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. PREFACE

In reviews of fragmentation hypotheses, the acoustic
cavitation hypothesis is generally included with reference
made to Eazimi's thesis [3§f. "While the hypothesis was
initially prbpased there, extensive development of tha
ﬁresaure interaction between'the vapor film and the drop was
carried out by Charle=s Watson [45] to campleta.the mathematical
description of thiz model. Thiz report draws together both
efforts to present a comprehensive description of the model.

Since the report was first written, it has been receiving
extensive comment from ﬁ;thin and outside M.I.T., principally

based on our own experiments and energy balance estimates.-

& supplement is added to this report to present these comments

and qour ideas on approaches to resolve the ihcnnsistenciés,
identified. While it is demonstrated that each comment may
possibly be resolved by relaxation of original agsumptions,
the net result would he.a more complex hypothesis.

Therafore at thig time we prefer to deveinp and examine
other hypotheses for the fragmentation mechanism. This report
is issued at this time to record the complete acoustic cavi-
tation hypnthesis7far_other investigatnfs and for pb?sible

further reference in cur own efforts.
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ABETRACT

A mechanism that explains aseveral of the observations

"

of fragmentation of hot molten drops in coolants is presented.
The mechanism relatea the fragmentation to the development of
acoustic cavitation and subsequent bubble growth W#Fhin the
molten material. The cavitation is assumed due to the severe
pressure excursions calculated within the hot material as a
result of the pressure pulses accompanying coolan€ vaporiza=-
tion at the sphere surface. The growth of the cavitation
vapor nuclel jinside the hot drop is shown to be influsnced

by the gsubsedquent long duration surface pressure pulses. -
The variation of the amplitude of these surface pulses

with axperimental varlables is shown to exhibit the same
trends with these variables as does the variation in extent

of fragmentation.
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1. INTRODUOCTICH

| Fragmentaticn'af molten UOZ as it cﬁntacts sodium has
been observed in transient fuel pin metldown experimen£5 in
the TREAT reactor [1] as'well as in small scale laboratory
experiments [2,3)., The ¢reation of a large heat transfer
area due to fragmentation of molten fuel contacting sqdium

under LMFBR accident conditions may thearétically lead to

generation of high pressures and potentially dﬁmaging mechan=

itcal work (4,5]. An accurate assessment of the consegqunences
of direct contract of molten fuel and sodium requires an
understanding of the physical mechanismsg leading to the
diéparsion of the molten fuel ;nﬂ the influence of the condi=-
tions of contact of the fluids on the dispersion process.
Fragmentation of hot molten materials as ﬁhay contact
liguids has been obseived under four distinguishable contact

conditions. Entrapment Fragmentation of the hot liguid is

indyced by the eﬁapﬂratian of coolant entrapped between the
hot molten material and a solid surface. The experiments of
Long (6] involving dropping of large quantities (-50 1bs)

of molten aluminum in water could be evidence of entrapment.

Impact Fragment&tian w&s demonstrated in the shock tube
experiments nflwfight [7) and Darby [8]. In these experiments -
a water column held in a tuba impacted on hot molten metals

resulting in fragmentation of the metals. Hydrodynamic

. Fragmentation has been demonstrated in the experiments of
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Ivins {9] and Delhaye [10] inwveolving the fragmentation of
mercury in water under isothermal conditions. This mode of
fragmentation is caused by the nonuniformity of the forces
resisting the motion of a deformable body in a fluid. Hydro-
dynamic fragmentation has been long recognized and utilized
in atomization of chemical fuels. An excellent review of
hydrodynamic fragmentation has been given by Hinze {11].
A fourth mode of fragmentation has been demonstrated in
savaral experiments involwving the dropping of small amounts
{of the order of one gram} of hot molten materials into
relatively cold liquid pools. The observed fragmentation
ccenrred under conditions that do not lead to fragmentation
by the preceding threse modes {away from solid surfaces, in
the absence of impact conditiona and at relative velocities
betwaen the two fluids below that required for hydrodynamic
fragmantation). This mode of fragmentation, which we call

Free-Contact Fragmantation, is highly influenced by tha

tamperatures of the two fluids. This indicates the thermal
nature of the mechanism inducing this mode of fragmentation.
The purpose of this paper is to propose a mechanism for
ingwcing this mode of fragmentation based on the development
of acoustic cavitation and subsequent bubble growth within
the hot molten materials and to examine the validity of this
mechanism in light cof the available experimental observations,

The role of the pressure oscillations within the vapeor film
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‘ultimately actuating acoustic cavitation.

&

generated at the surface of the hot molten material as it is

dropped into a cool pool is investigated as the means for |

2, SUMMARY OF THE EXPERIMENTAL OBSERVATIONS OF FREE-CONTACT
PRAGMENTATION . |

The fragmentation of kot molten materials in the fbrm
of gsmall drﬁps as they contact relatively cold liqﬁids has
been observed at several laboratories’. The effects of the
material - and tempefature of both the hot drop and the coolant
on the fragmentation behavior have usually been the subject
of these experimental studies. The most commonly used N
materials in such experiments have béen molten metals as
hot drops and water as the coolant pool. A limited number
af experiments using-mnlten uranium dioxide dropped into
godium have also been reported by Ambklard (2] and Armstrong
[3). The essential fin@inés of these experimental studies °

ara suthmarized below,

2.1  Hot Drop Material. Fragmentation occurs for some but

-not all hot molten materials dropped with egqual initial

temparatures in water. This was first demonstrated by
Swift and Pavlik [12], and then confirmed by Witte et al

[13]1 and Cho [14]). Representative data are shown in Figure 1.

2.2 Coolant Fool Temperature. For various tested materials,

fragmentation in water is reduced as water temperature is
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increased [{12=-15,17]. PFigure 2a illustrates this effect

for tin and bismuth. McCracken's [l16] data generally support
this behavior except that the extent of fragmentation decreased
sharply over a narrow range with ‘increasing temperature and
sonewhat of a decrease in fragmentation was chserved at
temperatures below this narrow range. However, fragmentation
of stainless steel in highly subcooled sodium (200-400°C) is
enhanced by the increase in the sodium temperature. (Quali-
tative results of Swift and Pavlik (12} indicate this trend

is continued up to a sodium temperature of 6820°C. Armstrong'sa
quantitative results [3] as shown in Figure 3a indicate a
reversal of such & trend as the sodium temperature is

increased between 400=600°C.

2.3 Initial Hot Drop Temperature. In most experiments the

incraase in the initial drop temperature leads to an increase
in the extent of fragmentation [14,16] as shown in Fig. 4a.
However, in Cho's experiments of dropping molten tin in
water [l17], the fragmentation of tin diminished as the tin
temperature increased above S550°C. This may be attributable
to the limited pool depth uaed in these Experimants. and
hence to the fact that tin was not in an infinite coolant

pool throughout the interaction.

2.4 Drop Radius. Limited data from experiments by Wittse

[12]) and Che [17) are available with which to discern trands

of fragmentation with drop radiuva. By averaging the results




of individual runs reportedly conducted at identical condi-
tions, Fig. 5a has been developed. Although the data were
not obtained at constant subcopoling, nor is one complete

set of data by a single investigator avallable. Fig. 5a does
suggest a trend of increasing degree of fragmentation with
increasing drop radiuaz for tin within the radius range of

(.22 € 0.50 cm.

2.5 Central Internal Voids. In the experiments of Flory

et al [15] (and alse in Bradley's axperimentsxan thermal
fragmentation of a hot molten jet [18]}, hollow voids were
observed in the interior of sclidified, unfragmented, orig-
inally hot material. This, in conjunction with the ohserved
outward burst of metals, indicates internal pressure genera-
tion in the hot molten material prior to fragmentation.

It must be noted that, in general, the spread in the
fragmentation gata for experiments conducted under nominally
identical corditions is large. However, in the experiments
of Cho [14,17] the trends have bheen chtained by averaging
the results of at least five experimenta ?erfurmed under

identical test conditions.

3. DISCUSSION OF PREVIOUELY ACDVANCED MECHANISMS

Humerous physical mechanisms hawve bsan suggestad to
explain the fres-contact mode of fragmentation. Table 1
summarizes these mechanisms. Some of these mechanisms are

discounted by experimental observations as pointed out in




the following. e

3.1 Shell Solidification. Fragmentation may be postulated
to result from pressurization of the molten core of the hot
material due to shrinkage of the sclidifying surface., This
mechanism, however, is incapahle of explaining the observed
fragmentation of bismuth in water [13-14]. since bhismuth is

a ductile material and would plastically deform and blunt
each propagation. Furthermore, the fragmentation of hot
mercury (melting point-238.8°C in water [13] is also ipexplic.
able by this mechaniam.

3.2 Coolant Encapsulation. Fragmentation has been suggested

to result from the evaporation of an amount of codlant that
penetrates the molten material (15,19,20]. There is diffi-
culty, however, in defining the mechaniem by which the coolant
penetrates the molten material which, in many cases, is at a
temperature higher tﬁan the critical temperature of the cool-
ant (e.g., tin at 500°C fragments in 20°C water while the
water critical temperature is 373°C). At such high tempera-
tures, mara contact of the liguid coclant with the molten
material induces spontanecus nucleation in the coolant.

Sallack [1%] suggested coolant encapsulation takes
place in cracks in the solidifed surface,

Flory et al [15] suggested encapsulation of coolant
ig due to the development of gurface ingtabilities in the

molten material. The ripples formed at the molten surface
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by these instabilities, called Helmoltz instabilities,
were of small size. Even when liguid coolant is assumed to
be encapsulated within the ripples, the penetration of the
coolant would be oo small to explain the central cavities
observed by Flroy et al [15].

Board et al [28] have recently suggested that penetra-
tion of a jet of cooclant into the hot molten material may
result when a vapor blanket ¢ollapees at melten surface.
Depending on the conditions, the scale of the jets and the
corrvesponding depth of penetration may be small. The time
scale of mixing between the jet and the melten material is
based on the model of Plesset and Chapman [21}. Based on
their own experiments, Board et al. postulate that a small
disturbance can escalate by successive vapor growth and
collapee cycles to generate gignificant interaction leading
to a large explosion. This proposed mechanism is under
continued devaelopment but the authors havae not yvet presented

Ehe results of testing it against the range of existing data.

3.3 Acpustic Pulse in the Coolant. It has been suggested

[22] that fragmentation may be associated with the pressure
pulse that develops in the liquid coclant due to imstantanecous
heating of tha coolant at the interface with the hot mclten
material., If a constrained volume of liquid suddenly undergoes
a temperature change at AT, the pressure in the liguid volume

is changed by an amount of AP given by
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AP = [g.i;}acc. {1)

If perfect contact is postulated bhetween the hot material
{initially at a temperature Tl} and the coclant (initially at
a temperature sz. the interface temperature, Tin‘ agsumes
an intermediate value that may be calculated ¢onsidering
cach of the materials is semi-infinite, The intexface tempera-

ture ig found to be conztant in time and given by

pkC 2
in 1 (T

1 = T3) (2}

Thus at the time of contact, the coolant at the inter-

face develops a pressure increase. given by

—
= ar - - AR % -

o = b Jv{Ti“ T,) IEF]v Lm_l‘{Tl T,) (3)

where A = /{pke), ffphcrz . {4}

This pressure pulse at the interface propagates into
the coblant ag a pressure wave, and the pressure at the inter-
face is reduced very rapidly. (The acoustic velocity in
water is 1500m/sce at 20° C and in sodjum iz 2500 m/sec
at 550° C.}) From Eg. (3} it is clear that the pressure puilse

developed at the interface of a certain combination of hot and
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celd materials would be larger the larger is the difference

{Tl - 7 It is then expected that the extent of fragmenta=-

2}'
tion hy this mechanism, for a certain material combination,
would inc¢rease proportional to [Tl - TZ}. This is contra=-
dictory to the observed decrease in the fragmentation of
stainless steel {initially at 2200° C) in sodiuom as the
sodium temperature increases above 200° C in the experiments
of Swift and Pavlik [12) and as the sodium temperature
increases between 400* € and 600° C in the experiments of

Armstrong [3].

3.4 Spentanecus Nucleation of the Coclant. It has been

sugyested that if the interface temperature defined by Eg.

{(2) is higher than the spontanecus nucleation temperature

of the coolant, the high localized pressures resulting from
the nucleation in the coolant wonld also extensively fragment
the hot material [24]. In Table 2 the spontaneous nucleation
temperatures are compared to the interface temperatures for
the conditions of some fragmentation experiments. It is
avident that for molten uranium dioxide and stainless steel
in sodium the interface temperatures are much below the
spontaneous nucleation temperature, and hence the observed

fragmentation cannot be explained by this mechanism.

3.5 Vapor Bubble Growth and Cellapse. Vapor bubble growth

and collapse at the surface of the molten materials have

been suggested to induce free-contact fragmentation [25].
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Thiz mechaniam is incompatible with the observed fragmentation
of molten metals in water when the metal-water interface is
at temperatures higher than the ecritical temperaturas of water.

For sodium, Judd []16] has shown that the pressure pulse
generated by the collapse of a vapor bubble is higher for
lower temperatures of sodivm, Thus an association of fragmenta-
tion with the pressure pulses of the collapsing bubbles pre=
dicts an increase in the extent of fragmentation of stainiless
steel at lowar sodium temperatures, contrary to the observed
trend of fragmentation at large subeoolings of sodium.
3.6 Summary - In view of the foregoing diséﬁssion of mechanisms
for the free-contact mode of fragmentation, n¢ mechanism haa ﬁ
been presented to date in a sufficiently convincing manner to
explain the bulk of existing Eree—contact fragmentation data.
It may be poszible to adopt the position that this mode of frag-
mentation is due to a combination of the pogtulated mechanfems
each responzible for a given set of the data. However, our
analysis of the existing data and the fragmentation phenomenon
has led us to postulate an additional mechanism which appears
congistent with ali the ohserved experimental trends. This
machanism extends our previous i23] view, which suggested

a necessary but insufficiept criterion for fragmentation.

4. A PROFOSED MECHANISM OF FRAGMENTATION
The free-contact mode of fragmentation is proposed here

tc be the result of growth of bubbles generated by internal
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acoustic cavitation within the hot molten material. Acoustic
cavitation is suggested to result from pressure waves induced
within the hot drops due to the pressure pulsations at the
surface of the hot molten drops due to the pressure pulsations
at the surface of the hot molten drop resulting from its
sudden immersion in a cool pool.

Experiments of rap%d heating of metallic surfaces sub—
merged in water have shown that transient vapor film formation
iz accompanied by high fregquency pressure pulses [27,28].

Such pressure pulsations at the surface of a guenched molten
drop will result in prassure waves inside the drop. Thus,

the internal molten material will be subjected tc an oscillat~-
ing pressure field. The possibility of induocing cavitation in
a liguid by an oseillatory pressure field has been well deman—l
strated in experiments involving the application of high
intensity sound fields to several liquids [29=-31).

The required negative pressure fields to achieve aconstic
cavitation in practice seems definitely not the theoretical
levels obtainable from the results of Bernath [32) which are
derived from the work ¢f Volmer [33]. For the hot drop
materials at the tempe}atures of interest, these theoretical
{negative} cavitation pressures which are directly proportional
to surface tension are all tens of thousands of atmospheres
[34). Rather, experimental efforts [35] to achieve negative

pressures in water and in mercury have shown that even under
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"acrupulousgly controlled laboratory conditions, negative
pressures of only a 5th to a 50th of the theoretical pressures
could be achieved before cavitation occurred., Additionally,
cavitation in the experimenta cited above [29-31] occurred at
pressures far less than the theoretical negative lavels.
1t is plausible to asyume therefore that for the heot drop
experiments we are analyzing in which experimenters have not
reported any efforts to degas the hot drops prior to test,
noncondensable gases which can serve as heteroganetus nuclea-
tion sites are present in ths liguid drops.

The proposed mechanism is capable of explaining several
of the previously unexplained trends of fragmentation summar-
ized in Section 2: a9 will be discussed. It iz necessary to .
examina analytically the effects of the experimental conditions
on the potential for acoustic cavitation and subsegquant bubble
growth and then compare these trends with those cbserved for
the fragwentation behavior. Thus we will examine first the
pressure characteristics of the transient vapor film forma-
tion at the surface of the moltéen material {Section 5)}. Then,
the development of interior pressure waves in the hot molten
material rasu;ting from the pressure pulsations at the molten
material surface is examined (Section 6}, Finally, the
axpacted trenés of both acoustic cavitation and bubble growth

within Ehe molten drops is compared o the experimental trends

of fragmentation (Section 7).
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5. CHARACTERISTICS OF¥ THE PRESSURE PULSATIONS QF VAPOR FILM
FORMATION

The auvthors [29] have developed a model to describe the
dynamic formation of a vapor film at the surfaca of a hot
sphare which has suddenly been immersed in a cooclant. This
model has been used to investigate the characteristics of the
pres|ure pulsesg accompanying vapor film formation for condi-
tions depicting some cof the reported dropping experiments.
The investigated cases of hot drnps_in water and hot drops in
sodium are summarized in Tables 3 and 4, respectively.

The pertinent results of the study can be summarized
as follows., In all cases the rapid vaporization initially
results in a pressure rise in the film which accelerates the
film/liquid interface. However, the cutward moticon of the
interface continues beyond the equilibrium position {where
the film pressure is equal to the ambient pressure). Thus
the film pressure falls balow ambient leading to deceleration
of the interface. The film/ligquid interface motion is then
raeversed, and the film starts to collapse. The continued
evaporation in the film leads to a pressure rise in the
collapsing £ilm and the collapse is stopped before sphere/
ligquid contact is achiewved. The cycle of growth followed by
partial collapse is repated several times with decreasing
amplitude of the pressure fluctuations. The amplitude and
freguency of the £film pressure oscillation depend on the

conditions of interaction and are typically illustrated in
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Figure 6 for the conditions cof case 5. As Figura & illustrates
the absolute magnitude of the prassurs pulses is very dependent
on the assumed initial film thicknesz. For the hot ligquid
metal drops under consideration it 1s reasonable to assume

5 cm thick or smaller

that initial gas films of the order 10
are experimentally present. If the laver of non-condensable
gas swept in with the hot liguid metal drop as it enters the
pool were a monomolecular layer, it could be as thin as 10-8
cm which forme a natural limit for this parameter. An initial
film thickness of 10-% cm was assumed for the cases calculated
in [39) and summarized below:

5.1 Effect of Cocl Pool Temperature -~ For the pressure

histories of cases 1, 2 and 3 which have water pools, the
first pulse (positive with respect to ambient) increases
with the increags in the water temparature, although subse-
guent pressure pulses are dampsd quickly. Alsgo the amplitude
and frequency of the negative pressure pulses subsagquent to
the first positive pulse are greater the lower the water
temperature. The amplitude behavior of the initial negative
pulse illustrated on Fig. 2b exhibits a trend similar tai

the comparable axpearimental data of Fig. 2a.

For 'sodium pools, cases 14 through 17, the higher the
sodium temperature, the higher is the first positive pressure
pulse, similar to the water cases. However, the negative
pressure pulses subsequent to the first pulse demonstrate

maximug magnitude for an intermediate acdium subcooling.
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The amplitude of the initial negative pulse, illustrated on
Fig. 3b, also exhibits a trend similar to the comparable

experimental data of Fig. 3a.

5.2 Effect of the Drop Temperature. In both water and

godiom apalysis of cases 1, 4 and 5 indicgated that the increase
in the initial temperature of the drop leads to higher pres-
sure pulses in the film. The freguency of pulsation, however,
iz decreased by the increase in the initial drop temperature.
The trend of the amplitude of the initial negative pressure
pulse iz illustrated on Fig. 4k and exhibits behavior similar

to the comparable experimental data of Fig. 4a.

5.3 Effect of the Drop Radiug. Under the same conditionsg

of materials and temperatures of both the drop and the cool-
ant, analysis of cageg 8, 9% and 10 indicated that an increasze
in the drop radius leads to enhancement of the amplitude of
the pressure pulses. However, the frequency of the pulses

is dgcreaseﬂ by the increase of the sphere radius. Again

the amplitude behavior of the initial negative pulse iz
illustrated on Figure 5b and exhibits a trend similar to the

comparable experimental data shown on Figure 5a.

6. INTERIOR PEESSURE WAVES

6.1 Analytic Solution Method in the Hot Drop. 1In this

section we take up the calculation of the interior preossure
wave under the influence of the pulgating film on the surface

calculated in the previous section.
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The interior pressure obeys the wave equation in the

amall velocity approximation with viscosity effects as given

in Eg. (5)¢
2 2
?2P=Tll—a-2—‘ﬁc-5%?}lj {5)
e“ a3t
where € = (n_+ 4/3u} . (6)
pc

Introducing the Fourier transforms of p and £ {a volume

pource term) we obtain

2 2 _
v P, + K'p, = fw {7}
2 \ 2
2 k™ (l=-ick _ k -
where K~ = 4-—:—)- = ——=r—— apnd k ~ = . {8)

The result then of the wviscous terms is to make the wave
number, k, conplex indicating attenuation of the wave.
Equation (7) has two inherent approximations which should
be recognized. First, it is a small velocity approximation
whose application here can be Justified by the small com~
pressibility of the liguid droplet materials and the
moderate resulting freguencies calculated. Second, it is
for an adiabatic wave which may not be an eﬁpecially good
approximatianlwhen the thermal conductivity of the material
{i.e., a liguid metal) is high. Honetheless we will uvse these
equations in the expectation that we can find essentially the

right trends in the phencmena and later work can correct the
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approximations as judged neceasary.

Next we outline the methods used +to find the pressure
time histories. We begin with one of Green's theorems for
the Fourier Transform of p :

P, =£ £.G, d‘l.’o + I [Gm % P,~ P, 331_0 G-:q] dsﬂ {10}

8
© o

where n, is the outward pointing normal and G is the appro-

priate Green's fanction, i.e.,

G, = gmfr,ra} + X {11)
2
where V X + sz =0 (12)
. L 5 o o
and ¥ qm[r,rn] + K qm{r,ral = -G{r,rol {13)

where ¥ is the field point and Eﬁ iz the source point.

The term X is added in Eq. (11} so that G satisfies
the boundary conditions at the surface of the sphere.

In the particular case being congidered, we believe that
the dominant source ¢f the acoustic wave is ap applied pulsat-
ing pressure at the surface of the sphere. It should therefore
ke sufficient to consider only the surface terms and sc we
set £, =0). We can make the further simplifying assumption
that the surface of the sphere iz a rigid boundary. This
requires that G, (a) = 0. Using these twoe assumptions gives:

pm{rl = -I pm{a} % Gm ﬂso. {14}
L]
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Now the Green's function for an infinite mediom is

_ iK
where hn iz a zero order spherical Hankel function and
- = {16)
R = lr - rﬂl .

By expanding g, and X in spherical coordinates, applying
the boupdary conditions and performing the éngular integration

in Eq. (14) we get
J 4 (KT)

. ' {17)
p, (e} = p (a} E;TEET'

To obtain the desired pressure time history it is only necessary

to invert the tranaform to obtain

p {r,t)y = ( W p'mta} e du . {18}
O

Tt is also useful to have an explicit expression for pir,t)

at r=0, which is

Ka p,la) Tt 4. . {19)

plo,t) -_ws gin Ka

Calculation of the interior pressure wave can now be
accomplished given the pressure at the surface. Humerically
this has been accomplished by the use of the Fast, Fourier
Transform (FFT) method due to Cooley and Tukey (26}, which is
available as a FORTRAN subroutine called FOURT [37). It has
been used to calculate the forward transform as in Eq. (9} and .
the inverse transform as in Egs. (18} and {(19}). The solutiecn

P expressed in Bg. (18) has some practical limitatipns in
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addition to those.imposed by the various assumptions which
have been outlined. ' The most important limitarion is that,
as the wave lengths involved become much smaller than the
radius of the sphere, the solution has many maxima and minima
which require a large number of finely spaced time steps over
which p{a,t) mest be known. Further, wore and more significant
figure=s must be carried in order to get meaningful results.
It i= also necessary that checks ars provided to ensure that
the range of wavelengths for which this methed is useful is
being obtained in the numerical work. The maximu¢ value of the
real part of Ka in this work was approximately 40 and is near
the upper limit for which this method is generally useful.
Another chack for the accuracy of the solutions can be applied
to the imaginary part of p{r,t), which must be as small as
possibhla, This is becaunse hoth the real and imaginary parts
of p satisfy the wave eguation: and, since the value of the
imaginary part is zero initially, it must also be zero at all
subsequent times. In the results gbtained to date, the
imaginary part of pir,t) has been a factor of 10° smaller

than the real part in all cases.

6.2 Humerical Results, In this section the numerical

results for various cases of Table 1 will be discussed. In
all of the results to be discussed only the short time
(5 = 10™% sec or less} interior pressure history nesded to

ba caleculated, since it was only in thisz time domain that the
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driving surface pressure curve was found to resconate within
the sphere., The later time domainsg of 10™% to 10~3 sec
do not exhibit resonance behavior, since the driving surface
preasure asclllations are of low frequency. Thus, in the later
time domain, which for the sphere-pool systems investigated
represents a low frequency, long wavelength limit, the pressure
history of the interior wave iz the same as the surface pres-
sure history. This can be seen analytically by taking the

limit as X ~ 0 of Eq. {(17) to obtain:

lim a sin (kx)

- - {20)
K + 0 P, (r} -0 Pyf2) T =in k) v, la}.

The most significant paramater utilized in obtaining
thege results was ¢ , the sum of the two viscosity coeffi-
cients. Exact valuesz of ¢ applicable to the hot liguid drop
are not known., The following rezults for the cemter of the
sphare were obtained utilizing a value of .02 cm, which
should represent an overestimate thereby tending to under=-
predict the magnitude of the pressure pulses within the

initial ligquid drop.

6.2.1 Effect of Coolant Temperature. The effect of
increasing the temperature of the water was investigated

in cases 1, 2 and 3, which correspond to temperatures of 20,
50 and 80° C. The results of the center of the sphere, r = 0,
are shown in Fig, 7. Hexe the amplitude of the interior

drop pressure swings increases with increasing pool temperature.
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This happens because of the increase in the peak pressure at
the surface together with the constant rise times for the pool
temperature cases investigated. However, this effect is in
marked contrast to the experimental data in which fragmentation

is decreased as the pool temperature is increased.

6.2.2 Effect of Hot Drop Temperature. The results of

the pressure time history calculations within the hot sphers
shown in Fig. 8 for 5 = 0 and a = .3 cm were carried out at
hot sphexe temperatures of 400, 500 and 700°C, corresponding
to cases 4, 1 and 5. It was found that, as the temperature
increases, the amplitude of the interior pressure waves (both
positive and negative swings) gets largar. In all cases the
pressure becomes negative but only for short periods {on the
order of 1 microsecond}. For this variable of hot sphere
temperature, the trends of the calculations are consistent

with the associated fragmentation data.

6.2.3 Effact of Hot Drop Radius. In Fig. 9, the pressure

time history within the hot asphere at r = 0 for cases %, 5
and 10, correspording to a - .1, .3 and 1.0 cm is shown.

The trend here is for the absclute value &f the pressure to
increase quite dramatically with increasing drop radius.

This is not only because the initial pressure pulse at the
surface is increasing, but also because the resonant resonase
of the sphere is increasing. Since the likelihood of cavita-

tion in&reases with more negative pressure, the trend of these
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calculations is consistent with the fragmentation data
reviswed earlier, i.=., the extent of fragmentation increases

with hot sphere radius.

6.2.4 Uncertainties in Prediction of Negative Interior
Pressures. The absclute magnitude of the calculated negative

interior pressure pulses are subject to the following key
uncertainties. The driving condition, the surface pregsure,
iz very sepnsitive to the assumed thickness, , of non-condens-
able gas on the hot drop aurface, Additionally, the interior
pressure analysiz iz based on the approximations previgusly
discussed plus the asaumption &f the spherically shaped drop.
While the net effect of all these assumptions is not yet
astablighed, thase affacts are thought to be secondary to the
effect of viscosgity. The value of viscosity utilized, .02 cm,
was salacted to yield a conservative lower bound for the
magnitudes of the pressuré pulses in the initially all-liguid

drop.

7. THE PROFOSED ACQUSTIC CAVITATION-BUBBLE GROWTH MECHANISH
FOR FREE-CONTACT FRAGMENTATIDN

bl

The results of the previous sectlon demonatrate that
negative interior pressures can be generated with magnitude
.sufficient to genaerats bubbles by acocustic cavitation. It
would be tempting to postulate that droplet fragmentation
i® caunsed directly by the onset of acoustic cavitation., If

this were so, the extent of fragmentation would seem to be
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directly proportional to the negative droplet pressure achieved.
However, such a consistency in trend between experimentally
observed fragmentation and negative droplet pressure was not
obtained with pool temperature as a teat variable as illustrated
on Fig. 7. On the other hand, as Figs, 2 through 5 illustrate,
consistency between fragmentation data trends and the minimum
vapor film presgure were obtained foar all the test variables
investigated. Thus wa are lead to postulate that the

mechanism of fragmentation is deapendent upon the aspect of
bubkble behavior initially most dependent on vapor film pres-
sure is the extent of bubble growth.

Subseguent to cavitation it appears that the bubble will
first grow and then start to coullapse. The generation of the
cavitation bubble will significantly affect the viscosity of
the 1liquid drop and severely damp the subseguent interior 5
preasure waveg, Thus the golutions of Pigs. 7-9 would be

valid only until cavitation occurred, and the subsegquent

interior pressure history would follow the surface pressure
history. A typical resultant interior pressure higstory is
shown on Fig. 10 using case 5 as the example. Note that in
Fig. 10 the time scale is linear, which depicts the surface
pressure history of case 5 as a sharp positive pulse followed
by a prolonged negative pressure over the short time domain
shown.

Por thege conditions bubble growth will be initiated after
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cavitation with liquid vaporization ¢ccurring at the bubble-liquid
intarface. However, since the liguid metal droplet vapor pres-
sures at the applicable liguid tempepratures are so low {lﬂ--IE mm
mercury at 700 C for tin), it appears probably that even for
low initial film thicknasses, , the resultant surface pressures
will exceed the egquilibrium hubble pressures. Thercfore

bubble collapse will follow bubble growth. It is possible
that the actual mechanism for droplet fragmentation may bs

some combination of the oscillatory growth=collapse behavior.
However, the extent of growth is affected by the difference

of P, - « the ordinate of Figs. 2b-5b, in that manner

Pf.min
directly consistent with the fragmentation data of Figs. 2a-5a;
i.e., the larger the parameter P, - Pf,min' the more growth,
the more observed extent of fragmentation. Thus, pending
caloulation of detailed behavior of the growth-collapse
hehavioer of the bubble subsequent to cavitation, we hypothe-
pize that fragmentation is induced by bubble growth subsequent
to cavitation.

The proposed hypothesis for fragmentation is consistent
with the experimental cbservation of hollow voids by Flory
et al [15] mepntioned earlier which indicated the ocourrence
of internal pressure generaticn in the hot droplets prior
to fragmantation. Also comparison of the results of ANL
axperiments [l4] on aluminum, zinc, lead and bismuth dreopped
into 20°C water are of interest with respect to his hypothesis.

In these experiments, aluminum (¢ = 900 dynes/cm) and zinc
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{70 dynes/em) did not fragment, whereas lead (400 dynes/cm}
and bismuth (350 dynes/cm) 4id fragment with the bismuth
fragmentation being more extensive than that of lead. These
results demonstrate the expected decreage in fragmentation
with increased surface tension, which would be chserved if
the tendency for fragmentation due to blabble generaticon and
growth from a phenomena like acoustic cavitation was resisted

by 1lncreased hot drop surface tension.

8. SUMMARY AND CONCLUSIONS

A mechanism that explains several of the observations of
fragmentation of hot molten drops in coolants has been investi-
gated. The mechanism relates the fragmentation t; the davelop—
ment of acoustic cavitation and subsegquent bubble growth due .
to severe pressure excursions within the hot material resulting
from the pressure pulses accompanying eoolant vaporization at
the sphare surface.

The characteristics of the pressure pulses accompanying
vapor film growth at the surface of a hot molten drop suddenly
immersed in a coolant pool have been determined for conditions
depicting reported dropping experiments. A key uncertainty
relative to the calculated surface pressure history is the
initial thickness of noncondensable gas at the hot drop sur-
face. HNHext, a medel describing the pressure field inside a
molten dxcp as a result of the pressure pulses at the drop

surface was developed. This model predicts that strong
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pressure oscillations will be induced inside the molten drop
due toc the initial surface pressure pulse of short duration

(z x 10”8

gec)., However, the longer duration surface preasure
pulses seem not to induce large oscillations of pressure
ingide the hot drop. It could thereBore be concludad that
cavitation will be initiated by the high frequency pulsating
inéarnal prassura indouced by the first surface pulge.. The
growth of the vapor nuclel ingide the hot drop would be
influenced by the subsequent long duration surface pressure
pulses, since the subseguent interior pressure history of the
hot drop directly follows the surface pressure history after
cavitation occurs. Composite interior pressure histories

of the type shown in Fig. 10 lead to postulated bubble genera-

6 sec) and growth trends (after B x lﬂ_E

tion {at about 8 x 10
gec) which are conalstent with observed trends in exéent
of fragmentaticn.

The hypothesis presented has been developed in terms of
a two-parameter model of the pressure history of a hot aphere
immersed in & coolant. The two parameters are 6, the initial
film thickness, and € , a sum of two Vigcosity components.
The paranmeter,§, essentially controls the amplitude of the
surface pressure oscillations which is the driving function
producing the interior oscillations, and € determinee the
amplitude of the interior oscillationg for the first pulses

sufficient to cause cavitation.

The agreement of the predicted trends with the availsble
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experimental results indicates that the proposed mechanism
merits further consglderation, The present work shows the
importance of tha initial film thickness as a parameter which
has not been measured in past experiments. Even though it may
be difficult to measure, it is still a convenient way to char-
acterize the strength of the vapor film oscillationa. Present
work is being directed at measurements to confirm the cal-
culated surface pressure histories. Analyses are planned to
relax agsumptions in the interior preassure walwve solution
method and to furtﬂer investigate the dynamic bubblae formation
and ¢growth processaes to relate them directly to tha fragmenta-

tion event.




EUPPLEMENT

The two general topics considered here are a review of
the underlying assumptions of the acoustic cavitation model
and an analysis of the available energy for fragmentation
due to tha proposed mechanism. Each subject is reviewed in
light of subsequent analysis and comments by the authors and

other lnterested persons.

REVIEW OF BASIC ASSUMPTIONS

Four assumptions are made in the development of the
acoustic model. First the model considers a spherical molten
drop becoming instantanecusly immersed in a coolant pool and
film boiling occurring. Reid [40] and others have suggested
that these conditicons are scmewhat unrealistic, and could
affect the results of the analysis. Suggestions have been
made to relax these assumptions and account for irregular
drop shape due to flow forces, and a finlte immersion rate
with an initially thick vapor blanket around the droplet.
The second assumption is that the film pressure is assumned
| to be spatially uniform. Third the thickness of the film

4 em and 1079 cm.

layer is parametrically varied between 107
The pressure pulses generated within the film layer are

largely dependent upon the thickness. Watson [41] suggests
that smaller vapor thicknesses down to 10”% be considered as

feasible. Also during the initial atages of immwersion the

" vapor layer caﬁld possibly be thicker than assumed in the past

3l
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3 cm). Finally during the short time of this

analysis {10
interacticn the convective heat transfer within the film and
coolant are neglecﬁed. To avoid mathematical complexities

the coolant pool is modeled under the two bounding caaes:

an incompressible liguid or a compressible acoustically infinite
liquid. Watson [41] suggests that the limiting case of a com-
pressible liquid of acoustically infinite extéent ighores a
substantial portion of the mechanical energy. It is lost ea
from the vapor f£ilm by neglecting the fact that [realistically]
it is transformed into gravitational potential energy {(by the
riging of the coolant level and its gsubseguent falling) which

is transferred back to the vapor film ovar the cycle. Viscous

losses in the tank could be ignored due to the small velocities.

AVAILRBLE EHRERGY FOR FRAGMENTATION

Under the conditions of the acoustic cavitation theory,
energy is transmitted into the molten drop by pressure varia-
tions in a vapor film which surrounds the drop. The work
done by this vapor film on its aurroundings is the upper
bound of the amount of energy that could possibly be trans-
ferrsd into the drop.

Using results obtained by Kazimi [34], the amount of work
done by the film was calculated in a graphical-numerical manner.
The talculation was done for case 14 {i.e., stainlass zteel

drop temperature = 2200°C, sodium pool temperature = B850% C,
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stainless steel drop radius = ,.035 cm) and is presented in
Appendix 1. During the first expansion the film deoes 3050 ergs
of work.
However, it cannot be expected that all the work done by
the film will b= done on the molten drop; a certain fraction
of the work will be done on the sodium pool as well. An
estimate of the amount of energy transmitted into the drop
fyazs made based upon a formula developed by Caldarola and
Rastenberg [42]). This formula is for the Enefgy transmitted
through a semi-infinite body by a prassure impulse from a

small source on the edge of the body. The Jjustification for
applying this eguation to the sitvation of a film around a
molten drop is that the film can be considered to be a large
number of small spurces which transmit energy inteo both the
molten drop and the sodium pool. Thiz derivation is in aAppendix
ITI and shows that the partition of energy between tha moltan
drop and the prol can be approximated in terms of the densities
of the materials.

An expression for the radius of the drop materia} after
fragmentation is derived in appendix XII. In Figure 11, a
line of final radius versus energy transmitted fAto the melten
drop is drawn for the conditions of case 14, Indicated on
the line are points which correspond, according to the acoustic
cavitation hypothesis, to the maximum possible amount of

énargy transmitted into the drop and the begt estimate of the
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amount of energy transmitted.

Experimental data on the fragmentation of atainless steel
in godium is presented in Appendix IV and alsoc plotted in Fig,.
11. Unfortunately the initial drop radius is smaller and the
pool temperature is hotter for case 14 than for the comditions
of the experimental data and direct comparison cannot be made.
According to the acoustic cavitation hypothesis, the work done
by the vapor film will increase with increasing drop radius
and decrease with decreasing pool temperature. Therefaore,
the conditiens of casé 14 and the conditions of the experimental
data may viseld roughly the same work done by the film.

The calculation of the enerqgy available for fragmentation
shows that, if the acousti¢ cavitation theory is to account
for the observed residual particle size, fragmentation cannot
oceur in one step. Even if all the work done by the film
were done on the n?rop, the residunal particle size after one
fragmentation step is three to four times larger than the
experimentally determined residual péiticle gize, The best
astimate of the work done on the molten drop indicates that
many fragmentation steps would have to be made before the
experimentally determined residuvwal particle size iz reached,

Another method of calculating the work done upon the
molten drop is to establish an expression for the diaplacement
of the drop surface dug te the vapor film pressure. Watszon

[41] developed such an expresgion for enargy as shown in
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Appendix V. The Fourier transform of the velocity (4){a)) of
the interface is determined knowing the pressure. Then the
veloeity is found by the inverse transform Bq. (16). Using
then the velocity and pressura (p(a) from Kazimi (34))},
the work done on the molten drop 1s found over some time span
(6 to t) by integration and numerical evaluation. No numer-
ical results have heen obtained1hy this method.

In considering the possibility of numercus pressure
pulse cyales to account for the finallfragmentation Bize,
Watson [14] suggested that the pressure pulse over each cycle
iz increased by the reflectian of the pressure waves intc the
hot molten drop (see Appendix VI). At the gas—cold liguid
interface there is a large impedance miamatch Pglg«<< PpCp
which causes very little of the pressure pulse to be trans-
mitted to the cold liquid {(and thus a small amocunt would be
tranamitted to the liguid). Likewise at the hot liquid-gas
interface there ia this same impedance migmatch allowing
pressurs pulzes to ba transmitted into the drop but not to
be tr#nsmitted cut, Subsequently over a few cycléﬁ the
pressurs becomes bigger and bigger within the film and het
drop. Finally this get 0f conditions in the hot drop could
allow absorption of senough energy to overcome the surface
anergy to form by fragmentation, particle sizes comparable

t0o experimental observation.

1
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FUTURE WORE

Any additicnal work upon this proposed mechanism of
acoustic cavitation should proceed along two major fronts.
An overall view of the eneérgy available for fragmentation
dus to the mechanism over many presgure cycles should be
evaluated to determine if the mechanism ¢an account for
obsarvad fragmentation sizes. If this overall energy view of
the mechanism appears to be promising, then a relaxation of

the ynderlying assumptions should be attempted.
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HOMENCLATURE

gpeed of sound in the medium of specific heat
volune sourcs kerm

wave number, w/ec, or thermal conductivity
defined by Eq. (8)

pressure fluctuation around some equilibrium pressure, F

H 9 ® & mm O

bukble radius

sarface

time

temperature

g g

*  temperature for inception of £ilm boiling by Henry's
[2B] correlation

<l

rolume

¢ surface tensgion
E effective viscosity {defined by Eg. 7}
4 initial noncondensable vapor film thickness

n coafficient of bulk viscosity representing a stress
opposing the rate of change ¢f compression

sl density
m fregquency
M usual coefficient of viscosity
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Tabhle 1
Suggested Mechahisms of Free=Contact Fragmentation

1. Shell Solidiflecation

2. Coolant Encapsulation:
a. by ecracks in a so0lidifying shell
. by Helmholtz Instabllitles
c. by penetratiicon cof a coclant Jet

3. Acoustic Pulse in the Coolant
Y. Spontanecus Hucleation of the Coolant
%. Vapour Bubble Growth and Collapsze

6. Cavitatlon within the Mglten Material
{Proposed Iin the present study)
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Table_z.
Comparison of Spontaneous Nueleation Temperatures of

Sodium and Water wlth Temperatures at the Interface
of Some Molten Materlals® [3, 14)

Coolant Molten Material Ty ac Te . ns °C
(Temp., °C) (Temp,, °C) (Eq. 2) '
UGE
(2900) 11320 - 1850
Sugium
(600) Stainless Steel '
(2200) 1346 1850
Fb
Water (700) ._SHE.' 3k
(20) ' :
Bl

% . ' '
All the molten materials are reported to fragment under
the experimental conditlons.




Table 3

Values of the Parametere Varied for the Cases of Hot Spheres in Hatar*
Case {
Number ;
Variables [ v 2t 3¢ &) s| 6 7| 8, 9|10 1u/li12}13
Sphere Material P8n | Sn ) Sn; Sn | Sn | Sn | Sn [AgCl' Sn | Sn j Sn { Sn | Sn |
i
Initial Sphere 1
Temperature, °C $00 1 500| 500 400 TOO} 70O| 70O| TOC| TOQ{ 7T0Q] 700| 50Q( 500,
i
Water Pocl 1 |
Pemperature, °C } 20; 50| 8ol 20f 20| 207 20} 20} 20f =20/ 20| 20 zui
Sphere Radlus, <m 0.3, 0.3 0.3 ©.3; 0.3 0.3] 0.3 0.3] 0.1 1.0 0.3 0.3 0.3
1 I
Initial Film ‘- i
Thickness, ¢m 120771073 [107% 1077 1207 % {207 * 2078 {2075} 2077 1 107°{ 2075 {1077 | 1075,
Conlant Compressibility } i
I = incompressidble P 1 I I I 1 I I I It I ¢ ¢ ¢
C = compressible I

-nr

For all cases the initisl f1lm preasurs and the ambient pressure are taken to be 1 atm.

at




Values of Parameters Varied for the Cases af Hot Spheres 1n Spdlum

Table &

.‘l.

Case
Humber -
Variable 14 15 16 17 18 1% 20 21
Sphere Materlal S8 as I bodid 58 Uﬂz . UGE UGE UD2
1 i
l -
; :
Initial Sphere ' :
Temperatuwe , o 2200 | 2200 | 2200 | 2200 | 3200 | 3200 | 3200 | 3200
i
i !
Sodium Fool !
Temperature, °C 850 800 600 250 850 i §00 E 600 800
: i

T
is 5 x 10~

and the liquid sodium 1s considered incompressibie.

For all caaes the sphere radjusz Js C.35 em, the inlti=zl gas fiim thickneszs
em; the inltilal film pressure and ambient pressure are at 1 atm,

¥
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@ REMAINED INTACT
x FRAGMENTED
. e
WATER TEMFERATURE O-4°C
(4] L
L‘E ﬁﬂ *
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: 4 4
2000}- = P
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Fiqure 1. Results of Dropping Various Materials in Water (For
Al,  Ag, Au gee Swift and Pavlik Ref. 12, for Sn, Bi,
Pb and Zn see Cho Ref. 14).
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PROJECTED AREA OF FRAGMENTS

- i i —— =

PRQJECTED AREA OF MOLTENM DROP

DATA OF CHO [14 CALCULATIONS
DROPLET MATERIAL TIN, BiSMUTH SPHERE MATERIAL TIN v
INITIAL. DROPLET TEMRC | ~5C0 MITIAL SPHERE TEMPSC 500
FOOL TEMRE,®C varlabie POOL TEMR, *C varichia
SPHERE RADIUS,cm -3 SPHERE RADIUS,cm 3
CASE |
8 CASE 2 .
L
) =
- r E ~s -
Bi s
L o E
- {]_"F‘
L sn I 4} CASE 3
af '
L ]
] | i 2 { I |
20 40 650 20 40 60 . BO

WATER POOL TEMR, °C

Figure 2.

WATER POOL TEMR, °C

Comparizson of the Effect of Water Pool Temperature on the

Fragmentation of Molten Droplets in Water and on the Maximuam
Subatmospheric Pregssure Reduction in a Vapor Film Growing Around

a Hot Sphere in a Water Pool.
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DATA OF ARMSTRONG [3] CALCULATIONS
CROPLET MATERIAL STANLESS STEEL | SPHERE MATERIAL STAINLESS STEEL
INITIAL DROPLET TEMB,C | 1800, 2200 INITIAL SPHERE TEME, %G 2200 .
POOL. TEKR, °C voriable POCL TEMF, °C variable
SPHERE RADIUS, cm 0.38 SPLERE RADILS, om 0.3%
INTIAL FILM THICKNESS,em | 5x 1078

INITIAL T, § 2200°C

’ M _
o
/ s ° 1800°¢C <
i<
=
o
1

+

Figure 3.
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DATA OF MeCRACKEN [is]
DROPLET MATER'AL TIN
INITIAL DROPLET TEMP,®C | voriable
POOL TEMRE, °C iz
SPHERE RAOIUS, cm 7
S
)
o
h p—
3100 10
=
=
e 75F - 9
E: [ 1]
o, S
ul [
E g
) 50— - 8
o :
]
L o
o 25k 7
=
I 4
§§ Tﬁn
E 0 1 1 i
a. 400 600 800

INITIAL DROPLET TEMR,°C

Pigure 4.

I

CALCUL ATIONS

S5PHERE MATERIAL TIN
INITIAL SPEERE TEMPR,*C variable
POOL TEMR, *C 20
SPHERE RADIUS,em 0.3
INITIAL FILM THICKNESS.em | (09
| CASE §
!
= CASE |
~ CASE 4
] 1 - ]
400 600 800

INITIAL DROPLET TEMPR,°C

Comparison of the Effect of the Initial Temperature of the Hot Droplet

on the Fragmentation in Water and the Maximum Subatmospheric Pressure

A o e A e o ety ANy oA A ety S s m——"

Reduction in a Vapor Film Growing Around a Hot Sphere in a Water Pool.
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SURFACE AREA OF FRAGMENTS

TIN DROPLET | POOL TEMR] INITIAL DROFLET' GALCULATIONS
. DATA oc p_ e
5 = - hbE,_ G SPHERE MATERIAL TIN
) o 22 340 560 INITIAL SPHERE TEMP, °C 700
'WIT?E'IEI"E 39 600-700 POOL TEMP, °C 20
sl 29 340-500 ] SFHERE RADIUS vorigble
9 .0 IMITIAL FILK THICKNESS,cm | 5073
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_ CASE 10
w 5
o
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Figure 5. Comparison of the Effect of the Radins of the Hot Droplet on the
Fragmentation in Water and the Maximum Subatmospherie Pressure Reduction
ina Mapor Film . Growing Around a Hot Sphere in a Water Pool.
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APPENDIX 1

FRACMENTATION EMERGY CALCULATION
Hot Material: staiuless ateel, T, = 2200°%¢
= 1200 dype/cm, R = .35 om

Coolanc: sodivm, T = 85°¢
coal

Work dona by growing film: From Fig. 4.14 & Fig. 4.15)

P = pressure

E film chicknaszs

Av = change in volume of film = 4WR°t

Time Interval

(100 sec) p(dm,fmzj : M_ ‘ﬂv{:ma} phvierg)
1.0 - L3 3.1 x10° 0 o 0
1.3~ 16 23x10f Loz xwt sax10% 90
1.6 - 2.0 2710 esx10* asx:w0® 1003
2,0 - 2.4 . 24x10° L0wx10* eox10® 144
2.4 - 2.9 22x10®  Loa1x107  gax10® 134
2,9 - 3.7 1,9 x 10° 115 x 1070 17,7 = 107° 33.6
3.7 - 4.6 1.7.x 104 .13 %107 20.0 x 107% 3.0
4.6 - 6.0 1.5 x 10° 27 x 107 a6 x 1078 624
6.0 = B0 1.3 % 108 56 x 107¢ 8.0 x 10°%  111.8
B.0 - 11,3 102 % 10° 1.0 xw™ 156 x107%  1ma.8
11.3 - 19 L1x10®° 20 x10™ 339x107%  3m2.
19 - 29 Lox10° 3.0 x20™%  aszx107% ss2.9
29 - 53 9% 10° 7.0 x107% 1078 % 10°%  970.2
53 = 100 .9 % 10° 5.5 x 107% 855 x 1070 769.5
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AFPENDIX 1T

PARTITION OF ENERGY BETWEEN 35 & Na [42]

Pom(Pom = P.) T
Et - Zﬁkz tTST ST ST el EL+ RST
d je Pe o BFyar

whera o_, denslty, aund co’ speed of sound, are properties of the mediwm

fl‘
njﬂt’ IET’ pST’ and p,, are mot functiona of the transmitting medium
{E ) p
ENERGY into 55 tr” 55 Ha
Estimate of = = »
ENERGY inte Na {Et.r-}'ﬂa Pgg
if
T
ST 1
—_
Ree G and (€ )y, = (€ )gg

3050 arg = ENERGY intoa 55 < EFHERGY inte Na
Pes
= ENERGY into 55 (1 + —=2)
Pha

E - ENERGY into S5 = mﬁe—“—
(1 + =3
Pra

-+
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APPENDIX III

EHERGTY REQUIRED FOR FRAGMENTATION

]

] initiai radius of hot material

final radius of hot material

:w
(]

initial sﬁrfa:e arca of hot material

[
i

L
1

£ final surface arsa of hot naterinl:

Vo volems

Ef - {Af - Ao
E
£
&f 5 + A
¥ oy ¥
but
& "
3 A _ 3 -
- s yr>, and Ve TR
v Rf ¥ E
g S Ef +1
R, 3 R
f & R £
~1
E
Re = |—35—+3
- LR
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APPENDII IV
Experimental Data [ﬁﬁ]
Mean Diam
Mean Diam of Ejected
Sodlum Temp 55 Temp Radius  of Realdual Besidual
{°C) (eC) (cm) {um}) {1m)
200 1800 TR 4400 2200
200 2100 .B7 &0 -
£00 18540 .97 790 TED
405 2300 B3 620 620
5495 1850 .B1 840 B2}
6400 2250 N1 800 20

i




62

APFPENDIX V

Energy transmitted into sphere or coolant

T
) o ()
B J [ aT daa ]dT :
a

]

g_g = pla} u_{a), pressure * velocity (2)

if p and u, are cgnstant over surface, s, then

T
E{t}) = EHJ aztt} pi{a) ur{a} atc {3)
o
in th;e cage of the hot sphere, ait] = constant
T
E(T) = 27 aEJ p(a) u_{a) dt (4)
o

0 We nead ur{a].

Uzing conservation of momentum (one dimensional, radial)
0 du, _ % {5)
it dr

dp
- - w
Hotation: L {w) .

Taking the f‘ourier transform (F.T.) of (5}

dap
p(iw) u, = - - (63
. —iwt
v, “I u, e dw {7)
_ ir'2 dp,,_ &)
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Prom C.E.W. Thesis {45)

dpw

r

Pw{f} - % :iz kr pw{a} {9)

p (&) a ka

= ain kr + — cos kr {10}
Ein ka ;f T

= Pw(a} % E%E—E% (h cot kr - %J {11}

ka zsin kr ! 1 ) {12)

- Rwla}E- sin¥a leot kxr - Er

atk r=a2a
. 1

= = p {a) k (cot ka - ——) (13}

=3 w ' ka

Equation (13) is slightly different from C.E.W, thesis using

{13} in (8) ~

u,la) = igz p, (al/c (cnt ka = E%) {14)
u la) = 2 (ciot ka - k—i) p, la) (15)

where pc = p/Kp, characteristic acoustic impedance p. 259 Moraze

and . KT

B0
1

Use Egs.

.

= jisgthermal compressibility.
i
iv2 1
-rm pT ot ka - E) Fw{.ﬂ} aw {16)

{i6) and {3) to get the.mork E.
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APPENDIX VI
REFLECTION AND TRANSMISSION AT A BOUNDARY
In this part plane boundaries and plane waves arse used
in order to avoid working out the spherical case. The

spherical casa is probably not too mach harder.

From page 711 MIT (Morse and Ingard) [44]

R {reflection coefficient} =

{pz €, = 0 cljftpz <, + plcl} i1

T {transmission coefficient) =1 + R , (2)

ez M) alg__ ce li for gas-cold liquid interface (3)

P2 21
R =125 = (1-g) (l-e) (l+e} = 1-2¢ (3)
l+e
R - 1-2 plclfpzcz ‘ (4}
T o= é;z plclfpzcz {51

The transmitted pregsure wave ig equal to twice the reflected
wave but is approximately equal to the reflected plus incident
wave,. For the hot liquid-gas interface

- [
. - P22 (&)
plclﬂ > 2czg, E = EIEI——_ Lot |

R = E—II(E+%] = 1 + 2¢ {7)

T =31 + R = 2 pzczfplcl = g - {a}
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sc in thig case there is no transmitted wave.
The formula for the energy depsity is used

W = p2/pc> p. 258 (MET) [44] (9)
At the ¢old liguid-vapor interface

W (transmitted to cold liquid) _ cz {gas) H]
¥ (vapor film) pc? (liquid)

since p (transmitted) = p {incident) + p (reflected)

At the hot liguid=-vapor interface

(2
W (transmitted to gas} _ pcz (hot liguid) - (ﬁpc {gas) )
W {(hot liquid) pci (gas) pe (hot ligquid)

Y

P (hot liguid)




