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STUDIES OF METAL-WATER REACTIONS AT HIGH TEMPERATURES: 
I. THE CONDENSER DISCHARGE EXPERIMENT: PRELIMINARY 

RESULTS WITH ZIRCONIUM 

by 

L. Baker , J r . , R. L. Warchal , R. C. Vogel, and M. Kilpatr ick 

L ABSTRACT 

The condense r -d i scha rge method of conducting m o l ­
ten m e t a l - w a t e r reac t ions at high t e m p e r a t u r e s was refined. 
Two methods to m e a s u r e energy input to spec imen w i r e s and, 
therefore , to compute init ial me ta l t e m p e r a t u r e s were devel­
oped. Calculated meta l t e m p e r a t u r e s were es t imated to be 
accura te to within 100 C. Two reac t ion ce l l s were designed, 
one for operat ion at a tmospher i c p r e s s u r e wi thwa te r at room 
t e m p e r a t u r e , and the other for operat ion at high p r e s s u r e 
and wi thwate r at elevated t e m p e r a t u r e . Means were devel -
opedto de te rmine the surface a r e a of me ta l exposedto r e a c ­
tion and to de termine the total extent of react ion. P r e s s u r e 
t r a n s d u c e r s were used to r eco rd the ra te of reac t ions . 

The z i r con ium-wate r reac t ion was studied with in i -
t i a l m e t a l t e m p e r a t u r e s f rom 1100 to 4000 C with 30 and 60-
mi l w i r e s in r o o m - t e m p e r a t u r e wa te r . Initial p r e s s u r e s in 
these runs were the vapor p r e s s u r e s of wa te r at room t e m ­
pe ra tu r e (20-30 mm) . Runs w e r e raade w i t h 6 0 - m i l w i r e s in 
water heated to 200 C (225 ps i ) . Resul ts in r o o m - t e m p e r a t u r e 
water indicated that the reac t ion became explosive at an in i ­
tial meta l t empera tu re of 2600 C. Below this t e m p e r a t u r e , 
20% or l ess react ion occu r r ed . At higher wa te r t e m p e r a ­
t u r e s , react ion rangedf rom 40 to 70%. Runs in hea t edwa te r 
showed markedly g r e a t e r reac t ion , reaching 50% for fully 
mel ted meta l at the melt ing point (1 840 C). Resul ts suggested 
that the r a t e s of both so l id - s ta te p r o c e s s e s and the diffusion 
of water vapor through the hydrogen blanket surrounding r e ­
acting pa r t i c l e s mus t be cons idered . 

II. INTRODUCTION 

There has been g rea t i n t e r e s t in r ecen t y e a r s in methods to study 
react ion between m o l t e n m e t a l s and wa te r at very hightemperatures. l- '^ ~^9j 
This in te res t s tems from the addit ional heat l ibera t ion poss ib le by means 
of such react ions during an accident in a nuc lear r e ac to r . A coolant fai l ­
ure or a seve re nuclear excurs ion could conceivably cause mel t ing and 
even vaporizat ion of the core of a wa te r - coo l ed r eac to r . This could explode 
a mixture of solid, liquid, and vapor ized me ta l into the cooling wa te r . 



Thermodynamic data show that m o s t of the me ta l s commonly used 
in r eac to r co r e s (uranium, z i rconium, a luminum, and s ta in less s teel) have 
the potential to reac t with water with the l ibera t ion of cons iderable heat 
and hydrogen gas . The amount of energy r e l ea sed by such a react ion could 
be comparable to that r e l eased by the f ission p r o c e s s during a nuclear 
runaway. 

Calculat ions based on the Borax I r e a c t o r may be used to i l lus t ra te 
the impor tance of m e t a l - w a t e r r eac t ions . The final des t ruc t ive Borax I 
bu r s t was e s t ima ted to have l ibera ted 135 megawat t - seconds , or 32 ,260ki lo-
ca lo r i e s , of f iss ion energy.(30) This energy is compared in the following 
tabulation with the additional energy r e l ea se that would have occu r r ed if 
e i ther 10 or 50 percen t of the a luminum p r e s e n t in the r e a c t o r had unde r ­
gone a m e t a l - w a t e r react ion. Calculat ions a r e included for a hypothetical 
r eac to r having dimensions identical with those of Borax I. The fuel c lad­
ding and the s t r u c t u r a l e lements of the hypothetical r eac to r a r e z i rconium 
instead of a luminum. The volume of hydrogen genera ted by the m e t a l - w a t e r 
react ion and the heat r e l eased by subsequent combust ion of the hydrogen 
with a i r a r e a lso tabulated. 

Reactor Borax I 
Cladding Metal Aluminum 
Volume of Metal , cm^ 46,770 
Weight of Metal , kg 126.3 
F i s s ion Energy Released by 

Des t ruc t ive Trans ien t , kcal 32,260 

10% Meta l -Wate r Reaction 

Chemical Energy Re lease , kcal 146,600 
Volume H2 Genera ted , l i t e r s STP 15,700 
Heat of H2 Combustion, kca l 40,600 

50% Meta l -Wate r Reaction 

Chemical Energy Re lease , kcal 733,000 
Volume H2 Genera ted , l i t e r s , STP 78,500 
Heat of H2 Combustion, kcal 203,000 

Hypothetical Reactor 
Zi rconium 
46,770 
304.0 

32,260 

48,600 
14,900 
38,600 

243,000 
74,500 
193,000 

It is evident from the calculat ions that even a 10 pe rcen t m e t a l - w a t e r 
react ion might contr ibute m o r e energy toward a d i s a s t e r than the f iss ion 
p r o c e s s . 

The economic design of a containment shell surrounding a w a t e r -
cooled r eac to r then r equ i r e s p r e c i s e knowledge of the r a t e s of m e t a l -
wate r reac t ions at high t e m p e r a t u r e s . It is pa r t i cu l a r ly impor tan t to find 
out what condit ions, if any, could lead to a rapid se l f - sus ta ined reac t ion 
which could cause b las t loadings on the containment v e s s e l . 



This paper descr ibes the use of the condense r -d i scha rge exper iment 
to investigate me ta l -wa te r react ions at high t e m p e r a t u r e . Exper imenta l 
r esu l t s a r e given for the z i r con ium-wate r react ion. The detailed m e c h a ­
n ism of the react ion will be cons idered in a l a t e r paper . 

III. PREVIOUS EXPERIMENTAL METHODS 

Molten me ta l -wa te r reac t ions a r e in the category of rapid chemica l 
reac t ions . The mos t c r i t i ca l r equ i remen t of an exper imenta l method to 
determine ra t e s of rapid reac t ions is that the reac tan t s mus t be brought 
together at the react ion t empe ra tu r e in a t ime which is shor t compared 
to the per iod of observat ion. It is often imposs ib le to c a r r y out rapid 
react ions under i so the rmal condit ions. This is because it is not poss ible 
to supply or remove heat at a g rea t enough r a t e . For tunate ly , methods 
for dealing with noniso thermal reac t ions a r e avai lable . F r a n k -
Kamenetskii(31) and others have shown how the effects of self-heating 
and external cooling of a reac t ion mix ture may be t r ea t ed . Their work 
has shown how c r i t i ca l conditions such as ignition or other abrupt changes 
in the apparent react ion rate may be explained in t e r m s of the fundamental 
p a r a m e t e r s of the ra te equations and the t r a n s p o r t p rope r t i e s of the sys tem. 

Molten me ta l -wa te r reac t ions a r e he te rogeneous , so that the control 
of interfacial a r ea mus t also rece ive impor tant considera t ion . The e x p e r i ­
mental methods that have been used to study m e t a l - w a t e r reac t ions in­
volved ei ther the rapid contacting of heated me ta l with water or the rapid 
heating of meta l a l ready in contact with wa te r . In many c a s e s , the heating 
or contacting was too slow and significant reac t ion o c c u r r e d under un­
control led conditions. The exper imenta l methods that have been used to 
study me ta l -wa te r react ions can be divided into six broad ca tegor ies as 
follows: 

A. Rapid Contacting Methods 

1. Pouring or spraying me ta l into wa te r 

2. Molten me ta l drops falling into wa te r 

3. Dispers ion of mol ten m e t a l by an explosive charge 

B. Rapid Heating Methods 

4. Inductive heating of raeta l i m m e r s e d in wa te r or s team 

5. In-pile heating in MTR 

6. Heating and d i spe r s ion of m e t a l by a condenser d i scharge 



A m o r e detailed outline of the methods used by previous inves t iga tors 
and a summary of thei r r e su l t s were p r e p a r e d by the authors before begin­
ning studies by the condense r -d i scha rge method. This m a t e r i a l was then 
edited by R. O. Bri t tan and included in a comprehens ive d i scuss ion of r e a c ­
tor containment.(32) This outline has been further edited and is repeated 
in Appendix A. Several invest igat ions have been c a r r i e d out since this 
survey was made , and these invest igat ions a r e cited by re fe rence only and 
not fur ther d iscussed . 

The rapid contacting methods involved complicated appara tus and 
were general ly l imited in the range of t empe ra tu r e avai lable for study and 
in means of following the reac t ion . Methods involving rapid heating were 
l imi ted by the t ime requ i red to heat and by the control and m e a s u r e m e n t 
of in terfacia l a r ea . The only method affording a sa t i s fac tory heating ra te 
was the condense r -d i scha rge method. Heating of m e t a l by a condenser 
d i scharge offered the poss ibi l i ty of heating to v i r tua l ly any t e m p e r a t u r e 
f rom a few mic roseconds up to many mi l l i seconds . With v e r y slow heating 
r a t e s , however, it is genera l ly not poss ib le to exceed the melt ing point, 
because the meta l wire has t ime to p a r t before the c u r r e n t surge can be 
completed. 

Condenser d i scha rges through w i r e s have been used to produce 
high-intensi ty light f l ashes , magnet ic f ields, Shockwaves , p l a s m a s , 
colloidal d i spe rs ions of m e t a l s in f luids, and as a means of studying 
m e t a l - w a t e r r eac t ions . Very recen t studies of w i r e s exploded by surge 
c u r r e n t s f rom discharging condense r s have led to a l imi ted understanding 
of the process . (33) in gene ra l , the c u r r e n t in a c i rcu i t consis t ing of a 
condenser shor ted through a fine wi re will begin to r i s e rapidly. Joulean 
heating will bring the m e t a l through the melt ing point, producing liquid 
me ta l . The physical shape of the wi re is mainta ined pr incipal ly by i ne r ­
tia and to some extent by magnet ic fo rces . Heat addition continues to 
i nc r ea se the me ta l t e m p e r a t u r e until well above the n o r m a l boiling point. 
Boiling begins to occur only after cons iderable superheat ing and occurs 
with explosive violence. At f i r s t t he re is a continuous phase of liquid 
i n t e r s p e r s e d with vapor at high p r e s s u r e . F u r t h e r heating leads to a 
continuous vapor phase i n t e r s p e r s e d with liquid d rop le t s . The authors 
re fer to the violent convers ion f rom liquid me ta l i n t e r s p e r s e d with vapor 
to vapor i n t e r s p e r s e d with liquid as a t ransplos ion . '33) The h i g h - p r e s s u r e 
m e t a l vapor is a poor conductor of e lec t r i c i ty so that t he re is a d ramat ic 
c u r r e n t cut-off at the t ime of t ransp los ion . The h i g h - p r e s s u r e vapor ex­
pands in the form of a shock wave until the p r e s s u r e is low enough (higher 
mean free path) to p e r m i t ionization by impact between e l ec t rons and 
m e t a l a toms . At this point, c u r r e n t can again build up to a l a rge value 
by the avalanching that at tends ionization by impact . The remain ing energy 
s tored in the condenser is then d i scharged into the a r c . 



It would appear f rom this model of an e lec t r ica l ly exploded wire 
that uniformly heated meta l can be p repa red up to t e m p e r a t u r e s of the 
order of the normal boiling point of the meta l . The t ransplos ion and the 
production of an a r c can be prevented by limiting the energy s tored in 
the condensers initially. The only quantitative m e t a l - w a t e r data that have 
been obtained previously using the condense r -d i scharge method were 
those of Reubsamen, Shon, and Chrisney.(26) They obtained the extent of 
reaction as a function of energy input to the wire for severa l me ta l s . 
Their method of est imating the energy input to the wire was very approxi­
mate . They es t imated a rat io between the r e s i s t ance of the wire to be 
heated and the s t ray res i s tance in the condensers and the c i rcu i t ry . They 
used this rat io to calculate the fraction of the total s tored energy that 
actually went into the wi re . They ignored the fact that the res i s tance of 
the specimen wire changes dras t ica l ly during the heating. Their resu l t s 
showed that a high percentage of react ion occur red between severa l 
meta ls and water but that no se l f -sus ta ined reac t ions were initiated that 
would cause complete react ion. 

IV. EXPERIMENTAL 

A. The Discharge Circui t 

The basic c i rcu i t of the condenser d ischarge exper iment is shown 
in Figure 1. An al ternat ive c i rcui t including a re s i s t ive element shunting 
the specimen wire was also used. The shunting path is shown by the dotted 
lines in Figure 1. The condensers C a re charged by a separa te source of 
high voltage. A spark gap s imi la r to one descr ibed by Cullington(34) was 
used to initiate the discharge . A 15,000-volt pulse on the ignition electrode 
rendered the spark gap conducting and also t r iggered severa l osci l loscope 
sweeps. 

FIGURE I 

BASIC CIRCUIT OF CONDENSER-DISCHARGE METHOD 

C-CONDENSER (25 / i f ^7000 V) Re" EXTRANEOUS CIRCUIT RESISTANCE 
L-CIRCUIT INDUCTANCE Tc-THERMOCOUPLE ELEMENTS 

0 -
5000 V ̂

 
\ \ 

/e 
IGNITION 
ELECTRODE 

SPARK GAP 

RECORDER 2 

L Re Tc I 

-^SSSU V \A/ 1 „ I-

TV 
RECORDER I 

I 
I 

r'-,Tc2 
^ I 
LJ 
I 

d) R| 
SPECIMEN 

WIRE 

PARK-TYPE 
CURRENT 
SHUNT 

OSCILLOSCOPE 



1. Energy Storage 

The total energy E s tored in a condenser depends on the capac­
itance C and the charging voltage V as follows: 

E = •i- CV^ 

It was decided at the outset of the p r o g r a m to use the min imum voltage 
consis tent with adequate energy s to rage . A max imum charging voltage of 
5000 volts was a r b i t r a r i l y selected. This reduced the tendency toward 
s t ray arc ing between adjacent c i rcu i t e l ements . A total of four condensers 
of nominal 25-iufarad capaci tance and 7000 working volts were a r r anged 
so that e i ther one, two, or al l four could be connected in pa ra l l e l . The 
capaci tance of each combination was de te rmined by m e a s u r e m e n t s of the 
c u r r e n t - t i m e osc i l logram obtained by discharging through a ca l ibra ted 
100-ohm r e s i s t o r . The following values were calcula ted for the energy 
s tored at 5000 vol ts : 

Number Total Energy Stored 
of Capaci tance, at 5000 vol ts . 

Condensers /.ifarad ESOQOJ cal 

1 24.8 74 
2 49.5 148 
4 99.0 296 

2. Measuremen t of Discharge Cur ren t and Heating Time 

The exper iment was designed to heat as much me ta l as possible 
so that the r e s i s t a n c e s of the specimen w i r e s were ve ry smal l . The e x t r a ­
neous c i rcu i t r e s i s t a n c e , t he re fo re , had to be kept to an absolute minimum. 
It was not feasible , however, to locate the condensers and c i r cu i t ry im­
mediate ly adjacent to the reac t ion cel l containing the specimen; thus, fair ly 
long lead wi res were used. This led to a re la t ively l a rge c i rcu i t inductance, 
although the lead r e s i s t ance was kept low by using m a s s i v e copper leads . 
The high c i rcu i t inductance was thought to be des i rab le because it prevented 
ex t remely high cu r r en t s and rapid c u r r e n t changes, thus avoiding e x c e s ­
sive magnet ic and skin effects. At the same t ime , the heating ra te remained 
rapid by conventional s tandards of chemica l k ine t ics . The t r ans ien t c u r ­
rent is shown in Appendix B to have the form of a damped osci l la t ion under 
conditions of low c i rcui t r e s i s t a n c e . 

The cu r r en t was m e a s u r e d exper imenta l ly by means of coaxial 
shunt (see F igure 1) of the type devised by Park.(35) it was const ructed 
ent i re ly of copper tubing. The voltage leads were connected to the ve r t i ca l 
p la tes of a cathode ray osc i l loscope . C u r r e n t - t i m e curves were recorded 



by m e a n s of a P o l a r o i d O s c i l l o s c o p e C a m e r a . A t y p i c a l o s c i l l o g r a m is 
r e p r o d u c e d in F i g u r e 2. The t o t a l c i r c u i t i n d u c t a n c e can be ob ta ined f r o m 
an a n a l y s i s of the c u r r e n t o s c i l l o g r a m , a s ou t l ined in Appendix B. A va lue 
of 2.5 / i h e n r y w a s c o n s i s t e n t l y ob t a ined . It w a s t hen p o s s i b l e to c a l c u l a t e 
a c u r r e n t - t i n a e c u r v e f r o m e l e c t r i c a l t h e o r y u s i n g the va lue of i nduc t ance 
and v a l u e s of c i r c u i t r e s i s t a n c e c a l c u l a t e d by m e t h o d s to be d e s c r i b e d 
l a t e r . C a l c u l a t i o n s i n d i c a t e d t h a t t he o s c i l l a t i o n s shou ld con t inue inde f i ­
n i t e ly wi th a con t i nuous ly d e c r e a s i n g a m p l i t u d e . In p r a c t i c e , the s p a r k 
gap f a i l s to r e i g n i t e a s the c u r r e n t p a s s e s t h r o u g h z e r o a f t e r m o s t of the 
e n e r g y h a s b e e n d i s s i p a t e d . This g ives a w e l l - d e f i n e d c u r r e n t cut-off and 
a l l ows a p r e c i s e s t a t e m e n t of the hea t ing t i m e for a g iven run . 

F i g u r e 2 

C U R R E N T OSCILLOGRAM O F A DISCHARGE THROUGH 
A 6 4 - M I L NICHROME WIRE 

Leng th , 1.09 in. 
T o t a l C a p a c i t a n c e , 99 /Lifarad 
C h a r g i n g Vo l t age , 2500 

^ O r d i n a t e , 2700 a m p / c m 
^ A b s c i s s a , 0.10 m s e c / c m 

^The spac ing b e t w e e n g r i d l i n e s on a l l 
o s c i l l o g r a m s i s one c m a t the f ace 
of the ca thode r a y tube . 

S e v e r a l i m p o r t a n t f e a t u r e s a r e shown in Appendix B to r e s u l t 
f r o m o p e r a t i o n wi th a r e l a t i v e l y high i n d u c t a n c e . The o s c i l l a t i o n f r e q u e n c y 
and the p e a k c u r r e n t a r e r e l a t i v e l y i ndependen t of the s p e c i m e n r e s i s t a n c e . 



The specimen r e s i s t ance normal ly changes marked ly during a d i scharge . 
The frequency of osci l la t ion depends only on the number of condensers 
used and has the following va lues : 

Pe r iod of 
Number of Frequency , Half Cycle, 
Condensers s e c " m s e c 

1 20,000 0.025 
2 14,000 0.035 
4 10,000 0.050 

The heating t ime is an in tegra l number of half cyc les . The number depend 
strongly on the specimen r e s i s t a n c e , increas ing with decreas ing r e s i s ­
tance. Heating t ime va r i e s f rom 0.15 m s e c for a typical h igh - re s i s t ance 
specimen to 0.45 msec when the specimen wi re is rep laced by a heavy 
copper shorting bar . Nominal heating t ime was taken to be 0.3 m s e c . 

Some energy normal ly r emains in the condensers following 
a d i scharge because of the cut-off cha rac t e r i s t i c of the spark gap. The 
res idua l energy does not exceed 0.5% of the or iginal energy and was , 
the re fore , ignored. 

3. E n e r g y - m e a s u r e m e n t Methods 

The energy impar ted to the specimen wi re during a d ischarge 
is the mos t important p a r a m e t e r to be measu red . The energy given to 
the specimen differs cons iderably f rom the energy initially s to red in the 
condense r s . This resu l t s f rom the fact that the r e s i s t a n c e of the ex t r a ­
neous c i rcu i t ry , R^ in F igure 1, cannot be made sma l l compared with the 
specimen r e s i s t ance . This could be done only if one were in te res ted 
exclusively in very fine spec imen w i r e s . The ext raneous r e s i s t ance in­
cludes the effective r e s i s t ance of the spark gap, the in te rna l r e s i s t ance 
of the condensers , and the lead r e s i s t a n c e . 

Two methods of m e a s u r i n g the energy dis t r ibut ion within the 
c i rcu i t we re devised. The f i r s t method is m o r e genera l ly applicable if, 
for example , more rapid d i scha rges were to be employed. The second 
method i s , however, m o r e accura t e for the low-frequency osc i l la tory 
d i scharges employed in the p r e s e n t study. 

Both methods re ly on the use of smal l c i rcu i t e lements con­
sis t ing of short lengths of carefully s ized constantan w i r e s with fine 
copper w i r e s so ldered to thei r outer surface . In the f i r s t method to be 
descr ibed , only one such e lement is used (Tc 1 in F igure 1); in the second 
method, two a re used. The constantan wi re s a r e heated by the d ischarge 
cu r r en t along with the spec imen w i r e . The constantan w i r e s a r e sized 



so that the mos t powerful d i scharges to be used will r esu l t in a t empe ra tu r e 
r i se of 200 C or l e s s . The fine copper wi re and an additional constantan 
lead a r e connected to a mil l ivolt r e c o r d e r of modera te ly high speed.* A 
typical char t r ecord of a d ischarge and the dimensions of a typical t h e r m o ­
couple element a re shown in F igure 3. The peak r e c o r d e r reading is taken 
to r ep resen t approximately the total t e m p e r a t u r e r i s e exper ienced by the 
constantan wire and is not meant to r e p r e s e n t the ra te of t empe ra tu r e r i s e , 
as the r eco rde r c lear ly does not follow the heating. The relat ively slow 
r i se during the final 10 degrees before the peak in F igure 3 is thought due 
to the rmal equil ibration between the constantan and the thermocouple bead. 
The decrease following the peak is due to cooling in a i r . 

FIGURE 3 
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In the genera l ca se , the energy genera ted per unit length of 
w i r e IS 

L R^i^dt (1) 

where R ,̂ is the res i s tance per unit length, i is instantaneous cu r ren t , and 
t is t ime of cur ren t flow. The res is t iv i ty of constantan is near ly independent 

*A Brown Inst ruments Recorder 0-10 mv, -^-sec pen speed, 4 - i n . / m i n 
chart speed was found to be very sui table. 



of t e m p e r a t u r e over the range cons idered , so that Re can be taken out of 
the in tegra l . The energy absorbed pe r unit length is a lso express ib le in 
t e r m s of t empe ra tu r e r i s e : 

i^ dt , (2) 
0 

where Cp is specific heat, p is densi ty, A is c r o s s - s e c t i o n a l a r e a of w i r e , 
and A T is t empera tu re r i s e . Rear ranging and grouping cons tan ts , 

AT = k / î  dt = kS , (3) 

where k is Rc /Cp PA ^"^d S is / i^ dt. The t e m p e r a t u r e r i s e is shown in 

Equation 3 to be propor t ional to the total "action in tegra l , " S, used by 
recent inves t igators to c o r r e l a t e data during studies of exploding wires .(33) 
The action in tegral when mult ip l ied by the r e s i s t ance of any s e r i e s c i r ­
cuit e lement gives the energy absorbed by that e lement . 

a. E n e r g y - m e a s u r e m e n t Method I 

In this c a se , only one thermocouple e lement , connected in 
s e r i e s with the specimen wi re in the d ischarge c i rcu i t , is used. The total 
energy involved in a d ischarge is divided between the spec imen and the 
ext raneous r e s i s t ance as follows: 

ETota l , R u n = i c V ^ = Ei + R^S , (4) 

where Vj^ is the charging voltage used in the run, Ej is the energy absorbed 
by the specimen w i r e , and Re is the ext raneous c i rcu i t r e s i s t a n c e . The 
energy E^ can be obtained by conducting a s e r i e s of ca l ibra t ion d i scharges 
with the specimen replaced by a heavy short ing ba r . Under these condi­
t ions , negligible energy is absorbed by the shorting ba r : 

ETotal, C a l = i c v 2 = RgS . (5) 

where V^ is the charging voltage used in a cal ibrat ing d i scharge . Subtract­
ing Equation 4 from Equation 5 yields 

E, 4 CV^ - i CV̂^ . (6) 

Equation 6 applies so long as the same action in tegra l obtains in both d i s ­
cha rges . This is accompl ished in p rac t i ce by p repa r ing a ca l ibra t ion plot. 



Equations 3 and 5 can be combined to yield 

A typical plot of AT vs V^ is shown in Figure 4 to be approximately a 
s t ra ight l ine, as requi red by Equation 7. The method of computing the 
energy absorbed by a specimen during a d ischarge of charging voltage VT 
is to find the V^ from the plot using the AT found for the run. Equation 6 
is then used to compute the energy. 

FIGURE 4 
TYPICAL CALIBRATION PLOT OF TEMPERATURE RISE AS 

A FUNCTION OF THE CHARGING VOLTAGE SQUARED 
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The method requ i res no es t imate of specimen re s i s t ance 
nor is it r equ i red that the specimen re s i s t ance r emain constant during the 
d i scharge . No es t imate of the absolute values of the constants of Equa­
tions 1 or 7 a r e requi red . Slight changes in the slope of the plot were found 
to occur f rom t ime to t ime . F o r mos t runs , therefore , a ca l ibra t ion plot 
was p repa red before and after each run. 

b. E n e r g y - m e a s u r e m e n t Method II 

The second method employs the shunting r e s i s t o r R2 and 
an additional thermocouple e lement Tc 2, shown by dotted l ines in F i g ­
ure 1. The specimen re s i s t ance and the shunting r e s i s t o r a re a r ranged 



physically so that the inductive reac tance at the osci l la t ion f requencies 
employed a r e negligible in compar i son with the corresponding r e s i s t a n c e s . 
The physical a r r a n g e m e n t of the reac t ion cell and the shunting path will 
be descr ibed in a l a t e r sect ion. 

In effect, one thermocouple element is connected in s e r i e s 
w^ith the d ischarge cu r ren t and is analogous to an a m m e t e r . The second 
element is connected a c r o s s the spec imen wi re and«is analogous to a vol t­
m e t e r . An analys is of the c i rcu i t is given in Appendix C, where it is shown 
that the spec imen energy Ej is given as follows: 

^ , / k2 A T 2 \ 
Ei = R2VTrkr V ^ T T A I T I I - - j ^ ^ j , (8) 

where R2 is the r e s i s t ance of the shunting path, k^ and k2 a r e ca l ibra t ion 
factors of each thermocouple e lement and a r e identical with the k of Equa­
tion 3, and ATj and AT2 a r e the observed t e m p e r a t u r e r i s e s of each t h e r ­
mocouple. Equation 8 depends only on the stabili ty of the r e s i s t ance R2 
and the thermocouple ca l ibra t ion fac tors k;i and k2. Changes in the c h a r g ­
ing voltage, ext raneous c i rcu i t r e s i s t a n c e , or specimen r e s i s t ance have 
no effect on the energy calculat ion. The ca l ibra t ion constants a r e a lso 
independent of the frequency of the osci l la t ions so long as the d i ame te r 
of the constantan wi re s is sxifficiently sma l l so that the ac skin effect is 
negligible. The d iamete r of the constantan wi re would have to exceed 
140 mi l s for a 1% skin effect. The l a r g e s t e lement used in the p r e s e n t 
study was 129 mi l s in d iamete r . The ca l ibra t ion constants w e r e , the re fore , 
independent of the number of condense r s used in a d i scha rge . 

Determinat ion of the ca l ibra t ion constants kj and k2 w^as 
accomplished by making a s e r i e s of sho r t - c i r cu i t ed d i s cha rges , open-
c i rcu i t d i s cha rges , and s imulated runs using 64-mi l n ichrome wi re 
spec imens . The detai ls of the ca l ibra t ion p rocedure a r e desc r ibed in 
Appendix C. Exper ience has shown that only infrequent ca l ibra t ions a r e 
requi red . The cal ibra t ion constants were shown to be independent of the 
osci l lat ion frequency by exper iments desc r ibed in Appendix C. 

B. Design of Reaction Cells 

There a r e seve ra l unusual r equ i r emen t s on the design of a reac t ion 
cell for metal-w^ater react ion studies by the condense r -d i scha rge method. 
The cel l mus t be vacuum and p r e s s u r e tight. A cell designed for studies 
with heated wate r mus t also be leak- t ight during t he rma l cycling. In addi­
tion, insulated leads of high c u r r e n t - c a r r y i n g capacity mus t be brought 
into the cel l . 



1. Reaction Cell for Studies at Low P r e s s u r e s 

The react ion cell and the physical layout of the shunt path are 
shown in a schematic drawing in Figure 5 and in a photograph in Figure 6b. 
The cell was of s ta inless steel and had a volume of 75 cc. Specimen wires 
were mounted between mass ive copper rods . Specimen w i r e s , one inch 
long and 30 or 60 mils in d iameter , could be mounted. E lec t r ica l contact 
of the wire with the copper rods was achieved by means of split copper 
r ings , — in. in outer diameter and j ^ in. long, having an inner d iameter 
equal to the d iameter of the specimen w i r e s . The copper rings were com­
p r e s s e d between holes in the rods and the specimen wire by s ta inless steel 
sc rews embedded within the large rods . The use of new split r ings for 
each discharge resul ted in contacts of negligible res i s tance . 

FIGURE 5 

REACTION CELL FOR STUDIES AT LOW PRESSURES 

TO VALVE 

^ r^ TO CONDENSERS 

U PRESSURE 
U TRANSDUCER 

The discharge cur ren t was brought to the react ion cell by ^^-in. 
copper rods . Current was brought to the insulated side of the specimen 
wire as shown in Figure 5 and re turned through the f rame of the reaction 
cell . Current also flowed axially down a constantan res i s tance wire (R2) 
and was re turned along copper tubing which enclosed the res i s tance wire . 
Insulation was accomplished by means of machined Teflon in se r t s . Runs 
made using ene rgy-measuremen t Method I were made with the res i s tance 
wire removed. 

Vacuum and p r e s s u r e sealing were accomplished by means of 
neoprene "O" rings which were lightly coated with high-vacuum stopcock 
g rease . 
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This a l lowed r a p i d a s s e m b l y and d i s a s s e m b l y wi th l i t t l e l ike l ihood of l e a k a g e . 
P a r t s w e r e f a s t e n e d t o g e t h e r wi th s t e e l cap s c r e w s , a l though they a r e not 
shown in F i g u r e 5. 

An SLM q u a r t z c r y s t a l p r e s s u r e t r a n s d u c e r could be m o u n t e d 
in one of two p l a c e s on the r e a c t i o n ce l l . One, shown in F i g u r e 5, w a s 
b e n e a t h the s u r f a c e of the w a t e r and w a s m o u n t e d in a h a r d r e s i n compound 
wi th in a s t a i n l e s s s t e e l f lange to p r o v i d e an i n s u l a t e d moun t ing . D i r e c t 
i m p i n g e m e n t of the m o l t e n m e t a l p a r t i c l e s on the s e n s i t i v e d i a p h r a g m of 
the t r a n s d u c e r w a s p r e v e n t e d by a th in baffle. A t r a n s d u c e r could a l s o be 
m o u n t e d d i r e c t l y on the ce l l above the w a t e r l e v e l . 

D i r e c t o r shadow m o t i o n p i c t u r e s of the w i r e d i s i n t e g r a t i o n 
could be t a k e n by m e a n s of two P y r e x windows m o u n t e d on the ce l l . The 
windows , one-ha l f inch th ick and one inch in d i a m e t e r , w e r e s e a l e d in p l a c e 
us ing g r e a s e d "O" r i n g s . 

2. R e a c t i o n Ce l l fo r S tudies at High P r e s s u r e s 

FIGURE 7 

REACTION CELL FOR STUDIES AT HIGH PRESSURES 

TO PRESSURE 
GAGE AND VALVE 
TO VAC. SYSTEM 

The h i g h - p r e s s u r e ce l l is shown in F i g u r e 6a and in F i g u r e 7. 
It is c o n s t r u c t e d of s t a i n l e s s s t e e l and has an i n t e r n a l d i a m e t e r of one inch . 

Coppe r w i r e and r o d s w e r e u s e d a s 
c o n d u c t o r s wi th in the ce l l . S p e c i m e n s 
w e r e m o u n t e d in c o p p e r - l i n e d s t e e l 
c l a m p s . The d i s c h a r g e c u r r e n t w a s 
c a r r i e d into the c e l l t h r o u g h e ight 
14-gauge w i r e s by m e a n s of a l a r g e 
Conax C o r p . f i t t ing wi th a Teflon o r 
a Lava s e a l a n t . An add i t iona l 
m a c h i n e d r ing w a s s i l v e r - s o l d e r e d 
to the s t a n d a r d f i t t ing to hold a 
Teflon o r a s i l v e r - p l a t e d s t a i n l e s s 
s t e e l "O" r ing to effect a pos i t i ve 
s e a l tha t would w i t h s t a n d t h e r m a l 
cyc l ing . An SLM p r e s s u r e t r a n s ­
d u c e r w a s m o u n t e d in a s i m i l a r 
f a sh ion at the l o w e r end of the c e l l . 
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The r e a c t i o n ce l l a f te r a s ­
s e m b l y and l e a k - t e s t i n g w a s l o w e r e d 
into a h e a t e r c o n s t r u c t e d of two s i z e s 
of s t a i n l e s s s t e e l p ipe , a s shown in 
F i g u r e 7. The annulus be tween the 
two p i p e s c o n t a i n e d n i c h r o m e h e a t e r 
w ind ings , a s b e s t o s insu la t ion , and 
c o n t r o l t h e r m o c o u p l e s . Both p ipes 
ac t a s b l a s t s h i e l d s in the event of 

an a c c i d e n t and would d i r e c t any p r o j e c t i l e s e i t h e r up o r down. 



C. Aux i l i a ry I n s t r u m e n t a t i o n 

1. H i g h - s p e e d Mot ion P i c t u r e s 

H i g h - s p e e d m o t i o n p i c t u r e s w e r e t aken wi th a W F - 1 7 , 1 6 - m m 
F a s t a x c a m e r a . The c a m e r a w a s o p e r a t e d wi th a c o m m e r c i a l c o n t r o l uni t 
u t i l i z ing t i m e - d e l a y r e l a y s . The c a m e r a w a s s t a r t e d m a n u a l l y . Dur ing 
t y p i c a l o p e r a t i o n , the f i lm s p e e d bui l t up to a p p r o x i m a t e l y 3700 f r a m e s / s e c 
a f t e r 0.6 sec when the d i s c h a r g e w a s in i t i a t ed a u t o m a t i c a l l y . About o n e -
t h i r d of the 100-ft r o l l i s c o n s u m e d dur ing th i s p e r i o d . F i l m speed r e a c h e s 
a p p r o x i m a t e l y 4700 f r a m e s / s e c at the end of the r o l l . About 0.6 s e c of r e ­
ac t i on t i m e i s , t h e r e f o r e , p h o t o g r a p h e d unde r t h e s e c o n d i t i o n s . The c a m e r a 
w a s o p e r a t e d wi th a 2 - in . l e n s , l o c a t e d 8 in. f r o m the s p e c i m e n , wi th a f / s 
opening us ing T R I - X R e v e r s a l f i lm. A W r a t t e n r e d f i l t e r A (No. 25) w a s 
u s e d to n a r r o w the band p a s s of l ight p r o d u c e d by hot m e t a l p a r t i c l e s and 
t h e r e b y r e l a t e the i n t e n s i t y of the i m a g e m o r e d i r e c t l y to the m e t a l 
t e m p e r a t u r e . (3 6) 

2. M e a s u r e m e n t of T r a n s i e n t P r e s s u r e 

The SLM p i e z o e l e c t r i c t r a n s d u c e r s w e r e c h o s e n fo r the p r e s e n t 
app l i ca t i on for t h e i r h igh s e n s i t i v i t y and r a p i d r e s p o n s e . A p r e s s u r e change 
of only 5 m m of m e r c u r y can be r e a d i l y d e t e c t e d by m e a n s of su i t ab le 
ampl i fy ing d e v i c e s . Sens i t iv i ty to a d i f f e ren t i a l change i s , m o r e o v e r , i n ­
dependen t of the a m b i e n t p r e s s u r e . A b lock d i a g r a m of the c o m p o n e n t s 
u s e d in conjunct ion wi th a t r a n s d u c e r is shown in F i g u r e 8. The f r equency 
r e s p o n s e of the t r a n s d u c e r - e l e c t r o m e t e r c o m b i n a t i o n i s e s t i m a t e d by the 
m a n u f a c t u r e r to be 4000 c y c l e s / s e c . The ampl i f i ed s i g n a l w a s fed to the 
v e r t i c a l p l a t e s of two c a t h o d e - r a y o s c i l l o s c o p e s . One w a s u s e d wi th a 
s e r i e s of f a s t s w e e p s ( n o r m a l l y 1 0 0 - m s e c to t a l s w e e p t i m e ) . 

FIGURE 8 
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One sweep was f ired simultaneously with the Fas tax c a m e r a and gave a 
zero reference t r ace . A second sweep was t r iggered by the signal from 
the cur ren t shunt through an a i r - c o r e t r ans fo rmer and, therefore , began 
simultaneously with the discharge cur ren t . A final sweep was fired as the 
control unit for the Fas tax camera r e se t itself approximately 4 sec after 
the d ischarge , providing an indication of the "final" p r e s s u r e . The second 
oscilloscope used a slow sweep covering a period of 2 sec and was fired 
simultaneously with the Fas tax camera (0.6 sec before the discharge) . In 
some cases , a final sweep was used to indicate the p r e s s u r e after 10 sec. 
The slow sweep was momentar i ly blanked at one-second intervals by a 
c i rcui t consisting of a synchronous motor and moving contacts . This p r o ­
vided accurate timing m a r k s . 

3. Gas-handling Apparatus 

The react ion cells were connected with a Pyrex high vacuum 
apparatus as shown in a schematic d iagram in Figure 9. The vacuum-
producing apparatus consisted of a g lass , two-stage m e r c u r y diffusion 
pump backed by a mechanical pump. Liquid nitrogen t raps were used to 
re ta in the m e r c u r y vapor and prevent water from entering the pumps. 

FIGURE 9 

GAS-HANDLING APPARATUS ASSOCIATED WITH REACTION CELLS 

HIGH-PRESSURE 
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D. Run Procedure 

The cell to be used was f i rs t assembled and then evacuated to 
0.3 micron p r e s s u r e or l e s s . The water to be used in the run (35 to 50 cc) 
was f i rs t loaded into bulbs, indicated in Figure 9. The sequence: freezing 
evacuating, and thawing, served to remove dissolved gases from the water . 
Water was then poured into the appropriate react ion cell by rotating the 
ground glass joint J (see Figure 9). The cells could then be isolated from 
the glass sys tem by closing a metal valve and were then ready for a run. 



1. Measurement of Total Extent of Reaction 

Following a run in ei ther cell , the gases in the react ion cell 
were expanded into a s e r i e s of cold t r aps , indicated in Figure 9 as A, B, 
and C. The large t r ap A reta ined most of the water f rom the react ion cell 
without becoming plugged with ice. Traps B and C ensured complete water 
removal . Noncondensable gas was taken into Toepler bulb T and t r a n s ­
fe r red over m e r c u r y into a collection manifold, indicated in Figure 9. 
Nine to fifteen cycles of the Toepler Pump resul ted in complete t ransfe r 
of noncondensable gases from the react ion cell and t r ap sys tem into the 
collection manifold. Transfe r was aided by the continual flow of water 
vapor from the cell to the cold t r ap A. 

The total quantity of noncondensable gas in the collection man i ­
fold was deterrnined by noting the p r e s s u r e on the m e r c u r y manomete r and 
the volume of the collection manifold (ca. 45 cc). Runs producing large 
quantit ies of hydrogen or runs with added argon gas requ i red additional 
manifold volume V. The gas collected in the manifold was then opened to 
a heated palladium diffusion cell . All of the hydrogen contained in the 
collected gas diffused through the palladium in about one hour. All other 
gases remained in the manifold. F r o m the p r e s s u r e dec rea se and the 
total quantity of gas , the total hydrogen generated by react ion could be 
determined. Hydrogen puri ty generally exceeded 99 percen t when no iner t 
gas was del iberately added. Occasional m a s s spec t rome t r i c ana lyses* 
served to verify the resu l t s of the analytical p rocedure . 

The total extent of react ion was then calculated f rom the hydro­
gen determinat ion by means of the s to ichiometr ic equation for the m e t a l -
water react ion and the gas laws. 

2. Measurement of Pa r t i c l e Size of Residue 

A method for es t imat ing the total surface a r e a and par t ic le size 
of res idue from runs was developed. Fo r this a slide projec tor was specially 
constructed. P r e l im ina ry a t tempts using photomicrographs showed that a 
g rea t number of separa te photographs and an in t r ica te sampling procedure 
were required. A magnification suitable for la rge pa r t i c l e s would not allow 
diameter measu remen t s of the smal le r pa r t i c l e s . It was neces sa ry to have 
a very large blowup of the sample residue which could bes t be done by p r o ­
ject ion over a long optical a r m , followed by t rac ing the image on large 
pieces of paper . 

Pa r t i c l e s were collected on fi l ter paper following a run. After 
a i r drying, a represen ta t ive quantity was obtained by success ive division 
of the sample. The sample was then mounted on mic roscope sl ides by 

• P e r f o r m e d by the Chemis t ry Division, Argonne National Laboratory 



means of glyptal varn ish . In many cases the ent i re sample could be mounted. 
Slides were projected and t rac ings p repa red . Representat ive d iamete r s of 
over 100 pa r t i c l e s were then m e a s u r e d from the t racing. Sauter mean diam­
e t e r s were used to obtain a par t ic le d iameter representa t ive of the ent i re 
res idue of a run. The Sauter mean d iameter for spher ica l par t ic les is the 
d iameter of spheres that would have the same surface- to-volume rat io as 
the ent i re sample : 

D 
- ^ P ^ _ L /"Total Sample Volume 

M e a n ~ 2 D ^ ~ \ Total Sample Surface 

V. NATURE OF THE WIRE DISINTEGRATION 

Runs were made with nominal 30- and 60-mil z i rconium w i r e s , 
drawn from a r c - m e l t e d grade I c rys t a l bar z i rconium.* Chemical analy­
s i s** showed that meta l had 19 pa r t s per mil l ion carbon, 0.6 pa r t s per 
mill ion hydrogen, 11 pa r t s per mil l ion ni trogen, and 77 pa r t s pe r mil l ion 
oxygen. The resu l t s of a spect rographic analysis of the wi res after draw­
ing a r e shown in Table 1. 

Table 1 

ANALYSIS OF ZIRCONIUM WIRES 
(Arc-mel ted Grade I c rys t a l bar zirconium^) 

(Spectrographic analysis) 

Element^ 

B 
C r 
Cu 
F e 
Mn 

ppm 

0.7 
3 

30 
300 

3 

Element^ 

Na 
Ni 
P b 
Si 

ppm 

14 
30 
14 

110 

^Drawn into w i r e s by Metallurgy Division, 
ANL. 

The analyses for those consti tuents not 
indicated were below the l imi ts of s p e c t r o ­
graphic detection. Limits of detection a r e 
(in ppm): Ag 1, AL 10, As 10, Ba 20, Be 1, 
Bi 1, Ca 100, Co 1, K 20, Li 1, Hf 1000, 
Cd 100, Mg 1, Nb 20, P 50, Sb 1, Sn 5, 
Sr 100, Ti 20, V 10, Zn 20, W 100, Ta 1000. 

*Wires p r epa red by the Metallurgy Division, Argonne National 
Labora tory . 

**Analyses by the Chemis t ry Division, Argonne National Labora tory . 



Runs were also made with 30-mil platinum wi r e s . Such runs served 
to verify the ene rgy-measuremen tmethod and to provide control exper iments 
with a metal that would not reac t with water . Plat inum had the advantage 
that its melting point (1773 C) was s imi lar to that of z i rconium (1840 C). 

A. Correla t ion of Energy Input with the Appearance of the Residue 

Data from runs in the low-pressu re cell a re presented in Table 2. 
The calculated energy inputs to z i rconium and platinum wire specimens 
are given. The t empera tu res reached by the wi res were calculated from 
enthalpy data on the assumption that adiabatic heating occurred . Enthalpy 
data for zirconium(37) a re plotted in Figure 10. Residues from typical 
zirconium runs were mounted on microscope sl ides. P ic tu res of these 
residues a r e shown in Figure 11. Clear ma te r i a l in the figure is the glyptal 
varnish used to mount the residue. 

FIGURE 10 
ENTHALPY-TEMPERATURE DATA FOR ZIRCONIUM <37) 
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It is evident from the resul ts that a very reasonable cor re la t ion 
exists between the calculated initial metal t empera ture and the appearance 
of the res idue. Specimens calculated to have an initial t empera tu re up to 
the melting point remained intact, as shown in Figure 11a. Energy values 
corresponding to between 0 and 50 percent melted left zirconium wires 
essential ly intact but distorted into an ell iptical shape, as shown in F ig ­
ure l i b . 



Table 2 

RESULTS OF RUNS IN THE LOW PRESSURE CELL 

Run 
Energy 
Input 
(cal/g) 

Calc Metal Temp (C) 
and Physical State 

% Reaction 
Metal 

Particle 
Diameter (f-l 

Appearance of Residue 

Runs with 60-mil Zirconium Wires 

32 
23 
13 
22 
24 
28 
27 
25 
52 
26 
29 
14 
15 
18 
30 
31 
42 
20 
19 
16 
40 
41 
17 
39 
21 
53 
37 
35 
34 
36 

85 
86 
71 
88 
89 
87 
75 
76 
72 

107 
82 
90 

108 
106 
83 

112 
74 

109 
111 
110 
73 

113 
114 

91 
92 
93 

102 
94 
96 

103 
104 
100 
101 
99 
97 

105 

100 
127 
137 
150 
158 
174 
183 
190 
198 
203 
209 
217 
218 
233 
235 
258 
269 
275 
276 
284 
290 
294 
296 
300 
313 
322 
332 
361 
388 
393 

124 
146 
149 
160 
163 
165 
180 
182 
190 
198 
214 
214 
231 
232 
241 
255 
270 
290 
296 
314 
324 
387 
482 

40 
43 
54 
71 
73 
77 
82 
84 
88 
92 
94 

114 
136 

1100, solid 
1500, solid 
1600, solid 
1800, solid 
1840, 10% liquid 
1840, 30% liquid 
1840, 50% liquid 
1840, 60% liquid 
1840, 70% liquid 
1840, 80% liquid 
1840, 90% liquid 
1900, liquid 
1900, liquid 
2100, liquid 
2100 liquid 
2400, liquid 
2500, liquid 
2600, liquid^ 
2600, liquid^ 
2700, liquid 
2800, liquid^ 
2800, liquid^ 
2900, hquida 
2900, liquid^ 
3100, hquida 
3200 liquid^ 
3300, hquida 
3700, hquida 
4100, hquida 
4100, liquid^ 

Runs with 

1500, solid 
1700, solid 
1800, solid 
1840, 10% liquid 
1840, 10* liquid 
1840, 20% liquid 
1840, 40% liquid 
1840, 40% liquid 
1840, 60% liquid 
1840, 70% liquid 
1840, 100% liquid 
1840, 100% liquid 
2100, liquid 
2100, liquid 
2200, liquid 
2400, liquid 
2500, liquid 
2800, liquid^ 
2900, liquida 
3100, liquid^ 
3200, liquid^ 
4000, liquida 

- , part vapora 

Runs with 

1150, solid 
1200, solid 
1500, solid 
1773, 20% liquid 
1773, 30% liquid 
1773, 40% liquid 
1773, 60% liquid 
1773, 70% liquid 
1773, 80% liquid 
1773,100% liquid 
1800, liquid 
2250, liquid 
2600, liquid 

07 
12 
39 
42 
59 

-
-
89 

10 2 
79 
79 
82 
90 

121 
12 6 
18 3 
10 9 
24 0 
43 0 
17 1 
39 0 
710 
45 0 
50 0 
37 0 
510 
52 0 
60 0 
710 
50 0 

30-mil Zirconium Wires 

59 
10 0 
86 

13 7 
12 3 
15 6 
12 6 
16 4 
118 
13 8 
18 5 
19 7 
14 8 
181 
14 8 
15 3 
23 9 
43 8 
22 6 
45 7 
449 
380 
49 7 

30-mil Platinum Wires 

_ 
-
-
-
-
-
-
-
-
-
-
-
-

2140 
2180 
2160 
2170 
2060 
2180 
2240 
2280 
1740 
2100 
1500 
1960 
2040 
1500 
940 
680 
740 
440 
340 
980 
160 
110 
340 
240 
240 
370 
180 
200 
270 
480 

1120 
1130 
1160 
1100 
1010 
1010 
1040 
1040 
1630 
1390 
1200 
1290 
1680 
1020 
1180 
1610 
780 
300 
650 
320 
330 
420 
440 

1150 
1150 
1150 
1160 
1140 
1150 

-
1830 
1260 
1410 
1470 
1040 
960 

Intact 
Intact 
Intact 
Intact 
Elliptical 
Elliptical 
Elliptical 
Spherical 
Spherical Particles 
Spherical Particles 
Spherical Particles 
Elliptical 
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 

Intact 
Two Pieces 
Four Pieces 
Elliptical 
Elliptical 
Elliptical 
Elliptical 
Elliptical 
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 

Intact 
Intact 
Intact 
Intact 
Intact 
Intact 
Intact (Bent) 
Spherical Particles 
Spherical Particles 
Spherical Particles 
Spherical Particles 
Spherical Particles 
Spherical Particles 

^Runs had an explosive pressure rise 
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F i g u r e 11 

P H O T O G R A P H S O F ZIRCONIUM RUN RESIDUES 
(MOUNTED ON M I C R O S C O P E SLIDES) 

C a l c u l a t e d In i t i a l T e m p e r a t u r e , C 

^ 

a. 
b . 
c. 
d. 
e. 
f. 

60 mil WIRES 

^ ^ ^ T f 

1500, Solid 
1840, 30 -40% Liquid 
1840, 70-80% Liquid 
2400-2500 , Liquid 
2800, L iquid 
3100-3300 , Liquid 

3 0 mil WIRES 

-. i 

fT^'y^ 

C 

^.mj 

v«i 

( ; . ^ ^ | ^ \ ) 

- r-

\r 

'life • X V Mk. -'•'*" 
•^^ 



At g rea te r energy values , spher ica l par t ic les were formed with p r o g r e s ­
sively smal le r d i ame te r s . Residue from platinum runs did not pass 
through the ell iptical shape, but went direct ly from the original cyl indrical 
shape into spher ica l pa r t i c les at energ ies corresponding to between 50 and 
70 percent melted. The physical evidence of melt ing at energ ies c o r r e s ­
ponding to the melting point is the most significant check of the energy-
measuremen t methods and the assumption of adiabatic heating. 

B. Par t ic le Diameters 

The resu l t s of par t ic le size measu remen t s for z i rconium runs in 
room- tempera tu re water are included in Table 2 and plotted in Figure 12. 
The par t ic le d iameters quoted for specimens that r emained intact a re those 
of spheres that would have the same sur face- to-volume rat io as the w i r e s . 
For 60-mil w i r e s , this d iameter is 90 m i l s , or 2280 [d. Zirconium runs 
with initial meta l t empe ra tu r e s of 2600 C or higher general ly resul ted in 
significantly smal le r pa r t i c l e s . With the exception of two runs , a calculated 
initial t empera ture of 2600 C or higher resul ted in a mean par t ic le d iameter 
of 480 jLi or l e s s , whereas initial t empera tu re s below 2600 C gave mean 
d iameters above 680 fi. This behavior is also evident in F igure 11. 

FIGURE 12 
MEAN PARTICLE DIAMETER OF RESIDUE FROM ZIRCONIUM 

RUNS IN ROOM-TEMPERATURE WATER AS A 
FUNCTION OF CALCULATED INITIAL METAL TEMPERATURE 

a. 1000 
_£x 

1000 1500 
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_!_L 
2000 2500 3000 3500 4000 —1840-

INITIAL METAL TEMPERATURE, C 

Very uniform powders w^ere produced in very energet ic runs. It is 
likely that the oxide Zr02 which begins to form immediate ly s tabi l izes the 
l a rger par t ic les of molten meta l . Zr02, however, mel t s at 2700 C, so that 
par t ic les having higher initial t empe ra tu r e s would not be stabil ized in an 
ear ly stage of the wire dis integrat ion. Fu r the r subdivision could then 
occur. 



The Sauter mean d iame te r used to c o r r e l a t e the r e su l t s is m o r e 
great ly influenced by la rge pa r t i c l e s than by smal l p a r t i c l e s . One la rge 
par t i c le in residue from a run can lead to a significant i nc rease in the 
mean dianaeter. 

It is apparent f rom resu l t s shown in F igure 12 that pa r t i c l e s from 
runs with 30-mil w i r e s were somet imes l a r g e r than the or iginal w i r e . 
This was probably due to surface forces drawing a considerable length of 
wire together to form a single pa r t i c l e . 

C. High-speed Motion P i c t u r e s 

Typical film sequences from z i rconium runs a r e shown in F ig ­
ure 13. The film speed was approximately 4000 f r a m e s / s e c , so that 
heating (in 0.3 msec ) occu r r ed in one or two f r a m e s . The f i r s t f rame in 
each sequence indicates that uniform heating did occur along the length 
of the w i re . Control f i lms of a tungsten ribbon lamp taken under iden­
t ical conditions showed that an image is ba re ly detectable at t e m p e r a ­
tu res near 1300 C. Both the optical py rome te r used to de te rmine 
tungsten t empe ra tu r e and the film (with the red f i l ter) respond to light 
in a region of wave length nea r 0.65 [J.. Image in tens i t ies of spec imens 
shown in F igure 13 and those of other runs were not inconsis tent with 
the calculated init ial t e m p e r a t u r e s . 

Rapid generat ion of s t eam and hydrogen in te r fe res with the image , 
since the w i re s a r e under wa te r . The d is in tegra t ion of the wi re into p a r ­
t ic les i s , the re fore , not c lea r ly v is ib le . A brief s e r i e s of runs was made 
in an argon environment . Typical runs a r e shown in F igure 14. Four mi l l i 
seconds of t ime a r e vis ible in the sequences . . It is apparent that although 
heating occu r r ed in a f ract ion of a mi l l i second, s eve ra l mi l l i seconds were 
requ i red for the molten wi re to form pa r t i c l e s at t e m p e r a t u r e s slightly 
above the melt ing point, whe reas in runs at ve ry high t e m p e r a t u r e the 
wi re d is in tegra ted very rapidly. 

The sequence shown in F igure 14c i l lus t ra ted a very in teres t ing 
phenomenon descr ibed in Reference 38. The mol ten fi lament of meta l 
bulges at regula r in te rva ls along its length. The regu la r undulating pa t t e rn 
descr ibed by the me ta l is shown to be due to mechan ica l forces of expan­
sion and surface fo rces . The tendency of 60-mi l w i r e s to form about 
10 la rge spher ica l pa r t i c l e s is seen in the p ic tu res of the res idue shown 
in F igure l i e and l i d . Wires heated under wa te r a r e influenced both by 
the stabilizing action of oxide formation and rapid quenching. 

Discharge conducted in a vacuum environment (0.1 to 1 /i p r e s s u r e ) 
were accompanied by a powerful a r c which bypassed the wi re . Energy c a l ­
culations w e r e , t he re fo re , not consis tent with the occu r r ence of melt ing. 
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F i g u r e 13 

HIGH S P E E D MOTION P I C T U R E S O F RUNS WITH 3 0 - M I L ZIRCONIUM 

WIRES IN WATER 

(4000 f r a m e s / s e c ) 

C a l c u l a t e d In i t i a l T e m p e r a t u r e , C 

a. 1840, 10% Liquid 
b . 1840, 100% Liquid 
c. 2400, Liquid 
d. 3100, Liquid 
e. (482 c a l / g ) . Vapor 

ro HEATING 
TIME 

E 
m 2 
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Figure 14 

HIGH SPEED MOTION PICTURES OF RUNS WITH 60-MIL ZIRCONIUM 
WIRES IN ARGON ATMOSPHERE 

(4000 f r a m e s / s e c ) 

Calculated Initial Tempera tu re , C 

a. 1700, Solid 
b. 1840, 70% Liquid 
c. 1840, 80% Liquid 
d. 2700, Liquid 
e. 2900, Liquid 

HEATING 
TIME 



VI. P R E L I M I N A R Y R E S U L T S WITH ZIRCONIUM 

C o m p l e t e r e s u l t s and a de t a i l ed a n a l y s i s of the z i r c o n i u m - w a t e r 
r e a c t i o n wil l be pub l i shed s e p a r a t e l y . The p r e p a r a t i o n of th i s m a n u s c r i p t 
is in an a d v a n c e d s t a g e . 

A. Ra te of P r e s s u r e R i s e 

Two s e r i e s of p r e s s u r e t r a c e s ob ta ined with the p i e z o e l e c t r i c p r e s ­
s u r e t r a n s d u c e r a r e r e p r o d u c e d in F i g u r e s 15 and 17. P r e s s u r e - t i m e 
c u r v e s deduced f r o m the t r a c e s a r e p r e s e n t e d in F i g u r e s 16 and 18. The 
r u n s to which F i g u r e s 15 and 16 c o r r e s p o n d w e r e m a d e with 6 0 - m i l z i r c o ­
n i u m w i r e s and the t r a c e s have the h i g h - s p e e d s w e e p . 

F i g u r e 15 

P R E S S U R E T R A C E S F R O M RUNS WITH 6 0 - M I L ZIRCONIUM WIRES 
(Sweeps f i red : - 0 . 5 , 0 .0 ,and 4.0 s ec r e l a t i v e to d i s c h a r g e ) 

Run In i t i a l M e t a l T e m p , C. P r e s s u r e R i s e , 
No. and P h y s i c a l Sta te a t m 

(a) 

(b) 
(c) 

(d) 
(e) 

52 

18 
16 

19 
53 

1840, 
2100, 
2700, 
2600, 
3200, 

70% Liquid 
Liquid 
Liquid 
Liquid 
Liquid 

0.47 
0.56 
0.60 
1.90 
1.93 

Sens i t iv i ty , 
a t m / c m 

0.080 
0.36 
0.37 
1.04 
0.48 

Sw eep R a t e , 
m s e c / c m 

10 
10 
10 

5 
10 

d e 



Figure 1 6 

PRESSURE-TIME CURVES TAKEN 
FROM THE OSCILLOGRAMS OF 

FIGURE 15 
(60-mil Zirconium Wires) 
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The runs a r e c lear ly divisible into two ca tegor i e s . Runs with calculated 
initial meta l t empe ra tu r e s up to ca. 2600 C had slow p r e s s u r e r i s e r a t e s , 
as shown in a, b , and c of F igures 15 and 16.* It requi red from one-tenth 
to severa l tenths of a second for the p r e s s u r e to approach a final value. 
Runs with calculated initial meta l t e m p e r a t u r e s exceeding 2600 C showed 
an explosive p r e s s u r e r i s e , as shown in d and e of F igures 15 and 16. A 
final p r e s s u r e was reached within a few mi l l i seconds . 

Some e lec t r i ca l noise inevitably occur red at the t ime of the d i s ­
charge . It was general ly impossible to es tabl ish the cha rac te r of the p r e s ­
sure within the f i rs t mil l isecond. No es t imate of the peak explosion 
p r e s s u r e was , there fore , poss ible . Noise spikes occur red in a number of 
t r aces which were apparent ly not assoc ia ted with an explosion. When a 
rea l explosion occur red , the t r ace re tu rned rapidly to the final p r e s s u r e . 
A noise spike, however, re turned to a near initial p r e s s u r e and then r e ­
produced the slowly increas ing p r e s s u r e . 

* Run 16 shown in Figure 15c had a calculated initial meta l t empera tu re 
of 2700 C and was the only z i rconium run in r o o m - t e m p e r a t u r e water 
at meta l t empera tu re above 2600 C to show the slow p r e s s u r e r i s e . 
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T r a c e s r e p r o d u c e d in F i g u r e 17 and p lo t t ed in F i g u r e 18 w e r e o b ­
t a ined with 3 0 - m i l w i r e s . F o u r n o n e x p l o s i v e r u n s , shown in a, b , c, and 
d of F i g u r e s 17 and 18, w e r e ob ta ined u s i n g the s low s w e e p . The b r i g h t 
spot a p p a r e n t in F i g u r e 1 7a and 1 7c i s an o v e r e x p o s e d i m a g e of the b e a m 
r e g i s t e r e d b e t w e e n the t i m e the c a m e r a w a s opened and the t r a c e was 
f i r e d . It w a s a p p a r e n t tha t s o m e o v e r - p r e s s u r e o c c u r r e d b e c a u s e of the 
r e l a t i v e l y r a p i d h e a t i n g even in the n o n e x p l o s i v e r u n s . The e x t r e m e 
r a p i d i t y of e x p l o s i v e r u n s i s a p p a r e n t in F i g u r e s 1 7f and 1 8f for r u n s in 
which a v e r y fas t s w e e p was u s e d . 

F i g u r e 17 

P R E S S U R E T R A C E S F R O M RUNS WITH 3 0 - M I L ZIRCONIUM WIRES 

(Sweep f i r ing v a r i e d , n o r m a l l y - 0 . 5 , 0.0, and 4.0 s e c r e l a t i v e to d i s c h a r g e ) 

(a) 

(b) 
(c) 

(d) 
(e) 

( f ) 

R u n 
N o . 

86 
82 

106 
74 

109 
114 

In i t i a l M e t a l T e m p , C. 
and P h y s i c a l S ta te 

1700, Solid 
1840, 100% Liquid 
2100, L iquid 
2500, L iquid 
2800, L iqu id 
(482 c a l / g ) Vapor 

P r e s s u r e R i s e , 
a t m 

0.11 
0.16 
0.16 
0.22 
0.44 
0.46 

Sens i t i v Lty, 
a t m / c m 

0.063 
0.063 
0.177 
0.088 
0.156 
0.156 

Sw eep R a t e , 
m s e c / c m 

220 
200 
220 
200 

10 
1 



Figure 18 

PRESSURE-TIME CURVES TAKEN 
FROM THE OSCILLOGRAMS OF 

FIGURE 17 
(30-mil Zirconium Wires) 
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B. Total Extent of Reaction 

Results of the total extent of reac t ion as de te rmined by hydrogen 
analyses a r e included in Table 2 for runs made in the l o w - p r e s s u r e cel l . 
Resul ts for runs made in. the h i g h - p r e s s u r e cell a r e given in Table 3. 

Table 3 

RESULTS OF 60-MIL ZIRCONIUM RUNS IN THE HIGH-PRESSURE CELL 

Run 
No 

Energy 
Input 
(cal/gl 

Calc Metal Temp (C) 
and Physical State 

Saturated Vapor 
Pressure of 
Water (psia) 

Pressure 
of Added 

Argon (psO 
% Reaction 

Runs with Room Temperature Water 

192 
193 
202 
205 
204 
197 

144 
157 
185 
195 
195 
201 

1700, solid 
1840 solid 
1840 50% liquid 
1840, 70% liquid 
1840 70% liquid 
1840, 80% liquid 

05 
05 
05 
05 
05 
05 

0 
0 
0 

20 
25 
0 

26 
37 

113 
77 
89 

112 

Runs with Water at 90-125 C 

194 
191 
196 
206 
200 

150 
150 
204 
205 
216 

1800 solid 
1800 solid 
1840, 80% liquid 
1840, 80% liquid 
1840 100% liquid 

10 
32 
22 
26 
19 

0 
0 
0 

23 
0 

86 
78 

315 
37 6 
517 

Runs with Water at 140-200 C 

195 
190 
189 
203 
188 

157 
161 
169 
203 
206 

1840 solid 
1840 10% liquid 
1840 20% liquid 
1840 80% liquid 
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Data for r u n s with w a t e r a t r o o m t e m p e r a t u r e ( in i t i a l p r e s s u r e c a . 0.5 p s i ) 
a r e p lo t t ed in F i g u r e 19. Runs m a d e in both r e a c t i o n c e l l s a r e i nc luded in 
the f igure and i nd i ca t e tha t t h e r e w a s no s ign i f i can t a p p a r a t u s effect even 
though w i r e s a r e m o u n t e d h o r i z o n t a l l y in the l o w - p r e s s u r e c e l l and v e r t i c a l l y 
in the h i g h - p r e s s u r e c e l l . I nc luded in F i g u r e 19 a r e two r u n s m a d e with an 
o v e r - p r e s s u r e of a r g o n g a s . T h e r e i s a l s o no a p p a r e n t effect of i n e r t g a s 
o v e r - p r e s s u r e . A p p r o x i m a t e l y twice a s m u c h r e a c t i o n o c c u r s wi th the 
3 0 - m i l w i r e s a s with the 6 0 - m i l w i r e s up t h r o u g h the m e l t i n g point r e g i o n . 
The o r i g i n a l w i r e s i z e h a s a l e s s i m p o r t a n t effect a t h i g h e r i n i t i a l m e t a l 
t e m p e r a t u r e s . It was shown in F i g u r e 12 tha t d i f f e r e n c e s in p a r t i c l e d i a m ­
e t e r s of r e s i d u e f r o m 30- and 6 0 - m i l w i r e s l a r g e l y d i s a p p e a r e d above the 
m e l t i n g poin t r e g i o n . 

F i g u r e 19 

RESULTS O F ZIRCONIUM RUNS IN 
R O O M - T E M P E R A T U R E W AT E R 
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A s e r i e s of r u n s was m a d e with 6 0 - m i l w i r e s at e l e v a t e d w a t e r 
t e m p e r a t u r e and a c o r r e s p o n d i n g l y h i g h e r p r e s s u r e . The r u n s w e r e m a d e 
in the h i g h - p r e s s u r e r e a c t i o n c e l l and the r e s u l t s a r e p lo t t ed on F i g u r e 20 
along with r u n s m a d e with r o o m - t e m p e r a t u r e w a t e r (vapor p r e s s u r e 
c a . 0.5 p s i ) . The n u m b e r a s s o c i a t e d with e a c h da ta point i s the s a t u r a t e d 



vapor p r e s s u r e of the water in psi used in the run. The resu l t s show that, 
although iner t gas p r e s s u r e had no apparent effect on the react ion, i nc rease 
water vapor p r e s s u r e had an important effect. 

Figure 20 
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Runs in which the water vapor p r e s s u r e ranged from 1 0 to 225 psi (water 
t empera tu re from 90 to 200 C) gave a considerably g rea t e r extent of r e ­
action than runs made with water at room t e m p e r a t u r e . There appeared 
to be no effect, however , of water vapor p r e s s u r e (or water t empera tu re ) 
in the range between 10 and 225 psi . Additions of iner t gas to runs in 
heated water again had no major effect. P r e s s u r e t r a c e s from runs r e ­
ported in Table 3 show^ed only the slow ra te of p r e s s u r e r i s e . 

C . Analysis of Results 

The nature of the resu l t s indicates that the r a t e s of both a chemical 
react ion and a gaseous diffusion p rocess must be considered. This follows 
from the observat ion that the extent of react ion does not inc rease regu la r ly 
with increasing water vapor p r e s s u r e (or water t empe ra tu r e ) . It appears 
likely that the differences between runs in r o o m - t e m p e r a t u r e water and 
those in heated water a r e p r ima r i l y a function of the degree of subcooling* 
of the water . Heat t r ans fe r and presumably also gaseous diffusion 

* A subcooled liquid is one that is at a t empera tu re below its boiling 
point. Room- tempera tu re water rapidly becomes subcooled as the 
p r e s s u r e i n c r e a s e s during a run because of hydrogen generat ion. 



p r o c e s s e s change great ly with a change in the degree of subcooling.w9) 
Simultaneous differential equations to desc r ibe both the chemica l and phys­
ical p r o c e s s e s have been devised. The detai ls of these equations and their 
solution on an e lect ronic computer form the subject of a s epa ra t e r e p o r t . 

P r e l im ina ry theore t ica l s tudies of these p r o c e s s e s indicated that 
the react ion is init ially control led by the diffusion of water vapor through 
the hydrogen blanket surrounding the reac t ing pa r t i c l e s . * At some l a t e r 
t ime , the buildup of a protect ive oxide film d e c r e a s e s the ra te of sol id-
state p r o c e s s e s such as ionic diffusion through the oxide la t t ice to a point 
where the react ion is no longer control led by gaseous diffusion. 

The par t ia l p r e s s u r e of water vapor at the surface between the liquid 
water and the vapor blanket surrounding the meta l par t ic le is the driving 
force for diffusion. The diffusion coefficient i s , however , i nve r se ly p ropor ­
tional to the total p r e s s u r e . Two ex t r eme assumpt ions a r e poss ib le . It 
might be supposed that the water surface r eaches the boiling point. The 
vapor p r e s s u r e is then equal to the total p r e s s u r e at all t imes so that the 
diffusion ra te is independent of p r e s s u r e . It could also be a s s u m e d that the 
water surface remains at the bulk t e m p e r a t u r e of the wa te r . In this case 
the diffusion ra t e could d e c r e a s e marked ly when ei ther the p r e s s u r e of in­
e r t gas or of hydrogen genera ted by reac t ion grea t ly exceeds the water 
vapor p r e s s u r e . The data indicate that the la t te r assumpt ion is m o r e c o r ­
rec t . Thus, react ion with r o o m - t e m p e r a t u r e water is l imi ted to a lower 
initial ra te by gaseous diffusion p r o c e s s e s . Runs with water vapor p r e s ­
su res of the o rde r of one a tmosphere or m o r e were not significantly affected 
because the degree of subcooling was much l e s s . 

It is a lso poss ible , a p r i o r i , that the p r e s s u r e effects were due to a 
sensi t ivi ty of the ra te of so l id -s ta te p r o c e s s e s to p r e s s u r e . It s eemed ve ry 
unlikely, however , that p r e s s u r e sensi t iv i ty would cease at about one a t m o s ­
phere . Runs at p r e s s u r e s g r e a t e r than one a tmosphere did not lead to 
g rea t e r reac t ion . 

The explosive p r e s s u r e - r i s e r a t e s observed above 2600 C were 
probably due to the ability of the me ta l pa r t i c l e s to continue to subdivide 
under the influence of r eac t ion -gene ra t ed tu rbulence . Molten oxide would 
not form a r igid casing for the meta l and fresh surface could fo rm rapidly . 
Smaller pa r t i c les lead to grea t ly i n c r e a s e d r a t e s of diffusion and cooling. 
Reaction would be much more rapid although not n e c e s s a r i l y m o r e extens ive . 

An in teres t ing l imitat ion to the extent of a metal- 'water reac t ion 
might r e su l t from the phenomenon of t h e r m a l diffusion. In the m e t a l - w a t e r 
react ion, hydrogen (light molecule) mus t leave the hot surface and w^ater 
vapor (heavy molecule) mus t approach the hot sur face . The p r o c e s s i s , 
the re fore , opposed by the rmal diffusion. Frank-Kamenetsk i i (31 ) points out 
that t he rma l diffusion can be v e r y impor tan t in mix tu res involving hydrogen 
when a steep t empera tu re gradient is involved. 

* This view was also exp re s sed by L. F . Epstein.(27) 



VII. DISCUSSION 

Most fundamental s tudies of exploding wi res have been confined to 
ve ry fine wi res and very powerful d i s c h a r g e s . (33) These s tudies were gen­
e ra l ly a imed at producing exceedingly high t e m p e r a t u r e s in the study of 
p lasma physics or to genera te l ight f lashes or inagnetic fields of a t r e m e n ­
dous magni tude . The p resen t study is different in that r e s e a r c h was d i rec ted 
toward heating a maximum quantity of meta l to an accura te ly known t e m p e r ­
a ture in a range of in te res t in chemica l s tudies . 

The two methods of energy m e a s u r e m e n t a r e believed to be unique 
in the field of exploding w i r e s . The methods a r e not appl icable , however , 
to very rapid d i scharges where the ac skin effect would prevent uniform hea t ­
ing of constantan wire e l emen t s . The methods p resen ted s eem well suited 
for chemica l studies in which accu racy , s impl ic i ty , and re l iab i l i ty a r e m o r e 
impor tan t than ex t r eme heating r a t e . The calculated meta l t e m p e r a t u r e s 
were p resen ted to the n e a r e s t hundred degrees Centigrade or to the n e a r e s t 
ten percent mel ted . This was bel ieved to r e p r e s e n t the probably accu racy 
of the e n e r g y - m e a s u r e m e n t methods . The es t imate of accu racy is born out 
by the r e su l t s in severa l ways: (l) the co r re la t ion between calculated t e m ­
pe ra tu r e and indications of melt ing for both z i rconium and plat inum, (2) r e ­
producibi l i ty of the c r i t i ca l t e m p e r a t u r e between explosive and nonexplosive 
runs with z i rconium, and (3) reproducib i l i ty of the observed extent of 
reac t ion . 

Much of the sca t t e r that is p r e sen t in the plots of pe rcen t reac t ion 
y s . ini t ial meta l t empe ra tu r e is due to var ia t ions in the par t i c le s izes gen­
e ra ted by the d i scha rge . This can be seen in Table 2, where a smal l mean 
par t ic le d iamete r is genera l ly a s soc ia t ed with an i n c r e a s e d extent of r e ­
act ion. The i r r e g u l a r i t y in the pa r t i c l e d i a m e t e r s provided means of study­
ing the effect of par t ic le s i ze . P a r t i c l e s ize was va r i ed at ini t ial 
t e m p e r a t u r e s of the o rde r of the mel t ing point or l e s s by varying the 
d iamete r of spec imen w i r e s . Differences in par t i c le s izes from different 
wire d i a m e t e r s l a rge ly d i sappeared , however , when t e m p e r a t u r e s g rea t ly 
exceeded the mel t ing point. 

The pr incipal failings of the condense r -d i s cha rge method as employed 
by previous inves t iga to r s , i . e . , unknown init ial t e m p e r a t u r e s and surface 
a r e a s , have been co r r ec t ed in l a rge m e a s u r e by methods developed in the 
p resen t study. It has thus been poss ib le to take advantage of the inherent 
s impl ic i ty of the method to study the z i r con ium-wa te r reac t ion under a 
d ivers i ty of exper imenta l condit ions. Initial meta l t e m p e r a t u r e s ranging 
from 1100 to over 4000 C and p r e s s u r e s ranging from 0.5 to over 200 psi 
have been studied. It should be poss ib le to study reac t ions at p r e s s u r e s up 
to 1500 psi in the h i g h - p r e s s u r e cel l without modification. P r e l i m i n a r y 
studies of the effect of iner t gas p r e s s u r e have a lso been comple ted . 



The range of t empe ra tu r e and p r e s s u r e studied by the condenser 
method could be reached by other methods only with grea t difficulty. P o u r ­
ing or spraying methods r equ i re crucible heat ing, which u l t imate ly involves 
some contamination of the me ta l . Difficulties of crucible heating to ex t reme 
t empe ra tu r e s and p r e s s u r e s a r e obvious. A method involving levitation m e l t ­
ing has recent ly been demons t ra ted by F u r m a n and McManus. '^"^ This 
method also provides meta l which is free from contaminat ion. It is poss ib le , 
in pr inciple , to vary t e m p e r a t u r e , p r e s s u r e , and par t i c le s ize independently. 
In p rac t i ce , however, it is ve ry difficult to devise induction coils that will 
levitate molten meta l pa r t i c l e s of varying s izes at varying t e m p e r a t u r e s . 

VIII. SUMMARY 

A method of studying the reac t ion of molten me ta l s with water was 
developed and p re l imina ry r e su l t s with z i rconium repor t ed . Rapid heating 
of meta l wi res to accura te ly known t e m p e r a t u r e s was accompl ished by 
means of surge cu r r en t s from a bank of condense r s . Wires were no rma l ly 
heated to a final t empe ra tu r e in 0.3 m s e c . Two methods of de termining the 
energy given to specimen wi res were developed; these methods enabled c a l ­
culation of metal t empera tu re to within 100 C. E n e r g y - m e a s u r e m e n t methods 
involved the use of shor t lengths of constantan wire with a smal l t h e r m o ­
couple at tached to the i r outer sur face . The wi re s were located in the d i s ­
charge c i rcu i t ry so that they were heated along with spec imen w i r e s . 
Tempera tu res reached by the wire e lements were used to calculate values 
of the energy impar ted to spec imen ^vires. Accuracy of t e m p e r a t u r e ca l ­
culation was verif ied by the ag reemen t of calcula ted mel t ing t e m p e r a t u r e s 
and physical indications of mel t ing for two meta l s and two wire s i z e s . High­
speed motion p ic tures indicated that uniform heating o c c u r r e d and showed 
detai ls of the p rocess whereby liquefied meta l wi res d i s in tegra ted into 
spher ica l pa r t i c l e s . 

Details of the design of two react ion cel ls w^ere p resen ted . One cell 
was useful for runs at low p r e s s u r e s and the other could be used at high 
p r e s s u r e with heated water . Means of collecting and measu r ing the quantity 
of hydrogen generated by reac t ion were developed, and the r e su l t s were 
used to determine the extent of m e t a l - w a t e r r eac t ion . The rapidi ty of gas 
evolution was determined by means of a quar tz c ry s t a l p r e s s u r e t r ansduce r 
which re ta ined a rapid r e sponse and high sensi t iv i ty at elevated ambient 
t empe ra tu r e and p r e s s u r e . A s imple optical method -was used to obtain the 
mean par t ic le d iameter of the spher ica l pa r t i c l e s obtained in runs with 
z i rconium and platinum. Accura te de te rmina t ions of ini t ial me ta l t e m p e r ­
a ture and of par t ic le s izes c o r r e c t e d the pr incipal failings of the method 
as employed by previous inves t iga to r s . 

The z i rcon ium-wate r reac t ion was studied with init ial me ta l t e m ­
p e r a t u r e s from 1100 to over 4000 C with 30- and 60-mi l d i ame te r wi res in 
water at room t e m p e r a t u r e and under an ini t ial total p r e s s u r e of ca. 0.5 ps i . 



Runs in the h i g h - p r e s s u r e cell were made with 60-mil wi res through the 
melt ing point in water from room t empe ra tu r e to 200 C with corresponding 
p r e s s u r e s up to 225 ps i . Resul ts in r o o m - t e m p e r a t u r e water showed that 
p rog res s ive ly g r e a t e r reac t ion occur red at h igher ini t ial meta l t e m p e r a t u r e s , 
reaching 20% react ion at 2600 C. P r e s s u r e t r a c e s showed that from one to 
severa l tenths seconds were requ i red for reac t ion to reach a final value. 
At t e m p e r a t u r e s exceeding 2600 C, the react ion became violent, reaching 
40 to 70% completed in a few mi l l i seconds . General ly finer pa r t i c l e s r e ­
sulted from the explosive r u n s . The change in c h a r a c t e r of the reac t ion 
was a t t r ibuted to the formation of molten oxide, Zr02 (2700 C), which did 
not s tabil ize l a rge pa r t i c l e s formed in ea r ly s tages of the wire d i s in t eg ra ­
tion. General ly , twice as much react ion occu r r ed with 30-mi l wi res as with 
60-mil wi res at t e m p e r a t u r e s in the melt ing region and below. 

Runs in heated w^ater gave more extensive reac t ion at t e m p e r a t u r e s 
in the melting point region, reaching 50% reac t ion for fully mel ted me ta l . 
The inc reased react ion was obtained with water heated to 100 C (15 psi water 
vapor p r e s s u r e ) . Heating to 200 C (225 psi water vapor p r e s s u r e ) , however , 
produced no additional reac t ion . This unusual p r e s s u r e effect was a t t r ibuted 
to an i nc reased ra te of diffusion of water vapor through the b a r r i e r of h y d r o ­
gen surrounding react ing meta l p a r t i c l e s . At a l a t e r t ime the rac t ion b e ­
comes control led by so l id - s ta te p r o c e s s e s occur r ing within the par t ly 
oxidized pa r t i c l e s (parabolic or other ra te law). Reaction r a t e s control led 
by gaseous diffusion a r e no rma l ly independent of p r e s s u r e , but only if the 
effective water t e m p e r a t u r e at the surface between liquid water and the 
s team-hydrogen blanket r e m a i n s at the boiling point de te rmined by the 
ambient p r e s s u r e . Exper imenta l r e su l t s indicate that it does not. Hydro­
gen genera ted by reac t ion , t he re fo re , tends to suppres s further react ion 
with water at room t e m p e r a t u r e . With heated wa te r , the vapor p r e s s u r e 
is m o r e nea r ly equal to the total p r e s s u r e at all t imes so that react ion is 
not supp re s sed . 

Equations descr ib ing the react ion and cooling p r o c e s s e s and the i r 
solution on an e lec t ronic computer w^ill be p resen ted in a separa te r epo r t 
along with a quantitative compar i son with exper iment . 
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Appendix A 

SURVEY OF PREVIOUS STUDIES^ 

The purpose of this survey is to sunnmarize and to c r i t ic ize both 
the exper imental methods that have been used to study me ta l -wa te r r e a c ­
tions and the r e su l t s of these s tudies . The r e s u l t s of this survey were used 
to se lec t the exper imenta l methods p resen t ly being used in the Chemical 
Engineering Division of ANL. Repor ts of r e s e a r e h i n this f i e ld tha twere pub­
lished subsequently to the or iginal p repa ra t ion of this survey a r e briefly 
summar i zed in a closing pa rag raph . 

The l i t e ra tu re survey has been l imi ted to z i rconium, aluminum, 
uranium, s ta in less s teel , and ce r ta in of thei r al loys which a r e normal ly use 
or cons idered as core m a t e r i a l s for nuclear r e a c t o r s . Studies dealing only 
with low- tempera tu re s t eam co r ros ion have been omitted. 

Molten me ta l -wa te r r eac t ions fall into the ca tegory of rap id chemi ­
cal reac t ions . The mos t c r i t i ca l r e q u i r e m e n t of an exper imen ta l method 
to determine r a t e s of reac t ions is that the r eac t an t s mus t be brought t o ­
gether in a t ime which is shor t compared to the pe r iod of observat ion. 
Ei ther of two methods may then be used to follow the reac t ion . Some index 
of the extent of reac t ion can be m e a s u r e d continuously as a function of t ime , 
or the reac t ion can be quenched after a per iod of t ime and the extent of r e ­
action determined. 

It is often imposs ib le to c a r r y out rap id r eac t ions under i so the rma l 
conditions. A given exper imenta l method mus t then be evaluated in t e r m s 
of how well react ion t e m p e r a t u r e is control led. Molten me ta l -wa te r r e a c ­
tions a r e heterogeneous , so that the control of in te r fac ia l a r e a mus t a lso 
receive important considerat ion. 

In addition to the controls that the exper imenta l method imposes on 
the react ion, it is n e c e s s a r y to consider what m e a s u r e m e n t techniques a r e 
used to define the reac t ion conditions of t e m p e r a t u r e and p r e s s u r e and to 
follow the extent of react ion. The m e a s u r e m e n t techniques mus t be judged 
in t e r m s of their accuracy and t ime r e sponse . 

The exper imenta l methods that have been used can be divided into 
six broad ca tegor ies as follows: 

1. pouring or spraying mol ten me ta l into wate r ; 

2. molten meta l drops falling into wate r ; 

3. d i spers ion of molten me ta l by an explosive charge; 

^ P r e s e n t e d original ly as p a r t of an in te rna l ANL r e p o r t on April 1, 
1958 by L. Baker, J r . , and C. H. Smith and r ep roduced by R. O. 
Br i t tan as pa r t of Ref. 32. 



4. slow heating of me ta l i m m e r s e d in water or s team; 

5. in-pile heating in MTR; and 

6. d i spers ion of me ta l by a condenser d i scharge . 

Each category will be d i scussed separa te ly . A final s u m m a r y of r e ­
sul ts is included. 

1. Pouring or Spraying Molten Metal into Water 

References 

Aerojet Genera l Corporation'•'•' '^'3) 
Aluminum Company of America( '* '5 ' " i 
Argonne National Laboratory( ' / 
Mine Safety Appliances(8-12) 

Method 

Heating - Bulk naetal samples were hea ted in c ruc ib les . 

Contacting - The meta l s were sprayed\3) or poured into 
liquid water . 

Time of Heating or Contacting - There is r ea son to believe 
that t r a c e s of a i r or water vapor were in contact with the bulk mel t for ex­
tended per iods of t ime; however, the pr inc ipa l contact between f resh meta l 
surface and water is made as the s t r e a m b r e a k s up beneath the water s u r ­
face. Contacting t ime for mos t of the surface i s , the re fo re , very smal l . 

Reaction T e m p e r a t u r e - The ini t ia l t e m p e r a t u r e s of the 
molten meta l s were accura te ly known. Rapid cooling o c c u r r e d in every case 
however, no a t tempts w e r e made to es t imate or m e a s u r e the cooling r a t e s . 

In terfacia l A r e a - Accura te e s t i m a t e s w e r e obtained^-''' for 
the sp ray - fo rmed sphe r i ca l pa r t i c l e s that were not en t i re ly oxidized. It was 
a s s u m e d that the ini t ial pa r t i c l e size did not change throughout the reac t ion . 
Measurement of pa r t i c l e s ize thus led to an e s t ima te of the total in terfacia l 
a r e a . The other expe r imen t s did not produce wel l -def ined pa r t i c l e s , so that 
no accura te es t imate of the a r e a was poss ib le . 

Resul ts 

Aluminum 

a. Aluminum Company data('*»^»^) showed that explosions 
somet imes o c c u r r e d when 50-lb batches of a luminum w e r e d i scharged into 
wa te r . Conditions leading to explosion a r e s u m m a r i z e d as follows: 



1. crucible exit hole d iameter must be g r e a t e r than 
Z— inches; 

2. meta l drop distance must be l ess than 10 ft; 

3. water depth must be l ess than about 30 in. and 
more than one inch. 

Paint or g r e a s e on the bottom of the water container 
was effective in preventing explosions. The authors concluded that a luminum-
water reac t ions were not involved. The observa t ions were explainable in 
t e r m s of the rapid generat ion of steana. The absence of a flash indicated also 
that the H2-O2 react ion was also not involved. 

b, Argonne ' ' • ' found no reac t ions and ve ry min imal s t eam 
production using fine je ts of molten me ta l . 

c, Aerojet^-*-'^) and Mine Safety Appl iances(8-1 2) found no 
react ion when molten a luminum was dropped into water without additional 
d ispers ion by a blast ing cap. 

d, Aeroje t '3 j in the "explosion dynamometer" obtained 
negligible reac t ion below 1200 C. Above an init ial me ta l t e m p e r a t u r e of 
1200 C, evidence of strong reac t ion was obtained. The 1200 C t e m p e r a t u r e 
was beyond the range of any of the other inves t iga tors who used pouring 
methods. Aluminum at 20 70 C gave a s t ronger p r e s s u r e pulse than z i r con i ­
um, s ta in less steel , NaK, or black po'wder. 

Zirconium 

a. Aerojet(l>2) found black g l a s s - l ike coatings (0.005 in. 
thick) after pouring 454 gm of mol ten Zr into wate r . Calculat ions, cons ider ­
ing the film thickness and an ave rage droplet s ize , indicated that 16 percen t 
of the meta l was oxidized before the me ta l was quenched. 

b. AerojetWJ in the "explosion dynamometer" (spraying) 
found that s trong explosions o c c u r r e d with z i rconium over the t e m p e r a t u r e 
range from 1900 to 2600 C. There was no c l e a r - c u t effect of t e m p e r a t u r e . 
The individual drops were col lected and the th ickness of the oxide layer 
determined. The extent of reac t ion v a r i e d from complete for sma l l 
(10-20 micron) drops to about 50 pe rcen t for 100-micron drops and to about 
20 percent for 1000-micron drops . These r e s u l t s a r e approximate ly what 
one would obtain if 25 mic rons of me ta l had r eac t ed uniformly f rom the s u r ­
face of each drop. 

c. Mine Safety Appl iances(8-1 2) found that z i rcon ium r e ­
acted up to 60 percent in 750 ps i s t e a m and to a l e s s e r extent at lower 
p r e s s u r e s . Considerably less r eac t ion was noted when the z i rcon ium was 
dropped into r o o m - t e m p e r a t u r e wa te r . 



Z i r c a l o y - 2 and Z i r c o n i u m + 1% B e r y l l i u m - R e s u l t s w e r e 
i d e n t i c a l to z i r c o n i u m wi th in the e x p e r i m e n t a l e r r o r . ( 3 ) 

S t a i n l e s s Stee l , Type 303 - One r u n w a s r e p o r t e d in the 
A e r o j e t e x p l o s i o n d y n a m o m e t e r ^ ' in w h i c h a s t r o n g r e a c t i o n w a s r e p o r t e d 
a t 2270 C. 

N icke l - Nicke l at 1900 C gave e s s e n t i a l l y no r e a c t i o n in 
the e x p l o s i o n d y n a m o m e t e r . T h i s o b s e r v a t i o n c o n s t i t u t e d an i m p o r t a n t 
v e r i f i c a t i o n of the m e t h o d . 

U r a n i u m - A s ing le m e a s u r e m e n t in the e x p l o s i o n d y n a ­
m o m e t e r of u r a n i u m a t 1766 C showed tha t a v e r y m i l d r e a c t i o n o c c u r r e d . 

D i s c u s s i o n of R e s u l t s 

The r e s u l t s o b t a i n e d w i th t h e e x p l o s i o n d y n a m o m e t e r a r e q u a l i ­
t a t i ve in n a t u r e . The n a t u r e and r a p i d i t y of the r e a c t i o n s a r e i l l u s t r a t e d in 
F i g u r e 2 1 . The r a t e of r i s e of the p r e s s u r e i s n e c e s s a r i l y l i m i t e d by the 
r a t e of in j ec t ion of the m o l t e n m e t a l , so t ha t even f a s t e r r e c t i o n s a r e l ike ly 
to o c c u r unde r d i f fe ren t c o n d i t i o n s . In s p i t e of the a p p a r e n t v i o l e n c e of the 
r e a c t i o n s , it s e e m s w e l l e s t a b l i s h e d t h a t the r e a c t i o n s a r e not s e l f - s u s t a i n ­
ing and do not go to c o m p l e t i o n . It w a s a l s o l ike ly t h a t no h y d r o g e n - o x y g e n 
r e a c t i o n w a s invo lved s i n c e " d e - g a s s e d " w a t e r w a s u s e d and no a i r s p a c e 
w a s a v a i l a b l e to the h y d r o g e n . 

F i g u r e 21 

R E S U L T S O F A E R O J E T E X P L O S I O N 
DYNAMOMETER TESTS(3) 

0 5 10 15 20 25 30 35 40 45 
TIH4E,millisec 



2. Molten Metal Drops Fall ing into Water 

References 

Battel le Memor ia l Institute^ 3j 

Method 

Heating - One end of a supported rod was heated inductively 
until a single drop fell. 

Contacting - The drop fell through an iner t a tmosphere into 
a water vapor -a rgon mixture and finally into a 25-ft column of liquid water . 

Time of Heating or Contacting - The me ta l was probably in 
contact with some water vapor during the en t i re heating operat ion. It was 
only in contact with near ly pure steam for about 50 m s e c while in flight b e ­
fore entering the liquid. 

Reaction T e m p e r a t u r e - The ini t ia l t e m p e r a t u r e of the 
meta l was p r e s u m e d to have been the mel t ing point. The t ime of fall through 
the water column requ i red to quench luminosi ty was recorded . If it could be 
assumed that the end of luminosity co r re sponded to a definite t e m p e r a t u r e , 
then a qualitative t i m e - t e m p e r a t u r e h i s to ry was obtainable. 

Interfacial A r e a - The use of single drops made accura t e 
a r e a es t imat ions poss ib le . The drops after reac t ion had a c h a r a c t e r i s t i c 
cup-shaped indentation on one side, which compl ica ted the situation. 

Resul ts for Zirconium 

a. The t ime to the end of luminescence r o s e from 2 to 10 sec 
as the init ial water t e m p e r a t u r e was r a i s e d f rom 90 to 200 F . The c o r r e s ­
ponding depth of fall through the water ranged from 8 to 24 ft. 

b. It was found that 39 to 45 pe rcen t of the z i rconium in nom­
inal 0.2-in. drops reac ted , although no pa r t i cu l a r ly rap id or explosive 
reac t ions occur red . 

c. The observed th icknesses of oxide layer cor responded 
approximately to those ext rapola ted f rom ra te data for solid m e t a l - s t e a m 
reac t ions . 

Discuss ion of Resul ts 

The fact that the drops ini t ial ly were at the melt ing point and 
possibly not fully mel ted could mean that the drop sur faces w e r e molten for 
only a shor t t ime . This severe ly lirhits the value of the data. 



3. Dispers ion of Molten Metal into Water by an Explosive Charge 

References 

Aerojet Genera l Corporations •'•''^'3) 

Method 

Heating - An induction furnace was used to mel t the sample 
to be studied in a bot tom-tapped cruc ib le . 

Contacting - The sample was dropped into the water as soon 
as possible after reaching the melt ing t e m p e r a t u r e . The molten meta l was 
d i spe r sed by a blasting cap aligned d i rec t ly beneath the outlet of the crucible 
and mounted 5 in. below the surface of the wate r . P ro tec t ion of the meta l 
from p r e m a t u r e oxidation was done by a purified argon gas blanket during 
the heating cycle. 

Time of Heating or Contacting - The molten me ta l s t r e a m 
was d i spe r sed into the water ins tantaneously by the explosive charge . 

Reaction T e m p e r a t u r e - The t e m p e r a t u r e of the mel t was 
measu red , but the reac t ion t e m p e r a t u r e could be de te rmined only froin. a 
heat ba lance . It depends upon the heat loss r a t e s f rom the me ta l to the s u r ­
rounding water and upon the r a t e of chemica l reac t ion . 

Interfacial Area - P a r t i c l e - s i z e ana lyses of the r ecove red 
res idue were made . Measu remen t s were made, using a filar eyepiece in 
the meta l lograph, of the th ickness of the oxide layer and the d iameter of the 
meta l l i c co re . These m e a s u r e m e n t s de te rmined the or ig inal droplet d iam­
e t e r s before oxidation. 

Resul ts 

Aluminum 

a. There was very l i t t le reac t ion when mol ten drops at 
900-1000 C were compara t ive ly l a rge . However, the e s t ima ted percentage of 
reac t ion was 75 percen t at a t e m p e r a t u r e of about 1565 C when the meta l was 
d i spe rsed . 

b. The impor tance of t e m p e r a t u r e was shown. Aluminum 
was found to be essent ia l ly nonreact ive at 930 C, but r e a c t e d explosively at 
1565 C. 



Uranium 

a. The res idue was found to be pa r t i a l ly a tomized (approxi­
mately 8 percent by weight for pa r t i c l e s l e s s than 140 mic rons in d iameter ) , 
but the bulk remained as la rge , i r r e g u l a r p la te le ts covered with a surface 
oxidation. 

b. The percentage of reac t ion v a r i e d f rom 30 to 50 percent . 
There were indications of slight explosions in a few of the t e s t s . 

c. The reac t ion of molten u ran ium with water was general ly 
not violent or self-sustaining at a t e m p e r a t u r e of 1540 C. 

Zirconium 

a. All or near ly al l of the meta l r e ac t ed violently in every 
case . 

b. For one pa r t i cu la r case , spa rks w e r e thrown 50 ft into 
the a i r . The t e m p e r a t u r e was approximate ly the mel t ing point of z i rconium 
(1840 C). F r o m the equipment damage, a s t r e s s calculat ion indicated that a 
p r e s s u r e of at leas t 2200 ps i would be n e c e s s a r y to produce the effects noted. 
Then assuming 100 percen t reac t ion , the 454 gm of z i rcon ium produced 
235 l i t e r s of hydrogen and r e l e a s e d 214 kcal of heat . 

Discussion of Resul t s 

The validity of using a blast ing cap for d i s p e r s a l of the molten 
meta l was obtained by comparing drop t e s t s runs with the explosion dyna­
momete r (spraying) tes t runs . The curves were s im i l a r , and it was con­
cluded that the energy added by the blast ing cap (800 cal) was minor . It was 
hypothesized from this that al l m e c h a n i s m s for obtaining the d i spers ion of 
molten meta l would probably lead to the same r e s u l t s , a s suming an identical 
par t ic le size distr ibution. 

4. Induction Heating of Metal I m m e r s e d in Water or Steam 

References 

Battel le Memor ia l Institute(13) 

W A P D ( H ) 

Method 

Heating - An induction furnace was used to heat a supported 
solid Zi rca loy-2 sample^ 3)14) ĝ ĵ ĵ ^Q heat a molten Z i rca loy-2 sample con­
tained in a graphite c ruc ib le . ' 3j 



Contacting: 

a. The specimens w e r e mounted inside a Vycor Tube and 
pro tec ted by an argon gas blanket during the heating per iod. When the solid 
sample reached the reac t ion t e m p e r a t u r e , 50 ps ia s t e a m was pas sed through 
the r eac to r , and when the molten sample r eached the reac t ion t e m p e r a t u r e , 
a je t of 50 ps ia s t e a m was d i rec ted upon the surface of the molten Z i rca loy-2 . 

b . The samples were heated to the des i r ed t e m p e r a t u r e in 
an init ial water a tmosphere . (14) 

Time of Heating or Contacting: 

a. Steam was p resen t in the solid sample sys tem for 0,08 to 
120 min and was p re sen t in the molten sample s y s t e m for 1 to 25 sec,\-'-3; 

b. The sample was heated to the de s i r ed t e m p e r a t u r e in 
5 to 10 sec . The contacting per iod was the t ime r equ i r ed to collect s u c c e s ­
sive 250-ml volumes of hydrogen, and the t ime pe r iods were f rom 10 sec 
up to 55 min.V-^4j 

Reaction Tempera tu re : 

a. The t e m p e r a t u r e s of the solid spec imens and of the 
mel t s were m e a s u r e d init ially. There is some doubt as to what the reac t ion 
t empe ra tu r e was because of the rap id chemica l r eac t ions of the s t eam with 
the molten samples and because of the i n c r e a s e d heat l o s se s from the solid 
sample with a s t eam surroundings r a the r than an argon gas a tmosphere , (13) 

b. The sample t e m p e r a t u r e tended to r ema in constant 
during the reac t ion per iod and ranged f rom 1300 to approximate ly I860 C. 

In ter fac ia l A r e a - Initially the in te r fac ia l a r e a s for both solid 
and molten samples w e r e known accura te ly . The in te r fac ia l a r e a of the s a m ­
ple during melt ing was probably quite different f rom the ini t ial area.(14) 

Resul ts 

Z i rca loy-2 

Battel le Memor ia l Institute(13) 

a. React ions below 1690 C and reac t ion t imes between 
5 sec and 2 hr were bes t co r r e l a t ed as 

v^ = 0,1132 X 10^ e exp[(-34,000 + 1 4 4 0 ) / R T ] 

with V in units of ml of hydrogen per square cen t imete r and 0 in units of 
seconds. 



b. The react ion r a t e between molten Z i rca loy-2 and s team 
did not co r r e l a t e with the init ial meta l t e m p e r a t u r e . However, the reac t ion 
r a t e s were higher than those p red ic ted f rom the extrapolat ion of r e su l t a. 

c. P r e s s u r e appea red to have lit t le effect between 20 and 
50 psia . 

d. Between 4 and 13 pe rcen t of the hydrogen formed in the 
react ion of s t eam with Zi rca loy-2 was absorbed in the sample . 

e. As the reac t ion t e m p e r a t u r e was inc reased , the ra t io 
between the thickness of the z i rconia layer and the a lpha-phase layer 
decreased . 

W A P D ( 1 4 ) 

f. Reaction r a t e s w e r e fast at the t e m p e r a t u r e s used, but 
were not explosive or violent even at t e m p e r a t u r e s above the melt ing point. 

g. The oxidation r a t e s of Z i rca loy-2 near i t s melt ing 
point in water were approximate ly the values that would be obtained from the 
extrapolation of the oxidation of z i rcon ium in a i r data. 

h. The sca les formed during the oxidation w e r e e s sen t i ­
ally the same in appearance and o r d e r of format ion as those formed during 
the scaling of z i rconium in oxygen. 

i. Small amounts of u ran ium and boron did not affect the 
h igh- t empera tu re oxidation r a t e s of Z i rca loy-2 in wa te r . 

Discussion of Resul t s 

The react ion ra t e data f rom Battelle(13) for Z i rca loy-2 s t eam 
were lower than WAPD data(14) for r eac t ion r a t e s between Z i rca loy-2 and 
water at the same duration and t e m p e r a t u r e . The Bat te l le data a r e p r o b ­
ably lower because of the uncer ta in ty of the reac t ion t e m p e r a t u r e . The com­
parat ive data imply that the WAPD reac t ion m e c h a n i s m is a m e t a l - s t e a m 
react ion. 

5. In-pile Heating in MTR 

References 

Phi l l ips P e t r o l e u m Companyl 1 5'16,1 7) 
Westinghouse(18.19) 



Method 

Heating - The meta l under study was ei ther alloyed with 
U"^ or formed as a clad around U"^ fuel, p laced in an autoclave, and then 
i m m e r s e d in the MTR reac to r for a specified per iod of t ime (6-15 sec) . 

Contacting - The meta l was ei ther sur rounded by water the 
ent i re t ime or sur rounded by water vapor and allowed to flow or dr ip into 
liquid water . 

Time of Heating or Contacting - It was es t ima ted to r equ i re 
0.1-0.2 sec to r each the melt ing point.(1^) Heating continued, however, 
for the ent i re per iod of immer s ion . 

Reaction T e m p e r a t u r e - The t e m p e r a t u r e could be d e t e r ­
mined only f rom a heat ba lance . It depends upon heat loss r a t e s from the 
meta l to the autoclave m a t e r i a l s and upon the r a t e of chemica l react ion. 

Interfacia l Area . The in ter fac ia l a r e a was la rge ly unknown. 

Resul t s 

Aluminum 

a. Samples that did not mel t gave no react ion. 

b. Molten samples reac ted . 

c. Sporadic explosions were obtained only with samples 
that r eached t e m p e r a t u r e s slightly above the melt ing point. 

Zi rconium 

a. Molten samples gave reac t ions up to 80 pe rcen t com­
pletion, with some sporadic explosions . 

Nichrome 

a. Molten samples gave up to 30 pe rcen t reac t ion with 
sporadic explosions. 

Discuss ion of Resul t s 

a. The sporadic explosions and p r e s s u r e su rges may have been 
due ent i re ly to local ized overheat ing and the r e l e a s e of gas pockets . It is 
not at al l ce r ta in that the apparent p r e s s u r e t r ans i en t s a r e r e l a t e d to m e t a l -
water r eac t ions . It is a lso likely that some of the t r a n s i e n t s were due to 
e l ec t r i ca l d i s tu rbances , since the au thors r e p o r t cons iderable difficulty 
with the ins t rumenta t ion . 



6. Dispersion of Metal by a Condenser Discharge 

References 

Argonne National Labora tory! ^^) 
Bureau of Mines(^l / 
Columbia University(22,23) 
K A P L ( 2 4 ) 

Atomics Internat ional!^^ '^" / 
Fundamentals of fusing wires(38,40,41,42,43) 

Method 

Heating - The meta l under study is in the form of a wire 
or ribbon and is heated rapidly to v i r tua l ly any des i r ed t e m p e r a t u r e by a 
momenta ry surge cur ren t from a bank of condensers or f rom a sho r t -
c i rcui ted dc generator . !22 '23) 

Contacting - The wi re or r ibbon is i m m e r s e d in ei ther 
s t eam or water throughout the heating p r o c e s s . 

Time of Heating or Contacting - A cons iderable range can 
be achieved by var ia t ion of the e l ec t r i c a l p a r a m e t e r s in the d i scharge c i rcui t . 

a. Several s tudies of exploding wi re s as high- intensi ty 
light sources(41,42) and fundamental s tudies of the phys ics of the d i s in tegra ­
tion process(38,40,43) have used ve ry shor t heating pe r iods (1 -10 jdsec). 

b. Pe r iods of the o rde r of 100 /isec w e r e used by seve ra l 
inves t iga tors to study me ta l -wa te r react ions . (20,21,26) 

c. Slow d i scha rges (3-50 msec) were used(22,23,24j ^Q 
study me ta l -wa te r reac t ions . 

Reaction T e m p e r a t u r e 

a. Rapid heating methods (1-100 Msec) have produced t e m ­
p e r a t u r e s up to 100,000 C. 

b. Slow heating methods (3 m s e c or longer) a r e l imi ted 
to the melt ing points of the m e t a l s , s ince e l ec t r i c a l contact is broken. 

Interfacial A r e a - The pa r t i c l e size probably depends on 
the r a t e of heating, the amount of energy supplied, and the w i r e d iamete r . 

a. Rapid heating and high energ ies - the me ta l s or meta l 
oxides were reduced to colloidal particles.s^O) 



b. Rapid heating and low energ ies - A mix ture of fine 
and coa r se pa r t i c l e s was obtained.(21,26) 

c. Slow heating (20-50 msec) and modera te energy in-
put(24) gave c o a r s e pa r t i c l e s . Energy inputs below that r e q u i r e d for com­
plete fusion caused the wire to pa r t in only a few p laces . 

Resul ts 

Aluminum 

a. Plott(20) concerned himself exclusively with aluminum. 
It would appear that he obtained complete reac t ion in every run; however, 
he used m o r e than sufficient energy to vapor ize the meta l . His r e su l t s thus 
a r e of l i t t le use in evaluation kinet ics of molten m e t a l - w a t e r r eac t ions . 

b. Data f rom Atomics International(26) for pe rcen t r e a c ­
tion as m e a s u r e d by hydrogen evolution as a function of the energy input 
were p re sen t ed in tabular form. The values of energy input a r e subject to 
cons iderable uncer ta inty . It appea r s that significant r eac t ion occu r s only 
when enough energy is used to mel t the meta l . 

c. Columbia Univers i ty resul ts (23) indicated that a luminum 
is nonreact ive at the melting point. 

Aluminum + 3.5% Lithium Alloy - Data f rom Atomics In te r -
national(26) make it appear that the addition of l i thium s u p p r e s s e d the r e ­
action. This conclusion cannot be accepted without further proof. It is likely 
that m o r e uncer ta in ty exis ts in the energy input calculat ion in the case of the 
alloy since the e l ec t r i ca l r e s i s t iv i ty may not be known accura te ly . 

Zirconium 

a. Data f rom Atomics International^ '' lead one to the con­
clusion that mol ten z i rconium will r e a c t extensively under these conditions. 

b. KAPL,(24) using the slow d ischarge method, found that 
la rge z i r con ium pieces and the bal led ends of the wi re continued to "burn" 
for some t ime after completion of the energy pulse . 

c. Columbia Univers i ty ' 3j r e p o r t e d that a water reac t ion 
with z i rconium o c c u r r e d during the 0.8 to 2 m s e c r equ i r ed to quench glowing 
f ragments . A tendency to se l f - sus ta ined reac t ion was noted. 

Uranium 

a. The data of Atomics Internat ional ' "'' indicated that 
apprec iab le reac t ion could occur . 



b. Columbia University^ ' r epo r t ed that no evidence of 
se l f -sus ta ined react ion was found. 

Discussion of Resul ts 

The data of Atomics International!^o) a r e the only quantitat ive 
meta l -wa te r react ion data that have been obtained by the condense r -d i scha rge 
method. No at tempt was made to obtain r a t e data as dis t inguished from 
m e a s u r e m e n t s of the extent of reac t ion . Extent of reac t ion data, however, 
can be used to es t imate r a t e s if e s t ima te s of the total surface a r e a and the 
quenching t ime can be made. 

The work of Atomics Internat ional!^") is an excel lent beginning 
to the study of metal-f luid r eac t ions . Work is r equ i r ed to improve the a c ­
curacy of the m e a s u r e m e n t of energy input and par t i c le s ize . T rans i en t 
p r e s s u r e and t empe ra tu r e m e a s u r e m e n t s a r e r e q u i r e d to obtain r a t e data. 

Summary of Resu l t s 

Aluminum 

The only r e p o r t s of a luminum reac t iv i ty at or slightly above the 
melting point r e su l t ed from the in-p i le m e a s u r e m e n t s and f rom the explod­
ing wire studies of Ruebsamen et al.!25,26) jn both c a s e s , only crude 
es t imates of t e m p e r a t u r e could be made . The r e p o r t e d p r e s s u r e su rges 
obtained with aluminum in the in-pi le s tudies were not n e c e s s a r i l y indica­
tive of a luminum-water reac t ion . The pouring and spraying exper iments 
indicated strongly that a luminum below about 1200 C does not r eac t 
appreciably. The explosion dynamometer work and the exper iments with 
explosive d i spers ion showed that a luminum reac t s s t rongly above 1200 C. 
Aluminum at 2070 C gave a s t ronger explosion on being sprayed into water 
than did an equal quantity of z i rcon ium at the same t e m p e r a t u r e . 

Uranium 

The data for uranium a r e much m o r e l imi ted than those for a luminum 
or z i rconium. Indications a r e that only sur face co r ros ion occurs at t e m p e r a ­
tu res up to 1700 C. Only mi ld reac t ion was noted in the explosion dynamom­
eter and explosive charge methods . The exploding-wire exper imen t s show 
that u ran ium can r e a c t a lmost complete ly if a high degree of subdivision is 
obtained. 

Stainless Steel 

A single exper iment in the explosion dynamometer indicated that 
s ta in less s tee l was s imi la r to z i r con ium in i ts behavior toward wate r . 



Zirconium (Zircaloy): 

The data and studies have shown that solid Z i rca loy-2 follows the 
parabol ic law approximately for reac t ion with both liquid water and s t eam 
up to the mel t ing point. The react ion with water ( s team layer) is s o m e ­
what more rap id than that with s team; however, nei ther is ve ry rapid nor 
violent. No evidence was r epo r t ed in any of the studies of an ignition 
followed by rapid consumption of the meta l , such as occurs with mos t 
meta l s in oxygen. All of the data, including the exploding w i r e s tudies , the 
single drop exper iments , and the pouring and spraying work, a r e consis tent 
with the idea that r a t e s of the molten meta l reac t ions at t e m p e r a t u r e s above 
the melt ing point may be obtained quali tat ively by extrapolat ing the low-
t empe ra tu r e data obtained with solid spec imens . The re la t ive ly g r e a t e r 
react ion obtained by the spraying, explosive d ispers ion , and exploding wire 
methods a r e probably due only to the g r e a t e r in ter fac ia l a r e a for react ion. 

Recent Studies 

Severa l exper imenta l invest igat ions in the field of m e t a l - w a t e r r e ­
act ions have been r epo r t ed since ea r ly 1958. Two r e p o r t s , one by S. C. 
Furman!^^) and another by S. C. F u r m a n and P.A. McManus,(28) s u m m a r i z e 
exper imenta l s tudies conducted by the Genera l E l ec t r i c Atomic Power Equip­
ment Depar tment . In the f i r s t of these , sodium, aluminum, and z i rconium 
were r e a c t e d with dilute water vapor in one a tmosphere of hel ium. The 
second was a feasibil i ty study of two techniques of potential value in m e t a l -
water s tudies . One of these was the suspension of molten me ta l samples by 
e lec t romagnet ic levitation and the other involved the use of a h igh-speed 
inf ra red p y r o m e t e r . 

Studies of the reac t ion of molten a luminum and a luminum-uran ium 
alloys with water vapor were r e p o r t e d by W. F . Zelezny of Phi l l ips Pe t ro l eum 
Atomic Energy Division.(^9) The molten me ta l s , contained in c ruc ib les , were 
exposed to water vapor while suspended from a record ing the rmoba lance . 



Appendix B 

THEORY OF THE DISCHARGE CURRENT 

The t rans ien t cur ren t when a charged condenser is suddenly connected 
to a c i rcui t containing only r e s i s t ance and inductance is shown in s tandard 
texts* on e lec t r i c i ty to have the following form: 

L j^2 ^ 2L 7 V ^ ^ 4L 

C " T' 

^ expf-Ji t) .iAij.-— t . B(l) 

SO long as the following applies: 

i2 /4L R ' < - ^ B ( 2 ) 

where: 

i is cu r ren t in amp, 

V is init ial charging voltage, 

R is total c i rcui t r e s i s t ance in ohms , 

L is total c i rcui t inductance in h e n r i e s , 

C is capaci tance in fa rads , and 

t is t ime in sec . 

The total c i rcu i t r e s i s t ance R is the sum of the spec imen wi re r e s i s t a n c e , 
Rj in F igure 1, and the ext raneous r e s i s t a n c e Rg. Fo r the a l te rna t ive c i r ­
cuit in F igure 1, the total c i rcu i t r e s i s t a n c e R has the following value: 

^ - ^ e + Rj+R2 • 

The ranges of c i rcu i t constants used during the exper imen t s w e r e as follows: 

C - 24.8 to 99 /^farad, 

L - 2.5 /ihenry, 

Rg - 0.04 ohm, 

Rj - 0.006 to 0.1 ohm, 

R2 - 0.03 to 0.3 ohm. 

*For example, see Reference 44. 



The l a rges t total R^ used was l ess than 10% of 4 L / C , so that Equat ionB(l ) 
can be expres sed approximate ly as follows: 

i - v ' ^ exp ( - ^ t) . i „ y X , . B(3) 

The frequency of the osc i l l a to ry d i s cha rge , f, the per iod of a cu r r en t 
ha l f -cycle , tj/^, and the peak instantaneous cu r ren t imax follow fronn 
Equation B(3): 

f. s e c - i = - r - I 7 = ' ^('^^ 
27rVLC 

ti/2, sec = TTVLC , B(5) 

'max -f • B(6) 

The c i rcui t inductance L can be obtained most eas i ly fronn the c u r r e n t 
osc i l logram by means of Equation B(6). F igure 2 is a typical c u r r e n t 
osc i l logram of a d i scharge through a 64-mi l n ichrome wi re . The per iod 
of a half cycle in F igure 2 is 0.050 m s e c ; since C was 99 jLtfarad, L was 
2.5 Mhenries. It follows from Equations B(3), B(4), and B(6) that the 
osci l la t ion frequency and the max imum c u r r e n t a r e re la t ive ly independent 
of the c i rcu i t r e s i s t a n c e . 



Append ix C 

ANALYSIS AND CALIBRATION O F THE T W O - C O U P L E 
E N E R G Y - M E A S U R E M E N T CIRCUIT 

A c i r c u i t d i a g r a m i s shown in F i g u r e 1. The p a r a l l e l c u r r e n t p a t h s 
conta in ing the s p e c i m e n w i r e r e s i s t a n c e Rj and the r e s i s t o r Rg a r e bo th 
c o n s i d e r e d p u r e l y r e s i s t i v e . C o n s i d e r , f i r s t , the e n e r g y d i s t r i b u t i o n b e ­
tween the c o m b i n e d r e s i s t a n c e Ri and Rg and the e x t r a n e o u s r e s i s t a n c e Rg . 
The equ iva l en t r e s i s t a n c e Req of the p a r a l l e l c o m b i n a t i o n of Rj and Rg i s 

Rj R2 , 
^ e q = R1+R2 • ^^'^' 

Since Rgq ^^ in s e r i e s with Rg, the e n e r g y d i s t r i b u t i o n i s 

El + Eg Ri Rg C(2) 

Ee ' Rg (Ri + Rz) 

It is now n e c e s s a r y to c o n s i d e r the e n e r g y d i s t r i b u t i o n b e t w e e n e l e m e n t s 
in p a r a l l e l : 

— = — • C(3) 
Eg Ri ^ ' 

It was shown in C h a p t e r IV, Sec t ion A 3 , t ha t the e n e r g y a b s o r b e d by a 
c i r c u i t e l e m e n t i s i t s r e s i s t a n c e t i m e s t h e a c t i o n i n t e g r a l : 

Ee = R g S i and Eg = Rg Sg . C(4) 

The ac t ion i n t e g r a l s a r e a l so e x p r e s s i b l e in t e r m s of a c a l i b r a t i o n 
f ac to r k and the o b s e r v a b l e t e m p e r a t u r e r i s e AT: 

Si = ATi /k i , Sg = ATg/k2 . C(5) 

E q u a t i o n s C( l ) t h r u C(5) can be c o m b i n e d to y ie ld the fol lowing r e s u l t s . 
The e n e r g y a b s o r b e d by both Ri and R2 i s 

El + Eg - R g V k i k g y A T i ATg , C(6) 

the e n e r g y a b s o r b e d by the s p e c i m e n w i r e a lone i s 

El = Rg-ykTiTg yATi ATg f 1 " Y ^ ^ - ^ j . C(7) 



and the value of Ri, the spec imen wire r e s i s t a n c e , is 

Ri 

R z ^ 

1 - ^ 

/kz AT2 

V ki ATi 

/ k g AT2 

C(8) 

ki ATi 

The cal ibrat ion p rocedure employed to de te rmine n u m e r i c a l values 
of R2, ki, and k2 involves th ree s e r i e s of d i s cha rges . It was found useful to 
use a 14 gauge n ichrome wire for a s e r i e s of modera te ly powerful d i s ­
c h a r g e s . The n ichrome wire was able to absorb cons iderable energy with­
out being des t royed . The total energy given to the n ichrome and to the 
shunt path r e s i s t o r Rg were de te rmined for each d ischarge by Method I 
descr ibed in Chapter IV, Section A3. The energy s tored in the condensers 
was cons idered divided into two p a r t s instead of t h r ee . This method involv 
a s e r i e s of shor t - c i r cu i t ed d i s cha rges in the p repara t ion of a plot of the 
type shown in F igure 4. The energy values and the observed t e m p e r a t u r e 
r i s e s were then used to evaluate the combined constant Rgz/ki kg by means 
of Equation C(6). Typical r e s u l t s of such a ca l ibra t ion a r e shown in 
Table 4. 

Table 4 

DETERMINATION OF CALIBRATION CONSTANTS, 
METHOD II, Rg = 0.0279 OHM 

El + Eg, by 
Method I 

(cal) 

6 .9 
10.1 
14.5 
16.1 
19.5 
19.8 
16.4 
13.8 
10.6 

6 .9 

T e m p R i s e 

!c) 
ATi 

16.2 
24.4 
34.3 
39.2 
46 .3 
46.0 
39.0 
34.8 
24.2 
16.2 

ATg 

13.8 
20 .8 
29.9 
33.9 
41.1 
41 ,3 
34.1 
30.0 
21.0 
13,7 

yATi ATg 

15.0 
22.5 
32.1 
36.5 
43.6 
43.6 
36 .5 
32 .3 
22.6 
14.9 

C o n s t a n t 

R z ' / k i kg 
(cal ) 

0.460 
0.446 
0.451 
0.440 
0 .447 
0 .454 
0 .449 
0.426 
0.468 
0 .464 

Avg 0.450 + 0 .012 



Another sequence of d i scha rges is then per formed with no spec imen 
or shorting bar in p lace . Equation C(7) shows that under open-c i rcu i t condi­
tions and with Ei - 0. 

ATg/ATi = kg/ki . C(9) 

This exp re s se s the fact that the same cu r ren t now flows through both 
the rmoe lemen t s . The re su l t s of a s e r i e s of open-c i rcu i t d i s cha rges a r e 
shown in Table 5. The accuracy of de te rmina t ion of kg/ki is somewhat 
reduced because the two e lements a r e not genera l ly of s imi l a r s i ze . A 
powerful d i scharge is likely to de s t roy the rmoe lemen t 2 while a ve ry weak 
d ischarge will r e su l t in only slight heating of t he rmoe lemen t 1. The s e l e c ­
tion of element s izes in relat ion to the ca l ibra t ion problem and in re la t ion 
to the size of specimen wires to be heated mus t be cons idered together in 
the o.riginal c i rcui t design. A d i ame te r ra t io of 2:1 for the constantan wi res 
in the the rmoe lemen t s was found ve ry sa t i s fac tory . 

Table 5 

DETERMINATION OF CALIBRATION CONSTANTS BY OPEN-
CIRCUIT DISCHARGE, METHOD II 

Temp Rise 

!c) 
ATi 

8.3 
9.5 

11.2 
11.7 

9.5 
8.0 

ATg 

56.1 
68.8 
83.4 
83.4 
69.4 
56.6 

kz/ki 

0.148 
0.138 
0.134 
0.140 
0.137 
0.141 

Avg 0.140 + 0.004 

The foregoing p rocedures provide sufficient information to use 
Equation C(7) for the de terminat ion of the energy absorbed by spec imen 
w i r e s . Determinat ion of the spec imen wi re r e s i s t ance Rj by Equation C(8), 
however, r equ i r e s an independent value of Rg. The r e s i s t a n c e Rg was con­
s t ructed of a single s t ra ight length of constantan wire so that i t s r e s i s t a n c e 
was independent of t empe ra tu r e and constant throughout a d i s c h a r g e ; its 
value was readi ly de te rmined by pass ing a steady cu r r en t from a 12-volt 
s torage ba t t e ry through a ca l ib ra ted 1-ohm r e s i s t o r and through Rg in 
s e r i e s with about 100 ohms . The voltage developed a c r o s s the 1-ohm 
r e s i s t o r and Rg were then m e a s u r e d with a mil l ivol t po ten t iometer . R e s i s t ­
ance values could be m e a s u r e d to an accu racy of 0.0001 ohm in this manne r . 



A s e r i e s of th ree overa l l ca l ib ra t ions were perfornned to show that 
the constants obtained were independent of osci l la t ion frequency. The 
frequency was var ied by varying the number of condense r s . The r e s u l t s 
obtained in the t h r ee s e r i e s of ca l ibra t ions a re shown in Table 6. 

Table 6 

COMPARISON OF CALIBRATION CONSTANTS OBTAINED 
AT DIFFERENT FREQUENCIES; Rg = 0.0486 ohm 

Number of 
Condensers 

1 

2 

4 

Frequency 
(cyc les / sec ) 

20,000 

14,000 

10,000 

v ^ 

5.86 

5,56 

5.74 

^AT 

2.53 

2.66 

2.78 

ki 

0.431 

0.477 

0.485 

Rzv/ki kg 

0.721 

0.719 

0.775 
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