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VAPOR EXPLOSIONS IN LIGHT WATER REACTORS: 
A REVIEW OF THEORY AND MODELING 
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University of Wisconsin. Nuclear Engineering Department, 
Madison, W[ 53706-1687, U.S.A. 

Abstract - A vapor explosion is a physical event in which a hot l iquid 
(fuel) rapidly fragments and transfers i ts internal energy to a colder, 
more vo la t i le  l iquid (coolant); in so doing, the coolant vaporizes at 
high pressures and expands, doing work on i ts surroundings. In present 
day fission reactors, i f  complete and prolonged fa i lure of normal and 
emergency coolant flow occurs, f ission product decay heat would cause 
melting of the reactor materials. In postulated severe accident analyses 
vapor explosions are considered i f  this molten "fuel" contacts residual 
water in-vessel or ex-vessel, because these physical explosions have the 
potential of contributing to reactor vessel fa i lure and possibly 
containment fa i lure and release of radioactive fission products. Vapor 
explosions are also a real concern in industrial processes where a hot 
f lu id  can contact a colder vo la t i le  f lu id ,  e.g., foundries for aluminum 
and steel, paper pulping mi l ls ,  LNG operations. The vapor explosion is 
commonly divided into four phases of heat transfer: (1) quiescent mixing 
of fuel and coolant, (2) tr iggering of the explosion, (3) explosion 
escalation and propagation, and (4) expansion and work production. This 
work provides a comprehensive review of vapor explosion theory and 
modeling in these four areas. Current theories and modeling have led to 
a better understanding of the overall process, although some specific 
fundamental issues are either not well understood or require experimental 
ver i f icat ion of theoretical hypotheses. These key issues include the 
extent of fuel-coolant mixing under various contact modes, the basic fuel 
fragmentation mechanism, and the effect of scale on the mixing process 
coupled to the explosion propagation and eff iciency. Current reactor 
safety concerns with the vapor explosion are reviewed in l ight  of these 
theories and models. 

i .  INTRODUCTION 
An explosion involves the rapid conversion of energy from one form to another. Before the 

explosion is in i t ia ted,  the energy must be stored in a form that exists for some time without 
signif icant dissipation of available energy or conversion to other forms of energy, i .e .  a 
metastable state. The explosion may then be triggered when some re la t ive ly  small amount of 
activation energy in i t ia tes  the rapid conversion of the system energy into some form that can do 
work on the surroundings, e.g., k inet ic energy (Fig. i ) .  In an explosion the usual vehicle for 
such a rapid transformation is the production of a high pressure vapor or gas. A vapor 
explosion is such a process in which a hot l iquid (fuel) transfers i ts internal energy to a 
colder, more vo la t i le  l iquid (coolant); in doing so the coolant vaporizes at high pressures and 
expands, doing work on i ts surroundings. 

Consider a qual i ta t ive description of the mechanistic path by which the stored fuel 
internal energy is converted to produce work by a high pressure vapor. In a typical vapor 
explosion when the two liquids f i r s t  come into contact, the coolant begins to vaporize at the 
fuel-coolant l iquid interface as a vapor f i lm separates the two l iquids. The system remains in 
this nonexplosive metastable state for a delay period ranging from a few milliseconds up to a 
few seconds. During this time the fuel and coolant l iquid intermix due to density and velocity 
differences as well as vapor production. 



2 ~ l .  L .  C'()I<I< \ t ) l \ l  L'r l~'[. 

Then vapor f i lm  d e s t a b i l i z a t i o n  occurs, t r i gge r i ng  fuel f ragmentat ion. This rap id ly  
increases the fuel surface area, vapor iz ing more coolant l i q u i d  and increasing the local vapor 
pressure. This exp los i ve "  vapor formation s p a t i a l l y  propagates throughout the fue l -coo lan t  
mixture causing the macroscopic region to become pressurized by the coolant vapor. 
Subsequently, the high pressure coolant vapor expands against the i n e r t i a l  const ra in t  of the 
surroundings and the mixture i t s e l f .  The vapor explosion process is now complete, t ransforming 
the fuel i n te rna l  energy in to  the k i n e t i c  energy of the mixture and i t s  surroundings. This 
k i n e t i c  energy takes two forms. At ear ly  stages shock waves can be generated in the f u e l -  
coolant  mixture and at l a t e r  times the overa l l  mixture is accelerated by the expanding coolant 
vapor. The high pressure vapor produced, the dynamic l i q u i d  phase shock waves, and the slug 
k i n e t i c  energy can a l l  do des t ruc t i ve  work on the surroundings. 

To be more precise the vapor explosion can be considered as a subset of a fue l - coo lan t  
i n t e rac t i on  in which the t imescale fo r  heat t rans fe r  between the l i qu ids  is smal ler than the 
t imescale fo r  pressure wave propagation and expansion in a local  region of the fue l -coo lan t  
mixture.  Therefore, the r ise  in pressure l o c a l l y  forms a shock wave, which s p a t i a l l y  propagates 
wi th a ve l oc i t y  which is greater  than the cha rac te r i s t i c  speed of sound in the mixture ahead of 
the shock f ron t  (Mach No. > i ) .  A s i g n i f i c a n t  f r ac t i on  of the thermal energy i n i t i a l l y  stored 
in the fuel could be t rans fe r red  to the coolant as the fuel  is fragmented. The key feature of 
the vapor explosion is that  the shock wave propagation through the mixture d i r e c t l y  contr ibutes 
to the rapid fuel  fragmentat ion and associated heat t rans fe r  to  the coo lant ;  i . e .  analogous to  
shock heat ing in a chemical detonat ion.  

A "non-vapor explos ion"  is a fue l - coo lan t  i n te rac t i on  which does not exh ib i t  these shock 
wave cha rac te r i s t i c s .  Thus fuel  f ragmentat ion is not necessar i ly  l inked to shock wave 
propagation and the rapid bo i l i ng  phenomena does not s p a t i a l l y  propagate on a t imescale equal to 
pressure wave propagat ion.  A large amount of coolant vapor may be produced in th i s  process and 
the fuel  may s t i l l  become f i n e l y  fragmented, yet  the character of the fue l -coo lan t  i n te rac t i on  
is not exp los ive .  One should note that  analogous to a de f l ag ra t i on  such an event might s t i l l  be 
des t ruc t i ve  under cer ta in  cond i t ions .  

In the past (e .g . ,  Board et a l . ,  ]976) the vapor explosion process has been conceptual ly 
subdivided in to  these four phases of ( i )  mixing, (2) t r i g g e r i n g ,  (3) explosion propagation and 
(4) expansion. These phases can possib ly  ~ccur in three geometrical arrangements (Fig. 2), (a) 
fuel  pouring in to  coo lant ,  (b) coolant in jec ted in to  fuel  or (c) fuel and coolant  as 
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Fig. i .  Conceptual stages of an explosion Fig. 2. Descript ive i l l u s t r a t i o n  of fue l -coolant  
contact modes 
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s t ra t i f ied  layers. Depending on the industrial application any one of these geometrical 
arrangements may occur. Although the details of these four stages may change with the contact 
mode, each would be present during the explosion. 

The work done on the surroundings can be destructive and this has raised safety questions 
in a number of industries. Industrial processes which involve hot molten materials (e.g., 
"fuels" such as steel, aluminum, smelt, slag) have reported a number of accidents in which hot 
material inadvertently mixes with water (coolant) and a vapor explosion results causing 
structural damage to the plant, injur ies and sometimes fa ta l i t i es  to workers (e.g., P. Hess and 
K. Brondyke, 1969; W. Nelson and E.H. Kennedy, 1956; H. Tetzner, 1959). These vapor explosions 
can be especially damaging because the fuel may be metall ic and chemically reactive with the 
coolant Because of this poss ib i l i ty  the fuel may exothermically react with the coolant causing 
the subsequent energy release and formation of high pressure coolant vapor to be larger and the 
subsequent expansion blast wave to be more destructive. In certain accidents i t  is fe l t  the 
tr iggering and propagation are affected by these chemical reactions. 

The transport of l iqu i f ied  natural gas (LNG) has raised safety questions. I f  an LNG spi l l  
occurs on water ( fuel) ,  the LNG (coolant) may become involved in a vapor explosion between these 
s t ra t i f i ed  l iquid layers, which would vaporize and disperse the natural gas in the surrounding 
a i r .  The concern is not only the work potential from the vapor explosion, but also the possible 
igni t ion and combustion of the vaporized natural gas mixed with the a i r  (T. Enger, 1972). 

In certain volcanic ac t i v i t y  where water is present i t  is believed that the energetic 
release that accompanies such geophysical events is related to hydromagnetic volcanic eruptions 
in which water and the hot magma come into contact and a vapor explosion occurs; rapidly 
fragmenting and quenching the hot magma (Wohletz, 1984). In this situation the major interest 
is the destructive work potential that might be derived from the water and molten magma coming 
into contact. 

In some combustion designs i t  has been proposed that water be emulsified with the fuel and 
injected into the combustion chamber. Upon injection the fuel-water droplets w i l l  heat up in 
the surrounding ai r .  The water heats up beyond i ts boil ing point and explosively vaporizes, 
fragmenting the fuel (F.L. Dryer, 1976) i t  is mixed with. This  small-scale vapor explosion 
rapidly fragments the fuel to very small sizes causing the subsequent fuel combustion to be more 
complete, reducing unwanted pollutants. 

In present day nuclear fission reactors i f  complete and prolonged fa i lure of normal and 
emergency coolant flow occurs fission product decay heat could cause melting of the reactor 
fuel. I f  a suf f ic ient ly  large mass of molten fuel mixes with the coolant and a vapor explosion 
results, the subsequent vapor expansion might cause a breach in the containment of the 
radioactive f ission products by dynamic or stat ic pressurization or missile generation caused by 
the slug kinet ic energy. These radioactive f ission products could then be released to the 
environment threatening the safety of the general public. Although this type of severe accident 
is considered remote, the health consequences are large enough that i t  is considered in safety 
studies. In fact vapor explosions have occurred in accidents and destructive tests involving 
experimental reactors (e.g., W.E. Loewe, 1958; R.W. Mi l ler ,  1964). A comprehensive risk 
assessment ef for t  in the Reactor Safety Study, WASH-140O (1975), was the f i r s t  study to estimate 
the l ikel ihood of this event and i ts effect on a power reactor. The major concern from the 
vapor explosion was determined to be a direct fa i lure of the containment caused by missile 
generation (designated alpha-mode fa i lu re ) .  Since the accident at Three Mile Island, a number 
of investigators (e.g., Theofanous et a l . ,  1982, 1986; Corradini et a l . ,  1979, Ig81a, b; Fauske 
et a l . ,  1981; W. Bohl et a l . ,  1986) have reexamined this phenomenon as applied to reactor 
safety. This research is motivated by this application and research in this area is continuing. 

In this work we review the important basic theoretical concepts of the fundamental 
understanding of the vapor explosion. To aid in this review we examine the individual phases of 
the vapor explosion and the key models proposed for each phase: Section 2 - fuel-coolant 
mixing, Section 3 - fuel fragmentation and tr iggering, Section 4 - explosion propagation and 
expansion. Final ly,  we br ie f ly  review the application of these theories and models to the 
current assessment of containment fa i lure ( i . e . ,  alpha-mode fa i lure)  in a core melt accident in 
a l ight  water reactor. For a more detailed discussion of this specific application the reader 
is referred to the Steam Explosion Expert Review Group Report (see Steam Explosion Review Group, 
Ginsberg et a l . ,  1985) and associated detailed reactor studies on this issue (e.g., Berman et 
a l . ,  1984; et a l . ,  1986; Swenson et a l . ,  1981: Theofanous et a l . ,  1986). 

This review of vapor explosion theories and models is based on the following four c r i te r ia :  

a) For each complete model, what approximations (assumptions, simplif ications) are made and how 
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may they affect the models' results? 
b) What is the range of val id i ty  for each model and what are i ts inherent limitations that may 

affect the results compared to experimental data? 
c) In conlparing models for describing the same phenomenon what are the areas of commonality and 

difference, and can these differences be resolved? 
d) Given these models what is their  appl icabi l i ty  to the reactor situation, and can they be 

made more applicable? 

Throughout this review the models are contrasted with available data to help in determining 
their usefulness and limitations in regard to the stated cr i ter ia .  

2. MIXING 
The concept of mixing is vague and not well-defined. Qualitatively i t  could be described 

as the condition where the fuel and coolant liquids disperse within one another (e.g., discrete 
fuel l iquid surrounded by continuous coolant l iquid or vice versa, Fig. 3) as 

(a) Fuel within coolant l iquid (b) Coolant with fuel l iquid 

Fig. 3. Conceptual pictures of fuel-coolant mixing 

the heat transfer rate remains relat ively small (e.g., fi lm boil ing). The importance of this 
mixing process is that the fuel-coolant system remains in this nonexplosive metastable state for 
a dwell time which allows for the fuel-coolant exposed surface area to increase. If this area 
can be allowed to increase in this quiescent period and s t i l l  maintain the fuel and coolant 
liquids in close proximity ( i .e . ,  without f lu idizat ion, Fig. 3) the subsequent explosion could 
become more ef f ic ient .  In the following discussion we describe models which primarily consider 
the contact mode of fuel pouring into the coolant, therefore Fig. 2.a is more applicable for 
current safety issues. In general this does not have to be the case. 

One should note that this qual i tat ive description of mixing as shown in Fig. 2 has not 
included the case of discrete fuel and coolant l iquid masses dispersed in a continuous vapor 
phase. The reason is that i t  is not clear that such a geometry can sustain an explosion because 
(1) such a geometry implies that the liquids have been fluidized and would not remain in a local 
mixture region (e.g., see Fauske, 1981), and (2) this dispersed mixture would be very d i f f i cu l t  
to pressurize from the fuel-coolant heat transfer during the interaction, because the vapor 
produced could be relieved f rom the mixture to the surroundings ( i .e . ,  no inert ial  
constraint). Therefore, a fuel-coolant interaction might occur in this geometry, but i t  would 
not be explosive in nature. These points are detailed in the following discussion. 
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Past research in to  mixing (sometimes ca l led premixing or coarse-mixing) has focused on 
understanding the t rans ien t  f l u i d  dynamics and heat t rans fe r  between fuel and coolant in the 
absence of the explosion,  and on p red ic t ing  the physical l i m i t s  fo r  which mixing can occur. 

Fauske (1974) and Henry and Fauske (1976) o r i g i n a l l y  proposed that  the f ue l / coo lan t  
in te r face  temperature upon l i q u i d - l i q u i d  contact must exceed the spontaneous nuc leat ion 
temperature to  a l low premixing of the fuel and coolant in a vapor explos ion.  The spontaneous 
nucleat ion temperature is equal to the homogeneous nucleat ion temperature fo r  a pe r fec t l y  wetted 
system (see Sections 3 and 4 fo r  a de ta i l ed  discussion of the spontaneous nucleat ion temperature 
and theory ) .  The physical p ic ture  was tha t  stable f i lm  bo i l i ng  is establ ished above th i s  l i m i t  
fo r  a l i q u i d - l i q u i d  system, and th is  al lows the fuel t ime to  penetrate and mix w i th in  the 
coolant .  For l i g h t  water reactor  safety  issues and most i ndus t r i a l  app l ica t ions  i nvo l v ing  
water,  the fuel and coolant eas i l y  sa t i s f y  th is  c r i t e r i o n .  Thus the c r i t e r i o n  is a necessary 
but not a s u f f i c i e n t  c r i t e r i o n  fo r  premixing. 

Cho et a l .  (1976) considered the energy requirements fo r  fuel f ragmentat ion fo r  both the 
premixing phase and the rapid fuel  f ragmentat ion phase during a steam explos ion.  The analys is  
indicated that  the fuel during fragmentat ion must overcome surface energy, k i n e t i c  energy, and 
f r i c t i o n a l  d i ss ipa t ion  to break up to  smal ler  diameters and mix with the surrounding coo lant .  
In s i tua t ions  of p rac t i ca l  i n te res t ,  Cho pointed out that  the mixing energy requirements are 
p r imar i l y  due to f r i c t i o n a l  d i ss ipa t i on ,  and other  cont r ibu t ions  may be ignored. They then 
der ived two models to est imate th i s  mixing. The physical p ic tu re  considered was s im i l a r  to Fig. 
3a although one could der ive i t  fo r  the other case. I f  the 
fuel  mass were to be mixed in one step with the surrounding coolant ,  the required mixing energy 
was given by 

V 2 
3 P f , 

Emlone step : 8 CD t~Rf ( i)  

where: 
Vf = i n i t i a l  volume of the fuel mass to be mixed 
p = average density of the surrounding f lu id 

t m = mixing time 
C D local drag coefficient 
Rf f inal radius of the fuel after mixing has occurred. 

If the fuel mass were to be mixed in a series of progressive mixing steps so as to minimize the 
required mixing energy, the resultant expression was 

v2Z3, "illn v /3 
Emlmi n = 1.81CDPV f (I  - ~ )  ~ V-~f]3 (---~f) " (2) 

In a sense these two models bound the amount of energy required fo r  f ue l - coo lan t  mixing. 

The two major assumptions of the model were tha t  the densi ty  of the coolant (vapor and 
l i q u i d )  remained constant through the mixing process and that  one had some p r i o r  knowledge of 
i n i t i a l  fuel size and i t s  f i na l  size a f t e r  mix ing.  Given that  th is  model was the f i r s t  attempt 
to q u a n t i t a t i v e l y  est imate the energy requirements fo r  mixing the assumptions seem reasonable. 
However, the analys is is l im i ted  to a parametr ic assessment of mixing energy requirements 
because one must always speci fy the i n i t i a l  and f i na l  fuel sizes ( i . e . ,  Rf), and the 
environmental condi t ions surrounding the f ue l .  

One also notes that the difference in these two estimates is essentially proportional to 
the ratio of the final fuel radius to i ts i n i t i a l  size 

Emlmi n Rf ( V ~ )  (3) 
Emione = , , ~ I n  . step v f  

and can be large i f  the r a t i o  of the f i na l  fuel  radius to the i n i t i a l  volume is small .  From th i s  
ana lys is ,  Cho et a l .  made the fo l l ow ing  observat ions.  F i r s t ,  the mixing energy required f o r  
fuel f ragmentat ion must be considered in r e l a t i o n  to the u l t imate  source of energy in th is  sys- 
tem, i . e .  the in te rna l  energy of the f ue l ,  EfO. For the fue l / coo lan t  system, one requires E m < 
EfO. Second, fo r  a given mixing energy, Eqs. ~ I )  and (2) def ine the maximum volume of fuel that  
could mix with coolant as a funct ion of t m and Rf. For l i g h t  water reactor  safety issues, ~ne 
energy fo r  premixing E m is very small compared to the in te rna l  energy of the fuel EfO, since 
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f i lm boi l ing exists between the fuel and coolant l iquids. This allows for larger t m and smaller 
P. 

et al.  (1984a, 
complementary. 
discussed below. 

Two mixing analysis concepts were developed at about the same time in the course of the 
probabi l is t ic risk assessment for the Zion nuclear power plant. They are based on two 
di f ferent,  but not mutually exclusive points of view. The model of Henry and Fauske (1981a) 
assumes that the fuel is premixed with water (Fig. 3a) and considers the physical l imitat ions to 
the mass of fuel and i ts diameter that can exist in such a configuration without l iquid 
f lu id iza t ion.  Theofanous et a l .  (1982) assumed that the molten fuel enters a coolant pool (Fig. 
4) as a je t  of arbitrary diameter and considers l imitat ions to mixing due to the hydrodynamics 
of the je t  breakup process. Subsequently Corradini et a l .  (1982, 1983, 1985, 1986) and Bankoff, 

b) have  refined these concepts and considered them to be mutually 
Each of these original concepts and associated further developments are 
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Fig. 4. Conceptual picture of fuel je t  into coolant pool 

2.1. Fluidization Limits 

Henry and Fauske (1981a, b) proposed the physical concept that for the fuel to exist in a 
premixed configuration with the coolant, the conceptual picture of Fig. 3a must be achieved and 
sustained. If this configuration breaks down, one would revert to a situation where fuel and 
coolant droplets are in a continuum of vapor as the vapor drives the coolant away from the 
molten fuel by f lu id izat ion.  Discrete fuel particles would coalesce into larger particles and 
reverse the fragmentation mixing process. Therefore, the f i lm boil ing heat f lux can be equated 
to the capabil i ty of the water to stay mixed with fuel under the imposed steam flow. Henry and 
Fauske estimated this capabil i ty from the pool boil ing c r i t i ca l  heat f lux (CHF). They equated 
the energy lost by the fuel with the maximum energy that could be removed by the steam flow 
( i .e . ,  q~HF ) and estimated the minimum fuel diameter during mixing Dmin, below which the steam 
flow wouT~ f lu id ize and drive the coolant out of the mixture. 

where: mf 
Acham 
P{ 
qdrop 

We have 

6 m " fqdrop 

• = fA q'CHF ' Dmln P cham 

= fuel mass in the mixture 
= cross-sectional area of the chamber 
• = fuel density 

= heat f lux from the fuel droplet given by blackbody radiation 
and f i lm boil ing heat transfer. 

(4) 

qdrop aT(T ~ _ 4 im(Tf ) , (5) ,, : Tsa t )  + h f i  - Tsat 
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where: Tf = fuel temperature 
Tsat : coolant saturation temperature 
o T : Stephan-Boltzmann constant 
hfilm = film boiling heat transfer coeff icient. 

Henry and Fauske also pointed out that this steady-state model can be used to estimate the 
maximum mass of fuel that could mix with the water coolant assuming some premixing diameter, 
Dmix: 

PfAchamDmixqCHF 
mf = 6 " (6) 

max qdrop 

For in-vessel reactor safety considerations [pressurized water reactor (PWR) specif ical ly] ,  
Henry and Fauske point out that no more than 100 kg of fuel could mix with the water coolant for 
saturated water at a pressure of I bar and D . = lO mm. The assumption that a one-dimensional 

• . mlx 
steady-state CHF model is appllcable under these conditions deserves further discussion. 

The model prediction that only a minuscule fuel mass, I00 kg, can mix to a small fuel 
diameter, lO mm (or conversely a large fuel mass mixed, 10,000 kg, implies an enormous fuel 
mixing diameter, l m), is due to two fundamental assumptions. First, the model assumes that the 
coolant l iquid entering the mixture is entering from above in countercurrent flow to the coolant 
vapor being generated, and second that this countercurrent flooding phenomenon can be predicted 
by the pool boiling CHF l imi t .  For a contact mode of fuel pouring into a coolant pool the more 
real is t ic  case is the fuel fa l ls  from above as the coolant l iquid enters from below with the 
vapor generated flowing out through the top of the pool. The concept of coolant l iquid 
f lu idizat ion is quite reasonable although the model was simplified to be one-dimensional and 
steady-state. In the real world situation the fuel entry in a coolant pool  would be 
multidimensional (Fig. 2) and transient with the coolant entering the mixture from the sides as 
well as below, and the fuel mass breaking up as time progresses. The fuel breakup wil l  also 
allow for fuel f luidizat ion as well as coolant l iquid. 

Corradini e t a ] .  (1985) subsequently used the same concept of coolant f luidizat ion as 
suggested by Fauske under one-dimensional steady-state conditions, but corrected for the two 
assumptions previously mentioned. In the analysis one calculates the mass of fuel that could 
mix with a given mass of coolant up to the point of coolant f luidization or fuel f luidization 
given a fuel mixing diameter. By using a f i r s t  principles f luidizat ion model instead of the 
pool boil ing CHF heat transfer l imit  one must consider coolant droplet breakup during 
f lu idizat ion. Therefore, there is a range of values for the fuel mass mixed that one could 
calculate given a fuel mixing diameter. The coolant droplet diameter would range from the 
in i t i a l  to the Final diameter stable under Weber breakup considerations. The results of the 
analysis (Fig. 5) indicated for the l ight water reactor application a range of fuel masses as 
mixed with coolant from 1000-10,000 kg for a range of fuel mixing diameters of lO mm to lO0 mm; 
Dmi x = lO mm represents the size assumed by Fauske while D i = lO0 mm represents that 
conservatively used by Theofanous in his analysis. The other mo~e~ results shown in the figure 
are discussed blow. 

More recently, Corradini (1982) and Corradini and Moses (1983) have attempted to analyze 
the Sandia National Laboratories FCI experiments (Berman, Mitchell et a l . ,  1981; Mitcmell and 
Evans, 1982) designated as the fu l ly  instrumented test series (FITS). 

The fue l / coo lan t  mixing in the FITS experiments was observed by viewing high-speed movies 
of the i n t e rac t i on .  These tests involved pouring a fuel simulant (5 to 20 kg of Fe-Al203.at 
3000 K) i n to  a water pool (40 to  250 kg of water at 283 to  367 K) to simulate FCls in a pourlng 
contact mode. The conceptual p ic ture  of the mixture zone was one where the fuel enters the 
water pool as a s ingle d iscrete mass (an elongated e l l i p s o i d a l  shape) in f i lm  bo i l i ng  and begins 
to fragment. As i t  continues to f a l l  through the pool, i t  continues to break apart  in to  smal ler 
pieces and mix with the surrounding water whi le  in f i l m  b o i l i n g .  These smal ler fuel  pa r t i c l es  
may subdivide fu r the r  as the steam produced in f i lm  bo i l i ng  flows out through the top of the 
f ue l / coo lan t  mixture and escapes the water pool ,  and water f lows in from the sides. The mixture 
grows r a d i a l l y  as the fue l ,  now mixed wi th water and steam, f a l l s  to  the chamber base (Fig. 
6). At the t ime of or near base contact ,  two possib le events occur: an energet ic  vapor 
explosion is t r iggered,  or the premixed molten fuel  se t t l es  on the chamber base and eventua l ly  
quenches. 
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Fig. 6. Conceptual picture of fuel coolant mixing as observed in 
FITS experiment 

Corradini analyzed the observed mixing process with a characteristic dimensionless time 
derived from hydrodynamic considerations and was able to correlate the available mixing data 
( i . e . ,  MD and MDC test series) so that one could find the time history of the mixing volume, the 
displaced water volume, and visual observation of fuel fragment sizes. From these correlations, 
one could estimate the integral fuel, vapor, and l iquid coolant volume fractions as a function 
of time. In addition, based on simple f lu id izat ion arguments, Corradini developed a simple 
steady-state model that predicted the minimum fuel diameter that could exist in the mixture 
before the l iquid fuel or coolant would be f luidized by the steam flow. In al l  cases of 
interest,  coolant f lu id izat ion occurred f i r s t  as compared to the fuel, so the minimum fuel 
mixing diameter was given by 



o. ( )Iz3 ( )2j3 CDH  m~n = - (_~___)I/3 (Pv)i/37_ (7) 
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i 
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where: ~ = volume fraction for fuel f ,  vapor v, and l iquid coolant c, 
respectively 

p = density for fuel f ,  vapor v, and l iquid coolant c, respectively 
~fg : latent heat of vaporization 
c = depth of the water pool. 

The values qdroo and C D are nreviously defined. To use this model, one must know the volume 
fraction of the ' fue l ,  vapor, and l iquid coolant at a given point in time; this was obtained by 
using the empirically correlated values for : f ,  my, and ac from the FITS data (Corradini, 
1982). This la t te r  point is an important l imi tat ion of this part icular model. The reason is 
that the Sandia experiments at that time, although intermediate scale, were not conducted over a 
large range of fuel masses and coolant masses, temperature and depths; e.g., one should note 
that the coolant depth is a determinant in the fuel mixing size. Therefore, the correlations 
for fuel and coolant volume fractions are not universal and should not be extrapolated without 
further experimental data. One should also be aware of the similar assumption of a one- 
dimensional system. 

2.2 Transient Jet Breakup 

Theofanous and Saito (1982) also addressed the question of a l im i t  to fuel/coolant mixing 
but took a dif ferent approach. Instead of investigating steady-state l imits to mixing, they 
concluded that the mixing process would be driven by the hydrodynamics of transient je t  breakup 
as the fuel pours into a water coolant pool. Corresponding to this conceptual picture (Fig. 7), 
they ident i f ied three regions where mixing may progressively occur: vert ical je t t ing ,  
horizontal je t t ing ,  and vert ical rise and fal lback. Jet and surface ins tab i l i t i es  in each one 
of these phases would produce fuel breakup and mixing. Gravitational sett l ing due to density 
differences, on the other hand, would promote separation and retard mixing. 

Owing to the confined geometry, the time available for ins tab i l i t i es  to develop is governed 
by the coolant depth, Hm, as well as the je t  diameter, D~e~. Various modes of ins tab i l i t y  were 
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Fig. 7. Geometry of fuel pouring into the lower plenum of the vessel 
(Theofamous 1982) 

breakup of the je t  into discrete fuel masses, and (3) Taylor ins tab i l i t i es  breaking up the 
discrete fuel masses. For a je t  below a certain diameter (Die t < I0-20 cm for the in-vessel 
case) i t  was estimated that Rayleigh je t  breakup into discret~ masses followed by hydrodynamic 
ins tab i l i t i es  droplet breakup would mix the fuel with the coolant, However, i f  the je t  diameter 
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was much greater than this diameter there was insuff ic ient time for the je t  to form discrete 
masses due to Rayleigh breakup, and the jet  would take on the appearance of a largely 
undisturbed je t  body and hydrodynamic breakup and fuel mixing would occur only at the leading 
edge of the je t  (Fig. 3). This concept of a mixing l imi ta t ion due to transient je t  breakup is 
quite useful. However, based on subsequent analysis by Fauske (1985) and Ginsberg (1985) a 
Rayleigh jet  breakup mechanism may not be correct. This w i l l  be discussed below. 

Theofanous and Saito then quant i tat ively considered the effect of je t  sizes from small pour 
streams to je t  diameters approaching the size of the fuel volume. Their order-of-magnitude 
calculations indicated that only a few percent of the available fuel mass could mix with the 
water coolant for in-vessel reactor safety core melt situations. This represents 2500 to 4000 
kg of fuel that could mix to characteristic mixing diameters less than lO0 mm (see Fig. 5). The 
major reason that more mixing could not occur was because the available time for hydrodynamic 
mixing was l imited because the water depth in the lower plenum of the reactor vessel (PWR for 
these example cases) was re la t i ve ly  l imited. For ex-vessel fuel/coolant mixing, they estimated 
that ~ I0% of the available molten fuel mass could mix ( 13,000 kg for a PWR system). 

In addition to the simple model for the minimum mixing diameter, Corradini and Moses (1983) 
developed a dynamic mixing model (MEDICI-MI) that predicts the fuel breakup as i t  fa l ls  through 
the gas atmosphere into the water pool, eventually reaching the chamber base and quenching or 
undergoing a steam explosion (Fig. 8). The model considers the fuel to fragment due to 
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Fig .  8. The MI model f o r  f u e l / c o o l i n g  mix ing in  a coo lant  poo l .  

p r i m a r i l y  hydrodynamic fo rces ,  and the fue l  d iameter  is  taken to  be 

Df : Dfo exp(-T +) , (8) 

based on the theoretical work of Buchanan (1973) where 

DfoVft ( ~ f ) i / 2  (9) T + 

t : t ime 
vf  : fue l  f a l l  v e l o c i t y  

Dfo i n i t i a l  fue l  d iameter .  

The mechanism f o r  breakup was considered to  be Helmhol tz and Tay lo r  i n s t a b i l i t i e s .  Now, w i t h i n  
t h i s  con tex t  of  dynamic m ix ing ,  coo lan t  f l u i d i z a t i o n ,  which would l i m i t  m ix ing ,  was not 
app l ied .  This l i m i t  in the dynamic model is  a func t ion  of  the fue l  temperature ,  the water  depth 
(s ince H c = v f t )  the fue l  i n i t i a l  s ize  Dfo, and the mix ing phenomena from the FITS tes ts  as 
e m p i r i c a l l y  c o r r e l a t e d .  I f  one combines these f a c t o r s ,  one can so lve  f o r  the fue l  d iameter  
a f t e r  mix ing as a func t i on  of  H c and ~fO (F ig .  9).  One can a lso p l o t  the f l u i d i z a t i o n  l i m i t  f o r  
f o r  d i f f e r e n t  fue l  temperatures assumlng a blackbody r a d i a t i v e  heat f l u x  from the fue l  
su r face .  Al l  the diameters to  the l e f t  of  the f l u i d i z a t i o n  mix ing l i m i t  f o r  a given fue l  
temperature can mix w i t hou t  f l u i d i z a t i o n ,  wh i le  those d iameters to  the r i g h t  o f  the l i m i t  f o r  a 
given H c and Dfo w i l l  begin to  f l u i d i z e .  This dynamic model f o r  mix ing and mix ing l i m i t  on ly  
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Fig. 9. Limits to fuel/cooling mixing based on f lu id izat ion model with 
transient je t  breakup. 

considers the leading edge ( i . e . ,  an equivalent spherical volume) of the entering fuel je t  to be 
capable of mixing. The fuel mass behind this leading edge can also mix but must f i r s t  undergo 
je t  breakup into discrete fuel masses based on mechanisms such as those proposed by Theofanous 
(1982). 

Based on this work for l ight  water reactor safety issues, i t  was estimated that a maximum 
of 3000-5000 kg of fuel could mix with water to a diameter of 50-I00 mm within the reactor 
vessel (see Fig. 4). Once again the major l imi tat ion of this approach is that i t  relies on the 
empirical data of fuel-coolant volume fractions from the Sandia FITS tests. I t  also does not 
include the multidimensional effects of mixing. 

Two-dimensional transient effects were f i r s t  considered as an extension of these concepts 
by Bankoff et a l .  (1984a, b). Bankoff and his coworkers used the PHOENICS two-f luid, two- 
dimensional computer code to model the transient mixing of an array of fuel droplets as they 
enter a coolant pool. Their analysis indicated for in-vessel conditions (Fig. 10) that 
substantial l iquid coolant f lu id izat ion and sweepout occurred as the coolant vapor volume 
fraction exceeded 50% in the majority of the fuel-coolant mixture. This also suggests the lack 
of an iner t ia l  constraint for a subsequent explosion. However, because of computer code 
l imi tat ions,  the coolant (steam and water) was considered as a single homogeneous f lu id ( i .e . ,  
equal veloci t ies,  temperatures and pressures) and the fuel was considered to be the other f lu id ,  
prefragmented to a user-specified diameter before entry into the coolant pool. Under saturated 
coolant conditions Bankoff considered these to be reasonable approximations because i t  was 
proposed that the fuel would rapidly fragment at the coolant pool surface due to high impact 
velocit ies and i n i t i a l  steam generation. However, visual as well as flash x-ray high-speed 
photographs from the FITS tests (Berman, et a l . ,  1984) do not support this assumption, and this 
is not considered l i ke ly  as scale increases. Therefore, one might consider this analysis 
technique to be parametric with the fuel "prefragmented" size as the key parameter. The 
assumption that the coolant l iquid and vapor can be treated as a homogeneous f lu id  is also 
suspect because for these larger void fractions i t  would unphysically enhance the coolant l iquid 
expulsion ( i . e . ,  . f lu id iza t ion  and sweepout) from the fuel-coolant mixture region. These 
assumptions tend to oppose mixing and therefore can cause one to underpredict the amount of fuel 
and coolant mixed. Fletcher (1984, 1985a, b) has also reviewed the development of this model 
and the more general case of fuel je t  mixing. The work involves an Eulerian formulation similar 
to PHOENICS with the fuel and coolant considered as searate f lu ids.  
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Simulation of pre-fragmented fuel particles mixing with a coolant pool for an in- 
vessel reactor case (Bankoff et a l .  1984) 

Recently, Theofanous et a l . ,  (1987) have also developed a two-dimensional model for fuel- 
coolant mixing that employs the K-FIX computer model with substantial modifications of the 
consti tut ive relations. The basic simplifying assumptions of the computer analysis are exactly 
the same as those of Bankoff: 

(1) The coolant l iquid and vapor are considered to be a homogeneous f lu id ;  
(2) The fuel is modelled as a collection of droplets at a user-specified prefragmented 

size. 

Thus the overall results are similar. There are interesting differences that should be noted. 
Bankoff had d i f f i cu l t y  obtaining a stable solution at higher ambient pressures. Theofanous 
analysis indicates that mixing is s igni f icant ly enhanced at higher ambient pressures. In 
addition Theofanous uses a technique to define the mass of fuel mixed similar to that employed 
by Chu (1986), in which the fuel is considered mixed when i t  is in a regime of coolant l iquid 
(~c > .5). Based on this def in i t ion l i t t l e  of the fuel is found to mix with coolant under 
atmospheric pressure conditions in the LWR. 

Recently, Epstein and Fauske (1985) have taken another look at the concept of fuel je t  
breakup and mixing. In part icular they considered the effect of f i lm boil ing on je t  breakup. 
In the i r  analysis they estimated the breakup length of a fuel je t  entering a coolant pool under 
two bounding conditions: (1) a thin coolant vapor f i lm that could be neglected, and (2) a thick 
coolant vapor f i lm that must be considered. Also, they provided a cr i ter ion to determine when 
the vapor f i lm was thick or thin as well as quanti tat ive estimates for l ight  water reactor 
safety issues. The fundamental assumptions in thei r  analysis were that they considered steady- 
state je t  breakup and that the dominant mechanism for je t  breakup under these conditions was je t  
atomization as given by Levich's model (1962). The assumption of steady-state conditions for 
je t  breakup neglects the fuel mixing that would occur as the fuel je t  f i r s t  enters the coolant 
pool; i . e . ,  leading edge effects are ignored. This would underestimate fuel-coolant mixing upon 
je t  entry as f i r s t  considered by Theofanous (1982). This is discussed further below. The 
second assumption that a je t  atomization mechanism is operative is quite reasonable and points 
out that the Rayleigh je t  breakup regime is not l i ke l y  to be operative. As Fig. II indicates, 
four regimes of je t  breakup have been ident i f ied.  Under most conditions of interest for large 
scale systems the Weber number and f lu id  properties (e.g., Ohnesorge No.) put the fuel je t  
within the atomization regime or the transit ion to i t .  The velocity or je t  diameter would have 
to be quite small for Rayleigh breakup to be operative. In fact i f  one uses Levich's model one 
would tend to overpredict fuel je t  mixing in the Wind Induced Breakup regime (Windquist, 1986) 
during the transit ion to atomization. 
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In this analysis the fuel je t  is separated from the coolant by a stable vapor f i lm (Fig. 
12). The surface ins tab i l i t i es  ( i . e . ,  Kelvin-Helmholtz ins tab i l i t ies )  wi l l  grow rapidly due 
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Fig. 12. Schematic of s tab i l i t y  model (Fauske et al .  1985) 

to re lat ive fuel-coolant velocit ies to a maximum amplitude equal to their  wavelength and are 
assumed to be stripped off the je t  surface. Any l iquid fuel mass which is separated from the 
main je t  could be considered mixed with the coolant. The size of the fuel droplet which is 
mixed is proportional to the fastest growing wavelength, Df = ~m' where 

2~ 2PfPiU2rel (10) 
K = ~m = 3(pf + )~f Pi 

where ~ is the fuel surface tension 
pf is the fuel density 
Ure I is the fuel-coolant vapor re lat ive veloci ty,  Uf - U. 

. . . . . .  v 

Pi is the contlnuous f lu ld  denslty, elther l lquld coolant for a 
thin f i lm or vapor for a thick f i lm. 

These simplifying assumptions tend to overestimate the extent of fuel je t  breakup and thus could 
be considered an upper bound to the extent of je t  mixing under steady-state conditions. The 
characteristic time for the ins tab i l i t y  growth is 



5 (Pf + Pi)Of ( l l )  

(pf~i)3/2 U 3 
rel 

and therefore the rate of breakup is given by V b -= ),m/~. Combining these conditions one finds 
the fuel jet  breakup length, LB, to be given by 

LB : Vbtb : D jet2 - -  ~x (12) 
m 

L B ¢~ Uf (Pf)I/2 Pi 
: ~ (U-~el) Pi (l + ~f) • (13) D jet 

In the original analysis by Epstein and Fauske the relat ive velocity was approximated by the jet  
velocity, Uf; in general though one should retain this term. The analysis also suggested a 
simple estimate to decide i f  a thick f i lm or thin f i lm approximation should be used by comparing 
the vapor f i lm thickness, 5, to the ins tab i l i ty  wavelength [Eq. (2.10)]; i .e .  K~ >> 0 implies a 
thick f i lm and Ka ÷ 0 implies a thin f i lm. 

For l ight water reactor applications of in-vessel je t  mixing the analysis indicates that 
for large scale jets (> O.l m) the vapor f i lm is considered thick and the jet  breakup length is 
much larger than the coolant pool depth (at least an order of magnitude); therefore, fuel- 
coolant mixing by this mechanism is insignif icant. One should note though that since the rate 
of jet  breakup is essentially constant one finds that the jet  mass is being stripped away and 
mixed with the surrounding coolant pool l inearly with distance. Therefore, as the fuel jet  
diameter decreases the percentage mixed goes up l inear ly.  Conversely, the 'actual mass mixed 
decreases with the je t  area, DYo~, and thus for smaller jets (<< lO cm) one computes a short 
breakup length (~ l m) but an in's~i'gnificant amount of mass mixed. The original analysis assumed 
that U • ~ Uf, but Windquist (1986) has extended the analysis and verif ied that the thick vapor rel 
f i lm l i m t  is s t i l l  maintained for large jets when one considers the actual relative velocity. 

As noted previously, the one assumption in the Epstein-Fauske model that would 
underestimate mixing upon i n i t i a l  jet  entry is that the jet  breakup of the leading edge is 
neglected. Recently, a transient, mult i f lu id,  one-dimensional model has been developed that 
would allow one to consider the mixing between fuel and coolant and can account for leading edge 
effects. Chu et al.  (1985, 1986) based this model on the TEXAS code (Young, 1981), a 
Lagrangian-Eulerian hydrodynamics code that was original ly used for design and analysis of fuel- 
coolant interaction experiments for LMFBR safety. Two Eulerian f ields (coolant vapor and 
l iquid) and one Lagrangian part icle f ie ld (fuel) are employed in the model. The model is 
currently l imited to nonexplosive fuel-coolant interactions, although this restr ict ion could be 
relaxed. Chu (1985) developed a complete set of constitutive relations for interracial mass, 
momentum and energy transport; e.g., a virtual mass model for rapid acceleration. The key 
constitutive relation is a fuel fragmentation model based on Rayleigh-Taylor ins tab i l i t ies  (Chu, 
1984). This constitutive model considers the fuel to be dynamically fragmented from i ts i n i t i a l  
entry diameter to smaller sizes. This is an improvement over the PHOENICS analysis and other 
similar analyses in which the fuel was assumed to be prefragmented and does not dynamically 
fragment. In the model parallel velocity shear forces (e.g., Kelvin-Helmholtz ins tab i l i t ies)  
are neglected because of their  l imited effect with a thick vapor f i lm present (Fauske, 1985). 
The model for fuel breakup as used in TEXAS was simplif ied from the detailed model (Chu, 1984) 
to a linear time-independent form (Chu, 1986) where 

Dn+ l  n + weO.25) f = Df( I  - CoAT (14) 

where: n, n + 1 designates the old and new timestep values 
We is the fuel Weber number 
AT + is a dimensionless timestep 

2 n 
We = PVrelDf/o f (15) 

AT + Vre l ( tn+ l  - tn~  (Pc) I /2  
: n 

Df ~f 
(16) 
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This model has been applied to analysis of fuel-coolant mixing in the Sandia FITS tests 
(Chu, 1986). In particular a group of experiments was conducted in which no vapor explosions 
occurred and the fuel simulant quenched in the water. In these cases the post-test debris size 
distribution gives one a rough indication of the fuel mixing size during the fuel-coolant 
interaction. Table 1 presents the results of the analysis and i t  indicates the 
results of the model developed by Chu as well as other predictions. 

Table I .  Measured and predicted particle sizes for non-explosive FITS experiments 

TEST FUEL COOL. SALTER flOURY- ErSTEIN CDRR.- CORR.- COU- C"U-" PILCO" 
NAWE WASS SUB- /MASS FAUSRR -FAUSg8 FLUID- WOSRS CORR. CORR. 

COOL- REA~ TOI l /  I~AT~ON ~XPO~. EXPON. DYe. 
IflG DI.k. T01CK 

1081 1085 1 0 8 2 , 8 5  1983 1085 1g85 1985 
(kg) (x) ( ~ )  ( ~ )  ( ~ )  (,~) ( ~ )  (~m) ( ~ )  (m~) 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

F I T S I A  1 . 0  R4 1 . 8 / 4 . 1  8 . 3  O,OG2/  00 ,  8.@ 0 . 4 0  
FITS4A 4 , 3  168 2 . 8 / 6 . 4  8 . 7  0 . 0 4 1 /  6 , g  I I 0 .  0 . 1 8  
FITSOA 6 . 4  180 8 . 0 / 5 . 2  I I .  0 , 0 7 2 /  g . 0  75 .  0 . 0 2 8  

FITS5E 14 ,6  0 6 . 0 / 1 1 .  200.  0 . 0 ~ 0 /  40.  34.  24.  
FITS6B 18 .7  0 1 .7 /12 .  380 .  0 . 0 4 7 /  58.  B~. 2 0 .  

FITSOD 1 7 . 8  O 1 . ~ / 4 . 0  2 1 0 .  0.050/ 73.  N.W. 07. 
(DC) O.OBQ/ 73. 25.  27.  

FITS2D 19.3 188 8 . 1 / 1 0 .  8 0 .  0 . 0 3 8 /  5 . 0  805. 28.  
FITSSD 1 9 . 5  0 0 . 8 1 / 3 . 4  520 .  0 . 0 4 3 /  53 .  R.W, 140.  

(BC) O.O4S/ 68. N.W. 115. 

13.  20 ,  48 .  
12.  lB.  60 .  
12.  7 ? 

28 .  g 4 .  150. 
37 .  180.  180.  

I00. 130. 170, 
38 .  79 ,  160. 
28. 60. 140. 

100.  ? 200 ,  
l a O .  7 200. 

SgAI.S (SAT)BC (B c = 1.8 m) (2000 kg tron-=Lum{n,) 
¥~uei=O. m/~ N.A. OLEO. IO20. 340. Egg. - -  

SEALS(SAT)OC (0¢ = 1.4 m) (:OOO kg  [ron-~lumtn~) 
¥tue1=5. m/~ M.A. 2 1 9 0 .  0.O83/100. g260. ~70. 440. -~ - -  

BC - BOTTOW CONTACT N.~. - Mob Av~Ll~bIe. N.W. - No WlxLng Predicted. 
• - PRELIWI~ARY CALC~J~ATIONS USING TOg TEXAS COWFLrTER CODB IITfl BEAT TRANSFER 

When the TEXAS model is applied to the breakup of a fuel jet in a coolant for conditions 
similar to those considered by Fauske, i t  also predicts that under steady-state conditions the 
fuel jet breakup and mixing is small (Chu, 1986). However, for the ini t ia l  fuel jet entry the 
leading edge can mix with the coolant. As the leading edge of the jet breaks up and is 
decelerated in the coolant, the fuel upstream of this mass becomes the leading edge and can 
break up due to Taylor instabi l i t ies.  If the coolant depth is shallow relative to the jet 
diameter (Hc/Dj~ t < 10), then the jet length has only time to break up a couple of jet 
diameters. In ~ light water reactor safety application, consider an in-vessel situation of a 
corium fuel jet with a flow rate of 5000 kg/s at a velocity of 5 m/s fall ing into a saturated 
water pool of 3 m depth and 4.2 m diameter at l arm. These conditions are similar to those 
considered by Bankoff (1984). The vapor void fraction and mixed fuel mass were plotted in Fig. 
13 to Fig. 16 at different times after the fuel jet fai ls into the water pool. It is seen that 
less than 20% of the available submerged fuel mass (3000 kg as the fuel jet fai ls onto the pool 
base at approximately 0.523 s) mixes with the water. Also, one-third of the water pool has a 
vapor volume fraction of about 0.5 and the highest vapor void fraction is about 0.65 near the 
middle of the water pool. I f  one correlates the location of the fuel stripped off the main jet 
and this void fraction one finds that about 50% of this total mass stripped is in a region where 
=v > 0.5. Thus, according to the original concept of Fig. 2 even less fuel mass is mixed with a 
continuum of liquid coolant. Rather the fuel is mixed with liquid coolant in a vapor rich 
region ( i . e . ,  lack of inertial constraint). The fuel particle diameter is predicted to be about 
10 mm near the pool base and about l mm near the top part of the fuel-coolant mixture as the 
fuel jet fal ls onto the water pool. This indicates that the potential for a finely mixed fuel- 
coolant mixture is s t i l l  possible. However, most of the available submerged fuel mass does not 
mix but eventually agglomerates on the pool base and about 50% of the stripped fuel mass has 
been fluidized within a region of high vapor volume fraction. 
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(Chu 1986) 

Fig, 14. Fuel mass mixed within the 
(Chu, 1986) 
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Fig. 16. Overall exposed surface area for 
fuel mixed (Chu 1986) 

This mixing model incorporates al l  the insights of past analyses; however i t  is s t i l l  
severely l imited by a one-dimensional treatment. A one-dimensional model neglects mult i-  
dimensional circulation patterns that would allow coolant to enter from sides of the fuel je t  
enhancing mixing. Conversely, the l-D model homogenizes the vapor void over the cross-sectional 
area. A 2-D model would concentrate this void near the fuel je t  and this would aid f lu id izat ion 
and sweepout of the coolant and the fragmented fuel from the mixing region, thus retarding local 
mixing. 
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Quite recently, Young (]987) has taken the concept of dynamic mixing from Chu's analysi s 
and separate dynamic mixing investigations by Pilch (1987) and developed a two-dimensional model 
for fuel-coolant mixing analysis, IFCI. Th is  represents an advance in modelling the mixing 
pr ior to a vapor explosion because l)  i t  is multi -dimensional, 2) i t  allows for three separate 
f luids to be considered with di f ferent temperatures and velocit ies (fuel, coolant l iquid, and 
coolant vapor) and 3) i t  employs a mode] For dynamic fuel Fragmentation instead of a user- 
specified pre-fragmented size as in PHOEN[CS and K-FIX analysis. The results published to date 
are quite preliminary, but the capabil i t ies of the tool seem to be quite promising. In our 
opinion i f  one is to investigate the fundamentals of fuel-coolant mixing an approach similar to 
that employed by IFCI is needed. One point that should be considered are the advantages and 
disadvantages of using an Eu]erian approach rather than a Lagrangian approach to tracking the 
fuel transport. TEXAS employs a Lagrangian technique in difference to IFCI, and the superiority 
of ei ther method has not been demonstrated. 

2.3 Other Considerations 

In al l  the previous mixing models a common assumption has been that the radiative energy 
transfer from the Fuel through the coolant vapor f i lm is deposited at the coolant liquid-vapor 
interface, and thus direct ly contributes to vapor generation. This approximation was examined 
by Kim (1985) by performing detailed EMR transport calculations through the vapor f i lm. The 
radiat ive energy is actually deposited volumetrically within the coolant l iquid in an 
exponential fashion and the cumulative energy deposited at a given depth is a function of the 
fuel surface temperature. One can only accurately consider the energy deposited in the coolant 
l iquid boundary layer to be d i rect ly  contributing the vapor formation. Therefore, for l ight  
water reactor safety applications one must be careful to correctly par t i t ion the portion of 
radiative energy to the interface and that to the bulk l iqu id ,  because i t  wi l l  affect fuel-  
coolant mixing calculations indirect ly by the vapor generation rate. 

Fuel-coolant mixing can also be induced by external dispersive forces. For example in the 
Sandia experiments by Mitchell et al. (1985) i t  was sometimes observed that when a fuel mass 
f i r s t  entered the coolant pool a surface explosion occurred. This event par t ia l l y  ruptured the 
coolant chamber, but i t  also helped in fragmenting the fuel remaining in the coolant l iquid and 
in mixing the fuel and coolant together. This repeatedly occurred in a number of experiments 
and suggests that multip]e explosions must be considered as a mechanism for mixing. Let us 
consider the two fundamental concepts of physical mixing l imi ts ,  transient je t  breakup and 
f lu id izat ion l imi ts,  in l ight  of multiple explosions. The former l imi t  would govern the normal 
circumstances of fuel entering a coolant pool. The la t te r ,  however, is more general in i ts 
application and could be used in estimating the l imi t  to mixing given multiple explosions. The 
use of this l im i t  was f i r s t  suggested by members of the Steam Explosion Review Group (Ginsberg 
et a l . ,  1985). One should note that in this context one would again seek the minimum mixing 
diameter given a fuel and coolant mass and geometry (or conversely the maximum fuel mass given 
i ts  diameter and coolant geometry Eq. (2.4) or Fig. 3). One would find that i f  explosion- 
induced mixing were too ef f ic ient  the coolant and fuel f lu id izat ion would be accompanied by the 
reduction of the iner t ia l  constraint. 

When explosion tr iggering is considered in the following section, one observes that the 
vapor explosion is quite frequently triggered when the fuel comes into contact with solid 
structure; e.g.,  chamber base or internal structures. In the absence of a tr igger upon contact 
the structure may also be considered (Berman, 1984) as a possible external source for enhanced 
fuel-coolant mixing (Fig. 14). Internal structure could break up the je t  by splashing or flow 
through the holes causing f iner je t  breakup. Qual i tat ively this seems quite possible, but one 
must again consider the concept of a f lu id izat ion l im i t .  In this case one would again expect 
the coolant l iquid to be more rapidly swept out of regions between the jets where the fuel je t  
would be fragmenting to smaller sizes. 

The subject of fuel-coolant mixing and the two proposed concepts of l imitat ions to mixing 
have been discussed primari ly for the contact mode of fuel pouring into a coolant pool. Many of 
the analyses can be extended to the case of coolant injection into a fuel pool, however, the 
situation of s t ra t i f ied  layers of fuel and coolant has not been widely considered. This 
geometry can occur in a number of industrial safety applications (e.g., paper pulping or LNG 
sp i l ls )  as well as reactor safety situations. Fuel-coolant mixing in such a configuration would 
probably be caused by the i n i t i a l  entry of the liquids and the subsequent f i lm boil ing that 
separates them. In part icular one would expect that the excess vapor generated at the interface 
would leave as bubbles from the vapor f i lm, and this would cause local circulat ion patterns to 
develop, mixing the fuel into the coolant l iquid (likewise the coolant in the fuel l iqu id) .  
Fauske (1985) has suggested that f lu id izat ion considerations may again l im i t  mixing, but no 
detailed theoretical analysis has been advanced nor experimental data been analyzed for this 
case. 



3. TR£GGER£NG AND LOCAL FUEL FRAGMENTATION BEHAVIOR 
3.1 Fragmentation Mechanisms 

Since fragmentat ion seems to be the key to the enhanced heat t r ans fe r  rate in a vapor 
explos ion,  inves t iga t ions  in to  the fragmentat ion phenomena as well  as the mechanisms tha t  
t r i g g e r  fragmentat ion have been conducted in several i ndus t r ies .  Indeed there are many 
fragmentat ion concepts, which are often mechan is t ica l l y  qu i te  d i f f e r e n t .  Likewise, cer ta in  
fragmentat ion concepts may be consistent  with one proposed path for  exp los ive i n te rac t i on  but 
not with others. 

Generally, fragmentation models have been classified depending upon the source of the 
driving force for fragmentation or the mode of contact between the hot l iquid and the cold 
l iquid. In this discussion fragmentation mechanisms were categorized into two broad classes: 
namely, those due to pure hydrodynamics or thermal effects. Thermal effects were further 
divided into boiling effects, internal pressurization effects, and sol id i f icat ion effects. 
However, these categories are not always clearly separable. A summary of the proposed 
fragmentation mechanisms is given in Table 2. 

3.1.1 H~drodynamic Effects Hydrodynamic fragmentation occurs when a molten droplet is 
subjected to external surface forces suff icient to overcome the cohesive forces of drop surface 
tension. Droplet fragmentation occurs in two integral ways: 

I .  Acceleration of a drop in a flow: The drop enters another l iquid medium and experiences 
rapid acceleration or deceleration unti l  i t  reaches the f lu id velocity. The relative 
velocity induced surface force causes the deformation and breakup of the drop. 

2. Fragmentation upon impact: For a free contact mode of fuel into coolant, the drop of hot 
l iquid fal ls freely into the cold l iquid pool. Breakup is due to the impact of drop upon 
the l iquid surface where the inert ia l  force is high enough to overcome the cohesive forces 
of drop surface tension. The potential to cause the breakup of drop in both ways can be 
expressed in terms of the ratio of iner t ia l  to surface tension forces. This was recognized 
in early work on l iquid droplet oscil lations and breakup (Bohr, 1923, Weber, 1931). The 
Weber number is an expression of this rat io 

PcU~elDd 
We = ~ ( 1 8 )  

~dc 

where: p: the density of the cold l iquid 
Ur~l: the relative velocity between the liquids 

~d the diameter of the drop 
~dc: interfacial surface tension. 



Vapor cxplosioi~ in L\VRs 19 

T a b l e  2. Summary o f  p roposed  f r a g m e n t a t i o n  mechanisms 

a:H,dr:~,nae:: E:fects 

~:~l::ng Zf~scta 

i::-ter:al ~'esscri:atio~ Effect: 
S:~£idLflcatlon Effects 

A~th~r ~ats]~r. F':~O-:.'-d Frsgmanbat~u- "s.:han:sms ":e:lar: S 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

~.:derso::,:rmstr]n~ 11°73! 

B 
Ben: =. "~ ~1. :197': B 

:racer eta: .  ([~67: i 
Bri!ie~,~:tte ,:19?2; 

~U . . . . . . .  e~=.,: :I:77) I 

• ]aidarMa,~astenberg I~7~) B 
Zol~ate et el, ~i~7:> H 
]orr~dint,%;dreas :!:/?: S 
7;;:ie:d,Wettlet ::70! B 

Crcreaoer~ et at, :~7~ S 
~r::~he::÷r '1o-?) B 
SpateS= ' .~7:~ I 
Fauste ,l?r2) g 
:a,_s~e !l~T: B 

F:;r'/ et al (:5~: 

~enrx,Cho 1~72) B 
~si~o st a:. (1972! S 

S 

,%::mi :197T) 

• napp,Todreas :1~75~ S 
: ..... <I;57~ r 
~akan:shi,Reid (1771) B 
]chia:,Bantoff ~1~76! B 
=ao:~,Mesler (!~B~ [ 
Sc~ins (1973] i 
Se~e-,' e ta[ ,  ~197~, H 
5haron,~an~of~ (i;?~a) H 
Shiron,Bankoff (!~7~b ~ H 
5wi~t,Ba~e, (lOSS) B 

P ' '  {!g~6) SW r,~, =Ilia. B 

Witte et ]1. (1~77} B 
B 

Zyszko~ski (1975! 5 

L~:a: :o:iaz:e o ~ ~ap:" Islet sots as a trz:.}er 
O.ra,::- ::pazt hea:in~ Ic~e! 
~p::'.anecua :;,:lee;ion an: generation of 
Spear:ca'. ::ISreSS~ ;n 
Transm:tt:nce .,~ ~u.~b:e ena!']~ t= ~ue! 

R,esscre osz:::at~o: in.%cs. ~ ."uel frau'eentat:_'~ 
:rag. ~ue to KH :r RT ~rstab~t:tLss at the 
.n..ra.tloi" : =,.. iar,~e prsss.~re wa,'e) 
E~capsu!at~on :f  :o1,~ liquzd :n ""~ 
[n.,~a,:;n ,~f fraG~entatZon ~s t:aZ to 
.n=.a,,sn.o~= coc, iin,~ rate =f ~ue: 

Breakup of f~el u;on penetr:t:=n :-' :oo[ar, t let 
Ra.~:d ].row'.n o: ,~as ~ub.~!e :n fus: 

:epact =-'f .~=,.~.,''"=~' ,...'=' on ~el sure,ca 
~i::n~ ~i ~T or rH ~nsta~,i:Lt~es. 
=,apagatzzn o~ cracks at F:.k~: 

='essurlZat:or' due to ths thermal --" :anslon ~:f a 
heate~ so~:~,; :a.,er ~n contact w~th ths fuel 
P ~=~ ~=.,on and thermal stress ~nd~.e.~ ~rea;.:..~ 
:apart of coo:ant t :  ~'~e! upon bu~ble collapse 

::pi~ vapcr~:a~.ic= at s}:ontaneous p'~c.eat'~q ts~p. 
E't:atnme~t, ,ett:ng, a~d superheat:m~ ~: 

Lore: co::a~se of gas layer acts ms a trz:ger 
Ca~ot ez~ia~ spontaneous exp,:alp" 
Par the ex:er:ment o{ ~a dr~p ~n~ected 
:~to U02 
No explanatzon for the break-up macnanzsm 

C,c!:c benaYior ,of ~nteract~ons. 

Alum~nua bubb!e format:~n on the ÷uei surface 
E~:p|,~si.zn becomes ,:Men~.. with "'!!m.,tI.=' 

Exponential F'C contact area ~norease 
A :argo ~usntit~ of Qas sh~,~£d be =:seolved. 

Constant ~ropert~ss 
Max. energ i associated ~ith acoustic ~ulse 
~ not !a~ge ~nough t :  cause fragmentation. 
C:~press~ole melt. 
Vapor f i ts :s easentis: For fuel ~reakup 
Cyc£:c rue! fra~en~atzon or one-step rupture 

For,matzon of thin-ahe!!e~ bubb!~s of Am 
Entrapp~ent. rao~d vaporization, sod ;rsss~r:zmtzon.Crust ~ormation at t~e :Rterface proY~de 

so=e constraint. - eor~ rio!ant explosion. 
Fla~hin~ of :zquid at spontaneous temperature Extensive fragmentat:on at TChnlqT(Me!t)<T(fb 
Pressure and zhe'ma! stress upon ao!idificat:on Constant properties i~ mode!li~ 
Dyne:tic ~ra~entaticn at :~wer ~elp. of me!t 
~cre e~ensi,e fragmentation at hi)her temp. =f ~elt 
Cavitatlo~ induced ~ra~enta~ion 
coolant jet ~o~at:on up~n vapor f~Im collapse 
and penetration into fuel 
Pressure an~ t~er:a: stress due t~ temp. ~radient 
Entrappment o( li~. Oetween melt and soIid wall 
So~erheati:~ oF c,yo~en ane ~lasnin~ 
Splash moOel 
Entrainment cf cold liquid by KN inatabi!it?. 
Rap:d vaporization o ~ entre:ned coolant 
g?droe~ects-!~pact 
Fragmentati=n o~ fuel by RT instabiIzty. 
Fragmentat:on of Fuel bv boundary iaye, etrippi=g. 
Violent boiling ipduced ~ue! breakup 
Fray. d~e to turbu!ence caused by violent boiI:nQ 
lepact o~ cooiant on :he melt drop or therma! 
phenomenon upon l iq.- l iq,  contact ~ragmen~s Fuel 
~han~e of intercrysta: s:ruzture upon quenching 

leprit:es in the melt help bubble inception. 
E~pansio~ of molten fuel she[~ leading to 
fuel breakup 
Limited to semi-brittle or brit t le materials. 

Self-mixin~ theor? 
Uoon entrl/ the ~:etal surfa{e becomes ripp!ed. 

5hock-tube anailsls 

Frag. only i f  T(Ieiden~rost)>T{melt) 

Violent bo:iing h'!potheMs is not valid 
because o~ time scale 
Expulsion o; melt 3et ¢~ring coo!ing 

I f  t he  Weber number exceeds a c r i t i c a l  v a l u e ,  t he  i n e r t i a l  f o r c e  overcomes the  s u r f a c e  
t e n s i o n  and the  drop f ragments  i n t o  a s m a l l e r  more s t a b l e  s i ze  as demonst ra ted  by Hinze (1948a, 
1948b) .  In the  e a r l y  exper imen ts  by S w i f t  and Baker (1965 ) ,  s t a i n l e s s  s t e e l  was dropped f rom 
d i f f e r e n t  h e i g h t s  i n t o  w a t e r .  However, t he  v i o l e n c e  and t he  e x t e n t  o f  f r a g m e n t a t i o n  d id  no t  
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appear to be affected by the difference in these drop fa l l ing  distances. Therefore, the impact 
velocity was not assumed to be a c r i t i ca l  parameter. Ivins (1967) performed experiments on 
impact fragmentation, where low-melting point metals ( t in ,  lead, bismuth, mercury) were dropped 
into water at room temperature. The results, as shown in Fig. 17, indicate that a c r i t i ca l  

1000 
| L ~ ' ' I ~ L i i 

8C0 i -  • Mercury (25°C) 
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Fi g. 17. Plot of Weber number versus number of fragments for molten metals dropped 
into room-temperature water (Cronenberg 1978) 

Weber number for fragmentation l ies between 10-20 which corresponds to that suggested by Hinze 
(1948b). However, in experiments with gallium (Ivins, 1967), two fragmentation mechanisms were 
suggested, a dynamic breakup at the lower fuel temperature which is proportional to the Weber 
number and fragmentation in the violent boil ing regime where a str ik ing change in the extent of 
fragmentation is evident independent of Weber number (Fig. 18). Armstrong (1970b) conducted 
similar experiments for t in/water interactions while varying the temperature of molten t in  and 
water. Generally the extent of fragmentation increased with increasing entrance velocity or 
Weber number. Figure 19. shows that for a given entrance velocity the extent of fragmentation 
dif fers with i n i t i a l  t in  temperature. For a certain range of t in  temperature fragmentation was 
s igni f icant ly enhanced. The temperature range of enhanced fragmentation appears to correspond 
to the maximum-heat-flux region of nucleate boi l ing. The temperature range was l i t t l e  affected 
by the entrance veloci ty.  Bradley and Witte (1972) performed injection experiments, where hot 
molten metal jets were injected into subcooled d i s t i l l ed  water. They observed some breakup of 
mercury jets at room temperature but more extensive breakup of the heated metal j e t .  Even 
though the disruptive forces of impact and viscous drag may contribute to breakup, i t  appeared 
that thermal effects play a more important role in the fragmentation of these molten materials. 

Frohlich et al. (1976) reported that the low entrance velocity and spherical shape of a 
submerged melt intensif ied the thermal interactions. In thei r  baseline experiments, Nelson and 
Duda (1981) showed that the drops at lower drop fa l l  height underwent spontaneous explosions, 
while those at larger fa l l  height than a certain value required external tr iggering to cause 
explosions. This was interpreted by Corradini (1981) and Kim and Corradini (1984) in terms of 
the amount of the noncondensable gas (air) carried in with the drop into the cold l iqu id,  which 
increased with drop fa l l  height and inhibited the molten drop from l iqu id- l iqu id  contact with 
the cold l iquid and tr iggering the event. 
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Fig. 19. Effect of entrance velocity on fragmentation of molten t in  quenched in 22°C 
water (Armstrong 1970b) 

For the case of extensive breakup of UO 2 in sodium, Cronenberg and Grolmes (1974) 
investigated the experimental conditions of the work of Armstrong et al.  (1971), where the 
dropping experiments were conducted at a Weber number of about lO0. To quant i tat ively estimate 
the fragmentation size, the kinetic energy of the droplet at impact is compared with the work 
required to create new surface area. The results showed that the signif icant portion of the 
kinetic energy should be converted to mechanical breakup energy to result in the debris size 
observed in the experiments. 

There are several kinds of hydrodynamic-related fragmentation mechanisms which are believed 
to cause the breakup of drops. Rayleigh-Taylor i ns tab i l i t i es ,  Kelvin-Helmholtz i ns tab i l i t i es ,  
and boundary layer stripping are fundamental ways to fragment the fuel and may be involved in 
al l  of the breakup observed in experiments. 

I f  two dif ferent f luids having a common plan boundary are accelerated in the direction from 
the l ighter  l iquid to the heavier l iquid perpendicular to the boundary, the i r regu lar i t ies  of 
the interface wi l l  tend to grow. This ef for t  is known as a Rayleigh-Taylor i ns tab i l i t y  (Taylor, 
1950). Rayleigh-Taylor ins tab i l i t i es  are thought to be involved in the forced l iqu id / l iqu id  
contact experiments, such as shock tube experiments, reported by Wright and Humberstone (1966), 
Hi l lary et a l .  (1972), Darby et a l .  (1972),and Segev et a l .  (1979). Board and Hall (197¢a) came 



22 M.L. C<)rJ~ \(>l',,E ¢:(~L 

to the idea, based on t h e i r  experiments, that  explosion oropagation can occur through pressure- 
dr iven vapor blanket col lapse;  i . e .  a local i n te rac t i on  increases the pressure in the 
surrounding l i q u i d  s u f f i c i e n t l y  to col lapse the vapor blanket in a large area of the adjacent 
ma te r ia l ,  and hence t r i g g e r  the explosion.  One of the Fragmentation mechanisms, presented by 
Board and Hall (1974b), was Rayle igh-Taylor  or Kelv in-Helmhol tz i n s t a b i l i t i e s  which could occur 
in the explosion pressure f i e l d s .  Cooper and Dienes (1978) inves t iga ted the growth of Rayleigh- 
Taylor  i n s t a b i l i t i e s  fo l low ing  the dece lera t ion of fuel  by a less dense coolant using the method 
of general ized coordinates,  which al lows one to study the nonl inear  l a te  time aspects of the 
problem as wel l  as the p o s s i b i l i t y  of fuel f reez ing at the surface. They considered the l i qu i d  
coolant in contact with three possible states of fuel - -  pure l i q u i d ,  pure so l i d ,  and l i q u i d  
fuel  f reez ing at the in te r face  - -  and t r e a t  three acce lerat ion mechanisms - -  drag dece lera t ion ,  
pressure pulse and thermal gradient  impulses due to the expansion of the coolant layer  heated up 
(Co f f i e ld  and Watte let ,  1970). Sharon and Bankoff (1978b) showed that  the Taylor i n s t a b i l i t y  
alone is too slow to  support a thermal detonat ion wave i f  the dimensionless breakup time is 
ca lcu la ted based on the experimental co r re l a t i on  given by Simpkins and Bales (1972) and Reinecke 
and Waldman (1970). The dimensionless breakup time is given as 

* Utb Pc I /2  
T b : --~-(~) (19) 

= 2 F Bo - I / 4  (20) 

where Bo is Bond number given by 

Pdar~ 
Bo : - -  (2Z) 

and rd: the radius of the drop 
Pd: the densi ty  of the drop 
tb:  breakup t ime 
a : acce lera t ion 
F = 22 (Simpkins and Bales) 

68 (Reinecke and Waldman) 
1.5 (Patel and Theofanous) based on a d i f f e r e n t  breakup d e f i n i t i o n .  

I f  the co r re la t i ons  of Patel and Theofanous (1978) were used, a detonat ion wave might be 
supported under a spec i f i c  set of assumptions such as dimensionless breakup depending only on 
the r e l a t i v e  v e l o c i t y  at the shock f r o n t .  Theofanous et a l .  (1979) considered Taylor 
i n s t a b i l i t i e s  as a re levant  mechanism of hydrodynamic fragmentat ion in propagating thermal 
explosions with molten metals based on t h e i r  experimental and ana l y t i ca l  work. Pilch (1980) 
der ived a mechanistic model fo r  drop le t  breakup fo r  We < 50 and the general concept of 
mul t is tage breakup at h igher Weber numbers. Chu (1984, 1985, 1986) used th is  general concept 
and developed a mechanistic d rop le t  breakup model based on Taylor i n s t a b i l i t i e s  and boundary 
layer  s t r i pp ing .  

The in te r face  between two d i f f e r e n t  l i qu ids  becomes unstable when there ex is ts  a pa ra l l e l  
r e l a t i v e  ve l oc i t y  between the l i q u i d s .  This phenomenon, a Kelv in-Helmholtz i n s t a b i l i t y ,  can be 
observed on a lake when the wind blows over i t .  Paoli and Mesler (1968) ind icated,  in t h e i r  
experiments of lead/water  i n te rac t i ons ,  the formation of r ipp les on the metal surface was due to  
the Kelv in-Helmhol tz i n s t a b i l i t i e s  induced by the r e l a t i v e  v e l o c i t i e s .  F lory et a l .  (1969) 
observed s im i l a r  i n s t a b i l i t y  growth in t i n /wa te r  and mercury/water i n t e rac t i ons .  In i n j ec t i on  
experiments, Bradley and Witte (1972) observed hydrodynamic i n s t a b i l i t i e s  in the form of a wavy 
j e t .  However, i t  is pointed out that  no extensive breakup of the j e t  was caused by these 
hydrodynamic e f fec t s .  Colgate and Sigurgeirsson (1973) have in te rp re ted  lava /water  in te rac t ions  
as i nvo l v ing  both Kelvin-Helmholtz and Rayle igh-Taylor  i n s t a b i l i t i e s .  I t  is considered that  the 
Kelv in-Helmhol tz i n s t a b i l i t y  has a s i gn i f i can t  e f fec t  during volcanic  c ra te r  formation as well 
as during entrainment.  

In boundary layer  s t r i pp ing ,  the tangent ia l  components of f low at the drop surface exer t  a 
shearing force,  which sets the layer  at the edge of the drop, i . e .  the boundary layer  in to  
motion. When a spec i f i c  r e l a t i v e  v e l o c i t y  is exerted, the boundary layer  detaches i t s e l f  and 
breaks up in to  a f i ne  mist of d rop le ts .  The mechanism fo r  th i s  process is s t i l l  not c l e a r l y  
understood. Benz and Schriewer (1978) explained the mechanism could be the cen t r i fuga l  forces 
exerted on the boundary layer  due to i t s  motion or unstable growth of c a p i l l a r y  waves t r iggered  
at the stagnat ion po in t .  Sharon and Bankoff (1978a) used boundary layer  s t r i pp ing  mechanism in 
t h e i r  modeling of propagation of shock waves through a fue l / coo lan t  mix ture.  Schriewer et a l .  



(1979) inves t iga ted the fragmentat ion of s ingle drops struck by a s ta t ionary  shock wave. They 
studied the ef fects  of deformation as well as fragmentat ion due to pure boundary layer  s t r i pp ing  
and surface i n s t a b i l i t i e s .  Lt was suggested that  pure boundary layer  s t r i pp ing  wi thout  
add i t iona l  e f fec ts ,  such as surface waves, is not e f f ec t i ve  enough to be an important 
f ragmentat ion mechanism. Both Taylor  i n s t a b i l i t i e s  and unstable c a p i l l a r y  waves may cause 
fragmentat ion of drops in a very short  period of time (T* < 5), thus speeding up the s t r i pp ing  
process. Baines et a l .  (1980) appl ied th is  hydrodynamic fragmentat ion mechanism to t h e i r  large-  
scale fuel  coolant i n te rac t i on  modeling and found hydrodynamic fragmentat ion is e f f i c i e n t  over a 
wide range of condi t ions.  They expected large ve loc i t y  d i f ferences between fuel and coolant 
behind the steep pressure r ise  of the shock f ron t  in t h e i r  tes ts .  In the experimental 
i nves t iga t ions  they found the dimensionless breakup t ime, T~ was in the range of 3 to 5. Their 
data suggested that  the boundary layer  s t r ipp ing  was dominant at We = I00 to  2000. 

Besides those hydrodynamic fragmentat ion models, various hydrodynamic-type f ragmentat ion- 
in te rmix ing  models have been developed. Robert (1972) considered the exponent ial  increase of 
l i q u i d - l i q u i d  in te r face  with t ime when one l i q u i d  is entra ined in the other as a resu l t  of 
sp i ra l  vo r t i ces .  Under the est imat ion of the tu rbu len t  v e l o c i t y  which is considered to be 
propor t iona l  to the square root of the energy content of the vor tex,  the increase in surface 
area becomes 

A 
o (22) A 

(I - BT/Ao)2 

where A o is the in i t i a l  surface area, and B is a constant dependent on a number of scaling 
factors concerning the kinematics of turbulence and associated energy dissipation process. 
However, i t  is not certain how the constant B is to be evaluated. The assumption of vortex-type 
geometry for the intermixing of two dissimilar liquids may not be valid for the case where rapid 
heat transfer and phase change occur, with vaporization of the cold f luid and sol id i f icat ion of 
the hot material. In addition the source of energy for the in i t ia t ion of vortices was not 
clear. Bruckner and Unger (1973) developed a somewhat similar turbulent mixing model. They 
coupled the kinetic energy of the turbulent f ie ld with the heat flux between the hot and cold 
l iquid. It was assumed that a certain portion of heat was converted into mechanical energy. 
However, the same problems s t i l l  remained to be solved. 

The hydrodynamic effects, usually identif ied as Weber number effects, definitely tend to 
cause fragmentation of molten materials. However, since the breakup of the hot molten material 
often occurs in small velocity dif ferentials for dropping experiments, the fragmentation process 
is not l ike ly  to be controlled by hydrodynamic effects alone, although such effects may enhance 
breakup. As the scale of interaction increases the potential exists for the relative velocity 
to become large (see Board and Hall's (1972) detonation model), and these hydrodynamic 
ins tab i l i t ies  could become dominant. However, at large scales one of the key issues becomes 
escalation to this state where hydrodynamic effects dominate. The question to be considered 
here is whether the rate of fragmentation is sufficient to account for the short energy release 
times required for an explosion escalation as well as propagation. The consequence of the 
hydrodynamic-induced fragmentation should be studied further in relation to the properties of 
materials involved and the contact mode of the systems in the interactions. 

3.1.2 Thermal Effects Thermally ini t iated fragmentation mechanisms were categorized as 
being due to either boiling effects, internal pressurization effects, or sol idi f icat ion effects 
depending upon the source of energy for fragmentation. However, the processes of fuel-coolant 
interactions cannot be easily categorized into any single subclass, but may span more than one 
category. 

3.1.2.1 Boiling Effects When a molten material is introduced into the cold l iquid, i t  
undergoes a quenching process. The quenching process can be explained in terms of the 
conventional boiling curve as shown in Fig. 20. 

As soon as molten material submerges into the cold l iquid a continuous vapor film blankets 
the surface of hot material i f  the temperature difference is high enough. The major resistance 
to heat  transfer in fi lm boiling is confined to this vapor film. Film boiling is 
hydrodynamically "quiet", i .e .  there is l i t t l e  turbulence attributed to the boiling process. 
Vapor is removed from the layer in the form of bubbles released regularly both in time and 
space. As the temperature of the molten material drops from l to 2, the heat transfer rate 
decreases. 



2 a" M . I . .  C(~RR\DIMCf~d. 

METAL TE~PERAIURE 

Fig. 20. Heat transfer behavior for quenching high-temperature molten metal. (Witte 1973) 

At point 2 the vapor f i lm becomes unstable and collapses toward the surface of the 
material. However, the material is s t i l l  above the boi l ing point of the l iquid and the f i lm is 
reestablished. In this transit ion region, l iquid periodical ly contacts the heating surface. 
The transi t ion can be very violent,  hydrodynamically, and continuous unt i l  the nucleate boil ing 
regime is attained at point 3. 

In the nucleate boil ing regime from point 3 to 4, bubbles form at specific sites on the 
surface. This  regime is somewhat turbulent due to the growth and collapse of bubbles adjacent 
to the surface. However, the level of violence is generally lower than that of the transit ion 
regime. The surface temperature decreases very slowly for a re la t ive ly  large change in surface 
heat f lux. Below point 4, the temperature of the material has decreased to the saturation 
temperature of the cold l iqu id.  The heat transfer mechanism no longer involves phase change but 
is simply ordinary natural or forced convection. 

In the i r  experiments, Swift and Baker (1965) suggested that the driving force for breakup 
might be the violent growth and collapse of vapor bubbles which are the characteristics of 
subcooled boil ing in the transit ion and nucleate boil ing regimes. This mechanism suggests that 
fragmentation cannot occur unless the melting temperature of the hot l iquid l ies below the 
Leidenfrost point of the boil ing curve for the system. Moreover, fragmentation cannot occur 
when the hot l iquid temperature exceeds the c r i t i ca l  temperature of the cold l iqu id.  The 
difference in the interaction behavior between water and sodium -- fragmentation of the molten 
metal in sodium but not in water -- was attr ibuted to the difference in the temperature region 
of violent boil ing between them. This mechanism was shown not to be universal for the 
platinum/mercury system by Swift and Pavlik (1966), where a sample of platinum at 1900°C 
suffered from fragmentation when dropped into mercury (c r i t i ca l  point 1450°C). Even though they 
did not consider that there is an important problem about wetting and contact temperature with 
mercury, the mechanism approximately holds for a number of other materials in contact with 
l iquid sodium, water, or l iquid nitrogen. 

Witte et al. (1973) indicated that the violent boi l ing hypothesis was not valid because of 
the time scales involved. In the i r  experiments they found that the entire interaction occurred 
in a s l ight ly  longer time period than the osci l la t ion time for vapor collapse and reformation 
around small spheres found by Stevens (Ig71). Therefore, i f  t ransi t ion has any effects upon 
Fragmentation i n i t i a t i on ,  i t  must occur in the i n i t i a l  collapse of the vapor f i lm. The violence 
caused by collapse and reformation of vapor was not thought to be signif icant since there is 
insuff ic ient  time for i ts development. In turn they suggested the impact pressure upon vapor 
collapse, reduction in interfacial  surface tension upon l iqu id- l iqu id  contact, and thermally 
controlled phenomena such as the superheating of the cold l iquid as fragmentation mechanisms 
either indiv idual ly  or co l lec t ive ly .  

Cho and Gunther (1973) performed a series of experiments with varying water and molten 
metal temperatures. Figure 21. shows the effects of water subcooling on the extent of fragmen- 
tat ion for molten bismuth, s i lver  chloride, and t in ,  where the extent of fragmentation decreases 
with the water temperature. In an attempt to understand the subcooling effects, Cho et al .  
(1974) considered the Swift and Baker (1965) hypothesis where the violence of bubble growth and 
collapse was supposed to increase with water subcooling to comply with the experimental 
results. An indication of violence might be the l iquid kinet ic energy associated with the 
bubble growth and collapse. Bankoff and Mikesell (1959) analyzed Gunther's data (1951) of 
bubble growth and collapse, considering only the effects of l iquid inert ia and came up with two 
parameters, the mean effect ive pressure difference between the surroundings and the bubble 
in ter io r  (AP), and the mechanical work of bubble formation or the potential energy of the bubble 
given as 
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where R is the maximum bubble radius and AP may be considered as the driving force For bubble 
collapse. This work represents the potential energy of the l iquid at the instant of maximum 
bubble size which can be equated to the kinetic energy of the l iquid when the bubble size is 
very small. Figures 22 and 23 show the effects of the water subcooling. At high 
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subcooling 16PI passes through a maximum and then decreases as subcooling increases. In 
Fig. 21 the bubble energy decreases strongly as the subcooling increases. These results seem to 
contradict the observed trends of fragmentation data. However, Cho et al. pointed out that 
Gunther's data pertain to boi l ing from a solid surface whereas the process of fragmentation 
presumably involves boil ing from a l iquid surface. The nature of bubble nucleation from a 
l iquid surface could be quite di f ferent from that for a solid surface. Another question that 
s t i l l  remained concerns what would happen to the molten t in  samples rest on the f i l t e r  paper in 
water. The i n i t i a l  temperature of t in  was high enough tu cause f i lm boil ing upon l iqu id- l iqu id  
contact. The molten material should have gone through the transit ion and nucleate boil ing 
regimes as the material cooled down and fragmented according to the violent boil ing 
hypothesis. However, the experimental data showed that they eventually sol id i f ied without 
further fragmentation. The absence of fragmentation could be interpreted as a result of the 
lowering of minimum f i lm boil ing point due to the local heating of water surrounding the hot 
material. Even in this case the violent boil ing c r i te r ia  does not provide a complete 
explanation for the apparent nonfragmentation of t in  samples that rest on the f i l t e r  paper. 

Several variations of the bubble growth and collapse models have been developed to describe 
the fragmentation process. Usually such modeling has been performed in conjunction with small- 
scale experiments of a free-contact mode. Anderson and Armstrong (1974) suggested the dynamic 
impact heating model based on the experiments (NaCI-H20 and UO2-Na ). The model considers the 
dynamics in the i n i t i a l  contact between liquids and assumes a sequence of events to occur: 

i .  I n i t i a l  mixing of l iquids -- one l iquid wi l l  become entrapped in the other l iquid with a gas 
and/or vapor layer separating the two. 

2. Collapse of gas/vapor layer due to an external force. 
3. High heat transfer and vaporization of cold l iquid upon l iqu id / l iqu id  contact. 
4. Subsequent behavior of the system is determined by the fraction of cold l iquid vaporization 

during a single contact. Large vaporization fractions can cause an explosion with one 
l i qu id / l i qu id  contact. Smaller vaporization fractions require multiple l iqu id / l iqu id  
contacts with each contact generating vapor and driving the remaining cold l iquid back into 
the surrounding hot l iquid.  

The crucial assumption in the sequence proposes that two l iquids, driven together, can transfer 
large quantities of heat in the short periods. 

Caldarola and Kastenberg (1974) presented a mathematical model for the fragmentation of UO 2 
during the molten UO2/sodium thermal interactions. Assuming spherical symmetry, bubble growt~ 
is described by the Rayleigh equation: 

RR 1.5 ~2 + = (Pb - P®)/Pc (24) 

where: R : bubble radius 
Pb: bubble pressure 
P®: ambient pressure. 

The i n i t i a l  conditions for the vapor growth were those of unstable f i lm boil ing shown in Fig. 
24. The bubble was assumed to grow up to the time the iner t ia l  Force from the surrounding 
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Fig. 24. Idealized model for f i lm boil ing on a hot surface. 
(Caldarola 1974) 

l iquid becomes zero and begin to collapse. Due to the asymmetric bubble collapse, ins tab i l i t i es  
in the form of microjets are produced at the vapor/l iquid interface. I t  is the impingement of 
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these microjets upon the fuel surface which produces fuel fragmentation. As a result of local 
impingement an elastic wave is assumed to be generated in the molten fuel. From acoustic 
approximation the transmitted energy due to jet impact is given by 

: 2~R2ettst Pst(Pst - P®) Cotst l 
Etr  J PfCo [ I  + R--~----j (25) 

j e t  

where: R. t : radius of j e t  Je Pst : s tagnat ion pressure upon impact 
~st : durat ion of the stagnat ion pressure 
C O : speed of sound in the fuel 
pf : densi ty  of fuel 

The r a t i o  of t ransmi t ted energy to  the ava i l ab le  po ten t ia l  energy of bubble then becomes 

Err = Pc . 
¢ : ~ 1.92 Pf (26) 

The energy d iss ipa t ion  in the fuel due to impingement is only a small f r ac t i on  of the bubble 
work and much less than that  required to account fo r  f i ne -sca le  f ragmentat ion.  Therefore, th i s  
mechanism cannot completely expla in  the fragmentat ion process and the acoust ic energy deposited 
in the fuel  usua l ly  gives a la rger  predicted fuel radius than those found in experiments. 

Buchanan (1973) proposed a cyc l i c  process of fuel  f ragmentat ion,  where the i n te rac t i on  is 
d iv ided in to  f i ve  stages: an i n i t i a l  per turbat ion  which t r i ggers  the i n te rac t i on  and causes a 
vapor bubble to form at the fue l / coo lan t  i n te r face :  bubble expansion and col lapse with j e t t i n g ;  
penet ra t ion of the fuel  by the l i q u i d  j e t ;  heat t rans fe r  from the fuel to the j e t ;  the formation 
of new bubble. The process then repeats i t s e l f  from the second stage (see Section 3.3 for  
d e t a i l s ) .  This mechanism was accepted to be one of those leading to a f i ne  fragmentat ion of 
fuel  by Board and Hall (1974b) in large scale explosions.  Board et a l .  (1974) argued that  th is  
mechanism can account fo r  both the t ime scale and energy t rans fe r  rate cha rac te r i s t i c  of thermal 
explosions,  inc luding those in a shock tube geometry. 

Vaughan et a l .  (1976) c r i t i c i z e d  Buchanan's model because i t  suffered from the lack of an 
i n i t i a l  per tu rbat ion  which al lows fo r  entry in to  the cyc l i c  process. They suggested that  the 
t r i g g e r i n g  had two we l l -de f ined  stages. F i r s t ,  d i rec t  contact between two l i qu i ds ,  wi thout  an 
i nsu la t i ng  layer  of vapor, occurs; secondly some phenomenon takes place which provides the entry 
in to  the cyc l i c  process of bubble growth and co l lapse.  This unknown phenomenon was claimed to  
be i n i t i a l l y  connected wi th the breakdown of f i lm  bo i l i ng .  

Benz et a l .  (1977) proposed a "steam bubble co l lapse"  model to describe the course of  
f ragmentat ion of l i q u i d  melt in water.  Two precondi t ions which were deduced from t h e i r  
p re l im inary  experiments were used fo r  the development of the SBC model: (a) the melt fragments 
in the l i q u i d  s ta te ;  (b) vapor - f i lm  col lapse proceeds f ragmentat ion.  Hence they assumed no 
p a r t i a l  vapor f i l m ,  but bubbles on the surface of the molten metal,  although the l i q u i d  surface 
wi th  great superheating is present.  Bas ica l ly  the approach taken is to ca lcu la te  the heat 
removal rate from the molten surface assuming a nucleate bo i l i ng  heat t rans fe r  mode. The growth 
in a bubble radius was described as a funct ion of time as given by Beer (1969), 

rb(t ) ~ [0.234 ( ~ ) ( ~ ) 0 . 5 5 , c  * prl/3]0"58c (rs - Tc)0"69 t0"69 (27) 

where: Ts: is the surface temperature of hot l iquid 
.Kc: is the conductivity of the cold liquid 
Ifg: is the latent heat for vaporization of coolant 

(~-): is the change of surface tension with bubble central angle 

Some of the bubbles grow to such an extent, reaching a certain size, that they separate from the 
melt surface; the rest of the bubbles collapse. The collapse of the bubble and the increase of 
surface area of hot liquid continues until the molten material solidif ies. The model assumed 
that the work required for surface formation comes from the energy released in the collapse of a 
steam bubble. Only a certain fraction of the bubble energy was allowed to be transferred to the 
molten metal. An iterative calculation was made for each bubble growth-collapse period, during 
which time an assessment was made of the heat transfer process associated with solidif ication of 
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the molten metal. This parametric model showed that the higher the t in  temperature, the sooner 
Fragmentation begins, and the greater was the surface area attained. The degree of 
fragmentation increased with increasing melt mass. However, the effects of water subcooling 
contradicted the experiments. The fraction of bubble energy transferred to the fuel for 
fragmentation, number of bubbles to be collapsed, and the heat transfer coeff icient from the 
fuel to the cold l iquid assumed in the modeling were quite arb i t rary.  

Another fragmentation model by the coolant impact was presented by Drumheller (1979). By 
using the variat ional method, he coupled the heat transfer process of f i lm boil ing with the 
motion of the vapor f i lm surrounding the molten metal drop. £n his model complete symmetrical 
f i lm collapse and the impact of coolant onto the fuel drop were in i t ia ted  by applying a 
disturbance to the system. By using a one-dimensional wave propagation code the pressure 
behavior in the in te r io r  of the drop was calculated. His model showed that even modest impact 
velocit ies of coolant can produce a large pressure in the in ter io r  of the drop. As the wave 
front reflects at the drop center, large pressure gradients are generated behind the wave front 
that eventually drive the material in the center of the drop toward the boundary of the drop. 
This outward motion of material causes a sharp decrease of pressure at the centerline of the 
drop. The pressure in the core of drop then fa l ls  to zero, resulting in extensive fragmentation 
of the drop within the region. The existence of the vapor f i lm apparently enhances the 
fragmentation process and the vapor f i lm must completely collapse to i n i t i a t e  fragmentation in 
his model. The impact pressure was found to be suppressed by the elevated pressure due to the 
increased stiffness of the vapor f i lm. This model explained only the c r i te r ia  for the fuel 
fragmentation due to the pressure gradient, not the microscopic process of surface area increase 
during fragmentation. Also the time over which the pressure within the fuel remains negative is 
quite short and may not be suff ic ient to allow for fragmentation. Final ly,  the behavior of the 
f i lm vapor pressure, which remains re la t ive ly  low during the entire process of f i lm collapse, 
seems doubtful theoret ica l ly ,  based on the subsequent analysis of others (Corradini, 1981; Kim, 
1984, 1985). 

Vaughan (1979) made an attempt to develop theoretical arguments to determine the size of 
the debris from energy considerations, where the kinet ic energy of the drop is used to account 
for the formation of new surface area, f r i c t iona l  dissipation as the debris is separated from 
the parent drop, and kinet ic energy of the debris. By estimating the breakup time from the 
Simpkin and Bales correlat ion, the lower l im i t  for the uniform size of the part ic le is given by 

[3__+ 8__ + (6CD)3/4 F] 

Pd Pc (PcPd)I/2 ~dcMd 

r d = 
0.5 MdV2 + SOdc 

( 28 )  

where M d is the i n i t i a l  mass of the drop and S is the i n i t i a l  surface area of the molten 
metal. ~e applied this general debris size theory to Buchanan's model as shown in Fig. 25. The 
energy given up in the rapid vaporization and expansion of the dispersed coolant drop entrapped 
in the fuel is transferred as kinet ic energy to the fuel slugs above i t .  In estimating the 
energy transferred, i t  was assumed that once the fuel slug has moved a distance equal to i ts own 
length, ~ the vapor vents and does no more work. From adiabatic expansion of the vapor, the 
debris s is given as 

(y - i ) [~  °d (6CD)3/4 

Pc (PrOd)I/2 F] f2(pcPd)i/2~dc 
rd  : ( 2 9 )  

i ~y-I 
PI [ I  - ( f2 ] 

1 + (pc/Pd)I/2' 

where: y is the rat io of gas specific heats 
fP is the i n i t i a l  pressure of vapor 

I since the je t  spreads as i t  moves into the fuel .  

The minimum size of the slug below which i t  so l id i f ies  before the breakup under the influence of 
iner t ia l  forces was also derived. These calculations were preliminary and numerous assumptions 
were involved. The model shows interesting aspects of fragmentation of fuel upon je t  
penetration and gives reasonable agreement with those experiments considering the approximations 
used. 
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Limit-of-superheat theory (spontaneous nucleation) was also considered as the driving force 
for the fuel fragmentation. For the l iqu id / l iqu id  contact, because of the lack of nucleation 
sites, the temperature of the cold ] iquid can be raised well above the normal boil ing te~era-  
ture. There exists a point where the superheated l iquid can no longer remain in a l iquid 
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Fig. 25. Schematic view of the jet  penetration model. (Vaughn, 1979) 

state. At this temperature, the spontaneous nucleation temperature, vaporization occurs very 
rapidly. The spontaneous nucleation rate J per unit volume of l iquid due to s ta t is t ica l  density 
fluctuations can be calculated from 

where: 

and 

J = wN exp[-W/KbT] (30) 

N is the number of molecules per unit volume of l iquid 
w is the col l is ion frequency 
K is the Boltzmann constant 
W B is the reversible work of formation of the c r i t i ca l  embryo given by 

3 16 xo 
W 2 

3(P v - Pc  ) 

Pv is the pressure in the vapor. 

(31) 



Fauske f e l t  that  vapor explosions would only occur when the i n t e r f a c i a l  l i q u i d - l i q u i d  contact 
temperature was at or above th is  spontaneous nucleat ion threshold .  In p a r t i c u l a r ,  Fauske (1973) 
presented a mechanism considered to be responsible fo r  the explos ive vapor growth observed in 
Armstrong's (1971, 1972) experiments where l i q u i d  sodium was in jec ted in to  a molten UO 2 pool .  
Bas ica l l y  the l i q u i d  sodium globule was entrapped and wets the l i qu i d  UO 2 surfaces. The 
postu lated lack of nucleat ion s i tes in l i q u i d - l i q u i d - l i k e  systems would resu l t  in the over-  
heat ing of the l i q u i d  sodium. When the superheat l i m i t  is reached vapor izat ion is rapid enough 
to produce shock waves. The shock wave then fragments the f ue l .  However, th is  mechanism could 
not expla in  the extensive fragmentat ion observed in Armstrong's experiments (]g7Oa, 1970b, and 
Ig70c) of a small amount of UO 2 dropped in to  a large sodium bath since the UO2-Na contact 
temperature was found to be wel l  below that  fo r  spontaneous nuc leat ion.  The assumption of lack 
of nuc leat ion s i tes  is in contrast  wi th the experimental observat ion of v i o l en t  b o i l i n g .  The 
existence of gas or impur i t ies  in the cold l i q u i d  might promote the bo i l i ng  p r i o r  to reaching 
the threshold fo r  spontaneous nuc leat ion .  In add i t i on ,  Anderson and Armstrong (1977) reported 
data in which the contact i n te r face  temperature fo r  a R-22/water system was below that  fo r  
homogeneous nucleat ion (53°C), yet  v i o l e n t  i n te rac t i ons  occurred. Henry and Fauske (1976, 1979) 
proposed a drop capture model, which was a mod i f i ca t ion  of the o r i g i na l  spontaneous nucleat ion 
model based on the s t a b i l i t y  c r i t e r i o n  of the cold l i q u i d  drop, as the mechanism leading to  
exp los ive bo i l i ng  in the f ree contact ing mode (see Section 3.3 fo r  d e t a i l s ) .  

Ochiai and Bankoff (1976) proposed a "splash" model which was a se l f -m ix ing  theory for  the 
i n i t i a t i o n  and ear ly  propagation stages of vapor explos ions.  Random local contacts were assumed 
to occur between the two l i qu i ds ,  which are separated by a vapor f i l m ,  due to c a p i l l a r y  
i n s t a b i l i t y  of the vapor f i lm .  The contact above the spontaneous nucleat ion temperature then 
leads to  the growth of a large number of bubbles which coalesce in to  a high pressure vapor layer  
at the l i q u i d - l i q u i d  contact area. This amounts to an impact pressure appl ied to the f ree 
surface and resu l ts  in a cer ta in  ve l oc i t y  d i s t r i b u t i o n  in the l i q u i d .  As the impulse provided 
by th i s  pressure is t ransmi t ted to the fuel an annular j e t  forms around the i n i t i a l  contact ing 
tongue of the so l id  l i q u i d  and crosses the vapor space. Subsequent impact of an annular j e t  on 
the opposite l i q u i d  promotes fu r the r  l i q u i d - l i q u i d  contact and the propagation step can lead to 
exponent ial  growth of the i n te rac t i on  zone provided that  the splash ve loc i t y  is above the 
threshold value and the contact is made over an area at least  equal to the o r ig ina l  contact 
area. The evidence of th is  mechanism is qu i te  sparse. The model lacks the e f fec t  of 
s o l i d i f i c a t i o n ,  and energet ic  t r i g g e r s ,  such as the acce lera t ion  of the two l i qu ids  toward each 
other  on the a r r i v a l  of a strong pressure pulse.  The model cannot expla in  the occurrence of 
explosions at the contact temperature wel l  below the spontaneous nucleat ion temperature. 

Cof f ie ld  and Wattelet (1971) suggested a f ragmentat ion mechanism, which is due to the 
acoust ic pressure pulse generat ion in the cold l i q u i d ,  as a consequence of the heating and 
thermal expansion of the coolant layer  at the fue l - coo lan t  i n te r face  fo r  U02/Na i n te rac t i ons .  
The conservat ive assumption made was tha t  when the average pressure of the en t i r e  pulse over the 
unheated sodium laye r ,  from the in te r face  to  the loca t ion  of the pressure leading edge, f a l l s  
below sa tura t ion  pressure corresponding to the in te r face  temperature coolant bo i l i ng  begins. 
Hence the maximum energy ava i l ab le  fo r  breakup was evaluated from the energy contained in the 
pulse. In add i t ion ,  a completely r i g i d  system wi th per fect  contact had to be assumed to induce 
a s i g n i f i c a n t  sodium pressur i za t ion .  Even with these assumptions Cronenber 9 (1972) found the 
maximum energy associated with the postulated thermal ly  induced acoust ic pulse was approximately 
three times smal ler  than the estimated surface energy of the UO2-Na in te r face .  Thus he 
concluded tha t  th i s  mechanism could not account fo r  the observed fuel  breakup. 

The mechanism of v i o l en t  vapor bubble growth and col lapse has the advantage of p o t e n t i a l l y  
being the one mechanism able to account fo r  both the fragmentat ion and pressure pulse for  molten 
f ue l / coo lan t  i n t e rac t i ons .  I t  can describe the spa t ia l  propagation of the in te rac t ions  very 
c l e a r l y  since the increase in pressure from a local  i n t e rac t i on  may cause the col lapse of 
adjacent vapor regions. The ro le  of spontaneous nuc lea t ion ,  in general ,  is not completely 
understood. Spontaneous nucleat ion seems to resu l t  in the rapid vapor format ion rather than the 
suppression of vapor bubble growth wi th enhanced heat f l uxes .  Vapor bubble-growth-and-col lapse 
alone does not seem to account fo r  the v i o l e n t ,  extensive f ragmentat ion.  I t  might provide more 
po ten t i a l  f o r  the explosion i f  v i o l e n t  b o i l i n g  of the cold l i q u i d  resul ts  in the cer ta in  f ine  
f ue l / coo lan t  mixtures and spontaneous nuc leat ion of the cold l i q u i d  then occurs wi th some 
const ra in ts  support ing the nucleat ion process. Nevertheless th i s  review indicates that  most of 
the models proposed were found lack ing in the microscopic process of f ine  fragmentat ion of the 
molten f u e l .  A de ta i led  physical p ic ture  of the f ragmentat ion process would be necessary to  
evaluate the v a l i d i t y  of any proposed hypothesis.  

3.1.2.1 Internal  Pressur izat ion Effects For hydrodynamic and bo i l i ng  e f fec t s ,  the d r i v i ng  
force fo r  the fuel f ragmentat ion is exerted on the surface of the molten fuel  and th is  can be 
called externally driven fragmentation. I t  is also possible that in ternal ly  generated pressures 
cause the breakup of the surrounding molten fuel. Internal pressurization can be induced by 
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coolant entrapment, coolant encapsulation, acoustic cavitat ion, and release of dissolved gas. 

Long (1957) introduced the entrapment fragmentation concept based on the experiments of 
dropping a large quantity of molten aluminum in water. The fragmentation was claimed to be 
induced by the evaporation of water entrapped between the hot molten metal and a solid 
surface. This mechanism could explain the breakup of the molten metal in a re la t ive ly  shallow 
pool of the cold l iqu id .  I t  was experimentally shown that when entrapment of water was made 
d i f f i cu l t  by greasing or painting the bottom of the water container, fragmentation of aluminum 
was prevented. Hess and Brondyke (1969) supported Long's hypothesis and described three types 
of explosions: moderate, violent and catastrophic explosions depending upon the extent of the 
violence. Witte et a l .  (Ig71) confirmed the entrapment theory; however, a somewhat dif ferent 
hypothesis concerning the i n i t i a t i on  mechanism resulted. The alternate hypothesis concerns the 
"bonding" characteristics between the metal and the surface of the container. I f ,  when the 
molten metal encounters the bottom of the container, a good bond between the metal and the 
surface forms, the vapor formed from the entrapped layer of the cold l iquid under the metal 
cannot be relieved and high pressures are generated and break up the molten metal. Evidence of 
this was seen when aluminum samples were dropped into a glass dish f i l l e d  with water. The 
sa~le penetrated to the bottom was observed to "dance" around on the bottom. Perhaps the 
addition of oil-base or other coatings prevents bonding rather than prevents wetting as 
suggested by Long. Similar entrapment was observed by Sallack (1955) when molten smelt was 
poured into water or green l iquor. 

Brauer et al. (1968) observed the growth and rupture of large bubbles formed from a molten 
metal during the quenching of the molten aluminum in water. Usually molten lead formed a 
"spongy" l ike quenched debris and did not show the evidence of boil ing, which was not in 
accordance with a violent boi l ing hypothesis. From these observations, they suggested the 
following mechanisms: The molten metal drop, upon contact with the quenched l iquid or shortly 
af ter ,  forms a solid shell due to rapid heat transfer from the metal surface. Somehow, some of 
the cold l iquid is trapped inside this shell. The trapped l iquid is rapidly vaporized and 
produces a large internal pressure in trying to escape. The in ter io r  molten metal, due to this 
internal pressure, breaks through the weakest part of the material shell and is dispersed. The 
method of quench-liquid entrainment was not clearly understood. A possible explanation was that 
the cold l iquid was forced through a porous solid metal due to the voids formed by an increase 
in the in te r io r  metal density. 

Paoli and Mesler (1968) tested the hypothesis of Brauer et al. (1968). A part icular ef for t  
was made to investigate the manner in which l iquid encapsulation occurred and to l ink the 
eruption of molten metal with the explosion. They observed the formation of ripples by the 
Kelvin-Helmholtz i ns tab i l i t y  on the molten metal surface. These ripples were suggested as one 
method of water encapsulation beneath the molten metal surface. Flory et al. (196g) observed 
similar trends of surface ins tab i l i t i es .  They found the presence of the cold l iquid sealed 
inside the solid metal in some nonfragmentation experiments, and the water bubble Formed in 
polyethylene. However, at high temperature, the explosions occur so soon after entry into the 
cold l iquid that i t  is d i f f i cu l t  to conceive that there would be suff icient time for the ripples 
of the hot molten metal to entrap the cold l iqu id.  

Caldarola and Kastenberg (1973) proposed a schematic diagram for the fragmentation process 
which contains f ive transients: 

I. I n i t i a l  l iqu id- l iqu id  direct contact. 
2. Superheated coolant boils and bubble growth occurs. 
3. Entrapment of coolant droplets into fuel. 
4. Explosive vaporization of these droplets produces fragmentation of the surrounding fuel. 

However, the detailed descriptions of each stage and mathematical modeling were not given. 

Schins (1973) proposed a sequence of events which might lead to such encapsulation and 
fragmentation, which, is called the consistent boil ing model for fragmentation in mild thermal 
interactions: 

I .  Liquid- l iquid contact which imparts a rapid temperature increase in the adjacent coolant 
layer. 

2. Bubble and f i lm generation. 
3. Asymmetric collapse of bubbles in the transi t ion boi l ing region. Though the collapsing 

pressure is l atm at the utmost, the collapsing force is considerable because i t  acts for 
far more time than the f i lm generation transient. So there wi l l  result a def ini te impact 
accompanied by entrainment. 

4. Entrainment of coolant into the fuel caused by the asymmetric collapse and i ts cavitating 
resultant force. 
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5. Fragmentation. Instead of fuel surrounded by coolant, one has now the reverse situation of 
coolant droplet surrounded by fuel. 

This sequence of transients is given in Fig. 26. Two important adoptions in this model are: 

cavitat ing h,?,ies 
heated layer from shock CrL~st 

i 

t: 

I . . . . . .  I I - L  - - -  - '  l i l t -  - -  

D i r e c t  contaCt Generation of Col lapse 
boi l ing 

entrained droplet 

- --- - I V  -= - - -  - -  - - W V - -  - -  - 

Entra inment  Fragmentat ion 

Fig.  26. Consistent bo i l i ng  model fo r  natural  f ragmentat ion 

I .  The temperature of the heat ing surface is not the fuel  temperature, but the contact 
temperature. 

2. The coolant temperature is fa r  lower than the sa tu ra t ion  temperature. The resu l t  of th is  
s i t ua t i on  is that  a l l  the bubbles and f i lms which grow in the thermal layer  of the cold 
l i q u i d  w i l l  col lapse a f te r  a short  t ime. 

Even though a mechanistic descr ip t ion is proposed, no q u a n t i t a t i v e  analys is  of the fragmentat ion 
process is given. Therefore i t  is not c lear  i f  th is  mechanism is energet ic  enough to cause f i ne  
fragmentat ion of the molten metal and can simulate the overa l l  phenomena found in the 
experiments. 

Kim (1985) Studied the modeling of smal l -sca le  fue l - coo lan t  i n te rac t ions  based on the 
experiments performed by Nelson and Duda (1982). The modeling of smal l -scale s ing le drop le t  
f ue l - coo lan t  i n te rac t i ons  was conceptual ly  d iv ided in to  four phases, the las t  three of which 
could occur c y c l i c a l l y :  

i .  Fi lm bo i l i ng  around a molten fuel  d rop le t  in coolant ;  
2. Film col lapse due to an external  pressure pulse and coolant j e t  formation due to  Rayleigh- 

Taylor  i n s t a b i l i t y  in a spherical  geometry; 
3. Jet penetration into the molten fuel and encapsulation in the fuel ;  
4. Expansion of the molten fuel surface due to the rapid evaporation of the encapsulated 

coolant and fragmentation of this fuel surface. 

Figure 27. shows the schematic diagram of the process which is similar to that given by 
Schins. This model, though similar to past qual i ta t ive models, is unique in that i t  provides a 
complete mathematical description to predict the behavior of single droplet fuel-coolant 
interactions (see Section 3.3 for de ta i l ) .  

Kazimi (1973) proposed a cavitation-induced fragmentation process. The pressure at the 
molten surface due to the growth and collapse of a vapor f i lm would exhibit positive and 
negative fluctuations about the i n i t i a l l y  uniform pressure in the molten drop-coolant system. A 
rapidly changing pressure at the surface of a molten material gives rise to pressure waves 
within the molten drop. As the pressure fluctuations created at the surface of a spherical 
part ic le travel toward the center of the par t ic le ,  the pressure fluctuations are expected to be 
magnified. Therefore, subatmospheric pressures obtained at the surface can momentarily reach 



very large negative values near the drop center, thus fac i l i t a t ing  internal cavitation in the 
molten material which leads to the observed fragmentation. The theoretical negative threshold 
pressures required to create cavitation in molten material are estimated using an expression 
developed by Bernath (1951). 
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a) Stage 1 

d) Stage 4.1 e) S~age 4.2 

Fig. 27. Conceptual pictures of a small-scale single-droplet fuel-coolant 
interact ion. (Kim, 1985) 
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~PthM3/2RT ~ - KB T 

where: KB: Boltzmann's constant 
N : Avogadro's number 
M : Molecular weight 
R : Gas constant 

The theoretical negative threshold values required for cavitation were found to be too large to 
be available in the molten metal/coolant system. However, cavitation may be obtained at smaller 
values of negative pressure i f  the molten material contains impurities or dissolved gases. 
Flynn (1964) estimated the threshold negative pressure by considering the presence of small 
amounts of gas in the molten droplet, which is given as 

R 
Pth = AP + 4~ ( i  + AP 2-~-) - I /2 (33) 

3¢~ R g 

where: AP: difference between system and vapor pressure 
Rg: radius of gas nuclei. 

Even i f  such a cavitated bubble could nucleate in the molten metal, i t  must continue to grow in 



an o s c i l l a t i n g  pressure f i e l d .  Thus the rates of bubble growth must be greater  than the rates 
of bubble col lapse to achieve a s u f f i c i e n t  bui ldup of energy to induce the fragmentat ion of the 
molten metal.  Since no assessment of e i t he r  the work po ten t ia l  or the growth k ine t i cs  was made, 
the v a l i d i t y  of the model is d i f f i c u l t  to assess. Further studies in to  the dynamics of 
c a v i t a t i o n  bubble growth and i t s  po ten t ia l  energy bui ldup in the f l uc tua t i ng  pressure f i e l d  seem 
to be necessary to tes t  the hypothesis as a mechanism of fuel f ragmentat ion.  Nevertheless, 
Kazimi claimed that  th is  mechanism seemed p a r t i c u l a r l y  su i tab le  to expla in the in te rna l  cav i t i es  
produced in aluminum in the experiments of Flory et a l .  (1969), and the expansion in the size of  
the molten j e t  p r i o r  to the fragmentat ion in the experiments of Bradley and Witte (1972). 
However, Bjonard (1974) tested Kazimi's hypothesis and concluded that  the acoust ic c a v i t a t i o n  
could not expla in  his observat ions in s im i l a r  experiments with t i n .  Further work by B jorkquis t  
(1975) using t i n ,  bismuth and lead confirmed Bjornard 's  conclusions. 

Rapid gas release from a metastable superheated so lu t ion  has been proposed as a mechanism 
for  f ragmentat ion in metals.  Epstein (1974a, 1974b) proposed the v io len t  release of d issolved 
gas w i th in  the molten metal as the mechanism of f ragmentat ion based on simple thermodynamic 
ca lcu la t ions  and ex is t i ng  experimental observat ions.  I n i t i a l l y  dissolved gases are assumed to 
be present in the molten metal.  During quenching the l i q u i d  becomes super-saturated such that  
the gas coming out of so lu t ion  exerts extremely high pressures causing f ragmentat ion.  I f  the 
quenching rate is great enough and i f  the molten sample is s u f f i c i e n t l y  superheated above i t s  
mel t ing po in t ,  v i o l en t  d issolved gas evo lu t ion  w i l l  occur jus t  below the surface of the melt 
(w i th in  the thermal 'boundary layer)  and tear  the l i qu i d  surface layer  from the sample. A fresh 
l i qu i d  surface is then exposed to the quenched l i qu i d  and the breakup process repeats causing a 
fragmentat ion wave to propagate through the melt and d iv id ing  the sample in to  small p a r t i c l e s .  
This mechanism was bel ieved to account fo r  the observed t ime scale of extensive f ragmentat ion.  
Under condi t ions of small dissolved-gas concentrat ions or low quenching rates,  gas release w i l l  
not be i n i t i a t e d  jus t  below the surface of the melt .  Instead, the growing region of cold melt 
or s o l i d i f i e d  crust w i l l  expel the dissolved gas, so the concentrat ion of the dissolved mater ia l  
in the ho t te r  core region of the sample increases. V io lent  gas evo lu t i on ,  there fo re ,  may occur 
at a r e l a t i v e l y  large distance from the sample surface. I t  was pointed out by Epstein that  the 
main c r i t i c i s m  of th is  mechanism is that  the homogeneous nucleat ion of a gas bubble requires 
extremely high pressures because of the very large surface tension of the molten metal.  In 
add i t ion ,  to account for  breakup by th is  mechanism requires that  the molten metal be capable of 
d isso lv ing  gas wi thout  forming a stable phase, and the s o l u b i l i t y  of the gas in the molten metal 
must increase with increasing temperature. These are t rue fo r  some low-mel t ing-po in t  mate r ia ls ;  
however, extensive fragmentat ion s t i l l  occurred in some experiments performed by Zyszkowski 
(1975a) and Bjorkquis t  (1975), where meta l /water  systems were in an i ne r t  atmosphere. Gunnerson 
and Cronenberg (1975) demonstrated tha t  the s o l u b i l i t y  charac te r i s t i cs  of UO 2 in the gases 
present in a reactor  environment was u n l i k e l y  to favor  th i s  mechanism. 

A mechanism s im i l a r  to tha t  of Epstein in the other  app l i ca t ion  f i e l d  is the homogeneous 
bubble nucleat ion model proposed by Nelson (1965) and Meyer and Nelson (1970). In t h e i r  
experiments, explosions of f a l l i n g  zirconium droplets occurred as they burned at high 
temperatures (3000-4300 K) in n i t rogen/oxygen mixture at 625 t o r r .  The major observat ions 
were: ( i )  the i n t ens i t y  of explosion could be var ied by changing the percentage of N 2 in 02; 
( i i )  no explosion occurred during combustion in pure 02 , 02/Ar, or pure Ar; ( i i i )  explosions 
occurred during combustion in pure 02 when ni t rogen was a l loyed with zirconium p r i o r  to 
i g n i t i o n ;  ( i v )  the s o l i d i f i e d  d rop le t  quenched in l i q u i d  argon a f t e r  burning p a r t i a l l y  in an 
N2/O 2 mixture showed the presence of zirconium oxide, zirconium n i t r i d e ,  and several zirconium 
o x y - n i t r i d e s .  In add i t ion  they not iced the physical appearance of the micro-bubbles wi th 
n i t rogen ins ide at a threshold N?/O 2 r a t i o  and the re ten t ion  of the en t i re  o r i g i na l  mass of 
metal in the drop le t  a f t e r  i n f l ~ t i o n .  With these observat ions,  they concluded that  the 
i n f l a t i o n  and explosion were associated with the release of n i t rogen gas in the superheated 
l i q u i d .  However, the required excess c r i t i c a l  pressure fo r  the homogeneous bubble nucleat ion 
was found to  be unusually high based on the estimated values fo r  the surface tensions of Zr-O-N 
systems. Levine (1971) showed tha t  a simple bubble nucleat ion process alone was inadequate to  
account fo r  the i n i t i a t i o n  stage of the Zr drop le t  explosion process. He claimed the existence 
of chemisorbed species on the surface of the embryos leads to a decrease in the required 
c r i t i c a l  pressure to more reasonable values. 

Buxton and Nelson (1977) proposed an impu l se - i n i t i a t ed  gas release mechanism p r imar i l y  
based on the resu l ts  observed fo r  steam explosion t r i g g e r i n g  experiments (Nelson and Buxton, 
1977) in which the system was subjected to impulsive pressure t rans ien ts .  They considered the 
in te rna l  bubble nucleat ion process to be impulse i n i t i a t e d .  The four basic steps required fo r  
the postu lated impu l se - i n i t i a t ed  fragmentat ion process are: 

I .  The achievement of a large quan t i t y  of d issolved gas in the mel t .  
2. The achievement of a supersaturat ion of d issolved gases in the melt as the melt cools due to 

the boi l ing of coolant on i ts  surface. 
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3. Nucleation of the supersaturated gases by the appl ied t rans ien t .  
4. The rapid growth of the gas bubbles in the melt i n t e r i o r  causing fragmentat ion of the mel t .  

In the impulse i n i t i a t e d  process, the appl ied impulse is assumed to be ac tua l l y  t ransmi t ted in to  
the fuel i n t e r i o r ,  and re f l ec t s  at the f ue l / coo lan t  in te r face  as a tension pulse which then 
assists the dissolved gas l a ten t  pressures in nuc leat ing a bubble against surface tension 
forces.  Therefore only modest, and not extremely la rge,  la ten t  gas pressures are required fo r  
nucleat ion in th i s  mechanism. Impur i t ies in the molten metal also help i n i t i a t e  a nucleat ion 
process. However, many experiments were conducted in an i ne r t  or evacuated environment with 
short  heat ing t imes, in the absence of known impulse t r i gge rs ,  yet  v i o l e n t  in te rac t ions  
occurred. In add i t i on ,  Nelson and Duda (1982) ind icated that  the gas released during the 
i n te rac t i ons  was too small to  account fo r  the f ine  fragmentat ion observed. Although such a 
mechanism may be poss ib le ,  no q u a n t i t a t i v e  ca lcu la t ions  were made on the energy associated wi th 
such gas release nor what was necessary to fragment the mater ia l .  

In summary, in the encapsulat ion theory ,  i f  the encapsulted cold l i q u i d  droplets  are heated 
up to  the homogeneous nucleat ion temperature, the resu l tan t  pressur iza t ion might be energet ic  
enough to cause f i ne  Fragmentation of the molten f ue l .  Besides, the cool ing or the 
s o l i d i f i c a t i o n  of the molten fuel  might provide some const ra in ts  for  the p ressur iza t ion ,  which 
would lead to more v i o l e n t  f ragmentat ion.  However, most of the models (e .g . ,  gas release) are 
lack ing in the de ta i led  fragmentat ion processes, where the h i s to ry  of gas release or bubble 
growth k inemat ics,  the pressure bui ldup, and required energy fo r  the formation of new surface 
area are necessary. Since in te rna l  p ressur iza t ion  e f fec ts  may account fo r  the extensive 
fragmentat ion of the molten fuels and the appearance of the spongy- l ike pa r t i c l es  observed fo r  
some of the fragmented materials, further studies on microscopic fragmentation processes in 
addition to the potential of fragmentation are needed. In fact a causal relationship is needed 
between the internal pressurization and an external i n i t i a t o r .  

3.1.2.3 Sol id i f icat ion Effects In the fragmentation mechanisms described previously i t  
was generally assumed that pr ior to and during fragmentation the quenched materials remained in 
the molten state. However, as the molten fuel cools in the cold l iquid i t  so l id i f ies .  Such 
rapid quenching and so l id i f i ca t ion of the fuel may lead to the development of thermal stresses 
in the fuel.  When the resultant thermal stress is greater than the yielding stress of the 
material fissures may develop in the outer frozen shell. Zyszkowski (1973) has observed the 
so l id i f ica t ion of the molten metal in the form of a broken or empty shell and small jets of 
molten metal from the in ter io r  of the molten drop which sol id i f ies in the form of a horn. 
Zyszkowski (Ig75b) interpreted the expulsion of jets of melt from the main part ic le as being due 
to the pressurization of the molten metal in a shrinking shell and the induced thermal 
stresses. He suggested that the "sharp-change" of the crystal l ine structure and the occurrence 
of the intercrystal forces during the so l id i f i ca t ion  of the molten metal were the cause of the 
explosive fragmentation. Later Zyszkowski (1976) proposed a hypothesis based on the experiments 
of copper/water interactions, in which thermal explosion is divided into six phases: 

i .  I n i t i a l  phase -- the molten metal drop is surrounded by vapor f i lm in the cold l iqu id .  
2. Pressurization of the molten metal due to the so l id i f i ca t ion .  
3. Expulsion of jets of small molten mass. 
4. Fast cooling of these metal jets,  which establishes a l iqu id- l iqu id  contact between the 

molten metal and the cold l iqu id .  
5. Fast phase transformation followed by the growth and rupture of the metal part ic les. 
6. A vapor explosion occurs i f  the amounts of the heat transferred to the cold l iquid is 

suf f ic ient ly  large. 

Pressure from shrinking of the so l id i fy ing outer layer of the fuel seems to force i t  out and 
cause bursting of the shel l .  However, in the experiments performed by Witte et a l .  (Ig71), 
bismuth, which expands 3% upon freezing, fragmented in similar fashion to t in  and lead. Thus, 
this provided one good example of violent fragmentation in the absence of shrinkage. The 
breakup of mercury also shows evidence of fragmentation without so l id i f ica t ion of the material. 

One of the principal concerns of the shell so l id i f i ca t ion concept is whether or not 
crys ta l l iza t ion occurs at the quenching surface for the short times of interest in thermal 
interactions, which are on the order of several milliseconds. Basically the freezing process is 
essential ly a reordering of molecules from the less structured l iquid state to the more ordered 
crysta l l ine structure and as such involves both energy exchange and molecular movement, which 
are accomplished over a f i n i t e  period of time. Cronenberg and Fauske (1974) investigated the 
kinetics of crystal formation and growth and compared with the heat transfer controlled 
so l id i f i ca t ion rate to determine whether or not the surface of UO can remain molten i f  contact 

• . 2 

is established during quenching in sodium coolant. The cr l ter lon for the l iquid to nucleate 
into a solid is proportional to the product of the embryo density and the col l is ion frequency. 
The rate of nucleation-site act ivat ion is given by Volmer (1945) and Turnbell (IgSO) such that 



16 xo3,T~ 
J : 1033 exp[ ~ ; s~ ~ ] 

3o'L~ATLKBT 
(34) 

where: ~sl: interfacial energy 

TE: melting temperature 

AT: T E - T 

KB: Boltzman constant 

Lf: latent heat of fusion. 

The rate of sol idi f icat ion as a function of temperature is determined by predicting the 
likelihood for a molecule to cross the l iquid-sol id surface as developed by Jackson and Chalmer 
(1951). The rate of crystal l ization is expressed in terms of the interface velocity, which is 
given by 

R (cm/s) : VNGv [a L e -Q( f ) /RT - A S e -Q(m)/RT] (35) 

where: V: molecular volume of the solid 
N: the number of molecules per unit area 
G: geometric factor 
v: Debye frequency. 

Q(f) and Q(m) are activating energies for freezing and melting; Af and A m are accomodation 
coefficients for freezing and melting. To determine whether the molten fuel droplet wi l l  
freeze, the heat transfer process was studied with an instantaneous boundary condition. For the 
case of UO 2 and sodium, the contact temperature is well below the homogeneous crystal l izat ion 
temperature and the estimated rate of crystal growth is greater than the heat transfer 
controlled sol id i f icat ion velocity for times greater than l ms. As shown in Fig. 28, the 
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Fig. 28. Homogeneous nucleation rate of UO 2 crystal formation in i ts melt as a function of 
temperature (Cronenberg 1978) 

sol id i f icat ion commences immediately after contact and is limited by the heat transport process 
rather than molecular reordering. Cronenberg and Coats (1976) extended the crystal l izat ion 
kinetics to UC and UN. They confirmed the results of Cronenberg and Fauske (1974). 

Hsiao et al. (1972) also investigated this effect. The total tangential stress is far 
greater than the total radial stress and is the dominant factor in the rupture of the 
sol idi fying shell. Failure is imminent i f  the total tangential stress exceeds the ultimate 
stress locally and the location of the maximum stress coincides with the external surface where 
fai lure probably occurs. If rupture occurs the failure is l ike ly  to occur immediately after 
sol id i f icat ion occurs, since high values of stresses occur at the surface when the sol id i f ied 



crust is very thin and stresses decrease as so l id i f ica t ion proceeds. Rupture of the sol id i fy ing 
shell may simply be a sp l i t  at the surface. His work, however, does not predict the sequence of 
events following the rupture. 

Cronenberg et al.  (1974) extended the analysis to the UO2/Na system (Fig. 29) by 
considering the temperature-dependent mechanical properties and the compressibility of the inner 
core as well as the effects of the surface heat transfer conditions. He derived the transient 
numerical solutions for the temperature distr ibutions in the drop and the propagation rate of 
the so l id i f i ca t ion  front.  The assumption of the so l id i f ica t ion is based on the crysta l l izat ion 
kinetics. This indicates that the time for molecular ordering to form a solid from the melt is 
short compared to the time constant for heat transfer. Generally they confirmed the results of 
Hsiao et a l .  They indicated that the so l id i f i ca t ion process in the UO2/Na system is l imited by 
the low conductivity of UO 2 rather than by the surface heat transport process. In contrast the 
so l id i f i ca t ion  process fo~ highly conductive aluminum is strongly dependent upon the surface 
heat transfer process as shown in Fig. 30. In contrast dropping experiments of molten aluminum 
the contact temperature between the two materials tends to take on a value nearer the more 
conductive medium, the thermal gradient in the UO 2 shell in sodium is higher than that for 
aluminum in water, resulting in a much greater thermal stress in the former case as shown in 
Fig. 31. These results are in qual i ta t ive agreement with the dropping experiment performed by 
by Swift and Baker (1965); molten UO 2 exposed to subcooled sodium undergoes fragmentation while 
Al in water usually results in a q i t t l e  breakup. An increase in the fragmentation with 
decreasing coolant temperature is also in qual i ta t ive agreement with a thermal stress-induced 
fragmentation mechanism. 
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the unsolidif ied portion of the droplet (Cronenberg, 1978) 

Board (1974) claimed that, for both UO? in Na and Na in U02, the interactions may be 
understood in terms of the single hypothesis of UO 2 shell freezing. Since the interface 
temperature estimated under experimental conditions is lower than the melting temperature of the 
U02, a frozen shell must form for both cases, which prevents the l iqu id- l iqu id  contact. I t  was 
proposed, however, that such processes are l i ke ly  to act only as a tr igger mechanism for 
coherent large scale explosions, since release through frozen shell bursting, as with the 
superheated drop nucleation, could only occur for very special i n i t i a l  conditions, e.g., as 



Fauske had proposed for sodium inject ion into a U02 pool for Armstrong's tests (1970). 

Knapp and Todreas (1975) used a fracture mechanics approach to assess whether or not the 
sol id i fy ing U02 would fracture under the thermally induced stresses, since the fracture stresses 
developed in the solid are l i ke ly  to be intensif ied when the solid has surface cracks or 
flaws. I t  is reasonable that such flaws or cracks could exist on the solid spherical surface 
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Fig. 31. Comparison of the outer surface tangential stress components versus time for both 
U02 in Na and Al in H20 (Cronenberg 1978) 

caused by voids due to fission gas release or pores in the microstructure. A steady-state 
approximation was used for the heat transfer process and the requirement for fracture was such 
that the local stress intensity factor rd~(KI)r should be greater than the facture toughness (KIc) 
of a material. They included a f i r s t  o estimate for the change in density from l iquid to 
solid during so l id i f i ca t ion .  They reconfirmed that the stresses generated in the sol id i fy ing 
shell in a UO2/Na system were suff ic ient to result in the fracture from anticipated inherent 
flaws. I t  was found that rapid instantaneous fracture is to be expected with an i n i t i a l  
fissure, where the remaining thermal stresses are strong enough to lead to the multiple 
cracking. However, they pointed out that this mechanism would not be applicable to ducti le 
materials such as t in ,  lead or aluminum since the use of a local intensity factor is no longer 
valid as the plastic zone develops with crack propagation. 

Ladish et al. (1977) commented that the f i r s t  so l id i f ied shell is unlikely to form at once 
on the whole surface of the sphere. Rather "islands" of the so l id i f ied material w i l l  develop at 
dif ferent sites. Therefore, pressure generation in a so l id i fy ing sphere is very improbable. I t  
was also suggested that the f i r s t  thin skin breaks immediately as i t  so l id i f ies  and that fuel 
not yet so l id i f ied reaches the surface via the gaps formed. In addition they claimed that 
fissure formation does not necessarily imply fragmentation in the sense that a new heat transfer 
area is generated. The specific elast ic energy (EE) is compared to the specific surface energy 
(E S) of fragments and the specific energy for mixing (Emi x ; these are given by 

E s = 3~/rf (36) 

E E = 0.5 o~/Y (37) 

Emi X = 0.375 pV/t 2 r f  (38) 

where: rf :  radius of fragments (100 um for i l l us t ra t i on  
~: surface tension 

~ i  breaking stress 
Young's modulus 

V: volume 
t :  mixing time (l ms for i l l us t ra t i on ) .  

I t  was concluded that the breakup by the thermal stress s possible only i f  the conversion of 
elast ic energy into surface energy has high eff ic iency, but the energy provided by thermal 
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stresses does not seem suff icient to intermix the fuel fragments with the coolant. 

Corradini and Todreas (1979) performed an analytical study to determine the minimum UO 
part ic le size that could survive fragmentation induced by thermal stress in UOz/Na fuel-coolan~ 
interactions based on a b r i t t l e  fracture mechanics approach. This is an extension of the work 
of Knapp and Todreas (1975). Basic assumptions used are almost the same as those used by Hsiao 
et al .  (]972) except the droplet surface is subjected to constant heat transfer rates or 
specified temperatures. They evaluated the local stress intensity factor as a function of the 
surface heat transfer coeff icient and the size of fuel,  where, once K I exceeds KIC, the fuel 
breaks up or crack propagation occurs. They found the bound on the minimum size of a UO 2 
part ic le was within the range of experimental findings. At large surface heat transfer 
coefficients and at a larger radius of a molten metal droplet, KI > KIt and surface flaws could 
propagate through the solid. I f  K I >> KIt, i t  is then l i ke ly  tha~ the crack propagates into the 
ducti le zone of U02, resulting in complete rupture of the solid particles and l iquid particles 
being released from the shel l .  Since the analysis is based on an approximation fracture model 
of the phenomena with assumptions employed, this model can be considered only as a f i r s t  order 
approximation to predict the phenomena. 

Even though Lazarrus et al. (1973), Mizuta (1974), and Zyszkowski (1975a, 1975b) suggested 
that this so l id i f ica t ion effect was a fragmentation mechanism in thei r  experimental 
observations, most molten metals undergo plast ic rather than b r i t t l e  deformation. Therefore, 
many of the metal-water fragmentation experiments cannot be accounted for by a thermal stress 
mechanism only in contrast to the b r i t t l e  fracture of oxides (e.g., U02). However, the role of 
so l id i f ica t ion as an i n i t i a t i on  mechanism (tr igger) of thermal interaction cannot be completely 
neglected. I t  is possible that the molten metal is expelled by internal stresses into the cold 
l iquid,  or the cold l iquid penetrates through the cracks into the molten core, or that boi l ing 
occurs within these cracks resulting in fragmentation of the metal. The thermal stress models 
proposed were able to predict the possib i l i ty  of fragmentation, but subsequent processes of 
thermal interactions were not studied at a l l .  What has not been shown in whether the whole 
process of so l id i f i ca t ion ,  fuel fracture and breakup and subsequent melt freezing is fast enough 
to completely account for the violent interactions observed. The timescale for such events may 
be too short. Post-test debris also does not indicate that the majority of the fuel debris that 
is small is angular or of i rregular shape. Rather much of i t  is smooth and spherical or spongy 
in character when the interaction is very v io lent .  Therefore, so l id i f i ca t ion  probably occurred 
for the majority of the fuel after fragmentation. I t  is recommended that the thermal stress 
model be coupled with a violent boil ing model which could provide more reasonable surface heat 
transfer conditions, and so l id i f icat ion would play a proper role in the processes. Consequently 
the overall procedure of the thermal interaction could be better understood. 

3.2 Triggering Mechanisms 

Triggering is a local small-scale phenomenon which in i t ia tes  the fragmentation of the 
fuel. Most of the experimentation that has been performed to understand fuel-coolant 
interactions applies primarily to the tr iggering process rather than the explosivi ty of the 
interaction. Trigger requirements are d i rect ly  related to the s tab i l i t y  of the vapor f i lm for 
the fuel/coolant system. I f  the system is quite stable a strong tr igger is needed to produce 
interactions. I f  the i n i t i a l  configuration is only marginally stable, an interaction can be 
triggered quite easily, perhaps spontaneously by the system's own f luctuations. Nelson and Duda 
(1981, 1982) clearly demonstrated the t r i gge rab i l i t y  of a fuel-coolant interaction as a function 
of i n i t i a l  conditions in their  experiments of molten iron oxide in water, where an FCI was 
classified into spontaneous and triggered explosions. The t r i ggerab i l i t y  of any system is of 
importance. I f  very energetic triggers are required, this could reduce the explosion hazard 
considerably. The knowledge of the tr iggering process could be essential in devising preventive 
measures to protect against damaging explosions. 

Buxton and Nelson (1975) considered three separate areas of tr iggering: tr iggering due to 
vaporization of the cold l iqu id,  tr iggering due to mechanical actions of fuel and coolant, and 
in some instances chemical interactions between the molten metal and the cold l iquid.  Basically 
al l  of these areas result in the generation of a pressure disturbance which sets the 
fuel/coolant vapor f i lm into an unstable si tuat ion. Most fuel-coolant interactions appear to be 
in i t ia ted by the collapse of the vapor f i lm layer or bubble in a localized region. This may 
arise spontaneously, or i t  could be triggered by an external pressure pulse. The external 
pressure pulse can be induced by a mechanical device such as a detonator in a controlled test or 
simply by contact of the fuel with the solid wall .  The precipitous collapse of the vapor layer 
in the cold bulk l iquid adjacent to the interaction region can produce a pressure disturbance 
spontaneously, which can lead to the breakup of the molten fuel. Oscil latory motion of the 
vapor f i lm, which occurs during the onset of t ransi t ion boi l ing, can also result in the 
i n i t i a t i on  of interactions. 



Numerous experimental and theoretical work has been performed to study the characteristics 
of the destabil ization of the f i lm boil ing process. In this section studies on the violent 
boil ing process of cold l iquid in contact with a hot solid or hot l iquid surface wi l l  be 
reviewed as a possible tr iggering mechanism in relat ion to fuel-coolant interactions. 

Walford (1969) studied the rapidly changing modes of boil ing in his experiments of a solid 
nickel sphere propelled through water at constant veloci ty.  He classif ied seven types of 
boil ing: laminar Film, f ine turbulent f i lm, coarse turbulent f i lm, violent nucleate, nucleate, 
convective, and explosive cavity mode. For the explosive cavity boil ing regime, a local 
spherical cavity was produced around the sphere. The sphere progressed through this cavity 
unt i l  the sphere neared the vapor-l iquid interface, when another cavity was rapidly formed. The 
newly formed cavity grew to be as large as the preceding one; the cycle was repeated with a 
period of 5-I0 ms. 

By recognizing that the enhancement of heat transfer area by the dispersal of the molten 
material is necessary for fuel-coolant interaction to occur, Board et al .  (1971) studied the 
energy transfer process of heated metal fo i l s  with water. They observed osci l la t ing vapor films 
in the ki lohertz frequency range between nucleate boil ing and stable f i lm boil ing regimes. 
Their experiments show that under certain conditions dependent upon water temperature, the vapor 
f i lm can collapse extremely rapidly, probably on the order of 40 to 50 microseconds or less. 

Stevens and Witte (1971) showed in thei r  experiments for a solid copper sphere in water 
that the transi t ion from f i lm to nucleate boil ing occurs as a pulsating phenomenon. Transition 
begins with a re la t ive ly  slow pulsation of the vapor f i lm at the sphere surface. The frequency 
of the vapor pulsations was observed to increase as transi t ion proceeded. In la ter  studies of 
s i lver  sphere in water, Stevens and Witte (1973) noted a similar behavior. Under suitable water 
and sphere temperatures they found that a stable vapor f i lm surrounding the sphere underwent a 
precipitous violent f i lm collapse. They suggested two types of behavior in the destabil ization 
of the vapor f i lm: (1) a precipitous i ns tab i l i t y ,  referred to as a "transplosion," and (2) a 
progressive ins tab i l i t y  controlled by bubble-like i r regu lar i t ies  on the l iquid-vapor interface, 
which is much slower than the "transplosion." Both types of instabi l i ty - t r iggered pulsational 
boi l ing were followed by a three-region boi l ing phenomenon; i .e .  a situation where nucleate, 
pulsational and meta-stable f i lm boil ing occurs simultaneously on the sphere surface. 

The experiments of Farahat et al. (1974) in which a hot sphere of tantalum was cooled in a 
pool of l iquid sodium showed that bubble growth and collapse in the transit ion boil ing regime 
may be very energetic. Large vapor bubbles were formed, producing pressure pulses reaching a 
maximum of 5 bar at a sodium temperature of 750°C. The "transplosion" phenomenon was also 
confirmed by Zyszkowski (1976) in the molten copper/water system. He claimed that this 
"transplosion" has a random characteristic and is affected by the nature and roughness of the 
surface, i ts temperature, wet tab i l i t y  of the hot surface, and subcooling the cold l iquid.  

Anderson and Bova (1971) investigated the effects of collapsing vapor f i lm around the 
explosive interaction of molten salt and water. They injected water into hot molten sodium 
chloride. He noted the following sequence of events: As the water je t  penetrated in molten 
sal t ,  a region of vapor separated the l iquid je t  from the sal t .  This behavior persisted unti l  
the je t  had penetrated to the bottom of the container; then, the vapor region collapsed and a 
violent interaction resulted. Anderson and Armstrong (1972) hypothesized that a localized 
collapse of the vapor f i lm layer acts as an i n i t i a t i ng  tr igger though the experimental 
observations were not fine enough to follow the individual steps of the vapor layer breakdown. 

Bjornard et a l .  (1974) observed, in t i n  drop-water interactions, that the qual i ta t ive 
pressure behavior consisted of a period of high-frequency (about 15 kHz), low-amplitude pressure 
osci l lat ions followed by a lower frequency (about l kHz), higher amplitude osci l la t ion that 
accompanied the fragmentation event. The duration, frequencies and magnitudes of these two 
dist inct  portions of the waveform were influenced by the i n i t i a l  t in  and water temperature. 
This osci l la tory pressure behavior indicates that the fragmentation mechanism is linked to the 
dynamics of the vapor f i lm surrounding the droplet. Further, the two dist inct  regimes evidenced 
by the pressure signature are strongly suggestive of f i lm boil ing, possibly followed by f i lm 
collapse, which is in turn followed by the fragmentation event i t se l f .  These observations 
appear to us to be quite important, because the behavior of an osci l la t ing vapor f i lm is l i ke ly  
to be quite general. Such overall behavior is not highly specific to any one geometric 
situation (although the details w i l l  be) or combination of materials; rather only f i lm boil ing 
is needed to allow for i n i t i a l  fuel/coolant interpenetration. 

Kim and Corradini (1984) claimed that the osci l la tory behavior of vapor f i lm is responsible 
for the i n i t i a t i on  of fuel-coolant interactions. They showed for the part icular case of an 
iron-oxide fuel droplet in the water coolant that the osci l la t ion of vapor f i lm could be induced 
spontaneously during the i n i t i a l  growth period of vapor f i lm under certain i n i t i a l  conditions, 
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or mechanical ly by apply ing an external  pressure pulse to stable f i lm  bo i l i ng  around a molten 
d rop le t .  They explained the t r i g g e r a b i l i t y  of FCl in the s ing le -d rop le t  experiments of Nelson 
and Duda (1981, 1982) in terms of the f l uc tua t i on  of the vapor f i lm  in t h e i r  dynamic f i lm 
bo i l i ng  model; h igher o s c i l l a t i o n  and pressure f l uc tua t i on  of the vapor f i lm  in t h e i r  model 
q u a l i t a t i v e l y  predic ts  the easier  t r i g g e r i n g  of fue l -coo lan t  i n te rac t i on  in Nelson and Duda's 
experiments. 

Generally, the presence of a vapor f i lm wi l l  delay the interaction, but the osci l la t ion or 
the collapse of the vapor f i lm wi l l  lead to the fragmentation of fuel.  Under some circumstances 
the vapor f i lm may collapse rapidly enough to act as the event that triggers fragmentation and 
perhaps the explosion. The nature of precipitous vapor f i lm collapse is one of the key steps to 
the i n i t i a t i on  of the vapor explosion. 

3.3 Review of Selected Fragmentation Models 

In this section three models are discussed in more deta i l .  These three models are the Drop 
Capture model of Henry and Fauske (1976, 1979), Buchanan's (1973) model of violent bubble growth 
and collapse, and Kim's (1985) model of rapid evaporation of encapsulated coolant droplets in 
fuel.  These models are speci f ical ly chosen because they have a physical picture coupled with a 
re la t ive ly  complete mathematical model to allow for direct comparison to data. 

3.3.1 The Capture Model Henry and Fauske (1976, 1979) propsed a model based on 
spontaneous nucleation, which described the tr iggering and i n i t i a l  propagation mechanisms for a 
vapor explosion in the free contact mode of fuel into coolant, although the basic concepts are 
not restricted to this geometry. The model considers that fuel enters the coolant in a f i lm 
boil ing regime. Locally at the fuel-coolant interface the f i lm oscil lates and the coolant 
l iquid continually attempts to wet the fuel surface by establishing direct l iqu id / l iqu id  
contact. Under these conditions of a l iqu id- l iqu id  system only spontaneous nucleation is 
possible. Thus,  the establishment of the f i l m  or l iqu id / l iqu id  contact and explosive 
vaporization depends on spontaneous nucleation. The spontaneous nucleation bubble cannot begin 
to grow unt i l  the thermal boundary layer is suf f ic ient ly  thick, c r i te r ia  (point A) for the vapor 
(Fig. 32) bubble. Also the maximum diameter can grow to Point B in a stable manner. Even 
though the nucleation rate is very large when the interface temperature upon contact is larger 
than the minimum spontaneous nucleation value, the pressurization due to the additional nuclei 
formation suppresses the nucleation rate and slows down the bubble growth. The maximum site 
density, which results fn the mutual pressurization, is determined from the compressibility of 
the l iquid phase. Pressure increase in the l iquid is then related to the increase in vapor 
volume, the increase in the density of l iqu id,  and sonic velocity within the 
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Fig. 32. Thermal boundary layer development and mechanical s tab i l i t y  cr i ter ion 
(Henry, 1975) 



l i q u i d  (c , which is given as 

D 2 2 AP = I/2 N Pc c • (40) 

By assumlng the overpressure the number of nucleation sites per contact area which suppresses 
further sites can be estimated. If the number of nucleation sites that exist simultaneously 
results in interference at the maximum stable bubble diameter the interface between two liquids 
wi l l  be vapor blanketed and the energy transfer wi l l  be limited based on fi lm boil ing. If 
physical interference does not occur, the h igh pressure vapor wi l l  rapidly grow into a 
condensing zone and a portion of the l iquid coolant wi l l  be "captured" as a droplet on the 
surface. With this information the s tab i l i ty  of a specified drop size, in terms of wetting and 
capture by the hot fuel l iquid or sustained film boil ing, is evaluated as a function of 
interface temperature as shown in Fig. 33. This s tab i l i t y  l imi t  characterizes the sizes of cold 
l iquid droplets which are capable of in i t ia t ing explosive vapor formation. 
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Fig. 33. Droplet f i lm boiling and capture behavior (Henry 1975) 

As the vapor cavity forms, the vapor pressure is far greater than the ambient pressure and 
the in i t i a l  growth of the vapor bubble is iner t ia l l y  dominated. When a high pressure vapor 
source inside a l iquid droplet approaches the opposite surface, the droplet wi l l  burst open 
producing a fine l iquid spray and releasing the stored high pressure vapor which is an incipient 
shock wave to start the interaction. It is this very fine l iquid spray, which is much smaller 
than the parent droplet and therefore certainly less than the capture size, which can provide 
fine mixture and large contact area necessary for extensive fragmentation and sustained 
propagation throughout the mixture. As the system pressure rises during the interaction, the 
drop s tab i l i t y  cr i ter ia change. This change results in a larger droplet which can be captured 
with lower energy transfer. The growth of the vapor bubble is then thermally dominated in i ts 
l i fetime and cannot induce overexpansion into a condensing zone. This result of degradation 
would be that explosive interactions should be sel f - l imi t ing in terms of maximum interaction 
pressures. 

The assumptions involved in the model for l iquid coolant "capture" are: 

a) Intimate contact between liquids with a well-wetted interface. 
b) The interface temperature is greater than spontaneous nucleation temperature and less than 

thermodynamic cr i t ica l  temperature. 

c) The growth of the vapor bubble is iner t ia l ly  dominated and the pressure prof i le required for 
such growth is developed in one acoustic transmission time from the contact interface to 
free surface on the opposite side, and back to the interface. 

d) The overpressure in the cold l iquid suppresses further nucleation sites. It is claimed that 
the analysis is rather insensitive to this assumption, i .e.  a value of 2 bar or 15 bar could 
have been chosen without dramatically altering the results. 
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This model suggests that  spontaneous nucleat ion and the resu l tan t  vapor growth is the mechanism 
fo r  descr ib ing:  ( I )  f i lm  bo i l i ng  in a l i q u i d / l i q u i d  system a f t e r  in t imate  contact ,  (2) the 
l i m i t  of s t a b i l i t y  at a given temperature, (3) the spontaneous t r i g g e r  for  an exp los ive 
i n t e r a c t i o n ,  and (4) the propagation of the i n i t i a t i n g  event in th is  system. However, th i s  
model is l im i ted  by the fo l low ing  concepts: 

a) Fine coolant fragmentat ion (d << I mm) must occur before the explosion in the model. This 
is in contrast  with experimental v isual evidence which showed only coarse mixing (d >> 1 mm) 
ahead of the i n te rac t i on  f ron t  (Board and Hal l ,  1976) of e i t he r  fuel or coolant .  

b) When the l i q u i d - l i q u i d  in te r face  temperature is greater  than the c r i t i c a l  temperature of the 
cold l i q u i d ,  the model cannot expla in  spontaneous explos ions.  Nevertheless, i t  is not c lear  
i f  the in te r face  temperature would be ac tua l l y  greater  than the c r i t i c a l  temperature since 
the thermophysical proper t ies  change d r a s t i c a l l y  near the c r i t i c a l  po in t .  

c) The hypothesis that  the spontaneous nucleat ion bubble cannot grow beyond the maximum s tab le  
s ize during the heat ing of the captured coolant  drop le t  l i m i t s  the v a l i d i t y  of the model to 
a cer ta in  range of i n i t i a l  cond i t ions .  The bubble should grow wi thout  l i m i t  since there is 
no r e s t r i c t i o n  against the growth of the bubble except the i n e r t i a l  force of the surrounding 
l i q u i d  and phase change at vapo r / l i qu id  i n te r face .  

d) The growth of the vapor bubble is suppressed due to the acoust ic r e l i e f  in the model. 
Nevertheless a simple acoust ic const ra in t  can i n i t i a t e  the growth of the bubble before 
acoust ic r e l i e f .  

e) Incoherent fragmentat ion is un l i ke l y  to produce a uni formly fragmented mixture at the 
capture s ize .  The model assumes that  the drops explode as soon as they reach the capture 
s ize.  

f)  The model cannot expla in the i n i t i a l  in t imate  contact mechanism tha t  begins the whole 
process. 

g) The breakup of the coolant drop in to  f ine  l i qu i d  spray due to high pressure of the vapor 
bubble is ra ther  ambiguous wi thout  any q u a n t i t a t i v e  descr ip t ions .  

h) Above a l l  the model can only be appl ied to  the f ree contact mode, espec ia l l y  where the 
coolant  drop is captured in hot molten f ue l .  

The model provides a good representat ion of the explos ive character fo r  we l l -wet ted l i q u i d -  
l i q u i d  systems inc luding the onset of exp los ive events. I t  proposes some necessary condi t ions 
fo r  the occurrence of the explosion,  which might not be s u f f i c i e n t ,  fo r  the in tegra l  explosion 
process. Therefore the model could be understood as descr ib ing a t r i gge r i ng  process of an FCl, 
but not as a fragmentat ion or large scale explosion propagation mechanism. 

3.3.2 Buchanan's Model Buchanan (1973) proposed a complete model which describes the 
whole process of a fue l -coo lan t  i n te rac t i on .  He shows a mechanism fo r  the increase of contact 
area between fuel and coolant ,  which is essent ia l  to expla in  the observed rapid heat t r a n s f e r .  
By using a feedback mechanism he describes the cyc l i c  behavior of bubble growth and col lapse 
during fue l - coo lan t  i n t e rac t i ons .  Under cer ta in  condi t ions the subsequent cycles may be weaker 
than the preceding ones, and the i n i t i a l  per tu rbat ion  decays and does not lead to  an 
explos ion.  However, under other  condi t ions,  subsequent cycles are more energet ic  than the 
preceding ones, and an explosion occurs as the i n te rac t i on  grows. 

The i n te rac t i on  is d iv ided in to  f i v e  stages, the las t  four of which occur c y c l i c a l l y .  

Stage 1 

As a resu l t  of some unspeci f ied t r i gge r i ng  the l iqu ids  come in to  in t imate  contact and a 
vapor bubble is formed on the fuel  surface. This stage is regarded as a means of supplying the 
i n i t i a l  per tu rbat ion  which causes the f i r s t  bubble formation adjacent to the fuel surface. 

Stage 2 

Given i n i t i a l  condi t ions fo r  i - t h  cycle which are pressure and radius of a spher ical  
bubble, i t  is assumed that  the bubble expands a d i a b a t i c a l l y  un t i l  the maximum radius is 
reached. At the maximum radius a l l  the vapor is assumed to  suddenly condense due to the 
surrounding subcooled l i q u i d .  A cav i t y  now ex is ts  and col lapses wi thout  heat t rans fe r  under the 
ambient pressure. Due to the axisymmetric col lapse of the cav i t y ,  a j e t  of l i q u i d  forms 
d i rec ted toward the fuel surface. The dimension of the j e t  at the moment of impact is  
p ropor t iona l  to the i n i t i a l  cav i t y  radius. Based upon Plesset and Chapman's (1971) ca l cu la t i on  
the v e l o c i t y  (Vo)," the length (Lo), and the diameter (do) of the coolant j e t  impinging on the 
fuel  surface are glven as 

V ° : V c (aP/pc) I /2 (41) 
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L = L R (42) 
0 c m  

d = d R (43) 
O C m 

where: Rm: maximum bubble radius 

AP: pressure difference between the cavity and the surroundings. 

The constant V., L and d are determined by the degree of departure from spherical symmetry 
and estimated ~'or c' c a bubble collapslng adjacent to the solid wall.  

Stage 3 

As the jet  penetrates i t  disintegrates and mixes with the surrounding l iquid.  Christiansen 
(1973) showed that the length of the je t  increases exponentially with a time constant 
proportional to do/Vo, which represents the mixing of these liquids 

L : L exp(t/T) ( 4 4 )  
0 

w h e r e :  

T : fdo/V ° (45) 

Considering i ts dependence on the density rat io of l iquids in the evaluation of f, he assumed 
that the surface area of contact between the fuel and the coolant je t  is given by 

A : A exp(t/T) (46) 
O 

T = l l / 4  (pf/pc)I/2do/Vo (47) 

Stage 4 

As the je t  penetrates the fuel, heat transfer occurs between the fuel and the je t .  
Assuming that the temperature of the je t  is constant and no vapor f i lm forms between the fuel 
and the coolant je t ,  the temperature of the je t  is calculated by a f i rs t -order  approximation 
with one-dimensional heat transfer across each element of fuel-coolant-fuel as shown in Fig. 34. 
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F i g .  3 4 .  (a) Schematic cross section of coolant sometime after je t  penetration 
(b) Element of fuel-coolant-fuel in which heat transfer occurs one 

dimensionally 

Stage 5 

When the coolant je t  has been heated to i ts saturation temperature i t  vaporizes provided 
nucleation sites are available (heterogeneous nucleation). If no nucleation sites are available 



the je t  must be heated to the homogeneous nucleation temperature before vaporization occurs. 
When the jet  starts to vaporize by homogeneous nucleation, the rate of vaporization is so rapid 
t~at the latent heat cannot be supplied by normal heat transfer from the surrounding fuel. 
Instead the heat is supplied by the jet  i t s e l f .  I t  is further assumed that the vaporization 
process stops when Tie t = Tsat for homogeneous nucleation. Hence, only a certain fraction of 
the coolant je t  pendt~ated undergoes phase change, for example, 33% for water at one atmos- 
phere. However, in heterogeneous nucleation, the vaporization is slow and the je t  is assumed to 
be vaporized completely since there may be suff ic ient time for the latent heat to be supplied by 
the surrounding fuel. By assuming an instantaneous phase change, the pressure and radius of 
vaporized jet  upon heating, which are also the i n i t i a l  pressure and radius of the bubble of the 
next cycle, can be found. The whole process then starts from stage 2 again. 

The model is able to predict the rat io of peak pressures at a distance r due to subsequent 
cycles. At an external pressure of l bar, i t  is given as 

Pi (r) " Po 6.673 (heterogeneous nucleation) (48) 

Pi-l (r) - Po 2.899 (homogeneous nucleation) . 

Figure 35 shows a qual i ta t ive pressure history at the point r. At some cr i t i ca l  value of Po 

P Cr) 
r 
! 

Fig. 35. Pressure at the point r as a function of time. 

this rat io is unity. For larger values of Pn than the threshold pressure (Pth) an i n i t i a l  per- 
turbation is damped out. I f  the pressure res~Iting from the i n i t i a l  few cycles is not relieved, 
the sustained pressure wi l l  inh ib i t  further cycles. Thus, the FCI is se l f - l im i t ing  i f  the 
resulting pressure is maintained. 

Due to the complicated process of the FCI, the model has a number of assumptions. 
assumptions and corresponding l imitat ions of the model are: 

a) 

b) 

c) 

d) 

e) 

f) 

g) 

The 

As a means of supplying an i n i t i a l  perturbation, an i n i t i a l  bubble is assumed to exist.  As 
Vaughan et al .  (1976) described, the model cannot describe the tr iggering phase of 
interactions and gives no jus t i f i ca t ion  for the bubble presence. 
Adiabatic expansion and collapse of the vapor bubble cannot provide reasonable results for 
the vapor bubble dynamics. The effects of the vapor in the bubble are l i ke ly  to reduce the 
amount of je t t ing  and this seems to affect the interaction dramatically. 
The formation of a coolant je t  as a result of cavity collapse needs modification when i t  
comes to a bubble collapsing adjacent to the high temperature fuel surface with phase change 
of the coolant. Besides, the collapse of the bubble is hardly tangential to the fuel 
surface. 
The constants for the geometry of a coolant je t  have been evaluated for the bubble 
collapsing adjacent to a solid wall .  When the target is molten modification should be made 
to account for the mobil i ty of both the jet  and the target. 
The contact area between liquids is assumed to increase exponentially. In real situations 
the contact area increase would seem to be l imited by the so l id i f ica t ion of the fuel, the 
vaporization of the coolant je t  and disintegration of the coolant j e t .  
The assumption of a uniform temperature of the coolant je t  is not reasonable for short 
times. The accuracy may improve as the surface area increases due to rapid disintegration 
and fine mixing. 
The existence of a vapor f i lm around coolant je t  is to ta l l y  ruled out to comply with the 
concept of direct l iqu id- l iqu id  contact. It is explained by the fact that there is 
insuff ic ient time for the heat transfer to be reduced by vapor blanketing before the je t  as 
a whole (or some fraction of i t )  vaporizes. This may be valid considering the time scales 
invo]ved. 



h) Probably the most important point is that the vaporization process is assumed to be 
instantaneous. There is no consideration of pressure re l ie f  to the surroundings upon bubble 
nucleation and expansion as a function of time. Since the vaporization by homogeneous 
nucleation is l imited to a certain portion of the coolant je t ,  while i t  can vaporize 
completely by heterogeneous nucleation, pressure buildup due to homogeneous nucleation is 
lower than that by heterogeneous nucleation. This does not seem reasonable. If the 
pressure re l ie f  character in the mixture and the dependence of nucleation on time and 
available nucleation sites are fu l l y  considered, vaporization by homogeneous nucleation 
seems to lead to a more violent bubble growth and pressure buildup than that by 
heterogeneous nucleation. 

i)  The whole process is regarded to repeat upon the growth and collapse of a vapor bubble on or 
adjacent to the fuel surface. A bubble can only be formed in a transi t ion or nucleate 
boi l ing regime, which restr icts the appl icabi l i ty  of the model possibly to these boil ing 
regimes. I t  may also be possible to induce such bubble growth and collapse local ly by 
disturbing the stable vapor f i lm by an external pressure pulse. However, the l i f e  of these 
bubbles does not seem to last long enough to support the cyclic behavior. 

The results of the calculation indicate that the model is certainly a possible explanation of 
FCI, although some key assumptions l im i t  i ts appl icabi l i ty  ( i .e . ,  the f inal two points). 

3.3.3 Kim's Model Kim (1985) proposed a model based on analysis of the small-scale single 
droplet FCI experiments performed by Nelson and Duda (1981, 1982). The modeling is composed of 
four stages, where the f i r s t  stage provides the i n i t i a l  conditions for the interaction and the 
last three of which occur cyc l ica l ly .  Basically the dynamics of f i lm boi l ing around a molten 
sphere govern the whole process of the FCI, to which an individual submodel for each cycle is 
added. Therefore, a system of d i f ferent ia l  equations are solved simultaneously to follow the 
behavior of bubble dynamics and fuel fragmentation. 

Stage l: Vapor Film Growth and Oscil lation 

This stage describes the transient f i lm boi l ing around a molten fuel droplet in the 
coolant, A system of d i f ferent ia l  equations is developed expressing mass and energy 
conservation in the fuel, coolant l iquid and vapor, as well as a spherical momentum equation, 
and solved simultaneously (see Kim and Corradini, 1984) as a function of time. The calculation 
is performed unt i l  the vapor f i lm enters a quasi-steady state. Under certain i n i t i a l  conditions 
a steady state is not reached, but vapor f i lm osci l lat ions direct ly cause f i lm collapse (Stage 
2). Under the conditions of Nelson's test for an iron-oxide molten droplet, the f i lm growth 
stabi l izes, at which time an external pressure pulse is assumed to be applied to the 
fuel/coolant system. This external pulse mimics the actual test conditions for Nelson's 
experiment of an exploding bridgewire. 

Stage 2: Film Collapse and Coolant Liquid Jet Formation 

As the vapor f i lm collapses due to tr iggering or overexpansion of the vapor f i lm, the 
vapor-coolant interface becomes unstable. The ins tab i l i t y  of an interface between immiscible 
mediums with acceleration ( i . e . ,  Rayleigh-Taylor i ns tab i l i t y )  exists even in a spherically 
symmetric system. I n i t i a l l y  a small perturbation of the interface grows rapidly to form jets of 
coolant directed toward the fuel surface. The concept of coolant je t  formation is then 
dif ferent from that of Buchanan's (1973) because i ts origin is d i rect ly  linked to f i lm 
osci l lat ions and/or collapse. By using spherical harmonics the geometry of the perturbed 
interface is described. The motion of the unperturbed interface is governed by the Rayleigh 
equation. Equations of motion relat ive to the interracial  disturbance used are those derived by 
Plesset (1954), who considered the growth of a surface disturbance under the l inearized 
approximation given by 

(49) IRnl << R o 

where: Rn: time-dependent coefficients of expansion for je t  
Ro: unperturbed bubble radius. 

Stage 3: Coolant Jet Penetration and Entrapment in Fuel 

When the surface disturbance grows fast enough and has a large kinet ic energy, i t  forms 
coolant jets which penetrate the fuel surface. For the penetration of je t  into fuel, the 
c r i te r ia  given by Buchanan (1973) is used 
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0.5 pjUj >> ~y, fue l  (50) 

where ~ - • is the yielding stress of fuel, which would be the surface tension force for a 
l iquid ~ e l ( o / D ) .  The growth of an entrapped coolant l iquid droplet due to the incoming 
coolant je t  and the penetration into the fuel is calculated based on kinematic considerations. 
Once a coolant drop is formed the existence of a vapor film around the coolant droplet is 
considered. A vapor film could form as soon as the coolant jet enters the fuel (case B) or 
vapor production could be delayed until the coolant droplet is heated up to i ts homogeneous 
nucleation temperature (case A). The lat ter  case is considered more reasonable given the fact 
that local pressurization and rapid penetration of the jet  may preclude film growth. 

Stage 4: Entrapped Coolant Expansion and Fuel Fragmentation 

As the encapsulated coolant drops submerge deep in the fue l ,  vapor would be produced around 
them due to the high heat t rans fe r  from the fue l .  The contact mode between fuel and coolant is 
now the opposite of that  given in Stage 1. The governing equations fo r  th is  contact mode are 
der ived by modify ing those o r i g i na l  equat ions. At a cer ta in  depth, the vapor conta in ing these 
coolant drops coalesces wi th neighboring vapor bubbles and separates the outer  por t ion  of the 
molten fuel  surface from the parent fuel d rop le t .  The molten surface of fuel  expands as a 
resu l t  of the continuous vapor iza t ion  of coolant droplets encapsulated w i th in  i t .  During th i s  
expansion the fuel surface is again subjected to the growth of Rayle igh-Taylor  i n s t a b i l i t y  
disturbances due to  the acce lera t ion  of the fuel surface and the densi ty d i f ference between fuel  
and vapor. The growth of i n t e r f a c i a l  disturbances during expansion is ca lcu lated based on the 
l i nea r  phase and nonl inear  phase given by the experimental resul ts  of Emmons et a l .  (1960), 
which is 

dn/dt : Css[(l - ~)a~] 0"5 (6i) 

where: n : amplitude of surface disturbance 
Css: empir ical  constant of 0.67 
a : acce lera t ion  rate 

: densi ty  r a t i o  (p_ /p j )  
: wavelength of suFfa~e disturbance.  

The molten fuel  surface breaks up when the amplitude of the surface disturbance is greater  than 
the thickness of the fuel  surface. Fragmented fuel pa r t i c l es  move outward in the vapor f i lm  
with a cer ta in  ve l oc i t y  which is the expansion ve loc i t y  of the surface at the moment of fuel 
breakup. As a resu l t  of the increased fuel surface area the vapor izat ion rate increases 
rap id l y .  The vapor f i lm  around a parent fuel drop le t  then grows enormously. This is analogous 
to the observed steam bubble in Nelson's tes ts .  In a cer ta in  period of time the fragmented fuel  
pa r t i c l es  leave the vapor f i lm .  As the vapor f i lm  overexpands, i t  reaches i t s  maximum diameter 
and begins to co l lapse.  

The whole process then proceeds from stage 2 again un t i l  the coolant j e t s  do not have 
s u f f i c i e n t  strength to penetrate the fuel or the fuel  s o l i d i f i e s .  

Figure 36 shows the diameter of vapor f i lm  as a funct ion of time compared to  one experiment 
of Nelson (Test 11 .75- I ) .  Since the existence of a vapor f i lm  around the entrapped coolant  
droplets  in the fuel is assumed, case B, th is  retards the heat t rans fe r  rate s i g n i f i c a n t l y ,  and 
the growth of vapor f i lm  is not energet ic .  In fac t  the penetrat ion of a coolant j e t  in to  the 
fuel no longer happens a f t e r  the second cycle of bubble growth and col lapse.  Meanwhile, the FCI 
process shows a rapid and v i o l e n t  growth of a vapor f i lm  when coolant droplets are considered to 
be heated as a l i q u i d  and vaporized by homogeneous nuc leat ion.  The q u a n t i t a t i v e  growth rate of 
vapor f i lm  is somewhat smal ler  than that  found in experimental data. There ex is ts  a threshold 
value of the t r i g g e r  pressure (2 bar),  below which no or only mild i n te rac t i on  occurs and th is  
is in q u a l i t a t i v e  agreement with Nelson's data (4 bar) .  Once the t r i g g e r  pressure is greater  
than the threshold value the q u a l i t a t i v e  d i f fe rence of the vapor f i lm  growth at d i f f e r e n t  
t r i g g e r  pressures is found to  be i n s i g n i f i c a n t .  The model predicts t ha t ,  at e levated ambient 
pressure, the t r i g g e r  must be increased to i n i t i a t e  an FCI. I t  is also found tha t  the t ime 
scale of each cycle of bubble growth and col lapse becomes smal ler as the ambient pressure gets 
la rger .  Both of these pred ic t ions  are in good agreement with Nelson's resu l t s .  
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There are a coup le  o f  parameters  assumed in the  model: the  wavenumber f o r  R-T 
i n s t a b i l i t i e s  and the  i n i t i a l  amp l i t ude  o f  t he  s u r f a c e  d i s t u r b a n c e  o f  t he  v a p o r - c o o l a n t  
i n t e r f a c e .  The wavenumber seems to  a f f e c t  t he  o v e r a l l  f i l m  b e h a v i o r  r a t ~ e r  s i g n i f i c a n t l y ,  and 
in  a l l  the  c a l c u l a t i o n s  the  f a s t e s t  g rowing wavenumber f o r  i n i t i a l  f i l m  c o l l a p s e  was chosen.  I t  
i s  l i k e l y  t h a t  t he  growth o f  the  s u r f a c e  d i s t u r b a n c e  is  governed by t h i s  most u n s t a b l e  
wavenumber. At ve r y  small  amp l i t udes  o f  t he  i n i t i a l  s u r f a c e  d i s t u r b a n c e ,  the  c o o l a n t  j e t  h a r d l y  
touches  the  f u e l  s u r f a c e  d u r i n g  the  f i r s t  c o l l a p s e  o f  t he  f i l m .  Once t he  amp l i t ude  is  l a r g e r  
than a c e r t a i n  va l ue  (~ I% of  i t s  w a v e l e n g t h )  the  o v e r a l l  b e h a v i o r  o f  vapor  f i l m  i s  q u i t e  
i n s e n s i t i v e  t o  the  i n i t i a l  v a l u e .  This was the  va lue  used in  t he  c a l c u l a t i o n s .  
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Fig. 36a Diameter of bubble as a function of time (Kim, 1985) 
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Fig. 36b Diameter of the parent fu l l  droplet 

The assumptions and limitations of the model are: 

a) The fuel-coolant system analyzed was spherically symmetric. I t  implies that the variation 
of the fi lm thickness is small compared to the droplet. This symmetry is valid only i f  the 
whole drop is immersed in a pressure pulse for a suff iciently long time or any pulse passage 
time is small compared to the time of fi lm collapse. A spatial ly uniform film pressure is 
only valid when the time elapsing as a pressure disturbance is transmitted across the film 
is much less than the time involved in appreciable change in the average fi lm pressure. 

b) The retention of all the vapor generated in the fi lm was used and is only reasonable in 
certain ranges of coolant subcooling, diameter of fuel droplet, and heat fluxes from the 
fuel. 
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c) The use of the linearized approximations for the growth of vapor/coolant interfacial  
disturbance is val id only i f  the amplitude of the disturbance satisf ies Eq. (3.32). I t  was 
demonstrated that at the fastest growing wavelength, the difference of i ns tab i l i t y  growth 
between l inear and nonlinear approximations becomes insigni f icant.  

d) The coolant je t  and surrounding fuel are assumed to be incompressible and i r ro ta t iona l .  
When a viscous f lu id flows past a solid drop, the flow is asymptotically equal to the 
potential flow except for a thin boundary layer. For l iquid drops with fu l l y  developed 
internal circulat ion the effects of separation and wake might be further suppressed. 

e) The shape of the coolant drop encapsulated in the fuel is assumed to be spherical and the 
breakup of a coolant drop during penetration is neglected. As long as the Weber number is 
less than the c r i t i ca l  value the breakup does not occur. The effects of deformation of a 
coolant drop during penetration did not affect the penetration velocity and penetration 
depth very much. 

f) A spherical molten fuel surface is assumed to form as a result of coolant je t  penetration 
and vaporization. This is a very idealized and simplifying assumption to study the overall 
behavior of vapor fi lm, not a local eruption of fuel-coolant interaction. However, 
experimental observations (Nelson and Duda, Ig81; Ando, 1980, 1982) indicate the ejection of 
fuel particles in a spherically symmetric manner, which suggests the poss ib i l i ty  of a 
symmetric fuel surface formation above the entrapped coolant at least for a very short time. 

g) Since the model considers the interaction occuring at f i lm boil ing regimes, the model cannot 
predict the FCl behavior as soon as the temperature of the fuel surface fa l ls  below the 
minimum f i lm boil ing temperature. In i ts present form the model is only applicable to the 
free contact mode of fuel entering the coolant. 

As one can see from a comparison of these three detailed models, there is an histor ical  
order to them in which the more recent models include some aspects of past models. Kim's model, 
being the most recently developed, contains key aspects of Fauske's and Buchanan's models. 
Basically the je t  penetration model of Kim has some commonality with Buchanan's model. However, 
what is unique is that (1) f i lm boil ing is considered to be the i n i t i a l  condition (a necessary 
condition for i n i t i a l  premixing - Fauske 1973), (2) dynamic f i lm osci l lat ions and/or collapse is 
the method of forming the je t ,  and (3) models for eventual je t  entrapment below the fuel surface 
based on transient je t  kinematics. The model considers the concept of homogeneous nucleation of 
the coolant (Fauske, 1973; Henry and Fauske, 1975) as the means of supplying the energetic 
driving force for the local explosive vaporization and steam bubble expansion. Based on the 
heat transfer characteristics from the surrounding fuel to the entrapped coolant drops, i t  is 
found the efficiency of the explosive vaporization increases as the entrapped coolant drops 
become smaller and more homogeneously mixed within the fuel below i ts surface. This is a unique 
and dif ferent approach for the importance of the coolant droplet size compared to the drop 
capture model. However, i t  may be more reasonable because Kim's model indicates that f i lm local 
osci l lat ions and collapse provide the impetus for local "microscale" mixing between the fuel and 
coolant l iquids. I f  one takes an overall view of the process the mixing phase of the vapor 
explosion allows the fuel and coolant to intermix and allows for an increase of the exposed 
surface area without signif icant vaporization because the liquids are in f i lm boil ing. In 
addition i f  one follows Kim's ideas i t  is the local osci l lat ions of the f i lm and i ts eventual 
collapse which allow the fuel and coolant to mix to a f iner length scale at the exposed surface 
area due to je t  formation, coolant entrapment and vaporization and subsequent fuel 
fragmentation. Homogeneity in mixing and reduction in the length scales for heat transfer are 
the keys to the process both in the macroscopic scale and the "microscale." 

There are certain aspects that could be improved in the model, such as the effect of 
viscosity on the Rayleigh-Taylor i ns tab i l i t y  growth and a more detailed description of the 
breakup of a coolant je t  upon entrapment in fuel. The model does not account for the effect of 
signif icant increases in the viscosity on the growth rate of the ins tab i l i t y  disturbance. There 
are other effects that one could consider that would resolve the competing effects of other 
proposed fragmentation mechanisms (internal pressurization and so l id i f ica t ion)  to that of f i lm 
collapse and je t  formation and entrapment. For example consideration of the fuel so l id i f i ca t ion 
process during the timescale of the f i lm collapse, and je t  penetration was neglected here 
because i t  is not important for these high temperature fuel simulants (FexO,). However, this 
may be signif icant where fuel is near i ts so l id i f i ca t ion  temperature as the ~et enters the fuel 
and quenches local regions of the fuel surface. 

F inal ly ,  one should note that al l  of these fragmentation models, in part icular the complete 
models of Fauske, Buchanan and Kim, only address the i n i t i a t i on  of the vapor explosion. These 
models focus on the explosion in one local region of the fuel-coolant mixture, and not on the 
spatial propagation of the process to other regions of the mixture. In this sense they focus on 
the necessary conditions for tr iggering and i n i t i a l  escalation of the vapor explosion into a 
large scale process but not on the characteristics of the large scale propagation process. 
Therefore, one should be careful in assuming that these fragmentation models are applicable to 
the whole process of a large scale vapor explosion. As the explosion gains strength one would 



expect tha t  purely hydrodynamic mechanisms fo r  fuel f ragmentat ion would become dominant, because 
the r e l a t i v e  ve l oc i t y  between fuel and coolant  is increasing and fragmentat ion by r e l a t i v e  
v e l o c i t y  induced R-T i n s t a b i l i t i e s ,  K-H i n s t a b i l i t i e s  and boundary layer  s t r ipp ing  would 
increase in importance. The key po in t  that  one should remember is that  fo r  the vapor explosion 
to become a large scale event one must sa t i s f y  these necessary condi t ions for  t r i gge r i ng  and 
explosion esca la t ion .  In fact  i f  one wants to suppress the explosion or mi t iga te  i t s  e f fects  
one endeavors to be t te r  understand th i s  t r i g g e r i n g  and esca la t ion  phase in order to preclude the 
growth of the i n te rac t i on  in to  a large scale explos ion.  

4. LARGE SCALE EXPLOSION PROPAGATION AND EXPANSION 
4.1 Vapor Explosion Theory 

There have been two major t heo re t i ca l  hypotheses to expla in vapor explosion behavior.  One 
advanced by Fauske is a set of necessary condi t ions for  a large scale vapor explosion.  This has 
been termed the spontaneous nucleat ion theory .  The other  formulated by Board and Hall is known 
as the thermal detonat ion theory,  and focuses on the explos ion propagation based o r i g i n a l l y  upon 
purely hydrodynamic fragmentation behind the explosion shock f r o n t .  

4 .1 . l  Spontaneous Nucleation Theory Spontaneous nuc leat ion is a nucleat ion mechanism by 
which c r i t i c a l  s ize vapor or cav i t i es  are formed as a resu l t  of molecular densi ty  f l uc tua t ions  
in a bulk l i q u i d  or at any p reex is t ing  l i qu id -vapor  or l i qu id -gas  in te r faces .  Based on the 
experimental f ind ings of Henry et a l .  (1973, 1974), Fauske (1974) o r i g i n a l l y  proposed a vapor 
explosion hypothesis as a set of c r i t e r i a  in which spontaneous nucleat ion was the p laus ib le  
mechanism fo r  explos ive vapor format ion given molten fuel and coolant in l i q u i d - l i q u i d  
contact .  These c r i t e r i a  were based on the more fundamental i nves t iga t ions  of Katz and 
Sl iepcevich (1971), Nakanishi and Reid (1971), and Enger and Hartmann (1972). 

To understand Fauske's c r i t e r i a  one must remember a few fundamental fac ts .  F i r s t ,  the 
contact in te r face  temperature of two s e m i - i n f i n i t e  masses at i n i t i a l l y  d i f f e r e n t  temperatures 
with constant proper t ies  is found to  be (Carslaw and Jaeger (1959)) 

TH(k/at) H + Tc(k/at )  c 
T : (52) 

[ ( k /a t )  H + ( k /a t )  c 

where: T = temperature 
k : thermal conduc t i v i t y  

a~ = thermal d i f f u s i v i t y  
A hot l i q u i d  fuel 
c : cold l i qu i d  coolant 

Second, according to the k i n e t i c  theory fo r  gases and l i qu i ds ,  vapor bubbles can form in a 
bulk l i q u i d  due to  molecular f l u c t ua t i ons .  That i s ,  a vapor can be nucleated in the bulk of the 
l i q u i d  when a vapor nucleus greater or equal to  the c r i t i c a l  s ize ( r c r i t )  is formed 

2~ (53) 
Pg - Pc r c r i t  

where Pg is the vapor pressure ins ide the vapor nucleus and Pc is the imposed l i q u i d  pressure 
corresponding to a sa tura t ion  temperature Tsat. With a given in te rna l  bubble pressure Pg, the 
bubble is unstable,  and col lapses fo r  r < r c r i t  or grows fo r  r > r c r i t -  

The revers ib le  work fo r  nucleat ion required to form th i s  spher ical  vapor bubble nucleus in  
the bulk l i q u i d  is given as 

2 4 3 
W = 4Xrcr i t~  - ~ , r c r i t [ P  c - Pg] . 

In a s ta te  of mechanical equ i l ib r ium th i s  work is expressed as 

3 16 x~ W : 
eq 3(Pg - PC )2 " 

(54) 

(55) 
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Final ly,  the rate of bubble nucleation per unit volume and per unit time is given from 
kinet ic theory as 

J = wN exp(- Weq/KBT) (56) 

where N is a constant approximately equal to the number of molecules per unit volume (N = 1022 
cm- ), w is the col l is ion frequencJ~ of ~he l iquid molecules and is a function of temperature 
with a value nearly constant (10 TM s'~). The rat io G b = (W~n/KRT) is called the Gibb's 
number. It represents the rat io of the energy required for nucle~io5 to the kinetic energy of 
the molecule. The predicted nucleation rate is extremely sensitive to temperature variations; 
i .e ,  within a couple of degrees, the bubble formation rate q~anges many orders of magnitude 
(Fi g. 37). At a point above a specific nucleation rate, Jhn lO'U' so many bubbles are formed 

_o 

e Coolant 

T I = 

Explosion criterion 
T I ~ T s N  

(a) 

i 
I 
I 
I 

I 
I 
I 
I 
I 
I 
I 

Nucleation rate [ 

I 
I 

Absolute temperature 
(b) 

Spontaneous nucFeation 
temperature (TsN) 

Fig. 37. Spontaneous nucleation model. 

that the metastable l iquid state reverses. The associated ten~)erature Thn = T (Jhn) is called 
the homogeneous nucleation temperature of the f l u id ;  e.g., Th. water : 3~0°C" From Eq. 56 and 
available data one can show that many liquids wi l l  not nucle~omogeneously unti l  they reach 
temperatures of about 90% of thei r  thermodynamic c r i t i ca l  temperature. 

Now i f  this nucleation takes place at an interface (e.g., l iqu id- l iqu id) ,  the required work 
to form the bubble can be decreased as the wet tab i l i t y  of the surface decreases. The 
spontaneous nucleation te~erature (Ten) takes into account this wetting effect at the 
interface. Thus for a complete surface wetting f lu id  (contact angle = 0°), the spontaneous 
nucleation rate is the same as the homogeneous nucleation rate (T~. = Tk.), and for no surface 
wetting f lu id (contact angle = 180°), the possible superheating ~ b a l s ' ~ r o  (Tsn : Tsar) (see 
Table 3). 

Based on these concepts, Fauske suggested that the fol|owing c r i te r ia  must be satisf ied in 
order to achieve a large scale vapor explosion: 

(1) Existence of stable f i lm boil ing, so that a vapor f i lm separates the two liquids and permits 
coarse premixing without excessive energy transfer; Henry and Fauske (1981) have added some 
ideas on mixing to this cr i ter ion recently and this has been previously discussed; 
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(2) Direct l iqu id- l iqu id  contact due to collapse of the vapor f i lm; 
(3) Explosive boil ing immediately upon contact, implying that the interracial  temperature must 

exceed the spontaneous nucleation temperature upon i n i t i a l  contact, causing rapid 
fragmentation and mixing of both the hot and cold f lu id  without time delay; 

(4) Adequate iner t ia l  constraint to sustain a shock wave on a time scale required for a large 
scale explosion (this has remained a qual i ta t ive c r i te r ion) .  

Bankoff and Fauske (1974) as well as Anderson and Armstrong (1977) have postulated that at 
least with water and organic l iquids the effect of wetting on the inter facial  surface tension 
could strongly affect the poss ib i l i ty  of spontaneous nucleation of the vapor. Henry and Fauske 
(1975) subsequently theorized that an upper l im i t  exists for a self-tr iggered interaction, T < 
Tcrit ,  where Tcri t  is the c r i t i ca l  temperature of the coolant. 

Table i .  Heterogeneous nucleation at a l iQuid-limpid interface 
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The spontaneous nucleation theory is d i f f i c u l t  to assess because i t  is a set of necessary 
conditions that must be met for a large scale vapor explosion, not a complete model. They, 
therefore, must be compared to data with more detailed analyses applied. Nevertheless, the 
formulation of these c r i te r ia  has s igni f icant ly  contributed to a better understanding of the 
vapor explosion. 

There are some criticisms of these c r i t e r ia  which have not been resolved to date: 

(I)  As indicated by Cronenberg and Benz (1978) and Schumann (1982) the Fauske c r i te r ia  provide 
no information on the amount of part ic ipat ing fuel and coolant masses which is one of the 
c r i t i ca l  parameters to determine the large scale vapor explosion efficiency and work output 
and is, therefore, inconclusive about the expected energy conversion from fuel thermal 
energy to mechanical energy. There is also no complete mechanistic model applying the 
spontaneous nucleation theory to explain fuel fragmentation, the pressure history and 
subsequent conversion rat io behavior. 

(2) In low temperature experiments by Enger and Hartmann (1972), Board et al. (1974a) and 
Anderson and Armstrong (1977) (e.g., LNG/water and Freon/water) vapor explosions were 
observed even though the cr i ter ion T I > T s_ was not always satisf ied. Fauske (1974) has 
explained this discrepancy by pointi6g out ~hat in these cases the spontaneous nucleation 
temperature is altered by dynamic changes in wetting characteristics, but this explanation 
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is not un i ve rsa l l y  accepted. There are some ind ica t ions  that  the high temperature systems 
by Board et a l .  (1974b) and Armstrong et a l .  (1976) (e .g . ,  UO2/sodium) also explode at 
temperatures below T 

(3) Nelson and Buxton ~978) observed s e l f - t r i g g e r e d  spontaneous vapor explosions when the 
contact i n te r face  temperature of corium/water based on constant proper t ies was well  above 
the upper l i m i t  of temperature threshold T_ri t for  s e l f - t r i g g e r e d  in te rac t ions  as proposed 
by Henry and Fauske (1975). ? ~ ' That ]nd lcates that  the upper temperature threshoid Is not 
app l icab le  to  at least  l i g h t  water reactor  app l ica t ions  because the contact temperatures ( i f  
contact is at a l l  possib le)  of molten corium and water would exceed the c r i t i c a l  temperature 
of water.  Most damaging i ndus t r i a l  vapor explosions (e .g . ,  aluminum/water, s tee l /wa te r  and 
smelt /water accidents) also occurred with an in te r face  temperature well  above Tcr~t. Also 
Buxton and Benedick (1979), Fry and Robinson (1979, 1980a, 1980b) and Mi tche l l  et a l .  (1981) 
have reported measurements of supe rc r i t i ca l  explosion pressures, which cannot be accounted 
fo r  by th i s  spontaneous nucleat ion model. However, some inves t iga to rs  ( i . e . ,  Fauske, 
Theofanous, Ginsberg, Steam Explosion Review Group Report, 1985) have questioned these 
measurements because of the uncer ta in ty  in the measurement of l i q u i d  phase pressures. 

(4) Henry et a l .  (1976, 1979) performed high ambient pressure experiments with a Freon/o i l  
system and a NaCl/H20 system, and observed that  increased ambient pressure does appear to 
suppress the spontaneous t r i gge r i ng  of a vapor explos ion.  They explained that  th i s  pressure 
suppression is due to  bubble growth charac te r i s t i cs  during explosion propagat ion. But W.B. 
Hall (1977) presented ca lcu la t ions  showing that  bubble growth with acoust ic loading can 
proceed wi thout  t ime delay fo r  acoust ic pressure r e l i e f .  Nelson and Duda (1981, 1984) 
exper imenta l ly  observed that  the explosion could be e x t e r n a l l y  t r iggered at pressures above 
those predicted by Henry et a l .  (1976, 1979) to be a cu to f f  po in t .  Some inves t iga to rs  
consider that  the e f fec t  of high ambient pressures is to suppress the a b i l i t y  to t r i g g e r  the 
explos ion (Corrad in i ,  1981; Kim, 1984, 1985), but can be r e i n i t i a t e d  by a la rger  t r i g g e r  
pulse. 

(5) The ef fec ts  of s o l i d i f i c a t i o n  phenomena fo r  l i q u i d  fuel have not been accounted for  in the 
o r i g i na l  model. Later Bankoff and Fauske (1974) considered the spontaneous nucleat ion 
w i th in  so l id  fuel  cracks due to thermal stresses in the s o l i d i f i e d  th in  UO~ she l l ,  But 
Cronenberg and Coats (1976) and Ladish (1977) ind icated that  under per fect  contact quenching 
cond i t ions ,  l i qu i d  UO 2 w i l l  undergo s im i l a r  homogeneous so l id  crust nucleat ion which may 
hamper f u r the r  f ragmentat ion.  

One should note tha t  Fauske's o r i g i na l  c r i t e r i a  have been added to and modif ied by Henry, 
Bankoff and others.  Therefore, c r i t i c i sms concerning modi f icat ions to  the basic c r i t e r i a  do not 
necessar i ly  i n v a l i d a t e  these c r i t e r i a .  The model i n i t i a l l y  was used to expla in  a l l  vapor 
explosions as a product of spontaneous nucleat ion fo l low ing  extreme superheating; however, the 
spontaneous nuc leat ion theory today may serve to p a r t i a l l y  expla in the i n i t i a l  t r i gge r i ng  and 
esca la t ion mechanism fo r  the vapor exp los ion.  This alone may be qu i te  important because the 
spontaneous nucleat ion model as conceived is a microscopic model which is based on the physical 
phenomena in the immediate neighborhood of the l i q u i d - l i q u i d  in te r face  that  might t r i g g e r  and 
escalate the local  FCI i n to  a large-scale explos ion.  

4.1.2 Thermal Detonation Model The i n i t i a l  idea of l i ken ing  a vapor explosion to a 
chemical detonat ion came from Board et a l .  (1974a, 1975), In fact  th is  idea was based on the 
experimental observat ions by Board and Hall (1974b) i nd i ca t i ng  that  a vapor explosion could be 
governed mainly by fragmentat ion and in te rmix ing  processes accounted fo r  behind a s p a t i a l l y  
propagating pressure shock wave. They  have suggested a theo re t i ca l  model fo r  a propagating 
vapor explosion by applying the c lass ica l  theory fo r  a s teady-s ta te  one-dimensional chemical 
detonat ion to  the case of a plane explosion f ron t  propagating through a coarsely mixed region of 
fuel  and coolant  (Fig. 38). The general case of propagation of a plane detonat ion wave through 
a s e m i - i n f i n i t e  exp los ive medium has been discussed t h e o r e t i c a l l y  by a number of i nves t iga to rs  
beginning wi th Chapman (1889) and Jouguet (1907). In p a r t i c u l a r ,  Wood and Kirkwood (1960) 
invest iga ted the advanced Chapman-Jouguet condi t ions fo r  s teady-s ta te  one-dimensional 
detonat ions and shocks, 

Board suggested in his model that  th is  s teady-s ta te  propagation of a shock wave caused 
rapid fuel f ragmentat ion behind the shock f ron t  due to r e l a t i v e  ve l oc i t y  induced 
i n s t a b i l i t i e s .  This is a fundamental ly d i f f e r e n t  mechanism from Fauske's c r i t e r i a  fo r  explos ive 
vapor i za t ion .  However, the two models are not necessar i ly  mutual ly exc lus ive ,  and one may 
actually complement the other. In part icular,  as discussed previously, the spontaneous 
nucleation concept is quite useful as part of the explanation of tr iggering and explosion 
escalation, while hydrodynamic fuel fragmentation may become dominant once the explosion has 
escalated to a steady-state explosion front.  Thus the former mechanism may be required to 
i n i t i a t e  the la t te r .  Taken by i t se l f ,  Board's model suggests that in a suitably !ar~e or 
constrained system a vapor explosion can "detonate" given a suff icient tr igger strength. 
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Consider a long tube containing water and vapor fi lm blanketed molten fuel droplets (Fig. 
38); a coarse premixture. Next consider a shock wave propagating through this mixture. To an 
observer on the front the Flow motion is steady and so in this system the basic equations for 
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Fig. 38. Schematic i l lust rat ion of a thermal detonation model. 

homogeneous mixture of l iquid coolant, vapor coolant, and fuel are determined by mass, momentum, 
and energy balances 

PlUl = P2u2 (57) 

2 2 
PlUl + P1 : P2u2 + P2 (s8) 

2 2 
h I + U l /2  : h 2 + u2/2 (59) 

where p is the dens i t y ,  u is  the v e l o c i t y  and h is  the en tha lpy .  Apply ing the momentum Eq. (58) 
and energy Eq. (59) t o  the ma te r i a l  en te r i ng  and l eav ing  the plane shock f r o n t  one can deduce 
t ha t  the poss ib le  s ta tes  (P2, P2, u2) o f  the mate r ia l  l eav ing  the f r o n t  are re la ted  to  the 
pressure PI, d e n s i t y  P l ,  and i n t e r n a l  energy u I of  the ma te r i a l  en te r i ng  the f r o n t  by 

I ( I i o  I + I i o 2 )  u 2 u I (60) 2- (PI + P2 ) : " " 



This, together with the equation of state for the material leaving the front P~ = F(o2,u2), 
defines a unique relationship between the possible values of P2 and P2 -" this ]s called the 
Hugoniot curve or shock adiabatic curve. 

Addit ional ly from the theory of detonation i t  can be shown that for a specific set of 
i n i t i a l  conditions, there is only on equilibrium f inal state (point CJ in Fig. 39) for the 
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Fig. 39. Schematic i l l us t ra t ion  of shock-adiabatic and detonation curve. 

material behind the front which ensures that the explosion is both stable and self-sustaining. 
In this state the velocity of the material leaving the front is just sonic (Mach No. = 1) with 
respect to the front -- this is called the Chapman-Jouguet condition corresponding to tangency 
of the Rayleigh l ine and the equilibrium Hugoniot curve. 

The explosion propagates with a velocity which is greater than the speed of sound in the 
medium ahead of the front (Mach No. = U~hnr~/C n > l ) .  The pressure and density both rise at the 
front to the point N on the shock adiab~f~-(F~g. 39) for the unreacted material (this is called 
"yon Neumann spike" (1942)), while the velocity in the frame of the front fa l l s  from the shock 
velocity to a lower value. As fuel fragmentation and energy transfer occur, the fuel velocity 
increases and the mixture velocity reaches the speed of sound at the C-J plane. 

Board considered that i f  a strong shock front progresses steadily through the material, 
then close to the front the relat ive velocit ies between the f luids may be suff ic ient to cause 
fine fragmentation of the hot material and hence rapid heat transfer. The front leaves behind a 
mixture in thermal equilibrium at high pressure, and subsequent expansion of this material w i l l  
drive the front forward. 

Board assumed certain physical mechanisms by which hydrodynamic fragmementation could be 
produced by (1) the complete collapse of vapor blanketing the fuel,  and (2) fragmentation due to 
Kelvin-Helmholtz ins tab i l i t i es  and boundary layer stripping which occur because of the di f fer ing 
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v e l o c i t i e s  between the fuel and coolant mater ia ls  as the shock wave passes. 

With such a thermal detonation i t  would be theoret ical ly  conceivable that there would be a 
higher degree of e f f i c i ency  in convert ing thermal energy in to  mechanical work than that  
according to Hicks and Menzies (1965) because the coolant  is compressed before mixing wi th the 
fuel ( th is  neglects the work done on the system i n i t i a l l y  to col lapse the vapor vo ids) .  Later 
Hall and Board (1977, 1979) general ized t h e i r  e a r l i e r  model to consider more e x p l i c i t l y  the 
e f fec ts  of sideways f low,  interphase s l i p  and expansion of the coolant phase. Further they 
developed a thermal detonat ion model in which vapor is generated w i th in  the react ion zone and 
showed how i t s  e f f i c i ency  could be low. Also they showed tha t  thermal detonat ions ( s im i l a r  to 
chemical detonat ions)  w i l l  only propagate i f  the sideways cons t ra in t  is high compared to the 
length const ra in t  of the react ion region. 

The thermal detonation concept is an important contribution to vapor explosion modeling 
because i t  provides an overall conceptual picture on which further work can be based. However, 
some criticisms have been raised to the work of Board et al. 

(I) The stationary detonation model assumes a t r igger to begin this event that is very large, 
requiring supercrit ical shock presures. Williams (1976) cr i t ic ized this assumption by 
calculations for the UO2/Na system showing that an i n i t i a l  tr iggering pressure of 80 to 700 
bar was required with an i n i t i a l  vapor void fract ion of 0.5 to 0 . i .  

(2) Williams (1976) also indicated that the attainment of the von Neumann pressure spike is most 
l i ke ly  prevented by the dispersion effect of a heterogeneous mixture of two components with 
di f ferent densities and sonic veloci ty.  Because sharply defined pressure waves undergo 
multiple part ial  reflections at the interface between mixture constituents, an attenuated 
wave results. 

(3) Bankoff et al. (1976) indicated that the chemical detonation theory does not consider the 
effect of unequal weights between components in the mixture, which results in unequal phase 
veloci t ies.  Therefore, the reaction must also follow the sl ip l ine ( i . e . ,  the phase 
velocity rat io) as well as the pressure-specific volume diagram. In this case the pressure 
is generally not a maximum immediately behind the shock front. Accordingly a stationary 
detonation is only possible when the sl ip on the C-J plane has decreased to O. 

(4) Bankoff et al. (1976) also indicated that the hydrodynamic fragmentation according to the 
interface stripping mechanism, may not take place fast enough to support thermal detonation 
because of the reduction of the relat ive veloc i ty .  Therefore, the thermal detonation 
concept cannot be accurately assessed without quanti tat ive information for hydrodynamic 
fragmentation, and further thermal effects (e.g., spontaneous nucleation) should be 
considered for the extent of fragmentation especially for the nonisothermal s i tuat ion.  

(5) Scott and Berthoud (1978), and Sharon and Bankoff (1981)  doubted the geometric 
considerations in the detonation concept as to whether a reactor is even large enough to 
f ac i l i t a t e  the development of a steady-state stationary detonation wave. 

(6) The i n i t i a l  f i lm-boi l ing coarse mixture condition of Board-Hall model, where a vapor blanket 
is considered to i n i t i a l l y  surround the fuel part icles, has been investigated by Gunnerson 
and Cronenberg (1980). Their results not only indicated that UO2/sodium or UO2/water 
systems could satisfy the i n i t i a l  coarse-mixture requirements but als5 i l lus t ra ted that the 
minimum interfacial  contact temperature necessary to sustain the f i lm boil ing process 
essentially coincides with the spontaneous nucleation temperature. Therefore, the vapor 
explosion could be also interpreted in terms of the spontaneous nucleation theory due to 
f i lm boil ing s tab i l i t y .  

(7) The Chapman-Jouguet detonation wave termination condition originates in classical single- 
phase single-reaction chemical detonation theory. Condiff (1982) indicated many 
d i f f i cu l t i es  in extending this theory to multi-phase thermal detonation; uniqueness of 
Rankine-Hugoniot (R-H) curve, straight l ine tangency point of R-H curve for sonic 
termination and sonic velocit ies depending upon flow regime, equi l ibrat ion, nucleation or 
vaporization transients, etc. Condiff (1983) also pointed out that the thermal detonation 
theory is fundamentally based on a thin shock-limit approximation. This is because a shock 
wave has zero. thickness on a hydrodynamic scale and in this l im i t  the momentum transfer is 
zero. Unfortunately shock waves in two-phase flow may not be thin or well understood. 

In spite of these criticisms and suggested modifications to the thermal detonation concept, 
i t  has received considerable support based on qual i ta t ive observations in many experiments 
(e.g., Briggs, 1976; Fry and Robinson, 1979, 1980; Goldammer, 1980; Mitchel l ,  1981, 1982, 1986; 
Schwalbe, 1982; see Appendix). All of these experiments apparently indicate that the explosion 
produces a shock wave which is analogous to a detonation explosion wave. Also note that thermal 
detonation is a macroscopic model which does not explain the microscopic mechanisms of 
tr iggering, fragmentation and heat transfer. Board suggested that re lat ive velocity induced 
hydrodynamic fragmentation was a mechanism but did not rule out that other mechanisms may be 
operative. In fact in the following discussion of parametric explosion models i t  becomes 



clearer that other mechanisms may be operative, although the macroscopic picture of the 
detonation model would be preserved. 

4.2 Vapor Explosion Modelin 9 

The fue l - coo lan t  mixture can produce high pressure vapor when undergoing a vapor explosion, 
and do work against  i t s  surroundings. This explosion work may cause s t ruc tu ra l  damage or 
generate miss i les .  One of the ob jec t ives  fo r  modeling the propagation and expansion of a vapor 
explosion is to provide in format ion about i t s  damage p o t e n t i a l ,  debris s ize,  and gas generat ion 
rates.  

There are four basic methods by which a vapor explosion could be modeled during i t s  
propagation and expansion phases: ( I )  thermodynamic explosion models, 92) parametric explos ion 
models, (3) mechanistic propagation models, and (4) explosion expansion models. 

The "thermodynamic" model does not take in to  account any k i n e t i c  rate processes that  may be 
invo lved.  I t  only considers the overa l l  mass and energy balances involved in the i n te rac t i on .  
This type of model estimates the maximum work po ten t ia l  ava i l ab le  from a vapor explosion given 
the masses of fuel  and coolant p a r t i c i p a t i n g .  So th i s  approach can give us in format ion about 
the conservat ive upper bound to the work po ten t ia l  from an explos ion.  Such a thermodynamic 
model can be developed to est imate the maximum theo re t i ca l  explosion work po ten t ia l  with two 
d i f f e r e n t  end s ta te  condi t ions;  constant ambient pressure or constant expansion volume. 

For a more r e a l i s t i c  assessment of the damage po ten t ia l  the explosion analysis must take 
in to  account the k i n e t i c  rate processes involved in the i n t e r a c t i o n .  As a f i r s t  approach 
"parametr ic"  models have been developed to ca lcu la te  the pressure h is to ry  due to vapor 
explosions and the subsequent work output consider ing uncer ta in t ies  of contact mode, 
f ragmentat ion,  mixing and heat t rans fe r  rates as empir ical  input parameters. Through 
s e n s i t i v i t y  studies using these parametr ic models the r e l a t i v e  importance of parameters involved 
in the vapor explosion can be q u a l i t a t i v e l y  estimated and matched to  ava i lab le  explosion data. 

Based on these past e f f o r t s ,  mechanistic "propagation" models have been developed to  
consider the mechanistic behavior of an explosion and to expla in  large scale experimental 
data. The key feature of these models is that  the k ine t i cs  of the explosion shock wave 
propagat ion, fuel  fragmentat ion and heat t rans fe r  are modeled using postulated physical models 
fo r  the c o n s t i t u t i v e  re la t ions  in the conservat ion equat ions. Because these models can be qu i te  
complex they have been usual ly  cast in a one-dimensional framework. 

F i n a l l y ,  "explosion expansion" models have been developed. These have used r e l a t i v e l y  
simple k ine t i cs  models for  fuel f ragmentat ion incorporated in to  general hydrodynamic codes fo r  
mult iphase systems to pred ic t  the mul t i -d imensional  expansion behavior of the explos ion.  

4.2.1 Thermodynamic Explosion Models A thermodynamic explosion model was o r i g i n a l l y  
developed by Hicks and Menzies (1965) to est imate the conservat ive upper l i m i t  of the vapor 
explos ion work po ten t ia l  fo r  postu lated fast  reactor  meltdown accidents. This work po ten t ia l  
was taken as equal to the change in in te rna l  energy of the fuel during an isent rop ic  expansion 
from a compressed state to an expanded s ta te .  Based on the Hicks and Menzies method, several 
s im i l a r  ca lcu la t ions  have been performed fo r  d i f f e r e n t  app l i ca t ions .  

Edwards (1967) ca lcu lated thermodynamic l im i t s  on the converison of heat to mechanical 
e f f i c i e n c y .  Judd (1970) essen t i a l l y  used the same approach to obtain the thermodynamic 
e f f i c i ency  of a molten fuel-sodium i n t e r a c t i o n .  He used the more r e a l i s t i c  equation of s tate to 
determine the sodium pressure at high temperature ra ther  than the s imp l i f i ed  form used 
p rev ious ly .  Pugh and Vaughan (1975) performed the same ca lcu la t ions  as Hicks and Menzies. In 
add i t i on ,  Vaughan et a l .  (1976) developed the computer code, ARES, fo r  Hicks and Menzies's 
ca l cu la t i ons .  Peckover (1977) and Vaughan (1977) a n a l y t i c a l l y  did s im ia l r  work on the optimum 
Hicks-Menzies ca l cu la t i ons .  Again Fogg (1977) developed a computer code fo r  the numerical 
so lu t ion  of the Hicks/Menzies equations fo r  a fue l - coo lan t  i n t e rac t i on .  Coddington (1979) 
evaluated the mechanical energy y ie lds  tha t  resu l t  from constant volume mixing of UO 2 and sodium 
using the most recent UO 2 and sodium equation of state data at that time. Judd (1980) also 
performed a thermodynamic calculation to find the upper l imi t  to the work done by a molten fuel- 
coolant interaction. Corradini and Swenson (1981) considered the case in which the high 
pressure coolant expands to a specified volume for a LWR safety analysis and applied the 
thermodynamic analysis. McFarlane (1982) further developed a computer code for the 
thermodynamic model of Hicks and Menzies in order to increase the f l e x i b i l i t y  and extensibi l i ty 
of input data and graphical output compared to the previous models. It was assumed in this code 
that coolant vapor generated by fuel-coolant thermal interaction does work in expanding the 



coolant subsystem to a specified pressure, volume or temperature, that is a pre-selected f inal 
state. Again for l ight  water safety issues Corradini and Oh et a l .  (1983) concentrated on the 
specified f inal ambient pressure case, which could correspond to an ex-vesse] explosion, with 
di f ferent calculations done for the specified volume case. Recently A.N. Hall (1985) con- 
structed a thermodynamic model of molten fuel-coolant interactions. He applied Bernoull i 's 
theorem to a flow of the mixture on i ts timescale of expansion to ambient pressure. Note that 
this application does not imply that the mixture expansion need be isentropic as in the Hicks- 
Menzies model. Therefore, the work eff iciencies predicted by this model can be much smaller 
than those predicted by the Hicks-Menzies model. F inal ly ,  Seebold (1985) has employed a Hicks- 
Menzies computer model and performed a number of calculations for l ight  water reactor (LWR) 
applications. 

Since thermodynamic calculations do not take into account the specified path of the heat 
transfer or the fragmentation rate, the peak pressure and pressure history caused by the time 
delay between these various rate processes cannot be obtained. Also because some of the 
explosion damage in general w i l l  depend upon the severity of the pressure pulse, a transient 
analysis is essential in evaluating the detailed safety problem. 

As described above one can consider a thermodynamic explosion model with two di f ferent 
f inal state conditions: (1) one is a model in which the high pressure coolant expands to a 
specified f inal ambient p~essure, and (2) the other is a model in which the high pressure 
coolant expands to a specified expansion volume. We present the thermodynamic model as a basis 
of comparison for subsequent analysis with the example system defined to be the reactor pressure 
vessel in a LWR. 

4.2.1.1. Specified Final Ambient Pressure Consider the vapor explosion to be an idealized 
process composed of two stages: (i) constant volume thermal equi l ibrat ion of fuel and coolant, 
and (2) isentropic expansion of the products. In this process the following assumptions are 
made: 

a) All the heat transferred from the fuel during the process is transferred to the coolant 
(adiabatic boundary); 

b) Liquids are incompressible; 
c) Specific volume of l iquid is negligible when compared to that of the vapor; 
d) Vapor behaves as a perfect gas; 
e) Specific heat and latent heat are constant. 

These assumptions allow one to analyt ica l ly  estimate the thermodynamic work potent ial .  
work has shown that more detailed treatments do not a l te r  the general behavior. 

Past 

Consider the f i r s t  process of the two-stage process where there is a fuel-coolant thermal 
interaction before expansion (constant volume process). Suppose that the mass of coolant, mc, 
at the absolute temperature, Tc, mixes with the mass of fuel, mr, at the absolute temperature, 
Tf, and thermal equilibrium is established between the two constituents. When one chooses the 
system boundary to be the mixture of fuel and coolant, one obtains the equilibrium temperature 
of the mixture 

T = mcCpcTc + mvCpvTv + mfCpfTf (61) 
e mcCpc + mvCpv + mfCpf 

where: c Cpc : l i qu id  coolant spec i f ic  heat 
~pv vapor coolant spec i f ic  heat 
~pf fuel spec i f ic  heat. 

From the thermodynamic state equation, one can obtain the coolant entropy change to th is  
equi l ibr ium state during the constant volume process. Next one can obtain the qua l i t y  and the 
pressure of the equi l ibr ium state.  

For the second stage of the process two kinds of isentropic  expansion systems can be con- 
sidered to estimate the maximum expansion work po ten t i a l ;  one is the isentropic fuel -coolant  
mixture expansion and the other is the isent rop ic  coolant expansion. The mixture expansion case 
is more conservative than the coolant expansion case because thermal equi l ibr ium between the 
fuel to coolant is maintained during the expansion for  the mixture case. 

Suppose the fuel -coolant  mixture expands in a revers ib le  and adiabat ic manner to obtain the 
maximum work po ten t ia l .  The to ta l  energy of the system and the environment is conserved during 
the whole process. From a thermodynamic analysis,  one can define the work of the system as 
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= -au : AKE + APE + Po(AVsys) . (62) ~Wsy s 

The actual work which can damage the surrounding structure at any time is the kinetic energy. 
However, one cannot calculate this portion in a thermodynamic analysis as a function of time. 
Therefore, the AW s calculated should be viewed as an upper bound of the actual work potential; 
i .e.  the maxi~mY~inetic energy would approach this value at some point in the expansion 
process. 

There are a number of possible paths this expansion can take (Fig. 40). First, consider 
the case where the whole expansion process is within the saturation region. By di f ferent iat ing 
and integrating the thermodynamic state principle for the mixture combined with the Clausius- 
Clapeyron equation one can get the equation for the final state quality, x2, given the final 
ambient pressure P2 (and i ts saturation temperature T2): 
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Fig. 40. Thermodynamic path of coolant in T-S diagram 

(mcCpc + mfCpf) I  n(~-~)+ mchfgc(~-~)- mchfgc(~-~) = 0 (63) 
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where: T 2 = temperature of f inal state 
= coolant latent heat of vaporization 

h f~  ~ qual i ty of equilibrium state 
x 2 = qual i ty of f inal state. 

Next, consider only the portion of the expansion process in which the coolant state is a 
superheated state. One can get the f inal temperature based on the equation between the satu- 
rated vapor (x = i) or the superheated state and the known f inal superheated state 

where 

P2 I/n 
T 2 = T(-#--) (6) 

mC + 
n = c pv mfCpf (66) 

mcR c 

By combining the above derivations one can express al l  the possible expansion paths during 
the process (Fig. 40). Notice that at approximately equal volumes of fuel and coolant the work 
potential reaches a maximum (Fig. 41). 

In the thermodynamic explosion model one calculates the conversion rat io by using the 
system work at the end of the expansion 
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Fig. 41. Isentropic mixture expansion to atmospheric pressure. 

aWsy s AKE + APE + PoaVsys (66) 

C.R = mfCpfCTf - Tref) = mfCpf[Tf - Tref] 

Because the portion of each term in AW:~ s is not known one should realize this is the maximum 
work output ( i . e . ,  maximum theoretical ~ inet ic  energy). One can now use these estiamted upper 
bound values as a point of comparison as the more mechanistic models theoret ical ly  predict the 
actual explosion converison rat io .  
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4.2.1.2 Specified Final Expansion Volume Suppose that the vapor explosion occurs within a 
fixed final volume. For this condition there are two ways in which the vapor explosion can 
affect the surroundings. The f i r s t  way is by the expansion work (Wsvs) to the final volume. 
This is the same calculation as was presented in the previous section~3th the only difference 
being a known final volume instead of a pressure. The second way is by the final pressure in 
the fixed volume after the expansion. If this stat ic pressure is large the structure may also 
be damaged. The former calculation has been done by Corradini and Swenson (1981), and the 
la t ter  is br ief ly  discussed below. 

For this case the same assumptions are considered as discussed previously. The system has 
no heat transfer with the environment and in this case no work is done on the environment. 

When the final state is in the saturation region, one gets from the f i r s t  law 

mfCpf(Tf - T2) = mc[Cpc(T 2 - Tc) + x2Ufg 2 - XlUfgl ]  (67) 

where: ~fg l  : coolant in te rna l  energy la ten t  heat of the i n i t i a l  s ta te 
Ufg 2 coolant  in te rna l  energy la ten t  heat of the f i na l  s ta te .  

When the f i na l  s tate is in the superheated region, one obtains 

mfCpf(Tf - T2) = mc[CpvT 2 - CpcT c - XlUfgl] . (68) 

The temperature and the pressure of the final state are obtained from the above equations 
by a t r i a l  and error i terat ive method with the coolant equation of state. 

Figure 42 shows the maximum quasi-static pressure generated from the expansion for a 

n 
~E 
v 

~J 

Z 
rE 
bU 
I-- _z 

40 

30 

20 

I 0  

0 .0  

I I 

VFI = 100 m 3 

mf = 15,000 kg 

- / ~ P =0.5MPa 

/ ~ T, = 3150K _ '  
I I I 

1.0 2.0 3.0 
MASS OFCOOLANTIMASS OFFUEL(m¢/ml) 

4.0 

Fig. 42. Pressure generated for a constant final volume 



62 N1. L. C~Jt<I~.\~-~ et ~d. 

constant f inal volume. Notice that as the mass of coolant increases to roughly equal volumes 
the maximum quasistatic pressure goes through a maximum and decreases substantially as mc/m f 
becomes large. 

4.2.2 Parametric Explosion Models Many parametric models have been developed which 
describe the transient nature of fuel fragmentation and heat transport during a fuel-coolant 
interact ion; as f i r s t  in i t ia ted  by Padilla (1970) (see Table 4.2). These models assume that 
fuel fragmentation has taken place resulting in very small particles a l l  uniformly distr ibuted 
in a f i n i t e  volume of l iquid coolant. This means that the f i r s t  order effect on the vapor 
explosion, surface area generation, is parametrically assumed and modeling efforts are spent on 
second order effects such as the detai ls of transient heat transfer. Most of these models can 
be characterized by a phase A; transient heat conduction in a predominantly l iquid phase and a 
phase B; rapid vapor generation resulting in a two-phase expansion. Therefore, the pressure 
spike occurs in phase A due to rapid heat transfer and l imited coolant expansion, and the 
pressure re l ie f  in phase B due to the volumetric expansion depending upon the acoustic con- 
straint  or the iner t ia l  constraint of the system. 

I t  is important to point out that the results and the conclusions obtained in these various 
models have a meaning only when the values of the external input parameters can be jus t i f ied  
ei ther on the basis of sound physical considerations or on the available experimental data, In 
regard to vapor explosion experimental analyses, one of the original analysis tools was the 
equilibrium parametric model developed by Cho et al.  (1971) for LMFBR applications. 

In this review two parametric models were chosen: the Cho-Wright model and the Caldarola 
model. These two models are chosen because they are representative of the spectrum of 
parametric models developed to date (see Table 4.2) in which one must provide empirical input 
for the rate of fuel fragmentation and the characteristic size of the fragments. 

4.2.2.1 Cho-Wright Parametric Model The Cho-Wright parametric model was especially 
developed for analysis of fuel-coolant interactions for postulated accidents in the l iquid metal 
fast breeder reactor (LMFBR). The rate of energy exchange between the fuel and the coolant was 
considered to be 

d Q = hA(Tf - T) (69) dt 

The heat transfer coeff ic ient,  h, for each fuel part ic le dispersed in the sodium was given by 

kf k r 
h = + - -  (70) 

t~aft R 

which provided for the proper heat transfer rate in the asymptotes of short and long times. The 
heat transfer area, A, available per unit area of the heated coolant was determined by a user 
input characteristic fragmentation time and f inal  fuel fragmentation diameter with the rate of 
fuel fragmentation taken as an exponential rate. 

where 

A : Ao[l - expC- ~-f)] (71) 

A ° : 6(mf/mc)ICpfDf) (72) 

and t f  and Df are supplied by the user based on e ~ i r i c a l  con!~arisons to data. In the i r  early 
model (1971,-1972, 1973), the fuel and coolant in the explosion zone were considered to be 
lumped parameter masses, each at a common pressure but at di f ferent temperatures ( i . e . ,  
thermodynamic equilibrium for the fuel and coolant separately). Three kinds of one~imensional 
constraints were considered: (a) acoustic constraint of i n f i n i t e  extent for al l  time, (b) a 
f i n i t e  iner t ia l  constraint in a single reactor subassembly for al l  time, and (c) an acoustic 
constraint up to the acoustic unloading time and a f i n i t e  iner t ia l  constraint for expansion at 
longer times. The acoustic unloading time corresponds to the round-trip time of the i n i t i a l  
pressure wave to the nearest free surface. In addition, a la ter  model (1974) included the 
effect of coolant vapor blanketing (as well as any fuel f ission gas), the effect of simple 
elast ic deformation of the vessel wall, and the effect of a distr ibut ion of the fuel part ic le 
size. The major calculation results for a fast reactor subassembly geometry were the following: 
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(i) The peak pressure decreases and the pressure rise time becomes longer as (a) the initial 
thickness of the vapor blanket increased and as (b) the fuel fragment size or fragmentation 
time became larger (Fig. 43); 

(2) The wall deformation appears to have a negligible effect on the pressure-time history; 
(3) The use of a mean particle diameter instead of a fragment size distribution would not 

introduce any gross errors. 

One can indicate a few limitations of this parametric model. This model is an equilibrium 
model, therefore the vapor generation rate was not the result of excess energy transfer to the 
vapor-liquid coolant interface from the fuel, but rather was calculated from the thermodynamic 
equilibrium equation of state for the sodium coolant. This has the effect of suppressing vapor 
formation early in the calculation as the coolant heats up to saturation; thus the early time 
pressures may be overestimated with small amounts of vapor present as single phase pressuriza- 
tion of the liquid occurs, and underestimated with a large initial void fraction. Later in time 
the vapor pressure may be sustained at higher values for longer times because so much energy has 
now b~en transferred to the coolant. This may cause an overestimate of the conversion ratio. 
Also the heat transfer mechanism did not take into account radiation energy transfer and 
neglected the thermal inertia of the vapor blanket. This last assumption is valid for a sodium 
coolant but not in general. There was no correction for the continuous phase change of the 
coolant in the interaction zone ( i . e . ,  a flow regime map), which means that the heat transfer 
area of liquid coolant around the fuel may be overestimated during the latter stage of the 
expansion process when the continuous phase becomes coolant vapor. A secondary effect of 
neglecting the flow regime change is that coolant liquid outside the explosion zone would be 
entrained by surface instabilities (e.g., R-T instability) as the expansion proceeds. These 
phase change corrections and the quenching effect due to further coolant entrainment could 
reduce the vapor generation rate and lead to a decrease in the predicted overall conversion 
ratio. 

The parametric model was used to match specific in-pile and out-of-pile LMFBR experiments; 
e.g., the TREAT M-series and H-series tests. The technique used was to find the proper values 
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of the fuel fragmentation size and time to match measured test data. The fuel fragment size, 
fragmentation-mixing time, and the fuel-to-sodium mass rat io were found to be in the range of 
117-234 um, 0-10 ms, and 5.5-12.36, respectively, for these test conditions. These l imitat ions 
of the model were recently modified by Oh et a l .  (1984, 1985) to allow a more general parametric 
treatment; e.g.,  a nonequilibrium coolant treatment and a flow regime map. 

4.2.2.2 Cardarola Parametric Model An extensive parametric study was also carried out by 
Cardarola (1972, 1975i for LMFBR applications. One difference from Cho's model is that the 
sodium in the interaction zone was distinguished into three zones, namely the l iquid,  the vapor 
f i lm, and the mixed vapor, which are al l  at the same pressure. The rat io of mixed vapor in the 
l iquid and the vapor f i lm around the fuel part icles was obtained based on the force balance when 
the vapor flows away along the space between the fuel surface and the l iquid coolant surface. 
The result shows that the small particles have a vapor layer thickness larger than the big par- 
t i c les .  It is worth noting here that there is a competing effect between the amount of vapor 
generation due to energy transfer and the insulating effect of the vapor f i lm. In this model 
sodium vapor was also assumed to be in thermal equilibrium with i ts l iquid. This means that the 
mixed vapor is saturated vapor and has the same temperature as the l iqu id .  In his early theo- 
ret ical  model (1972) no time dependent fragmentation model was considered, which means that a 
constant number and size of the fuel particles were assumed during the entire interact ion. In 
the later  model (1975) the mass of fuel and sodium part ic ipat ing in the interaction was con- 
sidered to vary as a l inear function of time. The main conclusions of this model are the fo l -  
lowing: 

(1) The total  work done by the interaction strongly decreases with increasing fragmentation time 
and mixing time constant, which is similar to Cho's results. However, for values greater 
than 5 ms the reduction was not found to be very important; 

(2) Vapor blanketing during phase B is effect ive only i f  i t  is accompanied by a re la t ive ly  slow 
process of fragmentation and mixing; 

(3) I t  is possible to considerably reduce the total  work i f  one uses higher values of the vapor 
f i lm time constant defined by this time constant determines the relat ive rat io of mixed and 
f i lm vapor. 

PfcfR2 (73) 
t b  = 3K 

V 

where: Ff = average part ic le radius 
Cf = fuel specific thermal capacity 
K v = thermal conductivity of vapor f i lm; 

(4) The total  work increases with the i n i t i a l  height of the sodium piston acting as the iner t ia l  
constraint; 

(5) Effects of fuel fragment size distr ibut ion and of gas constant are important only for very 
rapid fragmentation and mixing. 

These results are not unlike those found by Cho in his analysis. 

In this model the cr i ter ion for change from phase A to phase B was when the bulk coolant 
temperature is calculated to be greater than the saturation temperature; however, the cr i ter ion 
of Cho using the acoustic unloading time seems to be more appropriate. The assumption of having 
no vapor exist in phase A is not correct for the premixing condition of uniformly mixed fuel 
particles in the interaction zone. Also i t  must be noticed that the vapor around the fuel 
part icles in phase B may be superheated in rea l i t y ,  so that i ts thermal conductivity is expected 
to be lower than the saturated vapor and the thermal iner t ia  of the vapor increases. This 
effect w i l l  eventually decrease the total  mechanical work output calculated. Most of the other 
l imitat ions are similar to those mentioned previously for Cho's model. 

One should note that the parametric model cannot predict the thermal temperature threshold 
for vapor explosions which was observed in many experiments (e.g., Henry et a l .  1973, 1974). 
Also in order to physically describe the energy transfer mechanism involved in the interfacial  
interactions nonequilibrium modeling of the coolant should be considered, because vapor f i lm 
superheating and the vapor generation rate at the interface could be important factors early in 
the explosion in determining the pressure history and overall explosion conversion rat io .  Most 
of the parametric models use an equilibrium model, in which the coolant is treated as one homo- 
geneous component. This means that the energy transfer from the fuel to the coolant at early 



times is primarily used to raise the temperature of the whole coolant mass in the interaction 
zone to saturation rather than to superheat the vapor f i lm around the fuel.  As a result,  the 
magnitude of the peak pressure and the delayed characteristic time for peak pressure when vapor 
is present would be expected in the equilibrium model compared to a nonequilibrium treatment. 
One can overcome this d i f f i cu l t y  to better predict the experimental data by independently 
adjusting the important parameters of the model. This means that the input set for the calcula- 
t ion to match experimental data is not unique in parametric models. However, these parametric 
studies have provided useful contributions in identi fying the key parameters which have s ign i f i -  
cant effects on the pressure behavior and the conversion rat io of the vapor explosion such as 
fuel-to-coolant mass rat io ,  characteristic fragmentation time and size, and expansion iner t ia l  
constraints. 

4.2.3 Mechanistic Propagation Models A signif icant contribution to the overall descrip- 
t ion of the vapor explosion was provided by the steady-state detonation theory of Board et al 
(1974, 1975) and this thermal detonation concept is widely used as a possible construct for the 
vapor explosion. The process could be subdivided into three stages. In the f i r s t  the two 
liquids are coarsely mixed with re la t ive ly  low heat transfer between them. In the second a 
tr igger provides an i n i t i a l  pressure pulse to induce a local interact ion. Finally this pressure 
wave escalates and propagates through a coarse mixture causing vapor f i lm collapse and esta- 
blishing a flow f ie ld  behind the shock front.  Subsequently hydrodynamic or thermal mechanisms 
lead to fine fragmentation of the fuel droplets and results in rapid heat transfer which pro- 
duces expansion of the more vo la t i le  coolant l iqu id.  This expansion sustains the shock wave and 
produces a propagating vapor explosion. Since then there has been visual evidence from a number 
of experiments (e.g., Briggs (1976), Fry and Robinson (1979, 1980), Goldammer (1980), Mitchell 
(1981, 1982, 1986), Schwalbe (1982)) that the propagation of a vapor explosion has a relat ion to 
the shock front propagation. For the remainder of this discussion the explosion escalation and 
propagation given a mixture and a tr igger wi l l  be considered. 

The original steady-state detonation model developed by Board et al .  (1974) was a thermal 
equilibrium model which implied essential ly complete fragmentation of the fuel drops to fine 
debris and a kinet ic equilibrium model which meant no velocity d i f ferent ia l  between the fuel 
debris and the coolant. Therefore, the conditions at the C-J plane are determined solely by the 
upstream conditions and the tangency condition, and are independent of the kinetics of the frag- 
mentation process and the heat transfer process. 

Actually the steady-state detonation model was based on the observations of propagation in 
metal-water thermal interactions. But few experiments have been able to give clear evidence of 
a high conversion rat io of the thermal energy into mechanical work as predicted by the model. 
Therefore, R.W. Hall and Board (1977, 1979) and Baines et a l .  (1980) developed a steady-state 
"vapor detonation" model, which allows for thermal nonequilibrium effects in the coolant due to 
the vapor generation within the reaction region. In this model, i t  was assumed that immediately 
behind the shock al l  the vapor is condensed in the shock and the l iquid phase is compressed 
exceeding the saturation pressure of the coolant. Subsequently the l iquid phase expansion 
begins and fa l ls  to saturation pressure where vapor generation starts. This vapor generation 
may l im i t  further fuel-coolant heat transfer. As a result of this process the efficiency could 
be lower than thermodynamic maximum. One should note that even though these models employ the 
hydrodynamic fragmentation concept due to the velocity d i f ferent ia ls  they do not exp l i c i t l y  take 
into account the relat ive velocit ies between the fuel and coolant in the detonation zone when 
calculating the overall expansion characteristics. Rather fragmentation is assumed to occur 
with suff icient rapidity that local thermal equilibrium is l i ke ly  achieved. 

To consider these multiphase velocity nonequilibium conditions, various steady-state 
detonation models were developed using s tab i l i t y  c r i te r ia  to determine the steady propagation 
cases. Sharon and Bankoff (1978, 1978, 1981) developed a steady-state detonation model of one- 
dimensional shock wave propagation through a coarse mixture introducing the relaxation zone 
which allows the hydrodynamic fragmentation due to boundary-layer stripping and/or Taylor insta- 
b i l i t y  (Figs. 44-45). Scott and Berthoud (1978) independently formulated a similar multiphase 
hydrodynamic model to describe the behavior of a two-phase mixture to shock waves. Their calcu- 
lations on propagating vapor explosions have largely concentrated on determining steady-state 
conditions to see i f  a self-sustaining propagation is possible during the explosion. In these 
models an effect ive two-phase flow simpl i f icat ion was employed to define the two-phase flow 
kinetics at any point of the propagation reaction zone (sometimes called relaxation zone) in 
ternzs of a f i r s t  phase consisting of unfragmented fuel droplets with one phase velocity and 
thermal state, and a second f lu id  state which is a composite of f inely fragmented fuel debris 
and coolant. This second f lu id phase also has a single-phase velocity and thermal state. These 
models assume the time scales for thermal and velocity equi l ibrat ion of the fragmented fuel and 
coolant to be much shorter than those for fragmentation or similar equi l ibrat ion of unfragmented 
fuel droplets and coolant. Thus, in this case the equilibrium requirement can be met by zero 
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re lat ive velocity at the C-J plane. It seems that this assumption of velocity equilibrium at 
the C-J plane is much more appropriate than that of complete hydrodynamic fragmentation used in 
the original model. 

Schwalbe et al. (1981) also developed a similar steady-state thermal detonation model with 
the same velocity equilibrium assumptions at the C-J plane to interpret t in-water and aluminum- 
water experiments by Fry and Robinson (1979, 1980). In a l l  of these models the C-J wave 
analysis is no longer uniquely determined without detailed knowledge of constitutive relations 
for kinetics of fuel fragmentation and fuel-coolant equi l ibrat ion.  Therefore, Condiff (1982) 
reformulated a two-phase flow model of one-dimensional steady-state detonation to separate the 
rea l i s t i c  C-J plane prediction of detonation strenghts which can be obtained from jump balance 
conservation conditions, thermodynamic relations and sonic termination, from that of fragmenta- 
t ion kinet ic rate-dependent detonation zone lengths. No comparison was made with the experimen- 
tal results by Condiff. 

As a result of these steady-state modeling efforts and calculations the existence of sel f-  
sustaining steady-state detonation waves within a coarse fuel-coolant mixture, based on hydrody- 
namic fragmentation mechanisms, seems to be theoret ical ly  possible in appropriate constrained 
geometries. However, predicted steady-state conditions may be far away from the conditions pro- 
duced in the experiments and accident situations; especially because high tr igger 
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Fig. 44. Description of the dif ferent interaction zones. 

pressures (I0-I00 MPa) and large reaction zone dimensions were required to develop these steady- 
state detonations (Fig. 45). Also, for a given set of i n i t i a l  conditions the steady-state 
models provide only a special case, namely the case of a self-sustained detonation wave. No 
consideration was given to the more rea l is t ic  problem whether or not for these cases a propagat- 
ing vapor explosion may escalate from an i n i t i a l  low pressure tr igger within a reasonable fuel- 
coolant mixture length to a steady-state detonation. Therefore, for the theoretical analysis of 
the escalation of an arbitrary t r igger pulse into an explosion in a given fuel-coolant mixture, 
a transient propagation model is needed. 

Fishlock (1979) developed a transient thermal detonation model using a one-dimensional 
Lagrangian hydrodynamic approach to perform calculations on propagating vapor explosions in both 
the aluminum/water and UO2/sodium system. Since this model assumes that both hot and cold 
liquids have the same velocity at a given position in the mixture, one must make an assumption 
as to the re lat ive velocity at the shock front to employ the hydrodynamic fragmentation con- 
cept. Thus the d i f ferent ia l  velocity at the shock Front was conservatively assumed to equal the 
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calculated single l iquid flow veloci ty .  This assumption tends to s igni f icant ly  overestimate the 
fuel fragmentation rate and therefore cause a much more rapid escalation than one would 
expect. In this way Fishlock was able to consider three possible processes for the fragmenta- 
t ion of the hot l iquid such as shock velocity fragmentation, impact fragmentation, and mixing 
due to asymmetric vapor bubble collapse. These calculations suggested that the fragmentation 
processes considered here may indeed contribute s igni f icant ly  to the fragmentation in a propa- 
gating vapor explosion and that they may produce rapid escalation from a re la t ive ly  small 
disturbance (Fig. 46). This  conclusion would be affected by the re lat ive veloci ty assumption 
used and therefore must be scrutinized careful ly.  The calculation also showed that when the 
same assumptions about the i n i t i a l  conditions and fragmentation processes are made for the 
aluminum/water and UO2/sodium systems then similar results were obtained for the interaction. 

Mosinger (1980) performed numerical shock tube calculations in order to investigate the 
shock wave induced fragmentation process of fuel drops in a fuel-coolant interact ion. For that 
purpose the two-phase code DRIX-2D was used considering a water drop within a vapor environ- 
ment. The code DRIX-2D was developed for transient two-dimensional problems in two-phase water 
flows. The relat ive velocity between the two phases is calculated by means of a d r i f t - f l u x  
approximation. Harlow and Ruppel (1981) also performed the propagation calculations using the 
computer code SALE-2D developed by Amsden et a l .  (1980) to describe the propagation 
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characteristics in horizontal s t ra t i f i ca t ion  geometry. The computer code SALE-2D was modified 
to calculate the dynamics of two di f ferent f lu ids.  In this preliminary calculation they con- 
sidered one l iquid which is separated into two regions by a vapor f i lm. However, these two- 
dimensional hydrodynamic codes were just f lu id  dynamics calculations for two-phase flow analysis 
without any detailed mechanistic models to describe the fuel fragmentation and the heat transfer 
mechanisms. They were only useful in determining the pressure wave characteristics independent 
of the feedback from fuel fragmentation. 

Corradini (1982) used a transient multiphase one-dimensional code, WONDY, developed by 
Lawrence and Mason (1975) to describe the propagation phenomenon. This Lagrangian hydrodynamic 
model dealt with three materials--fuel droplets, vapor, and l iquid coolant but has one bulk 
velocity of fuel-coolant mixture. This wave code was designed to solve conventional continuum 
relat ions, but was modified by Corradini (1982) to incorporate this multiphase system and a 
thermal fuel fragmentation model for a large-scale explosion. The thermal fragmentation 
mechanism used in this calculation considered that high vapor pressure due to rapid vapor 
generation after local f i lm collapse causes Taylor i ns tab i l i t i es  which produce coolant jets that 
fragment the fuel. This analysis indicated that a vapor explosion propagation can grow from a 
small t r igger disturbance; however, i t  did not reach steady-state detonation conditions in a l l  
the calculations performed even after a few meters of propagation distance. In fact as the 
i n i t i a l  void fraction increased the propagation speed and pressure decreased (Fig. 47) markedly 
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causing the escalation phase to become longer (1% < ~ < 10%, 500 m/s < V~ro~ < 1000 m/s). Also 
a purely hydrodynamic fuel fragmentation mechanism was calculated to b~ i~capable of causing 
escalation from a small t r igger pulse (Ptrio < I MPa), because the induced relat ive velocity is 
too low to cause rapid enough fuel fragmehtation. Large i n i t i a l  t r igger pressures would be 
required similar to those predicted by Williams (1976). This is in contrast to the results of 
Fishlock. The major l imi ta t ion of this work was that the hydrodynamic model only considered 
fuel in a continuous l iquid coolant phase and thus was l imited to small i n i t i a l  coolant vapor 
fractions (my < 25%) and could not calculate accurate results when the explosion entered i ts 
expansion phase; i . e . ,  high void fractions. 

Carachalios et al. (1983, 1985) developed a transient one-dimensional multiphase model to 
describe the tr iggering and escalation behavior of a thermal detonation. Th is  model is an 
Eulerian hydrodynamic code to describe the transient flow f ie ld  behind the shock front. A shock 
f i t t i n g  method provides the values of the flow f ie ld  just behind the shock front as well as the 
propagation veloci ty.  In this model i t  is assumed that the shock wave propagating in the coarse 
mixture causes vapor collapse and establishes a flow f ie ld  with three phases and two velocit ies 
behind the front. One should note here that the hydrodynamic fragmentation due to d i f ferent ia l  
velocity and the energy transfer based on this could be considered consistently in this model. 
As in other past transient models which allow for only one velocity within the flow f ie ld  one 
has to assume this fragmentation mechanism exp l i c i t l y  as an input. The escalating behavior of 
the detonation waves was examined by parameterizing the ignit ion energy, and escalation length 
and time needed to reach a steady state behavior. By choosing suitable values for the model 
free parameters a comparison with the results from the standard experiment T-I07 of Fry and 
Robinson (1979) was carried out. The propagation behavior of the wave as well as the pressure 
development at the single pressure transducers was nicely simulated by assuming a homogeneous 

- - t  = .375ms 
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mixture. The transient model showed further restr ict ions of the heat release caused by the 
duration of the escalation process and the f i n i t e  heat transfer from the fragments in contast to 
the instantaneous release assumed in the steady state models (e.g., Sharon and BankoFf (1978), 
Schwalbe et al .  (1980)). The major l imi tat ion of this transient model is that one must para- 
metrical ly assume the i n i t i a l  t r igger igni t ion energy to be large enough to induce an explo- 
sion. In the analysis of the experiments of Fry and Robinson (1979)) the tr igger necessary to 
induce a propagating explosion was s igni f icant ly  greater ( i-2 orders of magnitude) than the 
external t r igger pressure actually used in the tests. If the ignit ion tr igger energy fa l ls  
below a certain value no propagation occurs. Thus, although the model is transient, i t  requires 
a large ignit ion tr igger energy to induce a propagation explosion, much larger than one used in 
experiments or would expect under accident conditions. Therefore, i t  seems to lack the proper 
physics to model escalation of the explosion from a small t r igger source, which is observed 
experimentally. This may be due to the fact that i t  only considers hydrodynamic fragmentation 
and not thermal effects as discussed previously (Fauske, 1973; Buchanan, 1973; Kim, 1984, 1985). 

Oh and Corradini (1985) developed a nonequilibrium vapor explosion model using the shock 
wave propagation concept to analyze the FITS experiments at Sandia. In fact this model is a 
transient one-dimensional explosion model for a planar expansion or hemispherical expansion case 
with a mechanistic Fragmentation model. Most fragmentation models used in the previous propaga- 
t ion calculations did not have a direct correlation to the dynamic pressure escalation in the 
explosion zone and i ts propagation behavior through the mixture. In this calculation a dynamic 
fuel fragmentation model has been developed based on the fine fragmentation concept due to 
coolant je t  entrapment, expansion, overexpansion, collapse and cyclic repeating of this process 
(Kim, 1985). The process continues unt i l  the system depressurizes and the local rapid fragmen- 
tat ion ceases as the explosion zone disassembles. The f inal  expression for the fuel fragmenta- 
t ion rate was expressed as 

• = °fNmix~D~Ufrag° exp[- 2Ufrag°t 
mfr 3 Df ] (74) 

where 
p - P 

o i i / 2  (75) 
Ufrag o = (oc(l + (of /pc) i /2) j 

where most terms have been previously defined; Nmi x is the number of fuel drops in the fuel- 
coolant mixture with diameter, Dr. Inherent in thfs-calculat ion was a knowledge of the fragmen- 
tat ion time which was determined by the time for the explosion propagation wave to traverse the 
mixture zone and slug to the nearest free surface. The shock wave propagation velocity was 
calculated by assuming a one-dimensional plane explosion front which is steadily progressing 
through the uniformly mixed materials i n i t i a l l y  at rest, and leaving behind i t  a local mixture 
moving at equal veloci t ies.  This model has a l imi tat ion for the fuel fragmentation mechanism 
due to coolant je t  penetration under the situation when the i n i t i a l  l iquid coolant volume 
becomes so small that i t  is not the continuous phase in the mixture. Under these conditions the 
model cannot be re l iab ly  used. This l imi tat ion extends to most of the past models that assume 
the fuel is mixed in a continuum of l iquid coolant. In this case because coolant je t  entrapment 
after f i lm collapse is proposed the l imi ta t ion is not just on flow regime transit ions but also 
on the mechanism for fragmentation. The model prediction for FITS test (e.g., MD-lg) shows an 
underestimation of the peak pressure for an i n i t i a l  void fraction of 50% which is large compared 
to the experimental observation. However, one can match MD-19 pressure data by reducing the 
i n i t i a l  void Fraction to 10% (Fig. 48). Based on analysis of the Sandia experiments, Oh found 
that the i n i t i a l  conditions of the mixture (fuel mass, coolant mass and vapor void fraction) 
were the prime determinants in accurately predicting the explosion pressure history and conver- 
sion rat io.  Full-scale calculations for a l ight  water reactor in-vessel situation indicates 
that the mass rat io of coolant to fuel involved in the explosion could be considerably smaller 
as compared to the FITS-scale experiment. This result, combined with the larger iner t ia l  con- 
s t ra int ,  results in higher predicted pressures inside the explosion zone and larger explosion 
conversion ratios. The overall efficiency of the explosion is found to be about 50% of the 
maximum Hicks-Menzies values for a given fuel-coolant mixture (Fig. 49). 

4.2.4 Explosion Expansion Models In vapor explosion experiments the explosion can exhibit 
multidimensional characteristics. These characteristics could cause a nonuniform pressure 
loading of the surrounding structure and may mitigate the explosive work potential from what 
would be estimated by a one-dimensional analysis. A similar situation may exist in fu l l -scale 
accident situations; e.g., in a postulated reactor accident or in an industrial accident. 
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Coddington and Staniforth (1980) performed calculations on a propagating vapor explosion 
using the SIMMER code to analyze the Winfrith Thermir experiments (Bird, 1979; Fry, 1979). The 
2-D effect in the test was that the far end of the test vessel began to pressurize while the 
explosion shock wave was s t i l l  propagating through the mixture region, because the area outside 
of the mixture region was considered to be single phase water. The SIMMER code is a two-dimen- 
sional multiphase hydrodynamic code developed by Smith (1979) and sometimes used by i ts  
developers for vapor explosion analysis This code can provide a prediction of the vapor explo- 
sion, although some changes to the code were required to describe: (1) a quasi-steady f i lm 
boi l ing period, (2) a tr igger to i n i t i a t e  the explosion, and (3) an escalation and propagation 
of the explosion. The advantage of this code is that i t  models d i rect ly  the mul t i f lu id and the 
two-phase (vapor, l iquid) aspects of the problem and therefore allows one to examine the 
collapse of the i n i t i a l  vapor f i lm and production of coolant vapor as a result of the fuel heat 
transfer. However, this computer model cannot calculate a hot/cold l iquid d i f ferent ia l  veloci ty 
d i rect ly because the model has only one l iquid velocity f i e ld .  SIMMER also does not allow for 
radiation heat transfer. Thus this model did not use a mechanistic model for fuel fragmentation 
and heat transfer. Rather the original fuel-coolant l iquid transfer model was altered to simu- 
late an explosive heat transfer rate by considering l iqu id - l iqu id  droplet col l is ions. Such a 
technique was used to mode] a vapor explosion expansion in the Zion LWR probabi l is t ic safety 
analysis (1980). The results of this analysis indicated that the kinetic energy of the slug 
from the explosion could be large but would impact the RPV head in a two-dimensional fashion 
reducing the pressure loading and the l ikel ihood of generating a missile that could damage con- 
tainment. More recently Bohl (1982, 1986) has been developing modifications to the SIMMER model 
to allow for a more rea l is t ic  treatment of vapor explosions. 

Corradini (1981) developed a simple empirical explosion model and incorporated i t  into a 
two-dimensional hydrodynamics code, CSQ, developed by Thompson (1979). In this model the vapor 
explosion was modeled as a chemical explosion within the coolant after the fuel coolant heat 
transfer had occurred. The empirical explosion model considered the water and the steam inter-  
mixed with the fuel to be analogous to a chemical explosive and considered the thermal energy of 
the fuel melt released to the coolant to be analogous to the chemical heat of reaction during an 
explosion. This model was based on the concept that in the explosion zone the fuel and coolant 
interact rapidly enough to attain local thermal equilibrium before substantial coolant expansion 
occurs. Simple hand calculations were performed to set up the representative i n i t i a l  conditions 
for experimental analysis. This CSQ model is not mechanistic, because i t  requires three 
empirical input variables that are not mechanistically modeled beyond the i n i t i a l  mixing condi- 
tions: (I) the explosion propagation veloci ty,  (2) the fuel-coolant equilibrium time, and (3) 
energy transferred to the coolant per unit mass of coolant in the explosion zone. This type of 
analysis gives some multidimensional insight into the experiments in terms of presure histories, 
conversion ra t io ,  the expansion velocity and the mass of coolant part ic ipat ing for a given mass 
of fuel needed to match the experimental data. However, because of the empirical input needed, 
i t  is useful mainly as a post-test analysis tool or for parametric expansion calculations. I t  
was found that for intermediate scale explosion experiments by Mitchell et al.  (1981) the explo- 
sion can propagate spat ia l ly  with quite large velocity (200 to 600 m/s) before any signif icant 
expansion occurs, and that not al l  of the coolant may part icipate in the i n i t i a l  explosive 
interact ion. However, af ter the fuel has been quenched, i t  is possible that additional coolant 
does part icipate during the expansion phase due to surrounding coolant entrainment and convec- 
t ive mixing. As a result, the explosion work potential would be reduced. 

Hadid et al. (1985) recently used a general multiphase multidimensional hydrodynamics code, 
PHOENICS, to calculate the fuel-coolant mixing in the lower plenum of a PWR in a severe acci- 
dent. The PHOENICS code, developed by Spalding (198), can solve the one-, two-, or three-dimen- 
sional transient conservation equations in either Cartesian or cyl indr ical  polar coordinates. 
Interfacial  transport expressions for mass, momentum, and energy, or any other conserved quan- 
t i t y ,  can be supplied by using a fu l l y  impl ic i t ,  and hence i te ra t i ve ,  formulation. Hadid et a l .  
calculated transient velocity and fuel/coolant concentration f ields throughout the pool, but did 
not use any mechanistic model for fuel breakup during mixing. Rather the i n i t i a l  fuel diameter 
was assumed. Therefore his calculation is similar to a three-dimensional parametric model where 
at the beginning of the calculation the fuel is uniformly prefragmented to a specified size and 
is allowed to contact the coolant. After the mixture concentrations are calculated a Hicks- 
Menzies thermodynamic analysis is performed to calculate the explosion conversion rat io,  where 
each Eulerian cell of the PHOENICS calculation is used as the i n i t i a l  condition for the thermo- 
dynamic analysis. The results of such an analysis are bounding in that the isentropic work from 
the explosion is predicted given the i n i t i a l  mixing conditions. 
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dimensional parametric model where at the beginning of the calculation the fuel is uniformly 
prefragmented to a specified size and is allowed to contact the coolant. After the mixture con- 
centrations are calculated a Hi cks-Menzies thermodynamic analysis is performed to calculate the 
explosion converison ra t io ,  where each Eulerian cell of the PHOENICS calculation is used as the 
i n i t i a l  condition for the thermodynamic analysis. The results of such an analysis are bounding 
in that the isentropic work from the explosion is predicted given the i n i t i a l  mixing conditions. 

As stated above some investigators have used the multi-dimensional multi-phase hydrodynamic 
code such as SIMMER, CSQ, and PHOENICS to investigate the vapor explosion problem. These can 
provide multidimensional insights to the explosion with given empirical input: SIMMER--fuel- 
fragment size and l iqu id / l iqu id  heat transfer, CSQ--energy transfer rate, and PHONEICS--fuel 
fragmentation size. However, al l  these tools use a simple approach for modeling the explosion 
physics with sophisticated hydrodynamic formulations for the general multiphase expansion. One 
should characterize such analyses as parametric with assumed i n i t i a l  conditions based on other 
analyses. These tools should only be used in concert with mechanistic models or constitutive 
relations for a specific problem. The reason for this is that scaling the phenomena is quite 
important and one must use the mechanistic models to address the question of scaling. Then 
these parametric tools could be used to look at multidimensional effects. In order to accom- 
plish this one ~ight have to a l te r  portions of the model, because one could not just combine 
separate mechanistic models due to thei r  dependencies and complexities. Therefore these para- 
metric analysis must be used in concert with mechanistic models and scaling laws to determine 
the i r  proper role in explosion analysis. 

5. VAPOR EXPLOSIONS CONSIDERATIONS IN LIGHT WATER REACTOR SAFETY 
In a present day nuclear Fission reactor i f  complete and prolonged fa i lure of normal and 

emergency coolant flow occurs, f ission product decay heat could cause melting of the reactor 
fuel .  I f  a suf f ic ient ly  large mass of molten fuel mixes with the coolant and a vapor explosion 
results, the subsequent vapor expansion might cause a breach in the containment of the radio- 
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active f ission products. These radioactive f ission products could then be released to the 
environment threatening the safety of the general public. Although this type of nuclear acci- 
dent is postulated, the health consequences are large enough that i t  is considered in reactor 
safety studies. 

A comprehensive risk assessment ef for t  in the Reactor Safety Study, WASH-1400 (1975), was 
the f i r s t  study to estimate the l ikel ihood of containment fa i lure by a number of physical pro- 
cesses, one of which being a vapor explosion. The study focused on two specific reactor 
designs, the Surry pressurized water reactor and the Peach Bottom boil ing water reactor. For 
the vapor explosion process i t  was determined that the containment could be threatened by three 
possible damage mechanisms: (1) dynamic l iquid phase pressures on structure, (2) stat ic over- 
pressurization of the containment by steam production, and (3) a solid missile generated from 
the impact of a l iquid slug accelerated by the vapor explosion. Based on analyses i t  was deter- 
mined that for these designs the major concern from the vapor explosion was a direct fa i lure of 
the containment caused by missile generation (designated "alpha-mode" fa i lu re) .  This  might 
occur when a vapor explosion occurs in the lower plenum of the reactor vessel and the surround- 
ing water and/or fuel are accelerated as a slug to impact the reactor vessel head generating a 
solid missile. Based on the analysis of available experimental data at that time and on parame- 
t r i c  analyses, WASH-1400 estimated the conditional probabi l i ty of alpha-m~de fa i lure (given a 
complete core melt) to be lO-: /reactor-yr with an upper bound value of 10" /reactor-yr.  Since 
the accident at Three Mile Island, a number of investigations (e.g., Theofanous et a l . ,  1982, 
1986; Fauske et a l . ,  1981; Corradini et a l . ,  1979, 1981a, b: Swenson et a l . ,  1981; Berman et 
a l . ,  1984; Bohl, 1986) have reexamined this phenomenon and estimated the probabi l i ty of i ts  
occurrence given a core meltdown accident. 

In the estimate of the alpha-mode fa i lure probabi l i ty the authors of WASH-1400 subdivided 
the vapor explosion phenomenon into three general categories: 

i) I n i t i a l  conditions; this involves the geometrical configuration of the reactor vessel at the 
time of fuel-coolant contact and the amount of fuel and coolant available for the 
interaction. 

2) Mixing and conversion rat io;  this involves the basic physics of the vapor explosion (as 
reviewed here), such as fuel-coolant mixing, tr iggering, propagation and the resultant con- 
version rat io of fuel thermal energy to the slug kinet ic energy. 

3) Slug-missile dynamics; this involves the expansion characteristics of the slug within the 
specific reactor geometry, and the coupling to solid missile generation and containment 
penetration. 

In the f i r s t  area the analyses indicated that a substantial fraction of the core would be molten 
(50% or more) at a time when the reactor vessel lower plenum was s t i l l  fu l l  of water. Therefore 
a probabi l i ty of one was assumed for the poss ib i l i ty  of fuel-coolant contact. In the second 
area, parametric analyses indicated that about 20% of the core was needed to part icipate in a 
vapor explosion to result in a large enough efficiency to threaten containment in tegr i ty .  In 
addition i t  was fe l t  that i t  was d i f f i cu l t  for a l iquid slug to ef fect ively transfer i ts impulse 
and energy to the reactor vessel head and generate a large solid missile; this was considered 
part icular ly  true for a BWR with i ts  massive upper internal structures. Based on analyses, 
probabi l i t ies of 0.1 were assigned to both categories. 

In a recent review of the probabi l i ty of alpha-mode fa i lure (see Steam Explosion Review 
Group, Ginsberg et a l . ,  1985), the same three categories were used to subjectively estimate the 
alpha-mode containment fa i lure probabi l i ty .  The groups of experts performed independent 
analyses and examined available experimental data to arr ive at the i r  opinions (Table 3). The 
spectrum of opinions indicated that the probabi l i ty of alpha-mode fa i lure is considered to be 
much less l ike ly  than what was estimated in WASH-1400 both for the best estimate value and the 
upper bound value. For some individuals, the estimates for fa i lure probabi l i t ies were lowered 
in the case of ( i) high pressure melt-down scenarios because a tr igger would not be available, 
or (2) BWR geometries because of the massive internal structures that would mitigate slug expan- 
sion. Based on analyses of Cybulskis (Ginsberg, et a l . ,  198~) i t  was also concluded that i f  
these estimates are correct ( i . e . ,  less than or equal to I0"~), the vapor explosion is not a 
signif icant contributor to the risk from a core melt accident. A number of physical processes 
that were considered in the analysis are summarized in Appendix C. The reader is encouraged to 
examine this recent report as well as previously cited supporting documents to gain detailed 
insight into the l ikel ihood of alpha-mode fa i lure in l ight  water reactors. 
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Table 3. PWR Low-Pressure Sequence Subjective Conditional Probability Summary 
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APPENDIX A. BRIEF REVIEW OF SMALL-SCALE FUEL-COOLANT INTERACTION EXPERIMENTS 

A large number of small-scale experiments have been performed to study the fragmentation 
mechanism of fuel-coolant interactions. We classify an experiment to be "small-scale" when the 
amount of fuel (or coolant) is very small on an absolute basis or relat ive to the mass of the 
other l iquid.  An example of this would be that of a single drop of fuel in a large pool of 
coolant. Histor ical ly small-scale experiments have been classif ied according to the mode of 
fuel/coolant contact: free and forced contact mode. Table A.I gives a summary of a small-scale 
fuel-coolant interaction experiments. 

In the free contact mode, the molten fuel fa l ls  into the cold l iquid in the shape of a 
single drop. The droplet is suf f ic ient ly  small that the inter facial  tension induces a roughly 
spherical shape. After a certain fa l l  distance the droplet strikes the cold l iquid,  moving into 
the vessel. I t  penetrates the coolant surface and fa l ls  even further unt i l  i t  reaches the 
bottom of the vessel. In some experiments an interaction occurs as soon as i t  contacts the 
coolant surface; in others during i ts fa l l  through the cool l iquid or when i t  fa l l s  on the 
bottom of the vessel. The interaction can be in i t ia ted  spontaneously or by an external pressure 
pulse. Among other things, the following information can be derived from the experiments: 

a) All the experiments show a "dwell time" between i n i t i a l  contact and interaction. This 
increases with both fuel temperature and coolant temperature. Together with optical obser- 
vation i t  suggests that stable f i lm boil ing inhibi ts the interaction unt i l  the fuel cools 
down to some threshold temperature at which time the f i lm becomes unstable and collapses. 

b) I f  the major portion of fuel so l id i f ies  before the vapor f i lm breaks down no FCI occurs. 
The interaction of molten copper is one exception (Zyszkowski 1976) to this observation 
primari ly due to stresses on the solid crust, which cause cracking and l iquid fuel ejection. 

c) For experiments with t in  and water the l imi t ing temperature of t in  was found to be 300%, 
below which no FCI occurs. This l imi t ing temperature is independent of water temperature 
and is above the melt temperature of t in  (232°C). It does correspond to the instantaneous 
interface temperature at which a solid crust rapidly forms on the t in  surface. 

d) In experiments with UO2/sodium stable f i lm boi l ing is observed at least for a short time, 
par t icu lar ly  when the ~odium is near i ts saturation temperature. The ener y y ie ld in this 
configuration is low. 

e) For small masses of fuel single interactions were observed. As the mass of fuel increases 
the poss ib i l i ty  of multiple cyclic interactions increases. 

f) The existence of a noncondensable gas impedes the direct contact between fuel and coolant by 
means of a gas cushion, and thus prevents a spontaneous fuel-coolant interaction. 

Another method of Forcing two liquids into contact is "shock tube" experiments, where a 
coolant column impacts onto a molten fuel surface. The impact of cold l iquid precipitates a 
high pressure even without a fuel-coolant interaction. At a suf f ic ient ly  high impact veloci ty,  
this process impedes the development of an isolat ing vapor f i lm so that coolant and fuel are 
forced into contact. Typically, there is more contact between fuel and coolant as the coolant 
column oscil lates (bounces). The greatest interaction occurs on i n i t i a l  or second impact 
depending upon the fuel-coolant pair; the reason for this difference is unknown. Even though 
there are a number of experiments, serious analysis has been seldom carried out. A systematic 
study of the effects of the major variables has never been completed. 

In inject ion experiments a small amount of one of the l iquids, usually the coolant, is 
injected into the other by means of a needle. This achieves a condition in which one l iquid is 
t o ta l l y  enveloped by another. In this way a f i lm of inert gas or possibly even a vapor f i lm, 
which tends to separate coolant from fuel, can be avoided. From numerous experiments the 
following observations are made: 

a) Energetic fuel-coolant interactions were observed when small quantities of sodium are 
injected into UO 2, as well as water into molten sa l t ;  implying coolant heatup to some l im i t .  

b) Most of the experiments exhibit  a dwell time. Violent boil ing of sodium was observed during 
this waiting period. Th is  might suggest that vapor generation inhibi ts the interaction 
i n i t i a l l y ,  allowing the possibl i ty of coarse intermixing, thus setting up the conditions for 
a coherent vapor explosion. 

c) For some experiments (Anderson and Bova, 1976) the analysis showed that the measured 
mechanical work is greater than the thermal energy which is transferred from fuel to coolant 
during the dwell time. 

d) The dwell time in the t in/water interaction was found to increase systematically with fuel 
temperature, as in the dropping experiments. This  may suggest that the tr igger of fuel-  
coolant interactions in any contact mode may be similar in nature. 

e) Experiments inject ion sodium into stainless steel resulted in a weaker interaction than 
those inject ing sodium in UO?. This is perhaps the consequence of the lower fuel tempera- 
ture of stainless steel than ~hat of UO 2. However, the detailed nature of these differences 
is s t i l l  undetermined. 
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APPENDIX B. BRIEF REVIEW OF LARGE SCALE VAPOR EXPLOSION EXPERIMENTS 

I t  is d i f f i c u l t  to present al l  of the previously conducted large scale vapor explosion 
experiments. This is primarily because there were many experiments which were scoping in nature 
and not completely documented. Consequently, the focus here is on the major large scale experi- 
ments which have investigated the vapor explosion phenomena (Table B.I) .  

Vapor explosion experiments can be divided into two categories in regard to reactor safety 
applications, In-Pile and Out-of-Pile experiments. An "In-Pile" experiment is conducted inside 
a nuclear reactor core, where the fresh and irradiated fuels are used and other phenomena in 
addition to fuel-coolant interactions may be investigated. Conversely, an "Out-of-Pile" experi- 
ment is conducted in a experimental chamber outside the reactor. We focus on this la t te r  cate- 
gory since the fundamental elements of the explosion can be studied. These experiments allow 
for better measurement of i n i t i a l  conditions and the resultant test data. 

In this br ief  experimental review, the "conversion rat io" is defined as the rat io of the 
work (e.g. k inet ic energy) measured to the fuel internal energy. This def in i t ion is di f ferent 
from that of explosion "efficiency" which is defined as the rat io of work measured to the ther- 
modynamic maximum work output assuming an isentropic expansion process (see Section 4 on the 
thermodynamic explosion model) 

B.I.  Ispra Experiments 

A large series of experiments was performed at Ispra. Early experiments were performed 
using 0.5 kg of molten t in  distributed along a narrow trough, i n i t i a l l y  in an open tank, and 
la ter  in a narrow vessel. A coherent propagation was observed when the t in  and water became 
intermixed due to a minor local interact ion. Fasoli et a l .  (1973) performed steel/sodium, water 
and UO2/sodium experiments with a cover gas and observed minor pressurizations. 

Holtbecker et al .  (1973) reported large-scale dropping experiments with molten UO 2 and 
steel. These tests resulted in extremely fine fragmentation of the fuel and steeF and 
i l lus t ra ted the absence of violent coherent interactions between the hot materials and l iquid 
sodium. Also Holtbecker et al. (1974) poured about 10 kg molten steel between 1500-1800°C into 
a large water tank. In this experiment no pressure pulses and no f ine fragmentation were pro- 
duced. On the other hand, a single test with 5 kg steel in a smaller tank produced a very vio- 
lent interact ion, confirming widespread foundary experience of the hazards of this combination. 

Clerical et ~ l .  (1976) conducted large scale tank experiments with UO2/Na, dropping 4 kg 
UO 2 into a 0.2 m ~ tank. No violent actions were observed. Results showe6 a number of minor 
pressure pulses, though of much lower amplitude {i bar). In 1976, Ispra developed a UO2/NO 
shock tube, but no high pressures were observed in this system unlike most other shock tube 
experiments. 

Benz et al. (1979) reported the results of several years of work on vapor explosions using 
the Ispra tank f a c i l i t y  at the Euratom Laboratory. Molten steel, molten UO 2 o r  granulate UO 2 
were freely dropped into a vessel containing water. Two vessels with volumes 350 and 6.5 l i t e rs  
respectively were used. The pressure in the tanks was measured at various positions, Strain 
gauges were also applied to the vessel so that the stresses in the walls could be determined. 
Experiments in the larger vessel could be watched through a window and filmed using a high speed 
camera, The part ic le size distr ibut ion was studied af ter  the experiments. They performed about 
f i f t y  successful tests in the dif ferent range of parameters, but no vapor explosions were 
observed in any of the experiments. However, re la t ive ly  fast pressurization transients (< 1 s) 
were observed; up to 2 bars in the large vessel and up to 25 bars in the small vessel. 

B.2. Winfrith Experiments 

Briggs (1976) performed aluminum/water experiments with much more sophisticated instrumen- 
tat ion compared to previous experiments using the same materials by Long (1957) and Hess and 
Brondyke (1969). Briggs' films showed that the interaction usually started at the chamber base 
after a course fuel dispersion was established in the lower half of the tank with a re la t ive ly  
long dwell time ( i  s). The interaction front propagated rapidly through the coarse dispersion 
with a veloci ty of about 200 m/s. The region behind the propagation front was no longer v is ib le 
and could not be clearly defined whether i t  was due to f ine fragmentation or due to the alumi- 
num/vapor/liquid interface. In some cases pressure up to 400 bars was recorded, but i t  was not 
clear i f  those pressure rises resembled a shock front.  The efficiency of the explosion was cal- 
culated to be in the range of 10% of the thermodynamic maximum based on pressure history impulse 
estimates. He also performed t in/water experiments pouring a large amount (20 kg) of molten t in  
into a water tank in the same f a c i l i t y .  For t in  at 500°C and cold water, continuous but 
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incoherent interactions were observed. For t in  at 800°C and wter, 60°C, i n i t i a l  coarse mixing 
was observed and a similar propagation interaction occurred. 

In the THERMIR experiments by Fry and Robinson (1979, 1980a, 1980b) the interactions 
between aluminum or t in  and water were again investigated to gain information on the propagation 
phase. Molten fuel up to 16 kg at 800°C was dropped into a water tank at ambient pressure and 
temperature between 6°C and 85°C. Two kinds of vessels were used: a transparent plexiglas 
vessel and a strong steel vessel. In both cases spontaneously triggered vapor explosions were 
observed with the aluminum as well as t i n .  Clearly these experiments indicated detonation 
characteristics with the propagation velocity between 250-550 m/s as predicted by Board et al. 
(1975). Some experimental data also support these interpretat ions; flow velocity after passage 
of the shock wave and drop fragmentation due to re lat ive veloci t ies.  They also reported on f ive 
t in/water experiments at 300°C and 95-98°C, respectively. Violent spontaneous vapor explosions 
were observed even though the calculated interface temperature (240°C) was below the spontaneous 
nucleation temperature of water (300°C). 

Bird and Mil l ington (1979) performed UO2/water experiments, in which 0.5 kg of thermically 
generated UO at 3100-3400°C was introduced into a closed vessel containing 52 l i t e rs  of water 
at 5-15°C an~ gas inert above i t .  The experiments were filmed using a high speed camera and the 
pressures were measured at various positions on the vessel wall and in the gas volume above the 
water. The main difference between this experiment and that of Buxton and Benedick (1979) is 
that in this case, the fuel is released under the water surface, whereas Buxton et al .  le t  the 
fuel pour into the water and mix, which may happen in a reactor accident. Thirty-seven tests 
were reported, but explosions occurred only in eight tests. The highest conversion rat io was 
1.8%, but on the average i t  was less than I%. 

Bird (1984) more recently reported a new series of experiments to investigate the mass 
scaling effects of the fuel-coolant interact ion, based on repl ication with 24 kg melts of 
ear l ier  work carried at the 0.5 kg scale. Thermite-generated uranium dioxide/molybdenum fuels 
in quantities of 24 kg were released under the surface of a pool of water within a pressure ves- 
sel. Spontaneous and triggered vapor explosions were observed with similar characteristics at 
the dif ferent scale. The conversion rat io  of thermal energy to mechanical energy was low and 
was unchanged over a range of part ic ipat ing fuel mass from 0.03 to 18.0 kg. The conversion 
rat io increased with decreasing water subcooling, with a maximum of 4.3% at saturation. In this 
geometry and at the larger scale, the fraction of part ic ipat ing fuel increased with increasing 
system pressure -- from about 13% at I bar to 75% at 10 bars, This was based on an arbitrary 
cr i ter ion of fuel part icipation of debris diameters less than 250 um from conduction heat trans- 
fer considerations. Overall part ic le distr ibut ions of debris were in the range of 0. I - I0 mm. 
Debris distr ibutions were re la t ive ly  unaffected by the water subcooling, but became markedly 
f iner with increased system pressure. No measurements were made of propagation veloci t ies.  

B.3. Argonne Experiments 

Large scale dropping experiments were conducted at Argonne National Laboratory, using water 
or mineral oi l  as the fuel and Freon-22 (boil ing point -40°C) as the vo la t i le  coolant to study 
the behavior of vapor explosions. The f i r s t  ANL experiment by Henry et al. (1974) showed that 
there was a I re la t ive ly  narrow range of fuel temperature in which vigorous explosions occurred. 
The lowest imit (threshold) was ident i f ied as that which produced an instantaneous contact tem- 
perature equal to the homogeneous nucleation temperature of the Freon (54°C). 

Henry et al. (1976a) varied both the i n i t i a l  hot and the cold temperatures for the R-22 and 
mineral oi l  pair and veri f ied this temperature threshold for coherent energetic FCI's. They 
also showed that the threshold was associated with the intermixing (dwell) time. This was sub- 
sequently quantified by Armstrong and Anderson (1976), who showed that the pressure increased 
l inear ly  with dwell times. Also, Freon/mineral o i l  experiments showed that the fuel temperature 
threshold was sensitive to Freon subcooling, but this result is opposite to Freon/water experi- 
ment by Board et al. (1974) showing Freon subcooling did not affect the explosion. 

Figure B.1 shows Armstrong's experimental apparatus for R-22/water tests, which is charac- 
t e r i s t i c  of the test geometries where the size of the system is the same order of magnitude as 
the size of the f lu id  masses. Figure B.2 shows the resulting interaction pressures from many 
experiments. As the plot i l lus t ra tes when the interface temperature between the fuel and 
coolant exceeds the homogeneous nucleation temperature, the peak reaction pressure rises remark- 
ably indicating a temperature threshold for energetic FCI's. Henry and Fauske used these obser- 
vations and past data in support of the i r  spontaneous nucleation theory. 
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Segev and Henry (1978) and Segev et al. (1979) also performed a series of experiments in 
shock tube geometries where the simulant materials, the in i t ia l  temperatures and in i t ia l  driving 
pressure were varied. Henry reached two main conclusions from the results: 

(I) There is a temperature threshold to these interactions which corresponds to the spontaneous 
nucleation temperature, above which the direct interaction pressures increase substantially, 
indicating energentic FCI's; 

(2) These energetic interactions can be suppressed by increasing the ambient pressure in the 
shock tube. This behavior is similar to the results by Henry et al. (1974) and Henry and 
Fauske (1976) in dropping experiments. 
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Fig. B.I. Armstrong's experimental apparatus 

B.4. Board's Experiments 

Board et al. (1974) conducted FCI simulant experiments using water and Freon to investigate 
the role of spontaneous nucleation in the vapor explosion. Board disputed the results of 
Henry's experiments (1974) and maintained that the mechanism for the trigger and propagation of 
the explosion is not necessarily the same as that for coarse intermixing of the pair. His point 
was that there may be a mechanism that could permit this coarse intermixing below this spontane- 
ous nucleation threshold and that the FCI could occur below this l imit. 

Board et al. (1976) also performed experiments involving up to 2 kg of molten t in distr i-  
buted along a 1 meter long water f i l led  shock tube and observed the characteristics of propaga- 
tion behavior. The interaction showed the form of a single shock wave (50 bar with 100 us rise 
time and 100 ms pulse width) which traveled up the tube with a velocity of 100-200 m/s. The 
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magnitude and nature of the interaction was unaffected by the use of a detonator instead of 
spontaneous tr iggering. Some experiments with molten t in  and water showed that such propagation 
can occur through self-driven vapor blanket collapse and the explosive release of energy is 
associated with rapid fragmentation and mixing rather than superheating of the surrounding 
water. Board suggested that a l l  large scale thermal explosions propagate supersonically through 
the medium ahead of them. This conclusion was supported by the propagation velocit ies observed 
experimentally (100 m/s); these are of the order of sound velocit ies in two-phase media; the 
observations in the Freon/water and t in/water system conformed to the presence of this proposed 
supersonic front. 

B.5. Sandia Experiments 

Large scale vapor explosion experiments have been carried out at Sandia National Labora- 
tor ies in two di f ferent series (Open Geogmetry and FITS) to ident i fy experimentally the 
magnitude and time characteristics of pressure pulses and other i n i t i a l  conditions necessary to 
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t r igger and to propagate explosive interactions between water and molten materials in an LWR. 
LWR molten core material simulants were used as the fuel to more accurately determine i ts affect 
on the vapor explosion (Table B.2). In both of these experimental series, a r t i f i c i a l  tr iggers 
were sometimes used to i n i t i a t e  the interaction in certain tests. 

A. Open Geometry Experiments. Buxton and Benedick (1979) conducted a series of experi- 
ments to determine the conversion rat io of the fuel thermal energy into mechanical work at a 
large scale (5-20 kg fuel mass). The tests were designed to be open geometry experiments 
because they were intended to be scoping in nature, performed in an open vessel with minimal 
instrumentation. Over 60 experiments were conducted using thermit ical ly  generated iron/alumina 
as a fuel simulant, Fe-Al203, and corium-A+R. Fe-AI203 was used in the majority of tests (50), 
because i t  is a reasonable simulant for the corium melts; in addition to being nonhazardous, i t  
was very inexpensive and easy to produce. The thermi t ica l ly  generated fuel mass delivered into 
the water, on the average, between 10 to 20 kg, much larger than that used in previous experi- 
ments. The experiments were conducted in an open vessel (Fig. B.3). The mechanical work 
generated by the explosion was determined by measuring the impulse delivered downward to crush- 
able honeycomb blocks and by estimating the potential energy of the upward ejected debris (water 
and fuel) .  Most of the tests resulted in spontaneous explosions with conversion ratios in the 



\ : l p o r  ,:xplosion~, in LVCR~ $7 

Table B.2 
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Mel t  tamp (K)  l oooo  23oo 1000 2750-2000 .  1ooo 
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(kglm) ) 
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(H/m-K)  
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( M J / k g  II z ) 
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Coo lan t  Water  Water  
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lOOO- ]100 ,  IN(IN 2800 

I )ependo oil (:omp. Not  G i v e n  
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I)ependa on romp. [ 
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Water Water 

2 9 f l - 6 2 0  373 

ACtt la |  coc(um may he a complex mix of the q u a t e r n a r y  I I -O -Zr -SS  eystem, d e p e n d l n q  on ti=e 
e x t e n t  o(  z | [ c o n | u m  o ~ ( d a t | o u  b e ( u r e  m e l t i n g  and u t a i n i e o e - s t e e l  o t r u c : t l = f ~  m o i L e d .  

I lomogeneouo a v e r a g e  q n a n L | t [ e s .  

lower end of the observed range (0.2 to 1.5%). As the mass of water increased, the conversion 
rat io increased. No energetic explosions with corium-A+R were observed; a maximum conversion 
rat io was less than 0.05% (Buxton et a l .  (1980)). Subsequent FITS tests with cerium did result 
in more energetic explosions. The pressure measurements, which were obtained during the explo- 
sions, indicated peak pressures between 20-70 bars (Fig. B.4). The debris believed to have 
di rect ly  participated in the explosion were found to have high surface area (an order of magni- 
tude larger than for equivalent diameter spheres). I t  should be noted that, because these 
experiments were done in an open geometry, very l i t t l e  of the debris was normally recovered from 
an experiment. 

B. FITS Experiments. The second large scale experiments series has begun and is designed 
FITS (Fully Instrumented Test Series). The purpose of these tests is to determine the explosion 
conversion rat io  as a function of ambient pressure, fuel composition, and other i n i t i a l  
conditions in an enclosed interaction chamber (Fig. B.5). The experiments were instrumented to 
provide measurements of short and long-term pressure data both in the l iquid and gas phase, 
work, fuel debris characterization, and visual observation of the explosion. 

Mitchell et al, (1981, 1982, 1986; also see Berman et al. SNL Quarterlies) performed almost 
f i f t y  FITS experiments with the fuel masses between 2 kg and 20 kg. The major fuel simulant 
used was thermit ical ly  generated Fe-Al203 and remaining tests used a thermite cerium (Table 
B.2). The key observations are as follows: 

( i )  The large scale interaction visual ly resembles a detonation-l ike structure seen in chemical 
explosions. 

(2) The peak pressures are large (sometimes measured to be supercr i t ical) ,  but decreases quite 
quickly to sustained pressure similar to Buxton's reported values. 

(3) A violent explosion can be triggered at a high-ambient pressure (1.0 MPa) by increasing the 
external t r igger size. 

(4) Cerium simulant melts do explode with similar eff iciencies to iron-alumina. 
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The explosion conversion rat io with Fe-AI~O 3 was consistently between I to 3%. A high 
narrow pressure spike (e.g., MD-Ig test;  20 MPa ror I ms) (Fig. B.6) were always observed at the 
leading edge of the explosion wave as i t  quickly propagates through the mixture and lower 
sustained pressure follow behind this peak. The propagation velocity varied between 200 and 600 
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Fig. B.3. Interaction vessel of open geometry experiments 

m/s. The tr igger,  when used, was a detonator, l ike that used in the open geometry tests (0.6 g 
of PETN explosive). The fuel coarsely intermixed with the coolant prior to the interaction 
(time 0.2 s). A spontaneous explosion usually began near the experiment chamber base. The 
weight-averaged mean part ic le size after the explosion was 100-1000 um, and without an explosion 
i to 10 mm (Fig. B.7). A recent experiment, RC-2, performed in a r igid wall cyl indrical chamber 
(a l l  past tests were performed in a luci te chamber -- i . e .  weak wall) resulted in a much more 
ef f ic ient  explosion. Estimates oF the conversion rat io are varied because of uncertainties as 
to the pressure history and the amount of mass ejected during the explosion. These estimates 
were also made based on structural damage. The reported range of conversion rat io was between 
5-17% (Berman et a l . ,  Quarterly, 1984). 

B.1.1 Smelt-Water Experiments 

The paper industry involves one process of the dissolution of molten smelt (mostly sodium 
carbonate) in water. Thus the occurrence of smelt-water explosions have been associated with 
the kraf t  chemical recovery operations from the inception of the kraft  process. Every year, 
about I% of the pulp recovery boilers in North American are destroyed when water is accidently 
introduced into the furnaces above a pool of molten smelt causing a vapor explosion. Over the 
last t h i r t y  years more than for ty  large scale explosion accidents have occurred. This  br ief  
review is or ig ina l ly  based on a special report on smelt-water explosions by Shick and Grace 
(1982). 

The f i r s t  published study of the smelt-water system was an investigation of dissolving tank 
explosions by Sallack (1956). He carried out laboratory experiments by pouring smelt from a 
crucible into a pan of water or green l iquor. Pure Na2CO 3 smelts were not explosive, but the 
addition of 5% NaCl or 10% NaOH made smelts explosive. Green l iquor reacted more v io lent ly  than 
water, and increased green l iquor ten~erature reduced explosion violence. 
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Nelson and Kennedy (1956) reported on similar experiments with over 50 synthetic smelts as 
well as 5 commercial soda and 38 kraft  smelt samples. They concluded that the action was 
primari ly a physical phenomenon and dissolving tank explosions were caused by unfragmented 
coherent streams of smelt during rushes, which could be prevented i f  the streams were adequately 
dispersed by green l iquor or steam shatter jets.  Nelson and Kennedy mentioned work on an aro- 
matic device to regulate the pressure of the shatter steam by the rate of flow through the smelt 
spout. A patent issued later  to Gettle (1962) and assigned to Combustion Engineering, Inc., 
described a method of control based on sensing the temperature rise of the smelt spout cooling 
water. The widespread adoption of smelt shatter jets to break up the smelt stream and the 
recognition that undissolved smelt should not be a11owed to accumulate in the bottom of the 
dissolving tank resulted in a signif icant decline in the frequency and severity of dissolving 
tank explosions. 

The more serious problem has been explosions within the recovery boi ler i t se l f .  After the 
work of Nelson and Kennedy (1956) on dissolving tank explosions, attention focused on Furnace 
explosions. Rogers et al. (1961) reported the results of a series of experiments in which one 
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gallon of water or green liquor was injected under the surface of 20 pounds of synthetic smelts 
prepared from sodium carbonate, sodium sulfate, sodium sulfide, and a mixture of these. They 
found that the pressure pulse obtained with sodium carbonate and water was only about one-third 
that obtained with sodium sulfide and water. They found hydrogen was released and sodium sul- 
fate was formed during these violent interactions. Thus they considered smelt-water explosions 
as being combustible gas explosions, with a smelt-water reaction responsible for generating the 
combustible gas. However, i t  is doubtful that this endothermic, hydrogen-forming reaction con- 
tributed significantly to the violence of the explosive interaction for smelt and water. 
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In 1963, a group of 58 pulp manufacturers joined with Fourdrinier Kraft Board Inst i tu te ,  
Inc. to form the Smelt-Water Research Group to sponsor research on smelt-water explosions. 
Seven reports by The Inst i tu te of Paper Chemistry (1964-1966), including the summary report, 
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Fig. B.6, Typical water chamber base pressure in FITS experiment 

were issued. Probably the main contribution of this work was the conclusive demonstration that 
smelt-water explosions were noncombustible. The key experiment involved obtaining explosions 
when water was injected into molten smelt under an inert atmosphere in a closed container. An 
empirical study of the effects of agents added to the smelt was carried out by the Smelt-Water 
Research Group (1966). Over 118 tests were run. Most agents were not effective in reducing the 
violence of explosions. A few agents reduced the violence and sometimes eliminated explo- 
sions. Even though no pattern or mechanism was ident i f ied, H.W. Nelson and Norton (1969) and 
H.W. Nelson (1971) obtained patents for use of solutions of ammonium sulfate or polymeric 
glycols, and solid sodium or ammonium bicarbonate or ammonium carbonate to quench char beds in 
recovery furnaces. 

Battel le Memorial Inst i tute comgleted a smelt-water study in 1972 and the summary report 
was issued in January, 1973. This  f inal  report by Krause et a l .  (1973) contains a wealth of 
information on explosivi ty vs. the chemical con!~osition of smelts, on the physical properties of 
smelt and smelt components, and on explosion mechanisms. The Battel le explosivi ty tests were 
performed by inject ing 30 to 1000 milligrams of water into a graphite crucible containing about 
70 grams of molten smelt or by introducing 80-300 milligrams of water as a drop on the end of a 
ceramic tube, which was dropped into the crucible of smelt. I t  is probable that these experi- 
mental techniques had some influence both on the experimental results and on the conception of 
an explosion mechanism. 

H.W. Nelson (1973) pointed out the very great s imi lar i t ies  of the smelt-water explosion 
system to the purely physical explosions reported between many molten metals and water as well 
as l iqu i f ied  natural gas and water. These were recognized at that time as examples of l iquid-  
l iquid (superheated l iquid or vapor explosions). This  "superheat theory" did incorporate some 
of the spontaneous nucleation concepts into the explanation of smelt-water explosions, but i t  is 
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not complete since i t  does not address coherence. Shick (1976) had begun to question the simple 
application of the superheated l iquid tr igger mechanism to smelt-water explosions under no 
i nlpact conditions. Based on the experimental work by Apfel (1971) and the predictions by 
Yayanos (1970) showing the potential for increase in the superheat-limit temperature of a salt  
solution, Shick (1980) proposed the concentration gradient tr igger mechanism that whenever there 
is contact between smelt and an aqueous l iquid,  the properties of both are changed at the in ter-  
face in accordance with the so lub i l i t y  of each in the other• In this way, nucleation can be 
delayed even with a very high interface temperature, permitting a very signif icant degree of 
superheat to develop in the bulk of the aqueous phase. 
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Fig. B.7. Explosion conversion rat io and debris diameter 
as a function of coolant-to-fuel-mass rat io 

A major study of smelt-water was recently carried out under sponsorship of the Swedish 
Recovery Boiler Committee. Bergman and Laufke (1979) performed the experiments to permit com- 
parison of smelt-water blast effects with those of conventional explosives and to determine the 
potential for minimizing furnace damage and danger to personnel by provision of suitable pres- 
sure re l ie f  areas in the furnace construction. ~e experiments involved the addition of 10-100 
g of water into 10-30 kg of molten smelt with three dif ferent adding techniques. I t  is impor- 
tant to note that explosions were obtained with pure Na2C03, since the ear l ier  studies at 
Combustion Engineering and Battel le never gave explosions with Na2C03 and water. Ludwig (1980) 
conducted a damaging dissolving tank explosion experiment with a nonsulfur system. With regard 
to the relat ive explosiveness of water injected into sodium carbonate in these experiments, the 
authors hypothesized that this would be a function of the quantity of water injected, r ising 
from zero with about 50 milligrams, as reported by Krause et al (1973) in the Battel le studies, 
to 50% at 50 grams in these tests and projected to reach i00% at about 50 kg. ~e authors 
neglected the difference in inject ion technique between the two studies and also the work of 
Rogers et a l .  (1961) in which the impulse for sodium carbonate when one gallon (3.8 kg) of water 
was injected under 20 pounds of smelt was also only about one-third to one-half the pressure 
pulse obtained with a kraft-type smelt. The authors note that the maximum blast effect they 
obtained under ideal conditions corresponded to about 0.2 pounds of TNT per pound of water, vs. 
a theoretical value in the l i te ra ture  of about 0.5 pounds per pound of water. In actual furnace 
practice, much lower yields would normally be expected, because the conditions would not be 
ideal• 

Small-scale studies of smelt-water interactions are currently in progress at the Inst i tute 
of Paper Chemistw using a dropped tube containing a suspended drop similar to that used in the 
Battel le study. 

B.2. LNG Experiments 

In recent years, c~ogen-water explosions where water is the hot l iquid (fuel) and the 
boil ing cryogen (coolant) produces the high pressure vapor have become a safety concern in the 
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transport of l iqu i f ied  natural gas (LNG) and other industrial processes using cryogenics. The 
concern here is not only the work potential from the vapor explosion but also the possible 
ignit ion and combustion of the vaporized natural gas dispersed in the air .  

Nakanishi and Reid (1971) surveyed the published and much of the unpublished l i te ra ture 
dealing with the sp i l l ing  of LNG in water. In 1956, Couch International Methane Service Ltd. 
conducted a series of sp i l l  experiments with LNG. In tests made in Louisiana, 75 bbl/hr were 
spi l led into a canal for several days with peak flows of 325 bbl/hr for several hours. The LNG 
spread on the surface evaporated and burned, yet ice formed underneath. In 1965, Conch also 
conducted tests with a 5 gal aquarium containing water. LNG was spi l led both on top of and 
under the water surface. An icy-foam resulted, but no explosion occurred. Similarly, no 
problems were encountered in another test wherein some 4900 gal of LNG were spi l led in 7 min 
from a vessel moving at 9-10 knots. A dump of 8000 gal of LNG into the sea at Marsa el Brega 
(Libya) by Esso was also uneventful. An interesting small scale test was carried out by 
Conoco. In this case, LNG was poured into a 5 gal can containing water and allowed to 
evaporate. More LNG was then added and a gallon of water poured on top. An explosion resulted 
every time except when pure l iqu i f ied  methane was substituted for LNG. In an uncontrolled test,  
Wisconsin Gas Co., while draining LNG from a storage tank, noted explosions as the LNG flowed 
into a nearby pond. There was about a 2 min delay after i n i t i a l  contact, and ice chunks were 
thrown 100-150 f t  away. In 1971, a similar occurrence was noted by the Memphis Light, Gas and 
Water Division. The Tokyo Gas Co. (Japan) also carried out tests that involved the spillage of 
LNG on water. The quantities used were 1.2-2.4 l i t e r s .  No explosions were ever reported. 
Shell Pipe Line Corp. was act ively engaged in research on LNG-water interactions. Earlier Shell 
work dealt with LNG spi l ls  on both hot and cold water. In cold water (<30°C), ice crusts were 
noted. In 1971 some unusual results were noted by Esso Research and Engineering. As most 
others had found, pouring LNG on top of water never led to an explosion. However, i f  LNG was 
poured on water, and, before evaporation was complete, water was poured in the vessel, an 
explosion resulted. Most quanti tat ive experiments unt i l  that time were done by Burgess et al. 
(1970) under contract to the Coast Guard, and the U.S. Bureau of Mines. They conducted a number 
of tests to study the heat transfer between LNG and water and between l iquid nitrogen (LN2) and 
water. In most tests, either LNG and LN2 was poured upon the surface of water contained in a 
small aquarium tank. Two signif icant observations were: f i r s t ,  the interface between LN2 and 
water was extremely turbulent, whereas the LNG and water, the interface was quite calm, and 
second, though ice forms in both cases, i t  took considerably longer for this crust to appear for 
the LN2 sp i l l s .  

The superheat model ( later called spontaneous nucleation) has been generally accepted to 
explain explosive boil ing between LNG and water. The experimental results by Burgess et al .  
(1972) and Enger and Hartmen (1972) agreed to this supposition saying that no explosive boil ing 
incident is predicted i f  the water temperature is below the homogeneous nucleation temperature 
of the LNG. Thus, this theory can predict when explosive boil ing is possible, but i t  does not 
t e l l  us anything about the damage potential due to the event. 

Even though no industrial accidents have taken place between LNG and water, many laboratory 
studies have been carried out to delineate the hazardous ranges of LNG composition and water 
temperature, especially by Porteous and Blander (1975) and Porteous et al. (1976). Laboratory 
scale tests have shown, however, that with the usual concentrations of methane, ethane, and 
propane in commercial LNG, an explosive boil ing event following a sp i l l  is very unl ikely.  

Since 1978, large-scale LNG spi l ls  on water have been conducted by a jo in t  team from the 
Lawrence Livermore National Laboratory (LLNL) and the Naval Weapons Center (NWC) sponsored by 
the U.S. Department of Energy (DOE). There were three test series: Avocet in 1978, primari ly 
for instrument evaluation; Burro in 1980, primarily for cloud dispersion studies; and Coyote in 
1981, primari ly for cloud f i re  and rap~d-phase-transition (RPT) studies. The 1978 Avocet LNG 
spi l ls  involved volumes of about 4.5 m J and sp i l l  rates of approximately 3.5 m~/min. Several 
small RPT explosions were observed during the tests, a l l  occurring immediately at the beginning 
of the s p i l l . ~  The Burro and Coyote test series were conducted at th~NWC China Lake fac i l i t i es  
having a 40 m J LNG spi l l  capacity with a maximum spi l l  rate of 20 mJ/min. The sp i l l  plate is 
located below the pipe exi t  in order to keep the LNG from impinging upon and eroding the pond 
bottom. Koopman et a l .  (1981, 1982) reported the results of Burro 9 tests. In addition, McRae 
(1983) and McRae et al. (1984) published the Coyote and the Burro test series data and analy- 
sis. In these reports eight out of a total  26 spi l ls  produced RPT explosions in which the RPT 
explosions increased the area and height of the flammable zone s igni f icant ly .  Two dist inct 
types of RPTs occurred during these experiments: early RPTs -- close to the sp i l l  point, 
primari ly underwater and delayed RPTs -- near the edge of the LNG pool, and at the surface of 
the LNG on water at China Lake. The probabi l i ty and magnitude of early RPTs increased as the 
depth of penetration of the LNG into the water increased and at higher spi l l  rates. However, 
there was no indication of possible detonation of the cloud. 
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APPENDIX C. SUMMARY OF COMMENTS ON MAJOR STEAM EXPLOSION PHENOMENA 

During the meeting of the Steam Explosion Review Group (SERG), some of the fundamental 
mechanisms involved in the explosion were discussed. The conclusions of the discussions follow. 

The discussions on the fundamental processes were divided into three general categories: 
(1) i n i t i a l  conditions for the explosion, (2) fuel-coolant mixing and conversion rat io,  and (3) 
slug dynamics. In each area the SERG came to some agreements and ident i f ied some areas of 
differences of opinion. Each category is summarized below. 

In i t ia l  Conditions 

a) High pressure core-melt sequences may be avoided due to local heating of structure in the 
upper regions of the reactor pressure vessel (RPV) which may lead to leak before rupture 
(this same phenomenon may weaken the upper head structure and this poss ib i l i ty ,  although 
deemed remote, should be checked), 

b) The amount of the core that is molten at the time of contact between the fuel and coolant is 
s t i l l  uncertain -- some consider that the fuel w i l l  melt incoherently and drip into the 
lower plenum in small masses while others conceive of the meltdown process as more coherent 
resulting in a large molten pool (> I00% molten) before the fuel pours into the lower plenum 
(see Fig. C. l ) .  
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Fig. C.I 

The temperature of the fuel and i ts composition at the time of fuel-coolant contact is also 
uncertain although linked to the possible scenarios in (b) above -- i f  the meltdown is 
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d) 

incoherent, then the probable melt temperature wi l l  be between the solidus and liquidus of 
the melt (U-Zr-O), while i f  the meltdown is coherent the probable melt temperature wi l l  be 
above the liquidus of the melt (UO2-ZrO2-Zr). 
The size and location of the melt pour stream into the remaining water in the lower plenum 
of the RPV is also in doubt (see Fig. C.2) -- the pour stream may be centered in the lower 
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Fig. C .2 

e) 

grid plate or off  to the side and may be aided in breakup by the lower internal structure 
(the lower internal structure may also aid in early tr iggering of the explosion; neither 
option has been systematically tested to date). 
The SERG agreed that core meltdown calculations on melt progression in i ts current state 
should be viewed with some c r i t i ca l  skepticism, and each calculation in i ts  current state 
should be in ternal ly  consistent and compared to other consistent sets of calculations. 

Fuelin~ Coolin~ Mixing/Conversion Ratio 

a) In order to aid in understanding of this concept a premixing length scale was defined to be 
that physical dimension which is determined by the hydrodynamics before the explosion and in 
turn determines the available exposed surface area of the melt available for interaction 
with the coolant (see Fig. C.3). 

b) The "coupling length scale" was defined as that physical dimension which is determined by 
the explosion shock wave propagation i t se l f  and specifies the depth of melt at the exposed 
surface area that is rapidly fragmented and quenched -- i .e .  the actual mass of melt that 
"participates" in the explosion (the SERG noted that the subsequent "blast wave" expansion 
of the explosion could also cause subsequent fragmentation of the fuel but some members fe l t  
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that the rate of this fragmentation was too slow and the size of fragments too large to 
contribute to the explosion y ie ld) .  

c) These concepts were discussed at length and no consensus was reached on how these quantities 
could be calculated a priori  at this time, although some members of the group fe l t  that they 
could quantitatively bound their values. 

d) Flooding and/or f lu idizat ion l imits on fuel-coolant mixing and the subsequent explosion 
seemed to be valid concepts in principle although some members of the SERG had some d i f f i -  
culties with specific models and/or predictions that had been advanced. 

e) Transient je t  breakup due to entry hydrodynamics also seemed to be a relevant concept when 
considering mixing and the explosion, although not al l  the details of current models have 
been experimentally examined. 
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Fig. C.3 

f) Multiple explosions can occur as evidenced by the FITSB experiments at SNL; however, there 
does not seem to be a consensus on the ramifications of such phenomena in the fu l l  scale 
accident situation --  some members consider multiple explosions to be a concern because one 
explosion may cause rapid mixing of nearby "unmixed" melt and thereby increase the melt 
involved, while others consider one explosion to be the trigger of a second explosion of a 
nearby melt mass and the propagation of the second explosion to be fast enough to "decouple" 
i ts fragmentation from the blast wave of the f i r s t  event (see Fig. C.~). 

Slug Dynamics 

a) The formation of a slug that transmits the explosion energy to the upper head in the form of 
slug kinetic energy may take on different compositions -- e.g., a water slug may be formed 
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in the downcomer region of the RPV whi le  a fuel slug may be formed in the core region (see 
Fig. C.5). One should consider that  these p o s s i b i l i t i e s  need not be mutual ly  exc lus ive 
depending on the time of the explosion t r i g g e r ) .  

b) Taylor i n s t a b i l i t i e s  would be formed at the boundary between the slug and the explosion zone 
(as o r i g i n a l l y  noted in WASH-1400), and th i s  phenomena would a f fec t  the expansion in two 
ways - -  f i r s t ,  the slug would begin to break up and i t s  f i n a l  k i n e t i c  energy would be 
l im i ted  by th is  process, and second, the l i q u i d  From the slug breakup would be entra ined 
in to  the explosion zone causing energy t r ans fe r  wi th i t  (a cooldown of the explosion zone 
would occur i f  coolant is entra ined;  conversely a heatup of the explosion zone would occur 
i f  melt were en t ra ined) .  

c) Slug dynamics would be af fected by the possib le f a i l u r e  of the lower plenum wall  of the RPV 
due to the l o c a l l y  high explosion pressures - -  th i s  would reduce the upward slug k i n e t i c  
energy and has been included in past analyses (Corradini  et a l . ,  1981; Berman et a l . ,  1984). 

d) Slug impact with the upper in te rna l  s t ruc ture  and the upper support p la te  in the RPV would 
absorb some of the k i n e t i c  energy of the slug - -  Sandia (Berman, 1984) and recent Los Alamos 
(SERG, 1985) estimates of th is  energy absorpt ion c a p a b i l i t y  both seem to agree on the upper 
bound values and th i s  also has been included in the past analyses. 

MULTIPLE EXPLOSIONS 

AND 'MIXING' CAUSED 
BY NEARBY EXPLOSION 

k 

LOCAL EXPLOSION 

CONCEPTUAL PICTURE OF MULTIPLE EXPLOSIONS 

Fi g. C .4 
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