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STUDIES O F  METAL-WATER REACTIONS AT HIGH TEMPERATURES 
111. EXPERIMENTAL AND THEORETICAL STUDIES 

O F  THE ZIRCONIUM-WATER REACTION 

Louis, Baker ,  J r .  and Louis C. J u s t  

I. ABSTRACT 

F u r t h e r  s tudies  of the z i rconium-water  react ion by the condenser-  
discharge m e t h o d a r e  reported.  The  r eac t ionwas  studied with init ial  me ta l  
t e m p e r a t u r e s  f r o m  1100 to 4000 Cwi th  30- and 60 -mi lwi re s  inwa te r  f r o m  
room tempera tu re  to  315 C (1500-psi vapor p r e s s u r e ) .  Runs in heated 
wa te r  showed markedly  g,reater  reaction. This  was  explained in t e r m s  of 
a 2-s tep react ion scheme in which the react ion r a t e  is init ially controlled 
by the r a t e  of gaseous diffusion of wa te r  vapor toward the hot m e t a l  pa r t i c l e s  
and of hydrogen, generated by react ion,  awayf rom the pa r t i c l e s .  At a l a t e r  
t ime ,  the react ion becomes  controlled by the parabol ic  r a t e  law, resul t ing 
in rapid cooling of the par t ic les .  

A mathemat ica l  model of the react ion of molten me ta l  sphe res  with 
wa te r  was  proposed. T:he equations descr ibing the react ion w e r e  p ro -  
g r a m m e d  on a n  analog computer .  The Nusselt  number ,  descr ibing both the 
gaseous diffusion r a t e  and the r a t e  of convection cooling, was  given the 
theoret ical  min imumvalue  fo r  s p h e r e s ,  i .e. ,  Nu=  2 ,  whereas  the emissivi ty  
of the oxide su r face  was  given the theoret ical  max imumva lue  of unity. The 
only adjustable constants in the computer  solutions were  the p a r a m e t e r s  of 
the parabol ic  r a t e  law. These  were  obtained empir ical ly  f r o m  the computer  
solutions and by r e fe rence  to  2 previous i so the rma l  s tudies  of the zirconium- 
wa te r  react ion.  The following r a t e  law was  deduced: 

wz = 33.3 x l o 6  t exp (-45,50O/RT) , 

where:  w is mi l l i g rams  of z i rconium reac ted  p e r  sq c m  of su r face  a r e a  
and t is t ime  in sec.  

Dec reased  extent of react ion in  room- tempera tu re  wa te r  was  bes t  
descr ibed on the assumpt ion  that i n  room- tempera tu re  wa te r  the effective 
vapor p r e s s u r e  of wa te r ,  driving diffusion, is one-half the value in heated 
water .  This was in t e rp re t ed  to  mean  physically that during react ion in 
room- tempera tu re  wa te r  the wa te r  su r face  facing heated pa r t i c l e s  is a 
dynamic mixture  of water  a t  the boiling point andwa te r  a t  r o o m  t empera tu re .  

Explosive react ions w e r e  found to  occur  with pa r t i c l e s  s m a l l e r  than 
about 1 m m  in heated wa te r  and 0.5 m m  in room- tempera tu re  water .  The 
explosive react ions were  due to  the abil i ty of the evolving hydrogen to  p ro -  
pel the pa r t i c l e s  through water a t  high speed. The high-speed motion was  
detected on motion picture  film and had the effect  of removing the gaseous 
diffusion b a r r i e r  ( increasing the Nusselt  number) ,  resul t ing in ve ry  rapid 
react ion.  

Computed r e su l t s  compared  favorably with experimental  r e su l t s  
obtained by the condenser-discharge exper iment  and with the r e su l t s  of 
previous invest igators .  Computations indicated that the extent and r a t e  of 
react ion depended on the par t ic le  d i ame te r  and the wa te r  t empera tu re ,  and 
were  relat ively independent of the me ta l  t empera tu re  s o  long a s  the me ta l  
was  ful lymelted.  This  makes  i t poss ib l e  to  e s t ima te  the extent of z i rconium- 
wa te r  react ion that would occur  during a r eac to r  accident in which the 
par t ic le  s i zes  of the residue could be est imated.  Compar isons  w e r e  made  
with the r e su l t s  of meltdown experiments  in TREAT, and applications t o  
r e a c t o r  haza rds  analysis  were  discussed.  
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11. IN T RODU C TION 

Chemical reactions be tween reac tor  cladding meta ls  and water  have 
been a subject of concern i n  the atomic energy p rogram for many yea r s .  A 
coolant fa i lure  o r  a nuclear  excursion in a water-cooled reac tor  would 
cause overheating of the fuel elements and might lead to a violent chemical  
reaction. The zirconium-water reaction i s  especially important  because of 
the extensive use of zirconium and zirconium-based alloys a s  a fuel  e le -  
ment  cladding and s t ruc tura l  ma te r i a l  in  water-cooled reac tors .  The fol- 
lowing equation for  the reaction shows that both heat and hydrogen gas  a r e  
l iberated by the reaction: 

Z r  t 2 H,O +ZrO,  t 2 H, ; AH = -140 kcal/mole e 

Chemical heat production could exceed the nuclear  heat generation during 
a destructive nuclear  t rans ien t . ( l ,2 )  Hydrogen generated by the reaction 
could give r i s e  to a p r e s s u r e  surge and might subsequently reac t  exp1os:tve- 
ly with a i r .  
water reaction was therefore  undertaken. 

An investigation of the r a t e s  and mechanism of the zirconiu:m- 

The l i t e ra ture  of metal-water  reaction studies was reviewed in  
2 previous r e p o r t s . ( l y 2 )  Previous  resu l t s  pertinent to the zirconium-water 
reaction will be summar ized  here .  One of the first demonstrations that 
finely divided zirconium would r eac t  extensively with water  was provided 
by Ruebsamen, Shon, and C h r i ~ n e y . ( ~ )  They employed condenser-discharge 
heating to mel t  rapidly 2-mil foi l  s t r i p s  of zirconium under water .  They 
determined the extent of reaction by collecting hydrogen generated by re- 
action in the absence of a i r .  
100 percent  for  5 runs with zirconium. 

'The extent of reaction ranged between 20 and 

Bos t rom studied the i so thermal  oxidation r a t e s  of Zircaloy-2 cy1 - 
inders  by induction heating under water.(4) 
the hydrogen evolution were  made  at me ta l  t empera tures  between 1300 a.nd 
1860 C. The resu l t s  could be descr ibed approximately by a parabolic ra te  
law. Oxidation was very  s imi l a r  to the air oxidation of zirconium. Rates 
were  rapid but not explosive a t  t empera tures  up to and slightly above the 
melting point. 

Continuous measurements  of 

Lustman used Bos t rom's  data to  make  quantitative predictions of 
the resu l t s  of a loss-of-coolant accident in PWR.(5) 
es t imate  the heating curve of Zircaloy-2 in  the core  s t ruc ture  due to the 
heat re leased  in  the chemical reaction and the residual  f ission product 
decay. 
considering thermal  radiation. a s  the only cooling mechanism. 
were  very  sensit ive to the assumed emissivity value. 

Lustman was able LO 

He a lso  determined,the cooling curve of a molten droplet in  water ,  
The resu l t s  
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Milich and King melted zirconium rod and dropped 10-20 g r a m  
batches into water  under various conditions of temperature  andpressure16)  
They used induction heating within a high-pressure autoclave. 
that  high p r e s s u r e s  of i ne r t  gas  suppressed the reaction whereas high 
s team p res su re  gave very extensive reaction. 

They found 

Lorentz used s ta t ic  i r radiat ion in MTR to simulate a "run-aways' 
reaction incident using zirconium-uranium alloys.(7) 
loaded into high-pressure autoclaves and lowered into the MTR core  for  
periods of about 15 sec.  
sample enrichment  to be about 5000°F/sec. F r o m  16 to 84 percent  of the 
alloy reacted,  a s  determined by the volumes of hydrogen collected f r o m  
the autoclaves in 5 different runs.  

Alloy samples were  

Heating ra te  was est imated f r o m  the flux and the 

E lge r t  and Brown conducted a s imi la r  study in MTR using fuel 
plates c lad with zirconium.(8) 
by Lorentz,  in  that  very extensive reaction of the zirconium occurred.  
Sporadic explosions were  recorded  during the i r radiat ion in some cases .  

Results were very  s imi l a r  to those reported 

Layman and Mars(9)  demonstrated a self-sustaining reaction be- 

Chemical reaction was initiated ve ry  
tween Zircaloy and water ,  by condenser-discharge heating to simulate ex- 
ponential periods of 2 to 20 msec .  
c lose to the melting point. Some self-heating was noted in  every run, and 
reaction in some runs was sustained to completion. 

Extensive studies of metal-water  reactions were  reported by 
Higgins -- e t  al .  of the Aerojet  General  Corporation.(10-12) One-inch- 
diameter  s t r e a m s  of molten zirconium were  discharged into water  in  one 
study. 
In some experiments ,  blasting caps were  used to obtain dispers ion of the 
molten metal ;  the meta l  was converted largely into spher ica l  par t ic les .  
This procedure resul ted in  violent reactions of water  with zirconium, 
Zircaloy-2,  and Zircaloy-B. 
was a sensitive function of par t ic le  s ize .  
reaction. 
somewhat l e s s  reaction. 
a l l  par t ic les  were  oxide coated to a thickness of 2 5 p .  

Only a thin oxide coating was formed on the result ing meta l  globules. 

It was determined that the percent  reaction 
F ine r  par t ic les  gave much m o r e  

Reaction could be approximated by assuming that 
Studies with an alloy of Zircaloy-B and 0.970 beryll ium gave 

In another study, 10-20 g of molten zirconium were  sprayed under 
p r e s s u r e  into water  in  the Aerojet  Explosion Dynamometer.(12) Spherical  
par t ic les  were formed a s  i n  the previous study, and the extent of reaction 
was determined a s  a function of par t ic le  s ize  by measurement  of the 
thickness of oxide layer .  
water  column were  used to calculate the work, total  impulse,  and mechani- 
cal  efficiency of the explosion. 
m o r e  violent when the init ial  meta l  t empera ture  was g rea t e r  than 2400 C. 

The t ransient  p r e s s u r e s  generated within the 

Results indicated that reactions became A 
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Sal tsburg(l  3 ,  reviewed previous experimental  studies of metal-  
water react ions in an attempt to re la te  them to nuclear incidents. Both the 
loss-of-coolant and the nuclear-runaway incidents were  discussed.  The 
importance of external hydroclynamical and heat t ransfer  considerations 
was s t r e s sed .  It was pointed out that the nature of the reaction becomes 
governed by physical p rocesses  r a the r  than by chemical p rocesses  a t  
some high tempera ture  which i s  probably well below the vaporization 
point of the metal .  

A s e r i e s  of studies relating to the zirconium-water reaction were 
reported by Lemmon et  al. of the Battelle Memorial  Institute.(14) Deter -  
minations of the total  and spec t ra l  emissivi t ies  of Zircaloy and zirconium 
dioxide were  reported a s  a par t  of this program.  
the diffusion of oxygen into solid Zircaloy at  high tempera tures .  
phase of the p rogram involved. a study of the reaction between solid 
Zircaloy-2 and s team between 1000 and 1690 C. After unreacted s team 
was condensed, the react ion r a t e  was determined by measuring the quan1;ity 
of hydrogen produced. The resu l t s  were  bes t  cor re la ted  in t e r m s  of the 
parabolic r a t e  law with an activation energy of 34 kcal pe r  mole.  
a lso calculated an activation energy of 65.4 kcal per  mole for Bos t rom's  
data . (4)  
another study, molten Zircaloy globules were  formed by induction heating 
the end of a rod. The gl0bule:j were  dropped into water .  The thickness of  
oxide layer  was measured  a s  ,a function of water  tempera ture .  Uncertainty 
about whether the globules were  fully mel ted o r  not apparently caused con- 
siderable sca t te r  in the data.  
c reas ing  water  tempera ture .  
mathematical  analysis  to determine the amount of react ion and heat t r a n s f e r  
that would occur for  a molten Zircaloy droplet  falling through a s team and 
water  environment. Bos t rom ' s  data were  used for  the analysis .  The 
analysis considered the fact  that convection heat t r ans fe r  at the leading 
edge of a falling drop is grea te r  than that at the t ra i l ing edge. 
the difficulty that in some cases  the tempera ture  a t  each end of the droplet  
diverged. It a l so  led  to  the conclusion that l a r g e r  drops r eac t  m o r e  exten- 
sively than smal le r  drops,  which was inconsistent with mos t  experimental  
r e sult s 

A study was a l so  made of 
Another 

They 

In Steam p r e s s u r e  had l i t t le or  no effect on the react ion r a t e .  

Cooling t ime increased  markedly with in- 
A final study repor ted  by Battelle(14) was a 

This  led 110 

A s e r i e s  of studies of metal-water  react ions were  c a r r i e d  out by 
General Elec t r ic  Company under the direction of L. F. Epstein.  ( l  5 -23)  
Six reports(15-18,21,22) presented analyses  of reac tor  behavior which 
might se t  the stage for  destructive metal-water  react ions.  
discus sed analytical formulations of r a t e  laws which might be applicable 
to metal-water  react ions.  ( 2 0 )  
contained in an iner t  c a r r i e r  gas  in one s tudy.( l9)  
the react ion ra te  of clean sur faces  of solid zirconium was controlled by 
the ra te  of gaseous diffusion of water  vapor through the c a r r i e r  g a s .  A 
demonstration of the levitation melting technique a s  applied to zirconiurri 

Another repor t  

Zirconium was exposed to  water  vapor 
It was determined that 
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was reported in another study. (23) 
was used to  follow tempera ture  changes produced by reaction. 

A rapid-recording infrared pyr’ometer 

A m o r e  recent  paper by Epstein pointed out the coincidence of the 

This was taken to 
reported ignition tempera tures  of severa l  meta ls  with the tempera ture  
where the metal  vapor p r e s s u r e  reaches  0.15 mm.(24)  
indicate that metal-water  react ions become violent because of a vapor-  
phase initiating reaction. 

The foregoing discussion of the l i t e ra ture  showed that the 
zirconium-water reaction i s  relatively slow and corrosion-like under most  
conditions, especially when l a rge  pieces of metal  a r e  involved. 
investigators reported explosions, self-  sustained burning, o r  ve ry  exten- 
sive react ion when finely divided metal  was involved. 

Several  

The previous studies did not provide a quantitative understanding 
of what par t ic le  s izes  and/or metal  t empera ture  leads  to an explosive 
reaction. The resu l t s  of 2 studies of the isothermal  oxidation r a t e s  of 
Zircaloy at  t empera tures  below the melting point did not agree  with each 
other .  No sat isfactory r a t e  measurements  have been reported f o r  the 
molten metal .  Prev ious  papers  have discussed many physical and chem- 
ical  p rocesses  which m a y  be involved in the overal l  react ion,  i . e . ,  gas-  
eous diffusion, solid- state diffusion, adsorption, metal  vaporization, 
convection, radiation, boiling heat t r ans fe r ,  e tc .  
which p rocess  o r  p rocesses  control the react ion r a t e .  

It i s  not c l e a r ,  however,  

Studies of the zirconium-water  react ion were therefore  undertaken 
in the Chemical Engineering Division of Argonne National Laboratory.  
These studies used the condenser-discharge method to  investigate the r e -  
action a t  high tempera tures .  A pre l iminary  r epor t ( l1  descr ibed the selec-  
tion of the condenser-discharge method and the experimental  p rocedures  
in detail.  Some experimental  r e su l t s  were  a l so  reported.  

This paper gives fur ther  experimental  r e su l t s  obtained by the 
condenser-discharge experiments  and descr ibes  a mathematical  model 
of the react ion which is compared to  the experimental  r e su l t s  of this  and 
previous studies of the reaction. Some pre l iminary  conclusions per ta in-  
ing to  reac tor  hazards  analyses  a r e  a lso presented.  

Q 
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111. EXPERIMENTAL RESULTS 

The experimental  studies were  ca r r i ed  out by the condenser-discharge 
method.* The maximum energy that could be s tored  in the condensers  was 
296 cal ,  which could be  delivered to  a c i rcu i t  consisting of a one-inch-long 
specimen wire ,  e i ther  30 o r  60 m i l s  in d iameter ,  and extraneous lead r e -  
s is tance in a nominal t ime of 0.3 m s e c  (0.0003 sec) .  The energy actually 
received by the specimen wi re  could be determined accura te ly  by e lec t r  tcal 
measur ing  methods.  
enthalpy data to  calculate the init ial  me ta l  t empera tu re  on the assumption 
that uniform adiabatic heating had occurred .  High- speed motion picture,; 
and the correspondence between calculated init ial  t empera tu res  and indi-  
cations of melting verified the a s  sumption. 

The energy per  g r a m  of specimen wi re  w a s  used with 

Specimen wi re s  were  i m m e r s e d  in degassed water  in one of 2 s ta in-  
l e s s  s t ee l  react ion cel ls .  One react ion ce l l  was used with water a t  room 
t empera tu re  ( low-pressure  cell) ,  and the other was used with water  f r o m  
room tempera tu re  to 315 C (vapor p r e s s u r e  of 1500 psi) .  
ce l l  contained P y r e x  windows through which high-speed motion pictures  
were  taken. 

The low-pressure  

P iezoe lec t r ic  p r e s s u r e  t r ansduce r s  were  mounted on both react ion 
A recording of t rans ien t  p r e s s u r e  for each run  was obtained by 

The p r e s s u r e  
cel ls .  
photographing the sc reen  of a cathode-ray oscil loscope. 
t r a c e s  were  affected by the discharge cu r ren t  during the f i r s t  few m s e c  
of mos t  runs ,  making i t  impossible to m e a s u r e  peak explosion pressures; .  

The hydrogen generated by react ion was collected and the quantity 
determined.  
reac ted  in each  run  was determined.  
and average  par t ic le  s ize  determined.  
graphical ly  and by X-ray  diffraction techniques. 

F r o m  this  and the specimen weight, the percent  of me ta l  
Residue f r o m  runs  was collected 

Residue w a s  examined metal lo-  

A. Resul t s  of Runs in Room-tempera ture  Water 

The data for  all condenser-discharge runs  a r e  presented in tables  
The r e su l t s  of hydrogen ana lyses  expressed  a s  percent  of 

The a tmos -  

in Appendix A. 
m e t a l  reac ted  a r e  plotted in F igure  1 as a function of the init ial  me ta l  
t empera tu re  for  z i rconium runs  in room- tempera tu re  water .  
phere  above the water  in the react ion ce l l  in these runs  was a i r - f r ee ;  the 
init ial  p r e s s u r e  was therefore  the vapor p r e s s u r e  of water a t  room t e m -  
pe ra tu re  (ca.  0 .5  psia).  The r e su l t s  show that the percentage of me ta l  that 
reac ted  in nominal 30-mi l  w i re  specimens was approximately twice that  in 

*The r e a d e r  i s  r e f e r r e d  t o  Ref. 1 for a m o r e  detailed descr ipt ion of 
the experimental  p rocedures .  



nominal 60-mil  wire  for  runs a t  metal  t empera tures  up to and including 
the melting point region. 
temperature  of 2600 C there  was a sharp  transit ion f rom a maximum of 
20 percent reaction to  a s  much a s  70 percent reaction. 

The resu l t s  a l so  show that at an initial metal  

0 RUNS WITH 6 0 - M I L  WIRES 
A RUNS WITH 3 0 - M I L  WIRES 

*A R U N S  WITH AN EXPLOSIVE 
PRESSURE RISE 
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Figure 1 

ZIRCONIUM RUNS IN ROOM 
TEMPERATURE WATER 

(See Tables A1 - P a r t  I and A2 
for  tabular data) 

IN IT IAL  M E T A L  TEMPERATURE.C 

There  was a sharp  change in the charac te r  of the t ransient  p re s -  
sure  t r a c e s  a t  initial metal  t empera tures  of the order  of 2600 C .  P r e s s u r e -  
t ime curves f rom typical runs (previously presented in Figure 18 of 
ANL-6257) a r e  reproduced in  Figure 2.  
t u re s  l e s s  than 2600 C had slow ra t e s  of p re s su re  r i s e  a s  shown in curves a ,  
b, c ,  and d of Figure 2 .  
p r e s su re  t o  approach a final value. 
exceeding ca.  2600 C had an explosive p r e s s u r e  r i s e ,  a s  shown in curves e 
and f of Figure 2; a final p r e s s u r e  was reached within a few mill iseconds.  

Runs with initial metal  t empera-  

Several  tenths of a second were  required for the 
Runs with initial metal  t empera tures  

The resul ts  shown in Figure 1 imply that initial metal  temperature  
i s  the principal variable which determines the extent of reaction. Par t ic le  
size has  been shown by previous investigators to be of major  importance.  
The resu l t s  a r e  therefore plotted a s  a function of mean  particle diameters* 
in Figure 3 without considering the initial meta l  temperature .  Plotted in 
this way, there  is little difference between runs made with 30- and 60-mil 
wi res .  
nonexplosive runs.  The ignition might be considered a s  a cr i t ical  particle 
size phenomenon a s  well a s  a cr i t ical  temperature  phenomenon, since non- 
explosive runs had mean  particle d iameters  in excess  of 650 p ,  whereas 
all  but one explosive run had mean particle diameters  below 500 p. 

There  is a l so  no sharp  break  in the curve between explosive and 

*The Sauter mean diameter was used to represent  the par t ic le  size.  



Figure  2 

PRESSURE-TIME CURVES FROM RUNS 
WITH 30-hdIL ZIRCONIUM WIRES IN 

ROOM- TEMPERATURE WATER 
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Figure  3 

E F F E C T  OF PARTICLE DIAMETER ON 

ROOM TEMPERATURE WATER 

(See Tables A1 - Part I and A2 
for  tabular data) 
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Three  s e r i e s  of runs with nominal 60-mil wi res  were made,  one 
s e r i e s  with a n  atmosphere of iner t  gas above the water in the reaction cell. 
It was recognized, however, that  a run  without added iner t  gas generates 
hydrogen, which presumably ac ts  as iner t  gas p re s su re  above the water 
level. 
the average iner t  gas p re s su re .  
of the reaction cell  f rom a normal  value of 40 cc to  about 160 cc.  
sults of a se r i e s  of runs with 60-mil wi res  in the large-volume cell  a r e  
compared with normal  runs and iner t  gas runs in Figure 4. The resu l t s  
show that, on the average, there  was a slightly increased reaction in the 
large-volume cell. There  was no significant decrease  in reaction, how- 
ever ,  in the presence of l atm of added iner t  gas.  

An attempt was therefore  made in another s e r i e s  of runs to reduce 

The r e -  
This was done by enlarging the gas volume 

c 

0 NO INERT GAS, VAPOR VOLUME 16Occ 

0 NO INERT GAS, VAPOR VOLUME 4 0 c c  
A I ATM. ADDED ARGON GAS, 

VAPOR VOLUME 4 0 c c  

r Data) 

0 1500 1852-1 2000 2: 
IN I T  I A L M E T A L  T E M P  E R ATU R E, C 

Figure 4 

EFFECT OF REACTION CELL F R E E  
VOLUME AND ADDED INERT GAS 

REACTION 

(60 -mil wire  s; room-temper atur e 
water)  

(See Table A1 for  tabular data) 

ON THE ZIRCONIUM-WATER 

B. Results of Runs in Heated Water 

Several  s e r i e s  of runs were  made  in  the high-pressure reaction 
cell  with heated and degassed water in the absence of air o r  other iner t  
gas.  
to 315 C (vapor p re s su re  of 1500 psia) .  
a r e  shown in Figure 5. 
room-temperature  water was taken f rom Figure  1 and included on 
Figure 5 for  comparison. 
sive than in room-temperature  water .  
did not increase uniformly with water tempera ture  o r  vapor p re s su re .  Re- 
action was identical in runs with nominal 100 C water and runs made with 
315 C water,  even though the p re s su res  were 10 psi  and 1500 psi  in these 
runs.  

Water temperature  was var ied f rom 90 C (vapor p r e s s u r e  of 10 psia)  
The resu l t s  of runs in heated water 

The average line fo r  runs with 60-mil w i re s  in 

Reaction in heated water was much m o r e  exten- 
The extent of reaction, however, 



Figure 5 

ZIRCONIUM RUNS IN HEATED WATER 
(60-mil wi res )  

(See TableA3, Sections I, 11, and 111, 
for tabular data) 
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Runs in heated water could be divided into explosive and nonexplo- 
sive runs in the same manner as runs in room-temperature  water.  
apparent ignition temperature  was ca. 1900 C. 
with a slow p res su re  r i s e  to runs with an explosive p re s su re  r i s e  was nmot, 
however, as sharply defined t ts  it was with room-temperature  runs.  
P res su re - t ime  t r aces  were  obtained which appeared to be composites o f  
both slow and explosive r a t e s .  
the oscilloscope c a m e r a  a r e  shown in F igure  6. The t r aces  a r e  ordered  
according to the initial metal  temperature;  the s team p res su re  had no 
effect on the character  of the p re s su re  t r a c e s  over the range f rom 19 to 
1500 psia.  P re s su re - t ime  plots deduced f rom the t r a c e s  a r e  given in 
Figure 7.  
dition in which about one’-half of the reaction resu l t s  f r o m  part ic les  r e -  
acting explosively (in a few rrisec) and one-half f rom part ic les  reacting 
slowly (one-tenth to several  tenths of a second). 
7 indicates that the entire metal  sample had the slow p res su re  r i s e .  
d and e t r aces  of F igures  6 a:nd 7 indicate that the ent i re  sample reacted 
explosively. 

The 
The transit ion from runs 

Transient  p re s su re  t r a c e s  reproduced f rom 

Trace  b shown in F igures  6 and 7 appears  to  represent  the con- 

Trace  a of F igures  6 and 
The 



Figure  6 

PRESSURE TRACES FROM RUNS WITH 60-MIL 
ZIRCONIUM WIRES IN HEATED WATER 

Initial Metal Initial Steam Final Vertical Horizontal 
Run Temp, C, and Pressure, Pressure Sensitiviv, Sweep Rate, 
No. Physical State psia Rise, atma atm/cm sec/cmbs c ' - 

(a) 191 1852, Solid 32 0.42 1.35 0.20 
(b) 234 1852, 90% Liquid 1500 3.0 4.75 0.20 
(c) 230 2100, Liquid 1500 4.8 11.9 0.20 
(d) 217 2300, Liquid 19 6.1 3.33 0.20 
(e) 220 2800, Liquid 150 5.7 9. 50 0.20 

ahtense return trace gives final pressure rise. 
bMajor grid divisions are 1 cm apart on the scope face. 
CBeam is interrupted once each second. 
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Several runs were  made to t e s t  the effect of added iner t  gas  on the 
reaction of zirconium in heated water.  
(vapor p r e s s u r e  of 20 psi) ,  and 20 psi  of argon was added to  the reaction 
cell  in these runs.  The runs a r e  compared in Figure 8 with the average 
line (see Figure 5) obtained f r o m  all  of the heated water runs.  
sults indicated that there  was no significant effect of 20 psi  iner t  gas.  

Water tempera ture  was about 110 C 

The r e -  
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E F F E C T  OF 20 PSI ADDED ARGON 
GAS ON REACTION IN 

HEATED WATER 

(SeeTable A3, Part IVY for 
tabular data) 

I N I T I A L  M E T A L  TEMPERATURE,C 

Results of runs in hea.ted water a r e  plotted as a function of particle 
s ize  in Figure 9. 
temperature  water (compare with Figure 3). 
those in room-temperature  water in that there  is no definite break between 
explosive and nonexplosive runs. 

More scattler is apparent than in runs in room- 
The resu l t s  a r e  s imilar  to  

Figure 9 

FUNCTION OF PARTICLE DIAMETER 

(Heated water ;  60-mil wi res )  

(See Table A3, Sections I, 11, and 111 for  tabular data) 
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C. Results of Runs with Zircaloy-3* 

A s e r i e s  of runs with Zircaloy-3 wires  (of nominal 60-mil  diam- 
e t e r )  were made in room-temperature  water and in heated water.  
resu l t s  a r e  plotted in F igure  10. The average line for runs with 60-mil 
zirconium wires  is included on the figure for  comparison. 
show that when the condenser-discharge method is used, there  is no de- 
tectable difference in percent reaction between pure zirconium and 
Zircaloy-3. 

The 

The resu l t s  

cv 
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Figure 10 

RUNS W I T H  ZIRCALOY-3 

(See Table A4 for tabular data) 

D. Metallurgical and X-Ray Studies 

A se r i e s  of photomicrographs were  taken of typical par t ic les  ob- 
These a r e  shown tained f rom the residue of condenser-discharge runs.  

in Figure 11.** Microscopic studies showed that mos t  par t ic les  were  
very  near ly  spherical  and that most  par t ic les  had very  uniform oxide f i lms.  
In some cases ,  a c i rcu lar  zone was apparent between the outer oxide film 
and the interior of the particle.  
an alpha- solid- solution phase consisting of alpha- zirconium containing 
dissolved oxygen. 
zirconium; however, it had the somewhat different appearance that is char -  
acter is t ic  of metal  which has  been t ransformed f rom the beta-phase during 
c ooling . 

This was reported by Lemrnon(l4) to be 

The metal  in the interior of the par t ic les  was also alpha- 

*Zircaloy-3 i s  a zirconium alloy containing 0 . 2  to 0 .3  weight percent 
each of t in and i ron with t r ace  quantities of other elements.  

**The specimens were mounted in plastic and ground to a 600 grit  
finish. They were neither polished nor etched. 

c 



Figure 11 

PHOTOMICROGRAPHS OF OXIDIZED ZIRCONIUM PARTICLES 
FROM CONDENSER-DISCHARGE RUNS 

a. Initial Metal Temp: 1800 C; Room-temp Water 
(run 22, cross section of cylinder). 

b. Initial Metal Temp: 1852 C; 100% melted; 
Room-temp Water (run 90). 

c. Initial Metal Temp: 1852 C; 100% melted; 
Heated Water (run 200). 

d. Initial Metal Temp: 1900 C; 
Room-temp Water (run 15). 

e. Initial MetaiTemp: 2400 C; 
Room-temp Water (run 305). 

f. Initial Metal Temp: 2900 C; 
Room-temp Water (run 302). 
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Some of the sma l l e r  par t ic les  that had reached very  high tempera-  
t u re s  had an i r regular  appearance,  which suggested that oxide had broken 
off during cooling o r ,  in some c a s e s ,  during procedures  for metallurgical 
preparation. 
i s  known to be very  br i t t le ,  which would account for  the difference in 
strength for  lightly oxidized and heavily oxidized par t ic les .  

Unreacted meta l  containing la rge  amounts of dissolved oxygen 

Pa r t i c l e s  obtained f r o m  runs in room-temperature  water were  
uniformly black in appearance,  which suggested that no par t ic les  were  com- 
pletely oxidized. Many of the smal le r  par t ic les  f rom runs in heated water 
were  pure white, resembling small  pear l s ,  which suggested that they were  
completely reacted.  These par t ic les  generally could not be mounted in 
Lucite and ground without damage. 

X-ray  diffraction studies were  made  of par t ic les  f rom runs in room- 
tempera ture  and heated water  and over a wide range of initial metal  t em-  
pera tures .  
alpha- zirconium and monoclinic zirconium dioxide. 
showed only monoclinic zirconium dioxide. 

The only phases  found to  be present  in the residue were  
The white par t ic les  

Analyses for  the quantity of hydrogen retained by the oxidized speci-  
mens  were  made  in the Battelle studies.(14) It was found that in runs at  
1000 to  1600 C ,  between 4 and 13 percent  of the hydrogen fo rmed  in  the r e -  
action of s team with Zircaloy-2 i s  absorbed in the sample.  
one percent of the hydrogen was retained in runs at  t empera tures  between 
1900 and 2050 C .  
of hydrogen was retained in runs  with fully mel ted metal .  
were  the bas i s  for  the assumption that the quantity of hydrogen gas  col- 
lected is an accurate  measu re  of the quantity of metal  reacted.  

L e s s  than 

The Battelle r e su l t s  suggested that a negligible amount 
These resu l t s  
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IV. MATHEMATICAL DESCRIPTION O F  REACTION 

Several  a t tempts  to  compute the tempera ture  - t ime and reaction- 
t ime his tory of a hot zirconium droplet  in water  have been made  by previ-  
ous investigators.(5,14) Thes8e investigators used the isothermal  data oi 
Bostrom(4) and were  required to extrapolate these data to higher tempe:r- 
a tures .  
l a rge  tempera ture  coefficient of reaction ra te  (and thus a high activation 
energy). 
energy become ve ry  fast, especially when ve ry  little oxide has  built up 
on the metal. 

Bos t rom's  data and the l a t e r  data by Lemmon(l4)  indicated a 

Reaction r a t e s  extrapolated f r o m  data involving a high activation 

Experimental  resu l t s  presented in the previous chapter ,  however, 

The r e su l t s  in F igure  1 
provide seve ra l  indications that a reaction ra te  that increases  rapidly 
with tempera ture  is not real ized experimentally.  
show that ve ry  l i t t le increased  react ion occurs  when the initial metal  tein- 
pera ture  is increased  f r o m  11352 to  2600 C in room-tempera ture  water .  

It thus became important to consider what p rocesses  other than 
diffusion through the oxide film, essent ia l  to a heterogeneous reaction, 
might be slow and hence ra te  -controlling at high tempera tures .  
authors  have pointed out that  a process  of gaseous diffusion is a l so  in- 
volved in the react ion of meta l  drops with water  o r  ~ t e a r n . ( ~ ~ ~ ~ ~ )  It is 
necessary  for  water  vapor to diffuse to the surface of a partly oxidized 
globule and f o r  the hydrogen generated by the metal-water  reaction to 
diffuse away f r o m  the globule. If the r a t e  of this p rocess  is slower than 
r a t e s  indicated by extrapolation of isothermal  ra te  data,  then clear ly  the 
reaction will  not proceed at the high extrapolated rates. The increased 
reaction occurr ing in heated water  a l so  suggests that  gaseous diffusion 
may play a role.  Gaseous diffusion would depend on the vapor p r e s s u r e  
of the water .  When this is ve ry  low (0.5 ps i  for  room-tempera ture  water ) ,  
the reaction might be ser iously impeded. 

Several  

A study of the l i t e ra ture  of gaseous diffusion was ,  therefore ,  und.er- 
taken to determine how diffusion r a t e s  could be formulated and inclu ed  
into a calculation scheme similar to those of previous investigators.  ?5 , 14) 

A. Calculation of Gaseous Diffusion Rates  

A reacting meta l  droplet  in a water  environment is sketched in 
Figure 12. The droplet  is coimpletely surrounded by a gaseous film of 
s t eam and hydrogen. One author has  suggested that a d i rec t  react ion be- 
tween metal  and liquid water  is responsible f o r  rapid reactions.(3) A 
very  thorough discussion of the amount of superheat that  can be accepted 
by a liquid was given by Westwater as p a r t  of a review of boiling proc-  
esses . (25)  Both an argument  based on thermodynamics and one based on  
the kinetics of bubble nucleation indicate that a liquid cannot exis t ,  even 
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Figure 12 

HOT METAL SPHERE 
REACTING WITH LIQUID 

WATER 

TOTAL PRESSURE P 

instantaneously, above a cer ta in  temperature .  
There would then be a cr i t ical  temperature  
difference between a hot solid and a liquid 
beyond which liquid could not exist  in d i rec t  
contact with the surface of the solid. Unfor- 
tunately, it is  not possible to state an exact 
value for  this limiting temperature  for  a p a r -  
t icular case .  F o r  water  at one atmosphere,  
the limiting surface temperature  is between 
the boiling point (100 C) and the cr i t ical  point 
(374 C) of water .  
below the range of interest  in metal-water 
studies. It is reasonable,  therefore ,  to assume 
that there  is always a complete vapor film 
surrounding the metal  droplet. 

These temperatures  a r e  far 

It is important to determine whether the 
process  of gaseous diffusion can be considered 
as a steady-state process  with a constant vapor 
film thickness o r  whether i t  must  be t reated as  
a transient  process  with a continually enlarging 

film. 
diffusion b a r r i e r  is established. 
droplet, there  is no hydrogen in the gaseous film and there  is, therefore ,  
no diffusion b a r r i e r .  It is of interest  
to compute how much reaction is required to  produce enough hydrogen to 
f o r m  a bubble of radius 2x0, where xo is the radius of the metal  sphere,  
since a film thickness of xo approaches the s ize  required for  a minimum 
ra te  of gaseous diffusion. 

It is a l so  important to determine how much reaction occurs  before a 
A t  the instant of creation of the metal  

Initial reaction will be very rapid. 

The volume rat,io of 2 moles  of hydrogen* to  that of one gram-a tom 
of zirconium is 3500. 
gas volume as metal volume, which would produce a bubble having twice 
the radius of the metal  droplet. 
because the average hydrogen tempera ture  would be much higher than 
room temperature .  
gen. 
if the ent i re  quantity of hydrogen were  retained in the bubble. 
and more  reaction occurred ,  it is likely that bubbles would leave the film 
more  o r  l e s s  regularly,  resulting in a more  o r  l e s s  constant film thick- 
ness .  Both diffusion and heat t ransfer  a c r o s s  the film might then be con- 
s idered as steady-state processes .  

Thus 0.270 reaction would resul t  in 7 t imes  as much 

In reali ty,  the bubble would be much l a rge r  

There  would be s team in the bubble as well a s  hydro- 
It is apparent that a very slight reaction would produce a sizable film 

As more  

A previous author has s t r e s sed  the importance of the initial r eac -  
tion, i .e. ,  the reaction of clean metal.(l9) It s eems  c lear  that the initial 
reaction rate  will exceed the steady-state ra te .  On the other hand, the Q 

~ ~~ 

*Hydrogen is assumed to be at 1 atm and room temperature .  

- _. 



rapid initial reaction should subside a f te r  l e s s  than 0.2”/0 of the metal  has  
reacted because of the thickness of the hydrogen film. If the initial 0.2”/0 
reaction occurred  adiabatically, the meta l  temperature  would r i s e  only 
35 C.* The tempera ture  r i s e ,  the extent of reaction, and the quantity of 
hydrogen produced before gaseous diffusion can come into play would be 
ra ther  minor .  
s ize .  

These quantit ies,  moreover ,  a r e  independent of par t ic le  

The r a t e  of s teady-state  diffusion of water  vapor through a spherical  
steam-hydrogen film can be formulated as a mass t r ans fe r  coefficient hd 
t imes  the a r e a  of a sphere  , 47~x20, t imes  the difference in concentration of 
water  vapor a c r o s s  the film, APw/RTf, as follows(26) (symbols a r e  de-  
fined in Table l ) :  

moles  H,O/sec = hd(47rx:)(APw/RTf) . (1) 

The mass t r ans fe r  coefficient can be expressed  in the Nusselt f o r m :  

and the mean  film tempera ture  can  be taken as an average between the 
meta l  surface tempera ture  and the bulk water  tempera ture :  

(3) 
1 
2 Tf = -  (T, t Tw) . 

Values of the diffusion coefficient D fo r  the hydrogen-water sys tem were  
calculated by Furman . ( lS )  His resu l t s  can be represented  approximately 
as follows: 

D = Do Ti*‘YP , (4) 

where Do = 6.52 x 
3 ,  and 4 into Equation 1 yields 

( sq  cm)(atm)/(sec) (K1.68).  Substituting Equations 2 ,  

Dlo 2~ XO A P W  
R 2°.68 

(Ts  t TW)o*68- P moles  H,O/sec = Nu - (5) 

F o r  purposes  of calculation, it was most  convenient to  expres s  the 
diffusion rate as the l inear  rate at which the oxide film advances into un- 
reac ted  me ta l  when reaction is controlled by gaseous diffusion: 

- P mrl 
moles  H,O/sec =-- 

Mm 

*Temperature  r i s e  is ca .  0.002 t imes  the heat of reaction divided by the 
specific heat of metal or  (0.002)(140,000 cal/gm-atom)/ 
(8.0 cal/g-atom/deg C). 
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The diffusion-controlled reaction ra te  is then obtained by combining Equa- 
tions 5 and 6 as follows: 

A 

cP 
D 

A E  

€ 

F 

H 

h 

hd 

k 

L 

M 

n 

Nu 

A P W  

P 

Q 
R 

P 

CJ 

t 

T 

X 

XO 

P W  NuDoM, X O  - ( T s  t TW)0068 - - - 

- (') d if f u s ion zio6s p m n R  x2 P "  

Table 1 

DEFINITION O F  SYMBOLS 

is pre-exponential  factor  in parabolic rate law, mg2/(cm4)( s ec )  

is specific heat,  cal/(mole)(K) o r  cal/(g)(K) 

is diffusion coefficient, sq cm/sec 

is activation energy,  kcal/mole 

is total  emissivi ty  of oxide surface 

is f ract ion of original meta l  in liquid state 

is heating rate, cal/sec 

is heat t r ans fe r  coefficient, cal/(sec)(sq cm)(K) 

is mass t r ans fe r  coefficient, cm/sec 

is the rma l  conductivity, cal/(sec)(cm)(K) 

is heat of fusion, cal/mole 

is molecular  weight, g/mole 

is moles  of hydrogen generated p e r  a tom of meta l  reac ted  

is Nusselt  number 

is par t ia l  p r e s s u r e  of water  vapor driving diffusion, atm 

is total  p r e s s u r e ,  atm 

is heat of reaction, cal/mole 

is gas  constant,  (cc)(atm)/(mole)(K) o r  (cal)/(mole)(K) 

is density, g/cc o r  moles/cc 

is Stefan Boltzmann constant,  cal/( s ec ) (  sq cm)(K4) 

is t ime,  s e c  

is tempera ture ,  K 

is radius  of unreacted meta l ,  liquid o r  solid, c m  

is original radius  of unreacted meta l ,  c m  
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SubscriDts: 

r 

f r e f e r s  to the diffusion film 

m r e f e r s  to  the meta l  

ox r e f e r s  to the oxide 

S r e f e r s  to the oxide surface 

W r e f e r s  to  the bulk of the water 

The principal unknown factor in Equation 7 i s  the Nusselt number ,  
Fortunately,  there  is a theoretical  minimum Nusselt number ,  Nu = 2 ,  Nu. 

for  diffusion o r  heat t ransfer  to a sphere . (27)  This occurs  physically 
because,  a s  the gaseous film inc reases  in s ize  and the diffusion path b e -  
comes  longer ,  the spherical  a r e a  normal  to diffusion inc reases  great ly .  
The grea te r  a r e a  over r ides  the longer diffusion path and a minimum 
Nusselt  number obtains r ega rd le s s  of how la rge  the diffusion film be-  
comes .  
thickness can become very  small and the Nusselt number can become 
grea te r  than 2 .  
ra te ly  for  smal l  par t ic les  which a r e  not in rapid motion. 

If the particle is  in violent motion, however, the mean film 

The theoret ical  min imum value of 2 is approached accu-  

B. Calculation of Reaction Ra.te Controlled by Solid-state P r o c e s s e s  

The i so thermal  oxidation of Zircaloy was shown to be approximately 
parabolic in 2 previous ~ t u d i e s . ( ~ , l ~ )  
considered to apply when the react ion r a t e  is controlled by solid-state 
diffusion. The diffusion of e i ther  metal  ions or  oxide ions through the 
c rys t a l  lat t ice of the oxide f i l m  i s  usually the slow step.  
ageing effects in the oxide f i l m ,  the r a t e  of increase  of oxide film thickness 
(xo - x) will be inversely proportional to the film thickness : (28)  

The parabolic r a t e  law is usually 

If there  a r e  no 

(€I)*  

It i s  a l so  well established that. the Arrhenius  equation adequately descr ibes  
the effect of tempera ture  on the react ion r a t e  for  many me ta l s .  (28)  The 
r a t e  equation can then be expressed  in  t e r m s  of the surface tempera ture  
Ts  as  follows: 

dx 1 A E 
dt (xo-x) e x p (  'E<) * 

-- CC- 

*The usual f o r m  of the parabolic r a t e  law is obtained by integrating at  
constant tempera ture  to yield (xo - x ) ' m  t .  



If the pre-exponential factor of the r a t e  equation, A, 
of mi l l ig rams of metal/sq cm,  quantity squared per  
r a t e  law becomes: 

i s  expressed in units 
second, the parabolic 

The simple parabolic r a t e  law as expressed  in Equations 8, 9 ,  and 
10 does not apply precisely for spheres .  
that  solid-state diffusion r a t e s  a r e  a l te red  by the changing a r e a  no rma l  to 
diffusion a s  the thickness of the oxide layer  becomes an appreciable f r a c -  
tion of the sphere  radius .  
2570 of the sphere  has been reacted.  The effect was, therefore ,  ignored in 
the present  derivation. 
in Appendix B. 

The simple law ignores the fac t  

The difference in r a t e s  is  l e s s  than 10% until 

The equations describing this effect a r e  derived 

C. Calculation of Heat Transfer  Rates  of Reacting Metal Spheres in 
Water 

The tempera ture- t ime his tory of reacting meta l  spheres  in a water 
environment i s  influenced by the heat generated by chemical reaction and 
by heat l o s ses  by convection and radiation f rom the sphere to the water .  

Convection heat l o s s  r a t e s  can be formulated in t e r m s  of Newton's 
Law of cooling as follows: 

The heat t r ans fe r  coefficient h can be expressed  in t e r m s  of a Nusselt  
number as follows: 

Nu = h(2xo)/kf . 

The the rma l  conductivity kf r e f e r s  to a steam-hydrogen mixture  a t  the 
mean  fi lm tempera ture .  There a r e  no experimental  data over the t em-  
pera ture  range of interest .  
tion a r e  available in the l i t e ra ture .  
however, to re la te  heat t ransfer  r a t e s  and diffusion r a t e s  when they occur 
simultaneously. The relation is called the Lewis equation(26) and has  the 
following form: 

Only approximate methods of d i rec t  calcula- 
A v e r y  useful procedure exis ts ,  

This applies if the diffusion coefficient of the gas  mixture  i s  numerical ly  
equal to the the rma l  diffusivity kd,ofCpf. An es t imate  of the thermal  dif- 
fusivity for an equimolar hydrogen-steam mixture  at 1600 K was made  by 

28 

- 



a method given by Hirschfelder e t  al. ( 2 9 )  The calculated value is compared 
with the diffusion coefficient obtained f rom Equation 4 as follows: 

-- 

Therma l  diffusivity a t  1600 K = - 12.1 sq  cm/sec ; P 

Diffusion coefficient at: 1600 K = - 15.8 sq  cm/sec 
P 

The agreement  was considered sufficiently close to justify use  of the Le.wis 
relation to calculate r a t e s  of convective heat loss .  The Lewis relation has  
the advantage that i t  applies for turbulent exchange whether numerical  
equality obtains o r  not. 
gaseous diffusion and heat t ransfer  a r e  identical under these conditions. 

It can. a l so  be shown that the Nusselt  numbers  f o r  

The density of vapor to be used in Equation 13 was obtained f rom 
the gas  laws as  follows: 

P 

and the specific heat of hydrogen-steam mixtures  was approximated as 
follows: 

Cpf = Cpfo ( T S  2 Tw i'" ' 

where 

Cpf 0 = 2 , 2 2  (cal)/(mole)(K''20) ~ 

Substituting Equations 13, 14, and 15 into Equation 11 yields 

-0.80 
PCpfo ( Ts T W )  

(4nxi ) (Ts  - Tw) R HCONV = hd 

and hd can be eliminated in t e r m s  of Equations 2 and 4 to yield 

4nD0Cpfo 
xo(Ts t Tw)o'88 .(Ts - Tw) HCONV = Nu R 21.88 

The radiation heat loss is given by the Stefan-Boltzmann equation 
as follows: 

where 47rx$ is the spher ica l  a r e a .  
- 

* Data  were  computed f r o m  Ref. 30, assuming an equimolar mixture .  



Heat generated by reaction i s  proportional to the reaction r a t e ,  
which i s  equal to the product of the surface a r e a  of unreacted metal ,  
4nx2, a t  any t ime and the ra te  a t  which the oxidation front moves into 
the metal: 

The foregoing heat generation and loss t e r m s  can be combined into 
an  overal l  heat balance a s  follows: 
pera ture  i s  proportional to the r a t e  of heat generation l e s s  the r a t e  of 
heat loss ,  o r  

the r a t e  of change of the meta l  t em-  

'pmpm 57 x~ dt - H~~~~ - H  CONV - H~~~ 9 

( 4 3 )  dTm - 

4 3  where -T xg i s  the volume of the sphere.  
3 

3 0  

. -  

Equation 20 does not descr ibe  the heat balance when the me ta l  t em-  
pera ture  r eaches  the melting point. At that point, heat i s  absorbed or  
evolved without a change in me ta l  t empera ture .  
made  by using the following expression a t  the melting point: 

Allowance for this was 

where F i s  the fraction of or iginal  me ta l  melted.  
which the me ta l  t empera ture  i s  decreasing toward the melting point, 
Equation 21 would be used when the me ta l  t empera ture  reached 1852 C. 
The var iable  F would have an init ial  value equal to the fraction of original 
me ta l  that had not yet reacted,  ( X / X ~ ) ~ .  

F reached zero ,  corresponding to a fully solidified par t ic le .  Fu r the r  com- 
putation would be made  on the bas i s  of Equation 20 a s  the tempera ture  
continued to  dec rease .  

F o r  a computation in 

Equation 21 would then be used until 

It was assumed,  for  simplicity,  that the radius  of the sphere ,  XO, 

was constant throughout the react ion and equal to the initial radius  of un- 
reac ted  metal .  
the react ion and that the density of oxide i s  l e s s  than that of the metal .  
The volume increase  of a completely reac ted  par t ic le  is the Pilling- 
Bedworth ra t io ,*  which i s  1.56 for zirconium. 
would therefore  increase  by a factor equal to  the cube root  of 1.56 o r  
only 16%. 

This ignores the fact  that  the sphere  gains weight during 

The radius  of the sphere 

The specific heat and density of the spher ica l  par t ic les  were 

*Ratio of the molar  volume of ZrO, to that of Z r .  



a lso  considered to be constant throughout the reaction. 
specific heat would increase  while the density would decrease .  The erro:r  
in one assumption i s  partially cancelled by the other .  

Actually, the 

D. Calculation of TemDerature DroD Across  the Oxide Film 

Some authors have emphasized the importance of the heat-insulating 
effect of the oxide film on metal-gas  react ions.(12)  This i s  a ve ry  compli- 
cated factor to  formulate precisely.  A f i r s t  approximation to descr ibe this 
effect is to equate the heat flux f rom the surface by convection and radiation 
to  the equation for  steady-statle heat conduction through a spherical  shell  
of inner radius  x and outer radius  xo (see  Ecke r t , (26 )  page 25). 

E. Summary  of Equations 

XOX 

xo - x ( T m  - T s )  ( 2 2 )  

The final equations used in the computer studies a r e  summar ized  
a s  follows (groups of constants a r e  represented  by symbols which a r e  
defined in Table 2) :  

Diffusion Rate: 

IKXO A P W  
- - -- (Ts  t Tw)0.68 - - (%)diffusion X2 P 

Parabol ic  Rate Law: 

( 2 3 )  

Rates  a r e  computed f r o m  Equation 23 and Equation 24. The reaction i s  
assumed to follow whichever r a t e  is slower at any t ime.  

He at  Balance : 

wxo 3 - dTm = Nxz (- g) - Yx”,T;-T&) - Uxo(TstTw)0‘88 (Ts-Tw)  
dt 

(25) 

At the melting point, 

L 1 xo 3 - d= = Nx2 ( -  x) dx - Yxg(T;-T&) - Uxo(TstTw1 \ o - 8 8 ( ~ S - ~ w )  . (26 )  
dt 
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Tempera ture  Drop through Oxide F i lm:  

Z - XOX (Tm - T,)  = Y x t  (T: - T & )  t UXO (T, +T,)0'88 (Ts  - T,) ( 2 7 )  
xo -x 

K 

B 

G 

w 

Table 2 

DEFINITION O F  CONSTANTS USED IN 
COMPUTER STUDIES 

= AE/R 4 
L' = 7 nLp, 

Z = 4nk0, 

n 

N = 4 n Q h  

n 



V. RESULTS O F  ANALOG COMPUTER STUDY 

The equations describing metal-water  reactions,  developed in the 
preceding chapter,  were  programmed on the PACE Analog Computer. The 
programming procedures  a r e  descr ibed in detail  in Appendix C. Absolute 
tempera tures ,  K, were  used in the theoret ical  studies; however, the tabu.- 
lated r e su l t s  a r e  given in degrees ,  C. 

A. Metal ProDertv Values 

The values of the constants used in the computer study a r e  given 
The specific heat and heat of react ion of zirconium were  de-- in Table 3. 

duced f rom data compiled by Glassner.(31) Accordingly, a value of 
8.0 cal/(mole)(K) was taken a!; the specific heat of zirconium over the 
tempera ture  range f rom 1750 to 3900 K. 
l a r ly  with tempera ture  because of phase t ransi t ions.  
of -140.5 kcal/mole* was taken a s  the heat of react ion of molten zirconium 
with s team.  

Heat of react ion var ied i r r egu-  
An average value 

Table 3 

VALUES O F  CONSTANTS USED IN COMPUTER STUDIES 

C 

k 

L 

Mm 
n 

Q 

R 

Pm 
0 

specific heat of metal ,  8.0 cal/(mole)(K) 

the rma l  conductivity of oxide, 0 .006  cal/(sec)(cm)(K) 

heat of fusion of metal ,  4900 cal/mole 

atomic weight o f  metal ,  91.22 g/atom 

moles  of hydro,gen generated per  a tom of meta l  reacted,  i! 

heat of reaction, 140.5 kcal/mole 

gas  constant, 1.987 cal/(mole)(K); 82.06 (cc)(atrn/(mole)(K) 

meta l  density, 6 .5  g/cc 

Stefan Boltzmann constant, 1.37 x lo-' ' cal/(sec)(sq cm)(K4') 

P m  

ox 

Studies of the emissivi ty  of oxidized zirconium were  repor ted  by 
Lemrn0n . (~4)  
distributed within the metal .  
tion, before the oxide film could dissolve in the meta l ,  gave a maximum 
value of 0.67 a t  the t e s t  t empera ture  of 800 C. It appeared likely that this  
was a minimum value because of the t ransient  charac te r  of oxide films on 
zirconium in a vacuum environment at high tempera ture .  It was therefore  
decided to use  the maximum emissivi ty  of 1.0 for the computations. It was 
expected that this  would lead to some cancellation of e r r o r s  in the heat-:loss 
calculations because the Nusselt  number (Nu = 2) chosen to r ep resen t  con- 
vection cooling r a t e s  was the theoret ical  min imum value. 

*Value of heat of react ion a t  room tempera ture  i s  -145.9 kcal/mole. 

Most of these studies were  made  with the oxygen uniformly 
:Measurements made  immediately af ter  oxida- 

- 
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B .  Tr ia l -and-er ror  Computation of the Rate Constant a t  1852 C 

The only unknown factors  remaining in the equations a r e  the 2 con- 
stants of the parabolic ra te  law, A and A E ,  and the ratio APw/P. This 
la t te r  ra t io  should be unity for  runs in heated water when no significant 
quantity of iner t  gas i s  p resent .  
s u r e  of water at the water-gas  interface (see F igure  12) i s  equal to the 
total p re s su re .  

Under these conditions, the vapor p r e s -  

Calculations were made with assumed values of A and AE for the 
case  of solid metal  spheres  at the melting tempera ture  [Ts(i)  = 1852 C ,  
F(i) = 0.01. A sphere of diameter  0.21 c m  (xo = 0.105 cm) was used for  
the calculations because spheres  of this diameter  have the same surface-  
to-volume rat io  as  the 60-mi l  wi res  used in the experimental  studies.  
The experimental  value for the extent of metal-water reaction under these 
conditions was about 8 percent  reaction. 

T r i a l  runs with the computer were  made with assumed values of 
A E  of 35, 45, and 55 kcal/mole. The value of A was var ied  a t  constant 
A E  until the computed extent of reaction was within the range of experi-  
mental  values.* The effect of A on the computed extent of reaction i s  
indicated in F igure  13 for  an assumed energy of activation of 45 kcal/mole. 
The resu l t s  in the figure indicate that the total extent of reaction i s  very  
sensitive to the value of A used in the calculation. 
temperature- t ime and extent of reaction-time curves a r e  given in F igure  14 
for  35 and 55 kcal/mole. The numerical  resul ts  a r e  given in Table 4. 
The temperature- t ime curves in F igure  14 indicate that the course  of the 
reaction i s  near ly  independent of the value assumed for  the activation 
energy A E  for  these initial conditions. 

The computed 

Figure  13 

VARIATION OF THE COMPUTED EXTENT OF 
REACTION WITH PRE-EXPONENTIAL FACTOR 

Assumed Activation Energy,  45 kcal/mole 

Initial Conditions 
Sphere Diameter : 0.21 c m  
Metal Tempera ture :  1852 C 
Physical State : Solid 
Heated Water: A P w / P  = 1 

20 30 40 X IO( 
PRE-EXPONENTIAL FACTOR A, ( m g  Zr/sq cm)'/sec 

::Preliminary experimental data indicated values of 9 to 9. 570 reaction rather than the 870 quoted above. 
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COMPUTED REACTION AND TEM- 
PERATURE FOR TWO VALUES OF 

ACTIVATION ENERGY 
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Value of A 
Required to Produce 

9% Reaction 
(mg Zr/sq cm)'/sec 

Activation 
Ener y A E ,  
k c a 1,7m o le  

k AE=55kcal/rnole 

L 1000 

w 

Rate 
Constanta 
at  1852 C ,  

(mg Zr/sq cm)'/sec 

+ 5 0 0  ,A 
0 0  0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 

TIME,sec 

633 

695 

I 695 

Table 4 

COMPUTED RESULTS FOR ASSUMED VALUES OF 
ACTIVATION ENERGY 

Initial Conditions 
Sphere Diameter :  0.21 c m  
Metal Temperature:  1852 C 
Physical State: solid 
Heated Water: A P w / P  = 1 

35 

45 

55 

2.52 x l o 6  

2'9.5 x l o 6  

31L6 x l o 6  

(23 aRate Constant = A exp 

A more  detailed study of the computer solution for  one particular 
The diffusion-limited and the parabolic law- case  i s  given in Figure 15. 

l imited reaction r a t e s  a r e  included in the figure. 
to whichever ra te  i s  lowest at  any given t ime.  
controlled by diffusion; heat is produced a t  a grea te r  ra te  than it i s  losl.. 

The computer responds 
The initial reaction i s  



The heat i s  absorbed in the melting process .  
however, the reaction becomes controlled by the parabolic ra te  law, and 
the reaction slows down. The specimen begins to lose heat a t  a grea te r  
r a t e  than it i s  being generated,  and freezing occurs .  
ing occurs  after the sample has  fully solidified. The grea te r  pa r t  of the 
reaction occurs  isothermally a t  1852 C under these conditions. 
tion ra te  constant, A(exp - AE/RT), a t  1852 C required to produce 9% 
reaction i s  near ly  independent of the value assumed for the activation 
energy AE, a s  shown in the final column of Table 4. 

Before melting i s  complete, 

Finally,  rapid cool- 

The r eac -  

I I I I I I I 

I 
\-PARABOLIC LAW 
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- --_ -- 
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IN COMPUTATION 
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Figure 15 

COMPUTER SOLUTION FOR 
REACTIONS OF ZIRCONIUM 

SPHERE WITH WATER 

Activation Energyv 4 5  kcal/mole 

Initial Conditions 
Sphere Diameter :  0.21 c m  
Metal Temperature:  1852 C 
Physical State: Solid 
Heated Water: AP,/P = 1 

TIME, sec 

C. Comparison of Rate Constants with Those-of Previous Investigators 

Values of 633 to 695 (mg Zr/sq cm)2/sec, depending on the value of 
the activation energy,  were  obtained for the constant of the parabolic ra te  
law a t  1852 C in the previous section. It was of in te res t  to compare these 
values with those reported by previous investigators.  Studies of the r eac -  
tion of Zircaloy-2 with water ,  reported by Bostrom,(4)  and studies of the 
reaction with s team,  reported by Lemmon,(14) were examined in par t icular .  
Neither investigator considered the possibility that the reaction might 
have been l imited by gaseous diffusion during the ear ly  par t  of a run. Re- 
sults reported by Bos t rom a t  1750 C deviated ser iously f r o m  the parabolic 
slope on a plot of the log of hydrogen gas  evolved vs  - the log of t ime.  
reaction appeared to be somewhere between parabolic and l inear .  
careful analysis of this and other runs indicated that the deviation f r o m  
the parabolic slope might have been due to an initial ra te  which was lowered 

The 
A 

' 



because of a diffusion limitation o r  for other reasons.* A method of ob-, 
taining the parabolic ra te  constant f r o m  such data is outlined in AppendixD. 

The resulting ra te  constants a r e  plotted a s  a function of reciproc:al 
The reaction ra te  a t  the melting point obtained 

The 
The value 

temperature  in F igure  16. 
f r o m  the condenser-discharge studies is a lso included on the figure.  
falling-off of the Battelle data above 1300 C i s  not understood. 
obtained f r o m  the condenser-discharge studies i s  more  in line with 
Bos t rom's  data. 
energy of 45.5 kcal/mole and fits condenser-discharge data,  Bos t rom's  
data ,  and the low-temperature Battelle data. The activation energy ob- 
tained in this way was used for fur ther  computer studies. 
f o r m  of the r a t e  law, determined in this way, i s  a s  follows: 

The line drawn in F igure  16 corresponds to an activation 

The integrated 

wz = 33.3 x 106t exp (- 4 5 3  , 

where w i s  the weight of zirconium reacted per  unit surface a r e a  in 
mg/sq c m  and t i s  t ime in sec .  The ra te  law expressed  in the units 
employed in the Battelle studies becomes 

Vz = 4.82 x 108t exp - 
\ RT 

where V is the volume of hydrogen a t  standard conditions evolved per  u:nit 
surface a r e a  in cc H, (STP)/sq c m ,  and t i s  t ime in min. 

F igure  16 

E F F E C T  O F  TEMPERATURE ON THE 
ZIRCONtUM- WATER REACTION 

0 

, 2 A CONDENSER-DISCHARGE METHOD 

N- 0 B0STROM(4),WAPD-104 (recalculated) 

O LEMMON('41, B M I - l 1 5 4 (  recalculated) 

k.33 3 x 1 0 6 ( e x p - 4 5 , 5 0 0 / R T )  

v) z 

a n 

0 MELTING I'OINT 
m 

I I  I I I I 
20001800 1600 1400 1200 1000 

TEMPERATURE, C 

'::A lag in bringing the specimen to temperature might produce a similar effect. 



D. Calculation of Reaction in Heated Water 

Tentative values of the constants of the parabolic ra te  law were  
determined in the previous section by reference to a single set  of experi-  
mental resu l t s  in heated water and by reference to isothermal  studies of 
2 previous investigators.  

1. Effect of Variations of the Emissivity and the Nusselt  Number 

Several  additional calculations were  made for solid spheres  
of 0.21-cm diameter at the melting temperature;  the constants determined 
in the previous section were  used. 
decreased the extent of reaction f r o m  9.55 to 8.6570. Decreasing the 
emissivity f rom 1 to 0.75 increased the reaction f r o m  9.55% to 11.4%. 
The variations of emissivity and Nusselt  number al tered the resu l t s  only 
slightly more  than the uncertainty in the experimental  resu l t s .  

Increasing the Nusselt number to 3 

2 .  Effect of Initial TemDerature and Par t ic le  Size 

It remains  to compute resu l t s  f o r  a var ie ty  of initial metal 
tempera tures  and par t ic le  s izes  and compare them with experimental  
resu l t s .  Complete computed resu l t s  for runs in  heated water ( A P H ~ O / P  = 1) 
a r e  summarized in Table 5. 
reaction-time curves for spheres  of diameter  0.21 c m  a r e  plotted in 

Computed temperature- t ime and percent  

F igure  17 for  a se r i e s  of initial metal  t empera tures .  

Table 5 

COMPUTED RESULTS FOR THE REACTION OF 
ZIRCONIUM SPHERES WITH HEATED WATER 

(APwlP 1.0) 

Sphere 
Diameter, 

cm 

0.21 
0.21 
0.21 
0.21 
0.21 
0.21 
0.21 
0.105 
0.105 
0.105 
0.105 
0.052 
0.052 
0.052 
0.052 
0.026 
0.026 
0.026 

Initial Metal 
Temperature 

2125 1852 

2900 
2125 1852 
2125 1852 
2400 2127 
2900 2627 

2900 2627 

Initial 
Physical 

State 

Solid 
Solid 
Solid 

501b Liquid 
Liquid 
Liquid 
Liquid 

Solid 
Liquid 
Liquid 
Liquid 

Solid 
Liquid 
Liquid 
Liquid 

Liquid 
Liquid 
Liquid 

Peak Metal 
Temperature, 

C 

1500 
1852 
1852 
1852 
2120 
2200 
2627 
1852 
2800 
2800 
2800 
3550 
3550 
3550 
3550 
4300 
4300 
4300 

Time for Reaction 
to Reach Onehalf  

of Final Value, 
SeC 

0.12 
0.20 
0.26 
0.31 
0.35 
0.36 
0.32 
0.12 
0.23 
0.22 
0.22 
0.100 
0.095 
0.094 
0.090 
0.042 
0.042 
0.042 

Time to Final 
Cool to Extent of 

1500 K (1227 CI, Reaction, 

0.61 2.85 
1.04 7.55 
1.24 9.25 
1.9. 10.65 
1.68 13.8 
1.70 14.5 
1.73 15.7 
0.56 13.4 
0.81 
0.81 
0.81 
0.33 69.2 
0.32 69.2 
0.32 69.2 
0.31 69.3 

84.2 

0.095 84.2 
::E 1 84.2 



The resu l t s  show that the metal  temperature  is able to r i s e  considerably 
above the melting temperature  when the metal  i s  fully melted initially. 
A run with an initial temperature  of 2127 C showed only a slight tempera-  
t u re  r i s e .  A run with an initial temperature  of 2627 C showed an 
immediate temperature  decrease ,  reaching a level of about 2 2 0 0  C.  
examination of the equations showed that,  so long a s  the reaction is 
diffusion controlled, there  is an equilibrium temperature  a t  which the 
r a t e s  of heat  generation balance the ra te  of heat loss .  The temperature  
would remain near ly  constant until 100 percent of the metal  reacted i f  i t  
were  not for the ra te  decrease caused by parabolic ra te  law. 

An 

Figure 17 

COMPUTED R:EACTION AND TEMPERATURE 
FOR 0.21 -cm-DIAMETER ZIRCONIUM SPHERES 

nr HEATED WATER 

(Curve Labels a r e  Initial Metal Tempera tures  
and Percentages of Metal Melted) 

1427C- 

,2627C 3000 t 

L 
5000 0.2 d.4 2 6  O!S 110 112 114 

TIME. sec 
6 

Computations were  also made for sphere diameters  of 0.105, 
0.052, and 0.026 cm.  
t ime curves a r e  plotted in Figure 18 for the case  of fully melted spheres  
initially a t  the melting point. 
increase  greatly with decreasing par t ic le  size.  
complete one-half of the final extent of reaction i s  l is ted for all of the 
computed runs in Table 5. 
to 1227 C (1500 K) a r e  a lso l isted in the table. 

The temperature- t ime and the extent of reaction- 

The resu l t s  predict  that reaction r a t e s  
The t ime required to 

The t imes  required for the par t ic les  to cool 
The 1500 K temperature  
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was chosen arb i t ra r i ly  a s  a temperature  below which little i f  any reaction 
occurs .  
appear luminous on the high-speed motion picture film used in experi-  
mental studie s. * 

It also approximates the temperature  a t  which par t ic les  no longer 

F igure  18 

COMPUTED EXTENTS OF REACTION AND 
TEMPERATURES FOR MOLTEN 

ZIRCONIUM SPHERES IN 
HEATED WATER 

(Numbers Indicate Sphere Diameters)  

l050p 
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(0 21 Crr 
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p 2ooc 
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^.^^ 

\ 
5oob 012 014 2 6  2 8  l!O 1.12 1.14 

TIME,sec 

The computed curve for a par t ic le  diameter  of 0.052 c m  i s  
one of those given in Figure 18. 
metal  temperatures  a r e  given in Table 5 and indicate that the tempera tures  
rapidly approached the equilibrium value of 3550 C regard less  of the initial 
metal  temperature ,  even for initially solid metal  a t  the melting point. 
Rapid cooling occurred  a s  soon a s  the ra te  determined by the parabolic 
law assumed control of the reaction. The resu l t  is that the final extent of 
reaction (69 .2%)  is independent of the initial metal  temperature.** 

Computed resu l t s  for a s e r i e s  of initial 

~~ ~ 

*Typical film sequences a r e  shown in Ref. 1. 

**The lowest temperature  investigated for this case was 1852 C with 
the metal  initially solid. 
sharply a t  some lower initial temperature .  

The extent of reaction would decrease 



3 .  Temperature  Drop Across  the Oxide Film 

The tempera ture  drop a c r o s s  the oxide film was descr ibed,  
The meta l  t empera ture  Tm 

Computations indi- 

approximately,  by Equation 2 7 ,  Chapter IV. 
was recorded on the computer cu rves ,  and the surface tempera ture  Ts  
determined the reaction ra te  ztnd the heat  l o s s  ra te .  
cated that the tempera ture  drop,  Tm - T,,  was significant only after con- 
siderable reaction had occur red ,  i . e . ,  when a thick oxide film was present .  
Pa r t i c l e s  having a diameter  of 0.21 c m  reac ted  only to the extent of about 
1570 (see F igure  18). 
was about 35 C and occur red  while the metal  was cooling through the 
melting point. 
extent of 4070 and had a maxirrium tempera ture  drop of the o rde r  of 100 C: .  
Fine r  par t ic les  reac ted  to a st i l l  g rea t e r  extent and had correspondingly 
g rea t e r  differences between the metal  t empera ture  and the surface 
tempera ture .  

The maximum tempera ture  drop during these runs 

Pa r t i c l e s  having a diameter  of 0.105 c m  reac ted  to the 

An assumption that the metal  was always at the same tempera-  
t u re  a s  the oxide surface would have changed the computed resu l t s  slightly. 
No important changes in the charac te r  of the r e su l t s ,  however,  would have 
occurred .  

4. Comparison of Computed Extent of Reaction with Exper imenta l  
Values 

Computed r e su l t s  for f inal  extent of react ion a r e  plotted a s  a 
function of init ial  metal  t empera ture  for the par t ic le  s izes  studied in 
F igure  19. Experimental  points for runs in heated water  a r e  included on 
the f igure.  Numbers  adjacent to the points a r e  the measured  mean par t ic le  
d iameters .  The r e su l t s  show that the experimental  points fall  generally 
within the ranges defined by th.e computations. The computed resu l t s  in 
F igu re  19 indicate that only slightly more  reaction occurs  with metal  heated 
to ve ry  high tempera tures  than that occurr ing with metal  a t  the melting 
point so long a s  the metal  is  fully mel ted initially. 

Experimental  data for  runs  in  heated water  were  plotted as a 
function of the par t ic le  diameter  in  F igu re  9. 
f igure i s  the computed extent of react ion for  fully melted metal  a t  the mel t -  
ing point. 
initial metal  t empera tures .  
points and the theoret ical  curve seems  sat isfactory.  Experimental  runs in 
which the meta l  was  not fully melted (particle diameter  of 2300 p) under-  
standably had l e s s  total react ion than values  indicated by the theoretical  
curve I 

The theoret ical  curve on the 

This curve would differ ve ry  l i t t le f r o m  one based  on higher 
The comparison between the experimental  



Figure  19 

COMPARISON OF COMPUTED AND 
EXPERIMENTAL RESULTS OF 

ZIRCONIUM RUNS IN 
HEATED WATER 
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5. Comparison of Computed Reaction Rates  with Experimental  
P r e s s u r e  Traces  

Experimental  p r e s s u r e  t r aces  were  plotted in Figure 7 for 
runs in  heated water .  
computed extent of reaction v s  t ime curves obtained with values of initial 
me,tal temperature  and par t ic le  diameter s imilar  to those of the experi-  
ment.  
melted (see Figure 20a). It was pointed out previously that experimental 
p re s su re  t r aces  appeared to be composites of a slow reaction and a very  
rapid reaction for runs in the molten metal  range. It i s  evident f rom the 
figure that the computations do not predict  the rapid reactions which a r e  
observed in the more  energetic runs.  

These a r e  replotted in F igure  20  along with the 

The ra te  curves  were  almost  identical when the metal  was not 



Figure 20  

COMPARISON OF EXPERIMENTAL AND THEORETICAL 
PRESSURE-TIME CURVES FOR RUNS IN HEATED WATER 
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An examination of the equations showed that the Nusselt 
number i s  the principal factor controlling the reaction ra te  in the ear ly  
stages of reaction. It was also evident that a considerable increase  over 
the minimum value of 2 would be required to account for high observed 
r a t e s .  The effect of a la rge  increase  in Nusselt number was investigated 
on the com uter  for a large particle (diameter of 0.508 cm) with the U S E '  

of 55 kcal P mole for  the activation energy. The r e su l t s ,  shown in Table 6 ,  
indicate the t ime to complete one-half of the reaction is decreased by a 
factor of 5 when the Nusselt  number is increased f r o m  a value of 2 to a 
value of 16. The total extent of reaction is relatively unaffected by 
changes up to Nu = 8,  but decreases  somewhat a t  st i l l  higher values.  

It i s  important at: this point to consider the causes  of an 
increased Nusselt number ( increased diffusion ra te ) .  
increase when there  is rapid motion o r  increased turbulence.* It, there-  
f o r e ,  seemed likely that the reacting par t ic les  were  in rapid motion in runs 
that showed the rapid p r e s s u r e  r i s e . ,  This was confirmed when high-speed 

motion pictures  of runs in room-temperature  water .  

Nusselt  numbers  

s t reaks"  indicative of rapid particle motion were  noted on the Fas tax  
The s t reaks  were  

*Rapid motion o r  turbulence physically removes the hydrogen blanket 
surrounding par t ic les  and would thereby increase  the ra te  of both the 
diffusion and cooling processes .  
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Time for  Reaction 
to Reach One-half 
of F ina l  Value,  s ec  

not present  on films taken of identical discharge runs made in an argon 
gas  environment o r  in l e s s  energetic runs in water that had slow p r e s s u r e  
r i s e s .  
2 0  to 50 ft/sec. 

The lengths of s t reaks  indicated par t ic le  velocit ies of the o rde r  of 

Final  
Extent of 
Reaction, 

7 0  

Time to Cool 
to 1500 K (1227 C ) ,  

s ec  

Table 6 

E F F E C T  OF NUSSELT NUMBER ON THE REACTION 
RATE FOR A LARGE PARTICLE 

1-10 
0 .60  
0.39 
0.28 
0.24 

.~ 

Initial C ondi ti on s 
Sphere Diameter :  
Metal Tempera ture :  1852 C 
Physical  State: solid 
He ate d Water : 
Activation Energy:  55 kcal/mole 

0.508 c m  ( 0 . 2  in . )  

A P w / P  = 1 

4.10 6.85 
3.40 7.00 
2.45 7.40 
1.82 5.70 
1.41 4.63 

Nusse l t  
Numb e r 

2 
4 
8 

12 
16 

Rapid par t ic le  motion could have been caused initially in energet ic  
runs  by momentum impar ted  to par t ic les  by the electr ical ly  exploded wire .  
The s t r e a k s ,  however , per s i s t ed  for  s eve ra l  mill iseconds even though the 
discharge requi red  only 0 .3  msec .  
p rocess  itself was responsible for  sustaining par t ic le  motion. 
the rapid evolution of hydrogen was able to provide a th rus t  which propelled 
par t ic les  rapidly and i r r egu la r ly  through the water .  Pa r t i c l e  motion would, 
therefore ,  slow markedly when the react ion passed  f r o m  the diffusion- 
controlled reg ime to the slower kinetically controlled reg ime.  
be  c o r r e c t ,  then, to compute the react ion on the bas i s  of an increased  
Nusselt  number for  an ent i re  run,  It would be m o r e  near ly  c o r r e c t  to 
re la te  the Nusselt  number to the react ion r a t e  in some way. It was be-  
l ieved, however,  that such an additional complication would tend to 
obscure the interpretat ion of computed resu l t s .  

It was most  likely that the react ion 
Apparently, 

It would not 

The equations were  examined to determine the effect of an 
increased  Nusselt  number only during the per iod of diffusion control. 
t ime spent by the react ion in the diffusion reg ime would be decreased.  
The total extent of react ion,  however , would be relatively unchanged. 

The 

This 



4 5  

c3 resul ted f r o m  the fact  that  both the heat  generation r a t e  (diffusion r a t e )  
and the principal heat  loss mechanism (for smal l  par t ic les ) ,  convection, 
were  both increased  equally by an increased  Nusselt  number .  

It was assumed,  t:herefore, that rapid react ions would reach 
the same final extent of reaction as they would i f  rapid par t ic le  motion 
had not occur red .  
reaction through the diffusion regime.  

The only effect of par t ic le  motion was to speed the 

The appearance o.E a composite reaction in experimental  runs 
suggested that only cer ta in  of the par t ic les  produced in runs a r e  able to 
undergo the rapid reaction. 
par t ic le  s ize .  
rapid motion and therefore  reac t  rapidly. 
slower r e  action. 

This fur ther  suggested that there  was a cr i t ical  
Pa r t i c l e s  smal le r  than the c r i t i ca l  s ize  a r e  able to undergo 

La rge r  par t ic les  undergo the 

Experimental  r e su l t s  shown in F igure  3 indicate that the 
c r i t i ca l  par t ic le  diameter  separating explosive and nonexplosive runs is 
c a  500 p in  room-tempera ture  water .  
F igure  9 indicate that the c r i t i ca l  par t ic le  diameter  is  c a  1000 p (1 mm) 
in heated water .  
responding to the cr i t ical  d iameters  in F igu res  3 and 9 tends to verify 
the assumption that the only effect of an increased  Nusselt  number i s  to 
speed the reaction through the diffusion reg ime.  

Experimental  r e su l t s  shown in 

The lack of a sha rp  b reak  in the extent of react ion c o r -  

E. Calculation of Reaction in Room-temperature  Water 

1. Effect of Water Vapor P r e s s u r e  

Experimental  r e su l t s  showed that the extent of react ion of runs 

water .  The most  likely cause of this was thought to be  a decreased  r a t e  of 
in room-tempera ture  water w a s  much less than in similar runs in  heated 

gaseous diffusion result ing f r o m  the low vapor p r e s s u r e  of room-tempera ture  
water .  It was shown in the calculation of the diffusion r a t e  ( see  Equation 7 ,  
Chapter IV) that the diffusion rate is  proportional to A P w / P ,  where AP,, is  
the difference in  water  vapor p r e s s u r e  at the liquid water  surface and the 
hot metal  surface,  and P is the total  p r e s s u r e .  It was assumed that the 
metal  r eac t s  with all the water vapor reaching the metal  surface so that 
the par t ia l  p r e s s u r e  of water  vapor at the metal surface is  zero.  The 
quantity A P w  i s  then equal to the vapor p r e s s u r e  of water  at the water -  
water  vapor interface.  In mos t  of the runs ,  there  was no air or added 
ine r t  g a s ,  so that the vapor p r e s s u r e  of the water  was a l so  the total  
su re .  The t e r m  APw/P would be unity. Consider the value of aPw& 
af te r  some metal-water reaction had occurred .  
the 60-mil specimen in either react ion cell  would yield a hydrogen p r e s s u r e  
of about 0 .5  a tm.  
tempera ture ,  the following values of A P w / P  would obtain at var ious water  
tempera tures  af ter  10% reaction: 

r e s -  

A 10 percent  react ion of 

If the water sur face  i s  assumed to r ema in  a t  its original 
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A P ~ / P  after 
Water Water Vapor 10% Metal-Water 

Temp,  C P r e s s u r e ,  a t m  Reactiona 

25 0 .03  0.057 
100 1 0 .67  
200 15 0.97 
300 85 0 .99  

~ 

~ A P ~ / P  i s  equal t i  (vapor p re s su re ) /  
(0.5 atm t vapor p r e s s u r e )  for these 
conditions. 

The above table shows how the diffusion-limited reaction r a t e  might be 
tremendously reduced in 25 C water ,  but not be  seriously affected in  
heated water .  

Computer calculations were  then made as based  on the a s -  
sumption that the water surface tempera ture  (Tws in F igure  12) did not 
change during reaction. Resul ts  indicated that there should be virtually 
no react ion in room-tempera ture  water .  
su r f ace  facing reacting par t ic les  does not r ema in  at the bulk water  t em-  
pe ra tu re .  
t empera ture  water ,  however ,  indicated that the water does not reach  the 
boiling point. 
ing vapor p r e s s u r e  a r e  intermediate  between these 2 limits. 

It was c l e a r ,  then, that  the water 

The experimental  fact  of a decreased  react ion in room- 

Rather ,  the water  surface tempera ture  and the correspond-  

Two assumptions were  tes ted on the computer .  The f i r s t  
method a s sumed  that the water  surface tempera ture  was an average of the 
bulk water  tempera ture  and the boiling point determined by the changing 
total  p r e s s u r e .  This assumption requi red  the inser t ion of vapor p r e s s u r e  
data  into the computation by means  of a function genera tor .  Computations 
were  made for  3 c a s e s  with 60-mi l  specimens (par t ic le  diameter  of 0.21 cm)  
in  room-tempera ture  water :  

1) runs  having a cell  f r e e  volume of 40 cc  and no added 
ine r t  gas  (normal  runs ) ;  

runs  with a f r e e  volume of 160 cc  and no added iner t  g a s ;  
and 

runs having 1 atm of added ine r t  gas  with 40-cc f r e e  
volume e 

2 )  

3 )  

The computed r e su l t s  a r e  compared with experimental  r e su l t s  in  F ig -  
u r e  21. 
there  was a lowered total  p r e s s u r e  generated by the evolving hydrogen. 
Added ine r t  gas  decreased  the computed react ion by rais ing the total 
p r e s s u r e .  
the predicted decrease .  
the gaseous diffusion r a t e  was therefore  abandoned. 

Increased cell  volume inc reased  the computed react ion because 

The experimental  r e su l t s  with added ine r t  gas  did not show 
The averaged-temperature  method of computing 

Q 



Figure  2 1  

COMPARISON OF EXPERIMENTAL RESULTS 
WITH COMPUTED RESULTS BASED ON 

TEMPERATURE-AVERAGED DIFFUSION 
RATE FO:R 60-mil WIRES IN ROOM- 

TEMPERATURE WATER 

- TRIAL COMPUTATIONS (Particle Diameter, 0.21 cm) 
0 REACTION C E L L  FREE VOLUME: 40 c c  
0 REACTION C E L L  FREE VOLUME: 1 6 0 ~ ~  

2o t A ONE ATM. INERT GAS 

L A R G E  C E L L  

S M A L L  C E L L  

ONE ATM. 

INIT;AL METAL  TEMPERATURE,^ 

The second method of computing the t e r m  A P w / P  was to 
assume that a constant fractional value applied throughout the reaction. 
Physically,  this could be interpreted to mean that some of the water a t  
the surface was heated to the boiling point by heat f r o m  the reacting 
par t ic le  and some of i t  was a t  the bulk water temperature .  Surface 
turbulence might produce this kind of an alternation of boiling water and 
room-temperature  water a t  any point on the surface.  Table 7 shows the 
effect of assumed values of APw/P on the computed extent of reaction. 
A value of  unity for A P w / P ,  would correspond to runs in heated water .  
F r o m  this computation, it was determined that a value of A P w / P  of 0 .5  
would reproduce experimental  resu l t s  of runs in room-temperature  water 

Table 7 

EFFECT OF VARIATIONS OF f iPw/P  ON THE EXTENT OF REACTION OF 0.21-cm ZIRCONIUM SPHERES 

(Activation Enemy: 55 kcallmole) -. 
Final Extent of 

Reaction, % Initial Metal Assumed Initial M k a l  Assumed Final Extent of 

Temperature, C, and Value of Temperature, C, and Value of 

Computed I m Physical State A Pwl P ComDuted I Physical State 

1852, solid 1852, liquid 
1852, solid 0.72 1852, liquid 0.72 11.2 

1852, solid 0.31 1852, liquid 0.37 
1852, solid 0.52 1852, liquid 0.52 

1852, solid 0.26 2.51 1852, liquid 0.26 



2. ComDarison of Computed Extent of Reaction with Experi-  

1700 
1850 
2125 
2125 
2125 
2400 
2900 
2125 
2125 
2400 
2900 
2125 
2125 
2400 
2900 
2125 
2400 
2900 

mental Values 

1427 
1577 
1852 
1852 
1852 
2127 
2627 
1852 
1852 
2127 
2627 
1852 
1852 
2127 
2627 
1852 
2127 
2627 

Fur ther  computations were made with the value of 0.5 for 
All other pa rame te r s  in the equations were identical with those 

It should be pointed out 
A P w / P .  
used in the calculations of runs in heated water .  
that the above p res su re  rat io  affects only the diffusion-controlled reaction 
ra te  and not the heat loss ra te  o r  the parabolic-law-controlled reaction 
r a t e .  
A P w / P  = 0.5) a r e  summarized in Table 8. 
reaction-time curves for a particle of 0.21-cm diameter a r e  plotted in 
F igure  22  for a se r i e s  of initial metal  temperatures .  
s imilar  in character  to those obtained in heated water ,  although there  i s  
l e s s  total reaction under similar initial conditions. 
s ize  i s  shown in F igure  23, in which computer curves  a r e  plotted for the 
case  of fully melted metal  a t  the melting point. The calculated reaction 
r a t e s  increase greatly with decreasing particle size in the same way a s  
they did in heated water .  

Computed resu l t s  for  runs in room-temperature  water (with 
Temperature- t ime and percent  

The resul ts  a r e  

The effect of particle 

Table 8 

COMPUTED RESULTS FOR THE REACTION OF ZIRCONIUM SPHERES WITH ROOM-TEMPERATURE WATER 

(APwlP 0.5) 

Sphere 
Diameter, 

cm 

0.21 
0.21 
0.21 
0.21 
0.21 
0.21 
0.21 
0.105 
0.105 
0.105 
0.105 
0.052 
0.052 
0.052 
0.052 
0.026 
0.026 
0.026 

Initial Metal 
Temperature Initial 

Physical 
State 

Solid 
Solid 
Solid 

5@% Liquid 
Liquid 
Liquid 
Liquid 

Solid 
Liquid 
Liquid 
Liquid 

Solid 
Liquid 
Liquid 
Liquid 

Liquid 
Liquid 
Liquid 

Peak Metal 
Temperature, 

C 

1470 
1600 
1852 
1852 
1852 
2127 
2627 
1852 
1930 
2127 
2627 
1852 
2280 
2300 
2627 
2730 
2730 
2730 

Time for Reaction 
to Reach Onehalf  

of Final Value, 
SeC 

0.15 
0. n 
0.24 
0.39 
0.48 
0.52 
0.53 
0.14 
0.20 
0.19 
0.19 
0.057 
0.086 
0.086 
0.085 
0.070 
0.070 
0.070 

Time to 
Cool to 

1500 K (1227 C), 
SeC 

0.55 
0.79 
1.01 
1.24 
1.49 
1.68 
1.74 
0.48 
0.67 
0.68 
0.69 
0.21 
0.28 
0.28 
0.28 
0.11 
0.11 
0.11 

Final 
Extent of 
Reaction, 

96 

2.25 
3.83 
5.45 
7.4 
9.2 
10.3 
10.8 
10.8 
14.8 
15.3 
16.1 
16.6 
27.8 
28.5 
29.6 
54.5 
54.7 
54.8 

Computed resu l t s  for final extent of reaction a r e  plotted a s  a 
function of initial metal  temperature  in F igure  24. 
fo r  runs in room-temperature  water a r e  included. 
e te r  s corresponding to experimental  points a r e  also indicated. 
comparison shows that the experimental  points a r e  reasonably consistent 
with the computed resu l t s .  

Experimental  points 
Mean particle diam- 

The 

. . . .-. c 



Figure 22 

COMPUTED REACTION AND TEMPERATURE FOR 
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Figure 24 

COMPARISON OF COMPUTED AND EXPERIMENTAL 
REsuLrs OF ZIRCONIUM RUNS IN ROOM- 

TEMPERATURE WATER 
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Computed resu l t s  in room-temperature  water were relatively 
independent of initial metal  temperature  when the metal  was fully melted 
initially, jus t  a s  they were  in the case  of heated water .  It was therefore  
advantageous to compare the experimental  points with resu l t s  computed 
for the case  of fully melted metal  initially a t  the melting point. 
par i son ,  shown in Figure 3 ,  shows excellent agreement.  The experimental  
points corresponding to runs in which the specimen wi re s ,  ei ther 30 o r  
60 mils  in diameter (equivalent spherical  diameters  of 0.105 and 0.21 c m ) ,  
were  not fully melted would be expected to fall below the theoretical  curve.  

The com- 

0 . 6 L  

0.4 

3 .  Comparison of Computed Reaction Rates with Experimental  

/-- - 
I 
I 

-1 
/ 4 8 2 c a l / g m  

P r e s s u r e  Traces  

0.2 

Experimental  p r e s s u r e  t r aces  (see Figure 2)  a r e  replotted in 
F igure  25 along with computed extent of reaction v s  t ime curves.  
computed curves were  obtained with values of initial metal  temperature  
and par t ic le  diameter s imilar  to those of the experiment.  The computed 
and experimental  ra te  curves  a r e  s imilar  in character  when the reaction 
has  the slow p r e s s u r e  rise. 
r a t e s  were  more  rapid than computed r a t e s .  
discussed in detail in a previous section. 

The 

Reactions having explosive p r e s s u r e  r i s e  
The reasons for this were 
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VI. DISCUSSION O F  RESULTS AND COMPARISON 
WITH PREVIOUS STUDIES 

The combined experirnental and theoretical  study of the zirconium- 
water  reaction has  shown which chemical and physical p rocesses  a r e  
important to the course  of the overal l  reaction and which a r e  of secondzry 
influence, 
tained by previous investigators.  

The resu l t s  will be shown to be fully consistent with those ob- 

A. Reaction Scheme 

Molten zirconium droplets coming into sudden contact with liquid 
water  reac t  very rapidly but to a negligible extent ( l e s s  than 0 .2  percent  
reaction) before the reaction ra te  becomes l imited by a process  of gaseous 
diffusion. This  limitation a r i s e s  f r o m  the formation of a gaseous bubble 
surrounding each particle.  
through the steam-hydrogen bubble toward the meta l  droplet  and for  hydro- 
gen to diffuse away f rom the metal. 
quasi-steady-state process .  An unreasonably la rge  bubble would resu l t  
f rom the continuous accumulation of hydrogen. Calculations of the minimum 
diffusion r a t e s  to a sphere gave init ial  reaction r a t e s  lower than those ob- 
tained f r o m  extrapolations of the parabolic ra te  law. As the oxide layer 
thickens, the react ion ra te  given by the parabolic law decreases  until it 
becomes the slowest s tep in  the reaction. 
cooling and quenching of the reaction. 

It i s  necessary  for  water  vapor to diffuse 

The diffusion process  appears  to be a 

This inevitably resu l t s  in rapid 

A highly simplified mathematical  model of the reaction was formu- 
lated and solutions were  obtained on an analog computer.  
simplifying assumptions were  used in  setting up the equation. 
anticipated that the computer  solutions would represent  the nominal be- 
havior of hot zirconium spheres  in  water  with a minimum of complication. 
Most of the simplifying assumptions would resu l t  in  uncertainties only a t  
high percentages of reaction. 

A number of 
It was 

The principal assumptions were:  

1. 

2. 

3 .  

4. 

use of the simple parabolic ra te  law for  spherical  geometry;  

assumption of constant par t ic le  radius throughout reaction; 

assumption of constant specific heat and density of the par t ic le ;  

approximate formulation of the tempera ture  drop a c r o s s  the 
oxide film. 

The wide range of agreement  between calculated and experimental  
resu l t s  (e.g., s ee  F igure  3 )  indicated that the e r r o r s  introduced by the 
simplifying assumptions were probably no g rea t e r  than the experimental  
unc e r ta i  ntie s 
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It was assumed implicitly that the oxide shell  would not shat ter  
and separate  f rom unreacted metal  a s  a resu l t  of the rapid temperature  
changes occurring during reaction. This assumption seems justified in 
view of the spherical  charac te r  of par t ic les  and the uniformity of the oxide 
films. 

B. Total Extent of Reaction 

The total extent of reaction of zirconium spheres  suddenly brought 
into contact with water  was found to depend pr imari ly  on the water tem-  
perature  and the sphere diameter.  The dependence was expressed i n  Fig-  
u re s  3 and 9. The theoretical  curves  a r e  replotted in  Figure 26 .  A s imi la r  
curve was prepared  in  the Aerojet  s tud ie s . ( l l )  In that work, the particles 
produced by dumping a quantity of molten zirconium into water followed by 
dispersion with a blasting cap were s ized and the extent of reaction of each 
particle determined. 
approximately by assuming that oxidation occurred  to a depth of 2 5  p on 
each particle.  The extent of reaction corresponding to 25-p reaction i s  
compared with the theoretical  curves  in  Figure 26. 
good agreement  with the theoretical  curve for room-temperature  water.  
This i s  to be expected, since the Aerojet  work was c a r r i e d  out in room- 
temperature  water.  A curve based on 60-p reaction i s  also plotted in  Fig-  
u re  26 and shows limited agreement  with the theoretical  curve for heated 
wate 1'. 

It was concluded that the resul ts  could be represented 

The 2 5 - p  curve i s  in  

, 

, 
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The falling drop experiments reported by Battelle(14) used 0.2-in, 
(5000-p) Zircaloy-2 droplets.  
tween 24 and 68 p (corresponding to 2.7 and 5.8 percent  reaction) i r r egu-  
la r ly  a s  the water  tempera ture  was var ied between 92 and 200 F. 
values a r e  a lso in agreement  with Aerojet  data and with the resu l t s  of the 
p r e  sent  study . 

The thicknesses of oxide layer  var ied be-  

These 

Argon 
P r e s s u r e ,  

psia  

The resu l t s  of Milich and King(6) a r e  a l so  consistent with those of 

Their  resu l t s  a r e  more  
the present  study. 
various conditions of temperature  and p res su re .  
difficult to compare quantitatively because the effective par t ic le  s izes  were  
uncertain and because the specimens were  heated for  a period of 6 to 8 sec  
in contact with water  vapor. Their  resu l t s  a r e  summar ized  briefly in 
Table 9. The large differences between reaction in room-temperature  
water and heated water  were  probably due to the reaction of s team with the 
samples  while they were  being heated. The reaction of zirconium with 
water  vapor in a gaseous environment would a l so  be controlled in large 
measu re  by gaseous diffusion. 
par t ia l  p r e s s u r e  of water  vapor and would increase  as indicated in  Table 9 .  
It might be assumed that when iner t  gas was present  very  little reaction 
occurred  before the sample WELS dropped into the water .  The 1.3 to 2.6 p a r -  
cent reaction in room tempera ture  water  would then be reasonable for  
ra ther  large par t ic les .  

They dropped batches of molten meta l  into water  under 

The reaction ra te  would depend on the 

ml ~ , / g  Z r  70 Reactionb 

Table 9 

200- 1000 
15 
0 
0 
0 

ZIRCONIUM- WATER REACTION STUDIES” 
by Milich and King(6) 

6.7-7.8 1.3-1.6 
8.2- 12.6 1.7-2.6 
28-29 5.7-5.9 

110-130 22-26 
280 57 

- 
Water Vapor 

psia  

0. 5c 
0.5C 
0.5C 

750 

Pressure,  

40-280 

a F r o m  2 to 10 g of molten zirconium at -1852 C were  
dropped into 130 nil of water  in  a 1400-ml chamber .  

bComplete reaction corresponds to 491.2 ml HJg Z r .  
C Room - t e mpe r a tur  e w at e r . 

C. Conditions for  Explosive Reaction 

The existence of explosive reaction r a t e s  was shown to depend on 
the large increase  of gaseous diffusion r a t e s  when par t ic les  a r e  in  rapid 
motion. Rapid self -propulsion and the resulting explosive reaction r a t e s  



54 

were  found to occur  with par t ic les  sma l l e r  than about 1 mm in heated 
water  and 0.5 mm in room-temperature  water .  
experiment  with 30- and 60-mi l  wire  specimens generates  par t ic les  
sma l l e r  than 1 mm when the e lec t r ica l  energy is sufficient to mel t  the 
specimens fully. Explosive reactions,  therefore ,  appeared in heated water  
at tempera tures  as low a s  the melting point, Other experimental  methods,  
such a s  the Battelle falling-drop s tudies , ( l4)  did not indicate explosive r e -  
actions at tempera tures  nea r  the melting point because their  droplets were  
l a rge r  than 1 mm. 

The condenser-discharge 

The condenser-discharge experiments  in  room-temperature  water  
did not indicate explosive react ions nea r  the melting point, presumably 
because the par t ic les  produced in these runs were  l a rge r  than 0.5 mm in 
diameter .  Explosive runs were  encountered when the initial meta l  t em-  
pera ture  was ca.  2600 C .  The f i r s t  oxide to f o r m  on par t ic les  a t  this 
tempera ture  would be molten,* and it s eems  likely to suppose that rapid 
subdivision of par t ic les  could occur  under these conditions. Average 
par t ic le  s izes  of the explosive runs were  subsequently found to be lower 
than those of nonexplosive runs.  
l a rge  quantities of molten zirconium could rapidly subdivide, giving r i s e  
to an explosion, i f  the bulk of the me ta l  reached 2600 C. 

This behavior suggests that even very 

The Aerojet  s tud ies ( l2)  provide a seeming exception to the rule that 
par t ic les  sma l l e r  than 0.5 mm (500 p) will  r eac t  violently, even a t  t em-  
pe ra tu res  a s  low as the me ta l  melting point (1852 C). Although the average 
par t ic le  s i zes  of many of the explosion dynamometer runs were  between 
300 and 400 p ,  they concluded that explosive reactions occur red  when the 
tempera ture  reached 2400 C ,  An examination of their  resu l t s ,  however, 
indicates that  many violent explosions (as  judged by the repor ted  values of 
peak p r e s s u r e ,  p r e s s u r e  r i s e  ra te ,  total  impulse,  work, and overa l l  ex- 
plosion efficiency) occur red  at init ial  me ta l  t empera tures  below 2400 C. 
The mos t  violent run, a s  judged by the efficiency, occu r red  a t  an initial 
me ta l  t empera ture  of 1950 C .  
3 3  percent  reaction, occu r red  with meta l  at 1945 C. 

The mos t  extensive reaction of the s e r i e s ,  

Do Discussion of Parabol ic  Reaction 

The parabolic ra te  law was found to be consistent with condenser- 
discharge data and with 2 previous i so thermal  studies of the react ion 
ra te .  
determining s tep of a metal-gas  reaction is a solid-state diffusion process  
occurr ing within the b a r r i e r  film. It i s  not surpr i s ing ,  then, that  there  is 
no s h a r p  changein the react ion r a t e  corresponding to the melting point of 
of the metal .  The photomicrographs shown in F igure  11 indicated that the 
oxide is very tenacious and survives  rapid quenching to room temperature .  
It i s ,  therefore ,  evident that  the oxide shel l  i s  an effective container for  the 
molten metal ,  so  that there  is no sha rp  change in the charac te r  of the r e -  
action corresponding to meta l  melting. 

The parabolic ra te  law is usually taken a s  evidence that the ra te -  

~ ~~ ~ 

*The melting point of ZrOz is 2700 C ,  

0 

n 



It i s  interesting to compare the metal-water  reaction with the meta l -  
The zirconium-oxygen reaction was reported by 

to follow the cubic ra te  law between 400 and 900 C. 
oxygen reaction. 
P o r t e  - -  e t  
activation energy for  the oxygen reaction was 42.7 kcal/mole, which com- 
pa res  closely with the value of 45.5 kcal/mole obtained for  the zirconium- 
water  reaction. 
processes  a r e  involved in both reactions.  
with water  and with oxygen in one min, 10 min, and 100 min a t  1000 C art: 

a s  follows: 

The 

The s imilar i ty  suggests that  the same  solid-state diffusion 
The amount of zirconium reacting 

Reaction, mg Zr/sq c m  - 
1 nnin 10 min 100 min -- 

Z r  to, 4.0 8.6 18.6 
Z r  t H20 5.6 17.6 55.6 

The comparison fur ther  emphasizes  the s imilar i ty  of the 2 reactions.  
g rea t e r  tendency of zirconium to ignite in oxygen is due to the l a rge r  hea.t 
of reaction and the absence of a gaseous-diffusion b a r r i e r .  

The 

A r ecen t  study of zirconium burning in oxygen-nitrogen mixtures  
showed that the oxide film retained its protectiveness up to the oxide mel t -  
ing point of 2700 C.(33) 
and 8 reach well  above 2700 C for  small par t ic les .  
calculations depends upon the validity of the parabolic r a t e  law a t  t empera-  
t u re s  where the oxide is molten. 
unchanged under these conditions. 
oxide i s  an effective b a r r i e r  to the reaction and that the reaction ra te  would 
be descr ibed by an equation very s imi la r  to the parabolic law with only 
moderate changes in the values of the constants. The protectiveness of 
molten oxide is evidenced, experimentally,  by the fact  that  meta l  heated 
above 2700 C is not completely reac ted  unless the par t ic les  a r e  very small .  

Computed peak meta l  t empera tures  given in Tables 5 
The accuracy of these 

It s eems  unlikely that the ra te  law remains  
It is  likely, however, that  the molten 

E. Burning of Metal Vapor 

Calculated peak meta l  t empera tures  for  par t ic les  sma l l e r  than 
520 p in heated water  reached above 3800 C, which is 200 C above the 
es t imated  normal  boiling point of zirconium.(31) It s e e m s  likely that a 
meta l  vapor reaction would be involved under these ex t r eme  conditions. 
Calculated reaction, ignoring meta l  vaporization, exceeds 70 percent  
under these conditions, so that it makes little prac t ica l  difference whether 
vaporization is involved o r  not. 

It is more  important to determine whether a vapor-phase ignition 
can occur  a t  lower tempera tures  and lead to a self-sustained combustion 
a s  suggested by Epstein.(24) 
reaction i s  initiated when the rnetal vapor p r e s s u r e  reaches  0.15 mm, 

Epstein has  suggested that an explosive 



which corresponds to 2700 C f o r  zirconium. 
for  zirconium, uranium, aluminum, and seve ra l  alkali metals .  The data 
quoted for  zirconium a r e  the Aerojet  studies,  which were  interpreted a s  
showing a c r i t i ca l  ignition tempera ture  of 2400 C, and the studies in room- 
tempera ture  water  descr ibed in this report ,  which showed an apparent 
ignition tempera ture  of 2600 C, The questionable nature  of the in te rpre ta -  
tion of the Aerojet  data has  a l ready been discussed. 
heated water  showed a much lower apparent ignition temperature  which, 
moreover ,  was not influenced by the total  p r e s s u r e  between values of 
10 to 1500 psi .  
would be expected f o r  a vapor-phase-initiating reaction. 

His evidence is based on data 

In this study, runs in 

The resu l t s  with heated water  a r e  jus t  the opposite of what 

Another factor which mitigates against  a vapor-phase-initiating r e -  
action below 2700 C i s  the strength and impermeabili ty of the oxide coating. 
Metal vapor p r e s s u r e s  of the o r d e r  of a fraction of a mil l imeter  would not 
be sufficient to breach  the oxide shell, especially against  a higher ambient 
p re s su re .  The cha rac t e r  of the residue f rom the reaction was not sugges- 
tive of vapor-phase burning. The oxide residue was neither highly porous 
nor  very finely divided. Highly porous residue resul ts  from the combustion 
of aluminum in water , (34)  The finely divided cha rac t e r  of MgO smoke r e -  
sulting f r o m  the burning of magnesium in air is  well  known. Both of these 
reactions a r e  believed to occur  by a vapor phase reaction,(34935) 

A principal argument  used by Epstein in favor of vapor-phase- 
initiating reactions concerns the behavior of aluminum. 
to be no reason  to believe that zirconium mus t  behave in  the same  way a s  
aluminum does. 
higher than the boiling point of aluminum. 
zirconium that burns in oxygen-enriched a i r  does not smoke and appears  
to oxidize in the solid ( o r  liquid) s ta te  a t  t empera tures  above 2700 C, 

There  would seem 

The boiling point of zirconium, ca,  3600 C, (3 l )  i s  1300 C 
Harr ison(33)  has  shown that 

It is of i n t e re s t  to consider  why zirconium does not burn via a 
vapor-phase reaction even a t  very  high tempera tures .  Vapor-phase burn-  
ing of liquid hydrocarbon droplets has  been studied extensively. It has  
been determined that the rate-determining s tep is the ra teof  heat  t r ans fe r  
f r o m  a gaseous flame zone to the liquid droplet,(36) 
ra te  mus t  be sufficient to supply the heat  of vaporization of the fuel in  
o r d e r  to sustain the combustion. 
the boiling point corresponding to  the ambient p r e s  sure .  
of the flame zone must  then be considerably higher in o r d e r  to provide a 
driving force  fo r  heat  t ransfer .  
react ion would reach  a tempera ture  of about 3600 C a t  one a tm,  A tem-  
pera ture  of the flame zone well  above 4000  C would be requi red  for  sus-  
tained reaction. I t  s e e m s  very  unlikely that such a tempera ture  could be 
maintained in contact with liquid water .  
vaporization would r e su l t  in  cooling. 

The heat t r ans fe r  

The tempera ture  of the droplet  approaches 
The tempera ture  

Liquid zirconium burning by a vapor-phase 

It is more  likely that l imited 
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It i s  tacitly assumed by Epstein that a vapor-phase reaction wou1.d 
be very fast. 
sequent diffusion of fuel into the flame zone a r e  by no means instantaneclus 
processes .  
equation( 37) : 

It should be pointed out that droplet vaporization and the sub- 

The burning of fuel droplets i n  a i r  is descr ibed by the following 

D i  - D2 = Ct , 

where D is the diameter  of the droplet remaining a t  t ime t, Do is the original 
droplet  diameter ,  and C is a constant. 
1.0 sq mm/sec for  motor  gasoline in  700  C air. 
one sec  to consume a droplet only one mm in diameter ,  
ra te  i s  r a the r  slow compared with some of the reaction r a t e s  experienced 
in  this study. 

The constant has  a value of ca .  
It therefore  requi res  

Such a burning 
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VII. APPLICATION TO REACTOR HAZARDS ANALYSIS* Q 
A detailed analysis  of the ro l e  of z i rconium-water  react ions in a 

hazards  analysis  depends a g r e a t  dea l  on the exact fea tures  of the par t icu-  
lar r eac to r  under consideration. It i s  n e c e s s a r y  to s ta te  the conditions of 
a postulated accident before  definite calculations of the extent and r a t e  of 
react ion can be attempted. 
ever ,  should make such calculations m o r e  definite and rel iable  than 
heretofore .  
(a) those in which the zirconium in the c o r e  o r  cladding r ema ins  intact  
during the accident,  and (b) those in which i t  i s  mel ted.  

The r e s e a r c h  descr ibed  in this r epor t ,  how- 

Postulated r eac to r  accidents a r e  divided into two groups: 

A. Est imat ion of Zirconium- Water Reaction when Cladding Remains Intact  

The ana lys i s  of a react ivi ty  o r  a loss-of-coolant accident r e su l t s  
in a determinat ion of the anticipated t empera tu re -  t ime curve experienced 
by each  p a r t  of the r eac to r .  
cladding will not be  melted,  i t  i s  possible  to  es t imate  the extent of meta l -  
water  react ion by d i r ec t  integration of the r a t e  l a w  over the t empera tu re -  
t ime path of the excursion. 
generated by the meta l -water  react ion i s  sufficient to cause  a revis ion of 
the or iginal  es t imate  of the t empera tu re - t ime  h is tory  of the accident.  This  
kind of an  analysis  was d iscussed  in Ref. 38. A m o r e  comprehensive study 
of the loss-of-coolant  accident was repor ted  by Owens e t  al.(22) In this  
study, the parabol ic  r a t e  law deduced f r o m  the Battelle da ta ( l4)  was inte- 
gra ted  simultaneously with equations descr ibing the r e s idua l  decay heat. 
It was shown that a se r ious  loss-of-coolant accident can lead to gradual  
self-heating and eventual melting of z i rconium-clad fuel e lements .  

If i t  can be determined that the zirconium 

It can then be determined whether the heat 

Simple e s t ima tes  of the extent of react ion can be made f r o m  t ime  

A 
a t  t empera tu re  considerat ions.  
r a t e  law at a s e r i e s  of m e t a l  t empera tu res  a s  expressed  in F igure  27-  
z i rconium o r  Zi rca loy  tube, for  example,  would be expected to r e a c t  to 
a depth of 5 m i l s  if maintained a t  the melting t empera tu re ,  1852 C, fo r  
10 sec .  If the total  thickness  of the m e t a l  were  20  mi l s ,  this would c o r r e -  
spond to  25% react ion.  
f i r s t  oxide which would f o r m  a t  lower t empera tu res ,  would tend to  pro tec t  
the sur face  f r o m  rapid react ion a t  higher t empera tu res .  
the reac t ion  would not be controlled by gaseous diffusion a t  any t ime under 
these conditions because of the s lower reac t ion  r a t e s  allowed by the parabolic 
r a t e  law during the warm-up period.** 

This is facil i tated by the solution of the 

Such a s imple es t imate  would be high because  the 

It i s  l ikely that 

*This discussion i s  of a p re l imina ry  nature;  work in this a r e a  i s  
continuing. 

**This would be t r u e  in a water  o r  a s t e a m  environment;  a diffusion 
l imitation would occur in a s t e a m  environment containing ine r t  gas .  

n 
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The calculation procedures  outlined above might a l so  be valid if the 
reac tor  calculations indicated that the clad will r each  tempera tures  only 
slightly above the melting point because of the high surface tension of the 
molten me ta l  and the tendency of the oxide fi lm to support  and contain the 
molten metal .  This would be t rne  only if the clad were not subject to ex- 
cessive mechanical forces  during this t ime.  

It should be emphasized that the heat of fusion cannot be neglected 
in any t rans ien t  calculations involving zirconium. 
of zirconium i s  equivalent to  the heat needed to  r a i s e  the tempera ture  01: 
the molten me ta l  over 600 C. 
v e r y  s t ra teg ic  position in relation to  react ion r a t e s  and cooling r a t e s  in 
t ransient  calculations. 

The latent heat of fusion 

The melting tempera ture  i s  located a t  a 

B. Estimation of Zirconium-Water Reaction when Cladding is Melted 

When calculations of a postulated r eac to r  accident indicate that the 
cladding will be melted,  i t  becomes n e c e s s a r y  to consider what par t ic le  
s izes  will be produced and a t  what point in the heating cycle the par t ic les  
will separa te  f rom the bulk of the cladding. 
formed, i t  should be possible to determine the i r  fate, by means  of concepts 
developed in the previous chapters .  Molten par t ic les  formed f rom a par t ly  
oxidized plate o r  tube would v e r y  likely have a surface consisting of f r e s h  
metal .  If they then enter  a water environment, it is reasonable  to  suppose 
that they will r eac t  to the same extent as par t ic les  formed in the condenser-  
discharge experiment.  
cooling to the water tempera ture  will then be given by the theoret ical  curves  
in Figure 26. 

Once molten par t ic les  a r e  

The reaction experienced by each par t ic le  before 
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There  appears  t obe  no theoretica ' lapproach to the problem of predict-  
ing what par t ic le  s izes  will be produced during a meltdown.* It i s  necessa ry  
to r e s o r t  to experiment.  
TREAT by Liimatainen -- e t  al.(2) In these studies,  sma l l  fuel pins a r e  exposed 
to an intense neutron bu r s t  in a water environment in TREAT. The nature  
of the fuel element damage, including the par t ic le  s ize  distribution, i s  de t e r -  
mined. 
metal-water  react ion a r e  a l so  determined. 

Experiments  of this s o r t  have been conducted in 

The t ransient  tempera ture  and p r e s s u r e  and the total  extent of 

29 30 49 

1. ComDarison with TREAT Studies 

Size 
Group, 
mils  

The method of estimating the total  extent of zirconium-water 
react ion developed in previous chapters  was applied to 4 runs  performed 
in the TREAT reac tor .  
Zircaloy-2-clad fuel pins.(2) Per t inent  data for the r u n s ,  including the 
par t ic le  s ize  distribution, a r e  given in Table 10. 

The 4 TREAT runs  were  made with ceramic-core ,  

Table 10 

IN-PILE METAL-WATER EXPERIMENTS IN TREAT 
(Room-temperature water) 

Core material:  mixed oxide (composition, w/o: 81.5 Z r 0 2 ,  

Z r - 2  (20 mi l s  thick) 
9.1 CaO, 8.7 U,O,, 0.7 A1,0,) 

Clad material:  
Overall  diameter:  0.38 in. 
Overall  length: 1.05 in. 

Theoretical Percent  
Reaction for Each 

Size Groupa 

I CEN Transient 

Mw-sec burst  
Period, msec  
Energy, cal/g of oxide core 

320 
60 

30 1 
63 

362 

648 
50 

6 10 

Par t ic le  Diameter - Reaction Data 

1-4 
4-8 
8- 16 

16-32 
32-64 
64- 128 

128-256 
256-512 

70 
60 
46 
28 
14 
9 
6 

Par t ic le  Size Distribution,b W/O 

0.0005 
0.01 
0.2 
2.1 

11.2 
22.3 
64.3 

0 

0.0002 
0.024 
0.10 
3.0 
9.7 

27.8 
59.4 

0 

0.1 
1.3 
6.5 
2.0 

12.8 
77.3 

0 
0 

0.03 
0.2 
2.8 

15.2 
25.2 
57.6 

0 
0 

Percent  of Metal Reacted with Water 

Calculated 
- Experimental  I 0.u 

aData taken f rom Figure 26 

bParticle s ize  distribution for total sample (metal  and oxide). 

Q 

~ 

* L. F. Epstein has  a l so  reached this conclusion.(2 1, 



The est imated extent of react ion for each  par t ic le  s ize  group was obtained 
f r o m  analog computer result:; for runs  in room-tempera ture  water  (given 
by the lower solid curve in F igure  26)  and i s  given in the table. 
pated react ion of each  par t ic le  s ize  group was then summed to give an 
es t imate  of the overa l l  extent of react ion.  The calculated values  a r e  com- 
pared  in the table with experimental  values  obtained by a determination of 
the hydrogen generated by the reaction. 
experimental  values  ag ree  accura te ly  for  2 of the runs ,  but deviate fo r  the 
highest and lowest energy runs .  

The antici-  

The calculated values  and the 

The amount of react ion occurr ing before  the cladding was 
melted was ignored in this calculation. 
pe ra tu re  went f r o m  1000 C, a t  which significant react ion might begin, to a 
fully mel ted s ta te  in l e s s  than 0.2 sec .*  This would r e su l t  in an  oxide layer  
thickness of a fract ion of a mil ,  which would correspond to  only one o r  two 
percent  meta l -water  react ion,  since the or iginal  cladding was 20 mi l s  in 
thickness.  
in fast t rans ien ts  where there: i s  extensive par t ic le  formation and consider-  
able reaction. 

It i s  likely that  the fuel pin tern-. 

I t  i s  l ikely that react ion occurr ing before  melting can be ignored 

Some of the par t ic les  formed in the TREAT runs  were  in the 
s ize  range  that would be predicted to be explosive on the bas i s  of the labo- 
r a t o r y  data.  No explosive p r e s s u r e  r i s e s ,  however, were  observed in the 
TREAT runs  r e f e r r e d  to in Table 10. 
fo rmed  over a period of t ime so  that, although each  par t ic le  sma l l e r  than 
0.5 mm (19.7 m i l s )  would be rapidly consumed, the overa l l  react ion would 
be relat ively slow. An es t imate  of the react ion r a t e  could be obtained if it 
were  a s sumed  that the r a t e  of' formation of par t ic les  was identical  to  the 
r a t e  of m e t a l  melting. 

This suggests  that the par t ic les  were  

2.  Reactions with Uranium- Zirconium Alloys 

Discussions have thus far been l imited to z i rconium and 
Zi rca loy  alloys.  Uranium-zirconium alloy fuels consti tute a fundamentally 
different ca se  for 2 reasons .  
r a t e  law a r e  different for  these  alloys because of the g r e a t e r  react ivi ty  of 
uranium. It might be assumed,  as  a f i r s t  approximation, that  the r a t e  1a.w 
found for pure  zi rconium applies to  z i rconium-r ich  alloys.  
r a t e  of z i rconium with oxygen was inc reased  on1 
3.5 a/o uran ium was alloyed with the zirconium.r32) The react ion,  however, 
experienced a breakaway to  a m o r e  rapid l inear  react ion a f te r  ca. 7.5 mg  
Zr/sq c m  react ion at 700 C. 
0.005 mg  Zr/(sq cm)(min).  

F i r s t ,  i t  is l ikely that  the constants of the 

The react ion 
slightly when up to  

The r a t e  of post-breakaway react ion was 

*Heating r a t e s  were  est imated to be about 8000 C/sec in these  
studies 
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The second important difference between accident calculations 
for zirconium compared with those for zirconium-uranium alloys i s  the 
fact  that uranium-bearing par t ic les  continue to be heated by the neutron 
field af ter  separating f rom the fuel element. 
par t ic les  r equ i r e s  the insertion of an additional heat-generation t e r m  in 
Equations 25 and 26, Chapter IV. This t e r m  would include an expression 
for the t ransient  value of the neutron flux and the uranium enrichment,  and 
c lear ly  would be specific for a par t icular  accident situation. Methods for  
including the fission heating t e r m  in metal-water  reaction calculations 
were  discussed by Liimatainen et ,1.(39) These studies a r e  continuing in 
connection with TREAT meltdown studies.  

Calculation of the fate of such 

3. Effect of Water Temperature  and Total P r e s s u r e  

The quantitative methods used to formulate the effect of water 

- -___-- 

t empera ture  and iner t  gas  p r e s s u r e  on r a t e s  of gaseous diffusion were 
semi-empir ical .  
a r e  not well understood,* and no simple relationships existed which could 
be applied to the case  a t  hand. 
2 dist inct  cases .  Slower r a t e s  occurred  in room-tempera ture  water with 
o r  without one atm.of iner t  gas .  
t empera ture  was between 90 and 315 C with o r  without 2 a t m  of iner t  gas .  
Agreement between calculated and experimental  r e su l t s  was obtained in 
the case  of heated water when the water vapor p r e s s u r e ?  driving diffusion, 
was se t  equal to the total  p r e s s u r e  ( A P w / P  = 1). 
in the room-tempera ture  case  when the ra t io  A P w / P  was se t  equal to 0.5.  
The la t te r  was taken to mean, physically, that about one-half of the water 
at the water-water  vapor interface,  adjacent to reacting par t ic les ,  reached 
the boiling point while one-half remained a t  the bulk water temperature .  
These assumptions were  sufficient t o  explain the r e su l t s  of this study. 
is of in te res t  to  extend these assumptions to cases  not studied experimen- 
tally, even though the conclusions mus t  be considered speculative. 

Heat t ransfer  and diffusion effects in subcooled liquids 

Experimentally? there w e r e  found to  be 

F a s t e r  r a t e s  occurred when the water 

Agreement was obtained 

It 

The assumption can be expressed  as follows: 

0.5 (Vapor P r e s s u r e )  t 0.5 (Total  P r e s s u r e )  
Total P r e s s u r e  

Diffusion Rate 

The predicted ra t ios  for a number of cases  a r e  calculated in Table 11. 
Cases  which would appear to  have values intermediate  between 0.5 and 
1.0 were  bes t  descr ibed by the heated water calculation ( A P w / P  = 1). 
would therefore  be logical to consider molten zirconium in an operating 
PWR to have the maximum possible diffusional react ion r a t e .  A BWR 
would be subject to the m o r e  rapid r a t e s  of gaseous diffusion throughout 
most  of the s tar tup period, a s  well as during operation. 

It 

*It should be  noted here that the very large heat transfer coefficients usually associated with subcooled 
boiling(40) are not realized when a metal-water reaction is in progress. Hydrogen generated by 
reaction stabilizes a thick boundary film, preventing the formation of the very thin and violently 
agitated film that is characteristic of metal  quenching in cold water, 
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Table 11 

ESTIMATION O F  RELATIVE RATES O F  GASEOUS DIFFUSION FOF: 
VARIOUS WATER TEMPERATURES AND TOTAL PRESSURES 

Saturated Relative 

P r e s  su re ,  Gaseous 
Diffusion 

Equivalent Case 

5 

25 

15 

20 

40 

30 

1500 

This Study 

0.55 

0.51 

0.52 

0.88 

0.69 

0.75  

1.00 

Room-temp Water Run, af ter  

Room-temp Water Run, af ter  

Room-temp Water Run, wii:h 

770 Reaction 

3570 Reaction 

Added Argon 

Heated- water Run, af ter  

Heated-water Run, a f te r  

Heated- water Run, with 

770 Reaction 

35% Reaction 

Added Argon 

Heated-water Run, a t  Highest 
P r e s  s u r e  

Typical Boiling Water Reactor  

Cold Reactor ,  P a r t i a l  Vacuum 

During Warm-up 

283 1000 1000 1.00 Operating 

Typical F’res sur ized  Water Reac tor  

25 ~ - - - ~ ~ - ” -  0 . 5 1 -  

100 2000 0.50 During Warm-up 

283 1000 2000 0.75 Operating 
-__ - 

The mos t  uncertain c a s e  is the PWR during warm-up,  during 
which a v e r y  l a rge  total  p r e s s u r e  i s  applied while the water  is s t i l l  re la t ively 
cool. The possibil i ty ex is t s  that  the re la t ive  diffusional r a t e  might be lower 
than 0.50. The data  of Milich and King ( see  Table 9)  would tend to make this  
unlikely. Their  r e su l t s  indicated that l a rge  p r e s s u r e s  of iner t  g a s  were  no 
m o r e  effective in suppressing react ion than was one atm of ine r t  gas .  Their  
r e su l t s  consti tute important  verification of the s imple formula  given fo r  
diffusion r a t e .  

crs 
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X. APPENDICES 

Appendix A 

EXPERIMENTAL DATA TABLES 

Numerical resu l t s  of the condenser-discharge studies of the 
zirconium-water reaction a r e  given in Tables A1 through A4. The 
energy input is the e lec t r ica l  energy given to the specimen wi re s  by 
the discharging condensers.  Metal t empera tures  were  calculated on 
the basis  that the energy addition occurred  adiabatically. The vapor 
p r e s s u r e  of water  was measured  in some cases  and obtained f r o m  meas#- 
urements  of water  temperature  in o thers .  The percent  reaction was ca1.- 
culated f r o m  a determination of the quantity of hydrogen generated by the 
reaction, assuming that zirconium dioxide ( Z r 0 2 )  was  the only solid 
product formed and that no hydrogen was retained by the residue.  Sauter 
mean par t ic le  d iameters  were  measured  by an  optical method. Equivalent 
par t ic le  d iameters  a r e  given for  those specimens which remained intact 
o r  were  in the f o r m  of a dis tor ted wire .  The equivalent par t ic le  s izes  
a r e  the d iameters  of spheres  that would have the same surface-to-volurne 
rat io  a s  the original wi re .  
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Calc Metal Pressure 
Temp, C, of Added Energy 

R u n  Input, 
callg 

and Physical Argon, 
State psi 

Table A1 

RUNS WITH 60-MIL ZIRCONIUM WIRES IN  ROOM-TEMPERATURE WATER 

Appearance 
of 

Residue 

Mean 
Percent Particle 
Reaction Diameter. 

P 

237 142 1700 5.1 
235 158 1852, 10% Liquid 10.5 

I. No Ine r t  Gas: Vapor Volume 40 cc 

-a Intact 
-a Distorted Wire 

32 
23 
13 

192 
22 

193 
24 
28 
27 

202 
2 6  
25 
52 

197 
26 
29 
14 
15 
18 
30 

228 
31 
42 
20 
19 
16 
40 
41 
17 
39 
21 
53 
37 
35 
34 
36 

_a 
_a 
_ a  
-a 

100 
127 
137 
144 
150 
157 
158 
174 
183 
185 
189 
190 
198 
201 
203 
209 
217 
218 
233 
235 
216 
258 
26 9 
275 
276 
284 
290 
294 
2% 
300 
313 
322 
332 
361 
388 
393 

Distorted Wire 
Distorted Wire 
Spherical Particles 
Spherical Particles 

1100, Solid 
1500, Solid 
1600, Solid 
1700, Solid 
1800, Solid 
1852, Solid 
1852, 10% Liquid 
1852, 9% Liquid 
1852, 50% Liquid 
1852, 50% Liquid 
1852. 60% Liquid 
1852, 60% Liquid 
1852. 70% Liquid 
1852. 80% Liquid 
1852, 80% Liquid 
1852. 90% Liquid 
1900, Liquid 
1900, Liquid 
2100, Liquid 
2100, Liquid 
2100, Liquid 
2400, Liquid 
2500, Liquid 
2600, Liquidb 
2600, Liquidb 
2700, Liquid 
2800. Liquidb 
2800, Liquidb 
2900, Liquidb 
2900, Liquidb 
3100, Liquidb 
3200, Liquidb 
3300, Liquidb 
3700, Liquidb 
4100, Liquidb 
4100, Liquidb 

U. 

15 
15 
20 
25 
15 

Io Ine r t  Gas; Vapor 

4.5 
4.2 
7.7 
8.9 
7.9 

0.7 
1.2 
3.9 
2.6 
4.2 
3.7 
5.9 

11.3 
9.9 
8.9 

10.2 
11.2 
7.9 
7.9 
8.2 
9.0 

12.1 
12.6 
14.0 
18.3 
10.9 
24.0 
43.0 
17.1 
39.0 
71.0 
45.0 
50.0 
37.0 
51.0 
52.0 
60.0 
71.0 
50.0 

.,a 
-a 
-a 
-a 
.a 

2140 
2180 
2160 
2300 
2170 
2300 
2060 
2180 
2240 
-a 
-a 

2280 
1740 
-a 

2100 
1500 
1960 
2040 
1500 
940 
.a 
680 
740 
440 
340 
980 
160 
110 
340 
240 
240 
370 
180 
200 
270 
480 

Distorted Wire 
Distorted Wire 
Flattened Pieces 
Flattened Pieces 
Spherical Particles 

i lume 160 cc 

Intact 
Intact 
Intact 
Intact 
Intact 
Intact 
Distorted Wire 
Distorted Wire 
Distorted Wire 
Spherical Particles 
Distorted Wire 
Spherical Particles 
Spherical Particles 
Spherical Particles 
Spherical Particles 
Spherical Particles 
Distorted Wire 
Spherical Particles 
Spherical Particles 
Spherical Particles 
Spherical Particles 
Spherical Particles 
Spherical Particles 
Spherical Particles 
Spherical Particles 
Spherical Particles 
Spherical Particles 
Spherical Particles 
Spherical Particles 
Spherical Particles 
Spherical Particles 
Spherical Particles 
Spherical Particles 
Spherical Particles 
Spherical Particles 
Spherical Particles 

238 
239 
232 
231 

159 
195 
204 
2 6  

1852, 10% Liquid 
1852, 70% Liquid 
1852, 80% Liquid 
2000, Liquid 

5.8 
12.8 

241 
240 
205 
204 
243 

168 
174 
195 
195 
213 

III. Added Arson Gas: Vapor Volume 40 cc 

1852, 20% Liquid 
1852, 30% Liquid 
1852, 70% Liquid 
1852, 70% Liquid 
1852, 100% Liquid 

aMean particle diameter not determined 

bRuns had an explosive pressure r ise 



T a b l e  A2 

RUNS W I T H  3 0 - M I L  ZIRCONIUM W I R E S  IN R O O M  T E M P E R A T U R E  W A T E R  

R u n  

8 5  
86 
71 
8 8  
89 
8 7  
75  
76 
72 

1 0 7  
8 2  
90  

1 0 8  
1 0 6  

8 3  
112  

74 
1 0 9  
1 1 1  
1 1 0  

73  
1 1 3  
1 1 4  

Inpu t  

1 2 4  
1 4 6  
1 4 9  
1 6 0  
1 6 3  
1 6 5  
1 8 0  
1 8 2  
1 9 0  
1 9 8  
214  
214 
231  
232 
2 4  1 
255  
270  
290 
296  
314  
324  
387  
4 8 2  

C a l c  M e t a l  
T e m p ,  C:, 

a n d  P h y s i c : a l  
S t a t e  

1 5 0 0 ,  So l id  
1 7 0 0 ,  So l id  
1 8 0 0 ,  So l id  
1 8 5 2 ,  1 0 %  L i q u i d  
1 8 5 2 ,  1 0 %  L i q u i d  
1 8 5 2 ,  2 0 %  L i q u i d  
1 8 5 2 ,  4070 L i q u i d  
1 8 5 2 ,  4070 L i q u i d  
1 8 5 2 ,  6070 L i q u i d  
1 8 5 2 ,  7070 L i q u i d  
1 8 5 2 ,  1 0 0 %  L i q u i d  
1 8 5 2 ,  1 0 0 %  L i q u i d  
2100 ,  L i q u i d  
2100 ,  L i q u i d  
2 2 0 0 ,  L i q u i d  
2400 ,  L i q u i d  
2500 ,  L i q u i d  
2800 ,  Liquida.  
2 9 0 0 ,  Liquida.  
3100 ,  L iqu ida .  
3 2 0 0 ,  Liquida.  
4 0 0 0 ,  Liquida.  

- , Part V a p o r a  

Per c e n t  
R e a c t i o n  

5 . 9  
1 0 . 0  

8 . 6  
1 3 . 7  
1 2 . 3  
15 .6  
1 2 . 6  
1 6 . 4  
1 1 . 8  
1 3 . 8  
1 8 . 5  
1 9 . 7  
1 4 . 8  
1 8 . 1  
1 4 . 8  
1 5 . 3  
23 .9  
4 3 . 8  
22 .6  
4 5 . 7  
4 4 . 9  
38 .0  
4 9 . 7  

M e a n  
Particle 

D i a m e t e r ,  

P 

1120  
1130  
1160  
1100  
1010  
1010  
1040  
1040  
1630  
1390  
1200  
1290  
1680  
1020  
1180  
1610  

780 
300 
650  
320 
330  
4 2 0  
4 4  0 

_. 

A p p e a r a n c e  
of 

R e  s i d u e  

- 
I n t a c t  
T w o  P i e c e s  
F o u r  P i e c e s  
D i s t o r t e d  W i r e  
D i s t o r t e d  W i r e  
D i s t o r t e d  W i r e  
D i s t o r t e d  W i r e  
D i s t o r t e d  W i r e  
S p h e r i c a l  Particles 
S p h e r i c a l  P a r t i c l e s  
S p h e r i c a l  P a r t i c l e  s 
S p h e r i c a l  P a r t i c l e s  
S p h e r i c a l  P a r t i c l e s  
Sphe  r i c  a1 P a r t i c l e  s 
S p h e r i c a l  Par ticlis s 
Sp he r ical P a r t i c l e  s 
S p h e r i c a l  P a r t i c l e  s 
S p h e r i c a l  P a r t i c l e s  
S p h e r i c a l  P a r t i c l e s  
S p h e r i c a l  P a r t i c l e s  
S p h e r i c  a1 Par ticle s 
Sphe  r i c  a1 P a r  t i c k  s 
S p h e r i c a l  P a r t i c l e s  

_. 

" R u n s  h a d  a n  e x p l o s i v e  p r e s s u r e  rise. 



72 

Calc Metal Water P r e s  su re  
Energy Vapor of Added Temp,  C, 

P r e s s u r e ,  Argon, Input, and Physical 
State p s i  p s i  cal/g 

Table A3 

Mean 
Percent  Par t ic le  Appearance 
Reaction Diameter,  of 

Residue 
P 

Run 

1852, Solid 
1852, Solid 
1852, 90% Liquid 
1900, Liquid 
2000, Liquida 
2000, Liquida 

2600, Liquida 
3 100, Liquida 

2 3 0 0 ,  Liquida 

- 
194 
191 
I96 
200 
223 
225 
217 
219 
222 - 

10 8.6 2390 
32 7.8 2300 
22 31.5 1260 
19 51.7 1320 
22 55.5 690 
28 51.3 650 
19 90.3 495 
16 82.9 480 
19 81.0 670 

279 148 1852, Solid 
206 205 1852, 90% Liquida 
278 215 1900, Liquida 
280 232 2200, Liquida 

150 
150 
204 
216 
219 
221 
244 
271 
309 

16 20 7.9 Three P ieces  
26 20 37.6 830 Spherical Par t ic les  
17 20 78.8 Powder 
18 20 85.2 Powder 

218 
220 277 

1852, 3 0 %  Liquid 
1852, 30% Liquid 
1852, 40% Liquid 
1852, 1 0 0 %  Liquida 
1900, Liquidb 
2200, Liquida 
2500, Liquida 
2800, Liquida 

215 
225 
205 

50 
- 155 

88 
79 

150 

9.0 
8.5 

14.5 
55.2 
30.7 
55.1 
52.0 
73.8 

2300 
2300 
1500 
670 
800 
650 

1150 
420 

111. Water Temperature  280-315 C; No Iner t  Gas 

216 
2 34 
213 
233 
230 
229 

151 
186 
194 
205 
215 
232 

1852, 3 0 %  Liquid 
1852, 90% Liquid 
1852, 100% Liquidb 
2000, Liquidb 
2 100, Liquida 
2400, Liquida 

1 1500 
1500 

900 
1500 ' 1500 
1500 

11.4 
25.9 
25.9 
30.0 
49.1 
54.6 

2300 
630 
700 

1370 
730 
520 

Distorted Wire 
Distorted Wire 
Spherical Par t ic les  
Spherical Par t ic les  
Spherical Par t ic les  
Spherical Par t ic les  
Spherical Par t ic les  
Spherical Par t ic les  

Distorted Wire 
Distorted Wire 
Spherical Par t ic les  
Spherical Par t ic les  
Spherical Par t ic les  
Spherical Par t ic les  
Spherical Par t ic les  
Spherical Par t ic le  s 

Spherical Par t ic les  
Spherical Par t ic les  
Spherical Par t ic les  
Spherical Par t ic les  
Spherical Par t ic les  



Table A4 

RUNS WITH 60-MIL ZIRCALOY-3 WIRES 

Run 

Calc Metal Water 
Energy  Appearance Vapor P e r c e n t  

and Physicid P r e s s u r e ,  Reaction of 
Re s idue 

Temp,  c, Input, 

c a l h  State p s i  

I. Room T e m p e r a t u r e  W a t e r  

1852, 2070 Liquid 
1852, 80% Liquid 
2300, Liquidt’ 
2 9 0 0,  LiquidsL 
3 1 0 0,  LiquidaL 

6.3 
10.9 
16.7 
27.0 
58.4 

Distor ted W i r e  
Spherical  P a r t i c l e s  
Spherical  P a r t i c l e  s 
Sphe r ical Part ic  ].e s 
Spherical  Particle s 

11. Heated W a t e r  105-115 C 

267 
268 
269 
270 
271 
272 

141 
219 
240 
299 
34 0 
370 

1700, Solid 
2000, Liquida. 
2 2 0 0,  Liquida, 
3 00 0 ,  Liquida. 
3 5 0 0 ,  Liquida. 
3900, Liquida. 

23 
21 
21 
19 
18 
18 

7.5 
40.2 
58.2 
93.1 
83.4 
79.4 

Intact  
Spherical  Partic1.e~ 
Spherical  Partic1.e s 
Spherical  Partic1.e s 
Spherical  Partic1.e s 
Spherical  P a r t i c 1 . e ~  

aRuns had a n  explosive p r e s s u r e  rise. 

bNo p r e s s u r e  trace obtained. 



Appendix B 

E F F E C T  O F  NON-PLANAR GEOMETRY ON 
THE PARABOLIC RATE LAW 

The parabolic ra te  law, expressed  in the differential f o r m  

1 
cc- 4x0 - x) 

dt xo - x 

74 

s follows, 

i s  r igorously co r rec t  only for  a solid-state diffusion process  occurr ing at  
a plane surface.  
ical  surface must  depend not only on the thickness of the b a r r i e r ,  xo - x but 
a l so  on the ra t io  of the inner radius  x to  the outer radius xo. 
pointed out by Epstein in Ref. 20 and by C a r t e r  in Ref. 41. Epstein derived 
the co r rec t  f o r m  of the parabolic r a t e  law for  cylindrical and spherical  
geometry by a detailed solution of F ick ' s  law of diffusion. Ca r t e r  derived 
the identical relation for  spherical  geometry by equating the steady- state 
equation for  diffusion through a spherical  shell  to the instantaneous r eac -  
tion ra te .  
between the metal  and the oxide. 

Diffusion through a b a r r i e r  film on a cylindrical o r  spher-  

This was 

C a r t e r ' s  equation also provided for  the difference in density 

The equations will be derived h e r e  by a simple analogy to the flow 
of e lec t r ic  cur ren t .  Solid- state diffusion through an insulating c rys t a l  can, 
in fact ,  be considered a s  a cur ren t  of ions migrating under the influence of 
an  emf.(28) 
law m a y  be formally applied a s  follows: 

The react ion r a t e  can be identified with the cur ren t ,  and Ohm's  

Reaction ra te  cc emf/Resistance (B2) 

The e lec t r ica l  res i s tance  i s  expressed  in t e r m s  of res is t ivi ty  for  3 ca ses  
a s  follows: (42) 

Plane Resis tance = Resistivity ( xoi x, (B3a) 

Cylindrical Shell Resis tance = Resistivity ('",[","I) (B3b) 

Spherical Shell Resis tance = Resistivity 

where A is the planar a r e a  normal  to  cu r ren t  flow, and L i s  the length of 
the cylinder.  
as follows for  the 3 cases :  

The volumetric reaction r a t e  (cc metal/sec) can  be expressed  

A 



d b o  - x> 
dt 

Plane: Reaction r a t e  = A 

d (xo - x> 
Cylinder: Reaction r a t e  = 2nLx  

dt 

d (xo - x> 
dt 

Sphere: Reaction ra te  = 4nx2 

Substituting Equations B3 into B2 and equating Equation B2 to Equations B4 
yield the following: 

1 
(X 

d (Xo - X> 
Plane: 

dt xo - x 

4x0  - x> 1 
dt O: xln(Xg/XJ 

Cylinder: 

Equation B5a is identical  with Equation B1 and r ep resen t s  the p a r a -  
bolic r a t e  l aw  for  a plane surface.  
parabolic law for a cylindrical  and a spherical  sur face ,  respectively.  The 
integrated fo rms  of the r a t e  laws a r e  obtained by integrating Equations I35 
as follows: 

Equations B5b and B5c r ep resen t  the 

Plane: (xo - x ) ~ =  t 

2 2 xo - x 
Cylinder: x2 In($)+ m t  

Expanding the logarithmic ter :m and simplifying yields 

o : t  - - - -  
XO 

Sphere: 

(xo - x)2 [l - 2/3(  a t 

The e r r o r  introduced by applying the simplified r a t e  law Equation B5a 
to spheres  is found by comparing Equation B5a with Equation B5c. 
r e c t  r a t e  for  the spher ica l  ca se  is seen to be g r e a t e r  than the approximate 
value by a factor  of xo/x. 
ra t io  of the r a t e s .  

The c o r -  

The following table gives numer ica l  values for the 



7 6  

P e r c e n t  of 
Sphere Reacted 
100 [ 1 -(x/x,-,)~] T r u e  Rate/Approxirnate Rate 

Q 

0 1.000 
10 1.035 
25 1.10  
50 1.26 
7 5  1.59 
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Appendix C 

ANALOG COMPUTER INFORMATION 

A. General Information 

The analog computer used in this study was an Electronic Associates 
PACE, model 131 R. The analog model of the metal-water  reactions involves 
standard techniques with possibly one exception, a r e l ay  circui t  to control the 
model during phase changes. 

Fo r  complete informat:ion about the analog computer installation a t  
Argonne, s ee  ANL-6075; for i:nformation about the programming of an analog 
computer,  see  ANL-6187. 

B. Programming Information 

1. Equations 

exp ( - G / T ~ )  B 
xo- x 

Parabol ic  Rate 

: Diffusion Rate 
(Ts t T A P W  w- - 

A P  

P 

dx - - - Minimum {kk , kd} 
dt 

constant or  a function of 70 of react ion w -  - -  

dx Y U 0.88 - -  x Z - - - ( T 4  - T 4 )  - z ( T s  -t Tw) 
W 3 dt dt  xo s 

; used during freezing and melting d F -  M d T m  
dt L' dt 
- - -  - 

U 

xO 
- T 4 )  - -z (Ts -I- Tw)o'88 (Ts - TW)] 

W 
T, = Tm t 

P xo x 

*The division by z e r o  that appears  has  no effect on the equations since 
j ;  > x  a t x = x o  

d k  



Initial Conditions 

x = xo 

Tm = Ts > 300'K 

2 .  Machine Variables and Scale Fac to r s  

F' = mF 9 m > l  

The var iable  x r ep resen t s  par t ic le  radius  and was one of the pa ram-  
As xo is changed, b wi l l  be changed so that bxo i s  e t e r s  in the investigation. 

constant. 
b = 1000.  

F o r  xo = 0.105 cm,  b = 500, so x; = 52.50 v. F o r  xo = 0.0525 cm,  

These react ions speed up as x(0) is made s m a l l e r . '  Therefore  a = IO2 
f o r  xo = 0.105 o r  0 . 0 5 2 5  cm;  l o 3  for  xo = 0.026 or 0.013;  and a = l o 4  for 
xo = 0.006 cm.  

c = so that T < 10,OOO°K. 

m = 100 so that 1 volt r ep resen t s  1% melted meta l .  

3 .  Scaled Equations 

B b2 exp (-. G,/TL) (S) =-- 
a xl, - XI k 

dx' 
dt ' = Minimum {2\tl, - 



where 

- N xt2  d x '  
b3 x,' l o 2  d t '  

- I =  

40,000 y 
I11 

ac4xo 10 

1 ( T k  t T& ) O e B 8  (T; - T:, ) 
1 0  

- 1 0  u 
IV = 

l o 2  a x: c108* 

d F '  - m M  d T '  
d t '  L ' c  d t '  
- - -  - 

4. Quantities to be Generated 

In this  section, Iloz] is caused by the divide c i rcu i t  and @ is 
caused by the multiplier c i rcui t .  
in  o rde r  that  all considerations are eas i ly  seen.  

Fract ions a r e  not reduced to  lowest t e r m s  



1 (Tb - Tk) 
10 IV = 

10' a xi c1-88 

I + I1 t I11 -t IV 

10 (I11 + IV) 

n 

V = -  

100 (yo reaction) = l o 2  - 

A relay c i rcu i t  mus t  be provided to control the equations during 
melting . 

Function generating equipment will be used to generate:  

(Tg t 3)O." (TI  - 3 )  
S 

(4 10 

( 0 )  l o 6  exp (-276.8/T$) 



5. Potentiometer Settings 

1. 0 .01 x; 9. 10 c x: a/P 

3. b3 xo K/a co"'8 1 O2 11. 102m/L 

2. B b2/106a 10. 106/x;3 

4. N/xA3 12. l o 2  c/M 

5. B / ~ o '  a 13. 0.01 T h ( 0 )  

6. 4 y 102/a c 4 xo 14. 0.01 xb 

7. 0.01 (T2/4 x l o 4 )  15. 0.01 

8. U/10 a xg c1.88 

Figure C - 1 

SYMBOLS FOR COMPUTER ELEMENTS 

THE FOLLOWING SYMBOLS ARE USED TO DENOTE THE EQUIPMENT USED 

SUMMER SWITCH (MANUAL OPERATION ) 

."=+ Z - (X+Y+Z)  

INTEGRATOR 

- ( X + Y t Z ) d t - I N I T I A L  CONDITION 

I.L. 

POTENTIOMETER 

X , - e K X  O< K,<I 

ELECTRONIC MULTIPLIER 

- 

ELECTRON I C  MULTl PLlER 
Y l  

2- 

HIGH SPEED 
DIFFERENTIAL RELAY 

I 

@- 
OUTPUT IS THROUGH "A" 

I F - ( X t Y )  <O, A CONNECTS TO (-1 
IF - (X+Y)  >O, A CONNECTS TO (+) 

FUNCTION GENERATOR 



Figure C-2 

CIRCUITS FOR SOLUTION O F  EQUATIONS 

lO2(%) k 
T' s 

I - 
O/o REACTION { j i p  %? 

-lO2(%) 1 

-I 

9' 

n 



Figure  C-3 

CIRCUITS FOR SOLUTION O F  EQUATIONS 

. 

Figure  C-4 

CIRCUIT FOR CONTROL DURING PHASE CHANGE 

I tII tmtm 

. 

I- *-loo 

TM % -100 *B F I B  F~B 

-% UNREACTED -% UNREACTED 7 +E 

IF  dt/dt>O AND TM< TMP, POT 16 AND 17 = 0 
IFd t /d t<O AND TM< TMP. POT 16=0, POT 17=1.00 
IF  TM> T.p.POT 16=1.0, POT 17;O.O 

AND dt/dt >O. SET POT 16 FOR %ME:LTED AT f =0, POT 17=00 

AND dt/dt <O. POT 16 = 0.0 SET POT 17 FOR % SOLID 
IF TU= TUP{ 
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Appendix D 

A N A L Y S I S O F T H E R A T E D A T A R E P O R T E D B Y  
BOSTROM(4) AND LEMMON(14) 

Studies of the r a t e s  of the i so thermal  react ion of Zircaloy with water 
and s team were reported by Bostrom (water)  and by Lemmon (s team) .  
Lemmon concluded that the resu l t s  of both studies were best  explained in 
t e r m s  of the parabolic r a t e  law, although individual runs showed cons ider -  
able deviation f r o m  the parabolic law slope on log-log plots of the data.  It 
seemed likely that much of this  deviation was due to a spuriously slow 
initial react ion.  This might have been due to a limitation caused by gaseous 
diffusion or  to a t ime lag in bringing the specimen to the tempera ture  of the 
run .  A method of plotting such data is suggested which yields the parabolic 
r a t e  constant in spite of an initial slow step in the reaction. 

The square  of the quantity of react ion is plotted a s  a function of t ime .  
The quantity of react ion was determined by collecting the hydrogen generated 
and is therefore  not subject to cumulative e r r o r s .  The effective t ime c o r -  
responding to the beginning of the run ,  however, m a y  be uncertain because 
of the postulated delays in reaching the full react ion r a t e .  One can ignore 
the f i r s t  few data points on a plot of this kind, whereas  the en t i re  data plot 
is  dis tor ted when plotted on a log-log scale  with an uncertainty in ze ro  t ime.  

Individual data points were taken f r o m  the published r epor t s  and r e -  
plotted in F igures  D1 through D4. 
Figure D-2, and Bos t rom's  data at 1750 C ,  Figure D-4, indicate a delay in 
reaching the full react ion r a t e .  If the first few points a r e  disregarded,  all 
of the runs  a r e  descr ibed accurately by a s t ra ight  l ine,  indicating the valid- 
i ty of the parabolic r a t e  law. 
react ion beyond 300 mg/sq c m  react ion in Bos t rom ' s  data (90 ,000  units on 
the squared plot, Figure D3). 
of about 500 p (20  mils), which is considerably grea te r  oxidation than was 
achieved in the condenser discharge s tudies .  

L e m o n ' s  data a t  1400 and 1690 C ,  

There  i s  some indication of a breakaway 

This corresponds to an  oxide layer  thickness 

The slopes obtained f r o m  the data plots a r e  summar ized  in Table D1. 
The r e su l t s  a r e  plotted as a function of rec iproca l  absolute tempera ture  in 
Figure 1 6 .  



Figure D-3 

REACTION BETWEEN ZIRCALOY-2 
AND STEAM 

(Data from Lemmon, Ref. 14) 
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Figure D-2 

REACTION BETWEEN ZIRCALOY-2 
AND STEAM 

(Data from Lemmon, Ref. 14) 
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Figure D-3 

REACTION BETWEEN ZIRCALOY -2 AND WATER 
(Data from Bostrom, Ref. 4) 
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Figure D-4 

(Data from Bostrom, Ref. 4) 
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Table D-1 

Reference 14 

1000 
1100 
1200 
1300 
1400 
1500 
1600 
1690 

86 

7.45 
20.5 
83.0 

218 
2 19 
284 
502 

1420 

0.515 
1.42 
5.74 

15.1 
15.1 
19.6 
34.7 
98.1 

Reference 4 

1300 
1450 
1600 
1750 

15.2 
43.6 

219 
89 6 
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