(receiving placebo or fentanyl) experi-
enced a profound subjective drug effect.
There is evidence that diazepam pro-
duces no sensory effects (15). The results
of the second study were similar to the
results of the first (/6), in that the sen-
sory intensity responses were reduced
significantly in comparison to the re-
sponses with placebo. Unpleasantness
responses were not significantly re-
duced, although a clear trend of greater
reduction after placebo was noted.
These results show that although sub-
jective effects of fentanyl could be de-
tected, they did not influence the results.

Our experiments demonstrate that the
words chosen for a pain scale can influ-
ence significantly the outcome of experi-
mental and clinical studies of the efficacy
of pain control agents. They also indicate
the need for independent measures of the
multiple dimensions of the pain experi-
ence (/7). In studies in which singular in-
dices of pain are used, critical pain di-
mensions may not be assessed adequate-

ly.
RicHARD H. GRACELY
RoNALD DUBNER
PATRICIA A. MCGRATH
Neurobiology and Anesthesiology
Branch, National Institute of Dental
Research, National Institutes of Health,
Bethesda, Maryland 20014
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Possible Mechanism for Pressurized-Liquid Tank

Explosions or BLEVE’s

Abstract. The hypothesis is made that rapid depressurization of hot, saturated
liquids may result in an explosion. The temperature of the hot liquid must, however,
be above the superheat limit temperature at 1 atmosphere, and the drop in tank
pressure must be very rapid. Two examples of large-scale pressure-letdown ex-
plosions are cited and possible preventative measures suggested.

Reports of explosions of tank trucks or
railroad cars carrying pressurized liquids
are frequently in the news. Investigation
of such accidents usually reveals a com-
mon scenario. The tank truck or railroad
car has been involved in an accident with
a resultant fire. Energy transfer from the
fire to the tank has two effects. First, the
liquid contents are heated, and there is a
concomitant rise in tank pressure as de-
termined by the vapor pressure of the
liquid. The tank metal wetted by the lig-
uid increases only slightly in temper-
ature, although the pressure can change
significantly since the vapor pressure is
an exponential function of temperature.
Second, for areas of the tank not in con-
tact with liquid, there is no efficient heat
absorption mechanism and the fire can
lead to rapid and large increases in the
temperature of the metal. In time, the
pressure rise causes the safety valves to
operate and more fuel is released to
exacerbate the local fire. Eventually,
through a combination of high internal
tank pressure and high metal wall tem-
peratures in regions not covered by lig-
uid, localized metal failure is initiated.

To this point, the mechanism de-
scribed is well accepted and is normally
invoked in explaining BLEVE’s (boiling
liquid expanding vapor explosions). The
new element suggested in this report
concerns events that immediately follow
the initial failure of the tank metal. Soon
after metal failure there is usually an ex-
plosion accompanied by a shock wave
that destroys and often fragments the
tank. The very rapid release of fuel is
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manifested in an impressive fire—even a
fireball—and portions of the tank can be
scattered over a wide area. In some
cases there may be a secondary fuel-air
explosion not dissimilar to those used by
the military to produce damaging shock
waves over wide areas. The question of
primary interest is: What is the source of
the initial powerful explosion?

The explanation suggested here is re-
lated to the behavior of the hot liquid as
the tank is very rapidly depressurized af-
ter failure of its metal wall. Just before
failure, the liquid was saturated—that is,
the temperature and pressure were as ex-
pected for a system where the liquid was
in equilibrium with the vapor phase.
With a rapid decay in tank pressure due
to failure of the metal wall, the bulk lig-
uid should boil and reduce the temper-
ature to a value compatible with the
lower pressure. But initiation of the boil-
ing process requires efficient nucleating
sites. There are no such nucleating sites
in the bulk of the liquid, and for a brief
period after depressurization, this bulk
liquid is superheated—that is, at a tem-
perature higher than the boiling temper-
ature predicted at the existing pressure.
If the bulk temperature is sufficiently
above the expected boiling point, a su-
perheated liquid-vapor explosion would
be expected. Such explosions are known
to occur in the microsecond time domain
with concomitant shock waves.

Superheated liquid-vapor explosions
occur frequently in some industrial oper-
ations. Usually, however, they occur
when two liquids—one hot and nonvola-
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Fig. 1. Vapor pressure and superheat curves
for propane.

tile and the other cold and volatile—
come in contact under appropriate con-
ditions. The cold, volatile liquid cannot
boil on the hot liquid since there are no
suitable nucleation sites, and it therefore
superheats. There is a theoretical limit to
the attainable degree of superheat, and if
this limit is reached, spontaneous ho-
mogeneous nucleation occurs in the cold
liquid with the formation of vapor in a
very brief period of time. To an observ-
er, this vapor formation resembles an ex-
plosion. Superheated liquid-vapor ex-
plosions are reviewed in (/, 2).

Application of the superheated liquid-
vapor explosion theory to the rapid
depressurization of tanks containing a
liquid may be illustrated by the following
example. Consider a tank of liquid pro-
pane which, due to some accident, is en-
gulfed in a fire. Before the accident, the
liquid propane was at ambient temper-
ature and the tank pressure was 8 to 9
atm. This initial equilibrium state is
shown as point A in Fig. 1. Because of
the fire, the propane warms and the pres-
sure increase follows the vapor pressure
curve (Fig. 1). (Although in an actual
case there may be some stratification of
the warmer liquid near the vapor-liquid
interface, the assumption of a well-
mixed liquid is not unreasonable.) Also
shown in Fig. 1 is a line termed the su-
perheat-limit locus. This represents the
limits to which propane liquid may be
heated before spontaneous nucleation
occurs with a vapor explosion; it can be
calculated from theory or measured ex-
perimentally in the laboratory.

Suppose the propane tank failed when
the pressure and temperature were those
corresponding to point Bin Fig. 1. Rapid
depressurization would occur, as depict-
ed by a vertical line terminating at 1 atm
(point E). Violent boiling would take
place within a few seconds, but since the
superheat-limit locus was not attained,
no vapor explosion would be predicted.
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However, if failure occurred under the
conditions denoted by point C (~55°C),
rapid depressurization to point D (~3.3
atm) could lead to a vapor explosion. In
fact, any tank temperature exeeding
about 53°C (tank pressure >16.3 atm)
could produce vapor explosions—but if
failure occurred before this point, only
rapid boiling would be expected. This
definitive cutoff suggests that safety
valves might be designed to prevent any
pressure exceeding this critical limit.

Also, small-scale tests with single
drops of superheated liquids indicate
that the difference in pressure between
the vapor pressure curve and the super-
heat-limit locus is related to the intensity
of the initial explosion. Thus tank failure
near the critical point may result in a
lower explosive potential even though
there is significant energy stored in the
liquid.

Too few data are available at present
to substantiate or disprove the hypothe-
sis above. In one well-instrumented test
3), a 33,600-gallon railroad tank car
filled with liquefied petroleum gas (LPG)
containing ~ 98 percent propane was ex-
posed to an intense Kerosene fire, and
catastrophic failure occurred in 24.5 min-
utes. Typical liquid temperatures and
tank pressures measured in the test are
shown in Table 1. Early in the test the
tank pressure rose above the predicted
vapor pressure, but in about 6 to 8 min-
utes it was close to the expected pres-
sure (Fig. 1). At tank failure the liquid
temperature exceeded the critical value
of 53°C. I suggest that the bulk liquid at-
tained the superheat-limit temperature
when the internal pressure was about
16.5 atm, and an explosion occurred. (In
Fig. 1, a vertical line at 69°C intersects
the superheat-limit locus at 16.5 atm.)

Further support for the superheat-limit
concept is provided by a different ex-
ample. An industrial autoclave reactor
containing vinyl chloride monomer re-
cently exploded when the pressure was
suddenly released. The resultant fireball
was 300 feet in diameter, and a 2-ton sec-
tion of the autoclave was blown 1600
feet. At the time of the pressure release
the bulk liquid temperature exceeded the
critical value of 110°C, the superheat-
limit temperature for vinyl chloride at 1
atm. After a detailed analysis of the acci-
dent company engineers concluded that
the explosion was due to rapid, homoge-
neous nucleation of the bulk liquid vinyl
chloride as a result of the rapid pressure
release.

Hess et al. @) studied the bursting of
small liquid propane tanks with the ob-
jective of clarifying the behavior of the
cloud of propane vapor released. The

Table 1. Typical liquid LPG temperatures and
pressures measured in a tank car engulfed in
flame.

Time* Tempera- Pressure
(min) ture (°C) (atm)
0 21 7.5
4 32 16.0
8 52 18.1
10 60 19.1
12 66 20.4
14 67 21.5
16 69 22.1
18 70 22,5
20 69 22,5
22 69 22.1
24 69 21.8
24.5 Explosion

*Note: The safety valve began to lift between 2 and 4
minutes.

tanks were 4 or 6 cm in diameter with a
length-to-diameter ratio of 3.5. The lig-
uid propane completely filled the tank at
the moment the tank burst, and the pres-
sure exceeded the saturation value. (On
Fig. 1, a typical starting condition would
be ~ 60°C and 60 atm.) Violent ex-
plosions were recorded, with the main
event completed in about 3 msec. Hess
et al. did not invoke superheated liquids
as the cause of the explosion, but their
data would support such a hypothesis.

In a study reported by Ogiso et al. (5),
rapid depressurization of superheated
liquids was cited as the cause of a num-
ber of industrial accidents in Japan. No
specific incidents were described, but
limited experimental data were given for
water that was mildly superheated be-
fore depressurization (108° to 155°C).
Under these conditions no superheat-
limit explosion would be predicted and
none was found. After the initial rapid
pressure drop in the water tank, the pres-
sure rose to several times the initial satu-
ration value. But the time scale for these
pressure changes ranged from 20 to 100
msec—much longer than would be ex-
pected for true superheat-limit ex-
plosions (~ 1 msec). What Ogiso et al.
observed was the violent boiling of a su-
perheated liquid with some water ham-
mer as slugs of liquid were accelerated
and decelerated within the tank and exit
vent.

The hypothesis presented here to ex-
plain pressurized-liquid explosions and
BLEVE'’s has not been proved and well-
conceived experiments are needed.
However, if the basic concept is valid,
several preventive measures are immedi-
ately suggested. One has already been
noted—proper design of the safety
valves or burst disks, so that the liquid
temperature is never allowed to exceed
the critical value. Another method would

SCIENCE, VOL. 203



be to ‘‘load”’ the liquid with solid parti-
cles to provide nucleation sites and in-
duce rapid boiling in the bulk should a
pressure decay occur. Apart from the
obvious practical difficulties, however,
recent experiments by Buivid and Suss-
man (6) appear to show that this idea is
not viable. They showed that the experi-
mental superheat-limit temperature for
liquids was not greatly affected even
when the liquids were loaded with sus-
pended hydrophobic or hydrophilic par-
ticles. Another concept worth further
study would be the use of ‘‘gelled”’ lig-
uids—liquids modified to resemble gels
by use of very small quantities of frozen
water or methyl alcohol. The solid phase
is composed of very fine particles (< 1
pm) dispersed homogeneously through-
out the liquid (7). In this case, the spac-
ing between nucleation sites might be
sufficiently small to allow effective nu-
cleation in the event of a pressure drop.

Noradrenaline and Seizures

Tabakoff et al. (1) presented evidence
on the role of brain noradrenaline (NA)
in the development of tolerance to barbi-
turates: animals that suffered a 50 per-
cent depletion of brain NA through intra-
ventricular injection of 50 ug of 6-hy-
droxydopamine (6-OHDA) failed to de-
velop tolerance to long-term barbiturate
treatment, as measured by sleep time
and hypothermia after a subsequent
challenge dose of barbiturate, or by po-
tentiation of seizures induced by pen-
tylenetetrazol (Metrazol). Tabakoffer al.
(/) also compared the susceptibility of
control and 6-OHDA-treated animals to
Metrazol-induced seizures even in the
absence of chronic barbiturate treatment
and found no effect of the 6-OHDA.

We have recently obtained evidence
that brain NA is indeed involved in Met-
razol-induced seizures and that a marked
alteration in these seizures occurs if NA
is depleted (2). Animals that received 4
ug of 6-OHDA injected into the fibers of

Finally, safety valves and rupture disks
might be redesigned to prevent very rap-
id pressure decays even in the event of
overpressurization.

ROBERT C. REID
Department of Chemical Engineering,
Massachusetts Institute of Technology,
Cambridge 02139
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the dorsal noradrenergic bundle, a pro-
cedure that depleted forebrain NA to
less than 5 percent of control values,
showed a marked potentiation in the du-
ration, number, and type of seizure elic-
ited by subcutaneous administration of
70 mg of Metrazol per kilogram of body
weight (Table 1). Thus, the seizures last-
ed longer, occurred more frequently, and
were tonic rather than clonic. These data
support our earlier report that depletion
of both NA and dopamine (DA) in vary-
ing proportions also potentiates Metra-
zol-induced seizures (3). They also sup-
port data indicating that catecholamines
are significantly involved in seizures in-
duced by other means (¢)." An alteration
in brain NA may therefore be important
in the pathogenesis of human conditions
such as epilepsy. We suggest that the
failure of Tabakoff et al. (1) to observe a
potentiation of Metrazol-induced sei-
zures in rats treated with 6-OHDA re-
flects the modest (no more than 50 per-

cent) depletion achieved by their manip-
ulation. In other catecholaminergic sys-
tems, such a small loss would be without
behavioral effect (5), and the effective-
ness of this loss in altering the develop-
ment of tolerance to barbiturates testifies
to the pervasive role of brain NA in this
phenomenon.
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Mason and Corcoran have presented
evidence that a profound depletion of
brain norepinephrine (NE) results in a
potentiation of pentylenetetrazol-induced
seizures. They suggest that the lack of
such effects in our studies (/) was due
to a less extensive destruction of brain
NE neurons. We totally agree with their
assessment and would like to reiter-
ate certain points that appeared in (/) as
well as in our previous publications on
this subject (2, 3). Adrenergic receptor
supersensitivity develops during the 2-
week interval between injection of 6-hy-
droxydopamine (6-OHDA) and the test-
ing of the animals in our studies and we
have stated: ‘‘the development of recep-

Table 1. Seizure response to subcutaneous injection of Metrazol (70 mg/kg) in NA-depleted rats (4 ug of 6-OHDA was injected into the fibers of

the dorsal NA bundle); N.S., not significant.

Number of rats

Noradrenaline content of tissue*

Duration Dopamine
of first With ‘With .
Group seizure multiple tonic cgrl‘r?g\? s Hypo- Cere- Spinal fcotn.tetnt
(sec) sei- sei- cortex thalamus bellum cord ol striatum
zures zures
Control N = 7) 329+ 3.0 0/7 0/7 246 = 6 2,230 = 77 219 = 12 255+ 6 13,170 = 570
6-OHDA (N =9) 113.2 = 11.7 5/9 5/9 + 1 590 + 87 271 = 8 307 = 12 11,570 = 1,190
P .01 .05 .05 .001 .001 N.S. N.S. N.S.

*Percentages for the 6-OHDA-treated rats were, for NA: hippocampus-cortex, 2; hypothalamus, 26; cerebellum, 124; and spinal cord, 120; and for DA: 88.
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