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Definitive experiments on large-scale explosive A area
boiling systems have shown that intimate contact be. A(T) preexponential 'ters. ..,,,!

."

,

tween hot and cold liquids, and a temperature upon C sFecific heat- 1, ,
,

contact that is greater than the spontaneous nucles. c' velocity of sound ,3 ,
,

tion temperature of the system, are two necessary D bubble diameter. ,

conditions for the' onset of large scale vapor explo. J | nucleation frequency per ur.it volume
sions. While for certain systems, this knowledge of k thermal conductivity i..

, the necessary conditions may allow the exclusion of kg Boltzmann's constant
' ,

'

explosive boiling from the possible spectrum of- ! characteristic thickness
evsnts,.for other systems it may indicate that such a mass _ . , ,, ,

sysnts must definitely be considered. :In the latter- N number of nuclei a 7.[ , , ,j
case, it is necessary to also evaluate the energetics

, . ,, ; ,c,, , , ';

of such explosive interac,tions. In this paper, a
. P pressure -

,..e, ,,,: ,c. ;,.,, , ,
Q energy

- model, based on spontaneous nucleation of.the homo- r. bubble radius ""* ' "~,;,
.gencous type,'is proposed to d e cribe the relevant s entropy .. . u ) , .;

*
,

processes and the resulting energetics for explosive .T* temperature p ;, - g e-
i ,

boiling systema. *
t- time -*T.

.

V volume - ''d
'

.

*I
cannot occur either during the acoustic relief time t,

work to form a vapor bubbleThe model considers that' spontaneous nucleation W; I
*~

quality
for constant volume heating or until the thermal #1 distance

*

boundary layer is suf ficiently thick to support a - y. length of hot liquid' expelled'' ,u ,J A M -
vrpor cavity of the critical size. These considera- a. length

' '

7 - ' '
a

'" N* %*tions lead to the prediction that, for a given tem- '
.

P2rature, drops greater than a critical size will Creek ' ' - ' --
* '# " ''' - " ' ' ' C #'' "

remain in film boiling due to coalescence of vapor '
,

L nuclei and drops smaller than thin. value vill wet and a ' thermal diffusivity ' " -

ba captured by the hot liquid surface. Once a drop A change W ~ ** *

;+d''q W
.

''' Nhse been captured by a hot liquid surf ace, it will p density. . y" .
' 7,

remain on the surface and store energy until' unstable o surface tension " '*
# l' ' P ''vepor growth within the drop can no longer be re- * - *

'I f!+ '3". '' '
strained by the combination of surface tension, Subscripts e' ' ' .
liquid inertia, and condensation within the drop. 'At ^ *" '''*2*- '" ~ ''

this point, vapor will penetrate the entire thickness a acoustic'
, , , ,

of the cold liquid drop and expose the immediate sur. arm atmosphere * * ' - "*

roundings to its pressure. These results are compared c cold
.

' kd #, ' "'to data for well-wetted systems and agreement is ob. crit critical - '" i d "
,

" tained between the onset of vapor explosions and the . fg difference between vapor and liquid - "'' ''

energetics of the events. A consequence of this g growth * ' ' ' ' " ' ' " ' ' '

' '' ' '' ' ' ' " h " " ''tnodel is that fine fragmentation must be achieved be- H hot
''' ''. fore a large scale vapor explosion can occur. 1 interface - ' *

' '' ~

1 interaction
* *

7/2 '' ' ''* ''When the interface temperature upon contact is 1 liquid **
'

considerably greater than the thermodynamic critica) n nucleation " > ** * ' " " ~

,
the cessation of large-scale explosions in the free v vapor - t- -

* f * ';tssiperature of'the cold liquid, the model predicts o initial condition ', C ('
-~

h

,,
I rent ertint mode considered. .
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1. 1 RODUCTION' . , ,yJ_

,

.

The possible occurrence and magnitude of vapor. - J * A(T)e (2)
explosions h6s been the subject of many analytical'
and experimental ef fo"to for a vide variety of in- where J describes the frequency of nucleation sites

1

dustrial application 6 1.e.. alt.:inum and steel per unit volume at a given temperature and pressure,
foundaries. liquefjed natural gas transportation, the (For the conditions considered in this paper, the
nuclear industry, end the paper industry. Such ex- pressure at nucleation is assumed to be 1 sta.) The- 1

perimental investigations have resulted in the for- preexponential f actor A(T). involves all the details
'

muistion of a list of necessary but not sufficient of it.rmulating vapor embryos (accommodation coeffi-
conditions for these explosions. .These conditions. cients for evaporitation and condensatfor, etc.). but,
are that (1) two liquids one hot and one cold. . as will be shown, this term can be in error by several

.

must be present. (2) .the liquids cust come into orders of magnitude and have little ef fect on the
;intin. ate contact, and (3) the hot Jiquid temperature temperatures calculated 'for spontaneous nucleation,,

snist be greater than more ninitxe value before these In the exponential term, k3 is Boltzmann's constant. [explosions can occur. These investigations have also T in the absolate temperature, and W is the work re-
led to the formulation of several paranetric ' quired to form a spherical vapor bubble.

1modele ,2,3 which basically assu:x that fine fragmen- *

tation and inticate e.ining of the het and cold liq- W = Apr c + 4/33r8 [P -P) (3)2
uids have already occurred. Af ter the dispersal and 1 Y
intimate stixing of the two ligulds. these models cal-
culate the energy tran fer rate via standard heat At the limit of mechanical stability for a vapor
transfer mechanisms (conduction or convection) and embryo,
they can be used to determine the sensitivity of the
results to variations in the input parameters. One , ffo. gp ,, p&unique discrepancy between the observed vapor explo- v r.

sions and these p rametric codels is that experimen-
*

tally a definite thermal thresheld is otserved, below Substitution of Eq. 4 into Eq. 3 and assuming that
whAch no violent explosive interactions occur, where- P, n Pg sin:plifies Eq. 3 tot
as ,the paramitric models do not predict this thermal
tireshold. A proposed explanation for this thres- 8
htid" states that the interface temperature upon con- W = 16we (5)
tact between t!)e two fiquids, as derived in Ref. 5, 3p2

cc#c c Equation 2 exhibits a very strong temperature thres-T # Tkc Cg e hold as illustrated in Table 1 for homogeneous nucles-H pg
Tg _

(1) tion of Freon-22. The frequency of nucleation in-=

kpC creases many orders of magnitude within a very narrow,cee1+ temperature band. . Small scale, definitive experimental
#

H H'H have been carried out to verify the temperature thres*
. .

hold predicted by Eq. 2. and excellent agreement has
sust be greater than or equal to the temperature for bsen obtained for a wide variety of 11gulds at several
spontaneous nucleation for that particular system. different pressure levela. M d eIO

The purpose of this paper is to becin with the
proposal outlined in Ref. I., and investigate (1) the M11
conditions which must be satisfied before random nu- h'mm mmanm or teunr

J o AfD or(.clei can grow within a nonisothermal liquid, and (2) .

the nature of the heat transfer process at the inter-
face between the het and cold liquids under explosive tw. P, e e meesi a J w.,
boiling conditions. Based on these conditions, a sg ,,,, ,,,,3 i % ,3gl . 3 ,J
model is forinulated to describe the energetics of a m y ny3 g 3, 3m pu p,vapor explosion and it is ccupared to experimental T t.5 W e a WF3 Ndata cbtained in well-wetted systems, g, g, 3 e 39 g,g g,

I'11* NUCLENIIDN 2 25 2 3J3 2 2D 1J5:1Y t s Fb'"
* **The mechanism described in Ref. 4 considers spon- n s 2sE

I' h, otaneous nucleotion upon centact, which may be either
" " # # ""heterogeneous or hotogencrus nucleation depending on

the transient wetting characteristics of the given ' ' kss "
" "

e u n 7 2 us2 tsLsystem.' d Heterogeneous nucleation is a condition v

6 ** * " d D' l ' I,s 'where random vapor err.bryos are generated at the r i

interf ace between two 11gulds because of the reduced These definitive experiments generally consider
interfacial tension. and horrgeneous nucleation is systems in which the heating rate of the cold liquidthe condition where these embryes are generated with- is very slow. i.e. , of the order of several seconds. .

in the bulk of the cold liquid. For sicplicity, well- Ir. such systems, the cold liquid is basically in thet* I
wetted systems will be considered which means that mal equilibrium with its surroundings and can thus H Ithe nucleation fa homogeneous within the rold fluid,

best classified as isothermal. For the systems con- .

The frequency of fortution for critical sige vapor
sidered in this paper, the thermal transients upon te I

cavities is given by the classic equation for tact of the hot and cold liqulds cause the temterat s"
'

nuchation
of the cold liquid to rise from its bulk temperature
to a value greater than the homogeneous nucleation

,

g.

p

a. A
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't:y* sec.ra in time span 3 of the oreenditions,kention ennnot throughout both liq. ,is predicted by the stancard

rgtu of 10 6 to is constant, the tr- ent temperature distribution
ID t'nder t hne
Prorced until n sufficiently thick therm 1 bnundary error function solution, which for small values of
Jayer has ba. n develered to ser mrt the crowth of the the argvment, can be approximated by:
vapor embryos t o t he limit of their stabilitv. The

premise of the model proposed in this paper is essen- 7 -7 zg9tially that suggested by Houd for nucleate boiling 0)*
yi,7 2hf rom wall cavities .*pn a much longer time scale, i.e., c

nucleation .rfl1 not occur until the thermal boundary
laysr is sufficiently thick to support a critical The instantaneous increase in the interface te -site vapor cavity. Therefore, the difference between
emall scale definitive experiments used to verify perature is accompanied by a pressurization due to

the local expansion of the 11guld. This singl.r phasethe spontaneous nucleation model and the large scale
explosive interactions considered herein is that in pressurization, which is ecpable of producing press.tres
the former case the temperature gradients within the greater than the thermodynamic critical point of the

cold 11cuid are insignificant and have no effect on cold liquid, persists until acoustically relieved.
3 Such behavior has been observed in the aluminus-watesthe nucleation process, whereas in the latter set of

shock tube studies described in Refs. 13 and 14conditions, the temperature profile in the cold lig-
uid is the primary enechanism for describing the tic 'These results show that this pressurization is sus-

tained until it is acoustically relieved by a pressarerequired for nuc1 cation.
wave traveling to the f ree surface of the cold licuid
* " "" " "" E '111. PROPOSED MODEL *

2tExplosive boiling conditions have been experi- t, * 7 U)
eentally generated in a wide variety of contacting
moles including shock tube conditions, where one where 1 is the characteristic dimension to the freeliquid is impinged upon another at a high velocity,
subsurf ace injections of one liquid into another* .u. face of a given liquid mass and t@ is the acousticrelief tice. During this time, sinc the local tres-End free contacting modes where one liquid is essen-
tially imbedded within an infinite sea of the other sure is extremely high, the spontaneous nucleation

can be suppressed, but the thermal boundary layer villliquid as illustrated in Tig. 1. In this particular
study, only the free contacting mode,is considered, continue to grow as dictated by the error functics

solut ion. Following acoustic relief, the pressure 1:
'

the liquid will be essentially atmospheric and the',

pressure within vapor embryos will be determined by .

/,
- the local temperature distribution of the ther a1

boundary layer. The limit of mechanical stability.
(ggp fr/ or critical size, or a vapor embryo is given by Eq.

4 and is shown in Tig. 2 for P = 1 bar and p the/ rerresponding saturation valuef If the acous[ic

/ relief time is so shrtt that the thermal layer has : t
become thick enough to support a vapor bubble of the

*;. . critical diameter, embryos will collapse before they.,

- f ,. I reach the critical size. Such conditions are shevu
LI M D fl ' ' for 10~8 and 10-0 sees in Tig. 2 where the initia!-

* *

Freon temperature is assumed to be its normal boili g,
*b point. If the acoustic relief time is quite long,

'
,

''
the thermal boundary layer will be capable of support--
ing a vapor embryo not only at the critical size, but'

also at much larFer sizes as shown by the profile for
1D*7 seca. Given this condition, once en embrvo is
formed it can continue to grow to a considerably
larger size.

O r tv. t.9 s / ud
-tv * 3.7 ut
,J v e 64 e 10 mi I

m N , ' ,1 vers,Id ut 4WTi g ., 1. Free Contacting Mode. ( a
,

?e
Upon cont act between two semi-infinite riabs with j \ 3,4constant thermal properties, the interface temperature, g %

cs given in Eq. I and derived from the parabolle heat #_ E
-

g

conduction equation, is invariant in time. If it tu ;
e2sumed that the hyperbolic heat conduction equation i
governs the transient response of the liquids, the e - t r+ ut Y'Fk
resulte given in Ref.12 show the heat flux at the

, ,

interf ace should approach the value dictated by the i _i , j m t _. L _ ?
16;parabolic solution at appa oximately 10~ 32 rec, which, % nr n a a * " "

as will be subsequently seen, is several orders of tre - im=o s
magnitude less than the time of sapor formation.

Fig. 2. Thermal boundary layer Development and Crit!-Therefore, the parabcMc solution is adequate for this
cal Cavity Size for Treon-22.description. Since the temperature at the interface

3

_x_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ - _ _ - _ _ _ _ _ _ _ _ _
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The frequency of unstable vapor t..mation, once t,= 2t,+ t,=) p (9)

'

the therttal boundary layer is sufficiently developed,

is given by the product of the frequency per unit For simplicity, the waiting time is evaluated from
volume which is a function of the local temperature, the thermal profile at the end of the first acoustic
cnd the volume of fluid (V) having a ter perature equal

relie f time. If the time to nucleation is less than i

to or greater than that value. This product (per cm 10-6 see, the boundary layer will be composed of a
of contact) is shovntin Fig. 2, for the temperature region of stable growth f or the vapor bubble and an
profile at 10 see, and clearly indicates the most unstable region where condensation ws11 occur. The
likely place of vapor forniation is the smallest cri- time for the vapor bubble to grow from its inception
ica am er. size to the limit of it s stable region can be calcu-

Once the system is depressuffred due to the rare- lated from the inertial prowth equation because of
f action wave, the cold liquid has a waiting time tntil the high superheats and small dimensions involved.
the first nucleation that is specified by the recip- This time is the minimum lifetime of the bubble under
rocal of the product discussed above, these conditions and is given by

'w = (8) (10).
t =

k[2/3
E

During this waiting time the thermal boundary layer o g
will continue to develop, and as it does so, the op b W average driving pressure between thewwaiting time for nucleation will be decreasing as the niinimum end maximum stable limits f or the vapor bub-
frequency of nucleation increases, k*ne n t he first ble. If many additional bubbles can be formed during
critical embryo is formed, and because of its higher the lifetime of a single bubble, there is a possibil-
frequency it is assumed that this embryo is formed at ity that they could coalesce at the Intper diceeter
the smallest critical radius (point A on Tig. 2), the and vapor blanket the interface between the cold
bubble will attempt to grow from this radius to its liquid drop and the hot surface. Such behavior would
next stable radius indicated by the intersection of cut off the heat transfer to the cold drop and prevent
the mechanical stability line and the thermal bound- that particular liquid mass f rom esculating into an
cry layer (point B on Fig. 2). This growth cannot explosive vapor release at that point in time. The
proceed until the pressure pradient is developed with- number of additional bubbles that can be formed during
in the cold liquid, whi h requires the traverse of the minimum lifetime of one bubble is equal to the$ ,

enother pressure wave f rom the interf ace to the free product of J.V.t However, the number of vapor bub- I
.

surface and a rarefaction wave back again. This Ebles that can be instantaneously formed within the
allows continued development of the thermal boundary boundary layer is basically determined by the compres-
layer. Af ter the return of this raref action wave sible aspects of the liquid. If large number of bub-
f rom the surf ace, the vapor bubble may grow from its bles are formed before the liquid can be displaced
inception size to the value where the mechanical radially, mutual pressurization will occur and prevent
stab!11ty line inte sects the thermal boundary layer. the formation of further vapor sites. This site den-
k interesting aspect of the thermal boundary layer sity can be detctmined from the compressibility of the
is that after approximatley 10~ sec , the mechanic al liquid phase, which can be related to the sonic veloc-
stability line and the thermal boundary layer no

I
longer intersect as illustrated in Fig. 3. Therefore.
Af the cold liquid must wait for 10 tsec before a 2.d {1lyvapor bubble can be formed, this bubble can grow c

without bound until it exceeds the thickness of the
liquid layer. This particular aspect vill be employed If the total volume and mass of the liquid drop is so-
later in the discussions on vapotiration rates. sumed to remain constant then the change in density

can be specified by

E 0,
(12)Ap = p LVgg

%.r i

c q . e*c

The compression of the liquid volume, which is assumed
to exist.over a depth of one bubble diameter, is ;

V ,
t d sn equal to the increase in the vapor volume which can be

specified by
4c -

.r w
,t W3AY, * hvp3 Y Cl3)j

# _ [.. ,M 6
|''%-- L- 'herefore, the increase in density of the liquid

1 - -fI i 1 1- rw Ye 7n - Kev phase, per unit sur f ace area of cont act , can be re-97n. m an en lated to the number and site of the incipient criticalww .. i
embryos by

't 3 P
t e*I'm (lL} IFig. 3. Thermal Boundary 1.ayer Development and Ac

2 2t

vitical Cavity Site for Freon-22.
1

"#
The time to nucleation is then the sum of two **" " " I" * * " " "

acoustic relic- times and the waiting time f or a tk WM % weeve c
.rltfcal sire cavity to appear.

4
5
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2 * 1/2 No D C22 (15) g2 g'
g

D
The pressurization of the Ifquid phase itself by the

9vapor bubbles is indeed a very complex phenomena and where N cannot be greater than 10 sites per sq cm.
depends upon the local temperature, but for simplic. This behavior is postulated for interface ten-
ity, it will be assumed that an overpressure of 5 peratures up to and including spontaneous nucleation
bars is sufficient to suppress further nucleation values. As illustrated in Table I for homogeneous
sites within the hemainder of the liquid phase. (The r.ucleation of Freon-22, the number of molecules con-

analysis is rather insensitive to this assumption, tained in a cavity of the critical site becoces cuite
f.e., a value of 2 bars or 15 bars could have been small at temperatures approaching the critical point,

chosen without dramatically algering the results.) A and it is not reasonable to assume that continuiu:r
characteristic dianeter of 50 A is assumed for the theory still applies. It is uncertain what the nu-
vapor bubbles and with these two parameters the num. cleation behavior would be at these temperatures, but

ber of nucleation sites per sq cm of contact area is as a first approximation, it is assumed that a icimum
10'. In other words, the first 109 sites ttuit ap- of 40 molecules are required to produce a varer cavity.

pear, assuming tnat they can be generated within the (This number is arbitrary, but it makes little differ-

growth time of a singic bubble, will prevent any ence if it is varied by a f actor of three.) There-
further sites from activating. If the number of sites . fore, at the very high interface tempeistures, nuclea-
that can be formed within the growth time of one bub. tion cannot begin until the therfral layer is suf fi-

ble is considerably less than this value, no signifi. ciently developed to support a vapor cavity containing
cant pressurization will occur within the liquid and 40 molecules. nas is one area of spontaneous nucles-
each bubble will essentially grow as if it was con. tion that has been of little interest in isotternal
tained in an infinite sea of liquid. If a character. experiments because, as shown in Table 1, any egeri-

see is assumed for the growth ments with slow heating rates in the order of 10"C/istic time of 107
time, which corresponds to approximately a 250 A in. see or less would be unable to achieve these hich
crease in radius with a 12 bar pressure difference, a t empe ratures . In fact, f rom the practical stand;oint ,

value of nucleation frequency can be calculated where they can only be achieved by instantaneous centact.

radial pressurization vill become important. When the interface temperature upon contact is treater
than the thermodynamic critical point, the principal

" # ##* **

J = V*t * 2 x 1024 (16) op a thermal boundary layer capable of supportist a
8 vapor nucleus with 40 molecules. If the interface

temperature is sufficiently high so that the ther:a1aThis nucleation frequency corresponds to a tempera- boundary layer can support such a nucleus at the cri- *ture of approximatley 63*C. For temperatures higher tical pressure within the acoustic relief intervals,
than this value, radial pressurization vill essen- mutual pressurization is no longer applicable. T:nder
tially limit the number of nuclei to 109 2sites /cm + such conditions, film boiling is inevitable. Thesewith the exception, as will be discussed later, when temperatures can be estimated from
the interface temperature is considerably greater than
thermodynande critical point of the cold liquid. T -T crit , , D'_i b

(18)IV. DROP STAhlb1TY 7 -I
3 c e% tca

Using the equations outlined above, one can as- where D' is the vapor cavity diameter containing 40
b isess the stability of a cold drop impinging upon a molecules at the critical pressure,hot surface. Upon contact, the interface temperature Civen the above information, the stabilitv of

is established and the thermal boundary layer devel- a specified drop size, in terms of wetting and capture
opes during the acoustic relief time necessitated by by the hot liquid or sustained film boiling, can be

+

single phase constant volume heating, the waiting tin * evaluated as a function of interface temperature. A
for the first nuclei, and the acoustic relief time re* prediction for this behavior of freon-22 is shon in
quired before that vapor buoble can grow. As illus- Tig. 4. This figure illustrates the result that drop-trated in Tig. 2, this establishes not only the in* 1ets larger than a critical size for a given te:Pera-
ception criteria for the vapet bubble but also the ture will remain in film boiling despite initial,maximum diameter to which it can grow in a stable man- intimate, liquid / liquid contact, whereas those s. aller
ner. Once this change in radius is evaluted, the time than this value vill wet and be captured by the sur-
required for that growth can be evaluated from the face. At very high interface temperatures, I.q. 16
inertial growth equation. The number of Dubbles that basically predicts all realistic size drops will re-
can exist simultaneously is obtained by the produc t nain in film boiling. Therefore, it predicts thatof the nucleation frequency dete rmined by the tempera- explosions will not occur in the free contacting code
ture at point A in Fig. 2, the volum per unit surface for these temperatures. The stability linie given in
area between the interf ace and point A, and the growth Tig. 4 should be interpreted as a limiting region be-time of a single bubble. Because of mutual pressuri- cause of the approximations in the analysis.
sation effects, the number of simultaneous nuclei is The film boiling behavior as well as the capture
less than 109 sites per sq cm of contact. If the num- behavior are illustrated in Fig. 5. Once the drop is
ber of nucleation sites that exist simultaneously re- captured by the surface and the vapor bubbles atterpt
sult in interference at the maximum stable bubble to grow but cannot approach coalescence prior to thediameter (point It in Fig. M, the interface between onset of condensation, the liquid has established a
the two 11gulds vill be vapor blanketed and the energy very efficient means of transporting energv frcithe
transfer will be terminated for all practical pur- interface to the bulk of the drop itself. Detentics|

poses. This interference site density can be eval * upon the number of nuclestion sites present, this
| usted from the maximum stabic diameter at point B by mode of heat transfer can f ar exceed thermal ecnfuc-
'

tion. The mechanism for energy transfer is vaportsation

- - -- - - - - _ _
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F ;_ (-- T-~ ments with interf ace temperatures barely in the spon--

2- , ,
'. :: .teneous nucleation range have experienced interactions, 3

'E '
- upon cont act, while at higher temperatures, a sustain .

ed period of "flim boiling" has been observed.lS A~

[| 6
. liqu d/ liquid system is unable to generate film boilfr . ...,,,%,

ing af ter intimate contact has been experienced if the ' .
- .}1
' " " -

.t- nucleation frequency is extremely low. On the other
g hand, f or higher temperatures, where the nucleation -

-

"
frequency is much greater, this system will sustain,

1 *- : the film boiling mode untti the critical capture size .,,

9
~

C is obtained. Once this is obtained, those drops can
,

atore energy and explode producing a shock wave that., , , " ' ' ~

k[W
**

sids in the fragmentation of adjacent drops and in-~

[[ creases the local pressure which enhances the capture.'

p .-

J - (+
, process.

| * Such stability considerations also explain the
.

s- 1. .-

1- apparent lack of sy6 tem sensitivity to initial sub-"'
cooling of the cold liquid as observed in Ref.15.

d = Tilm boiling of large drops is determined by the
e.. #,,

! I development of the' thermal boundary at the interface

.

~ which is initially af fected by subcooling. However,
af ter film boiling is established, the drop would
exist as a subcooled body in its own saturated vapor.-...

'T i - e i e

* * # V Civen such conditions, the drop will quickly be set . i* * *

per t ~.N urated. For example, standard transient hat trans- . i.

fer calculations would predict that a 1000 g drop of- |

Tig. 4 Liquid Stability Predictions for Treon-22. Treon-22 initially at -116'C would approach saturated
cenditions in 300 meee if surrounded by its own vapor, |
Such times are in agreement with those observed in

?
' Ref. 15. Therefore, the system that begins in a sub-

r ' .'
y ,

cooled state quickly saturates as the fragmentationr
#

__ __
process proceeds to the critical size.

%<n in S h*nrUNN D_ J'|X
wee em me V. EKPTRDWfAL APFARATUS
kW4C IE.las sung an igg

* *d " To investigate the explosive nature of well-wetted
systems, the apparatus shown in Tig. 6, which is simi-

' - T' 1 c.. ~ , 2ar to that discussed in Ref.16, was employed with
1 /g- - fluid combinations of mineral. oil and Treen-22 and ,

<,<o? 1 MM*+ *-n .O. l mineral oi1* propane. The mineral oil in these testa
vas reagent grade, and consequently, it is expected<o

min w er cw = .that buth Treon-22 and propane would have a great af-mme mt et.n* tm nam
finity for the oil and produce.vell-wetted systems.

w cien A 4 in. Pipe was used as the interaction vessel, and
Fig. 5. Drop Behavior To11owing Contact for -(A) it was instrumented with high response, piezo-electric
Tilm Boiling and -(b) Capture. pressure transducers, thermocouple, and a force

transducer as shown in the illustration.within.the existing bubbles near the interface and
transportation of the vapor molecules through the
vtpor cavity to the condensing tone. This enhanced

[M """~..~...I /_wg;,,,;;--
e-*-heat transfer tends to equilibrate the temperature '' ' "Twith the drop in the stable vapor zone and decrease

},- ][/5 ' f,# "#
the interface temperature somewhat. . However, the

finterface temperature cannot decrease much without h.d - ~ ,s ,3 g '~ ~

"~

[gw-eliminating the basic mechanism for energy transport, M g_,

7-

f. f., "% '

spontaneous nucleation, which would allow the inter- \ p, ,

. fece temperature to increase. Therefore. the' energy a yc , e ,
,

transport under such conditions is basically deter-
b h' ]Qj|m, -I t--mined by the thermal properties and temperature level .

within the hot 11guld. Assuming that the interface , M
. , - - ~

4temperature remains constant, the energy transport
P3r unit area can be expressed by L /. -"Mi

b
II

p%.a t ,

IN d,fI
.'

'' ' '

.E
e - -- ' '

2 ~ WH &*' 2 #"
A '

~

1 "a . C.* "H
l

'where t is the total interaction time for a given Tig. 6. Experimental Apparatus.
'11guld crop. Energy will be stored in the drop until

'>g

the drcp can no longer contain the vapor by surf ace Experiments were conducted by dumping one 11guld
tension,11guld inertia, and condensation. into the other in the interaction vessel. Contacting

The predicted variation of capture diameter as a andes of hot liquid into cold liquid and cold liquiJ
function of' intetface temperature explains why experi- into hot liq li were run and produced very similar

. .b k
r

, .,
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ene

r'32ul.ts for these systees. ' For these tests, the in- . Maxieum explosiva interretion prassures een ba
+

.itiel temperature of both the pro- e and Freon-22 calculated from tV :ombination of tha espture dia-
''

were their normal boiling points' Ihe initial oil meter given in FI; ' and Eq.18 with the heat fluxl'
*

temperature was systematically varied from 30*C to specified by the transient behavior of the hot liquid.' ' 240*C, The interaction was characterized by the These calculations are compared to the experimental
' maximum pressure, which typically had a rise time of data for both systems and contacting modes of cold
500 usec under explosive conditions, as illustrated liquid dumped into the hot liquid and hot liquid
in Tig. 7; dumped into the cold liquid in Figs. 3 and 9. There

:- is good agreement between the onset of explosive .tg_ interactions, the magnitude of these interactions as
hp22 re hsout 02L a function of oil temperature, and the high tempera-
I4 t m cut M . M eMng data hr very W &c

25
-

p g<, perature oil systems is limited and this particular*

aspect of both the proposed model and the experimentalW 'EAND" observations should be' examined in detail. The20

. { - - nuuc ura slight apparent shif t of the propane data could be

[15
-

y . m a, the result M small changes in thermophysical pro-
perties because of the mutual solubility of the two

\ liquids. However, the proposed analytical model.

3 . \ yields a good overall description of the explosive
g. mature for the systems investigated.

5
-

N z-N
N .,_

1 z - e wa r m s;.
-

t e i , , , , 4 A w e.e .M:s

0 6 2 B N M % C e
4, ,

TM. esse
* AFig. 7. Pressure Versus Time for an Explosive - I

_Interaction. $"
e

VI. ~ ENERCETICS OF VAPOR E.'TLOSIONS jr -
*

A
-

. t AAf ter a s,ystem !!as fraguented itself down to the i .oA.

* ~
e

critical droplet size, the drop vill be captured by athe surface.and begin to spread. On the time scales Y
, . o'and temperature levels discussed in this paper, '

spreading rates are difficult to evaluate, but as a ,' # .
' * #, ~.~

first approximation, it will be assumed that the " " " , , '

average contact area of the drop while.it is captured " Fig. 8. Explosive Interaction Pressures for Freon-22
by the surface.is equal to twice its initial pro- ~ and Mineral 011.
jected area. This would correspond to spreading r-rates of the order of 1 meter /sec. After capture,
the drop of cold liquid can store energy until un-

- stabic vapor growth is capable of penetrating the en- a - 8 *"*""h*-
tire drop thickness. However, this energy transfer A*******=*
should occur on a time scale characteristic of the
system 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- 8 - # 8

ption of the interaction and the acoustic speed of the '
emineral oil, was approximately 500 usec. Given this 4interaction time, the drop dia::ieter, and the interf ace | r - e

temperature, one can calculate the temperature rise } p*
Within the cold liquid. s s _

A
} * o

2 w m pt, ._._._.m. A , -
bT =

cg ogg g % to yn y y & i- & Mcc H wt= o, tev 4. *.

The pressure increase generated by this energy transfer
Fig. 9. Explosive Interaction. Pressures for Propane~ can be deternined from the saturation tables. The

. mixture is assumed to be unifornly fragmented at the and Mineral 011.
capture diarrter, and the behavior of one drop is
representative of the entire system. Therefore, ex- The elimination of explosive interactions at high
plosion of one drop initiates the interaction of the interface temperatures is a consequence of forming
remalt.ing mass which has also achieved the stability vapor cavities at pressures near the critical point,

limit . For large capture diameters, the system will From such considerations, the proposed model predicts
be very sluggish and little, if any, pressurization that aluminum-water and nitrogen-wster systems are not
will occur. However, as the droplet size decreases, explosive in a free contacting 8mode. As observed by

i7
the system response will increase and produce vapor on go,g and Hess and Brondyke, the aluminum-water
an explosive tine scale, system requires the presence of a vetted solid wall

for explosions to occur. Hence, the system is no

7

_ _.
DQ _________-_--_-_____2
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longet' in a f ree conta'cting stode w: explosions be- s -o*

' g ''' gin, but while the fluids were it. *ee configura- x=- (23).

'' ' '*tion, no explosions were observed. Aluminum-water "fg # *'

shock tube resultsl3,D' have also produced explosive *''

events, but again this is not the mode of contact This calculation is continued until the bottom of the
considered herein. Water-11guld nit roEen systems water slug reaches the top of the interaction vessel. I,

have been observed to be nonexplosive in a free con- The results of such a calculation in terms of vessel i

tacting mode b'ut (an explode in a shock tube test. " pressure versus time are shown in Fig. 7 for an int-. !
Once the energy deposited in the cold liquid has tial Freon mass of 300 ml and the initial temperatures

been determined and the taximum interaction pressure illustrated. The comparison between the measured
has been obtained, the work potential of the result- pressure decay and the model prediction is very en- |

ing explosion can be evaluated once a model for the couraging. Since this result gives a PV relationship
}expansion is postulated. The work done by the expan- for the expansion, the work accomplished can then be t

sion is a very difficult parameter to estimate ex- evaluated. It is highly recommended that future in- j
perimentally, and about the only measurements which vestigations consider reporting pressure and force

'

,

can be obtained are photographs: observations (which versus time measurements so that models like this '

leave considerable doubt regarding the density of the simplistic approach can be evaluated.
expanding fluid), pressure-time traces, and force- '

.

time traces for a given system. The geonetry of a VII. CONCLUSIONS *

system is also very important in determining the work
potential and for interpreting the experimental mea- A model, based on spontaneous nucleation, haa
surements. For the experiments discussed herein, the been proposed"to describe vaporization potential and
geometry can be assumed to be one dimensional. Mea- behavior upon contact in a liquid / liquid system. e

surements of the amounts of cold liquid added to the This behavior is determined by the size of the liquid t
system and hot liquid blown out of the system by the mass, single phase pressurization and acoustic relief,
interaction were recorded, and these can be utilized nucleation frequency due to random density fluctua- *

to estimate the work potential of the syatem. tions, the initiation of upstable grovth and acoustic
For simplicity the one-dimensional picture shown relief, and the development of the thermal boundary

in Fig. 10 is assumed for the time immediately after layer in the cold liquid. The proposed model predicts
nucleation, and the liquid enthalpy and entropy are that the stability of a given size drop upon intimate'

.

the saturation values corresponding to the calculated contact with another liquid is extremely dependent j
pressure. The proposed model assumes that (1) t' e re upon the interface temperature. For low interface .

is more than suf ficiept hot liquid to increase the temperatures, large masses will be captured by the
temperature of*the entire amount of cold liquid to hot liquid and the resulting vaporization rates will |
the calculated. temperature and (2) the cold liquid be extremely low because of the small nucleation f re- ;

undergoes no further interaction during the expansion quency. For higher n lues of interface temperature, g

and thus expands isentropically. This expansion is large masses will renin in film boiling because of |
opposed by the inertia of the water expelled from the well-developed thermal boundary layer and the j
the system. 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>. , , s

,

liquid. For these smaller drops, the vaporization gi c r
~~ ~

rates of the system can be extremely hig5, and in f act . 4

can produce vapor on an explosive time scale. I

This mechanism proposes that spontaneous nucles.
A tion is the mechanism for describing (1) film boil-a,

4e ing in a liquid / liquid system after intimate contact.
J (2) the Ifmit of stability at a given temperature. 8

i (3) the trigger for an explosive interaction, and (4 ) |
ha v yp///fM/,V/' the propagation of the initiating event in these syr,- j

s
' - -- - tems. The model formulated in these considerations g
', provides a good representation of the explosive chat- g

* g acter for well-wetted liquid systems including the i
t onset of explosive events, the magnitude of these 5

# On
,

events, and t.he cessation of explosive interactions at
very high temperat ures.* . ~ .

~"
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