psi.

high a Mach number as that at Station 3021 (920 feet), a correction based on the formation of a
bow wave at the nosu of the piltot tube has been applied. This correction is believed valid be-
cause high-speed photography on similar shapes shows that the reflected shock off the nose goes
over into the bow wave and is well established before the Incident shocl; reaches the static open-
ings. This correction converts the measured differential pressure of 360 psi to a dynamic pres-
sure of 235 psi, in good agreement with that of 244 psi calculated from the measured overpres-
sure.

No correction to the precursor q has been made since neither the Mach number nor the con-
tribution of dust is known. An ideal shock of 55 psi has a Mach number of about 1, if this Mach
number is used to correct the measured differential pressure of 180 psi, it would only reduce it
to about 140 psi at the lowest. This is still much higher than the 96-psi q associated with a 84-
psi shock or the ideal (2w) 80-psi q for this distance.

3,4 IMPULSES

Both the overpressure and dynamic pressure impulses are plotted in Figure 3.4 where they
are compared to the free-air values. The only comment than can be made is that the data show
a wide scatter.
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TABLE 3.4 DYNAMIC PRESSURE RESULTS SCALED TO 1 KT, SEA LEVEL

Ground Arrival Peak Dynamic Dynamic
Station Range Gage Time Dynamic Pressure Pressure

Pressure Duration Impulse

ft sec psi sec psi-sec

3022 202 2q3 0.0309 236 0.036 3.3
3023 401 3q3 0.0725 181 0.23 2.3

120.01 526 001q3 0.132 22.9 0.068 0.7
120.02 732 002q3 0.250 6.6 0.20 0.28
120.03 850 001n3 0.326 4.0 0.27 0.25

TABLE 3.5 SCALING FACTORS AND AMBIENT CONDITIONS FOR SHOT LACROSSE

Ambient Pressure, P0 : 1008.5 mb Ground Zero: The device was fired 17 feet above
Ambient Temperature. TO: 300 deg K the dat:um plane in a cab placed on a man-made
Relative Humidity: 84 percent island. The man-made island and Yvonne itself
Winds: 16 knots from 080 degrees are about 10 feet above the datum plane. The
Visibility: Greater than 10 miles device was 7 feet above the floor of the cab. The
Tide Level: 2.2 feet above mean low reef on which the man-made island was placed

water springs was 1 foot below the datum plane.

Function Scaling Factor

Distance 40 13 - 0.293
40 x 14.7

Pressui e 1 - 1.005Pa

'rime 12 .PQ 0.297

293 40 x 14.7

T• ! 1 13! 14.7 23t
Impulse -T -13 4-0- - 3 0.298
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3.5 DURATIONS

The positive phase durations for the overpressure and the dynamic pressure are plotted in
Figure 3.5. Again, about all that can be noted is the wide scatter. In both of the above cases
the scatter is probably due to the same cause which is believed to be instrumental rather than
a blast phenomenon.

3.8 GENERAL

The curves for Qswith the sin a in Figure 1.3 were used to predict that a precursor for
Shot Lacrosse should be expected. The actual observed occurrence of the precursor in agree-
ment with the prediction may have been somewhat fortuitous since the thermal measurements
indicated considerably less thermal yield than the 10 Ict used for the prediction. It is somewhat
difficult to interpret the thermal measurements (Reference 18). In the direction of the large
mass of pipe and concrete on one side of the burst, the thermal measurements indicated between
3 and 4 Idt. while in the other direction, which was relatively free of such obstructions, some-
what over 5 Itt was measured. Pressure stations were at an angle in between these two meas-
urements and at much closer distances. Measurements indicated that the thermal energies at
close distances would be greater than those predicted from the measurements at large distances
with an assumption that the thermal energy was Inversely proportional to the distance squared;
however, no close measurements were available for this shot and such corrections were not
made to the other shots which were shown in Figure 1.3.

The use of a thermal yield of 5 Itt gives the curve marked L in Figure 1.3, and It is obvious
that one would not predict a precursor from this curve. No further comments can be made to
explain the occurrence of the precursor with this curve exzcept to comment that perhaps the na-
ture of Shot Lacrosse was exceptional and that actual thermal received at the close ranges was
exceptionally high compared to the distant measurements; i.e., exceptionally high even compared
to this tendency which has been observed on other shots.

In addition to the moasurements reported here, the Ballistic Research Laboratories (Refer-
ence 17) found that a precursor was formed on Shot Zuni, a surface burst of approximately 3 WI.
It was observed on two blast lines 180 degrees apart on one line extending to at least 24 psi.
The meager data there indicated a more extensive precursor for Shot Zuni than for Shot Lacrosse.
Since Castle 8 had little, if any, precursor effect, it would appear that other factors such as
surface conditions perhaps are more important than yield in determining that precursors will
form on surface bursts.
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Chopter 4
CONCLUSIONS and RECOMMENDATIONS

4.1 CONCLUSIONS

The measured overpressures and the dyaamic pressures were in good agreement with previous
measurements (References 3 and 5); that is, they corresponded to thu free-air values for 1.6
times the y~eld of 39.5 kt. A precursor of limited extent was formed that had typical distorted
wave forms and for which the dynamic pressure was abnormally high. The evidence from Castle
6, Shot Lacrosse, and Shot Zuni indicates that for surface bursts the severity of the precursor
for surface bursts can depend appreciably on the ground surface condition, as well as the factor
of shock arrival time and thermal radiation incident normal to the ground. Any attempt to pre-
dict in detail requires more information not only for the PPG terrain but for other types of soil
surfaces.

4.2 RECOMMENDATIONS

Information about precursor formation on surface bursts is necessary in order to decide how
best to fuze and employ weapons as well as to evaluate their damage capabilities. In order to
obtain this information about surfaces of practical importance an experiment over these surfaces
or at least over a dry desert-type surface should be performed so that there will be two points
to interpolate between instead of just one point from which to extrapolate.
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Appendix

THERMAL FLUX from a SURFACE bURST

Photometric relations (Reference 19, page 140) can normal component of radiation delivered before shock
be useful in the calculation of the radiation flux into arrival would require an integration:
the ground from a hemispherical source at the sur-
face if the source is a perfect or uniformly diffusing
surface. By this is meant a surface that appears t t
equally bright from any direction. This is not always Fdt - (t) 0(E) dt
true for a fireball but is probably a good approxima- 47r d (A. 3)
tion during the early part of the radiation at least. It
is a photometric principle (Reference 19, page 145)
that a uniformly diffusing surface is equivalent to any where O(r/d) is also a function of time, since r, the
other such surface that intercepts the same solid fireball radius, is increasing during &he radiation.
angle as far as calculating the radiation flux is con- Such a calculation could be made numerically since
cerned, Thus a hemisphere can be replaced by a the empirical curves of r and I versus t are known.
seni disk (Figure A.1) for calculation of the flux at Thia has, however, not yet been done. For the pur-
a point P. The flux from the disk, m, through a sur- pose of this report, the shape of the radiation flux
face at P parallel to the plane of the hemisphere base versus time is such that it seemed reasonable to
is given by (Reference 19, page 143): assume an effective r/d for each time point chosen

for calculation. This Is because most of the growth
F = B _tan'_ m mf_ of the fireball takes place during the period when

I T ml+" f 2-1(A. 1) only a small part of the energy is being radiated.
Use of this method along with the point source cal-

or using the geometrical relation between m, f, and culations Is best illustrated by an example. Green-
r, d: house Dog (GD) was chosen for the example since it

combines both methods. The various quantities used

(F. = B/d 2min-/ are tabulated In Table A.1 and are plotted In Figure
d •'-- A.3. At the 1,000-, 1,500-, and 2,000-foot ranges

the values of Q.,V have been calculated by both meth-

Here v B is the flux per unit area of the emitter ods. In the graph the curve has been drawn nearly
surface. Replacing B with the total thermal output, through the points from the 0 function at the 1,500-
1, of the hemisphere, and 2,000-foot ranges, because looking at the percent

1 ~ emission column it is seen that practically all the

F in1 (,)2 /ý 1]/2J thermal received at these distances came after the
F sin -d " F1 fireball became hemispherical. At 1,000 feet the

-A.2) curve was drawn b.tween the two points since an
where £ = 2 sr r(B). The last equation can be re- appreciable portion of the radiation was received
written in terms of the flux, Fp,,1/4fd 2 from a before the fireball became hemispherical. At 500
point source through a surface normal to a radius, feet the shock arrived just at thermal minimum. The
thus: radiation in the first peak was taken as 0.7 percent;

Sr2since the fireball touched the ground a; 0.006 second
/A I d dr I or about one-fourth of the time to minimum, wellF = d \r/ d sin -d J over half this amount had been radiated before the

Sfireball had begun to distort. Therefore, this posi-
= F p l tion was treated as receiving its radiation from a

Spoint source.

The factor 0 varles from 1.0 for a point at the sur- A'urough no attenuation was included in these cal-

face of the hemisphere to zero at infinity. Figure culations it could, of course, le a.cluded. However,

A.2 is a plot of 0 versus r/d, for large-yield devices where the radiation source is

To use this relation correctly to calculate the several hundred feet in radius this is not v simple
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matter for atmospheric conditions similar to those selves are used. Additionally, the degree to which
encountered in testing at the EPG. the assumptions about the type of source are true is

To summarize, details have been presented for a uncertain and the relation of these calculated thermal
method of extending the calculation of preshock ther- values to precursor formation i not at all fully
mal radiation to surface bursts. It is recognized understood.
that several approximations in the calculations them-

TABLE A.1 GREENHOUSE DOG PR.SHOCK THERMAL RADIATION

Ground Arrival r/d , Preshock Q.ps Q-P8
Range Time Effective p Thermal Coo a 0 from coo a from 0

ft sec cal/cmt pet cal/cml cal/cm2

0 0.006 - 16,700 0.4 1.000 - 67
500 0.028 - 4,310 0.7 0.626 - 19

1,000 0.095 0.7 1,510 2.5 0.287 0.38 9.8 14.4
1.500 0.215 0.6 680 10 0.195 0.30 12 20.0
2.000 0,383 0.5 365 33 0.148 0.24 18 29.0

2.500 0.592 0.44 246 48 - 0.20 - 24.0
3,000 0.858 0.37 171 59 - 0.16 - 16.6
3,500 1.200 0.32 125 67 - 0.14 - 11.8
4,000 1.565 0.27 96 72 - 0.12 - 8.4
5,000 2.250 0.22 62 78 - 0.10 - 4.8
6.000 2.986 0.184 42 82 - 0.08 - 2.6

*Qp is the thermal radiation from a point source, of the rated thermal yield, through a surface normal to a
ridius from the source, 1. e., the Integral of Fp in Equation A.2.
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