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‘Enirgetlcs of Vapor F~plosions y

R E. HENRY , H. K. FAUSKE

Te

§
:

ABSTRACT
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Definitive experiments on large-scale explosive
boiling systems have shown that intimate contact be-
tween hot and cold liquids, and a temperature upon
contact that 4s greater than the spontaneous nuclea~-
tion temperature of the svstem, are two necessary
conditions for the onset of large scale vapor explo-~
sions. While for certain systems, this knowiedge of
the necessary conditions may allovw the exclusion of
explosive boiling from the possible epectrum of
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events, for other systems it may indicate that such m™ wass
events must definitely be considered. In the latter N number of nuclei
case, it i necessary to alse evaluate the energetics ? pressure A
of such explosive interactions. In this paper, a Q energy
model, based on spontanaous nucleation of the homo- r bubble radius i
geieons type, i proposed to doscribe the relevant » entropy
processes and the resulting energetics for explosive T temperature
boiling systems. t time it
v volume
The model considers that spontaneous nucleation L] work to form & vapor bubble
cannot occur either during the acoustic relief time x  quality
for constant volume heating or until the thermal %) distance
boundary layer is sufficiently thick to support a y length of hot liquid expelled
vapor cavity of the critical size. These considera~ z length
tions lead to the prediction that, for a given tem~
perature, drops greater than a critical size will Lreek

remain in film boiling due to coalescence of vapor !
thermal diffusivity

nuclei and drops smaller than this value will wet and o
be captured by the hot 1iquid surface. Once a drop & change
has been captured by a hot liquid surface, it will (4 density
remain on the surface and store energy until unstable o surface tension
vapor growth within the drop can no longer be re-
strained by the combination of surface tension, erd
1iquid inertia, end condensation within the drop. At
this point, vapor will penetrate the entire thickness & acoustic
of the cold liquid drop and expose the immediate sur~ atm atmosphere
roundings to fts pressure. These results ave compared ¢ cold ;
to data for well-wetted systems and agreement is ob- erit critical i
tained between the onset of vapor explosions and the fg difference between vapor and liquid
energetics of the events. A consequence of this 3 growth
model 1 that fine fragmentation must be achieved be- H hot
fore a large scale vapor explosion can occur, 1 interface
1 interaction

When the interface temperature upon contact 4s £ ligquid
considerally greater than the thermodynamic critical u nuclestion
temperature of the cold liquid, the model predicts o initial condition
the cessation of large~scale explosions in the free v vapor
gontacting mode considered. v waiting

*Work performed under the auspices of the U, 8.
Atomic Energy Commission.




1. INTROPUCTION (

The possible occurrence and magnitude of vapor
explosions his been the subject of many analytical
and experimental effote for s wide vardety of in-
dustrial applications, f.e., aluzinum and steel
foundaries, liquefjed natural gas transportastion, the
nuclear industry, end the paper industry. Such ex-
perimental investigations have resulted in the for-
mulation of a 1ist of necessary but not sufficient
conditions for these explosione. These conditions
are that (1) two liquidse, one hot and one cold,
wust be present, (2) the liquids rust come into
intimate contact, and (3) the hot Jiquid temperature
wust be greater than sore ninitum value before these
explosions can occur. These investigations have also
led to the formulation of several parametric
modele !0 % yhicn basically assume that fine fragmen~-
tation and inticate nixing of the het and cold lig-
uids have alresdy occurred. After the dispersal and
intimate mixing of the two liguids, these models cal~
culate the energy tran-fer rate via standard heat
transfer mechanisme (conduction or convection) and
they can be used to determine the sensitivity of the
results to variations in the input parameters. Dme
unique discrepancy between the observed vapor explo-
sions and these p.rametric models is that experimen~
telly s definite therzal threstold is observed, below
which ne violent explosive interactiens occur, where-
as the param:tric models do not precdict this thermal
ttreshold. A proposed explanation for this thres-
he'¢" states that the interface temperature upon con=-
tist between the two Tiguids, as derived in Ref. 5,
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must be greater than or equal to the temperature for
spentaneous nucleation for that particular system.
The purpose of this paper is to berin with the
proposal outlined in Ref. 4, and investigate (1) the
conditions which must be satisiied before random nu=
clel can grow within a nonisothermal liquid, and (2)
the nature of the heat transfer process at the inter-
face between the hot end cold liquids under explosive
bodling conditions. Based on these conditions, @
wodel ¢ formulated to descride the energetics of a
vapor explosion and it is compared to experimental
data cbtalned in well-vetted svetems,

1)

I1. NUCLEATION

The mechanism described in Ref. 4 considers spon-
tanenus nucleation upon contact, which may be either
heterngeneous or homogencous nucleation depending on
the transient wetting characteristics of the given
systen.®s7 MHeterogengous nucleation is & condition
vhere random vapor embrvos are generated at the
interface between two liguids because of the reduced
interfacial tension, and honogeneous nucleation is
the condition where these embrvos are penerated with-
in the bhulk of the cold liquid, For sinplicity, well~
wetted wyvstems will be conpidered which meuns that
the nucleation 48 homogeneous within the cold fluid.
The frequency of formation for cyritical size vapor
cavities 18 given by the classic equation lor
nucleation

o
L 3% 3
J = A(T)e 2)

wvhere J describes the frequency of nucleation sites
per unit volume at a given tempersture and pressure,
(For the conditions considered in this paper, the
pressure at nucleatfon is assumed to be 1 atm.) The
preexponential factor A(T), involves all the details
of fermulating vapor embryvoe (accommodation coeffi-
cients for evaporizstion and condensatior, etc.), but,
as will be shown, this term can be in error by severa)
orders of magnitude and have littl- effect on the
temperatures calculated for spontaneous nucleation.

In the exponential term, k; is Boltzmann's constant,

T 4s the abso.ute temperature, and W is the work re-
quired to form & spherical vapor bubble.

W hrric 4 4/3nr? ®, -2} 3)

At the limit of mechanical stability for a wapor
embryo,

rv-rlafﬁ )

Substitution of Eq. & into'tq. 3 and sssuming that
P' >> Pl sinplifies Eq. 3 to:

WNe 1.6_".1.'; (5)
sr:

Equation 2 exhibite a very strong temperature thres-
hold as illustrated in Table 1 for homogeneous nuclea-
tion of Freon-22. The frequency of nucleation in-
creases many orders of magnitude within a very narrow
temperature band. Small scale, definitive experiments
have been carried out to verify the temperature thres-
hold predicted by Eq. 2, and excellent agreement has
been obtained for a wide variety of liquids at several
different pressure ievels.®.8.%,
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These definitive experiments generally consider
systens in wvhich the heating rate of the cold liguid
is very slow, i.e., of the order of several seconds.
In such systems, the cold 1iquid 1s basically in ther”
mwal equilibrium with {ts surroundings and can thus be
best classified as isothermal. For the systems con~
sidered in this paper, the therwal transients upon <V
tact of the hot and cold liquide cause the temperaiute
of the cold liquid to rise from its bulk temperatuis
to & value greater than the homogeneous nuclestion
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Bec. he s tions, | .cation cannot
proceed until o sufficiently thick thermal boundary

er b evn developed to support the growih of th
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premise of the model proposed in this paper is essen-
tially that suggesicd by Heu'l [or nucleate boiling
from wall cavities on & much longer time scale, 1.e.,
nucleation will not occur until the thermal boundary
layer is sufficiently thick to support a critical
size vapor cavity. Therefore, the difference between
small scaie definitive experiments used vo verify
the spontaneous nucleation model and the large scale
explosive Interactions considered herein is that in
the former case the temperature gradients within the
cold 1fouid are insignificant and have no effect on
the nucleation process, whereas in the latter set of
conditions, the temperature profile in the cold lig-
uid 38 the primary mechanism for describing the time
reguired for nuclestion.

111, PROPOSED MODEL

Explosive boiling conditions have been experi~
mentally generated in a wide variety of contacting
wmoles including shock tube conditions, where one
liquid 4s impinged upon another at a high velocity,
subsurface injections of one liquid into another,
and free contacting modes where one liquid is essen~
tially imbedded within an infinite sea of the other
liquid as 1llustrated in Fig. 1. 1In this particular
study, only the free contacting mode is considered.

Mg. 1.

Free Contacting Mode.

Upon contact between two semi-infinite rlabs with
constant thermal properties, the interface temperature,
86 given in Eq. 1 and derived from the parabolic heat
conduction equatfon, 4 invariant 4n time., If 4t fu
assumed that the hyperbolic heat conduction equation
governs the transient response of the liguids, the
resultr given 4n Ref. 12 show the heat flux at the
interface should appronch the value dictated by the
parabolic solution at appioximately 107’7 gec, which,
a8 wvill be subsequently seen, is several orders of
magnitude less than the time of vapor formation,
Therefore, the parebels; solution is adequate for this
description. Since the temperature at the interface

is constant, the tr ent temperature distribution
throughout both 14g. is predicted by the stancerd
error function solution, which for small values of
the argument, can be approximated by:

- Tk SO ©
T! ot ™ 2J=:?

The instantaneous increase in the interface tem-
perature is accompanied by a pressurization due to
the local expansion of the liquid. This single phase
pressurization, which is capable of producing pressures
greater than the thermodynamic eritical point of the
cold liquid, persiste until acoustically relieved.
Such behavior has been obscrved in the aluminum-wate:

‘.hock tube studies described in Refs. 13 and 14,

These results ghow that this pressurization is sus~
tained until 4t 4s acoustically relieved by &8 pressure
vave traveling to the free surface of the cold licuié
and the refraction wave returning to the interface.

£
¢, = 2 )

wvhere £ 18 the chseracteristic dimension to the free
stuface of a given liguid mass and t_ is the acoustic
relief time. During this time, sincé the local Tres~
sure is extremely high, the spontaneous nucleation
can be suppressed, but the thermal boundary laver will
continue to grow as dictated by the error functien
solution. Following acoustic relief, the pressure i:
the 1iquid will be essentially atmospheric and the
pressure within vapor embrvos will be determined bv
the local temperature distribution of the ther=al
boundavy layer. The limit of mechanical stability,
or critical size, or a vapor embryo is given bv Eg.

4 and 1s shown in Fig. 2 for P, = 1 bar and P_ the
corresponding saturation value., If the scoustic
relief time 45 so shevt that the thermal laver has =
become thick enough to support & vapor bubble of the
eritical diameter, embryos will collapse before ther
reach the critical size. Such conditions are sheez
for 107% and 107° secs in Fip., 2 where the initial
Preon temperature is assumed to be its normal boili:z
point, 1f the acoustic relief time is quite long,
the thermal boundary laver will be capable of suprort-
ing & vapor embryo not only at the critical size, Sut
also at much larger sizes as shown by the profile for
10°7 secs. OCiven this condition, once an ecbrvo is
formed 1t can continue to grow to a considerably
larger size.
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Fig. 2. Thermas Boundary Layer Development and Criti-
cal Cavity Size for Freon-22,
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The frequency of unstable vapor .. uation, once
the thermal boundary layer fs sufficiently developed,
18 given by the product of the frequenvy per unit
volume which is a function of the local temperature,
and the volume of fluid (V) having a temperature equal
to or greater than that value. This product (per en?
of contact) is shown*in Fig. 2, for the temperature
profile at 10°7 sec, and clearly indicates the most
1ikely ploce of vapor formation is the smallest cri-
tical diameter.

Once the system 4s depressurized due to the rare-
faction wave, the cold liquid has a waiting time until
the firet nucleation that is specified by the recip~
rocal of the product discussed above.

During this waiting time the thermal boundary layer
will continue to develop, and as 1t does so, the
waiting time for nucleation will be decreasing as the
frequency of nuclestion increases., Wnen the first
critical embryo 1s formed, and because of its higher
frequency it 1s assumed that this embryo is formed at
the smallest critical radius (point A on Fig. 2), the
bubble will attempt to grow from thise radius to its
next stable radius indicated by the intersection of
the mechanical stability line and the thermal bound-
ary layver (yoint B on Fig. 2). This growth cannot
proceed until the pressure gradient is developed with-
in the cold liquid, whlgh requires the traverse of
another pressure wave from the interface to the free
surface and a rarefaction wave back again, This
allows continued development of the thermal boundary
layer. After the return of this rarefaction wave
from the surface, the vapor bubble may grow from its
inception size to the value where the mechanical
stability line intersects the thermal boundary layer.
Ay dnteresting aspect of the thermal boundary laver

is that after approximstley 107" sec, the mechanical
stability line and the thermal boundary layer no
longer intersect as illustrated in Fig. 3, Therefore,
if the cold liquid must wait for 20 usec before a
vapor bubble can be formed, this bubble can grow
without bound until it exceeds the thickness of the
liquid layer. This particular aspect will be employed
later in the discussions on vaporization rates.
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Pig. 3. Thermal Boundary Laver Deveiopment and

vritical Cavity Size for Freon-22.

The time to nucleation s then the sum of two
avoustic redie: times and the waiting time for a
Jritfoal size cavity to appear.

4
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Por simplicity, the waiting time s evaluated from
the thermal profile at the end of the first acoustic
relief time. If the time to nucleation is less than
1076 gec, the boundary layer will be composed of a
region of stable growth for the vupor bubble and an
unstable region where condensation will occur. The
time for the vapor bubble to grow from its inception
pize to the 1imit of its stable region can be calcu-
lated from the inertial growth equation because of
the high superheats and small dimensions involved.
This time 18 the minimum lifetime of the bubble under
these conditions and is given by

Y (10)

273 &
e

where AP is the averape driving pressure between the
minimum end maximum stable limits for the vapor bub-
ble. If many additional bubbles can be formed during
the 11fetime of & single bubble, there is a possibil-
ity that they could coalesce at the larger diameter
and vapor blanket the interfuce between the cold
1iquid drop and the hot surface. Such Lehavior would
cut off the heat transfer to the cold drop and prevent
that particular 1igquid maes from esculating into an
explosive vapor release at that point in time., The
number of additional bubbles that can be formed during
the minimum 1ifetime of one bubble is equal to the
product of J:V-t ., However, the number of vapor bub-
bles that can bePinstantaneously formed within the
boundary layer is basically determined by the compres-
sible aspects of the liquid. 1f large number of bub~
bles are formed before the liquid can be displaced
radially, mutual pressurization will occur and prevent
the formation of further vapor sites. This site den-
sity can be determined from the compressibility of the
1iquid phaee, which can be related to the sonic veloc-
ity by

2 . &E
¢ v+ (11)

1f the total volume and mass of the liquid drop 15 as-
sumed to remain constant then the change in density
can be specified by

P
=yt |
b, = V. v, (12)

The compression of the 1iguid volume, which 1s assuped
to exist.over a depth of one bubble diameter, 1s
equal to the increase in the vapor volume which can be
specified by

§mp? D2
avv-—-g—-» € a3

Therefore, the increase in deneity of the liquid
phase, per unit surface area of contact, can be re-
leted to the number and size of the incipient eritical
embryos by

0 3
of + B o dow
WS 3 a

Consequently the pressure increase within the 1iquid
can also be related to these two parameters and ponle
velocity of the liquid phase ftself,

L —————— e ——
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The pressurizarion of the 14quid phase itself by the
vapor bubbles 1s indeed a very complex phenomena and
depends upon the local temperature, but for simplice
fty, 4t will be assumed that an overpressure of 5
bare 48 sufficient to suppress further nucleation
sites within the Jemainder of the 1iquid phase. (The
analysis 45 rather insensitive to this assumption,
d.e., a8 value of 2 bars or 15 bars could have been
chosen without dramatically altering the results.) A
characteristic dianeter of 50 A is assumed for the
vapor bubbles and with these two parameters the num-
ber of nucleation eites per sq cm of contact area is
20%, 1In other words, the first 10% sites that ap-
pear, assuming tnat they can be generated within the
growth time of & single bubble, will prevent any
further sites from activating., 1f the number of sites *
that can be formed within the growth time of one bub~
ble 1s considerably less than this value, no signifi~-
cant pressurization will occur within the liquid and
each bubble will essentially grow as 1f 1t was con-
tained in an infinite sea of liquid. 1f a character-
tstic time of 107" sec is assumed for the prowt

time, which corresponds to approximately a 250 A in-
crease in radius with a 12 bar pressure difference, 8
value of nucleation frequency can be calculated where
radial pressurization will become important,

= 2 x 10%%

g e ’v"!" (1e6)

i |
3

This nucleation Ireqdincy corresponds to & tempera~
ture of approximatley 63°C. For temperatures higher
than this value, radial pressurization will essen-
tielly limit the number of nuclei to 10% sites/cn?,
with the exception, as will be discussed later, when
the interface temperature 4s considerably greater than
thermodynamic critical point of the cold liquid,

IV. DROP STABILITY

Using the equations outlined above, one can as-
sess the stability of a cold drop dmpinging upon a

hot surface. Upun contact, the interface temperature
is established and the thermal boundary layer devel-
opes during the acoustic relief time necessitated by
single phase constant volume heating, the waitine time
for the first nuclei, and the scoustic relief time re-
quired before that vapor bubble can grow. As 1llus~
trated 4n Fig. 2, thie establishes not only the in-
ception criteria for the vapor bubble but also the
maximum diameter to which 4t can grow in a stable man-
ner. Once this change 10 radius is evaluted, the time
required for that growth can be evaluated from the
inertial growth equation. The number of bubbles that
can exist eimultancously 4s obtained by the product

of the nucleation frequency determined by the tempera-
ture at point A in Fig. 2, the volume per unit surface
area between the interface and point A, and the growth
time of & single bubble. Because of mutual pressuri-
eation effects, the number of simultaneous nuclei is
less than 10% sites per 8q cm of contact. If the num=
ber of nucleation sites that exist simultaneously re-
sult in Interference at the maximum stable bubble
diameter (point B 4n Fig. 2), the iInterface between
the two 1iquids will be vapor blanketed and the energy
transfer will be terminated for all practical pur-
poses. This interference site density can be eval-
vated from the maximum stable diameter at point B by

.

(5)

where N cannot be greater than 10% sites per sg c=.
This behavior is postulated for interface tep~
peratures up to and including sponteneous nucleation
values., As illustrated in Table 1 for homogeneous
nucleation of Freon-22, the number of molecules con~
tained 4n & cavity of the critical size becoces cuite
small at temperatures approaching the critical poiot,
and 4t is not reasonable to assume that continuiue
theory still applies. It 1s uncertain what the nu-
cleation behavior would be st these temperatures, but
as a firit approximation, it is assumed that 2 zicizum
of 40 molecules are required to produce a vapor cavity.
(This number is arbitrary, but it makes little differ~
ence 4f it 48 varied by a factor of three.) Theve~
fore, at the very bigh interface temperutures, nuclea~
tion cannot begin until the thermal layer is suffi-
ciently developed to support a vapor cavity containing
40 molecules. This 418 one ares of spontaneous nuclea~
tion that has bren of little interest in isothermal
experiments because, as shown in Table I, any exveri~
ments with slow heating rates in the order of 10°°C/
sec or less would be unable to echieve these high
temperatureeé,. In fact, from the practical stancroint,
they can only be achieved by instantaneous contact.
When the interface temperature upon contact is rreater
than the thermodynamic critdical point, the principal
consideration 15 the length of time required to cevel-
op & thermal boundary layer cepable of supportiug @
vapor nucleus with 40 molecules. 1f the interfeace
temperature 16 sufficiently high so that the therzal
boundary layer can support such a nucleus at the cri-
tical pressure within the acoustic relier intervals,

an

mutual pressurization is no longer applicable. Under
such conditions, film boiling is inevitable. These
temperatures can be estimated from
5. » 5 Ef
.J..._S.LL.‘_ 5 b 8)
i c Jicct.

where D' 48 the vapor cevity diameter containing 40
moleculeés at the critical pressure.

Given the above information, the stabilitv of
a specified drop size, in terms of wetting anc capture
by the hot liguid or sustained film boiling, can be
evaluated as a function of interface temperature. A
prediction for this behavior of Freon-22 is shown in
Fig., 4. Thie figure illustrates the result that crop-
lets larger than a critical size for a given tezpera-
ture will remain in filw boiling despite initial,
intimate, ligquid/liquid contact, whereas those szaller
than this value will wet and be captured by the sur-
face. At very high interface temperatures, ig. 18
basically predicts all realistic size drops will re-
main in film boiling. Therefore, it predicts that
explosions will not occur in the free contacting code
for these temperatures. The stability liue given in
Fig. & should be interpreted as a limiting region be-
cause of the approximations in the analvsis.

The film boiling behavior es well as the capture
behavior are 11luetrated 4n Fig, 5. Once the crop is
captured by the surface and the vapor bubbles attempt
to grow but cannot approach coalescence prior to the
onset of condensation, the liquid has established e
very efficient means of transporting energy frem the
interface to the bulk of the drop 1tself. Dereniing
upon the number of nucleatien pites present, this
mode of heat transfer can far exceed thermal conduc~
tion. The mechanism for energy transfer i1s vaporizastion

5
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Fig. 4. Liquid Stability Predictions for Freon-22.
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Fig. 5. Drop Behavior Following Contact for (A)
Film Boiling and (B) Capture.

within the existing bubbles near the interface and
transportation of the vapor molecules through the
vapor cavity to the condensing zone. This enhanced
heat transfer tends to equilibrate the temperature
with the drop in the stable vapor zone and decrease
the interface temperature somewhat. However, the
interface temperature carnot decrease much without
eliminating the basic mechanism for energy transport,
spontancous nucleation, which would allow the inter~
face temperature to increase. Therefore, the energy
transport under such conditions is basically deter-
mined by the thermal properties and temperature level
within the hot liquid. Assuming that the interface
tempernture remains constant, the energy trunsport
per unit ares can be expressed by

t
g- 2k, (T, - t‘ﬁ a9

where t. 48 the total interaction time for a piven
liquid brop. Energy will be stored in the drop until
the drop can no longer contain the vapor by surface
tension, liquid inertia, and condensataon,

The predicted variastion of capture diameter as &
function of interface temperntyre explains why experi-

¢

ments with interface temperatures barely in the spon-
taneous nucleation range have experienced interactions
upen contact, while at higher temperatures, & ggotatu-
ed period of "film boiling" has been observed. A
14qu.d/ldquid system 45 unable to generate filw boil-
ing after intimate contact has been experienced 1f the
nuclestion frequency is extremely low, On the other
hand, for higher temperatures, where the nuclestion
frequency is much greater, this system will sustain
the f1lm boiling mode until the critical capture size
48 obtained. Once this is obteined, those drops can
store energy and explode producing & shock wave that
sids in the fragmentation of adjacent drops and in-
creases the local pressure which enhances the capture

Process.

. Such stability considerations also explain the

apparent lack of syetem sensitivity to initial sub-
cooling of the cold liquid as observed in Ref. 15.

Film boiling of large drops is determined by the
development of the thermal boundary at the interface

which i¢ dnitially affected by subcooling. However,

after film boiling is established, the drop would
exist as & subcooled body in its own saturated vapor.
Given such conditions, the drop will quickly be sat-
urated. Yor example, standard transient Foat trans-
fer calculations would predict that a 1000 u drop of
Freon-22 initially at ~116°C would approach saturated
cenditions in 300 msec if surrounded by its own vapor,
Such times are in egreement with those observed in
Ref. 15. Therefore, the system that begins in a sub-
cooled state quickly saturates as the fragmontation
process proceeds te the critical size.

V.  EXPERIMENTAL APPARATUS

To investigate the explosive nature of well-wetted
systems, the apparatus shown in Fig. 6, which is simi-
lar to that discussed in Ref. 16, was employed with
fluid combinations of mineral oil and Freon-22 and
mineral oil-propane. The mineral cil in these tests
was reagent grade, and consequently, it is expected
that both Freon-22 and propane would have s great af-
finity for the oil and produce weli-wetted systems.

A 4 in. pipe was used as the interaction vessel, and
4t was insirumented with high response, piezo-electric
pressure transducers, thermocouples, and a force
transducer as shown in the 1llustration.
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Fig. 6. Experimental Apparatue.

Experiments were conducted by dumping one 1iquid
dnto the other in the interaction vessel. Contacting
modes of hot 14quid into cold liquid and cold 1igquid
tnto hot 1iq 11 were run and produced very similar




results for these systers. For these tests, the in-
itisl temperature of both the pro  » and Freon-27

* were their normal boiling peints the inftial oil}
temperature was svsteraticallv varied from 30°C to
240°C, The interaction was characterized by the
maximum pressure, which typically had » rise time of
500 usec under explosive conditions, as {1]llustrated
a0 Tig. 7
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Fig. 7. Pressure Versus Time for an Explosive
Interaction.

V1. ENERGETICS OF VAPOR EXPLOSIONS

After a gystem Kas fraguented itself down to the
ceritical droplet size, the drop will be captured by
the surface and begin to spread. On the time scales
and temperature levels discussed in this paper,
spreading rates are difficult to evaluate, but as a
first approximation, 4t will be assumed that the
average contact area of the drop while,it is captured
by the surface,ie equal to twice fits initial pro-
Jected area. This would correspond to spreading

ratee of the order of 1 meter/sec. After capture,

the drop of cold liquid can store energy until un-
stable vapor growth is capable of penetrating the en-
tire drop thickness. However, this energy transfer
should occur on a time scale characteristic of the
systen acoustic relief time if the shock wave is to be
sustained. For the experiments discussed in this
paper, the acoustic relief time, as dictated by loca~
tion of the interaction and the acoustic epeed of the
mineral ofl, was approximately 500 usec. GCiven this
interaction time, the dvop diameter, and the interface
tenperature, one can calculate the temperature ripe
within the cold liquid.

ShdY. = 5.9 R
AT - —-H_"—_..L. ,I (20)
i pccc y \ e |

The pressure increase generated by this energy transfer
can be determined from the saturation tables, The
mixture is assumed to be uniformly fragmented at the
capture diameter, and the behavior of one drop is
representative of the entire svstem. Therefore, ex-
plosion of one drop initiates the interaction of the
remaining mass which has also achieved the stability
limit, For large capture diameters, the system will
be very slugpish and little, 1f any, pressurization
will occur. However, as the droplet size decreases,
the system response will increase and produce vapor on
an explosive tine scale.

Maxirun explosive interaction pressures can be
calculated from t+ ombination of the capture dia-
meter given in F{ and Eq. 18 with the heat flux
specified by the transient behavior of the hot liquid.
These calculations are compered to the experimental
data for both systems and contacting modes of cold
liquid durped into the hot liquid and hot liquid
dumped into the cold liquid in Figs. 3 and 9. There
is good agreement between the onset of explosive
interactions, the magnitude of these interactions ss
8 function of oil temperature, and the high tempera-
ture cutoff. The existing data for very high tem-
perature ofl systems is limited and this particular
aspect of both the proposed model and the experimental
observations should be examined in detail. The
slight apparent shift of the propane data could be
the result «: small changes in thermophysical pro-
perties because of the mutual solubility of the two
ligquids. However, the proposed analytical model
yields a good overall description of the explosive
vature for the systems investigated.
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Fig. 8. Explosive Interaction Pressures for Freon-22
and Mineral O1l.
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Pig. 9. Explosive Interactiorn Pressures for Propane
and Mineral 041,

The elimination of explosive interactions at high
interface temperatures is a consequence of forming
vapor cavities at pressures near the critical point.
From such considerations, the proposed model predicte
that aluminum-water and nitrogen-water systems are not
explosive in a free contnctln* mode. As observed by
Long'” and Hess and Brondyke,'! the aluminum-water
system requires the presence of a wetted solid wall
for explosions to occur. Hence, the system 1s no




e

‘gin, but while the fluids were 11

.

longer in a free contacting mode w'  eyplosions be-
*.ee confipura~
tion, no explosfions were observed. Aluminum-water
shock tube results’?!* have also produced explosive
events, but again this 4s not the mode of contact
considercd herein. Water~liquid nitrogen systems
have becn observed to be nonexplosive in a free con~
tacting mode but gan explode in a shock tube test.)®

Once the energy deposited in the cold liquid has
been determined and the maximum interaction pressure
has been obtained, the work potential of the result-
ing explosion can be evaluated once a model for the
expansion is postulated. The work done by the expan~
sdon 48 a very difficult parameter to estimate ex-
perimentally, and about the only measurements which
can be obtained are photographi. observations (which
leave considerable doubt regarding the density of the
expanding fluid), preesure-~time traces, and force~
time traces for a given system. The peometry of a
system 16 also very important in determining the work
potential and for interpreting the experimental mea~-
surements. For the experiments discussed herein, the
geometry can be assumed to be one dimensional., Mea-
surements of the amounts of cold liquid added to the
system ansd hot liquid blown out of the system by the
interaction were recorded, and these can be utilized
to estimate the work potential of the system.

For simplicity the one-dimensional picture shown
in Fig. 10 is assumed for the time immediately after
nucleation, and the liquid enthalpy and entropy are
the ssturation values corresponding to the calculated
pressure. The proposed model assumes that (1) t' .ve
1s more than sufficiept hot liquid to increase the
temperature of“the entire amount of cold liquid to
the celculated temperature and (2) the cold liquid
undergoes no further interaction during the expansion
and thus expands isentropically. This expansion is
opposed by the inertia of the water expelled from

the system.
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Fig. 10. Assumed Configuration for Work Calculated.
ik i 4%x, ’ LT
AR ® p Y e— (21)
c atm B a2

As the expansion procenrds, the pressure in the Freon
decreases as its volume increases according to the
isentropic restriction.

Vc = Az = mc((l - :r)v‘,.c *:vvc] T (22)
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This calculation 4s continued until the bottom of the
water slug reaches the top of the interaction vesse),
The results of such a calculation 4in terms of vessel
pressure versus time are shown in Fig. 7 for an ini.
tial Freon mass of 300 ml and the initial temperatures
1llustrated. The comparison between the measured
pressure decay and the model prediction 1s very en-
couraging. Since this result gives a PV relationship
for the expansion, the work accomplished can then be
evaluated. 1t is highly recommended that future in-
vestigations consider reporting pressure and force
versus time measurements so that models like this
simplistic approach can be wvaluated.

V1I. CONCLUSIONS

A model, based on spontaneous nucleation, has
Leen proposed to describe vaporization potential and
behavior upon contact in a liquid/liquid system.

This behavior is determined by the size of the liquid
mass, single phase pressurization and acoustic relief,
nucleation frequency due to random density fluctua-
tions, the initiation of unstable grov:h and acoustic
relief, and the development of the thermal boundary
laver in the cold 1iquid. The proposed model predicts
that the stability of a given size drop upon intimate
contact with another liquid is extremely dependent
upon the interface temperature. For low interface
temperatures, large masses will be captured by the
hot liquid and the resulting vaporizacion rates will
be extremely low because of the small nucleation fre-
quency. For higher ws ues of interface temperature,
large masses will rems n in film boiling because of
the well-developed thermal boundary layer and the
large frequency of nucleation., These masses will
remain in film boiling until the critical size is
achieved whereupon they will be captured by the hot
liquid. For these smaller drops, the vaporization
rates of the system can be extremely high, and in fact,
can produce vapor on an explosive time scale.

This mechanism proposes that spontanecus nuclea-
tion is the mechanism for describing: (1) film boil-
ing in a liquid/liquid system after intimate contact,
(2) the 1{mit of stability at a given temperature,

(3) the trigger for an explosive interaction, and (&)
the propagation of the initiating event in these svh~
tems. The model formulated in these considerations
provides a8 good representation of the explosive char~
acter for well-wetted liquid systems including the
onset of explosive events, the magnitude of these
events, and the cessation of explosive interactions at
very high temperatures.
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