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TECHNICAL SUMMARY 

A study was made to  assess the poss ib i l i ty  of a vapor explosion in a 
1 iquid-fed glass me1 t e r  and during off-standard conditions fo r  other v i t r i f  i -  
cation processes. The glass melter considered i s  one designed fo r  the v i t r i -  
f icat ion of high-level nuclear wastes and i s  comprised of a ceramic-lined 
cavity with electrodes fo r  joule heating and processing equipment required t o  
add feed and withdraw glass. Vapor explosions needed t o  be considered because 
experience in other industrial  processes has shown tha t  violent interactions 
can occur i f  a hot l iquid i s  mixed w i t h  a cooler, vaporizable l iquid.  

Available experimental evidence and theoretical analyses indicate tha t  
destructive glass/water interactions are low probabili ty events, i f  they are 
possible a t  a1 1 .  Under standard conditions, aspects of 1 iquid-f ed me1 t e r  
operation which work against explosive interactions include: 1) the aqueous 
feed i s  near i t s  boiling point, 2 )  the feed contains high concentrations of 
suspended par t ic les ,  3 )  molten glass has high viscosi ty  (greater than 20 

poise),  and 4 )  the glass so l id i f i e s  before film boiling can collapse. 

While i t  was concluded that  vapor explosions are not expected in a 
liquid-fed melter, available information does not allow them to  be ruled out 
altogether. Several precautionary measures which are eas i ly  incorporated into 
me1 t e r  operat i on procedures were ident i f ied and additional experiments were 
recomnended. 
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INTRODUCTION 

Th is  r e p o r t  presents the  r e s u l t s  o f  an eva lua t i on  o f  pos tu la ted  v i o l e n t  

i n t e r a c t i o n s  between water and molten g l  ass i n  a  waste v i t r i f i c a t i o n  process. 

The v i t r i f i c a t i o n  process s tud ied  here invo lves  feed ing  h igh - leve l  r a d i o a c t i v e  

waste s o l u t i o n  and g lass- fo rming chemicals t o  a  jou le-heated ceramic mel te r .  

Experience w i t h  s imulated waste shows t h a t  t h i s  process i s  promis ing f o r  con- 

v e r t i n g  h igh - leve l  l i q u i d  wastes t o  g lass  (Buel t e t  a l .  1979). 

On-going s a f e t y  eva lua t ions  o f  t h e  l i q u i d - f e d  ceramic m e l t e r  r e q u i r e  

knowledge o f  cond i t i ons  t h a t  f o s t e r  steam explosions. Th i s  i s  a l so  app l i cab le  

t o  o ther  v i t r i f i c a t i o n  processes. The p o s s i b i l i t y  of steam explos ions must 

be considered because aqueous s o l u t i o n s  come i n t o  con tac t  w i t h  hot, mol ten 

g lass  du r ing  l i q u i d - f e d  operat ions,  and du r ing  some o f f -s tandard  cond i t i ons  

f o r  o ther  v i t r i f i c a t i o n  processes. 

Vapor explos ions are phys i ca l  processes wherein a  l i q u i d  i s  superheated 

w e l l  above i t s  normal b o i l i n g  p o i n t  a t  t h e  p r e v a i l i n g  pressure. I f  t h e  super- 

hea t i ng  i s  h igh  enough, spontaneous nuc lea t i on  can occur, and the  r e s u l t i n g  

f l a s h i n g  o f  l i q u i d  t o  vapor can be r a p i d  enough t o  generate shock waves and 

overpressures which can d isperse  both  t h e  ho t  and coo l  f l u i d s  and p o s s i b l y  

damage t h e  con ta i  ner. Steam exp l  o s i  ons are one category o f  vapor explosions. 

Such explos ions have sometimes been re fe r red  t o  as "physical t i  explos ions 

because no chemi ca l  r e a c t i o n s  need occur. 

Considerable experience has accrued world-wide, i n v o l v i n g  waste g lass  

me l te rs  operated w i t h  l i q u i d  feed. No v i o l e n t  i n t e r a c t i o n s  have been 

repor ted,  showing t h a t  steam explos ions are u n l i k e l y .  However, because steam 

explos ions have occurred i n f r e q u e n t l y  i n  o ther  i n d u s t r i a l  processes, t h e  

absence o f  v i o l e n t  i n t e r a c t i o n s  i n  p rev ious  me l te r  opera t ions  may no t  guaran- 

t ee  t h a t  v i o l e n t  i n t e r a c t i o n s  w i l l  no t  occur i n  f u t u r e  glass-making 

operat ions. 

I n  t h i s  study, we examined t h e  cond i t i ons  under which vapor explos ions 

can occur and then explored t h e  p o s s i b i l i t y  of such cond i t i ons  e x i s t i n g  i n  a  

waste g lass mel te r .  Th i s  f i r s t  s tudy  o f  v i o l e n t  i n t e r a c t i o n s  between molten 



g lass  and h i g h - l e v e l  waste s o l u t i o n s  i s  n o t  expected t o  answer a l l  t h e  ques- 

t i o n s  t h a t  might  a r i se .  Rather, i t  i s  in tended t o  he lp  determine whether t h i s  

t o p i c  deserves more a t t e n t i o n  o r  whether a v a i l a b l e  experience i s  s u f f i c i e n t  

t o  assure t h a t  v i o l e n t  i n t e r a c t i o n s  are of such low p r o b a b i l i t y  t h a t  t hey  can 

be discounted. I f  a d d i t i o n a l  i n fo rma t ion  i s  requ i red ,  then t h e  present  s tudy  

should i d e n t i f y  what i s  needed t o  p lace  water /g lass i n t e r a c t i o n s  i n  t h e i r  

proper  perspect ive .  



OBJECTIVES OF THE ASSESSMENT 

The primary objective of this study was to determine whether vapor explo- 

sions need to be considered in the design and operation of joule-heated 

melters fed with aqueous high-level radioactive wastes. A secondary objective 
was to identify the scope of follow-on work, if any, required to evaluate the 
safety implications of vapor explosions in liquid-fed melters. 





SUMMARY AND CONCLUSIONS 

A study of available information was made to evaluate the possibility of 
a vapor explosion in a liquid-fed glass melter. In the nuclear waste vitrifi- 

cation process considered herein, aqueous solutions of high-level radioactive 
wastes are fed to a joule-heated ceramic me1 ter. Water vapor and volatile 

materials are driven off, and waste oxides react with glass-formers which 

are also added to the melter to form glass. This vitrification process is 

mechanically simple compared to a1 ternatives and is therefore a leading 
candidate for immobilizing defense and power wastes. 

Vapor explosions (sometimes called violent glasslwater interactions) need 

to be considered in the liquid-fed melter operation because experience in 

other industrial processes has shown that violent explosions can occur if a 

hot liquid is mixed with a cooler, vaporizable liquid. Many necessary condi- 

tions must be satisfied before a vapor explosion can occur, and the present 

study was aimed at determining whether all of the necessary conditions could 

be met in the liquid-fed melter operation. 

Considerable experience has accrued world-wide in the operation of glass 

melters fed with aqueous solutions. No violent interactions have occurred so 

far. This experience and theoretical analyses indicate that destructive 
waterlglass interactions are low probability events, if they are possible at 

all. However, the presently available information does not permit one to 
totally rule out the possibility of a vapor explosion in a liquid-fed glass 

me1 tsr. Additional experimental studies in which molten glass and aqueous 
waste are purposely mixed are recommended to demonstrate that vapor explosions 
are not possible within the range of conditions which could be obtained in the 
melter. 

Several precautions have been identified which will minimize the possibi- 
lity of steam explosions during the time required to complete the follow-on 

experiments. The four precautionary actions listed on the next page appear 
to be practical, and will not adversely affect the operation of the existing 

me1 ters. 



1. The aqueous feed should be preheated prior to  entry into the melter. 
Based on l i t e r a t u r e  data which shows that  vapor explosions do not 
occur if the cool liquid i s  close to  i t s  boiling point, we conserva- 
t i ve ly  recommend tha t  feed not be cooler than 1 0 ' ~  below i t s  
boiling point. 

2.  Cooling water c i r cu i t s  used to  cool the various parts of the melter 
should be examined to verify tha t  a rupture in the cooling water 
conduits would not allow cool water to  contact molten glass.  

3.  Feeding unheated process water to  a hot melter should be avoided. 

4. Glass product formulations should be designed t o  avoid the formation 
of glasses of unusually low viscosity.  As shown l a t e r  in t h i s  
report ,  viscous dissipation inhib i t s  vapor explosions. For typical 
waste glasses which have v iscos i t ies  greater than 50 poise a t  
1 0 5 0 ~ ~ ~  the viscous retardation e f fec t  i s  expected to  prevent 
violent interactions.  However, i f  the glass viscosi ty  were orders 
of magnitude lower than typical values, the inhibiting e f fec t  of 
viscosi ty  might not alone be suf f ic ien t  t o  prevent an interaction. 

Other conclusions and summary statements supported by the work completed 
are as follows: 

Vapor explosions occur when an appreciable volume of l iquid becomes 

superheated. If the superheat exceeds the spontaneous nucleation 
temperature, then sudden flashing of l iquid to  vapor can generate 
shock waves and potent ial ly  destructive pressure pulses. We have 
concluded tha t  such interactions are unlikely under standard opera- 
t ing conditions i n  a liquid-fed glass  melter. 

In order to  t ransfer  enough heat t o  superheat a large volume of 
l iquid,  the hot liquid must be disintegrated and dispersed into an 
appreciable volume of the cold l iquid.  Experimental s tudies  have 
shown tha t  the collapse of a vapor film can i n i t i a t e  the breakup 
process. Several vapor collapse and growth cycles may occur in a 

feedback process leading to pressure pulses large enough t o  disperse 



the  f l u i d s .  I n  the  l i q u i d - f e d  g lass me l te r  such d i s i n t e g r a t i o n  i s  

prevented by s tab le  f i l m  b o i l i n g  and by the  h igh  v i s c o s i t y  o f  mol ten 

g lass.  

Vapor explos ions never occur when t h e  ho t  m a t e r i a l  i s  s o l i d .  Th is  i s  

because: 1) s o l i d s  cannot be f i n e l y  d ispersed by c o l l a p s i n g  vapor 

f i l m s ,  and 2)  s o l i d s  a c t  as nucleators,  and i t  i s  no t  poss ib le  t o  

apprec iab ly  superheat a  l i q u i d  i n  t h e  presence o f  vapor-forming 

nuc le i .  I n  t he  l i q u i d - f e d  g lass m e l t e r  one p r e d i c t s  t h a t  a  t y p i c a l  

waste/glass would be s o l i d i f i e d  be fore  i t s  temperature was low enough 

t o  a l l ow  a  co l l apse  o f  f i l m  b o i l i n g .  Th is  behavior  alone would 

prevent  vapor explos ions under standard cond i t ions .  

Smal l -scale t e s t s  w i t h  molten g lass  have shown t h a t  vapor explos ions 

d i d  no t  occur w i t h  g lass  under t e s t  cond i t i ons  which produced explo-  

s ions when the  ho t  f l u i d  was a  mol ten metal .  Th i s  supports t he  

statement t h a t  t he  lower thermal d i f f u s i v i t y  and h igher  v i s c o s i t y  o f  

g lass work aga ins t  steam explosions. 

A ve ry  l a r g e  e f f o r t  i s  c u r r e n t l y  underway throughout  t h e  wor ld t o  

understand vapor explos ions.  However, t o  date, t h e r e  i s  no t  an 

agreed-upon s i n g l e  model which descr ibes a l l  t h e  s u f f i c i e n t  condi -  

t i o n s  f o r  a  vapor explos ion.  Therefore, i t  i s  no t  poss ib le  t o  pre- 

d i c t  s o l e l y  f rom theo ry  whether a  vapor exp los ion  w i l l  occur f o r  

g lass  and water under a1 1  s p e c i f i e d  thermal cond i t i ons .  

Condi t ions i n  t h e  waste g lass  m e l t e r  which oppose vapor explos ions 

inc lude:  1) t h e  feed conta ins  suspended s o l i d s  which would a i d  

nuc lea t ion ,  thereby p reven t i ng  h igh  degrees o f  superheat; 2) t h e  

feed i s  preheated (exper ience has shown t h a t  steam explos ions do n o t  

occur when water i s  h o t t e r  than 60 '~) ;  and 3 )  g lass  i s  h i g h l y  v i s -  

cous, thus p reven t i ng  breakup i n  t h e  s h o r t  t ime requ i red  f o r  a  vapor 

explos ion.  

Aqueous waste feeds con ta in ing  powdered fr i t  have a  h igh  s o l i d -  

p a r t i c l e  concent ra t ion ,  which decreases t h e  l e v e l  o f  superheat ing 

t h a t  cou ld  occur. I f  these p a r t i c l e s  acted as n u c l e a t i n g  s i t e s ,  



superheating-type vapor explosions would be impossible. However, 
not enough data are available to allow one to totally discount 
explosive interactions because of the suspended particles. 

Experience shows that dissolved gases, such as C02, can prevent 

violent interactions altogether. Hypothetically, the concondensible 
gases provide a cushion between the two liquids thus disallowing 

vapor film collapse. This prevents fragmentation of hot liquid and 

thus no violent interactions occur. 

Experiments involving the intentional mixing of tens of kilograms of 

molten glass with waste solutions are needed to demonstrate that 
violent water/glass interactions are not credible under conditions 

which could be obtained in a liquid-fed melter operation. 

Because of the findings of this report, research and development proce- 

dures at PNL have been updated to eliminate even the very slight possibility 
of steam explosions. Beforehand, a few liters of water with no suspended 

solids have been introduced into the melter before the slurry to cool the noz- 

zle and prevent caking and plugging of the nozzle. Now, a water-cooled feed 

nozzle has been installed to eliminate the introduction of unheated process 

water. Also, procedures have been changed to preheat the feed to 90'~ which 

will guarantee no explosions. However, because of process control problems, 
engineering calculations are being performed to determine whether enough COq 

can be dissolved into the feed during the airlifting step. This report shows 
that if the C o p  concentrations in water up to 80 ml kg-' can be attained, 

which is 10% of saturated conditions, explosions can be prevented. 



PREVIOUS EXPERIENCE I N  GLASS MELTER OPERATIONS 

Previous experience i n  g lass me l te rs  ope ra t i ng  w i t h  aqueous feed was 

reviewed t o  f i n d  ou t  whether v i o l e n t  water /g lass i n t e r a c t i o n s  had ever been 

observed. Our rev iew was based on a v a i l a b l e  in fo rmat ion ;  no doubt o ther  

s tud ies  e x i s t  t h a t  are no t  considered here. 

EXPERIENCE IN  THE UNITED STATES 

L i q u i d - f e d  g lass m e l t e r  opera t ions  i n  t he  U.S. comprise t h r e e  major pro-  

cesses: t h e  phosphate-glass process, t h e  r i s i n g - l e v e l  g lass  process and t h e  

joule-heated ceramic me l te r  process. No v i o l e n t  i n t e r a c t i o n s  were observed 

dur ing  any o f  these processes. 

P h o s ~ h a t e  Glass Process 

The phosphate-gl ass process i s  a v i t r i f i c a t i o n  method developed a t  

Brookhaven Na t iona l  Labora tory  i n  t h e  l a t e  1960's. Phosphoric a c i d  i s  mixed 

w i t h  h igh - leve l  waste so lu t i ons ,  and t h e  m ix tu re  i s  heated i n  a c r u c i b l e .  

Water i s  b o i l e d  o u t  and s o l i d s  are heated t o  1 1 0 0 ~ ~  t o  1 2 0 0 ~ ~  where they  

form molten g lass.  Drager e t  a l .  (1968) have summarized t h e  bench-scale and 

p i l o t - s c a l e  development a c t i v i t i e s  o f  about n ine  years, i n c l u d i n g  two years 

o f  ' p i  1  o t - p l  ant  o p e r a t i  on. 

P i  1  o t - sca le  me1 t e r  opera t ions  t y p i c a l  l y  i nvo l ved  t h e  feed ing  o f  an aque- 

ous concentrate (20% s o l i d s )  t o  a p la t i num c r u c i b l e  0.2 m ( 8  i n . )  i n  d i a  and 

0.61 m (24 i n . )  long. Glass was formed con t i nuous l y  and was dra ined f rom the  

bottom o f  t h e  c r u c i b l e .  The feed p i p e  terminated about 0.15 m ( 6  i n . )  above 

t h e  sur face o f  t he  mel t .  Whi le some s p l a t t e r i n g  o f  feed s o l u t i o n  was 

observed, no v i o l e n t  i n t e r a c t i o n s  were ever repor ted.  

Nonradioact ive and r a d i o a c t i v e  phosphate processing was demonstrated on 

a pro to type sca le  a t  P a c i f i c  Northwest Labora tory  (PNL). McElroy e t  a l .  

(1970, 1971) descr ibed s o l i d i f i c a t i o n  opera t ions  i n  which s imulated high- 

l e v e l  wastes were converted t o  g lass  by the  phosphate process. Waste feed 

con ta in ing  10% t o  20% s o l i d s  i n  phosphoric a c i d  s l u r r y  was evaporated and 

converted t o  mol ten g lass  i n  a p la t i num m e l t e r  0.25 m (10 i n . )  i n  d i a  and 



0.61 rn (24 i n . )  long. The feed was concentrated i n  an evapora t ion  stage and 

entered the  m e l t e r  a t  1 2 0 ' ~  t o  135O~, which was c lose  t o  t h e  b o i l i n g  p o i n t .  

Evaporat ing s l  udge and feed m a t e r i a l s  f l o a t e d  on top  o f  phosphate glass, which 

was mainta ined a t  temperatures rang ing  f rom 1 0 9 0 ~ ~  and 1 2 0 0 ~ ~ .  Dur ing  shutdown 

operat ions,  t h e  feed was d i l u t e d  w i t h  water and acid. 

The r a d i o a c t i v e  runs  made a t  PNL were conducted i n  two ser ies .  I n  t h e  

f i r s t  ser ies ,  s i x  runs were completed i n  a t o t a l  ope ra t i ng  t ime  o f  about 

700 h. The second t e s t  s e r i e s  i nvo l ved  f i v e  runs, w i t h  a t o t a l  ope ra t i ng  t ime  

o f  about 200 h. 

Excessive aqueous foaming was observed i n  t h e  PNL phosphate g lass  runs 

u n t i l  an ant i foam agent was added t o  t h e  aqueous feed. The ant i foam m a t e r i a l  

s u c c e s s f u l l y  c o n t r o l l e d  foaming, and no v i o l e n t  i n t e r a c t i o n s  were noted d u r i n g  

t h e  900 h of opera t ion .  

R is ing-Leve l  Glass Product ion  

One run  was made a t  PNL i n  which r a d i o a c t i v e  waste was s o l i d i f i e d  i n  t h e  

r i s i n g - l e v e l  waste g lass  process (McElroy e t  a l .  1972). The process i n v o l v e d  

feed ing  an aqueous s l u r r y  t o  a s t a i n l e s s  s t e e l  p o t  heated t o  a temperature 

above t h e  m e l t i n g  p o i n t  o f  t he  g lass  be ing  formed. I n  t h e  r u n  completed, 

g lass  was formed a t  9 0 0 ~ ~  t o  950'~. No v i o l e n t  i n t e r a c t i o n s  between aqueous 

feed and h o t  g lass  were noted. Water feed was used a f t e r  about 2.5 h o f  

ope ra t i on  due t o  s o l i d s  b r i d g i n g  i n  t h e  m e l t i n g  pot .  The PNL experience i s  

considered t o  be an increment t o  t h e  more ex tens ive  exper ience gained i n  t h e  

Un i ted  Kingdom w i t h  t h e  r i s i n g - l e v e l  g lass  process. 

Joule-Heated Ceramic M e l t e r  Process 

Several  years o f  ope ra t i ng  experience have been gained i n  c o n v e r t i n g  

l i q u i d  waste s o l u t i o n s  t o  a b o r o s i l i c a t e  g lass  i n  a jou le-heated ceramic mel- 

t e r  ( B u e l t  e t  a l .  1979). Experience has been obta ined us ing  two d i f f e r e n t  

me l te rs ;  t h e  l a r g e r  one had a m e l t i n g  c a v i t y  0.86 m long, 1.22 m wide, and 

0.48 m deep. Mol ten g lass  temperatures o f  up t o  1 1 5 0 ~ ~  have been main ta ined 

when aqueous feed ( i n c l u d i n g  g lass- forming chemicals) was added t o  t h e  t o p  o f  

t h e  m e l t i n g  chamber. To date, 10,000 L of s imu la ted  waste have been f e d  i n t o  

t h e  l a r g e  u n i t .  Dur ing  normal opera t ions  t h e  evaporation/calcination/melting 



process proceeded smoothly with no h i n t  of violent interactions between the 
feed and hot glass. Glass foaming and rapid boiling were noted under some 
off-standard feeding s i tuat ions,  b u t  no violent water/glass reactions took 
place. 

EXPERIENCE IN THE UNITED KINGDOM 

The Bri t ish FINGAL process i s  a rising-level glass production method i n  

which high-level waste s lu r r i e s  are mixed with sil ica/borax powder and fed to  
a metal canister 0.15 m ( 6  in.)  in dia  and 1.5 m (5  f t )  long (Grover e t  a l .  
1966). Gl ass temperatures of 1 0 0 0 ~ ~  to  1 1 0 0 ~ ~  are general 1 y maintained . 
Davis (1967) reported tha t  the aqueous feed i s  separated from molten glass by 
layers of oxides and n i t ra tes .  Forty-one t e s t  runs were made using simulated 
nonradioactive solutions; eight runs used radioactive materials. No violent 
water/gl ass interactions were noted. 

EXPERIENCE IN FRANCE 

French experience in solidifying aqueous waste by means of a rising-level 

glass process has been extensive (Bonniaud e t  a l .  1972). The French PIVER 
process, a rising-level glass method, was studied on a p i lo t  scale over a 

three-year period a t  Marcoule. Five runs involving 129 so l id i f ica t ion  opera- 
3 t ions produced 10 tons of glass and consumed 19 rn of high-level waste con- 

centrate.  Gl ass temperatures of 1 1 5 0 ~ ~  were typical l y  reached. No violent 
water/gl ass i nteracti  ons were reported. 

EXPERIENCE IN ITALY 

Small-scale, pilot-plant t e s t s  using nonradioactive waste simulants have 
been performed i n  I t a l y  in a program designed to perfect a phosphate glass 
process (Bocola e t  a l .  1972). The s ta in less  s tee l  me1 t e r  used in the I ta l ian  
program and 60 mn in dia and 300 mm in height. Feed entered a t  90°C, and 
glass was in the 600 '~ to  800 '~ temperature range during the feeding period. 
While foaming was sometimes observed t o  be a problem, no violent glass/solution 

reactions were noted. 



EXPERIENCE I N  THE SOVIET UNION 

Konstant inov ich  e t  a1 . (1976) reviewed recent  Russian s tud ies  on so l  i d i -  

f i c a t i o n  o f  h igh - leve l  wastes a t  a Vienna conference i n  1976. Th is  was t h e  

o n l y  Russian paper s tud ied i n  the  present  eva luat ion .  

Russian researchers reported experience i n  making phosphate g lass  i n  a 

joule-heated ceramic me l te r  t h a t  was fed  w i t h  aqueous waste. The me l te r  was 

d i v ided  i n t o  two zones ( a  making zone and a f i n i s h i n g  zone) 2.4 m and 0.315 m 

i n  length,  respec t i ve l y ,  and 0.8 m wide. 

The presence o f  a l aye r  o f  ca l c ined  feed cover ing t h e  mol ten g lass  was 

necessary t o  suppress entrainment o f  feed m a t e r i a l  i n  the  o f f -gas  c i r c u i t .  

When t h e  l a y e r  o f  feed was broken, pressure i n  t h e  furnace sharp l y  increased. 

Russian experience w i t h  t h i s  l a r g e  p i l o t  me l te r  i s  q u i t e  extensive. I n  
3 experimental s tudies,  1000 m o f  s imulated s o l u t i o n  were processed and 250 

3 tons o f  phosphate g lass (100 m ) were obtained. No ser ious  s a f e t y  problems 

were uncovered i n  t h e  development program, and t h e  system was recommended f o r  

experimental s tud ies  w i t h  ac tua l  r a d i o a c t i v e  wastes. 

EXPERIENCE I N  COMMERCIAL GLASS MAKING 

Several aspects o f  commercial g lass making i n v o l v e  t h e  m ix ing  o f  mol ten 

g lass and water and, there fore ,  p rov ide  suppor t ive  experience r e l a t e d  t o  waste 

wa te r lg lass  i n t e r a c t i o n s .  

F i r s t ,  molten g lass streams are dra ined i n t o  cool  water i n  t h e  commercial 

p roduct ion  o f  pre-melted frit. The r a p i d  quenching o f  t h e  mol ten stream 

causes t h e  g lass t o  s o l i d i f y ,  and then f r a c t u r e  i n t o  p a r t i c l e s  which are 

e a s i l y  conveyable. To our knowledge, t h e r e  has neber been a d e s t r u c t i v e  vapor 

exp los ion  caused by t h i s  process. Personal contac ts  made by t h e  authors w i t h  

several  t echn ica l  people i n  t h e  frit i n d u s t r y  i n d i c a t e  t h a t  when very  f l u i d  

( low v i s c o s i t y )  glasses are quenched, some v io lence can be generated unless 

t h e  g lass  stream i s  adequately d ispersed i n  t h e  water. The worst  s i t u a t i o n s  

are  more l i k e  n o i s y  b o i l i n g  than the  v i o l e n t  explos ions which can be caused 

by t h e  quenching o f  mol ten metals i n  water. 



Second, the water quench pits are commonly provided for the periodic 
draining of glass melters. The water fractures the drained glass into con- 
veyable particles. No violent destructive explosions have been reported, 
indicating that water/gl ass interactions are typical ly nonviolent. 

Third, water streams are often used to cool hot regions on the outside 
of glass tanks and thereby prevent or terminate glass leaks. Water and glass 
are intermixed in this process, and violent vapor explosions have not been 
reported. 

SUMMARY OF GLASS-MAKING EXPERIENCE 

This review of glass making experience shows that water/glass interac- 
tions are normally benign. Because violent explosions have apparently never 
occurred, it is evident that steam explosions involving hot glass are low- 
probability events, if they are possible at all. The focus of this study 
should deal with special characteristics of waste glass which could enhance 
the possibility of a steam explosion in waste vitrification processes. 





DESCRIPTION OF REPRESENTATIVE STEAM EXPLOSION INCIDENTS 

I n  t h i s  sec t i on  several  repor ted  vapor exp los ion  i n c i d e n t s  w i l l  be 

descr ibed t o  i l l u s t r a t e  t h e  circumstances which have l e d  t o  pas t  inc idents ,  

t h e  d i ve rse  nature o f  i n t e r a c t i n g  f l u i d s ,  and t h e  magnitude o f  d e s t r u c t i v e  

fo rces  caused by vapor explosions. 

METALS INDUSTRIES 

Exp los ive  accidents are  i n f requen t  i n  meta ls  i n d u s t r i e s ,  b u t  when they  

do occur, they  r e s u l t  i n  very  damaging phys i ca l  explosions. 

Mal lory-Sharon I n c i d e n t  

I n  t h i s  i n c i d e n t  i n  1954 ( W i t t e  e t  a l .  1970), a  t i t a n i u m  arc-mel t ing  

furnace, which was water-cooled, exploded a t  a  p l a n t  i n  Ohio. There were n ine  

i n j u r i e s ,  f o u r  o f  which were f a t a l ,  and p r o p e r t y  damage o f  $30,000. The 

exp los ion  was be l i eved  t o  be t h e  r e s u l t  o f  water e n t e r i n g  t h e  m e l t i n g  c r u c i -  

b le .  The mol ten metal i n s i d e  t h e  m e l t e r  was exposed t o  coo l  water, which sub- 

sequent ly  f l ashed  e x p l o s i v e l y  t o  steam. 

Reynolds Aluminum I n c i d e n t  

I n  t h i s  1958 i n c i d e n t  ( W i t t e  e t  a l .  1970), an aluminum-water explos ion 

occurred i n  I l l i n o i s  i n v o l v i n g  some f o r t y  i n j u r i e s ,  s i x  f a t a l i t i e s  and 

approximate ly  $1,000,000 i n  p rope r t y  damage. The exp los ion  "rocked a  25-mi 1  e" 

area. Wet scrap metal was being loaded i n t o  a  fu rnace when t h e  exp los ion  was 

t r i gge red .  

Quebec Foundry I n c i d e n t  

Th is  i n c i d e n t  ( W i t t e  e t  a l .  1970) occurred i n  a  foundry  b u i l d i n g  having 

a  volume o f  approximate ly  18 m i l l i o n  cub ic  f e e t .  One hundred pounds o f  mo l ten  

s t e e l  f e l l  i n t o  a  shal low t rough c o n t a i n i n g  about 78 gal .  o f  water. The 

r e s u l t i n g  exp los ion  i n j u r e d  m i l l  personnel (one f a t a l  i t y )  and caused $150,000 

damage t o  t h e  foundry  b u i l d i n g  i n c l u d i n g  a  20-in. crack i n  a  concrete f l o o r ,  

6000 broken panes o f  glass, and s t r u c t u r a l  damage t o  t h e  w a l l s  and c e i l i n g s .  

Another s t r u c t u r e ,  some 75 yd f rom t h e  foundry, a l so  i ncu r red  damage. 



Western Foundries Incident 

In t h i s  incident, which occurred in 1966 (Witte e t  a l .  1970), a cable 
broke while 3000 1 b  of molten s teel  was being poured from an e l e c t r i c  furnace 
into a t i le - l ined  ladle.  Hot s tee l  dropped into a water-fi l led p i t .  The 
r e su l t  was a violent explosion, injuring three workers and tear ing a 600-ft 2 

hole i n  the roof. The explosion was heard three miles away. 

Armco Steel Incident 

The Armco Steel incident occurred in 1967 (Witte e t  a1 . 1970). Molten 
s teel  f e l l  on "damp" ground, tr iggering an explosion. A ladle  containing 
30 tons of molten s tee l  had been elevated 40 f t  when i t  f e l l .  Injur ies  were 
sustained by 30 workers; s ix  of those in jur ies  were f a t a l .  Evidently, su f f i -  
c ient  moisture was present i n  the porous ground to  t r igger  small-scale explo- 
sions that  showered molten s teel  over a wide area. Although an explosion 
accompanied the incident, the in jur ies  were primarily at t r ibuted t o  burns 
received from molten material. 

East German Slag Incident 

An East German a r t i c l e  appearing i n  1959 discusses a number of slag-water 
explosions tha t  have occurred i n  German open-hearth s teel  m i  11 s (Carbiener 
e t  a l .  1974). Two accidents were discussed i n  which explosions resulted from 
spraying water on molten slag in open slag p i t s .  One of the explosions 
resulted in a f a t a l i t y ,  a number of other in jur ies  and severe s t ruc tura l  
damage. The second explosion was less  severe. Both explosions were a t t r i -  
buted to  excess water on the s lag,  passing down into the cracks to  the hot, 
mol ten materi a1 be1 ow. Several other explosions, involving the contacting of 
water and molten s lag,  were also described. 

Bri t ish Slag Incident 

In 1964 an explosion occurred in a Bri t ish s tee l  mill when a ladle,  

being used to  tap a glass furnace, was sprayed w i t h  lime-water and returned 
to  service (Carbiener e t  a l .  1974). The next time the ladle  was used, i t  
exploded. The 1 adle was three-fourths f u l l  of slag ( 1 2  t o  14 tons) a t  the  
time. Damage to  the s t ructure and in jur ies  to  personnel were reported. 



Oreaon M e t a l l u r a i c a l  C o r ~ o r a t i o n  I n c i d e n t  

I n  1977 a se r ies  o f  explos ions occurred i n  an Oregon reduc t i on  p l a n t  when 

molten magnesium apparent ly  leaked i n t o  a p i t  below a furnace ( " E i g h t  I n j u r e d  

i n  A1 bany P l a n t  Explosion." The Oregonian, 1977). I t  was concluded t h a t  

water had c o l l e c t e d  i n  t h e  p i t ,  and a steam exp los ion  was t r i g g e r e d  by the  

contac t  o f  molten magnesium w i t h  t h e  water. Roof ing and s i d i n g  on t h e  b u i l d -  

i n g  were s t r i p p e d  f rom t h e  s t e e l  frame, t h e  furnace was damaged and e i g h t  

people were i n ju red .  Several b u i l d i n g s  nearby were s l i g h t l y  damaged, and 

windows r a t t l e d  i n  houses more than a m i l e  f rom t h e  p l a n t .  

PAPER INDUSTRY 

Steam explos ions occur i n  t he  K r a f t  process i n  t h e  quench tank used t o  

rece i ve  molten s a l t ,  which i s  a chemical ash f rom t h e  recovery  furnace 

(Sal  l ack  1955; Nelson and Kennedy 1956a, 1956b). Whi le the  opera t ion  o f  t he  

"smel t" (molten Na2S + Na2C03) quench tank may produce explos ions more 

f r e q u e n t l y  than i n  o ther  i n d u s t r i e s ,  t h e  explos ions are  no t  h i g h l y  d e s t r u c t i v e  

and p l a n t  opera t ions  have been designed t o  min imize t h e i r  e f f e c t .  The f o l l o w -  

i n g  d e s c r i p t i o n  by Nelson and Kennedy (1956b) t y p i f i e s  t h e  more v i o l e n t  explo-  

s ions which can occur when smel t  i s  quenched i n  water: 

"On occasion the  sound became a deep, powerfu l  rumble o r  an earthquake- 

l i k e  de tonat ion  which occurred f a r  below t h e  sur face o f  quench l i q u o r  i n  t h e  

tank. These m u f f l e d  explos ions sometimes caused t h e  u n i t  o r  even t h e  e n t i r e  

b u i l d i n g  t o  tremble. Deep explos ions i n  r a r e  instances have been powerfu l  

enough t o  blow a tank top  and metal g r a t i n g  upward morE than s i x  f e e t .  Tanks 

have been s p l i t  along welded s ide  seams and d isp laced f rom foundat ions by 

p a r t i c u l a r l y  bad underwater explosions." 

I n  comparison t o  mol ten metals,  mol ten s a l t s  e v i d e n t l y  lead t o  much less  

v i o l e n t  steam explosions, demonstrat ing t h a t  t h e  phys i ca l  p r o p e r t i e s  o f  t h e  

h o t  f l u i d  have an impor tan t  e f f e c t  on the  exp los ion  process. 



NUCLEAR REACTOR INDUSTRY 

Explosive fuel/cool ant interactions have occurred when power excursions 
in small nuclear reactors caused molten metal fuel elements to  mix with 
coolant water. Experience (Carbiener e t  a l .  1974) i n  the reactor industry i s  
summarized be1 ow. 

Canadian N R X  Reactor 

In 1952 a t  Chalk River, Ontario, during a low-power experiment, a nuclear 
excursion was experienced (Carbiener e t  a l .  1974). Although the duration of 
the incident was less  than 62 s ,  the damage was suf f ic ien t  t o  r e su l t  in con- 
tamination of the f a c i l i t y .  The reaction between uranium and steam (or  water) 
was the pr inciple  cause of damage. 

Borax I Reactor 

In 1954 a t  the National Reactor Testing Station i n  Idaho, the Borax I 

reactor was del i berately subjected to  a potenti a1 ly damaging power excursion 
in reactor safe ty  s tudies  (Carbiener e t  a l .  1974). A power excursion las t ing  
approximately 30 ms produced a peak power of 19,000 MW w i t h  a to ta l  energy 
release of 135 MWs. The power excursion melted most of the fuel elements. 
The reaction tank (1/2-in. s t e e l )  was ruptured by the pressure (probably in 
excess of 10,000 psi) which resulted from the reaction between the molten 
metal and the water. The sound of the explosion a t  the control s ta t ion  
(1/2 mi away) was comparable to  the detonation of 1 to  2 1 b  of 40% dynamite. 

Spert 1 - D  Reactor 

During the f ina l  phase of the destructive t e s t  program with the SPERT 

1 - D  core, damaging pressure generati on was observed (Carbi ener e t  a1 . 1974). 
Pressure transducers recorded the generation of a pressure pulse larger than 
3000 psi which caused the destruction of the core. The pressure pulse 
occurred some 15 ms a f t e r  i n i t i a t ion  of the power excursion. The power excur- 
sion rapidly overheated the fuel plates;  the increased temperature melted the 
metal and the cladding of the fuel plates .  After the t rans ien t ,  much of the 
fuel t ha t  had been molten was found dispersed in the coolant. 



SL-1 Reactor 

In January 1961 a nuclear excursion occurred in the SL-1 reactor in Idaho 
(Carbiener e t  a l .  1974). The total  energy released in the excursion was 
approximately 130 MWs and was produced i n  the outer fuel elements in the core. 
This portion of the energy was slowly transferred to  the water cool ant over a 
two-second period, and no me1 t ing (uranium-aluminum a1 loy fue l )  of the outer 
fuel occurred. About 50 to  60 MWs of the total  energy was released i n  less  
than 30 ms by 12 heavily damaged inner fuel elements to  the water coolant. 
This prompt energy release resulted in rapid steam formation in the core which 
accelerated the water above the core and produced a water hammer that  h i t  the 
pressure vessel l i d .  The vessel, weighing about 30,000 1b with i t s  internals ,  
sheared i t s  connecting piping and was l i f t e d  approximately 9 f t  into the a i r  
by the momentum transferred from the water hammer. Calculations of the 
mechanical deformation of the vessel indicate tha t  about 12% of the prompt 
energy release or 4.7% of the total  nuclear release was converted into 
mechanical energy. 

The poss ib i l i ty  of vapor explosions in nuclear accidents has prompted an 
extensive study of vapor explosions related to  nuclear safety.  Most of the 
current work on vapor explosions i s  devoted to  understanding possible fue l /  
coolant interactions which could affect  the safety of reactor cores. A t  
present, most attention i s  being focused on sodium coolant and U02 fuel 
because t h i s  fuel coolant pair  i s  presently proposed fo r  use in liquid-metal 
f ast-breeder reactors (LMFBR) . 

LIOUIFIED NATURAL GAS INDUSTRY 

Vapor explosions have been observed when 1 ow-boi 1 i ng hydrocarbons are 
spi l led as subcooled l iquids onto water (Nakanishi and Reid 1971; Katz and 
Sliepcevich 1971; Drake and Reid 1977). In t h i s  case, the hydrocarbon f l o a t s  
on top of the water and i s  the substance which vapor explodes. The density 
regime for  the hot and cool l iquids i s  similar to  that  which would be obtained 
in a glass melter where water f l o a t s  on top of hot glass.  While no major 

industrial  accidents have been at t r ibuted to  vapor explosions of l iquif ied 
hydrocarbons, several sizeable explosions have occurred in t e s t s  (Nakanishi 
and Reid 1971). 



Memphis L i g h t ,  Gas and Water D i v i s i o n  Tes t  

Th i s  f i r m  b u i l t  an ear then r e s e r v o i r ,  5  ft i n  d i a  by 1 f t  deep, i n t o  

which l i q u i f i e d  n a t u r a l  gas (LNG) was p e r i o d i c a l l y  poured and i g n i t e d  t o  g i v e  

opera tors  experience i n  e x t i n g u i s h i n g  f i r e s .  On one occasion (Nakanishi  and 

Re id  1971), t h e r e  was approximate ly  1 in .  o f  water i n  t h e  bottom o f  t h e  rese r -  

v o i r  when some 50 gal .  o f  LNG was poured i n t o  it. The LNG was success i ve l y  

i g n i t e d  and ex t ingu ished approximate ly  t e n  t imes a f t e r  which t ime  t h e r e  was 

about 1 in .  o f  LNG remain ing on t o p  o f  t he  ice.  The LNG res idue  was l e f t  t o  

b o i l  o f f  when a loud exp los ion  apparent ly  occurred w i t h o u t  i g n i t i o n .  D i r t  

and i c e  chunks were thrown 30 t o  50 f t  from the  hole. The v i o l e n t  r e a c t i o n  

occurred about 5 min a f t e r  t h e  l a s t  ext inguishment.  

U.S. Bureau o f  Mines Tes t  

Under c o n t r a c t  t o  t h e  U.S. Coast Guard, t he  U.S. Bureau o f  Mines 

conducted a number o f  t e s t s  t o  s tudy t h e  heat t r a n s f e r  between LNG and water 

(Nakanishi and Re id  1971). To accomplish t h i s ,  LNG was poured onto t h e  sur-  

f ace  o f  water conta ined i n  a smal l  aquarium tank. I n  conduct ing t e s t s  w i t h  

s a l t  water, t h e  f i r s t  LNG experiment was conducted w i t h o u t  i n c i d e n t .  I n  t h e  

second t e s t ,  t h e r e  was an exp los ion  which destroyed t h e  apparatus. T h i s  event 

occurred i n  t he  f i f t y - s i x t h  t e s t  o f  t he  se r ies .  There had been no i n d i c a t i o n  

o f  a v i o l e n t  r e a c t i o n  i n  any of t h e  preceeding tes ts .  

These experiments show t h a t  vapor explos ions between water and low- 

b o i l i n g  hydrocarbons are poss ib le ,  b u t  have much lower p r o b a b i l i t i e s  o f  

occurrence and lower v io lence  measurements than metal-water explos ions.  

Lava-Water I n t e r a c t i o n s  

Mol ten l a v a  can apparent ly  r e a c t  e x p l o s i v e l y  w i t h  sea water (Colgate and 

S igurge i rsson 1973). Colgate and S igurge i rsson d iscuss  (p. 20) i n s t a b i l i t y  

mechanisms which cou ld  lead t o  breakup o f  l a v a  i n  con tac t  w i t h  water. T h e i r  

c a l c u l a t i o n s  support  t h e  p o s t u l a t e  t h a t  steam explos ions are  respons ib le  f o r  

vo l can i c  explos ions.  The Krakatoa vo l can ic  explos ion,  one example c i t e d  by 

these authors, apparent ly  d i s t r i b u t e d  m i l l i o n s  o f  tons o f  micron-s ized p a r t i -  

c l e s  i n t o  t h e  atmosphere. Th i s  exp los ion  was extremely powerful ,  and i n d i -  

cates t h a t  some o f  t h e  l a r g e s t  and most powerfu l  explos ions ever t o  occur on 

e a r t h  may have been vapor exp 1 os i ons . 



By way of recounting, all examples of vapor explosions have involved the 
intermixing of a hot liquid with a cooler vaporizable liquid. Somehow, the 
cooler fluid is heated well above its boiling point before vapor formation 

begins. When vapor formation is triggered, vapor forms at a rate too rapid 

to be relieved without shock waves, and an explosion takes place. The fact 
that vapor explosions occur so seldomly indicates that the necessary condi- 

tions are quite restrictive. 





VAPOR EXPLOSION MECHANISMS 

In order to  assess the poss ib i l i ty  of a vapor explosion occurring in a 
glass melter, i t  i s  necessary tha t  the physical processes which lead to  rapid 
vapor formation be understood. In th i s  report section, the various explosion 
mechanisms will be reviewed, and those which seem most plausible in the l ight  
of experimental data will be identified.  

ENTRAPMENT 

In the entrapment theory (Witte e t  a l .  1970; Witte and Cox 1978; Flory, 
Paoli and Mesler 1969; Long 1957; Hess and Brondyke 1969), i t  i s  postulated 
tha t  the cooler vaporizable f lu id  somehow becomes entrapped by the hot f lu id  
which so l id i f i e s  and thus forms a pressure barr ier  t o  inhib i t  the escape of 
the cool f l u i d  and i t s  vapor. The cool f lu id  then becomes heated by conduc- 
t ion ,  and f ina l ly  the contained pressure bursts the solid barr ier ,  resul t ing 
in l iquid-liquid dispersion and a subsequent vapor explosion. 

Evidence i n  favor of the entrapment theory i s  ambivalent a t  best, and 
t h i s  theory has been largely discredited. 

The entrapment theory apparently evolved from Long's experiments (1957) 
in which molten aluminum was dropped into water. Long observed photographi- 
cal ly  that  explosions d i d  not occur until  the aluminum had reached the bottom 
of the water container and had spread out. The hypothesis of the entrapment 
theory i s  tha t  the spread aluminum sol idif ied and thus trapped some water 
beneath i t ;  i t  was t h i s  trapped water tha t  became heated t o  high pressure and 
ruptured the metal seal explosively. Entrapment by sol ids  i s  not a necessary 
condition for  a vapor explosion as evidenced by work where the hot f l u i d  i s  
always above i t s  melting point. Examples of explosive interactions where both 
l iquids remained f lu ids  are mercury and water (Bradley and Witte 1972), and 
freon and mineral o i l  (Henry e t  a l .  1974). The entrapment theory i s  fur ther  
discredited by the observation tha t  sol id  boundaries are not required to  cause 
explosive interactions between a hot and cold liquid. Bradley and Witte 

(1972, p. 25), fo r  example, was able to  obtain explosive interactions between 
a low-melting lead-tin alloy and water when the hot a l loy was injected into 



the water as a horizontal j e t .  The explosive interactions occurred i n  the 
bulk of the water, well away from the tank walls. 

Based on the experimental evidence available, i t  i s  cer tain tha t  entrap- 
ment of l iquid by a sol id  i s  not a necessary condition for  a vapor explosion. 
Therefore, glass/water interactions in a liquid-fed melter cannot be dea l t  
with by merely avoiding the mixing of molten glass and water where entrapment 
of water by solid glass could occur. 

FREEZING SHELL THEORY 

Two di f fe rent  mechanisms have been postulated t o  r e su l t  from the freez- 
ing of an outer layer of hot globule. One i s  a variation of the entrapment 
theory. I t  i s  postulated tha t  when the outer surface of the globule freezes,  
cracks and f i ssures  develop (Wi t t e  e t  a1 . 1970, Nelson and Kennedy 1956b, 
Brauer, Green and Mesler 1968) into which liquid penetrates, vapor then forms 
in these cracks with explosive violence, causing segments of the shel l  lato 
spa11 off much l i k e  shrapnel." This picture of vapor explosions can be dis- 

missed for  the same reason as the entrapment mechanism: namely, vapor explo- 
sions can occur when - no sol ids  are present. 

A second freezing shell  mechanism involves the creation of a j e t  of mol- 
ten metal by the shrinking of the sol id  shell  (Colgate and Sigurgeirsson 1973; 
Zyszkowski 1976). The molten metal j e t  i s  envisioned to penetrate a vapor 
fi lm blanket which separates the main bulk of hot and cool materials.  Direct 
liquid-liquid contact leads to  superheating of the cool f lu id ,  resul t ing in a 
vapor explosion. While i t  i s  conceivable tha t  t h i s  j e t  formation may play a 
role i n  some vapor explosions, i t  i s  c lear ly  not a condition necessary fo r  
vapor explosions, because explosions can occur without the formation of sol id  
she l l s .  

The elimination of the freezing shell  mechanism as a necessary condition 
means tha t  the shrinkage of solid glass and surface crack formation probably 
have l i t t l e  re lat ion to  the poss ib i l i ty  of vapor explosion in a liquid-fed 
ceramic me1 t e r .  



WEBER NUMBER BREAKUP OF DISCONTINUOUS FLUID PHASE 

I n  t h i s  proposed mechanism, one l i q u i d  stream e n t e r i n g  t h e  second i s  d i s -  

persed i n t o  small p a r t i c l e s  by aerodynamic f o r c e s  ( W i t t e  e t  a l .  1970). Due 

t o  the  enhanced sur face area, heat  t rans fe r  becomes so f a s t  t h a t  vapor i s  

e x p l o s i v e l y  generated. 

Th i s  proposed mechanism has l i t t l e  experimental  bas i s  and, indeed, does 

n o t  agree w i t h  v i s u a l  and photographic evidence o f  l i q u i d  g lobu les  p r i o r  t o  a  

vapor explos ion.  The observat ions (Nelson and Kennedy 1956a; Long 1957; 

Zyszkowski 1976; B j o r k q u i s t  1975) show t h a t  t he  metal  g lobu les  t y p i c a l l y  

remain l a r g e l y  i n t a c t  p r i o r  t o  exp los ive  f ragmentat ion.  Also, t h e  f a c t  t h a t  

f ragmenta t ion  o f  a  mol ten s a l t  (Nelson and Kennedy 1956a) o r  aluminum stream 

(Long 1957) reduces vapor exp los ion  v io lence  shows t h a t  f ragmenta t ion  o f  t he  

ho t  l i q u i d  leads t o  r e s u l t s  which are oppos i te  those p r e d i c t e d  by t h i s  pro-  

posed mechanism. 

When app l i ed  t o  t h e  l i q u i d - f e d  mel te r ,  t h e  f a i l u r e  o f  t h e  Weber Number 

f ragmenta t ion  theo ry  shows t h a t  one cou ld  n o t  e l i m i n a t e  vapor exp los ions  by 

des ign ing  t h e  l i q u i d  feed system t o  avo id  water j e t s  f rom e n t e r i n g  mol ten 

g l  ass. 

SPONTANEOUS NUCLEATION OF SUPERHEATED LIQUID 

I n  t h i s  pos tu la ted  mechanism (Nakanishi and Reid 1971; Katz and 

S l i epcev i ch  1971; Fauske 1973, 1974), t h e  coo l  l i q u i d  i s  heated by d i r e c t  

l i q u i d - l i q u i d  contac t  w i t h  t h e  ho t  l i q u i d .  Because o f  t h e  absence o f  a  vapor 

phase and nuc lea t i on  s i t e s ,  t h e  coo l  l i q u i d  becomes h i g h l y  superheated. 

F i n a l l y ,  spontaneous nuc lea t i on  forms vapor bubbles i n  t h e  body o f  t h e  super- 

heated l i q u i d  and, once vapor bubbles appear, f l a s h i n g  occurs v e r y  r a p i d l y ,  

1  eading t o  vapor explos ions.  

The spontaneous nuc lea t i on  o f  superheated l i q u i d  mechanisms i s  supported 

by a  s u b s t a n t i a l  body o f  t h e o r e t i c a l  and exper imenta l  in fo rmat ion .  A  few 

examples o f  suppor t i ve  da ta  f o l l  ow. 

F i r s t ,  t h e  phenomenon o f  superheated l i q u i d s  i s  w e l l  proven i n  expe r i -  

ments (Reid 1976; Wismer 1922; Skr ipov  1974). A  simple way t o  demonstrate 





DETONATION MODEL 

A detonation model of vapor explosions was formulated in 1975 by Board, 

Hall and Hall (1975). This model is based on detonation phenomena known to 

occur in chemical explosions. In this model, it is first assumed that a 

coarse intermixing of the two fluids takes place by an unspecified process. 
Then, due to some initiating mechanism, a shock wave is initiated. The shock 

wave sets up an acceleration of the two fluids which causes fine fragmentation 

of the hot material. Due to the extremely fine fragmentation hypothesized, 

heat transfer occurs so fast that the shock is self-propagating. 

The plausibility of the detonation model has been questioned by Williams 

(1976) and by Bankoff, Jo and Gangul i (1976) on the grounds that disintegration 

of the hot 1 iquid would not occur rapidly enough or to the fineness required 
to support a detonation. However, other experiments (Pate1 and Theof anous 
1978) tend to support the plausibility of the detonation model. At present 
it is not possible to state with certainty whether a self-sustaining detona- 

tion, waterlglass interaction is possible. 

Because high degrees of liquid superheat are not required in the detona- 

tion model, the solids content of high-level waste feed would not prevent a 

vapor explosion in a glass me1 ter if a detonation-type interaction were pos- 

sible. However, the time required for breakup of molten glass globules 
increases as viscosity increases (Be1 lman and Pennington 1954), so detonation 

would be impossible for glass viscosities higher than some critical value. 

COOLANT JET PENETRATION MODEL 

In this model advanced by Buchanan (1974), a fluid mechanical model is 

pictured which allows cool liquid to be dispersed into the hot fuel. Rapid 
heat transfer between the cool and hot fluid then causes very rapid vaporiza- 

tion of the cool fluid, with subsequent disintegration of the hot fluid. A 

cyclic process is thus envisioned which causes disintegration and intermixing 

of two fluids. 



The l i q u i d  j e t  which penetrates t h e  ho t  m a t e r i a l  i s  a t t r i b u t e d  t o  t h e  

co l l apse  o f  a  vapor bubble. It has been shown (P lesset  and Chapman 1971) t h a t  

a  so-ca l led  "Plesset  J e t "  i s  formed by t h e  co l l apse  o f  a  spher i ca l  c a v i t y  i n  

a  l i q u i d .  

If t h i s  model i s  cor rec t ,  then vapor explos ions i n  a  g lass m e l t e r  cou ld  

be prevented by always feed ing t h e  waste a t  t h e  s a t u r a t i o n  temperature. A  

r a p i d  co l l apse  o f  t he  vapor bubble i s  impossib le unless t h e  coo l  l i q u i d  i s  

sub-cooled. High v i s c o s i t y  would a l so  work against  break-up by t h e  P lesse t  

Je t .  

DISCUSSION OF PLAUSIBLE VAPOR EXPLOSION MECHANISMS 

O f  t h e  mechanisms which have been proposed, several  which i n v o l v e  f r a g -  

mentat ion o f  t he  ho t  f l u i d  remain as c r e d i b l e  p o s s i b i l i t i e s .  The process 

sequence ( W i t t e  and Cox 1978; Board, Farmer and Poole 1974) which descr ibes 

vapor explos ions i s  p i c t u r e d  i n  F igu re  1. As i n d i c a t e d  i n  t h e  f i g u r e ,  an 

i n i t i a t i n g  mechanism leads t o  mechanical energy o r  mot ion between t h e  two 

l iqu ids .  The r e l a t i v e  motion produces f ragmentat ion o f  a t  l e a s t  one o f  t h e  

f l u i d s ,  and t h i s  g r e a t l y  enhances t h e  heat t r a n s f e r  area. Rapid heat t r a n s f e r  

causes t h e  vapor pressure fo rmat ion  o f  t he  coo l  f l u i d ,  and expansion o f  t h i s  

vapor causes t h e  observed explosion. A  feedback process may be invo lved  t o  

enhance t h e  in terphase heat t r a n s f e r  r a t e .  

Several d e t a i l s  o f  t h e  exp los ion  process are no t  w e l l  known a t  present .  

Ch ie f  among these i s  t h e  i n i t i a t i n g  mechanism which leads t o  f ragmentat ion.  

A l l  o f  t h e  i n i t i a t i n g  mechanisms i n d i c a t e d  i n  F i g u r e  1 have exper imental  

and t h e o r e t i c a l  support, as w i l l  be descr ibed l a t e r  i n  t h i s  repo r t .  The f a c t  

t h a t  t h e  i n i t i a t i n g  mechanism i s  no t  known t o  be unique means t h a t  an accepted 

theo ry  t o  p r e d i c t  t h e  necessary and s u f f i c i e n t  cond i t i ons  f o r  a  vapor explo-  

s ion  i s  no t  p r e s e n t l y  ava i l ab le .  
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RECENT STUDIES OF VAPOR EXPLOSIONS 

I n  t h i s  sect ion,  se lec ted  s tud ies  o f  vapor exp los ions  w i l l  be reviewed 

t o  show t h e  circumstances under which v i o l e n t  i n t e r a c t i o n s  have occurred, and 

t o  show how the  conceptual models descr ibed he re in  e x p l a i n  t h e  experimental  

f ind ings .  

EXPERIMENTAL STUDIES 

Aluminum-Water I n t e r a c t i o n s  

Many la rge-sca le  experiments have been c a r r i e d  o u t  by researchers a t  t he  

Aluminum Company o f  America (Long 1957; Hess and Brondyke 1969) i n  which mol- 

t e n  aluminum was dropped i n t o  open pans o f  water. The apparatus used i s  

described i n  F i g u r e  2. 

I n  a t y p i c a l  t e s t ,  50 1b o f  mol ten aluminum was suddenly discharged 

through a 3 1/4- in . -d ia ho le  i n t o  a s t e e l  con ta ine r  o f  water. Long (1957) 

c a r r i e d  o u t  a t o t a l  o f  880 t e s t s  o f  t h i s  t ype  and s tud ied  t h e  e f f e c t  o f  metal  

stream q u a l i t y ,  water depth and temperature, water a d d i t i v e s  and types o f  

coa t i ng  i n  t h e  s t e e l  conta iner .  Hess and Brondyke (1969) c a r r i e d  o u t  another 

108 o f  these tes ts ,  and focussed on coat ings  t h a t  cou ld  be used t o  p revent  

explosions. 

Explos ions o f  v a r y i n g  i n t e n s i t y  were produced i n  many o f  the  t e s t s .  The 

r e l a t i v e l y  nonv io len t  i n t e r a c t i o n s  sca t te red  water and mol ten metal b u t  d i d  

n o t  r u p t u r e  the  conta iner .  The most v i o l e n t  exp los ions  broke the  con ta ine r  

and h u r l  ed p ieces severa l  hundred f e e t  . Phenomenological observat ions o f  

g rea tes t  s i g n i f i c a n c e  are  given i n  t h e  f o l l o w i n g  subsect ions. 

Water Temperature 

I n  34 t e s t s  conducted under meta l  stream c o n d i t i o n s  which favored explo- 

sions, explos ions occurred i n  18 t e s t s  when t h e  water temperature was OOC t o  

50 '~.  No exp los ion  occurred i n  water which was 6 0 ' ~  t o  1 0 0 ~ ~ .  These observa- 

t i o n s  are cons i s ten t  w i t h  an i n i t i a t i n g  mechanism based on a c o l l a p s i n g  vapor 

f i l m ,  because h i g h l y  subcooled water f avo rs  t h e  t r a n s i t i o n  f rom f i l m  t o  t r a n s i  

t i o n a l  b o i l i n g .  
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FIGURE 2. Sketch o f  Apparatus f o r  Study o f  Aluminum- 
Water I n t e r a c t i o n s  (Long 1957; Hess 
and Brondyke 1969) 

A d d i t i v e s  i n  Water 

It was found t h a t  t h e  a d d i t i o n  o f  s o l u b l e  organ ic  m a t e r i a l s  (0.5%) pre-  

vented explos ions,  and t h a t  s a l t s  enhanced explos ions.  These observa t ions  

are c o n s i s t e n t  w i t h  i n i t i a t i n g  mechanisms based on the  breakdown o f  f i l m  

b o i l i n g .  Organic m a t e r i a l  touch ing  t h e  metal  would decompose i n t o  gases, 

p r o v i d i n g  n u c l e a t i o n  s i t e s  f o r  b o i l i n g ,  and t h e  gases would a l so  cushion any 

vapor - f i lm  co l lapse.  On t h e  o ther  hand, s a l t s  would a i d  w e t t i n g  o f  meta ls  by  

water and w e t t i n g  f a v o r s  vapor f i l m  c o l l a p s e  and superheat ing o f  t he  l i q u i d .  



Water Depth and Metal Temperature 

The metal temperature and the  water depth requ i red  t o  produce explos ions 

were found t o  be i n v e r s e l y  re la ted ,  w i t h  a pool depth o f  l ess  than 6 i n .  metal  

a t  6 7 0 ' ~  ( j u s t  s l i g h t l y  above t h e  m e l t i n g  p o i n t  o f  660'~)  producing an explo- 

sion. However, as water depth increased t o  30 in., no explos ions occurred 

even w i t h  metal a t  9 0 0 ~ ~ .  These observat ions suggest t h a t  t he  metal must be 

a t  a minimum temperature by t h e  t ime i t spreads on the  bottom o f  t h e  pool .  

Deeper water r e q u i r e s  a h igh  i n i t i a l  temperature o f  t h e  metal .  

Coat ings on t h e  Water Tank 

I t  was found t h a t  explos ions cou ld  be prevented by cover ing  the  water 

tank w i t h  organic coat ings, bu t  t h a t  explos ions were enhanced when ox ide  o r  

hydroxide coat ings  were used. These f i n d i n g s  were cons i s ten t  w i t h  expecta- 

t i o n s  based on the  model p i c t u r e d  i n  F i g u r e  1. The organ ic  m a t e r i a l s  appar- 

e n t l y  decomposed when contacted by ho t  metal ,  p r o v i d i n g  gases which would 

cushion vapor f i l m  co l l apse  and p rov ide  nuc lea t i on  s i t e s  t o  avoid super- 

heat ing.  As expected, the  coat ings  l o s t  t h e i r  e f f ec t i veness  a f t e r  several  

exposures t o  ho t  metal ,  when v o l a t i l e s  had been l a r g e l y  d r i v e n  o f f .  The 

enhancement due t o  i no rgan ic  ox ides and hydroxides l i e s  i n  enhanced w e t t i n g  

which would f a v o r  vapo r - f i lm  breakdown and, more i m p o r t a n t l y  f o r  oxides, 

exothermic chemical r e a c t i o n s  ( thermi  t e - t ype )  which would add t o  the  heat 

energy ava i lab le .  

Metal  Stream Qua1 i ty  

The a b i l i t y  t o  produce an exp los ion  was found t o  depend on the  s i z e  o f  

t h e  mol ten metal stream which entered t h e  water. No explos ions occurred when 

the  metal was discharged through 3/4-in., 1-1/2-in. and 2-1/2- in.-dia holes. 

I nc reas ing  t h e  ho le  s i z e  t o  2-3/4 in., 3-1/4 i n .  and 4 in., r espec t i ve l y ,  

r e s u l t e d  i n  explosions. 

I n  a d d i t i o n  t o  the  d r a i n  ho le  s ize,  i t  was found t h a t  t he  d is tance the  

metal f e l l  p r i o r  t o  con tac t i ng  t h e  bottom o f  t h e  water conta iner  was important .  

For  example, explos ions occurred when t h e  d is tance the  metal f e l l  was l ess  than 

4 ft, bu t  no explos ions occurred i n  19 t e s t s  us ing  a 1 0 - f t  drop. 



Long (1957) ten ta t ive ly  concluded that  f a l l  height had an e f fec t  on stream 
breakup and tested the hypothesis by placing a s tee l  grid with 1-in.' openings 
over the water container. This grid prevented explosions in 13 t e s t s  under 
conditions tha t  without the grid produced explosions. 

Several interpretat ions of the metal stream charac ter i s t ics  are possi- 
ble. First, there may be a s i ze  scale  e f fec t  in vapor explosions, as would 
be expected in the detonation model of Board, Hall and Hall (1975). I t  may 
be tha t  when the metal i s  broken into smaller globules, t ha t  a small explo- 
sion by the f i r s t  metal globules provides a steam phase, preventing super- 
heating of water by metal entering l a t e r .  A third poss ib i l i ty  i s  t ha t  smaller 
metal globules are not susceptible to  fragmentation, although other experi- 
ments discount t h i s  possibi l i ty .  

Physical Properties of Molten Metal 

In order to  evaluate the e f fec t  of the hot stream properties,  Long (1957) 
carried out 19 t e s t s  using molten magnesium and an unspecified number of t e s t s  
w i t h  molten s a l t  made from equimolar amounts of sodium chloride and potassium 
chloride. 

Results obtained fo r  molten magnesium were indistinguishable from those 
fo r  molten a1 u m i n u m .  However, fo r  the molten s a l t  several differences were 
observed: the s a l t  explosion was less  intense than metal-induced explosions; 
the s a l t  explosions were not prevented by the 20-in. water depth, by the 
grease coating or by the soluble o i l .  

The differences between metal and molten s a l t  explosions can be at t r ibuted 
to  differences in the thermal properties of these f lu ids .  The much lower ther- 
mal conductivity of the s a l t  would yield lower interface temperatures with 
water. This lower interface temperature would reduce heat t ransfer ,  explaining 
the lower explosive yields  and the greater water depths which permit explo- 
sions. Also, the organic coatings would decompose much less  rapidly and the 
noncondensable gas, which inhib i t s  vapor fi lm collapse and superheating, would 
not be generated in time to prevent the explosion. 



Tin-Water I n t e r a c t i o n s  

Fo l lowing the  ve ry  ex tens ive  la rge-sca le  t e s t s  on aluminum-water i n t e r -  

ac t ions  by Long (1957) and by Hess and Brondyke (1969), a number o f  research- 

e rs  have c a r r i e d  ou t  smal l -sca le  t e s t s  us ing  many d i f f e r e n t  mol ten metals.  

Mol ten t i n  apparent ly  has been s tud ied  more e x t e n s i v e l y  than any metal except 

aluminum, so se lec ted  r e s u l t s  o f  a v a i l  ab le  s tud ies  w i l l  be noted. 

Fragmentat ion Study o f  F l o r y ,  P a o l i  and Mesler (19691 

These authors repo r ted  t e s t s  i n  which mol ten meta ls  (Pb, Sn, B i ,  A l ,  Cu, 

Hg and low m e l t i n g  a l l o y s )  were dropped i n t o  water baths. High-speed photo- 

graphy was used t o  record  the  f ragmenta t ion  process. Also, t h e  s o l i d i f i e d  

fragments were s tud ied  t o  o b t a i n  a measure o f  t he  degree o f  f ragmentat ion.  

Several i n t e r e s t i n g  observat ions inc luded the  f o l l o w i n g :  

l a r g e r  drops fragmented more v i o l e n t l y  than smal ler  ones; 

lower ing  the  sur face tens ion  o f  aluminum by adding bismuth enhanced 

t h e  degree o f  f ragmentat ion;  

the  a d d i t i o n  of powdered carboxymethy lce l lu lose  t o  the  water had a 

marked e f f e c t  on reducing o r  p reven t i ng  f ragmenta t ion  (carboxymethyl- 

c e l l u l o s e  would increase the  v i s c o s i t y  o f  water and a l so  decompose 

i n t o  gases when heated by mol ten metal  ; both o f  these f a c t o r s  would 

reduce f ragmentat ion,  so the  observed e f f e c t  i s  expected); 

f ragmenta t ion  decreased when the  water-batch temperature was above 

25Oc, and no f ragmenta t ion  occurred w i t h  water-batch temperatures 

o f  90°C t o  1 0 0 ~ ~ .  

Exp los ive  I n t e r a c t i o n s  o f  Mol ten Metals  I n j e c t e d  i n t o  Water 

Brad ley  and W i t t e  (1972) i n j e c t e d  mol ten metals  i n t o  water us ing  a h o r i -  

z o n t a l l y  pos i t i oned  nozzle. The metal entered t h e  water as a j e t ,  and i n t e r -  

ac t ions  which occurred were f a r  f rom any w a l l  o r  s o l i d  in te r face .  Meta ls  

t es ted  inc luded t i n ,  mercury and a l l o y s  o f  Pb/Sn and Bi/Pb/Sn/Cd. These f o u r  

meta ls  had d i f f e r e n t  m e l t i n g  po in t s ,  a l l ow ing  m e l t i n g  p o i n t  e f f e c t s  t o  be 

demonstrated. 



In a typical experiment, the temperature of the molten metal was 
increased in steps,  and waterlmetal interactions were studied by monitoring 
the noise produced, the extent of fragmentation in cooled metal and the flow- 
ra te  of metal through the injection nozzle. Explosive interact ions were 
characterized by audible by extensive fragmentation of cooled metal 
and by flow reversal in the nozzle caused by pressure pulses in the water a t  
the nozzle ex i t .  

Explosive interactions were obtained fo r  a l l  four metals when a thresh- 
old metal temperature was exceeded. For mercury, t i n ,  and the leadi t in  alloy, 
expolosive interactions were apparent fo r  metal temperatures above about 
290'~. For the Bi/Pb/Sn/Cd a1 loy, explosive interactions occurred a t  tem- 
peratures about 200'~. 

These experiments are par t icular ly informative because they demonstrate 
conclusively the following: 

so l id i f ica t ion  of the metal i s  not necessary to  cause an explosive 
interact ion,  as shown by the mercury resul ts .  

a the presence of a solid interface i s  not required to obtain an explo- 
sive interaction. 

a large globules of hot materials are not required to obtain explosive 
i nteract i ons. 

These experiments are consistent with the explosive processes l i s t ed  in 
Figure 1 and allow us to  remove the shrinking shel l  mechanism and the sol id  
entrapment mechanism from those processes necessary in vapor explosions. 

Molten Tin Dropped into Water 

While we will not attempt to  review a l l  studies involving molten t i n  

dropped into water, three studies by d i f fe rent  investigators will  be described 
because they add insight into the mechanisms tha t  cause vapor explosions. 

Arakeri e t  a l .  (1975) dropped 25-9 globules of molten t i n  into water and 
studied the interaction photographically, by fast-response pressure measure- 
ments, and also examined the so l id i f ied  fragments of t i n  a f t e r  the drop. 



Both water temperature and t i n  temperature varied as parameters. Consis- 
t e n t  vapor explosions were observed only a t  the  two highest t i n  temperatures 

of 787 '~  and 676 '~  and when the  water batch temperature was uniform and below 
5 2 ' ~  (lowest bath temperature was 8 ' ~ ) .  Only occasional vapor explosions were 

observed a t  i n i t i a l  t i n  temperatures of 5 3 7 ' ~ ~  and no vapor explosions were 
detected a t  i n i t i a l  t i n  temperatures of 426 '~  and 343'. The i n t ens i t y  of the  

explosions t h a t  occurred appeared t o  be unrelated t o  t he  water temperature 
provided i t  was below 52'~. 

The degree of fragmentation was d i r e c t l y  re la ted  t o  the  magnitude of the  

peak pressure pulse. When t he  t i n  so l i d i f i ed  as nonporous, s izeable  f rag-  

ments, no explosions occurred. The highest peak pressure pulses were asso- 

c ia ted  with so l i d i f i ed  t i n  pa r t i c l e s  described as " f i ne  porous fragmentation 

w i t h  f i n a l  product s p l i t  up." These observations are  consis tent  with the  

expectation t ha t  the  amount of vapor produced would increase with the heat 
t rans fe r  r a t e .  The heat t r ans f e r  r a t e  would, of course, increase as the  hot 

material became more f i n e l y  subdivided. 

Photographic observations of the  f a l l i n g  t i n  globule showed t h a t ,  typi-  
ca l ly ,  three  or four  local in te rac t ions  occurred before the  whole globule was 
involved in in teract ion.  The in te rac t ions ,  evident as d i s t o r t i ons  in the metal 

surface,  were apparently due to  t he  col lapse  of vapor f i lms which separated 
water and hot metal. When t o t a l  fragmentation occurred, a vapor explosion 

occurred. The  estimated time from the beginning of t he  f i r s t  in teract ion t o  
the maximum growth of the  l a s t  in teract ion was 10 ms. 

The metal and water temperature 1 imits  when explosions occurred f i t  rea- 
sonably w i t h  Fauske's (1973) spontaneous nucleation model. I t  postulated t h a t  

vapor explosions can occur without delay only i f  the  instantaneous in te r face  
temperature of the  cool f l u i d  i s  higher than the  spontaneous nucleation tem- 

perature.  

Araker i ' s  (Arakeri e t  a l .  1975) r e s u l t s  are consis tent  w i t h  o ther  metal- 

water in teract ion experiments and with the  vapor explosion process diagram 
pictured in Figure 1. 



Board, Farmer and Poole (1974), a t  the Berkeley Nuclear Laboratories i n  

England, dropped a few grams of molten t i n  into water and measured pressure 
pulses as well as obtaining high-speed photographs of the tin-water inter-  
action. The experimental arrangement was quite similar to  tha t  employed by 
Arakeri e t  a l .  (1975). 

In the f i r s t  type of experiment, a few grams of t i n  were dropped into an 
open tank of water. I t  was found tha t  explosions occurred only i f  both the 
t i n  was above 400'~ and the water was below 60'~. The high-speed photographs 
reveal ed tha t  mu1 t i p l e  interactions of increasing violence occurred prior t o  
whole drop involvement. Vapor films (or bubbles) grew and then collapsed. 
The growth and collapse of the preliminary interaction could be observed from 
the pressure trace.  I t  was t h i s  observed growth and collapse cycle, w i t h  sub- 
sequent cycles being more violent,  t ha t  leads these researchers to  postulate 
a feedback mechanism as pictured in Figure 1. 

A second type of experiment carried out by Board, Farmer and Poole (1974) 
involved the dropping of molten t i n  in to water a t  ~ 4 0 ' ~  maintained a t  a low 
pressure ( ~ 0 . 1  bar).  Under these conditions the water was subcooled less  than 
the c r i t i c a l  value, and no explosions occurred unless the pressure on the 
system was suddenly increased. The increased pressure apparently caused the 
vapor fi lm to collapse, tr iggering an explosion. 

In a third type of experiment, Board, Farmer and Poole (1974) applied a 
mechanical disturbance to  a t i n  drop supported on a crucible under water a t  
80 '~.  A1 though no interactions occurred a t  t h i s  temperature under quiescent 
conditions, a l igh t  hammer blow was found to  t r igger  multiple thermal in te r -  
actions. No such interact ions could be triggered a t  a water temperature of 
95Oc. 

The experiments of Board, Farmer and Poole (1974) lend support t o  the 

importance of vapor fi lm collapse, at  high velocity, as a prime triggering 
process in vapor explosions. This postulate i s  consistent with the other 
experimental work discussed in t h i s  report .  The collapse phenomenon appar- 
ent ly  explains the f a c t  t ha t  vapor explosions apparently cannot be triggered 

if the cool liquid i s  a t  or near i t s  boiling point. This i s  important in the 



ceramic melter as i t  shows that  vapor explosions would be impossible if the 
aqueous feed were close t o  i t s  boiling point, a condition nearly always 
obtained in melter operation. 

G.M. Bjorkquist (1975) a t  MIT, dropped t i n  and bismuth drops ( 6  to  10 g 

each) into water and studied the interaction photographically w i t h  a f a s t -  

responding pressure transducer, and evaluated the fragmentation of the cooled 

metal. The apparatus was similar to  those employed by Arakeri e t  a l .  (1975) 
and by Board, Farmer and Poole (1974). 

A n  interesting aspect of Bjorkquist 's (1975) experiment was the pressure 

curve found to characterize metal drop fragmentation. The pressure curve i s  
pictured schematically in Figure 3. 

1. The i n i t i a l  high frequency period corresponds to  fi lm boiling. Film 

boiling pers i s t s  unt i l  the metal cools to  the Leidenfrost point, 

which i s  where t ransi t ional  boil ing begins. 

2. When the film boiling stops, liquid-liquid contact occurs and the 

cool f lu id  undergoes superheating. The quiescent period of Figure 3 

corresponds to  the i n i t i a l  superheating period. 

3 .  Once the cool f l u i d  i s  superheated to  the spontaneous nucleation 

temperature, there i s  localized flashing to  vapor. If the cool 
l iquid i s  cool enough, the vapor i s  condensed, allowing bubble 

collapse. This cycle is  repeated a number of times in a "prebang 
high frequency cycle." 

4. The bubble collapse and liquid flashing cycles escalate in severi ty  
and cause a "big bang" when the metal drop i s  broken into small frag- 
ments which can rapidly t ransfer  heat to  the liquid. Photographs 
verified that  catastrophic fragmentation occurred a t  the time of the 

"big bang." 

This four-step picture of a thermal explosion appears t o  be consistent 

with the experiments we are aware of and the processes described in Figure 1. 

Other interest ing phenomena observed by Bjorkquist (1975) follow. 

The peak pressure generated by the interaction was found to depend on 

the i n i t i a l  drop temperature. Essentially no over-pressure was generated fo r  
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FIGURE 3. C h a r a c t e r i s t i c  Pressure Behavior Found To Descr ibe Mol ten 
Metal  Fragmentat ion i n  Water (B j o r k q u i s t  1975) 

t i n  temperatures o f  4 0 0 ' ~  and below. Between 500 '~  and 7 0 0 ' ~  t h e  peak pres-  

sure increased t o  250 p s i .  As t h e  t i n  temperature increased beyond 700°c, t h e  

peak pressure dropped markedly. A t  1 0 0 0 ~ ~ ~  no s i g n i f i c a n t  pressure pu lses  were 

generated even though t h e  metal  drop was fragmented. The f a c t  t h a t  hot-meta l  

drops fragmented w i t h o u t  producing a v i o l e n t  i n t e r a c t i o n  demonstrates t h a t  a 

coherent d i s i n t e g r a t i o n  process, under high-heat t r a n s f e r  cond i t i ons ,  i s  

r e q u i r e d  t o  generate an explos ion.  I f  an incoherent  d i s i n t e g r a t i o n  occurs, 

then o n l y  no i sy  b o i l i n g  ensues. 

Measurements and c a l c u l  a t  ions  c a r r i e d  o u t  by B j o r k q u i s t  (1975) showed t h a t  

t h e  t i n  cooled by f i l m - b o i l i n g  u n t i l  a temperature o f  about 6 0 0 ' ~  was reached 

before f ragmentat ion occurred. Thus, f i l m  b o i l i n g  must cease be fo re  a vapor 

exp los ion  can be t r i g g e r e d .  Th i s  may be important  f o r  wa te r l g lass  i n t e r a t i o n s  

because f o r  many glasses the  v i s c o s i t y  a t  a temperature where f i l m  b o i l i n g  

broke down would be too  h igh  t o  a l l ow  f ragmenta t ion  by v a p o r - f i l m  co l lapse.  



UO -Sodium Interact ions  -2 
A great  deal of experimental work has been carr ied out with molten U02 

and sodium because of the  importance of these mater ia ls  in the  LMFBR program. 
Much of t h i s  work has been done a t  Argonne National Laboratory. A recent 
review by Board and Caldarola (1977) described many of the  s tudies  carr ied 
out. Only two representa t ive  works will  be discussed here. 

Small -scale  vapor explosions were observed by Armstrong (1972) when 
sodium a t  400'~ was injected in to  molten U02 a t  3 0 0 0 ~ ~ .  These r e s u l t s  are i n  

contras t  t o  experiments wherein molten U02 was in jected in to  l iqu id  sodium 
under s imilar  thermal conditions. These t e s t  r e s u l t s  led Fauske (1973) t o  
propose a heat t r ans fe r  model wherein a drop of sodium became entrapped in 
molten U02 and, due t o  a lack of nucleation s i t e s ,  became superheated. A t  

the  spontaneous nucleation temperature, the  sodium f 1 ashed t o  vapor, causing 
t he  observed explosion. 

These experiments of Armstrong are  mirror images of most other water/ 
metal t e s t s  which involved hot drops surrounded by a cool f l u id .  When the  
cool drop i s  surrounded by the  hot f l u i d ,  the re  i s  no requirement f o r  f rag-  
mentation. Rather, a l l  t ha t  i s  needed i s  t o  wait f o r  the  ho t t e s t  pa r t  of t he  
cool f l u i d  t o  exceed the  spontaneous nucleation temperature. This mode of 
producing a vapor explosion i s  s imilar  t o  t h a t  used in s ing le  drop temperature 
gradient  columns (Reid 1976). Such an explosion mode i s  possible only under 
qu i te  r e s t r i c t i v e  thermal conditions. As shown l a t e r  in t h i s  repor t ,  such a 
mechanism-is probably impossible f o r  water and glass  because f i lm boil ing 
would prevent liquid-1 iquid contact  of a water drop surrounded by g lass .  

Johnson, Baker and Pavl i k (1976) dropped comparatively 1 arge quan t i t i e s  
(1.4 t o  6.8 l b )  of molten U02 (3200'~) in to  a sodium pool maintained a t  290 '~  
and 630'~. While some rapid boil ing and pressure pulses in the  l iquid  pool 
were caused by the  contact  of the  hot mater ia l ,  the re  was no vapor explosion i n  

any of the  th ree  t e s t s .  These r e s u l t s  are in agreement with Fauske's (1973) 
view tha t  a coherent vapor explosion between massive quan t i t i e s  of U02 and 
sodium i s  probably impossible. However, from a purely phenomenological view- 
point, these t e s t s  are in consonance with Long's (1957) aluminum/water drop 
t e s t s  where he found t h a t  vapor explosions d i d  not occur f o r  shallow pools or  



f o r  small q u a n t i t i e s  of mol ten metal.  Since explos ions d i d  occur when l a r g e r  

q u a n t i t i e s  of aluminum were dropped i n t o  deeper pools, one can n o t  be c e r t a i n  

t h a t  l a rge r -sca le  t e s t s  employing U02 and sodium would no t  lead t o  

explos ions.  

Vapor Exp los ions  w i t h  Simulated F l u i d s  

Ex tens ive  t e s t i n g  has been done w i t h  s imulated f l u i d s  t o  g a i n  a b e t t e r  

understanding o f  vapor exp los ion  mechanisms. A few t y p i c a l  s tud ies  w i l l  be 

descr ibed t o  t y p i f y  t he  i n fo rma t ion  gained. 

Henry e t  a l .  (1974, 1976) a t  Argonne Na t iona l  Labora tory  completed a 

s e r i e s  of t e s t s  us ing  Freon/water and F r e o n h i n e r a l  o i l  systems. Contact 

c o n f i g u r a t i o n s  t e s t e d  were: 

Freon dumped i n t o  h o t  l i q u i d ;  

ho t  l i q u i d  dumped i n t o  Freon; 

a sub-surface i n j e c t i o n  o f  water i n t o  Freon 22; 

an above-surface i n j e c t i o n  o f  water i n t o  Freon 22. 

The i n t e r a c t i o n  vessel was a 10-in. l ong  segment o f  4- in . -d ia s t a i n l e s s  

s t e e l  p ipe.  

Exp los ive  i n t e r a c t i o n s  occurred under temperature c o n d i t i o n s  where the  

ca l  c u l  a ted i n t e r f a c i a l  temperature exceeded t h e  spontaneous n u c l e a t i o n  tem- 

pe ra tu re  o f  t he  Freon. 

Typ i ca l  r e s u l t s  obta ined by Henry e t  a l .  (1976) are shown i n  F i g u r e  4. 

The d i v i d i n g  l i n e  between exp los i ve  and nonexplos ive reg ions  appears t o  be 

reasonably descr ibed by t h e  i n t e r f a c e  temperature o f  6 0 ' ~  which i s  t h e  pre-  

d i c t e d  homogeneous nuc l  e a t i  on temperature o f  Freon (Henry e t  a1 . 1976). 

Another impor tan t  f i n d i n g  was t h a t  t h e  maximum exp los i ve  pressure measured 

was t h e  s a t u r a t i o n  pressure o f  t he  work ing f l u i d  corresponding t o  t h e  homo- 

geneous nuc l  ea t  i o n  temperature. 

When t h e  i n t e r a c t i o n s  were c a r r i e d  o u t  a t  ambient pressures o f  2.2 bar  and 

8.0 bar,  no exp los i ve  i n t e r a c t i o n s  occurred. Th i s  f i n d i n g  i s  shown g r a p h i c a l l y  

i n  F i g u r e  5. The data  shows the  exp los ions  can be e n t i r e l y  suppressed by 

imposing an ambient pressure above a c e r t a i n  value. Henry e t  a l .  (1976) sug- 

gest  t h a t  t h i s  cessat ion  o f  exp los i ve  events w i t h  i nc reas ing  ambient pressure 



o o • • . a  .am • • 
EXPLOSIVE 

0  0  O .  

0  
NONEXPLOSIVE 

0  
0 0  0 0  

0  

0  0  0  

t EXPLOSIVE INTERACTION 
0  NONEXPLOSIVE l NTERACTION 

-180 I I I I I I I 

100 120 140 160 180 200 

INITIAL MINERAL OIL TEMPERATURE, OC 

FIGURE 4. Freon-Mineral Oil Interactions 
(Henry et al. 1976) 

- 1.0 BAR( A NON-EXPLOSIVE 
A EXPLOSIVE 

1 2 2 BARS 0 NON-EXPLOSIVE 

8.0 BARS q NON-EXPLOSIVE 

A 

0 0 0  0 n 0 0 4 0 n 0 0 0 0  

AA 

F A 

4 A 
A 

- 0 0 0 0  0 0 0 0 0 0  0 0  0 

- a a a ~ a a ~  aa A 
1 I 1 

40 60 

WATER TEMPERATURE OC 

- 24 1 IN IT IAL  PRiSSURE 1 

2 .2ATM ONON-EXPLOSIVE I 
8 ATM 0 NON-EXPLOSIVE I 

2 4 
I 

o o o d o o o o o o  0 0 0 

, . o r  , o  ol o, 0 
1W 140 180 ZM 266 

O I L  TEMP., OC 

FIGURE 5. Effect of Ambient Pressure on Freon 
Vapor Explosions 



is closely related to the bubble growth characteristics (inertially versus 
thermally controlled growth) of the system. It is postulated that extensive 
inertially controlled growth will provide further fragmentation of liquid 

droplets and an incipient shock wave, whereas thermally controlled growth 

should provide little fragmentation and no incipient shock waves. 

These experiments with simulated fluids appear to be consistent with 

results of water/metal interactions and with the explosion process diagram of 

Figure 1. Two observations which may have an impact on the evaluation of 
glass/water interactions are: 

1. Explosive interactions can be suppressed by increasing the ambient 
pressure. 

2. Freon can vapor-explode even when it is at its saturation tempera- 

ture. 

The second of these observations is unexpected on the basis of previous 

studies where it was invariably found that the exploding liquid had to be 

appreciably subcooled to trigger an explosion. This is a negative factor in 

the waste melter evaluation because it implies that vapor explosions cannot be 

prevented by keeping the aqueous feed at or near the boiling point. Additional 

work appears to be warranted to verify the possibility of vapor explosions with 

a cool fluid which is initially at its saturation temperature. 

Water/Gl ass Interact ions Under Natural and Forced Conditions 

Arakeri, Catton and Kastenburg (1978) carried out an experimental study 

of water/glass interactions wherein 25-9 quantities of special glass (at 
800'~) were dropped into water at room temperature (22'~). These experiments 
by UCLA researchers were a sequel to molten tin/water tests (Arakeri et al. 
1975) and used glass to more closely simulate the thermal properties of molten 

nuclear fuel (UO2) Under so-called "natural" conditions, the glass fell into 
a tank of water about 25 cm deep without external disturbances. "Forced" 

interactions were those in which an exploding wire (Chace and Moore 1959) 

imposed a pressure pulse on the falling globule of glass after it entered the 

water. 



The glass used in these experiments was made of 60% B203 and 40% PbO 

(by weight) and was selected because i t  could be discharged rapidly from the 
melting crucible. The melt reportedly had a melting point of 750'~ and, a t  
a temperature of 9 0 0 ~ ~  "the molten glass was almost as f lu id  as water a t  
room temperature." Based on t h i s  qual i ta t ive  description, the glass used was 
much less  viscous than typical s i l i c a  waste glasses. 

Under natural conditions, the glass mass cooled and so l id i f ied  in the 
water without appreciable fragmentat ion. The sol idif  ied mass was quite 
f r i ab le ,  as expected, b u t  the cracks developed subsequent to  sol idif icat ion.  
For the "natural " f a1 1 conditions, no vapor explosions were observed. 

When a shock wave was impressed on the f a l l i ng  globule by the exploding 
wire, weak vapor explosions were observed. The interactions which occurred 
appeared to  follow the often observed vapor film collapse and buildup cycle 
indicated i n  Figure 1. This was apparent from high-speed photographs and 
pressure measurements obtained. 

Part ic les  of glass which resulted from the "forced" interaction were 
comparatively 1 arge in s ize,  having a mass median diameter of approximately 
2 mm. This i s  a comparatively large par t ic le  s i ze  and, due to  heat t ransfer  
l imitations,  the vapor explosions caused by molten glass under "forced" condi- 
t ions were of low energy. 

These t e s t s  with water and glass are consistent w i t h  expectations based 
on the model pictured in Figure 1. Under natural f a l l  conditions, a vapor 

film prevents water and highly f lu id  glass from contacting each other. By 
the time the glass cools to the Leidenfrost temperature, the viscosity has 
increased to  the point where the collapsing vapor fi lm i s  unable to  cause 
fragmentation. If the vapor film i s  collapsed prematurely by a pressure 
pulse, liquid-liquid contact can occur, and resul t ing vapor fi lm collapse and 
growth cycles can cause fragmentation. Surface area enhancement can improve 
heat t ransfer  to  the point where vapor i s  produced explosively. 

Due to the higher viscosi ty  of waste glasses,  one can take the water/ 

glass resu l t s  of Arakeri, Catton and Kastenburg (1978) as worst cases fo r  
waste glass.  Theref ore, water/gl ass interactions would be nonviolent except 



under unusual circumstances where a very low viscosity glass was involved or 
where energetic, vapor-collapsing triggers, like a shock wave, were impressed. 

Effect of Dissolved Gases on Vapor Explosions 

Asher, Davies and Jones (1976) at Harwell in England dropped molten tin 
globules (6 g at 800'~) into water of different temperatures containing vary- 

ing amounts of dissolved gases (02, N2, C02 and N20) Both water temperature 
and the quantity of dissolved gases were found to play a critical role in 

determining whether a vapor explosion occurred. 

With degassed water, explosions invaribly took place for water tempera- 

tures up to 53'~. When the initial water temperature was higher than 53'~~ 
violent interactions ceased altogether, and the molten tin solidified without 

being fragmented. No change in behavior was observed when the water was satu- 
rated with nitrogen (solubility of 9 ml kg-' at 53'~). 

When the water was saturated with oxygen, the cut-off temperature was 

reduced from 53'~ to 41°c. The solubi 1 i ty of oxygen at 41°c is 23 ml kg" , 
which is appreciably higher than that of nitrogen at 53'~. Explosions could 

be completely suppressed by dissolved C02 and N20. A certain concentration 

of dissolved gas (80 ml kg-' and 60 ml kg-' for C02 and N20, respectively) 

was required to totally suppress violent interaction at any water temperature. 

These concentrations are only about 10% of the saturated concentrations of 

these two gases at 20°c at 1 atm partial pressure. 

The fact that dissolved gases can prevent violent interactions is consis- 

tent with the vapor explosion processes pictured in Figure 1. Mechanistically, 
one can visualize vapor film collapse cushioned by the presence of nonconden- 

sable gases. This would prevent fragmentation of the metal. The nonconden- 
sable gases would also provide gas nucleation sites and would reduce the degree 

of superheating which coujd be achieved. Both effects would act to prevent 

violent interactions. 

The effect of dissolved gases is in marked contrast to the presence of 

gas bubbles. For example, Henry et al. (1976) found that explosive interac- 

tions between Freon-22 and water were only mildly influenced by the presence 

of gas bubbles in the water. This difference is explained when viewed on a 



local scale: The explosion i s  triggered when the vapor film, separating the 
hot and cool f lu ids ,  collapses. Whether or not fragmentation will occur 
depends on the cushioning ef fec t  of dissolved gases in the vapor bubble. The 
presence of a large gas bubble a t  some distance from the l iquid-liquid inter-  
action s i t e  would have l i t t l e  e f fec t  on the fragmentation process. Therefore, 
a t  least  for  small quant i t ies  of hot or cool f lu ids ,  the observed ef fec t  of 
noncondensabl e gases i s  understandable. 

These observed ef fec ts  of dissolved gases have potent ial ly  important 
implications for  the liquid-fed melter, because a simple method f o r  preventing 
vapor explosions, i f  such prevention were necessary, i s  suggested. The pre- 
vention method would involve the addition of C02 or N20 to  the motive a i r  used 
to  air-1 i f t  the aqueous waste into the me1 t e r .  Carbon dioxide (or another 
soluble gas) would dissolve into the aqueous phase, and i t s  presence would 
prevent explosive interact ions,  even if other conditions favored gl ass-feed 
steam explosions. 

On the other hand, the observed phenomena indicate tha t  a i r  alone would 
not dissolve to  an extent which would be great enough to t o t a l l y  suppress 
explosive interactions.  Also, the existence of gas bubbles in e i ther  the 
glass or the aqueous feed cannot be ci ted as strong evidence against the pos- 
s i b i l i t y  of vapor explosion. 





ASSESSMENT OF THE POTENTIAL OF A VAPOR EXPLOSION 

IN  A LIOUID-FED GLASS MELTER 

GLASS SOLIDIFICATION P R I O R  TO FILM-BOILING COLLAPSE 

One important  c o n s t r a i n t  on v i o l e n t  g lass/water  i n t e r a c t i o n s  i s  t h e  

apparent requirement t h a t  t r a n s i t i o n a l  b o i l i n g  begin p r i o r  t o  f r e e z i n g  o f  t he  

h o t  glass. Th i s  requirement i s  cons i s ten t  w i t h  t h e  vapor exp los ion  sequence 

p i c t u r e d  i n  F igu re  1, where the  co l l apse  o f  a  vapor f i l m  i s  requ i red  be fore  

f ragmentat ion can take  place. I f  t h e  g lass  has s o l i d i f i e d  by t h e  t ime t h e  

vapor f i l m  co l lapses,  then f ragmentat ion i n t o  s u f f i c i e n t l y  small p a r t i c l e s  i s  

impossible and a  vapor exp los ion  i s  averted. 

Three modes o f  b o i l i n g ,  dep ic ted  i n  F igu re  6, a re  known t o  occur i n  t he  

quenching o f  a  ho t  s o l i d  i n  a  l i q u i d  (Katz and S l i epcev i ch  1971). A t  h igh  

temperatures, f i l m  b o i l i n g  i s  t he  mode o f  heat t r a n s f e r ,  and a  t h i n  vapor 

f i l m  separates t h e  two phases. A f t e r  t h e  h o t  m a t e r i a l  has cooled t o  p o i n t  B, 

t h e  so-ca l led  L e i d e n f r o s t  p o i n t ,  t he  vapor f i l m  col lapses,  and a t r a n s i t i o n  

reg ion  i s  encountered. 

Th is  b o i l i n g  mode i s  cha rac te r i zed  by p e r i o d i c  superheat ing o f  l i q u i d ,  

f l a s h i n g  t o  vapor and vapor - f i lm  co l lapse.  When t h e  h o t  m a t e r i a l  i s  a  s o l i d ,  

t h e  b o i l i n g  i s  uns tab le  and noisy.  Wi th a  ho t  l i q u i d ,  t h e  hydrodynamic v i o -  

lence can fragment t h e  h o t  l i q u i d  and lead t o  a  vapor explos ion.  Therefore, 

i f  the  g lass i s  s u f f i c i e n t l y  v iscous a t  the  L e i d e n f r o s t  po in t ,  f ragmenta t ion  

w i l l  be minimal and a  vapor exp los ion  w i l l  n o t  occur. 

A  t h e o r e t i c a l  model, based on Tay lo r  i n s t a b i l i t i e s  caused by vapor f i l m  

f l o w  over a  h o r i z o n t a l  p la te ,  was developed by Berenson (1961) t o  p r e d i c t  t h e  

temperature d i f f e r e n c e  a t  t h e  Le idenf  r o s t  p o i n t  . Berenson ' s  (1961) equat ion 

f o r  t h e  minimum temperature d i f f e r e n c e  i s  
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where 

a = surface tension 

ATmi n = minimum temperature difference required to maintain 

film boiling, 

Pvf = density of vapor film, 

Ah = latent heat of vaporization of liquid, 
kvf = thermal conductivity of vapor film, 
9 = viscosity of vapor film, 
g = gravitational acceleration, 

P!L = density of liquid, 
p, = density of vapor, 

go = gravitational conversion constant. 

This equation was shown (Berenson 1961) to accurately predict the minimum 
temperature difference for film boiling of n-pentane and carbon tetrachloride 

at 1 atm pressure. However, for water and liquid metals, Equation (1) has 
been shown (Henry 1974) to greatly underpredict the minimum temperature 

difference. This discrepancy led Henry (1974) to modify Berenson's equation 
to account for transient wetting of the hot wall. Henry's correlation for 

the minimum temperature of film boiling is expressed as 

where 

= minimum temperature to give film boiling min 

) = minimum temperature for an isothermal surface, 
(T I as given in Equation (1) 

Tc = bulk temperature of cold liquid 



kc,kH = thermal c o n d u c t i v i t y  o f  c o l d  and hot  m a t e r i a l s  

P c 9 P ~  = d e n s i t y  o f  c o l d  and ho t  m a t e r i a l s  

Cc,CH = heat  c a p a c i t y  of c o l d  and ho t  m a t e r i a l s  

(ATmin)I = minimum temperature d i f f e r e n c e  t o  g i v e  f i l m  b o i l i n g  
fo r  an isothermal  sur face.  

) can be computed f rom the  value o f  (ATmin)I g iven i n  Equat ion ( 1 )  ( T  .in I 
us ing  

where 

Tsa t  
= s a t u r a t i o n  temperature a t  p r e v a i l i n g  pressure. 

Henry 's  c o r r e l a t i o n ,  Equat ion (2 ) ,  accounts f o r  subcool i n g  i n  t h e  b o i l  i n g  

l i q u i d  and f o r  temperature g rad ien ts  i n  t h e  h o t  m a t e r i a l .  I t  was shown by 

Henry (1974) t o  agree much b e t t e r  w i t h  f i l m  b o i l i n g  da ta  f o r  water and l i q u i d  

meta ls  than Berenson's model, Equat ion (1 ) .  

More r e c e n t l y ,  Dhi r and Puroh i t (1977) conducted experiments i n  which 

s tee l ,  copper and s i l v e r  spheres o f  19 and 25 m d i a  were quenched i n  water  

a t  0 t o  45 cm/s and O'C t o  5 0 ' ~  subcool ing. They found the  minimum f i l m -  

b o i  1 ing-temperature d i f f e r e n c e  t o  be c o r r e l  ated by 

where 

ATmin = minimum temperature d i f f e r e n c e  needed t o  support  
f i l m  b o i l i n g ,  

52 



ATSub 
= l i q u i d  subcool ing,  OK. 

I n  Equat ion (4 ) ,  ATmin can be expressed as 

- - - T ATmin Tsur face sat ,  

where 

Tsu r face  = s u r f a c e  temperature o f  sphere, 

T s a t  = s a t u r a t i o n  temperature o f  water  a t  p r e v a i l i n g  
pressure.  

The degree o f  subcool ing,  ATsub i s  d e f i n e d  as 

where 

Tbu lk  = b u l k  temperature o f  water .  

The exper iments  o f  D h i r  and P u r o h i t  (1977) agreed o n l y  f a i r l y  w i t h  

Henry 's  c o r r e l a t i o n ,  b u t  agreed we1 1 w i t h  Equat ion  ( 4 ) .  

Ca lcu la ted ,  minimum s u r f a c e  temperatures, based on t h e  D h i r  and P u r o h i t  

model a re  shown as a f u n c t i o n  o f  ambient p ressure  i n  F i g u r e  7. The minimum 

temperature r a p i d l y  decreases as water  temperature increases.  A t  1 atm o f  

pressure, and f o r  a  g l ass  hav ing  a s o f t e n i n g  p o i n t  o f  600°c, f i l m  b o i l i n g  

would p reven t  water  and g lass  f r om c o n t a c t i n g  f o r  water  temperatures i n  excess 

of 50 '~ .  

For  aluminum, w i t h  a  m e l t i n g  p o i n t  o f  660°c, t h i s  graph i n d i c a t e s  t h a t  

vapor exp los ions  should be imposs ib l e  f o r  water  temperatures above 42O~ ,  
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which i s  supported by Long's r e s u l t s  where the  warmest water which would pro-  

duce a  vapor exp los ion  was 50'~. The pressure i n  t he  bottom o f  the  aluminum/ 

water t e s t s  was s l i g h t l y  h igher  than 1 atm, and t h i s  increased pressure may 

account f o r  t he  s l i g h t  underp red i c t i on  o f  t he  f i l m  breakdown temperature. 

For mol ten t i n ,  t he  f i l m - b o i l i n g  co l l apse  would n o t  prevent  vapor explo-  

s ions unless the  water temperature exceeded about 96 '~.  However, as shown 

l a t e r ,  t he  i n t e r f a c i a l  temperatures obta ined w i t h  t i n  below 3 0 0 ' ~  are lower 

than t h e  spontaneous nuc lea t i on  temperature o f  water. 

S i m i  1  ar c a l c u l a t i o n s  c a r r i e d  o u t  us ing  Henry 's  (1974) c o r r e l a t i o n ,  

Equat ion (2 ) ,  are i l l u s t r a t e d  i n  F i g u r e  8. As ind ica ted ,  f i l m  b o i l i n g  i s  

p red i c ted  t o  prevent  d i r e c t  contac t  between water and sur faces h o t t e r  than 

650'~. Thus, one would be l e d  t o  conclude t h a t  aluminum/water i n t e r a c t i o n s  

should be impossib le a t  1 atm pressure, and t h a t  wa te r l g lass  i n t e r a c t i o n s  

should be impossib le f o r  water temperatures above 20'~. These l i m i t s  are 

more r e s t r i c t i v e  than those p r e d i c t e d  by t h e  D h i r  and P u r o h i t  (1977) c o r r e l a -  

t i o n  d isp layed i n  F igu re  7. These d, i f ferences ma in l y  r e f l e c t e d  the  d i f f e r e n c e s  

i n  geometry f o r  t he  two models (p lane versus sphere f o r  F igures  8 and 7, 

r e s p e c t i v e l y ) .  

The f i l m - b o i l i n g  l i m i t  p red i c ted  by the  D h i r  and P u r o h i t  (1977) c o r r e l a -  

t i o n  appears t o  be the  most app l i cab le  t o  wa te r l g lass  i n t e r a c t i o n s  because o f  

geometry cons idera t ions .  The most impor tan t  conc lus ion  t o  be reached f rom 

f i l m - b o i l i n g  l i m i t s  i s  t h a t  v i o l e n t  wa te r l g lass  i n t e r a c t i o n s  should be impos- 

s i  b l e  f o r  water temperatures above 60 '~.  Therefore, i f  the  m e l t e r  were 

operated w i t h  aqueous feed above 60°c, v i o l e n t  water1g.i ass i n t e r a c t i o n s  

should be prevented by f i l m - b o i l i n g  cons idera t ions  alone. D i r e c t  l i q u i d -  

l i q u i d  contac t  would be prevented by t h e  vapor f i l m ,  and the  g lass  would be 

s o l i d  by the  t ime the  f i l m  col lapsed.  

SPONTANEOUS NUCLEATION TEMPERATURE AT A LIQUID-LIQUID INTERFACE 

As discussed e a r l i e r  i n  t h i s  repo r t ,  upon sudden contac t  between hot  and 

coo l  1  iqu ids ,  t he  i n t e r f a c e  temperature must exceed the  spontaneous nuc lea t i on  
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temperature i f  a vapor explosion i s  to  be triggered. When two substances are 

brought into sudden contact, mainly heat t ransfer  occurs i n i t i a l  ly by 

conduction. 

When two in f in i t e  slabs,  i n i t i a l l y  a t  uniform temperatures TH and T,, 

are suddenly brought into contact, the interface temperature may be computed 

by solving the t ransient  heat conduction equation in both slabs. Assuming the 

temperature to  be continuous a t  the interface,  the temperature i s  computed 
t o  be (Carslaw and Jaeger 1959) 



where 

Ti = temperature of interface 

T,, = bulk temperature of hot liquid 

Tc = bulk temperature of cold liquid 

K = thermal conductivity 
P = density 

C = heat capacity 
c = subscript referring to cold liquid 

H = subscript referring to hot liquid. 

Equation (7) was numerically evaluated for glass and water and for alumi- 
num and water and the results are shown in Figure 9. For water at 1 0 0 ~ ~  
(typical of water interface in film boiling at one atm pressure) the data of 
Figure 7 indicates that the spontaneous nucleation temperature is exceeded for 

glass hotter than 360'~. For the coolest water likely to be encountered, 
20°c, the spontaneous nucleation temperature is reached at a glass tempera- 

ture of 430'~. Both of these temperatures are below the softening point of 

waste glasses. Therefore, the spontaneous-nucleation temperature of water 

would be exceeded for any contact between water and molten glass. 

From this calculation, we conclude that the spontaneous-nucleation crite- 

ria is met for water and molten glass, and the prevention of vapor explosions 

for the waterlglass pair is due to other factors. 

Also shown in Figure 9 is the interface temperature for the aluminum/water 

pair. The spontaneous-nucleation temperature of water is exceeded for all 
aluminum temperatures above the melting point. Thus, the spontaneous-nuclea- 

tion criteria for aluminum and water is consistent with Long's (1957) tests 

which demonstrated that vapor explosions could be produced for a1 uminum tem- 

peratures above the melting point. 
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NUCLEATION BY SUSPENDED PARTICLES 

H igh - leve l  waste feeds e n t e r i n g  the  m e l t e r  would no rma l l y  c o n t a i n  a  h igh  

concen t ra t i on  o f  suspended p a r t i c l e s ,  which cou ld  a c t  as nuc lea t i on  centers.  

I f  the  p a r t i c l e s  nucleated a  gas phase a t  a  smal l  degree o f  superheat, then 

superheat-type vapor exp los ions  should be impossible. Two necessary c o n d i t i o n s  

r e q u i r e d  f o r  p reven t i ng  superheat ing by suspended p a r t i c l e s  are  the  f o l l o w i n g :  

a P a r t i c l e s  cause n u c l e a t i o n  a t  low superheats. 

P a r t i c l e  concen t ra t i on  i s  s u f f i c i e n t l y  high. 

C l a s s i c a l  n u c l e a t i o n  t h e o r y  (Blander and Katz 1975) leads t o  t h e  f o l l o w i n g  

expression f o r  t h e  homogeneous nuc lea t i on  r a t e  i n  a  superheated l i q u i d  



where 

J = nuc lea t i on  r a t e  

a = sur face tens ion  

m = mass o f  molecules i n  l i q u i d  

B = a numerical  f a c t o r ,  $2/3  
K = Boltzmann constant  

T = absolute temperature, 

v = vapor pressure i n  nucleated vapor bubble, 

PL = ambient pressure i n  l i q u i d .  

As shown by Blander and Katz  (1975), t h e  pressure i n s i d e  the  c r i t i c a l  

bubble i s  d i f f e r e n t  than t h e  e q u i l i b r i u m  vapor pressure, and t h e  pressure 

d i f f e r e n c e  may be est imated by: 

where now Pe i s  t he  e q u i l i b r i u m  vapor pressure. 

The value o f  6 may be approximated as fo l l ows :  

where 

Pg = d e n s i t y  o f  gas i n  bubbles, 

P = dens i t y  o f  l i q u i d .  



I f  Equations ( 9 )  and (10) are used i n  Equation (8),  t h e  r e s u l t i n g  expres- 

sion, us ing  common l a b o r a t o r y  u n i t s ,  i s :  

-3 -1 where t h e  u n i t s  are J (cm s  ), p(g/cm-3), o(erg/cme3), M(g mole''), T('K), 

and PL ( atm) . 
When Equat ion (11)  i s  evaluated as a  f u n c t i o n  o f  temperature, i t  i s  found 

t h a t  t h e  n u c l e a t i o n  r a t e  i s  n e g l i g i b l y  smal l  u n t i l  t h e  va lue  o f  T approaches 

90% o f  t he  c r i t i c a l  temperature. A t  t h a t  temperature, t h e  argument o f  t he  

exponent ia l  f a c t o r  decreases r a p i d l y ,  and t h e  o v e r a l l  nuc lea t i on  r a t e  increases 

by severa l  orders o f  magnitude per  degree Ke lv in .  For  water, t h e  n u c l e a t i o n  
4  r a t e  becomes 10 t o  l o 6  ~ m - ~ s - l  a t  a  temperature o f  about 3 0 0 ~ ~ .  Thus, t h e  

c a l c u l a t e d  spontaneous nuc lea t i on  temperature i s  approximate ly  3 0 0 ' ~  f o r  water. 

The presence o f  a  s o l i d  sur face can lower t h e  spontaneous n u c l e a t i o n  

temperature by reduc ing  the  work requ i red  t o  form a  c r i t i c a l  bubble. I ns tead  

o f  fo rming a  spher i ca l ,  c r i t i c a l  bubble, t h e  bubble forms a  spher i ca l  cap on 

a  s o l i d  sur face as shown i n  F i g u r e  10. 

For  t h e  heterogenous nuc lea t i on  process shown schemat i ca l l y  i n  F i g u r e  

10, c l a s s i c a l  n u c l e a t i o n  t h e o r y  leads t o  t h e  f o l l o w i n g  equat ion  (Blander and 

Katz 1975) f o r  t he  nuc lea t i on  r a t e  per u n i t  area 

where the  terms are as def ined i n  Equat ion ( 8 )  except S : ( 1  + Cos0)/2 and 
3  F  5 (2+3CosO-Cos 0 ) / 4  where O i s  t he  con tac t  angle between l i q u i d ,  s o l i d ,  and 

gas as shown i n  F i g u r e  10. For  water, t a k i n g  sur face area equal t o  1 crn-2 
3  per  cm o f  l i q u i d ,  Equat ion (12)  can be w r i t t e n  i n  terms o f  common l a b o r a t o r y  

u n i t s  as: 
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FIGURE 10. Representat ion o f  a  Nucleated Bubble 
on a  S o l i d  Sur face 

The spontaneous nuc lea t i on  temperature was evaluated as a  f u n c t i o n  o f  

us ing  Equatioc (13), by s e t t i n g  J = l ~ ~ c m ~ s ,  and the  r e s u l t  i s  shown graph i -  

c a l l y  i n  F igu re  11. 

From F igu re  11 i t  i s  ev ident  t h a t  t he  spontaneous nuc lea t i on  temperature 

i s  no t  reduced s i g n i f i c a n t l y  u n t i l  con tac t  angles, l a r g e r  than about 102O, 

are  encountered. Only f o r  con tac t  angles near 180' i s  t h e  n u c l e a t i n g  e f fec t  

o f  s o l i d  sur faces dominant. 

I f  suspended p a r t i c l e s  were nonsmooth on a  miscroscopic sca le  and con- 

t a i n e d  pockets o f  gas, nuc lea t i on  per  se would n o t  be requ i red .  Rather, vapor 

would form on p r e - e x i s t i n g  pockets o f  gas a t  low degrees o f  superheat. 

An es t imate  o f  t h e  par t ic le-number concentrat ion,  which would be requ i red  

t o  prevent  s i g n i f i c a n t  superheat ing, assuming t h a t  they  possessed a  con tac t  

angle o f  180°, was made by c a l c u l a t i n g  the  spacing between p a r t i c l e s  

arranged i n  a  cubic array. Resu l ts  are shown i n  Table 1. 
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FIGURE 11. E f f e c t  o f  Contact Angle on Spontaneous Nucleat ion 
Temperature o f  Water a t  1 atm Pressure 

TABLE 1. P a r t i c l e  Spacing Versus Number Con- 
cen t ra t ion  f o r  a Cubic Array 

N um ber Spacing, 
Per cm3 cm 

While we have no f i r m  data, we judge t h a t  a spacing o f  a t  l e a s t  0.1 cm 

would be requ i  red t o  prevent superheati ng-type expl os i  ons. 6 ased on t h i s  judg- 
3 ment, 1000 p a r t i c l e s  per cm would be required. This p a r t i c l e  concentrat ion 



i s  small compared t o  t h a t  c a l c u l a t e d  f o r  waste feed con ta in ing  20% by weight 

o f  -200 mesh frit. The commonly used frit, premixed w i t h  feed, r e s u l t s  i n  
6 3 p a r t i c l e  concent ra t ions  o f  more than 10 /cm . Thus, f o r  t h i s  feed ma te r ia l ,  

t h e  on l y  quest ion  i s  t h e  con tac t  angle, o r  nuc lea t i ng  p r o p e r t i e s  o f  t h e  

d ispersed p a r t i c l e s .  

I n  sumnary, suspended p a r t i c l e s  w i l l  prevent  superheat ing i f  t h e y  are 

both nonwett ing and present  i n  number concent ra t ions  l a r g e r  than approximate ly  
3 1000/cm . For cases where a  powdered frit i s  premixed w i t h  the  aqueous 

feed, t h e  number concent ra t ion  i s  s u f f i c i e n t l y  h igh  and superheat ing t ype  

explos ions would be p o s s i b l e  o n l y  i f the  con tac t  angles were apprec iab ly  

g rea te r  than 120'. Un fo r tuna te l y ,  da ta  on t h e  n u c l e a t i n g  p r o p e r t i e s  o f  

waste feed p a r t i c l e s  are no t  ava i l ab le ;  there fore ,  t h e i r  presence cannot be 

counted on t o  prevent  v i o l e n t  g lass/water  i n t e r a c t i o n s .  

VISCOUS RETARDATION OF GLASS FRAGMENTATION 

One o f  t he  phenomena r e q u i r e d  f o r  an ene rge t i c  vapor exp los ion  i s  atomi- 

z a t i o n  o f  t h e  ho t  f l u i d .  Such f ragmenta t ion  i s  requ i red  t o  t r a n s f e r  s u f f i -  

c i e n t  heat t o  t r a n s f e r  f rom h o t  t o  coo l  f l u i d s  d u r i n g  the  few m i l l i s e c o n d s  o f  

t ime  ava i lab le .  

For  a  s u f f i c i e n t l y  v iscous ho t  f l u i d ,  a tomiza t ion  should be impossib le 

w i t h i n  t h e  t ime ava i l ab le ,  and thus one would expect t h e  ex is tence o f  a  g lass  

v i s c o s i t y  above which vapor explos ions would be impossible. I n  t h i s  sec t ion ,  

we examine t h e  r e l a t i o n s h i p  between v i s c o s i t y  and drop sha t te r i ng .  

Several mechanisms are known t o  cause the  breakup o f  f l u i d  g lobu les  sus- 

pended i n  a  second f l u i d .  Well known s p l i t t i n g  processes inc lude:  

shear s t resses 

impact pressure (Weber number t ype  breakup) 

i n s t a b i  1  i t y  growth (Tay lo r  i n s t a b i  1  i z a t i o n )  

While a l l  o f  these processes cou ld  t h e o r e t i c a l l y  a i d  t h e  breakup o f  g lass  i n  

a  ceramic me1 t e r ,  o n l y  t h e  l a t t e r  (Tay lo r  i n s t a b i l i t i e s )  appears t o  be capa- 

b l e  o f  causing breakup i n  the  s h o r t  t imes r e q u i r e d  f o r  a  coherent vapor 

exp los ion  (Pate1 and Theof anous 1978). Therefore, t h e  d i scuss ion  which 

fo l lows app l i es  t o  g lobu le  breakup due t o  Tay lo r  i n s t a b i l i t y .  



I f  we consider  a  two-dimensional system o f  f l u i d s  o f  two d e n s i t i e s  as 

p i c t u r e d  i n  F i g u r e  12, t h e  i n t e r f a c e  between f l u i d s  i s  s tab le  or  uns tab le  

depending on whether the  upper f l u i d  i s  more o r  l ess  dense than t h e  lower 

f l u i d .  

Tay lo r  (1955) showed t h a t  i f  the  more dense f l u i d  i s  accelerated by t h e  

l e s s  dense f l u i d ,  a  p e r t u r b a t i o n  o f  t h e  i n t e r f a c e  grows as ent, where n  i s  

t h e  growth r a t e  constant  and t i s  t ime. For  i n v i s c i d  f l u i d s ,  Tay lo r  (1955) 

showed t h a t  n  was r e l a t e d  t o  d is turbance wave number, K, by 

where 

g = imposed acce lera t ion ,  

P = f l u i d  dens i ty ,  

K = wave number = ~ I T / X ,  

X = wavelength o f  d is turbance,  

1, 2 = subsc r ip t s  r e f e r r i n g  t o  upper and lower f l u i d s ,  
respec t i ve l y .  

ACCELERATION 
FORCE 

------- - - - - - - - 
UPPER FLUID 

P - 0 2  l NTERFACE 

LOWER FLU1 D 

IJ = v 1  

FIGURE 12. Motion a t  an I n t e r f a c e  Between Two 
F l u i d s  Exper iencing Acce le ra t i on  



Equation (14) p r e d i c t s  the  growth r a t e  t o  increase as t h e  wavelength o f  a 

d is tu rbance decreases. For  r e a l  f l u i d s ,  v i s c o s i t y  and sur face tens ion  l i m i t  

t h e  growth r a t e  o f  sho r t  wavelength disturbances. Bel lman and Pennington 

(1954) analyzed t h e  l i n e a r i z e d  equat ions o f  mot ion which accounted f o r  bo th  

v i s c o s i t y  and sur face tension.  Numerical r e s u l t s  presented by Bellman and 

Pennington f o r  a i r  and g lycer ine ,  f o r  an imposed acce le ra t i on  o f  
4 2 x 10 cm/s2, a re  shown i n  F i g u r e  13. 

As expected, sur face tens ion  and v i s c o s i t y  have l i t t l e  i n f l u e n c e  on l ong  

wavelength disturbances, bu t  have a dominat ing e f f e c t  on s h o r t  wavelength d i s -  

turbances. Perhaps t h e  most s i g n i f i c a n t  phenomenon d isp layed i n  F i g u r e  13 

i s  t h e  ex is tence o f  a f a i r l y  sharp maximum i n  t h e  growth r a t e  versus wave num- 

ber curve. The maximum i n d i c a t e s  t h a t  i n t e r f a c i a l  breakup w i l l  be dominated 

by d is turbances having t h e  wavelength corresponding t o  t h e  maximum n. 

I f  sur face tens ion  i s  ignored, t he  dominant wavelength, Am, may be 

r e l a t e d  t o  phys i ca l  parameters by 

where 

A m  = wavelength o f  f a s t l y  growing d is tu rbance 

IJ 1 'IJ2 = v i s c o s i t y  o f  l i g h t e r  and heav ier  f l u i d s ,  r e s p e c t i v e l y  

Pl ,P2 = d e n s i t y  o f  l i g h t e r  and heav ier  f l u i d s ,  r e s p e c t i v e l y  

g = acce le ra t i on  o f  i n t e r f a c e .  

Equat ion (15) was f i r s t  presented by Bellman and Pennington (1954) and 

l a t e r  by Hide (1955) who simp1 i f  i e d  a more exact  t reatment  by Chandrasekhar 

(1955). 



The growth r a t e  constant  o f  t h i s  d is turbance i s  g iven by Bellman and 

Penni ngton (1954) as 

""It and t h e  i n t e r f a c e  d is turbance i n i t i a l l y  grows as e . 

FIGURE 13. E f f e c t  o f  V i s c o s i t y  and Surface Tension on 
Growth Rate o f  I n t e r f  ac i  a1 Disturbance 
(Be1 lman and Pennington 1954) 

Equation (15) was evaluated f o r  g lass and water us ing  p2 = 3.0 g / ~ m - ~ ,  

p1 = 1.0 g / c i 3 y  and n e g l e c t i n g  ul, compared t o  u2 the  g lass  v i s c o s i t y .  

A, was assigned a value o f  

A = 0.14 crn 7 

based on Huggins' experiments as described by W i t t e  e t  a l .  (1970). 



Huggins found t ha t  vapor explosions did not occur unless hot metal was 
dispersed in to  pa r t i c l e s  smaller than about 1400 pm. Using these  numerical 
parameters, the  v i scos i ty  fo r  breakup in to  the  required pa r t i c l e s  can be 
re1 ated t o  imposed accel e r a t  i on by 

where 

p = viscos i ty  in poise. 

G = acceleration i n  GIs whereas G corresponds t o  980 cm ~ e c - ~ .  

Equation (17) is  shown graphical ly  in Figure 14. 

ACCELERATION OF INTERFACE, NO. OF G's 

FIGURE 14. Effect  of Viscosity on Acceleration Required t o  
Disperse Water/Glass in to  1400-prn Globules 



As ind ica ted,  v i s c o s i t i e s  above the  l i n e  would prevent  g lass f ragmenta t ion  

o f  p a r t i c l e s  as small as 0.14 cm; therefore,  vapor explos ions should be impos- 

s i  b le.  

. An upper l i m i t  t o  acce le ra t i on  which might  be encountered i n  a  g lass 

me1 t e r  was est imated by app ly ing  Newton's law of acce le ra t i on  t o  a  g lass  l a y e r  

0.14 cm t h i c k  under the  i n f l u e n c e  o f  a  pressure o f  63 atm, t h e  vapor pressure 

o f  water a t  280'~. Based on t h i s  upper l i m i t  p red ic t i on ,  G i s  est imated t o  
5 be 1.5 x  10 GIs and t h e  corresponding v i s c o s i t y  i s  100 poise. 

A t  t h e  moment o f  vapor - f i lm  co l lapse,  g lass  should be nond ispe rs ib le  i f  

i t s  v i s c o s i t y  i f  h igher  than 100 poise. R e f e r r i n g  t o  F i g u r e  7, vapor f i l m  

co l lapses a t  a  temperature which depends on t h e  aqueous temperature and t h e  

ambient pressure. For  water a t  20°c and an ambient pressure o f  1 atm, g lass 

temperature i s  p red ic ted  t o  be 8 4 0 ' ~  when f i l m  b o i l i n g  col lapses.  A t  t h i s  

temperature, t y p i c a l  waste glasses have v i s c o s i t i e s  o f  about 1000 poise; 

there fore ,  we conclude t h a t  viscous e f f e c t s  would prevent  vapor explos ions 

under o r d i n a r y  cond i t ions .  However, i f  t h e  g lass had unusua l ly  low v i s c o s i t y ,  

o r  t he  aqueous waste was very  cool,  o r  a  pressure pu lse  caused premature c o l -  

lapse o f  t h e  vapor f i l m ,  then g lass  v i s c o s i t y  a t  t h e  moment o f  l i q u i d - 1  i q u i d  

con tac t  cou ld  be too  low t o  prevent  fragmentat ion. 

I n  summary, w a t e r l g l  ass i n t e r a c t i o n s  have been shown t o  be nonv io len t  

compared t o  me ta l lwa te r  i n t e r a c t i o n s  due t o  viscous r e t a r d a t i o n  o f  t h e  f r a g -  

mentat ion process. Indeed, under normal me l te r  opera t ing  cond i t i ons  v iscous 

e f f e c t s  alone are expected t o  prevent  v i o l e n t  vapor explosions. On ly  under 

o f f - s tandard  cond i t i ons  where l i q u i d - l i q u i d  contac t  occurs between water and 

a  l o w - v i s c o s i t y  g lass does i t appear poss ib le  t o  have a  v i o l e n t  wa te r lg lass  

i n t e r a c t i o n .  



POTENTIAL FOLLOW-ON EXPERIMENTS 

Based on the  work completed i n  t h i s  study, i t  was concluded t h a t  v i o l e n t  

g l  ass lwater  i n t e r a c t i o n s  are h i g h l y  improbable under normal cond i t i ons  i n  a 

l i q u i d - f e d  g lass mel te r .  Thus, we would no t  expect t o  observe damaging vapor 

explos ions i n  t h i s  mel te r .  Un fo r tuna te l y ,  however, t h e  mechanisms which cause 

vapor explos ions are no t  w e l l  enough understood t o  a1 low one t o  t o t a l l y  d i s -  

miss them. Therefore, experiments w i l l  be needed t o  con f i rm  t h e  p r e d i c t i o n s  

made here in.  Impor tan t  aspects o f  an experimental  e f f o r t  are b r i e f l y  noted 

as fo l l ows .  

EXPERIMENTAL CONFIGURATION 

Fo l l ow ing  the  example o f  Long (1957), it i s  suggested t h a t  dropping 

experiments be conducted i n  which mol ten g lass  i s  dropped i n t o  an aqueous 

phase. Such experiments would have t o  be c a r r i e d  ou t  a t  a s i t e  which cou ld  

accommodate an exp los ion  and sca t te red  mol ten glass. 

SIZE SCALE 

Large-scale experiments would be requ i red  because experience has shown 

t h a t  w h i l e  small q u a n t i t i e s  o f  mol ten aluminum caused no explosions, l a r g e r  

q u a n t i t i e s  produced explos ions under otherwise s i m i l a r  cond i t ions .  Based on 

t h e  r e s u l t s  o f  Long (1957) we recommend t e s t s  employing a few tens o f  k i l o -  

grams o f  g lass per  t e s t .  

VARIABLES TO BE EXPLORED 

The analyses presented i n  t h i s  s tudy  i d e n t i f i e d  several  f a c t o r s  which 

are expected t o  p l a y  a key r o l e  i n  p reven t i ng  vapor explosions. Among those 

parameters which should be s tud ied  are  the  f o l l o w i n g :  

aqueous phase temperature 

g lass temperature 

g lass  v i s c o s i t y  

ambient pressure pulses 



a so l  i d s  content  o f  aqueous feed 

a d isso lved gas content  o f  aqueous feed. 

Some of these v a r i a b l e s  cou ld  probab ly  be e l im ina ted  on t h e  bas is  o f  

p o s i t i v e  experimental r e s u l t s  o r  by design assessments. For  example, i f  vapor 

explos ions proved t o  be impossib le w i t h  p l a i n  water, t he re  would be no need 

t o  exp lore  t h e  e f f e c t s  o f  suspended s o l i d s  or  d isso lved gases because both o f  

these would d im in i sh  the  p robab i l  i t y  o f  a vapor explosion. 

A d e t a i l e d  experimental program w i  11 be developed t o  cover these para- 

meters, i n c l u d i n g  those which would app ly  t o  l i q u i d - f e d  me l te r  operat ion.  
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