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ABSTRACT

Knowledge of pressure in cavities created by contained nuclear explo-
sions is useful for estimating the possibility of venting radioactive debris to
the atmosphere. Measurements of cavity pressure, or temperature, would be
helpful in evaluating the correctness of present code predictions of underground
explosions. In instrumenting and interpreting such measurements it is neces-
sary to have good theoretical estimates of cavity pressures. In this paper cav-
ity pressure is estimated at the time when cavity growth is complete. Its sub-
sequent decrease due to heat loss from the cavity to the surrounding media is
also predicted.

The starting pressure (the pressure at the end of cavity growth) is ob-
tained by adiabatic expansion to the final cavity size of the vaporized rock gas
sphere created by the explosion. Estimates of cavity size can be obtained by
stress propagation computer codes, such as SOC and TENSOR. However,
such estimates require considerable time and effort. In this paper, cavity
size is estimated using a scheme involving simple hand calculations. The
prediction is complicated by uncertainties in the knowledge of silica water
system chemistry and a lack of information concerning possible blowoff of wall
material during cavity growth. If wall material blows off, it can significantly
change the water content in the cavity, compared to the water content in the
ambient media.

After cavity growth is complete, the pressure will change because of
heat loss to the surrounding media. Heat transfer by convection, radiation
and conduction is considered, and its effect on the pressure is calculated.
Analysis of cavity heat transfer is made difficult by the complex nature of pro-
cesses which occur at the wall where melting, vaporization and condensation
of the gaseous rock can all occur. Furthermore, the melted wall material
could be removed by flowing or dripping to the cavity floor. It could also be
removed by expansion of the steam contained in the melt (blowoff) and by ther-
mal stress fractures at the melt-solid interface.

There are three distinct heat transfer regimes, depending on the temper-
ature of the cavity gas. When the cavity gas temperature is greater than the
temperature at which wall material is removed by melting or blowoff, heat
transfer occurs with mass removal. The water contained in the removed wall
material is added to the cavity gas. As the cavity temperature decreases, due

"Work performed under the auspices of the U. S. Atomic Energy Commission.
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to the heat loss, a temperature will be reached where the gaseous rock con-
denses. Thereafter, the gas is composed entirely of steam. Heat transfer
during condensation is the second heat transfer regime. Following condensa-
tion the cavity gas will continue to cool, and material will continue to be re-
moved from the walls as before. However, when the cavity cools sufficiently,
the wall material becomes extremely viscous. Further heat transfer takes
place by conduction into the walls. The heat transfer rate will be considerably
reduced when this occurs since rock is a rather poor conductor of heat. Heat
transfer by conduction is the third heat transfer regime.

A parametric study of pressure histories in contained underground
nuclear explosions is made and the results of the calculations are compared
with the limited experimental data available.

INTRODUCTION

Contained nuclear explosions produce a cavity of radioactive gas that can
remain at great temperatures and pressures for many hours. To assure that
the cavity gas will not escape from the cavity and contaminate the atmosphere,
it is useful to have estimates of the expected cavity pressures and of how long
they will be maintained. This is especially true for experiments which have
large-diameter pipes connecting the cavity, perhaps through a series of valves,
to the surface.

If a reliable measurement of cavity pressure following (or during) cavity
growth could be made, it would be a useful check on our knowledge of the prop-
erties of the cavity gas and the accuracy of stress propagation codes like SOC
and TENSOR. A study of cavity pressure history is an aid to devising such
experiments.

In cratering experiments, the cavity gas expands to lower pressures and
a larger size than it would if it was contained. Cavities in cratering shots
also grow for a longer time than contained shots before the cavity gas finally
breaks through the overlying mound. The time at which gases are vented to
the atmosphere in a cratering experiment may be several seconds, in contrast
to the few tenths of a second typical for full growth of the cavity in a contained
explosion. During this longer expansion heat transfer, blow-off of wall mate-
rial back into the cavity, and condensation of the rock gas could affect the air
blast signal, gas acceleration of the mound, and the amount of radioactivity
deposited in the immediate vicinity of the crater. These same processes
might also occur in contained explosions and affect the cavity history. Conse-
quently, study of the cavity pressure history in contained nuclear explosions
may give useful information about processes of great interest in cratering
experiments.

INITIAL CONDITIONS

A first step in analyzing cavity pressure history is to determine the
starting conditions; that is, the pressure, temperature, etc. that exist when
the cavity is just fully formed. In some cases this is impossible to do in any
simple way. For example, wave reflections from the surface will affect cavity
growth for those shots that are "close" to the surface, and it is desirable to
bury the device as close as possible to the surface to minimize the cost of
drilling the eplacement hole. This is especially true for large-yield (several
hundred kiloton) shots. If accurate estimates of conditions in the cavity at the
end of cavity growth are to be made in these situations, the only acceptable
method is detailed computation of the stress-wave propagation using computers.

464



Rough estimates of cavity initial conditions can be made, however, by
calculating the adiabatic expansion of the cavity gas from the initial sphere of
vaporized rock created by the shock wave. Let Pv be the pressure in the
vaporized sphere, its volume, PC the pressure in the cavity when cavity
growth is complete and Vc the final volume of the cavity. For an adiabatic
expansion of a perfect gas,

P = VY
v v C C

The pressure in the vaporized sphere, P) is estimated by determining the
amount of energy that can be deposited in the material by the shock wave which
will just vaporize it. This energy is estimated to be about 2800 cal/g for sili-
cate rocks. The amount of energy deposited in the material depends on the
Hugoniot curve and the pressure-volume relationship the material follows after
the passage of the shock wave. Butkovichl has determined vaporization pres-
sure for different materials.

Higgins and Butkovich 2 estimated the volume of the vaporized sphere by
usiry the relation

P V = IY - I)W (2)
v

where W is the energy released in the explosion. y and y were estimated from
theoretical equation-of-state studies of the silica-water system made by
Butkovich.1 Assuming the final cavity pressure equal to the overburden pres-
sure Po = pgh, Higgins and Butkovich combined the above formulas to obtain
the following relation for cavity radius:

W1/3

r = l/ 3y (3)
(ph)

where C is the material-dependent constant,

3(-1 - 1P(1-7)/y 1/3

C v
4?Tg

Higgins and Butkovich compared Eq. 3 with 45 nuclear detonations in tuff,
alluvium, salt and granite and obtained a reasonable correlation, considering
the inaccuracy of the data available for comparison.

The correlation is a little surprising since the adiabatic exponent is not
constant as assumed by these authors. Figure shows the values of 1/3'y
required so that Eq. (1) can be true along an adiabatic path in two real mate-
rials.; The adiabatic exponent is quite pressure-dependent, which is another
way of saying that deviations from the perfect gas law are significant.
Butk6vich has also calculated cavity growth with the stress propagation code
SOC in various media3 and found that the cavity pressure after formation of
the cavity is greater than the overburden pressure. He found it to be about
2.25 times as great for salt, 14 times as great for saturated tuff, and 20
times as great for granite.
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-2 In view of these facts, I have
10 used a slightly different method to

estimate cavity pressure at the end of
Scroll cavity growth than that used by Higgins
tuff -

- and Butkovich. Computations by
-3 Butkovich4 show that the mass of rock10 Lewis vaporized by the shock wave is about

shale 70 metric tons per kiloton of yield for
silicate rocks, and the density of the
gas in the vaporized sphere is the

10 4 same as its in-situ density. The vol-
ume Vv is ceJciT-ated using these re-

- sults instead of Eq. 2 The gas is
- expanded along an isentropic path us-

5lo- ing a real gas equation of state instead
of the perfect gas assumption. The

- expansion is stopped at a pressure
- P = KPO where Po is the overburden

10-6 pressure and K is a constant reflect-
ing the material strength of the me-
dium. At this pressure, the specific
volume of the gas is known from the

lo-7. equation of state and the cavity size
0 0.1 0.2 0.3 can be obtained since the mass of

vaporized material is known.
I/ 37

The result of this calculation
is shown in Figs. 2 3 and 4 where
rc/W1/3 is shown for various values

Fig. 1. Variation of the adiabatic of KPO. A real gas Hugoniot curve
exponent. was selected for the granite, tuff and

aluvium materials in order to per-
form the calculation. Data from the

same set of 46 nuclear detonations examined by Higgins and Butkovich are
plotted on the curves using a value for K that gives the best fit to the curve.
The unreasonable value K 0.85 used for shots in tuff results because the

loo- 10 _____T --- r-r

co co Isentropic expansion

Isentropic
xpansion

E

10 I 10

M CI)

3t

10 lo, lo, 10 102 10 3
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0

Fig. 2 Cavity radius of contained nu- Fig. 3 Cavity radius of contained nu-
clear explosions in granite. clear explosions in tuff. Data
Data points plotted with K = .0. points plotted with K 085.
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adiabatic selected was for Schooner
I I I[+- tuff, and is probably not representa-

tive of the tuff the shots were actually
fired in. The correlation is accept-
able, however. The large scatter in
the data for alluvium is because the0 Isentropic
data are inaccurate to begin with, and

expansion in addition no one adiabat is repre-
E

10 sentative of the wide variety of mate-
rials that fall into the alluvium clas-Cl)
sification. In the calculations which
follow, the cavity size used for gran-
ite and alluvium are those indicated
respectively in Figs. 2 and 4.

1 1 1 1 Hill I I I I I Ill, BLOWOFF OF WALL MATERIAL

10 10 2 103

KP - 6ars In the vicinity of the explosion
0 center, the shock wave created by the

explosion deposits enough energy in
Fig. 4 Cavity radius of contained nu- the material to completely vaporize

clear explosions in alluvium. it. Farther away, where the shock
Data point plotted with K = 125. strength is attenuated, the shock

wave will deposit enough energy to
vaporize any water contained in the

rock, but will be insufficient to vaporize the minerals that compose the rock.
Consequently, the region surrounding the sphere of vaporized rock, the cavity
wall, is a region of mixed phase. The gaseous component of the cavity walls
can expand when the pressure in the cavity diminishes, blowing wall material
back into the cavity. Figure shows the isentropic expansion curves for
shocked water at several shock pressures. The ordinate shows the ratio of
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Fig. 5. Relative isentropic volume expansion of water from Hugoniot
curve.
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the adiabatically expanded volume to the shock volume. Water that is shocked
to a pressure of I Mb will have expanded to about thirty times the volume it
had when shocked if the pressure drops to k, and it will expand to about a
thousand times that volume if the pressure drops to 10 bars. Shocked water
therefore greatly expands after passage of the shock wave.

In a composite medium such'as rock containing regions of water, it
seems reasonable that a shock wave will shock the rock component differently
than the water component. It'is estimated, however, that the rock and water
components reach pressure equilibrium within a time that is small compared
to the time required for propagation of stress waves in the medium. The time
required to reach thermal equilibrium is estimated to be about second, a
time that is long compared to the time required for cavity growth to be com-
pleted for all but very large yield explosions. Consequently, along the unload-
ing path for the composite material, pressure equilibrium may be assumed
between the water and rock components, but the water is assumed to follow an
adiabatic expansion that may be different from the adiabatic expansion of the
rock. Figure 6 shows some unloading paths calculated using this model for a

rock containing 3% water. The curve
labeled 179 Mb is the unloading path
followed by the rock if it is shocked

7 to a pressure of 179 Mb. For this
10 material, 179 Mb is the greatest

shock pressure that the material can
sustain without being completely

10 6_ vaporized. Rock that unloads along
this path is therefore material that is
located at the interface between the

5 vaporized gas sphere and the sur-
10 rounding wall of melted rock, plus

vaporized water. When the pressure
in the material drops to kb, the

4 volume of the material is about 17
10 times greater than the volume it had

Hugoniot before being shocked, and when the
loading pressure reaches 100 bars, the mate-

310 \path rial will have expanded to about 76
times its unshocked volume. This

/V-0 material could be expected, therefore,
2_ to expand back into the cavity as its

10 pressure decreases during cavity

\to- growth.
0

0 As shown in the figure, rock10 
that is subjected to less shock pres-
sure (and consequently is farther into
the cavity walls from the vaporization-

2 3 melt interface) also expands beyond
0.1 I 10 10 10 its preshock volume, but the effect

3 diminishes as the shock pressure de-
V -cm /g creases. Thus material farther into

the cavity walls will expand less than
Fig. 6 Unloading paths for wet rock. material right at the interface.

Also shown is an estimate of the unloading path the material would follow
if its water content were 20% rather than 3%. The presence of more water in
the material enhances the expansion, as would be expected.

After the cavity is fully formed, thermal equilibrium between the rock
and water contained in the rock can be expected to be reached in a time on the
order of a second. I have performed calculations of the equilibrium
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composition of the silica water system using the HUG 5 computer code. From
these computations, the ratio of gaseous volume to liquid volume at various
temperatures and pressures can be obtained. These are shown in Figs. 7 and
8. The sharp rise in this ratio at the higher temperatures is where complete
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2 3
10 10

P 10 at P 1 at

> > 2
10 10

P I
> P 100 >

10 P
P

0.11
2000 3000 4000 5000 2000 3000 4000 5000

Temperature - K Temperature - K

Fig. 7 Gas-to-liquid-volume ratio- Fig. 8. Gas-to-liquid-volume ratio-
equilibrium SiO2 + 1% H20- equilibrium SiO2 + 10% H20-

vaporization occurs. The gaseous volume is much greater than the liquid vol-
ume except for small concentrations of water at great pressures. If these
results are accepted as a reasonable model of the behavior of silicate rocks
containing water, it must be concluded that as these rocks attain temperatures
that exceed their melting point they greatly expand even for temperatures well
below the vaporization temperatures. Consequently, when material composing
the cavity wall is heated by the cavity gas to a high enough temperature, it can
be expected toblow off into the cavity.

Blowoff of cavity material is possible, therefore, because of the way the
shocked material unloads and because of expansion of the material when it is
heated to a blowofftemperature. Blowoff is assumed to occur in the calcula-
tions that are performed in this paper.

Little is known about how blowoff might affect the cavity expansion.
Agreement between calculations which assume no blowoff during formation of
the cavity with experiments in contained nuclear explosions seems reasonably
good. Since the time required to complete cavity growth is only a fraction of
a second, it is doubtful that blowoff of wall material affects cavity formation,
but the mixing of blowoff material with the cavity gas can affect the cavity
pressure after cavity growth is complete, as will be discussed shortly. In
cratering experiments where the time required for cavity expansion is much
greater than for contained shots, the effects could be much more important,
especially as they might affect cooling of the cavity gas, reducing its
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temperature and pressure. Reduced temperature could affect condensation of
the cavity gas which might in trn affect the amount of radioactive material
vented to the atmosphere. Reduced pressure could affect the acceleration of
the mound and the air blast signal.

For dry rocks, or partially saturated porous rocks, blowoff may not be
possible. Material might be removed from the cavity walls in other ways,
however, such as flowing or dripping of the melted rock and thermal-stress-
induced fractures at the melt-solid interface. Most rocks will have enough
water that blowoff is possible. The dry, porous rocks where blowoff might not
occur are not considered in this paper.

The analysis presented here assumes that blowoff does occur, but not
until cavity growth is complete. At that time all of the rock that has been
melted by the shock wave is assumed to blow into the cavity. The mass of
shock-melted rock is estimated to be 350 metric tons per kiloton of yield.6
Heat transfer between the solid blown-off wall material and the cavity gas is
not considered. The water contained in the wall material is assumed to be
rapidly mixed with the cavity gas. This mixing removes heat from the cavity
gas, since the water will be at a lower temperature than the cavity gas. The
continual addition of water also affects the pressure. Blowoff is assumed to
continue as long as the cavity gas temperature is greater than the temperature
at which the wall will greatly expand, the blowoff temperature. After the cav-
ity cools below the blowoff temperature, heat transfer takes place by conduc-
tion through the cavity walls.

The time required for mixing of the water added to the cavity from blow-
off of the shock-melted rock is difficult to estimate. A characteristic time or
the process can, however, be obtained from the following considerations: Dur-
ing the time of cavity growth, the cavity gas moves a distance equal to the cav-
ity radius. The cavity radius divided by the cavity growth time will therefore
be characteristic of the velocity of the cavity gas. This velocity is about
100 msec. The mixing time is taken to be 10 cavity radii divided by this
characteristic velocity, or

tmix = 10r(m)/100 = r(m)/10 (sec). (4)

As discussed above, the blowoff temperature, which is the temperature
at which the cavity wall will greatly expand when heated, is very near the melt-
ing point of the wall material except for great pressures and small water con-
tents. Calculations of cavity cooling are presented below for alluvium contain-
ing 10% water and granite containing 1% water. The blowoff temperature is
taken to be 1900'K, except for granite for which it is 3700'K when the initial
cavity pressure is 1000 bars, 3600'K when it is 700 bars, 3000'K when it is
300 bars, and 1900'K at all lower initial cavity pressures.

COOLING OF THE CAVITY GAS

Let p be the mass density of the cavity gas, e its specific internal
energy, and V the cavity volume. The total energy in the cavity is peV and the
rate of loss of this energy is equal to the heat loss

d (peV = -A q, (5)T

where A is the area of the cavity wall and q is the heat flux.
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The specific internal energy is a function of temperature and density, and
has been calculated for the silica water system with the HUG code as previously
mentioned. Thermodynamic equilibrium computations at various water concen-
trations were made for the mixture of species H, H2, H20 0 02, OH, Si, S2,
S'O S02, Ht t SV- and e Thermochemical data for the calculation were
taken from the JANEF tables.7 The specific internal energy determined from
these calculations is used in the cavity cooling computations presented here.

Because of the complexity of processes occurring at the cavity wall and
the uncertainties connected with them, it is inappropriate to introduce anything
but an approximate expression for the heat flux. The heat transfer process is
different when the cavity gas temperature is greater than the blowoff tempera-
ture than when the cavity gas temperature is less than the blowoff temperature.

When the cavity gas temperature exceeds the blowoff temperature, heat
transfer occurs with mass removal. It is the same as the process of melting
with mass removal studied by Landau8 except that the melting temperature in
his work is to be replaced by the blowoff temperature. According to Landau's
results, the time required to raise the wall temperature from Ta t the blowoff
temperature Tb s

2

7r kcp (6)
th 4 w q

where k is the thermal conductivity of the wall, pw the wall density and c its
specific heat capacity. The heat flux is taken to be

q = EuT 4 _ E aT 4 + h (T - T (7)
w b b

where T is the cavity gas temperature, a the Stephan-Boltzmann constant, the
emissivity of the cavity gas, E the emissivity of the wall at temperature Tb,

and h a convective heat-transfer coefficient. This expression for the heat flux

is quite general. The first two terms are the difference in radiative flux be-

tween the wall and the gas. In the calculations, the gas is taken to be a back-
body radiator (E = 1) and the emissivity of the wall is taken as 09. This model

for the radiation does not account for the details of radiation transfer pro-
cesses that can occur at the wall. It does give a maximum rate of energy

transfer for the radiation. The convective heat transfer coefficient h is like-

wise a very general way of accounting for thermal conduction through the bound-

ary layer adjacent to the wall. Its value depends on many factors-the convec-

tive velocity, the viscosity of the cavity gas, turbulence, etc. The value of h
used in the computations is 0.01 cal/deg/cm2/sec. The heat flux expression,

Eq. 7 also ignores any convective-radiative coupling that might occur.9

The thermal conductivity of the wall material is affected by many factors

as well, such as temperature, pressure, porosity, nature and distribution of
pores.10-24 At the high temperatures of interest to cavity co--�';ng, a value of

0.01 to 0.1 cal/cm/deg/sec appears to an appropriate upper lir_".

Using these values, Eq. 7 shows the heat flux to vary between 100 and

1000 cal/cm2/sec. Equation 6) shows the time required to reach the blowoff
temperature with these heat fluxes varying from a fraction of a second to a fe'%

tens of seconds. These times are usually small compared with the time re-

quired for cooling of the cavity. Accordingly, all the heat flux given by Eq. 7)

is assumed to instantaneously heat the cavity walls to the blowoff temperature.

Let E be the energy required to heat the wall material to the blowoff
w
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temperature, AMw be the mass of wall material that is heated, EH2 0 be the
energy required to bring the water contained in the wall material (and which is
assumed to mix with the cavity gas) to the temperature of the cavity gas, and
AMH2 0 be the mass of water added to the cavity gas. Then

Ew AMw + EH0 AMH 0 = qAA t. (8)

The rate at which the density of the cavity gas changes due to water being
added from material which is blowing off the wall is therefore

AM H 0 A
1m (9)

dt At-0 VAt E + E
H20 w

where f = AIV'H20 /AM w is the mass fraction of water contained in the rock.'

Ew is taken as 400 cal/g in all cases except for granite where when the
initial cavity pressure is 1000 bars it is 1400 cal/g, when the pressure is
700 bars it is 1000 cal/g, and when the pressure is 300 bars it is 780 cal/g.
ET-T is the difference in enthalpy between water at the blowoff temperature
anWat the cavity temperature.

Equations (5) 7 and 9 along with the equation-of-state computations
calculated from HUG form a set of equations that can be numerically integrated
from the initial conditions. This is done using the cmputer code KOOL, pro-
gramed for that purpose.

As the temperature of the cavity gas drops, a point will be reached
where the gaseous rock condenses. Thereafter the cavity gas is assumed en-
tirely composed of steam. Actually, condensation takes place over a range of
temperatures and pressures where a mixed phase exists. The extent of the
mixed phase region is neglected in the present analysis. A temperature, pres-
sure and water content dependence of the condensation point is used which 
determined from the chemical equilibrium calculations.

Let E be the heat released per unit mass of condensing rock gas. The total
heatreleasedbycondensationwillbe PR EcVwhere R is the mass density of Con-
densingmaterial. Thisheatismuchgreaterthantheheatlossrate. Ineffectthe
condensationoccursinaratherwell-insulatedvessel. Furthermore, theconden-
sationprocessisassumedtobeisothermalandtheheatlossrateduringcondensa-
tionwillthenbe constant. Withtheseassumptionsthetimerequiredfor conden-
sation is estimated as

ECpRV

=__ ( 0)

where EC is taken to be about 1900 cal/g. During this time the temperature is
constant and water will continue to be added to the cavity at the rate given by
E q 9.

Following condensation, the cavity gas will continue to cool according to
Eqs. (5) 7 and 9 and the equation of state for pure water. Blowoff stops

The analysis here neglects water which might be in solution with the melted
rock.25,26
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when the cavity gas temperature falls below the blowoff temperature. The
melted rock will usually be extremely viscous at the blowoff temperature since
in most cases this temperature is close to the melting temperature.27,2 Fur-
ther heat transfer must then take place by conduction and radiation through the
cavity walls.

The thermal conductivity depends on many properties of the wall, includ-
ing its temperature and pressure. Radiation plays an important role in the
heat transfer in rocks at temperatures near the melting point.14,15 There are
so little data concerning the behavior of thermal conductivity at elevated tem-
peratures and pressures in rock media that an analysis of heat conduction in
the cavity wall which takes this behavior into account is not justified. Instead,
the thermal conductivity is assumed to be constant and to have a value of
0.1 cal/cm/sec/deg.

The problem then reduces to one of heat transfer from a spherical cavity
of radius r into the surrounding walls which have constant properties. The
surface temperature of the cavity walls is taken as equal to the cavity gas tem-
perature, and the distribution of temperature in the cavity wall at the time heat
conduction begins and blowoff ends is assumed known. The solution to this
problem is29

T (R, O T + u (' t) ( 1)
W a R_/_L

where T(Rt)w is the temperature in the wall at a distance R measured from
the center of the cavity (R L rc) at time t. L is a dimension characteristic of
the extent of the initial temperature distribution, Ta is the ambient tempera-
ture at R oo, and the function u is given by

u 00 + r -(R- O 2/4T (R+t)2 /4T
2 f T f (9 e e d�

0

2R t r 3 2 1 4
+ c (T -r) e dr (12)

2

where

R r
c

L

t t.

t is the time that heat conduction begins and blowoff ends,

2
t':' L PW c/k,

f(R) is the initial temperature distribution,
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0 (t = T (r c1t - Ta T - T a,

and T, as before, is the cavity gas temperature. The heat transfer rate into
the cavity wall is

�T k 2�u
q = k w (t) (13)

��R R=r r c
c

Assuming the initial temperature distribution to be given by

( R )2
r T - T - -

f (R c b a e L 1 (14)
T: L Rr c

L

the heat transfer rate can be shown to be

k r 4
T - T + c (T - T (15)

r a L b aC / -7T 1 + 4t

To obtain the solution for cooling of the cavity when the cavity gas temperature
is less than the blowoff temperature, Eq. (15) can be used with Eq. (5) and the
condition that the cavity gas density is constant at the value it had when bowoff
ended.

RESULTS AND DISCUSSION

Cooling of cavities produced by various yields of nuclear explosives and
initial cavity pressures, KPO, have been calculated according to the scheme
outlined above for granite with 1% water and alluvium with 10% water. Fig-
ure 9 shows the temperature decay for a 100-kt explosion at an initial pressure
of 100 bars. The temperature rapidly diminishes until condensation takes
place; it is constant during condensation, and has another rapid decay to the
point where blowoff ends (which is indicated on the figure by the arrow labeled
B).. The temperature is shown for a larger time scale in Fig. 10 which clearly
shows that cooling by heat conduction is a much slower process than cooling by
blowoff into the cavity. The temperature history for other yields, initial pres-
sures and materials are similar to the one shown in Figs. 9 and 10, except for
differences in the time scale.

The cavity gas density is shown in Fig. 11. It increases rapidly for the
first 6 sec due to the mixing of water from the shock-melted rock with the cav-
ity gas. There is a further, but more gradual increase due to water added
during blowoff of material from the cavity walls. When condensation takes
place the density decreases, as shown by the dashed line. Following conden-
sation, a slight increase in the density occurs until blowoff ends, and there-
after it is constant.

Figure 12 shows pressure histories for several different initial pres-
sures. Condensation is indicated by a dotted line because the actual condensa-
tion path is not calculated, only the end points. The pressure monotonically
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Fig. 9 Cavity temperature history- Fig. 10. Cavity temperature history-
granite with 1% water. granite with 1% water.
KPo 100 bars; W 100 kt. KP = 100 bars; W � 100 kt.

9 t I I I decays until blowoff ends, which is
mix indicated by the arrow labeled B.

8 The pressure decay thereafter is.

mE 7 more gradual. The arrow labeledWC indicates the point at which the
steam in the cavity condenses. The

6 - effect of different yields at the same
initial pressure is shown in Fig. 13.

- Increasing the yield at the same ini-

X 4 tial pressure will increase the time
>1 for pressure decay. The same
:t series of 1-kt explosions as shown inIn
C 3 - Fig. 12 for granite with 1% water is

2 shown in Fig. 14 for alluvium with
B 10% water. The pressure histories

are quite different from those shown
in Fig. 12. The pressure actually

es slightly due to the large0 100 200 300 increasamount of water added to the cavity
Time sec from the shock-melted rock and

blowoff. If two explosions are deto-
Fig. 11. Cavity gas density-granite nated having the same yield and ini-

with 1 % water; KP = 1 0 0 bar s, tial pressure, one in granite with 1%
W = 00 kt. water and the other in alluvium with

10% water, the explosion in the wet
rock will take significantly longer to decay. The pressure histories of two
different yields at the same initial pressure are shown in Fig. 15. Just as was
concluded for granite, increasing the yield at the same initial pressure results
in a longer cooling time.

The time at which the steam in the cavity condenses is roughly the same
at all initial pressures for a given material. When the steam condenses,
the pressure in the cavity can drop to very small values, even produce
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Fig. 12. Cavity pressure-granite with 1% water; W 1 kt.
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Fig. 13. Cavity pressure-granite with 1% water; KPO 300 bars.

a vacuum. The full overburden pressure could therefore be applied to the
standing cavity at this time and collapse, if it has not already occurred, could
then take place.

Cavity collapse could occur much before this time, however. It is plau-
sible that cavity collapse will occur for weak materials when the cavity pres-
sure is slightly less than the overburden pressure.
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Although there have been several attempts to measure the pressure his-
tory of standing cavities, only one measurement by OIsen3O has been reported.
His measurements were from pressure transducers placed 95 and 123 meters
along a pipe extending upward from a nuclear explosion. Communication be-
tween the pipe and the cavity was established at about 15 sec after detonation,
as indicated by pressure transducers as well as heat and radiation sensors.
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Fig. 16. Experimental measurement of cavity pressure.

Figure 16 shows the cavity pressure history predicted by the methods
outlined above for the shot Olsen reported. There are uncertainties in the
yield, water content, density and cavity radius for this shot, so the maximum
and minimum values of these quantities have been used to predict the two
curves on the figure. The cavity pressure is expected to lie somewhere be-
tween these two curves. Agreement with Olsen's data is good at first, but
subsequently the differences are great.

The good initial agreement indicates that the cooling model, with mixing
of water from the shock-melted rock and blowoff from the walls, does predict
the correct initial pressure.

The poor agreement following blowoff could mean that the conduction
cooling part of the model needs more work. However, the nature of the con-
nection with the cavity is unclear. If the connection with the cavity was lost,
the pressure decay would indicate processes occurring in this long pipe. A
large pressure difference is not needed to explain the collapse at 10.2 min.

It is, however, unwise to judge the cavity cooling model or this experi-
mental work on the basis of just one isolated measurement.
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