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MANAGEMENT SUMMARY .

Previous work has shown that the violent and frequently damaging expfo oﬁs that may
“occur when water contacts smelt in a recovery furnace, as a result of pressurg-part failure or
~ other cause, are physical explosions resulting from the rapid expansion of steam!, Investigation of
v this type of explosion phenomenon has been the purpose of this program. :
. - /
o The particular objective of this research was to identify thyé)perties of the smelt-water
system that are important to the explosion process and to devise means for reducing the risk or
i severlty of explosions by methods technically and economitally compatible with the kraft
K Nii‘pocess For this purpose, a laboratory experimental program was conducted both with synthetic
A - smelts of various compositions and with kraft-mill smelts in an effort to correlate physical
. properties and chemical composition of smelts with the frequency and violence of explosions
resulting from smelt-water interactions. A computer model of a protﬁable explosion meél\msm
" ‘also was developed. .

{;.Mgn s Reprodumble results were obtained from explosion experiments performed with laboratory

egv pment desngned to introduce small amounts of water into molten smelts ‘by. different
&fh ds.‘These experiments demonstrated that, for a given smelt temperature and composition,
tpgh incidence of explosion will result when the water is trapped beneath the smelt. It should
be 'pointed out that the experimental results reported in this program are all derived from
gh’iall-escale smelt-water explosions carried out in the laboratory. Although the same explosion
'méchamsm appears to be involved in both laboratory and furnace explosions, the extent to
X Whl(:h the laboratory result can be extrapolated to full-scale recovery furnace-operations is not

yct known J

IO The laboratory expenments showed that both kraft-mill sme)ts and synthetlc smelts can be
/" exploded under the same water-injection conditions. It has been possible to relate chemical

composition to the incidence of explosions. These results can be/summarized as follows:
: P )

© The major smelt component, Na, CO,, is not in itself explosive, according to all
available evidence.

® The incidence of explosion increases with increasing amounts of Na, S in the smelt.

® Smelts containing relatively small amounts of Na,S can be greatly sensitized to
explosion by the minor smelt components: NaCl or NaOH.

S ® Other minor smelt components, K,CO;, Na, SO,, and Na, SOj;, in decreasing order,
are mild sensitizers for explosion.

® The addition of calcium carbonate or sodium aluminate, which are not ordinarily in
smelt, reduces explosion incidence when added to smelt in a small amount (5 wt %).
The inhibitive effect increases with temperature and appears to be related to the
release of CO, in the smelt.

No single physical property of smelt (measured in the laboratory program or considered in
the computer model of the explosion) changes rapidly enough with composition to account for
the large differences in explosiveness that have been observed for different compositions.

i
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However, smelt compositions with higher rates of CO, gas release from the/l\?/ 2CO; in the smelt
A

are less explosive. This observation is in agreement with the requirements of/the comphter /m()del
developed to explain the explosion mechanism.

YA

The computer model simulates the behavior of a body of water i.ndmersed in smelt. This
model takes into account the pertinent physical characteristics of water, steam, and smelt of
different compositions, as well as the effects of various concentrations of CO, gas in the steam.
The computations show that only extremely rapid and thor mixing of smelt and water can
produce the very high initial rates of heat input needéd for the explosively rapid steam
generation. This rapid mixing may be the.result of high-velocity jets of fluid formed during the
process of growth and the collapse of small steam-vapor cavities near the water body. The
computer model predicts that those conditions resulting in a greater flow of CO, gas into the
steam-water body will inhibit this hypothesized mechanism for the smelt-water explosion.

Consideration of the basic equations of the computer mod’el has resulted in the formulation
of two critical dimensionless parameters that can be applied to smelt-water interactions. One
involves the rate of heat input to the water, and, the other, the rate of gas input. The amount of
mechanical energy developed by. smelt-water explosions under various conditions also has been
oomputed A typical result is that a pound of water with an initial heat. input rate equivalent to, |

2 x 108 Btu/sec per square foot of outer surface area would generate about as much explosive -

mechanical energy as 1/2 pound of TNT.

To obtain this high initial rate of heat input requires a much expanded surface contact area
between the water and the smelt. The calculations showed that the' collapse of a steam-filled
cavity in the smelt is capable of producing the high velocity jets of smelt needed to mix with the
water and to cause an explosion. The collapse of the steam-filled cavity can be inhibited by the
presence of sufficient gas in the cavity. Increased CO, gaé release from the smelt may thus
account for the action of explosion-inhibiting smelt additives.

The results of this research program suggest that the likelihood of completely eliminating
the possibility of smelt-water explosions in the kraft process is small. The variables which control
and influence the triggering and the explosion mechanisms are extremely complex. It does not
appear that a single or simple combination of physical or chemical smelt parameters controls the
explosion process either in the laboratory or in the plant.

Even accepting the premise that the achievement of a complete practical solution is remote,
reduced incidence or severity of explosion would be beneficial to the kraft industry. Additional
understanding of the explosion phenomenon may ultimately lead to such a partial solution of

the problem.

On this basis, additional laboratory and explosion-model research utilizing new approaches is
recommended to investigate:

® The inhibition of explosion by gas release from the smelt.
® The mode of contact of smelt and the water phase.

® The validity of the two explosion-controlling parameters suggested by the analytical
model of the explosion process.

® The further development of the analytical model for the explosion mechanism.
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FINAL REPORT
SMELT-WATER EXPLOSIONS
by

H. H. Krause, R. Simon, and A. Levy .

INTRODUCTION

The research program described in this report is a fundamental investigation of the
smelt-water explosion phenomenon. Previous research on smelt-water explosions demonstrated
that the explosion process is physical rather than chemical. Although chemical processes in the
smelt-water system may affect certain critical physical phenomena such as the rate of energy
build up in the water, the forces generated result primarily from rapid formation of steam.
Explosion probability is known to depend on smelt composition and on that of the aqueous
phase. As a consequence, this research program was aimed at developing understanding of the
explosion mechanism and means of reducing explosion frequency by investigating both experi-
mentally and theoretically the effects of the physical properties of the systems on its
explosiveness.

This is the final report on the project and the work performed from October 1, 1969,
through September 30, 1972,

Background

Explosions have occurred from time to time throughout the history of recovery furnaces,
but many of these explosions were the result of improper handling of the auxiliary fuel system
rather than the result of smelt-water interactions. In 1962, as a result of concern about the
frequency and severity of recovery furnace explosions, the Black Liquor Recovery Boiler
Advisory Committee was formed. The purpose of this committee was to contribute to the safety
of operations by collecting and disseminating information on problems affecting recovery furnace
operation. One of the major results of this Committee’s activities has been the formulation of
recommendations relative to the design, control, and operation of auxiliary fuel systems. Since
the advent of these recommendations on the handling of auxiliary fuels, the frequency of
auxiliary fuel explosions has dramatically decreased.

In addressing smelt-water explosions, the Committee has reconstructed the record of
recovery furnace explosions as far back as 1948. Since 1965, the Committee has also attempted
to record critical exposures — defined as contacts between water and smelt in recovery furnaces
that did not result in an explosion. The number of critical exposures and smelt-water explosions
that have been reported in the kraft industry are shown in Table 1. While the table shows only a
few explosions from 1948 to 1958, this low frequency probably results because only major
explosions during this period were uncovered when the history of past explosions was investi-
gated. From 1958 through 1964, only two or three smelt-water explosions occurred each year.
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However, from 1965 through 1971, 28 of the 50 smelt-water explosions that have been reported
since 1948 took place. From 1965, 51 critical exposures were reported which means that over all
about one third of the reported smelt-water contacts since 1965 resulted in explosions.

TABLE 1. INCIDENCE OF REPORTED CRITICAL EXPOSURES
AND SMELT-WATER EXPLOSIONS

Year Exposures Explosions
1948 No record 2
1951 Ditto 3
1955 ” 1
1958 " 2
1959 ” 2
1960 . 2
1961 " 3
1962 " 2
1963 o 2
1964 " 3
1965 1 4
1966 6 6
1967 3 2
1968 10 1
1969 12 5
1970 13 2
1971 6 8

The Smelt-Water Reseerch Group, formed in 1963 by a large number of companies that
produce kraft pulp in the United States and Canada was organized for the purpose of conducting

- research -on smelt-water explosions. This group contracted to have the research carried out in the

labor:atones of The Babcock & Wilcox Company and Combustion Engineering, Inc. The Institute
of Paper Chemistry coordinated the two- research projects. The results of these investigations
showed convincingly that the forces . generated in the smelt-water explosion result from -

* explosively rapid steam generation. Thus’ the: explos1on is physical, rather than chemical, although
- chemical. processes in the smelt-water system may affect certain critical physical phenomena such

as the rate of energy build-up in the water. It was demonstrated in the laboratory that the

. mcxdence and intensity of explosion varies with’ smelt composmon and the composition of the

aqueous phase

With a view to complementing and extending the Babcock & Wilcox and Combustion
Engineering investigations conducted for the Smelt-Water Research Group, directions for future
research were sought by the Fourdrinier Kraft Board Institute, Inc. Studies were conducted in
1967-1968 by both Arthur D. Little, Incorporated, and the Battelle-Columbus Laboratories on
the feasibility of further research in the area of smelt-water explosions. Both organizations
indicated that additional research was warranted and suggested programs for fundamental
research into the mechanism of smelt-water explosions, with the intent that knowledge of the
mechanism would suggest means of preventing the explosions. '

The research program summarized in this report is an outgrowth of these feasibility studies,
and had available as a starting point all of the information .developed for the Smelt-Water
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Research Group and the FKI At that point in time the major unexplained aspect of the
explosion process was the primary mechanism by which the explosion process’was initiated.
Extremely high rates of heat transfer from the smelt into the water were deemed to be necessary
to generate steam at an explosive rate. Turbulent mixing that serves to increase the contact area
between the smelt and the water and to remove the insulating layer of steam was hypothesized
as the most likely mechanism for smelt-water explosions.

Objectives

The specific objectives of this research program were: (1) to identify the physical properties
of the smelt-water system that are important in determining explosive tendencies, (2) to evaluate
quantitatively the relationships of these properties to the incidence of explosion, and (3) to
devise methods for reducing explosion incidence that are technically and economically com-
patible with the kraft process.

A general objective was to achieve an understanding of explosions from laboratory-cale
experiments, with the hope that this information could in turn be related to recovery-furnace
operations.

SUMMARY

This research program has consisted of three concurrent efforts: (1) a detailed laboratory
study of the incidence of explosion in smelt-water contacts as influenced by the composition of
the molten salt mixture, (2) measurement of those properties of the smelt-water system that
were deemed to be most significant in the explosion process, and (3) a computer model of the
explosion mechanism, based on the physical properties of the smelt-water system.

Laboratory-scale explosion experiments were performed with equipment designed either for
injection of small amounts of water into molten smelts or for trapping it under the smelt. The
major and the minor components of kraft smelts were studied for their effects on smelt
explosiveness, and sufficient data were obtained to-permit ranking of these components as to
their contribution to the explosiveness of smelts. Of the major smelt components, Na, CO; could
not be exploded. The other major smelt component, Na, S, proved to be an explosion sensitizer.
The explosion incidence of a smelt mixture increased as the amount of Na, S in the mixture was
increased.. Of the minor smelt components, NaCl and NaOH were found to be strong explosion
sensitizers. Weight for weight, these compounds ranked above Na, S in this respect. Other minor
smelt components that proved to be mild sensitizers for explosion were, in descending order:
K,CO;, Na,SO,, and Na,SO;.

Selected kraft-mill smelts studied in this program were found to be explosive under the
same laboratory conditions as those employed with the synthetic smelt mixtures. The laboratory
data on the explosiveness of the kraft-mill smelts, as obtained by injection of water, were
correlated with the chemical composition of these smelts. For this purpose a mathematical
treatment known as ‘“‘automatic interaction detector analysis” was used. This analysis showed
that the 12 smelts studied could be ranked as to relative explosiveness on the basis of three of
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the eight components in the smelt composition: NaCl, Na, S, and K, O, in that order. Experi-
ments with synthetic smelt mixtures further support these results.

Investigation of explosion inhibitors showed that the addition of either CaCO; or NaAlO,
reduced the explosion incidence in molten smelt compositions regardless of the method by which
water was introduced. The inhibitive effect increases with increasing temperature and, for
CaCO,, it appears to be related to the CO, released by decomposition of the carbonate. NaAlO,
may catalyze the release of CO, from the Na, CO; of the smelt, to achieve the same result.

Four physical properties of smelt expected to be of significance to the explosion process
were measured: (1) viscosity, (2) surface tension, (3) density, (4) sound velocity. Viscosity values
for typical smelt compositions were found to range from about 4 centipoises at 1500 F down to
1 centipoise at 1800 F. As the amount of Na, S in the mixture increased, the viscosity decreased.
The slope of the viscosity-versus-temperature curve proved to be very steep, and the changes in
viscosity with temperature are as great as the changes with composition.

The surface tension of the smelt mixtures decreased as the Na,CO; in the mixture was
replaced by NaCl, but the effect of Na,S was slight compared to that of NaCl. Values ranged
from about 200 dynes per centimeter for pure Na,CO; and a mixture containing 30 weight
percent* Na,S, down to about 180 dynes per centimeter for a smelt containing 5 percent NaCl.
The surface tension of the molten salts was found to decrease only slightly with temperature,
and compositional effects were greater than temperature effects for this property.

The densities of the molten smelt mixtures ranged from about 1.95 g/cm® at 1500 F to
about 1.85 g/cm3® at 1800 F. The effect on density of replacing Na, CO; with NaCl was greater
than that resulting from substitution by Na,S. Compositional effects on density were about the
same magnitude as temperature effects.

Sound-velocity measurements in the molten salts showed that the value for Na, S lies about
midway between those of Na,CO; and NaCl. Typical smelt composition values would lie
between Na,S and Na,CO;, ranging from about 7500 feet per second at 1500 F down to about
7100 feet per second at 1800 F. The effect of varying composition on sound velocity was about
as great as that of temperature.

-

To test the hypothesis that the release of CO, from the Na, CO; in the smelt plays a part
in the explosion mechanism, two types of decomposition experiments were performed. The
near-vacuum conditions that would exist in an expanding bubble of steam were simulated by
cavitation experiments in which the molten smelt was stirred rapidly. The CO, release from the
Na,CO, in the smelt increased by a factor of two at a stirring speed of 3700 to 3900 rpm. This
sudden increase indicated the onset of cavitation, which would affect the explosion mechanism.

The second type of experiment consisted of vacuum decomposition in which the rate of
release of CO, from the Na,CO; was measured. It was observed that the explosion sensitizers,
Na,S and NaCl, caused a significant reduction in the rate of CO, evolution. On the other hand,
the explosion inhibitors, CaCO5; and NaAlO,, provided an increase in the rate of CO,. released.
These effects were both in the right direction to support the hypothesized effect on the
explosion mechanism.

*All smelt compositions given in this report are weight percent.
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The time scale of the laboratory explosions was investigated by attaching a pressure
transducer to an alumina rod inserted into the molten salt during the explosion. When the
explosion occurred, the shock wave generated in the smelt was picked up by the tod, sensed by
the transducer, and registered on an oscilloscope. The explosion was found to occur within 1 or
2 milliseconds after the injection of water. Peaks as high as 40 psi were recorded during these
experiments. However, the pressure variations so obtained cannot be directly related to the
actual pressures developed by the explosion.

The infrared spectra of various smelt mixtures were investigated to determine whether or
not differences in composition ‘between explosive and nonexplosive smelts could be so detected.
However, as the same components appeared in the infrared spectra of both, the only differences
were in the relative quantities of some of the components. Hence this technique could not be
used as a screening device to detect explosive smelts.

A computer model has been developed to describe the physical explosion of steam resulting
from the interaction of molten smelt and water. This model has taken into account the pertinent
physical characteristics of water, steam, and smelt of different compositions, as well as the
effects of various concentrations of CO, gas resulting from the decomposition of the Na,COj;.
The computations showed that only extremely rapid and thorough mixing of smelt and water
could produce the very high rates of heat input needed for the generation of violent steam
explosions. Consideration of the triggering mechanism showed that the energy needed to form
the required contact surface between the smelt and a pound of water is much less than 1 Btu,
which is negligibly small. To obtain the necessary heat transfer, sufficient smelt must be injected
rapidly into the pound of water. The kinetic energy required could be provided by the
cooperative. action of several small triggering globules around the main water body. Small steam
globules in smelt, which are imploding and at the same time moving toward the main body of
water, can introduce jets of smelt into the main water body and thereby produce the rapid
mixing needed to achieve a heat-transfer rate great enough to produce the main explosion.

Computations on the main explosion showed that the physical explosion of 1 pound of
water at a heat input rate of 2 x 10 Btu/ft*> per second will generate 300,000 to 400,000 ft-1b
of mechanical energy in the surrounding smelt, and is equivalent to the mechanical energy of
explosion of about 1/2 pound of TNT immersed in water.

The analysis also has resulted in the derivation of two critical dimensionless parameters
whose factors consist of physical constants, dynamic variables, and length dimensions. One
parameter, involving the rate of heat influx into the water, is applicable primarily to the main
explosion. The second parameter, involving the rate of gas influx to the steam globule, pertains
to the triggering mechanism, i.e., the rapid injection of smelt into the water body as a result of
the collapse of nearby small steam and gas cavities in the smelt.

The computations also revealed that the presence of enough CO, in the small collapsing
steam globule will dampen the fluctuations of pressure, temperature, and radius and also stabilize
the radial symmetry of the bubble motion. The effect is to inhibit the triggering of the main
explosion. According to the explosion model, the most effective way to inhibit the explosion is
to interfere with the triggering mechanism by introducing carbon dioxide into the stcam globule.
The experimental program demonstrated that the most effective way of introducing CO, was
through the decomposition of CaCO; added to the smelt.
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CONCLUSIONS

On the basis of the laboratory data and the computer model of the explosion mechanism,
the following conclusions can be drawn:

® Smelt composition is of major importance in determining explosiveness. Sulfide and
chloride concentrations exert the greatest influence.

® The mode of contact between water and smelt is of major importance in deter-

" mining explosiveness. The degree of confinement of- water within the smelt, the
relative velocity of the two phases, and the relative amounts of smelt and water
involved are significant.

® No single physical property of the smelt varies sufficiently with composition to be
the determinant factor in explosiveness. However, two dimensionless parameters
. appear to be significant:

(a) One whose value is influenced predominantly by the rate of gas input to the
steam globule (influences the triggering mechanism)

(b) Another whose value is influenced predominantly by the initial rate of heat
input to the water (controls the main explosion).

® The release of sufficient carbon dioxide from the smelt to minimize the collapse of
the steam globule, which has been hypothesized as the triggering mechanism during
smelt-water contact, could prevent the explosion.

® Extremely intimate mixing of water and smelt is required to achieve an initial

heat-transfer rate great enough to result in explosion. Smelt and water must mix

rapidly enough to generate about a thousandfold incréase in contact surface in about

’ a millisecond during the initial phase of the explosion. Once this condition is

achieved, each pound of water involved can exert the explosive force of about 1/2
pound of TNT.

RECOMMENDATIONS FOR FUTURE WORK

The information obtained from this program suggests that the likelihood of eliminating
smelt-water explosions in the kraft process is small. The variables that control and influence the
triggering and explosion mechanisms are extremely complex. No single or simple combination of
physical or chemical smelt parameters appears to control the explosion process either in the
laboratory or in the plant.

Although a complete practical solution appears remote, a reduction in the incidence or
severity of explosion would be beneficial to the kraft industry. Additional understanding of the
explosion phenomenon could lead to such a partial solution of the problem. For example,
obtaining an understanding of why pure Na;CO; and water do not explode could result in
recommendations for operating conditions that would reduce the incidence or severity of

explosions.
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If additional research to solve the smelt-water-explosion problem were to be found desir-
able, several new avenues of approach are recommended. Both an experimental program and
analytical modeling of the explosion are considered important. The laboratory research to be
carried out in a short-range program would comprise: '

® Investigating the role of gas evolution in reducing explosion incidence. This work
would emphasize materials that may catalyze decomposition of _the carbonate in
smelt when in contact with water.

® Investigating the influence of contact mode between water and smelt in causing
explosions. This would require studying such factors as the relative motion between
water and smelt, the wettability of the smelt, and superheat effects in the water.

The analytical modeling considered most likely to yield practical benefits as a result of
improved understanding in a relatively short period of time would be:

® An approach to the explosion-triggering mechanism which would investigate the
thermodynamics of the interface layer between the water body and the smelt, and
consider superheating, the mechanisms of heat and mass transfer, CO, gas genera-
tion, and the effects of the motional instabilities in the expansion of the interface
layer as steam is generated.

® The effects of a given amount of initially hot smelt with a specified degree of
fragmentation within the main water body, after injection by the triggering
mechanism. This approach should permit the rates of heat and gas generation to be
inferred rather than assumed. A more accurate analysis of the thermodynamics of
the explosion to be made would enable relating presently assumed factors in the
dimensionless parameter analysis to additional physical and chemical properties of
the smelt.

The long—range tesearch program would be aimed at a full understanding of the smelt-water
explosion phenomenon. For this purpose, differences betweén molten Na, CO;, which is not
explosive, and sensitized mixtures containing NaCl- or Na,S would be studied. Smelt composi-
tions as such would be used as needed to verify the appllcablllty of the resuits. The experimental
‘program would con51st of the following: : :

) Determinat_ion of the range and combination of molten. salt properties that lead to
critical values of the two suggested explosion-controlling parameters.

a. Measurement of the relationship between heat-transfer rates and smelt composi-
tion. By measuring heat transfer from jets of molten salts injected into water, the
rate of heat input to the water can be determined.

b. Measurement of the rate of gas evolution as a function of molten salt
composition.

® Laboratory experiments designed to study the possible role of smelt-water interface
phenomena in the development of the small vapor-filled cavities whose collapses
presumably trigger the main explosion. Among the phenomena to be studied are
superheating and various means of nucleation to prevent superheat, heat- and

BATTELLE — COLUMBUS



8

mass-transfer across the interface, and gas-bubble generation. Particular attention
would be paid to development of suitable instrumentation for detection and
measurement of the presumed collapsing steam cavities at or near this interface.

The long-range development of the analytical model would obtain a more accurate repre-
sentation of the main explosion, incorporating model boundary conditions that simulate those
for a smelt bed of finite thickness in a recovery furnace. In addition, a much-more-complete
model for the triggering mechanism would be developed.

For the main explosion, the model would incorporate:

® The effects of the upper free surface and of the bottom of the smelt bed on the
development of the explosion. This would entail revising the model to accommodate
axially symmetric motion rather than being limited, as at present, to spherically
symmetric motion.

® The effects of nonuniform temperature, pressure and composition within the water
body.

The more complete development of the triggering mechanism would entail:

® The details of the collapse of the steam globules and the resulting injection of smelt
into the main water body. This consideration would require both axially symmetric
geometry for the shape variations and rectilinear motions for the globule.

® Revisions of the triggering mechanism model to encompass possible means other
than cavity collapse for obtaining rapid intermixing of smelt and water.

DISCUSSION OF EXPERIMENTAL RESULTS

Laboratory Techniques

For the explosion experiments the smelt was contained in a graphite crucible having a
conical interior to provide access to a relatively large surface for the smali volume of smelt used
in each experiment. A high-frequency power-supply unit was used to energize an induction
heating coil that surrounded the crucible. About 70 grams of smelt were used in each experiment
to provide a melt surface of about 2-inch diameter near the top of the crucible. The temperature
of the molten salt was measured with a platinum-thodium thermocouple. The device for the
introduction of the water was mounted above the heating coil. During an experiment the
crucible was heated until the molten smelt was at the desired temperature. The injector was
positioned above the crucible and actuated to introduce the water into the molten smelt. The
crucible was blanketed with an inert gas during the experiment to prevent oxidation of the Na, S
in the mixture.

Water was introduced into the molten smelt by injection and by a dropped-tube method.
Either a piston-type injector or a direct-gas-pressure injector was used (see details in
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Appendix A). With the injection systems the velocity of the injected water ranged from .70 to
100 feet per second. The injection velocity was controlled by the gas pressure applied to the
injector, and the amount of water introduced could be varied by changing the size of the needle
on the injector. In the dropped-tube method, a ceramic tube on the end of which was suspended
a large drop of water, was dropped into the molten smelt. The amount of water introduced in
experiments was varied by using ceramic tubes of different diameters.

Influence of Smelt Composition on Explosiveness

A large number of laboratory-scale explosion experiments were carried out in order to
determine the effects of smelt composition on the explosiveness of molten salt mixtures when
water is introduced. These experiments involved both injection and dropped-tube introduction of
water into the molten salt mixtures. The amounts of water introduced were purposely kept
small, ranging from 30 to 1000 mg, in order to minimize damage to the experimental equipment
and thereby make possible a large number of experiments. Although relatively small amounts of
water were used, the results agreed in general with those found by previous investigators who
used substantially larger amounts of water. The many experiments made possible under these
conditions have provided a base for quantitative observation on the explosion incidence as a
function of smelt composition. The major components of smelt and the most significant minor
components were studied individually on this program. Synthetic and actual kraft-mill smelts also
were investigated. The explosion-inhibiting effects of two compounds, CaCO, and NaAlO,, were
studied as well.

Major Smelt Components

The component present in all smelts in the largest amount is Na, CO;. There are no reports
of any one ever having been able to obtain an explosive interaction of sodium carbonate and
water. Attempts to explode sodium carbonate by the various techniques developed on this
research program also were unsuccessful. The explosion mechanism hypothesized in this work
suggests that the release of CO, gas from the Na, CO;, which is enhanced by interaction with
water, is responsible for the lack of explosions. However, only a small amount of NaCl is needed
to sensitize Na,CO; to explosion. For example, the composition 95 Na,CO;-5 NaCl had an
explosion incidence of 10 percent by the dropped-tube method.

The other major component of smelt is Na, S, which may be present in amounts ranging
from 10 to 30 weight percent in the kraft smelt. Pure Na,S is very reactive with water, and
explosions resulted more than 90 percent of the time in our work when water was introduced
into molten Na,S. Both methods of introducing water produced these high-explosion-incidence
values.

Most of the explosion experiments on this program were carried out with compositions
having a Na, S content in the range normally found in kraft-mill smelts. However, to determine
effects of smelt temperature and injection velocity, the concentration of Na,S was 50 weight
percent in some experiments. The results of experiments with Na, CO;-Na, S mixtures are shown
in Figure 1. The temperature range in which a given smelt composition had a high explosion
incidence when water was injected during these experiments depended on the operating pressure
of the injector, which in turn determined the water injection velocity. The temperature ranges
for which explosions occurred at least 90 percent of the time at the different operating pressures
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are shown in the figure. The minimum temperature for explosion was the freezing point of the
molten salt mixture. The maximum temperature for high explosion incidence increased with the
operating pressure and injection velocity. As noted in Figure 1, a higher content of Na,S in the
mixture resulted in a higher maximum explosion temperature for a given pressure. The highest
temperature used in these experiments was 1800 F, but no explosions were obtained above a
temperature of 1725 F, at water injector pressures up to 150 psi. When higher velocity injections
were used with the particular experimental equipment, the smelt was splashed from the container
rather than exploded, so efforts to use greater pressures were not continued.

1800
L
1700 Tx
%
n
e
§ 1600 1
g <|> X
G X
& Water Injector
Pressure
a 150 psi
1500
O 125 psi
X 100 psi
|4OOO 10 20 30 40 50

Na,S Concentration, weight percent

FIGURE 1. MAXIMUM TEMPERATURES FOR WHICH HIGH EXPLOSION PROBABILITY
WAS OBSERVED IN Na,CO, — Na,S MIXTURES

It also was observed that as the Na,S concentration was reduced, with all the other
variables of the system being held constant, the incidence of explosion also was reduced.
Depending on the smelt temperature and the method of introducing water, explosion incidence
values ranged from 100 percent for a composition consisting of 70 Na, CO;3-30 Na, S down to an
incidence of 10 percent for a mixture containing 20 percent Na, S. With the methods employed
on this program, no explosions were obtained when the Na,S concentration was less than 20
percent. However, in some of the work done by Combustion Engineering, Inc., in which repeated
injections were made into the same smelt mixture, an occasional explosion occurred with
compositions down to 9 percent-Na, S after a relatively large amount of water had been injected.
Although the frequency of explosion is reduced when the Na,S concentration is lowered, no
absolute lower limit for the concentration has been established. This fact stems from the
observation that, in contact with water, Na,S can react to generate NaOH, which is a strong
sensitizer for smelt-water explosions. Consequently, if enough water is in contact with Na, S for
a sufficient length of time, a highly explosive composition may be reached. In the work with
kraft-mill smelts on this program, the most explosive smelt contained only 11.7 percent Na,S,
and its explosiveness was attributed to relatively large amounts of the sensitizers NaCl and

potassium compounds.
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Minor Smelt Components

Most of the minor smelt components are sulfur compounds present in the smelt as a result -
of incomplete reduction of the Na, SO, to Na,S. As a consequence, some sulfate, sulfite, and
thiosulfate will always be present in the smelt in small amounts. Other minor components of
smelt are NaCl, NaOH, and potassium compounds. Of the minor components, the only ones
present in quantities greater than 1 percent are sulfate, chloride, hydroxide, and the potassium
compounds. The potassium in smelt is probably distributed among the various anions of the -
mixture in some steady-state distribution. However, in the analysis of smelts, it is customary to
group the potassium compounds together and express them in terms of the K, O content of the
mixture. In the explosion experiments carried out on this program, the potassium was added as
K,CO;; it is presumed that the bulk of the potassium would be present in this form because
carbonate is the anion that predominates in the smelt.

Sodium Chloride. NaCl has been found to be a powerful explosion sensitizer in smelts.
Thus, as shown in Table 2, increasing the NaCl concentration from zero to 5 weight percent in a
smelt mixture containing Na,CO; and Na, S, increased the explosion incidence from 10 percent
to 100 percent. The data were obtained using the dropped-tube method at a temperature of 1400 F.

TABLE 2. EFFECT OF NaCl ON SMELT EXPLOSIVENESS(2)

Composition, weight percent Explosion Incidence,
Na,CO; Na,$ NaCl percent
75 25 0 10
74 25 1 25
73 25 2 35
72 25 3 45
VA 25 4 . 90
70 25 5 100

{a) Experiments with dropped-tube at 1400 F.

Increasing the amount of NaCl in the mixture increases the maximum temperature for high
incidence of explosion, much the same as does increasing the amount of Na,S. The important
difference that less injection velocity is required for explosion with NaCl suggests that less
turbulence would be required during a smelt-water contact to bring about an explosive inter-
action. Explosions also can occur down to lower temperatures when NaCl is present, because the
freezing point of the mixture is lower when the NaCl is present. A comparison of maximum
explosion temperatures and injector operating pressures for various smelt compositions is
presented in Table 3. These data are for injections made over the temperature range from the
melting point of the mixture up to 1500 F. As these experiments were carried out with injection
volumes of only 35 milligrams of water, it was necessary to use relatively high percentages of
NaCl in the mixture in order to obtain explosions. However, the data illustrate the wide range of
temperatures over which an explosion can be obtained, provided a sufficiently sensitized mixture
is used.

BATTELLE — CoLumMmBuUS




12

TABLE 3. MAXIMUM EXPLOSION TEMPERATURES OF SMELT
COMPOSITIONS AT VARIOUS INJECTION PRESSURES

Smelt Composition, Maximum Explosion Temperatures, F, at
weight percent Indicated Injection Pressure, psi

Na,CO;4 Na,S NaCl 50 75 100 - 125 150
50 50 X X - 1580 1640 1730
70 30 x x 1560 1580 1700
50 30 20 1310 - - - -
50 25 25 1350 1800 - - -
46 23 31 1510 - - - -

x = No explosion at any temperature.
= No experiments tried at this pressure.

In the course of these explosion experiments with NaCl in the smelt, it was noted that
explosions occurred when the water impinged obliquely onto a thin film of molten smelt
adhering to the sloping wall of the graphite crucible. This result has provided additional support
for the hypothesis that the explosions involved rapid heat transfer promoted by shearing away
the insulating steam blanket from water in contact with molten smelt. The oblique impingement
provided such shearing action, and sharp explosions occurred even though there was no
significant depth of smelt under which the water could be trapped. The importance of this
shearing action became apparent when the sloping wall of the cone-shaped smelt container was
replaced by a flat graphite surface and the water was impinged at a 90-degree angle. No
explosions could be obtained with a thin film of molten smelt on the flat surface, although the
composition and temperature conditions were such that it produced more than 95 percent
explosion incidence in the conical container.

‘When a cylindrical graphite crucible having the same depth as the cone- shaped container was
used, “explosions were obtained 60 .percent of the time under thin-film conditions which

-produced almost 100 percent incidence of explosqon in the conical container. The shearing effect
- resulting from the impingement of water. droplets on the container wall appears to be an

important factor in the explosion mechanis'mnfas it occurred in the laboratory apparatus.

-Sodium Sulfate. Analyses of various kraft-mill smelts- have shown that there is always 1 to 2
percent of Na,SO, present. Low sulfidity smelts often contain significant amounts of Na,SO,,
and among those smelts analyzed on this program levels of 4 to 6 percent were found in some
cases. Previous investigators of smelt-water explosions have concluded that Na,SO, could be a
contributor to the explosiveness of the smelt. Accordingly, experiments were carried out on this
program with Na,SO, substituted for NaCl in a composition which is highly explosive over a
wide range of temperatures. These experiments were done by injection of water, at a smelt
temperature of 1400 F. As shown in Table 4, the explosion incidence dropped from 95 percent
to 30 percent as the Na, SO, content of the smelt mixture was increased from zero to 25 weight

percent.
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TABLE 4. EFFECT OF Na,S0, ON SMELT EXPLOSIVENESS(a)

Composition, weight percent ' Explosion Incidence,
Na,CO;, Na,S NaCl Na, SO, percent.
50 25 25 0 95
50 25 20 5 ‘93
50 25 15 10 89
50 25 10 15 50
50 25 5 20 48
50 25 0 25 30

(a) 35 mg water injected at 1400 F.

Additional experiments were performed with the Na,SO, concentrations at 10 weight
percent to determine the effect of temperature on the explosiveness. In approximately 200
experiments the explosion incidence remained about 90 percent up to 1400 F. However, from
1400 to 1500F, the explosion incidence dropped to 47 percent. Hence, at the higher
temperature, Na, SO, did not sensitize the mixture as much as did NaCl. For mill smeits having
both low sulfidity and low chioride content, it appeared that the Na,SO,; in the mixture
contributed significantly to its explosiveness.

From the various experiments conducted it was concluded that, under the experimental
water-injection conditions, Na, SO, is a moderate sensitizer for smelt-water explosions. Its effect
as an explosion sensitizer is less than that of Na, S, and considerably less than that of NaCl.

Sodium Hydroxide. Although NaOH is usually present in smelt in concentrations of less
than 1 weight percent, the action of water with the carbonate and sulfide components of smelt
will produce NaOH. In the work by Babcock & Wilcox for the Smelt-Water Research Committee,
significant amounts of NaOH were formed in this fashion. Combustion Engineering, Inc., also
noted that NaOH appeared to sensitize the molten smelt to explosion with water. Consequently,
the effect of NaOH on explosiveness was examined during this program. Initially 5 weight
percent NaOH was used to replace the same amount of NaCl in a highly explosive mixture. Both
the original mixture and the one containing NaOH exploded 95 to 97 percent of the time when
water was injected in the temperature range 1200 to 1600 F. The mixture containing NaOH
began to foam, presumably evolving CO,, at about 1600 F, however, and above this temperature
no explosions were obtained. The mixture without NaOH did not decompose as readily and

could be exploded up to 1800 F.

In additional experiments, 10, 15, 20, and 25 percent NaOH replaced equivalent amounts of
NaCl in the base mixture. In all of these compositions, explosion incidence was greater than 90
percent up to 1350 F. From 1350 to 1450 F, explosion incidence dropped to about 30 percent
and above 1450, foaming of the mixture prevented explosion. It was concluded that NaOH
sensitizes smelt to explosions as much as does NaCl, but the NaOH narrows the temperature
range of stability for the smelt mixtures.
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Potassium Carbonate. In the average mill smelt, potassium is the only metal other than
sodium which is present in any significant amount. As pointed out earlier, potassium is probably
present primarily as K, CO;, but it has become customary in mill-smelt analyses to express the
potassium content as K, O. Typically 2 to 3 percent K, O will be found in a mill smelt, although
amounts up to 5.8 weight percent were found in the mill smelts analyzed on this program.

When the explosiveness of pure K,CO; was examined by the dropped-tube method, which
is considered a most severe test, an explosion incidence of 10 percent was observed. Conse-
quently, this material has inherent explosiveness that Na,CO; does not, and can obviously
contribute to sensitizing smelt. The effect on smelt explosiveness was investigated by injections
into synthetic smelt mixtures containing K,CO; in place of Na,COj;. The results of 50
injections at each concentration are shown in Table 5 and are compared to similar experiments
with Na,CO5;. These experiments showed that the K,CO; sustained the explosiveness of the
mixture even at low NaCl concentrations.

TABLE 5. EFFECT OF K,CO5; ON SMELT EXPLOSIVENESS(2)

Composition, weight percent ' Explosion Incidence, ' Explosion Incidence

K,CO5 Na,S NaCl percent With Na,CO;, percent
55 25 20 20 95
60 25 15 60 65
65 25 10 62 50
70 25 5 60 30

(a} Injections of 35 mg H,O at 1400 F.

In mixtures not containing NaCl, the sensitizing effect of K,CO; was observed also. Thus,
for example, in carbonate-sulfide mixtures containing 15 percent Na,S, the explosion incidence
went from O to 100 percent when Na, CO; was replaced by K,CO; in the mixture. However,
when the Na, S concentration was only 10 percent, the explosion incidence went from O to only
10 percent when the K, CO; was substituted.

From these results it was concluded that K,CO; is an explosion sensitizer in smelt
mixtures, whereas Na, CO; does not contribute to the explosiveness of the smelt. As to its rank
as an explosion sensitizer, K,CQO; appears to be less of a sensitizer than Na,S, but probably
greater than Na, SO,. '

Sodium Sulfite. The question of the contribution of Na, SO; to explosiveness was raised by
one of the mill smelts which had not undergone complete reduction, and contained about 3.2
percent Na, SO, and 6.5 percent Na,SO,. A series of experiments was performed with Na, SO,
substituted for NaCl in a highly explosive mixture. The experiments were carried out by
injections of small amounts of water (35 milligrams). As shown in Table 6, the explosion
incidence dropped significantly with each substitution of Na, SO; for NaCl.

The explosiveness of the compositions containing 5, 10, 15 percent Na,SO; was about the
same as that found earlier for similar mixtures containing Na,SQ,. The Na,SO; mixtures were
less explosive than those with Na, SO, at the 20 and 25 percent concentration level. From these
results it was concluded that Na,SO; is a weak explosion sensitizer, and it ranks after Na; SO,
in that respect.
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TABLE 6. EFFECTS OF Na,SO; ON SMELT EXPLOSIVENESS(2)

Composition, weight percent Explosion |ncidéhce,
Na,CO; Na,S NaCi Na,S0, -~ percent
50 25 25 0 100
50 25 20 5 E 100
50 25 15 10 82
50 25 10 15 ‘ 62
50 - 25 5 20 30
50 25 0 25 (0]

(a) tnjection of 35 mg H,0 at 1400 F.

Kraft-Mill Smelts

Explosion experiments were carried out with smelts obtained from kraft mills located in
different areas, as designated by the members of the technical committee. The purpose of these
experiments was to relate the results of the explosion experiments with synthetic smelts to
actual mill smelts, and to correlate mill-smelt compositions with explosiveness. For the first series
of experiments, the water was injected into the smelts, and increasing amounts of water from 35
up to 1000 milligrams were used in the course of these experiments. The injections were made at
temperatures from 30 to 100 F -above the melting point of the smelts, which range from 1250 F
to 1350 F. The results obtained with 100 injections into each of the 12 mill smelts employed on
this program are presented in Table 7. Five of the mill smelts exploded with the injection of the
minimum amount of water (35 milligrams). The explosion incidence under these circumstances
was about the same, 4 or 5 percent, for all but one of these five smelts. Smelt K, which
ultimately proved to be the most explosive of the group, had an incidence of 30 percent in this
first set of experiments. The remaining seven smelts did not explode with the injection of the
35-milligram quantity of water. When the amount of water was increased to 75 milligrams, three
additional smelts underwent explosion, with an incidence of from 3 to 6 percent. Increasingly
larger amounts of water were required to obtain explosions with the other four smelts. However,
once explosions did occur, the incidence at which they occurred was rather large compared to
the others except for Smelt L.

To provide additional basis for ranking the 12 mill smelts as to explosiveness, NaCl was
added to each of them in 5 percent increments until the explosion incidence reached 50 percent.
In these experiments, by injection of 35 milligrams of water, NaCl additions from 5 to 25
percent were required for the different smelts to reach the 50 percent explosion level. The
results are shown in Table 8, in which the smelts are listed in decreasing order of explosiveness
on the basis of the amount of NaCl required.

The remaining columns of the table show the chemical analyses of the original smelts, to
provide comparison of smelt composition with explosiveness. As seen from the table, the two
most explosive smelts required only 5 percent additional NaCl to reach the 50 percent level of
explosion incidence, while the others required increasing amounts up to 25 percent. Within each
group, the explosive ranking was determined on the basis of the amount of water required to
obtain explosions when no NaCl had been added. In general, there was good agreement between
the amounts of NaCl which had to be added to achieve 50 percent explosion incidence, and the
amount of water needed to explode the smelts without NaCl addition as shown by Figure 2.

BATTELLE — CcOLUMBUS



16

TABLE 7. EXPLOSION THRESHOLD VALUES FOR WATER INJECTION
INTO KRAFT-MILL SMELTS

Explosion Incidence, percent(a’,

Smelt for Indicated Injection mg H,0
Designation 35 75 300 600 1000
K 30 - - - -
C 5 - - - —
A 4 - - - -
B 4 - - - -
J 4 - - - -
D 0 6 - - -
E 0 6 - - —
L 0 3 - — -
H 0] 0 18 - -
F 0 0 0 18 -
G 0 0 0 ] 25
( 0 0] 0 ] 4

{a) Based on 100 injections.
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FIGURE 2. COMPARISON OF WATER INJECTIONS AND SODIUM CHLORIDE
ADDITIONS REQUIRED TO EXPLODE KRAFT-MILL SMELTS

Letters designate smelits.
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Examination of the chemical analysis of the smelts in view of the explosiveness observed
shows that high Na, S content is not required for smelt to be especially sensitive to explosion,
provided the quantities of some of the other sensitizing ingredients is sufficiently great. Thus
Smelt K, which contained only 11.7 percent Na,S, was the most explosive of the group,
undoubtedly as the result of the presence of fairly large amounts of chloride, sulfate, and
potassium. On the other hand, the sulfide content of the second most explosive, Smelt D, was
great enough to make up for the relatively small amount of the other explosion sensitizers.

‘When the dropped-tube method was used to explode the kraft-mill smelts, it was not
possible to distinguish among the various smelts as had been the case with water injection. Of
course the amount of water used in the dropped-tube experiments (300 milligrams) was larger
than that used in most of the injection experiments. As a consequence, 10 of the 12 mill smelts
exploded every time, so that this method was not as sensitive in distinguishing small dlfferences
as was the injection techmque

In order to be sure that the chemical analysis of the mill smelts included all of the
components that are important to its explosiveness, synthetic mill smelts were prepared on the
basis of the analyses shown in Table 8. These synthetic mill smelts showed the same explosion
incidence as did the actual mill smelts, confirming that the chemical analyses included the
explosive components.

AID Analysis

A mathematical treatment known as ‘“‘automatic interaction detector” analysis was applied
to the data on the composition of the 12 kraft-mill smelts and their explosiveness. The explosive
ranking of the mill smelts and chemical composition as given in Table 8 were used in this
computer analysis. The AID program provides a technique to evaluate qualitatively the inter-
action of a large number of independent variables and choose which are most significant in
predicting the dependent variable. The analysis showed that the explosive ranking of the 12
smelts could be determined on the basis of three of the eight components in the smelt
composition: NaCl, Na,S, and potassium (expressed as K,Q), in that order. The AID analysis
graphic tree is shown in Figure 3. The mill smelts fall into four groups, which are in decreasing
order of explosiveness:

Group 1 A, K

Group 2 D, C, B, and E
Group 3 H

Group 4 LF JG,1

According to this analysis the NaCl content of a smelt is the most important determinant of its
explosiveness. On this basis, the five least explosive smelts L, F, J, G, and I are separated. The
other seven smelts are then further separated on the basis of their Na,; S content: Smelts D, B, G,
and E going into the more explosive group. Finally on the basis of the K,O content, Smelts A
and K are separated into the more explosive group and Smelt H falls into the less explosive

group.

The fact that NaCl, Na,S, and K,CO; are the most important contributors to the
explosiveness of the mill smelts also has been established by the explosion experiments that have
been done on this program. The same ranking as explosion sensitizers for these three materials
also has been established in the work with the synthetic smelt mixtures. :
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Components
(weight percent in each smelt
Smelts as shown in Table !}

NaCO3  NapSO3

A-L Na,5 Na,5,04
Ranked ! to 12 NacCl NaOH
In explosiveness NaZSO4 K,0
{as shown in Table I)
More explosive Less explosive
smelts ’ smelts
NaCl
Smelts
L
F
' J
G
I Na,S I
Smelts
D
B
C
E
I’ KZO ]
Smelts Smelt
K H
A

FIGURE 3. AUTOMATIC INTERACTION DETECTOR ANALYSIS
OF KRAFT-MILL SMELTS

Correlation of Explosiveness With
Smelt Composition

Attempts were made to obtain mathematical relationships between the incidence of
explosions, as measured either by the water-injection or dropped-tube methods, and the
percentage compositions of the sensitizing compounds Na,S, NaCl, and K;CO;. In these
attempts standard regression analysis was used to obtain the optimum values of the coefficients
in the linear and the quadratic expressions relating explosion incidence and the concentrations of
the three compounds in the smelt. However, there was poor correlation between the observed
explosion-incidence values and those predicted by the results of the regression analysis.

It appears that a reasonably good fit for the experimental data could be obtained by
applying the error function, in which the value of the explosion index follows a so-called
“S-shaped curve”. This curve is characterized by a very rapid increase in the explosion index over
a narrow range of composition.

Explosion Inhibitors

Previous work for the smelt-water research group by Combustion Engineering, Inc., had
demonstrated that NaAlO, and CaCO; reduced the probability of explosion when one to three
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grams of water were injected through a hypodermic syringe into about 500 grams of molten salt.
To study the effects of these compounds on smelt-water explosiveness under the experimental
conditions being used on this program, the NaAlO, and the CaCO; were substituted in turn for
part of the Na,CO; in a smelt mixture with a high incidence of explosion. A composition
containing 25 weight percent of Na,S and 20 weight percent NaCl was selected as the base
mixture for these experiments because it had an explosion incidence of 90 percent in the
temperature range 1100 to 1600 F, when the injection method was used. The solubility of both
NaAlO, and CaCO; in smelt mixtures is limited to about 1 or 2 percent by weight, so that the
desensitizing effects took place with a portion of the NaAlO, or CaCQO; in suspension in the
melt. As the mixture melted, the undissolved portion remained on the bottom of the crucible at
first; but, as the temperature was increased, the particles were dispersed by convection currents
in the liquid.

The reduced explosion-incidence values that occurred for the smelt mixtures containing
NaAlOQ, or CaCO, for the injection experiments are shown in Table 9. Approximately 100
injection experiments were carried out for each composition in each temperature range. As
shown in the table, the base mixture maintained an explosion incidence greater than 90 percent
from 1100 to 1500 F, which then decreased substantially from 1500 F to 1750 F, at which
point the decomposition of the mixture caused foaming in the crucible. Both the NaAlO, and
the CaCO; reduced the explosion incidence, and were more effective as the temperature was
increased. At the lower temperatures investigated, the S percent CaCO; was somewhat more
effective in reducing explosion than was the 5 percent NaAlO,. Except for this difference, the
two performed with approximately the same effectiveness, and the differences noted in the table
probably are as much the effect of experimental variations as they are of performance of the
two materials. The CaCO, has the advantage of being effective to a higher temperature than does
the NaAlQ,.

TABLE 9. EXPLOSION {INCIDENCE WITH NaAlO, OR CaCO; IN SMELT MIXTURES,
USING THE WATER-INJECTION METHOD '

Explosion lncidence(b), percent

Substituted 1100- 1200- 1300- 1400- 1500 F —
Constituent(a) 1200 F 1300 F 1400 F 1500 F {Decomposition Temp, F)
None 90 92 95 90 35 (1750)

5% NaAlO, 64 57 16 12 10 (1650)
10% NaAlO, 45 25 20 15 10 (1650)
5% CaCO, 39 31 24 6 0 (1800)
10% CaCO, 46 31 25 11 12 (1800)

(a) Substituted for Na;COj3 in 55NaC03-25Na,S-20 NaCl,
{b) Based on approximately 100 injections of 35 mg H,0 in each temperature range for each composition.

The performance of these two compounds in reducing the more violent explosions obtained
in the dropped-tube method of injection also was investigated. The initial smelt mixture used
contained 30 weight percent Na, S, and had an explosion incidence of 100 percent at 1400 F.
When 5 percent of the Na,CO, in the mixture was replaced by CaCO,, no explosions were
obtained. The same reduction in explosiveness was obtained when 5 percent of NaAlO, was
substituted for the Na,CO; in the mixture. Hence these two compounds proved to be very
effective explosion inhibitors in mixtures containing only carbonate and sulfide.
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In order to examine the dropped-tube technique with mixtures containing chloride, addi-
tional experiments were performed using a base mixture containing 25 percent Na,S.and 3
percent NaCl. This mixture had a moderate explosion incidence of 60 percent at 1400 F with
the dropped-tube method. The results obtained with additions of 5 weight percent CaCO; (Table
10) showed that the explosion-inhibiting effect of CaCO; improves as the temperature increases,
just as it had done with the injection method. The decrease was not quite as marked as it was
for the previous set of experiments, but again the difference between the two sets may be the
result of experimental variation. The table also contains data for additions of BaCO; and
Li,CO; to the same smelt mixture. These compounds, which decompose at higher temperatures
than CaCOj;, also were investigated as possible explosion inhibitors. In order to introduce the
same amount of carbonate into the mixtures as obtained with 5 percent CaCO;, additions of 9.8
weight percent BaCO; were required. The explosion incidence of the base mixture increased to
100 percent over the temperature range 1400-1600 F with this addition.

TABLE 10. EXPLOSION INCIDENCE WITH CARBONATE ADDITIVES IN SMELT,
USING THE DROPPED-TUBE METHOD (300 mg H,0)

Explosion Incidence, percent

Temperature, Base Base Plus Base Plus Base Plus
F Mixturefa) 5 wt % CaCOj 9.8 wt % BaCO, 3.6 wt % Li,CO;
1400 60 - 56 100 100
1500 50 20 100 100
1600 50 10 100 100

{a) 72NaCO3-25Na,S-3NaCl.

For the Li,CO; additions, only 3.6 percent was required to obtain an amount of carbonate
equivalent to 5 percent CaCO;. With the Li,CO; additions, the explosion incidence of the base
mixture also increased to 100 percent over the temperature range 1400-1600 F.,

The explanation for the inhibitive effect of CaCO; had been suggested by the computer
modeling study to be the high rate of CO, release from the carbonate, as discussed in detail
elsewhere in this report. As CaCO; decomposes more readily on heating than does Na,CO,,
adding CaCO; to a molten mixture would result in a greater CO, release. Inasmuch as the
barium and lithium carbonates increased the explosiveness of the base mixture rather than
decreasing it, it appears that for a carbonate to be effective as an explosion inhibitor, it is
necessary that its decomposition yield a substantial amount of CO, at the temperature of the
smelt.

The mechanism by which NaAlO, reduces explosiveness of smelt mixtures must necessarily
be different, because this compound does not decompose to generate a gas. However, in the
course of the explosion experiments, the foaming noted at the surface, as the temperature of the
smelt was increased, indicated gas generation from some source. It was hypothesized that the
NaAlO, may catalyze the decomposition of the Na,CO; in the smelt to generate CO,. This
Possibility was iested in the vacuum decomposition experiments described later in the report,
and it was found that NaAlO, increased the evolution of CO, from Na, CO;.
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MgCO; decomposes to release CO, at a lower temperature than does CaCO,;, so its
potential in reducing explosions also was investigated. The explosion incidence of the base
mixture remain unchanged in a series of 20 experiments with S percent additions of MgCO;. The
lack of effect was attributed to the low decomposition temperature, leading to release of all its
CO, below 1400 F. The material dolomite, which consists of magnesium and calcium carbonates
in equal amounts in a mixed crystal, also was tried in the exploSion experiments. This material
decomposes to yield CO, over a wider temperature range than does the MgCO;, but 5 percent
additions of dolomite were ineffective in reducing the explosion incidence of the base mixture.

Further consideration of CaCO,; additions to smelt mixtures appears to be warranted.
Among the questions to be answered would be whether the CaCO; would persist long enough in
the recovery furnace so that a sufficient amount would always be present to inhibit explosions
when water was introduced into the furnace. Another question to be answered would be the
effect of the calcium in the system. As CaCO; it would be insoluble in the green liquor, and as
CaO it would precipitate carbonate in the green liquor. Hence it could possibly. be removed at
that stage of the process.

Influence of Physical Properties
of Smelt on Explosiveness

Once it had been established that smelt-water explosions are physical explosions rather than
chemical, it became obvious that the physical properties of the system must play an important
part in the explosion mechanism. As a consequence, an important aspect of this research
program was to investigate the physical properties that could be important in the explosion
process. The selection of the physical properties to be measured and the order in which they
were determined was guided by the computer modeling of the explosion mechanism. Physical
properties of both water and steam, which are of vital concern to the explosion process, are well
known and have all been recorded in the scientific literature: Thus, for example, the densities
and the specific heats of water and steam as functions of temperature and pressure are available.
Changes in the boiling point of water, the heat of vaporization of water, and the sensible heat of
steam’ with. temperature and pressure also are well-known quantities. However, the properties of

. smelt are not as well documented. Examination of the literature showed that information was
~.available for such properties as the density, v150051ty, ‘and surface. tension of Na,CO;, NaCl,
. NaOH, and Na, SO, in the temperature range of interest. However, there was no information on

Na, S or on the mixtures of compounds which. constltute typical smelts. Consequently, measure-
ment of selected physical properties was necessary as' part of this program. The properties
studied - are: (1) viscosity, (2) surface tension, (3) sound velocity, and (4) density. These
properties were measured for various smelt compositions in the temperature range of the molten
smelts.

Viscosity

Data from the literature show that the viscosity of molten Na,CO; decreases rather rapidly
from a value of 4.5 centipoises at the melting point (1570 F) to about 1.5 centipoises at 1800 F,
as shown in Figure 4. By way of comparison, the viscosity of water is 1.0 centipoise at 70 F, and
as the temperature of the water is raised to the boiling point its viscosity decreases to 0.28
centipoise. Values from the literature for the viscosities of molten NaCl and molten NaOH, the
two most powerful explosion sensitizers, also are shown in the figure.
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FIGURE 4. VISCOSITIES OF MOLTEN SALTS

Viscosities of molten salt mixtures were measured in this program by two methods. In the
first method, a platinum bob suspended from one arm of an analytical balance was put in
vertical motion in the molten salt, and the shear viscosity of the melt was determined from the
rate of decay of movement of the bob. The apparatus was calibrated with liquids of known
viscosity at room temperature and also with molten Na,COQO;. Because small differences in the
viscosity proved difficult to measure by this technique, a second method also was employed.
This method involved damping the rotational movement of a cylindrical crucible suspended by a
steel wire. The molten salt was contained in the crucible and the rate at which its rotation
decreased was used as a measure of the viscosity of the melt. Liquids with known viscosities
were used to calibrate the equipment.

The results show that the viscosity of the smelt mixture decreases as the amount of Na,S in
the mixture is increased. The slope of the viscosity-versus-temperature curve for the mixtures of
Na,CO; and Na,S approximates that for the pure Na,CO; and is fairly steep with temperature,
as shown in Figure 4.

The role viscosity may play in the smelt-water explosion mechanism is discussed further in a

later section of the report. However, the relatively small changes in viscosity with composition
which have been observed in this work would not account for the differences in explosiveness
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which have been observed for the same range of compositions. Some kraft mills have reported
that as the sulfidity of the smelt is lowered its viscosity increases to such an extent that the
smelt flow is hindered and greater steam pressure is required at the shatter jets to break up the

flow adequately. On the basis of this information, it appears that the increases in viscosity as the -

smelt composition approaches pure Na,COj; are sufficient to affect the flow properties of the
system significantly. In terms of the explosion model, however, these viscosity differences are
not great enough to account for the difference in explosiveness.

Surface Tension

The surface tension of molten salts does not change as rapidly with temperature as does the
viscosity. Surface-tension values reported in the literature for Na, CO,3 range from 210 dynes per
centimeter at 1600 F to 205 dynes per centimeter at 1800 F. For water, the surface tension
changes from 72 to 59 dynes per centimeter in going from room temperature to the boiling
point. In this program, the surface tension was measured with the equipment used for the
density and the initial viscosity measurements. For the surface-tension work, a platinum rod was
attached to the bottom of an alumina bob that was hung from the beam of an analytical balance
and suspended in the molten salt. The force required to lift the rod from the surface of a liquid
was readily detectable by the balance, and from this force the surface tension of the liquid could
be calculated. The system was calibrated by using liquids of known surface tension, such as
water at room temperature and molten Na, CO;.

As shown in Figure S5, surface-tension was measured on two synthetic smelt compositions
and on Smelt K by itself and with CaCO; added. The surface-tension values observed for the
mixture containing 70Na, CO;-30Na, S were within experimental error the same as observed for
Na, CO;. However, substitution of 5 percent NaCl for the same amount of Na, CO; resulted in a
10 percent drop in the surface tension. An additional 10 percent drop in surface tension was
observed when water vapor was introduced into the inert atmosphere above the molten salt
mixture.

~ Smelt K, the most explosive of those supplied by the Technical Committee, was found to
have "a surface tension only slightly lower than that for the synthetic mixture containing 5
weight percent NaCl, as shown in the figure. In view of the explosiveness of Smelt K and that
for the synthetic mixture containing 5 percent NaCl, these. results suggest that explosive
compositions may have surface tension values about 20 percent lower than the nonexplosive
Na, CO;. When water vapor was introduced into the atmosphere above Smelt K, surface tension
was found to be the same as that for the 5 percent chloride mixture under the same conditions.
The effect on surface tension of adding thé' explosion inhibitor, CaCO;, to Smelt K also was
examined. The addition of 5 weight percent CaCO5 raised the surface tension to a value about
midway between that of the original Smelt K and that of pure Na, CO;. When water vapor was
introduced into the atmosphere above the smelt containing the 5 weight percent CaCOj;, the
surface tension was reduced to that of the original smelt before the CaCO; had been added.

These changes in surface tension are not large enough to account for the differences in
explosiveness, but they do indicate that surface tension changes may play a part in the explosion
mechanism as one of the factors in some parameter that reaches a critical value at a given smelt
composition.
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Density

As was noted for viscosity and surface tension, the densities of the strongest explosion
sensitizers, NaCl and NaOH, are appreciably lower than that of Na, CO;. Data from the literature
on the densities of these molten salts are shown in Figure 6, together with results of measure-
ments made on this program. The mixture containing 30 percent Na,S was found to have a
density slightly less than that of the pure Na; CO;. Substitution of 5 percent NaCl for the same
amount of Na, CO; resulted in the further reduction in density. Smelt K, the most explosive of
the mill smelts examined on this program, was found to have a density lying between that of
Na,CO; and the mixture containing 30 percent Na,S. The addition of 5 percent CaCO,4 to
Smelt K increased the density to a value essentially equal to that of Na,CO;, within experi-

mental error.
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FIGURE 6. DENSITIES OF MOLTEN SALTS

These results show that there is not a very great difference in density between molten salt
compositions that have a relatively high incidence of explosion and the nonexplosive Na,CO;.
However, on a percentage basis, the changes in density with composition are about the same as
those observed for viscosity and surface tension. As stated before, no one property changes
rapidly enough with composition to account for differences in explosiveness.
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Sound Velocity

Changes in the density of smelt compositions as functions of pressure can be qulte
important to the explosion mechanism. This relatlonshnp is involved directly in determmmg the
acoustic properties of the medium, through its bulk modulus (density times square of sound
velocity). Consequently, the determination of the bulk modulus of the smelt from ultrasonic
velocity measurements was undertaken as part of this program. The experimental method used
was to pass a high-frequency signal through the molten smelt mixture and to record both the
time required for the signal to pass through the melt, and the extent of the attenuation of the
signal by the melt.

The values obtained for the velocity of sound are presented as a function of temperature in
Figure 7. For the single-component melts, the velocity of sound was the greatest in Na,CO;,
intermediate in Na, S, and lowest in NaCl. The sound velocities in the molten salt mixtures_fell
between those of their respective pure compounds. Addition of the explosion sensitizers, Na, S
and NaCl, to the Na,CO; resulted in the lowering of the sound velocity and the properties
calculated from it. All sound velocities decreased linearly as the temperature increased. The
product of density and sound velocity is a quantity of major importance for the smelt-water
explosion model. This quantity determines the magnitude of the pressure of the acoustic wave
generated in the smelt from a given motion of the boundary between the water-steam globule
and the surrounding smelt. The data from the ultrasonic measurements showed that this quantity
is about three times that of water for normal smelt compositions and is decreased when NaCl is
present in the mixture.

The bulk modulus (density times square of sound velocity) for normal smelt compositions
proved to be about four times as great as that for water. The bulk modulus of smelt also was
reduced appreciably by the addition of NaCl to the smelt. The differences in bulk moduli mean
that, for a given pressure increment, the molten salts undergo a considerably smaller volume
change than does water. These bulk moduli values were used for computations made with the
- computer model of the explosion mechanism. : '

) The measurém'éhts of the attenuation of the ultrasoni¢ ‘waves in the molten salt composi-
_ tions showed . that only a small fraction of a decibél was.- ‘absorbed over the short pathlength
- employed. Although this change proved to be too small to be measured accurately, the results of
these experiments showed that neither the shear nor the bulk viscosity of molten smelts is an
1mportant factor in. determmmg its acoustic wave propagatlon propertxes However, the shear
viscosity, which was discussed earlier in this section, could ‘have an 1mportant influence on other
factors that determine-explosive tendency of smelts. For- example, the rate of heat input to the
water will depend on the rate of mixing of the smelt and water, Wthh in turn may be greatly
affected by small differences in shear viscosity.

Electrical Conductivity

Although the electrical conductivity of smelt was not determined, this physical property
merits some consideration because of its relationship with thermal conductivity. If ‘o’ is the
electrical conductivity, the ionic contribution to the thermal conductivity is (k/e)20T/J, where
the ratio of Boltzmann’s constant to the charge on the electron is k/e = 86.3 microvolts/degree,
T is the absolute temperature, and J is the mechanical equivalent of heat.
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The tabulated value of o for molten Na,CO; is about 3.0 ohm™ cm™, with a temperature
coefficient of about +0.004 ohm™ cm™ /degree C. The tabulated value of o for molten NaCl is
about 3.8 ohm™ cm™, with a temperature coefficient of about +0.003 ohm™ cm™ /degree C.
Measured values of ¢ for various compositions of the binary system Na,CO; — NaCl lie between
the above values. Hence, electrical conductivity, and the associated thermal conductivity, are
physical properties that do not differ significantly between explosive and nonexplosive
compositions.

Carbonate Decomposition Studies

In the course of the development of the explosion model it became apparent that the
evolution of a sufficient quantity of CO, gas from the decomposition of Na, CO; into the steam
globule during its expansion phase would inhibit the subsequent collapse of the globule and the
generation of a high pressure pulse in the smelt. The rate of the carbonate decomposition would
be enhanced by the lower-than-atmospheric pressure in the smelt in the neighborhood of the
globule during its expansion phase. The conditions under which CO, gas is released -and the
extent to which it is generated were studied in two types of experiments: (1) cavitation
experiments, and (2) vacuum decomposition experiments.

Cavitation Experiments

The steam cavitation model for initiation of smelt-water explosions requires very low.
pressure in the cavitation bubble at maximum expansion. The CO, formed by cavitation-induced
decomposition of the Na,CO; in molten smelt thus might be expected to inhibit explosion, so
that smelt components that suppress decomposition would act as explosion sensitizers.

To test this hypothesis, experiments were carried out using a motor-driven stirrer capable of
operating at speeds up to 10,000 rpm. The stirrer was designed to obtain cavitation in liquids
having densities in the range of those of smelt components, from 1 to 3 grams per cubic
centimeter. In transparent containers in liquid, cavitation can be detected visually by the
formation of vapor bubbles in the liquid in the vicinity of the stirrer, and this technique
presented no problems with ordinary liquids in glass containers. Cavitation was readily observed
at stirring speeds of about 4000 rpm. When similar experiments were performed with molten
smelt compositions contained in an alumina crucible in the resistance furnace, observation of the
cavitation bubble phenomenon was uncertain. Consequently an alternative method was adopted.
The change in CO, concentration over the melt produced by the cavitation was monitored by a
continuous reading, nondispersive infrared CO, analyzer.

When molten Na,CO; was maintained at 1600 F and the stirring speed was increased
slowly, a sudden twofold increase in the CO, concentration was observed at a stirring speed of
3700 rpm. When the temperature of the molten sodium carbonate was raised to 1650 F, a
comparable increase in CO, concentration occurred at a stirring speed of 3900 rpm.

Similar experiments were then carried out with two explosive smelt compositions, one
containing 30 percent Na,S and the other having 25 percent each of Na, S and NaCl. With these
compositions, under the same conditions as used for the Na,COj;, no increase in the CO,
concentration occurred at any stirring speed up to 10,000 rpm — the limit of the apparatus.
These same results were obtained several times on different days when the experiments were
repeated to verify the reproducibility. '
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From this series of experiments it was concluded that the Na,S and the NaCl, which are
explosion-sensitizing components in smelt, inhibit the decomposition of the Na, CO; under the
cavitation conditions. '

Vacuum Decomposition Experiments

The purpose of the vacuum decomposition experiments was to obtain quantitative informa-
tion on the effect of both explosion sensitizers and desensitizers on the rate of decomposition of
Na,CO; under near-vacuum conditions, such as would exist in a steam bubble at maximum
expansion prior to cavitation.

These experiments were carried out by heating the molten salt mixture in a closed system
under vacuum. When the desired temperature was reached, the CO, produced by decomposition
of the Na,CO; was collected in a trap at a temperature of minus 320 F (liquid nitrogen), then
transferred to a vacuum line, where the amount obtained was measured.

When Na, S and NaCl were substituted for part of the Na, CO;, the decomposition rate of
the Na,CO, was decreased. This result was to be expected, because the mole fraction of
Na, CO; in the mixture was reduced by these substitutions. However, the amount by which the
CO, vyield was reduced was greater than would be anticipated on this basis. For a mixture
containing 30 percent Na, S, the amount of CO, obtained experimentally was only 59 percent of
that calculated on the basis of the mole fraction of Na,CO; in the mixture. With a mixture
containing 25 percent Na,S and 25 percent NaCl, the CO, collected was 71 percent of the
theoretical amount. The data are presented in Table 11.

TABLE 11. EFFECT OF VARIOUS SALTS ON THE DECOMPOSITION RATE OF Na,CO; AT 1830 F

CO, Evolved, mg/hr Percent of

Composition Mole Fraction Calc. from Calculated
of Melt Na,CO4 Experimental Mole Fraction Decomposition
Na,;CO; 1.00 72.0 72.0 100
70Na, CO;3-30Na,S 0.635 26.8 45.7 58.6
50Na,CO;-25Na,S-25NaCl 0.385 19.6 27.7 70.7
45Na,C03-25Na,S- 0.351 27.4 25.3 108
20NaCl-10NaAIO,
45Na,C04-25Na,S- 0.357 26.8 25.7 104

20NaCl-10CaCOs

Vacuum decomposition experiments also were conducted with CaCO; and NaAlQO,
employed as explosion inhibitors. When either of these two compounds was introduced into the
smelt mixture at a concentration of 10 weight percent, the rate of CO, release from the molten
mixture was increased. The presence of the Na,S and the NaCl in the mixture caused a
reduction in the rate of CO, evolution, but this reduction was more than offset by the presence
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of the CaCO; or the NaAlO, in the mixture. As a result there was a net increase in the rate of
CO;, evolution in the presence of the two explosion inhibitor compounds, as shown in the table.

These data provide support for the proposed mechanism of the explosion~in that com-
pounds which sensitize the smelt to explosion reduce the rate at which CO, evolves, while those
which desensitize the explosion increase the rate at which the gas is released from the carbonate
in the smelt. These effects are in the right direction to fulfill the requirements of the explosion

model. :
~ Pressure-Transducer Experiments

To compare the relative magnitudes of smelt-water explosions obtained under different
laboratory conditions, and to obtain data on the explosion characteristics for the model,
pressure-transducer experiments were performed. In these experiments, a piezoelectric transducer
was coupled to the smelt via an alumina rod immersed in the molten salt. The pressure wave
from the explosion, picked up by the rod and sensed by the transducer, was recorded on an
oscilloscope and photographed.

Oscilloscope traces of typical explosions using the smelt mixture containing 25 percent
Na,S and 25 percent NaCl are shown in Figure 8. The upper photograph shows the explosion
with 35 milligrams of water injected from the piston type injector, and the lower photograph
shows the effect of 75 milligrams of water, using the direct gas-pressure injector. A number of
pressure pulses constituting the explosion occurred within a 2-millisecond interval. Typically
~ from 6 to 10 pulses were detected. The amplitudes of the pressure waves varied, most of them
being about 20 psi magnitude, but occasionally peaks up to 70 psi were observed. These peaks,
of course, represent the particular response of the probe system used and do not represent the
actual pressure variations within the exploding water body. This particular f'esponse is condi-
tioned by the resonant frequency of the alumina rod, by certain characteristics of the transducer,
and by the distance of the end of the rod from the center of the explosion and also from the
_wall of the crucible and the free surface of the smelt. These pressure-transducer experiments
demonstrated that under the conditions of injection of water into smelt, the explosion occurred
about 1 millisecond after the water-smelt contact. The duration of the explosion for the amounts
of water involved in these experiments (35 to 75 milligrams) was approximately 2 milliseconds.

The results of these experiments are in reasonable agreement with those of other investi-
gators who have attempted to instrument explosions resulting from introduction of water into
. molten salts. Investigators at the Argonne National Laboratory(l) observed delays of a few
milliseconds between water injection and explosion with molten NaCl. The studies at Combus-
tion Engineering, Inc., using larger amounts of water and of smelt, resulted in delay times of
~ about 35 milliseconds between the injection of the water and the explosion. The shock waves
detected a few inches above the smelt were also greater (100 to 180 psi). It can be concluded
- that once the required mixing is achieved and the smelt-water contact is made with large enough
. heat-transfer rate, the explosion is initiated within a time interval determined by the size of the
.'.i:}_:;Water body, in agreement with the scaling laws obtained from the model studies, and possibly
/8180 as modified by the size and shape of the smelt body.
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FIGURE 8. PRESSURE WAVES FROM EXPLOSIONS AS DETECTED BY A TRANSDUCER

DISCUSSION OF COMPUTER MODEL
Nature of Physical Explosions

. Bo_th chemical and physical explosions involve "the generation of vapors or gases at a much

. more rapid rate than the system can absorb by expansion to accommodate the additional volume

created. The term system includes not only the environment surrounding the exploding material

. but also the self-inertia of that material and ifs 'surrou‘n‘dings' The latter often furnishes the

primary réstraint to initial expansion. ‘Becauise. of the restraints, pressure at first builds up

" rapidly The resultant potential energy is subsequently converted to kinetic energy of motion of

the exploding gases and of their surroundings and to work done in moving or rupturing any
restrammg or confining structures.

In a chemical explosion, the gases or vapors are generated as a result of chemical reaction.
The heat developed in exothermic chemical reactions serves to raise the temperature of the gas
or vapor products and perhaps also to volatilize some of the products, thereby increasing the
initial pressure pulse. The creation of vapors by volatilization may be considered to be a physical
aspect of some chemical explosions. In a purely physical explosion, gases or vapors are not
created by chemical action; they result only from volatilization of existing liquids because of a
high rate of heat influx to -these liquids from a hot environment or other sources. If an
exothermic chemical reaction in the system contributes to this volatilizing heat flux, without
producing gaseous reaction products, the explosion may be considered to be physical, but with

chemical aspects.
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The primary types of physical explosion systems that have been recognized are categorized
and listed in Table 12. They involve the coming together of two liquids at an initial temperature
difference of several hundred to a few thousand degrees. The lower temperature liquid boils at
some intermediate temperature; its rapid vaporization causes the explosion. The higher tempera-
ture liquid may solidify at an intermediate temperature. For physical explosions to occur, it does
not seem to matter substantially whether a relatively small body of the colder liquid is brought
into contact with a relatively large body of the warmer one, or vice versa."

TABLE 12 KNOWN PHYSICAL EXPLOSION SYSTEMS

System References

A. Molten salts — water

1. Kraft smelts S {11)
2. NaCl (11)
3. Na,S (11)
4. Ki (1
5. AgCl (1)

B. Molten metals — water

1. Fe and Steel (1,2)
2. Al (1,2)
3. Na ]
4. Ti ‘ (2)
5. Hg (4)
6. Pband Sn (4,5)
7. Bi-Pb-5n-Cd alloy, Pb-Sn alloy (4)

C. Molten metals and oxides — sodium

1. U0, (1)
2. 2Zn (1)
3. Ni (1)
4. Steel (1)

D. Cryogenic — ambient temperature liquids

1. Liquified natural gas (LNG) — water (6,7.8)
2. LNG — brine (8)
3. LNG or liquid CH4 — n-pentane or n-hexane (7,8)
4. Liquid ethane, propane, butane mixtures — water (8)
5. Condensed pipeline gas (CPG) — coated water (8)
6. CPG — coated Hg (8)
E. Molten slag — water (7)

As with all rules, there are exceptions. Solid sodium placed in contact with water will result
in a physical explosion, as does liquid sodium. However, it is pointed out in Reference 3 that
this explosion does not take place until after some or all of the sodium metal melts because of
the heat generated by the chemical reaction at the Na-H,O interface. Some of the molten
sodium becomes finely divided and dispersed in the nearby water. The Na-H, O explosion is thus
a physical explosion with chemical aspects. The subsequent burning of the H, gas formed is not
a part of the physical explosion. The sodium explosion occurs just as readily in a nitrogen
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atmosphere.(3) Likewise, the Al-H,O explosion is a physical one with chemical aspects; it can
occur with little oxidation of the aluminum(2) and with no burning of the evolved H,. While
solidification of the hotter liquid after losing heat to the colder one is not necessary for the
physical explosion to occur (e.g., the Hg-H, O explosion), this solidification may contribute in
some explosions to the rapid dispersion of one liquid into the other deemed necessary for the
explosion to occur. B

Investigators generally agree that volatilization of the colder liquid must occur at a very
high rate for a physical explosion to occur. It is not generally agreed however, how this high rate
of volatilization is obtained. For inertial restraint to expansion, an extremely high rate of heat
transfer would be required, three and four orders of magnitude greater than the peak heat flux
involved in the transition from nucleate to unstable violent boiling. This is in agreement with the
conclusions of the smelt-water model computations.

Attaining a high rate of heat transfer is generally thought to involve a high degree of
fragmentation of one liquid and its rapid dispersion into the other; this is in agreement with the
considerations in this work regarding the initiation of the main smelt-water explosion. Some
experimental evidence upholds this viewpoint. Molten lead dropped into water at 20 C explodes
if its temperature ranges from 400 to 650 C or above 750 C.(5) In thése temperature ranges, the
residual solidified lead bodies have a mossy or spongy appearance and are found to consist of
finely divided particles loosely held together. Near its melting point (327 C) and around 700 C,
no explosions occur and the solidified lead does not exhibit this evidence of fine fragmentation.
Higgins(g) developed a technique for intentionally fragmenting the molten metal. Intense explo-
sions occurred for particle sizes of 200 microns or less and little explosive action occurred when
the particle size was 1400 microns or greater. Rapid fragmentation and dispersion also seems to
be necessary for liquid sodium to produce physical explosions in water(3) and also for molten
iron, aluminum, and other metals in water or molten sodium(1), '

What produces the rapid fragmentation and dispersion of one liquid into the other is a more
speculative matter. We have postulated that the instabilities in radial motion during the collapse
phase of small water-vapor globules result in the rapid injection of hot smelt into the main water
body. The possible role of collapsing vapor bubbles in producing fragmentation and dispersion is
discussed also in the Argonne National Laboratory reports.(1) They observe vapor bulges and
collapses on molten-metal surfaces in water before explosions occur.

Entrapment, with or without encapsulation, of small globules of the volatile colder liquid in
the hotter one is considered by some investigators to be the precursor mechanism for the
explosion. For explosions involving insertion of a relatively small amount of the hotter liquid
into a large body of the colder, only a very small portion of the latter, comparable to or smaller
than the mass of the inserted hotter liquid, can partake of the available heat input needed for
the explosion. Some mechanism for essentially isolating this portion, such as entrapment within
the hot liquid, seems to be required. There is ample evidence that small droplets of water
become entrapped in molten metal(3:10) and in molten smelt{1 1), Droplets of LNG also become
entrapped in water(6,8) and pieces of ice have been observed to be ejected in explosions.
Rupture of solidified capsules, or at least the development of fissures in such capsules, has been
proposed as one mechanism whereby the rapid intermixing of the hot and cold liquids can be
obtained. Encapsulation by solidification is certainly not necessary for a physical explosion to
take place, as seen from the mercury-water explosions. For any reasonable thicknesses of
capsules that can be formed on the time scales involved, they can provide neither the mechanical
rigidity nor the strength to contain the initial pressure rises computed to be needed for the main
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explosion. Moreover, any small additional delay in expansion that may result from encapsulation
would contribute to decreasing the initial rate of heat flow needed for the main explosion.

A largely unanswered question is how a small globule of water can become entrapped into a
higher temperature body of smelt or metal that is immersed in a contairier of water. If the
immersion is in the form of an injection, such as a jet, entrainment of water could take place by
the development of the Helmholtz type of instability.(2a3,4’6) This is an instability of the
boundary between two fluids in relative motion parallel to the boundary. The onset of the
instability is controlled primarily by the magnitude of the Weber number (density times square
of velocity times radius divided by interfacial surface tension). Where no relative velocity has
been deliberately introduced when the hot and cold liquids are brought together (such as by
injection), it is generally presumed that motion instabilities associated with strong turbulences
and convective flows in the violent boiling developed along the interface may be responsible for
the globule entrapment. In our laboratory experiments involving injection of water into.smelt,
Helmholtz instabilities may be the cause of the rapid fragmentation and mutual dispersion of
water into the smelt. On the other hand, the Taylor type of instability is involved in a collapsing
vapor globule — the presumed initiating mechanism for the rapid fragmentation and intermixing
in the model. This latter instability is associated with the acceleration of the boundary between
two fluids in the direction perpendicular to the boundary. Both types of instability may be
involved in many cases.

Another physical phenomenon postulated to initiate the main explosion is superheating of a
thin layer of the volatile liquid that is in contact with the hot liquid.(7) The sudden release of
the superheat energy upon reaching the limit of superheat, the temperature at which spontaneous
nucleation occurs, rapidly vaporizes a portion of the thin layer and results in the formation of a
pressure pulse. Presumably, the rapid fragmentation and dispersion needed for the development
of the main explosion are thus produced.

There are two difficulties with this initiation model: (1) how is induced nucleation avoided
in the boundary layer despite the probable presence of nucleating sources such as solid particle
contaminants, small pieces of frozen smelt, ions, and gas bubbles; and (2) how can the expected
form of the pressure pulse in the two liquids cause any more than oscillations in the shape of
the immersed body of liquid, rather than an appreciable extent of fragmentation and dispersion.
However, it is shown later in the section entitled “The Initiating Mechanism” how the superhéat
phenomenon may be combined with the cavity-collapse phenomenon to form a very plausible
picture of the initiating mechanism.

Qualitative Description of Smelt-Water Explosion Model

The computer model of the smelt-water physical explosion developed on this program, like
any other model simulation, is an approximate representation of the actual phenomenon
obtained by making some simplifying assumptions to facilitate the analysis. If the results of the
model computations are in reasonable agreement with some of the main observable features of
the actual phenomenon, the model is considered to be useful, since it permits insight to be
gained conceming the trends of the changes in system behavior resulting from assumed changes
in system properties and input variables. A series of computations made with the model may
thus lead to suggestions for the optimization of the desirable aspects of the system behavior and
for alleviation or prevention of the undesirable aspects.
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The smelt-water model analysis begins with the assumption of the presence of a body in the
form of a spherical globule within a pool of smelt of given pertinent physical characteristics
(density and sound propagation velocity) and with given temperature and ambient pressure. The
globule is composed of water together with a small amount of CO, in the gas phase. The
computer determines what fraction of the water is initially in the vapor phase from the given
ambient pressure, the CO, content, and the given initial water temperature. (The mathematical
details of this and other computations are given in Appendix B. The limitations of the present
computer model are discussed in Appendix C.)

Other initial conditions specified are the initial radial expansion velocity of the globule
(nominally zero), the amplitude, phase, period, and degree of nonsinusoidal distortion of a
variable component of the ambient pressure (to simulate approximately the effects of expansions
and collapses of neighboring globules), the initial rate of heat input to the globule, and the initial
rate of CO, influx to the globule resulting from decomposition of the smelt. As the computa-
tions proceed, the rate of heat input is modified in accordance with the value of the
instantaneous temperature difference between the smelt and the globule, the globule radius, and
the added insulation provided by the increasing steam and gas contents of the globule. The rate
of gas influx is modified as computations proceed in accordance with the ratio of the partial
pressure of the gas to the total pressure in the globule, the globule radius, and the globule
temperature.

The computational process consists essentially of the stepwise integrations of a number of
differential equations, as detailed in Appendix B. These differential equations were derived from
the four basic sets of model equations, namely, (1) the conservation-of-energy equation, (2) the
conservation-of-momentum equation, (3) the conservation-of-mass equation, and (4) the constitu-
tive equations (equations of -state) of liquid water, steam, and gas. The ideal gas law is a
sufficiently accurate formulation of the equation of state of the gas (CO,) under the conditions
of interest. The pressure and temperature dependences of the various pertinent properties of
liquid water and steam are represented by accurate analytical expressions, given in Appendix B.
The derivations of these expressions and reference sources also are included in Appendix B.

Results of Model Computations

The Main Explosion

Figure 9 shows the results of a typical computation for the development of a main (high
energy) steam explosion in smelt. The heat input, temperature increase, pressure, diameter,
percent of steam, and conversion efficiency of thermal input energy to the globule into
mechanical (kinetic) energy in the smelt are shown as functions of time. A log-log scale is used
in Figure 9 for clarity in presentation, since changes in the variables occur rapidly at first and
then more slowly. Although the zero point in time cannot be represented on the log-log scale,
the initial values of the pressure, P, and diameter, D, are indicated on the left margin.

The amount of water involved in the Figure 9 calculations is 1 pound, with a CO, gas
content of 107 pounds (0.6 percent gas content by volume) and no assumed increase in gas
content with time. The development of the main explosion was found to be little influenced by
gas content unless unrealistically high initial values of rates of increase are assumed. The action
of the presumed triggering mechanism for the main explosion is much more sensitive to gas
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content, as is seen later. The initial water temperature is 50 C (122 F), .initial pressure is 1
atmosphere (with no assumed variation in ambient pressure), and initial heat input is 2 x 10°
Btu/ft? /sec. The rate of heat input is expressed in terms of heat input rate per unit area of the
outer surface of the spherical globule. However, as explained later, the actual contact area
between smelt and water would have to be of the order of 1000 times the outer-surface area to
obtain the high heat-transfer rates needed for the development of a main explosion.
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- T FIGURE 9 DEVELOPMENT OF SMELT-WATER EXPLOSION WITH T POUND OF WATER
' - FOR AN INITIAL HEAT-INPUT OF 2 MILLION BTU/FTZ/SEC

For the ﬁrst 0.7, millisécond after initiation of the main explosion, both the rate of heat
input and the rate of rise of temperature of the globule (about 1/3 degree per microsecond) are
almost constant. Less than 0.1 percent of the mass of the water has been converted to steam at
the 0.7-millisecond point. The pressure peak of 57 atmospheres at 80 microseconds is the result
of the inertial resistance of the smelt to the thermal expansion of the liquid water. The pressure
drops to a minimum of 5 atmospheres at 240 microseconds as the smelt outward radial velocity
increases. The amount of mechanical energy generated in the smelt by this water-expansion pulse
is negligibly small, however. The diameter of the globule at 240 microseconds has increased by
only 0.08 inch from its initial value of 3.75 inches.

Past the 240-microsecond point in time, the globule pressure begins to increase again as

steam begins to be generated very rapidly and the expansion of the globule is again inhibited by
the inertia of the surrounding smelt. The pressure reaches a peak value of 132 atmospheres at
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1.15 milliseconds, when 12.2 percent of the water has been converted to steam. The globule
temperature at this point is 334 C (633 F, a 511 F rise over its initial value) and its diameter is
5.28 inches (2.78 times the original volume). From then on the pressure of the globule (and the
temperature also since the two are related by the assumed thermal equilibrium relationship
between steam and liquid water) begins to decrease as the globule volume expands faster than
steam can be generated to fill it. The heat input rate has also decreased considerably -from its
initial value because of the added insulation of the steam and the decreased difference between
the smelt and globule temperatures (assumed smelt temperature is 950 C, 1742 F).

At. 7.24 milliseconds all of the water has been converted to steam. The globule temperature
begins to increase very rapidly at this point since input heat is no longer being used to vaporize
water. As a consequence, the downward plunge in pressure is almost arrested for about 5
milliseconds as the globule continues to expand because of the Kinetic energy imparted to the
smelt. At 45 milliseconds the pressure has fallen back down to 1 atmosphere and, coincidentally,
the steam temperature has risen to within 36 F of smelt temperature at this point. The total heat
input at- this point is 607 kilocalories (2410 Btu). Of this energy, 22.75 percent has been
converted to kinetic energy of the smelt, at the peak of the efficiency curve. The maximum
kinetic energy developed in the smelt is thus 410,000 ft-1b.

Note in Figure 9 that when the globule pressure is back down to 1 atmosphere at 45.2
milliseconds, its diameter is 66 inches (5.5 ft). Clearly, the development of the main explosion,
in terms of generating kinetic energy in the smelt, would be essentially completed at some earlier
time because of the limited depth of the smelt bed. Furthermore, at some earlier time, the
results shown in Figure 9 would begin to become less accurate as the globule diameter
approaches an appreciable fraction of the liquid smelt depth. The proximity of walls and bottom
of the furnace and other temporary constraints to initial expansion would tend to augment the
severity of the explosion, and the proximity of the upper free surface of the smelt to reduce it,
as pointed out later in the critical parameter discussion. In the practical situation, therefore, all
that can be concluded is that an explosion with a mechanical energy level of some small multiple
of 100,000 ft-lb would be expected to develop for an initial heat input rate of 2 x 10°
Btu/ft?/sec of outer surface area into a l-pound globule of water in smelt. This is to be
compared with the mechanical energy produced by an explosion of 1/2 pound of TNT in water,
which is about 300,000 ft-1b.

The amount of heat energy required to change 1 pound of liquid water at 50 C (122 F) to
steam at 930 C (1706 F) at a constant pressure of 1 atmosphere, in a thermodynamically
reversible manner, is readily computed to be 475 kilocalories (1883 Btu). The energy input to
the globule at 45.2 milliseconds, when the water has become all steam at 930 C (1706 F) and
the pressure has dropped to 1 atmosphere, is given by the computer to be 607 Kkilocalories.
Hence, the dynamic pressure-volume-temperature variations resulting from the high rate of heat
input are such as to permit an additional heat input of 132 kilocalories up to this point, as
compared with the reversible case. This additional heat is largely converted to the kinetic energy
of motion of the smelt.

The values of the various quantities of interest for the main explosion are plotted in Figure
10 as functions of the initial rate of heat input, Q,. All other conditions are the same as for
Figure 9. The maximum value of the pressure rise, in excess of the assumed 1 atmosphere
ambient, is closely proportional to Q,, and the time after explosion initiation to reach this peak
pressure is approximately inversely proportion to Q.. The kinetic energy developed in the smelt
and the corresponding efficiency decrease rapidly as Q, decreases, down to only 23,000 ft-1b and
1.8 percent, respectively, at Q, = 100,000 Btu/ft?/sec. This point is considered to be about the
lower limit for an effective main explosion.
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FIGURE 10. DEPENDENT VARIABLES OF EXPLOSION OF 1 POUND OF WATER
AS FUNCTIONS OF INITIAL RATE OF HEAT INPUT

The particular characteristics of the smelt used in the computations illustrated above are a
density of 1.86 g/cm® and sound velocity of 1985 m/sec, corresponding to a very explosive
smelt composition of 50 weight percent Na,CO;, 25 percent Na,S, and 25 percent NaCl. No
significant differences in results were obtained in computations using the measured values of
these properties for a variety of smelt compositions, including pure Na, CO;. Computed peak
pressures, for example, may differ in value by as much as 25 percent or so, but the model
computations result in no rapid transition from nonexplosive to explosive behavior as the
concentration of NaCl, for example, is increased by a few percentage points. Surface tension and
viscosity were not directly included in the model. As shown in Appendix B, it is only for
extremely small globules (10 to 100 microns) that these physical properties would have any
appreciable effects on the results. (The possible effects of viscosity and surface tension on the
initiating mechanism for the main explosion are discussed below.)

The Initiating Mechanism

The initiating, or triggering, mechanism for the main.explosion must, within about a
millisecond, mix about a pound of smelt with each pound of water thoroughly enough to
increase the area of the contact surface by several hundred to one thousand times the outer
surface area of the assumed original sphere containing the water. This amount and rate of mixing
is necessary to obtain the high initial heat-transfer rates that are needed for the development of a
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severe explosion. One possible mechanism for achieving this mixing arises from the instabilities
that accompany the collapses of small vapor-filled cavities surrounding or in contact with the
main body of water. These instabilities may consist of large distortions in the shape of the
surface, breakdowns into many smaller droplets, and formations of jets of smelt, all accompanied
by much turbulence. ‘

Figure 11 shows the globule pressure as a function of time for the same conditions as
Figure 9, but for an initially 1-cm-radius globule with an initial rate of heat impact of only 1000
Btu/ft?/sec. (The same magnitude and waveform of pressure variation as shown in Figure 9 is
obtained for any other initial globule radius if the time scale is changed in proportion to the
radius, all other input parameters remaining the same.) The initial watér-expansion pressure pulse
is omitted since it is completed in microseconds, and, hence, cannot be suitably shown on the
linear millisecond scale of Figure 11. The first pulse shown is the direct pressure pulse resulting
from the initial rapid generation of steam, corresponding to the second pulse of Figure 9. It
reaches a peak value of 2.0 atmospheres at 16 milliseconds and returns to 1 atmosphere at 21
milliseconds. Expansion continues because of the kinetic energy of the smelt, now against the
retarding force of a greater ambient pressure than internal globule pressure. Expansion ceases at
30 milliseconds at a globule pressure of 0.61 atmosphere and a globule radius of 6.84 ¢m. Only
12 percent of the water has been converted to steam at this point. Collapse begins slowly at first
and then with increasing speed, until halted by the build up of pressure to a peak value of 6.3
atmospheres at 42 milliseconds. The computer program provides for an increasing rate of heat
transfer from the smelt to the globule during the phase of the globule collapse when the pressure
is above 1 atmosphere and rising (the manner is explained in Appendix B). The globule-shape
instabilities expected to develop in this region would lead to increased actual contact area with
the smelt. Re-expansion occurs to a greater radius and lower pressure minimum (0.32
atmosphere) and to a higher second collapse pressure peak (12.9 atmospheres). The water has all
turned to steam at this point and remains steam except for a minor amount of re-condensation
near the subsequent pressure minimum. Subsequent pressure peaks are lower and broader, and
eventually the pressure oscillations become sinusoidal as their amplitude becomes small compared
with the ambient pressure. About 5 percent of the maximum kinetic energy in the smelt is lost
per cycle of bubble oscillation in the form of radiated acoustic energy. (Although the amplitudes
of successive peaks are seen to decrease by more than 5 percent in Figure 11, the energy is
compensated for by their becoming ‘‘broader” in time.)

Figure 12 shows the effects of the CO, influx to the globule at the initial rate of 0.08
percent of the water mass per millisecond, but at an ever-decreasing rate as the gas partial
pressure within the globule increases. All other conditions are the same as for Figure 11. The
effect of the added gas on the pressure maxima and minima are seen to be quite pronounced.
The third collapse pressure peak at 124 microseconds is now the highest one rather than the
second, since the 100 percent steam point is not reached until about this later time.

The added CO,, like the generated steam, serves primarily to reduce the rate of heat input
by providing added thermal insulation. The thermal conductivities of steam and CO, gas are
about the same. H, gas substituted for the CO, in the computations produced much less effect
than CO, in reducing the pressure peaks of Figure 11, for the same volume (molal) rates of gas
input. The thermal conductivity of H; is about 9 times that of CO,, and its heat capacity per
unit volume (specific heat times density) is about 21 percent greater than that of CO,.
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A series of computations was made on the effects of varying the ambient pressure. This
variation simulates approximately the effects of neighboring globules. Ambient-pressure fluctua-
tions at much greater, at about the same, and at much lower frequencies than the natural
frequency of the globule expansion and collapse cycle (which is a nonlinear function of
oscillation amplitude), different phase relationships between ambient and globule pressure varia-
tions, and different amplitudes and degrees of distortion of the ambient-pressure oscillations were
“experimented with’ on the computer. In most, but not all, attempts the amplitudes of one or
more of the early globule pulsations were enhanced appreciably by the ambient-pressure varia-
tions. Although the amplitudes of the other pressure peaks remained about the same or were
reduced, the effectiveness of the ‘‘triggering’” action would, in general, be expected to be
increased by the ambient-pressure variations, since the more energetic globule collapses are
expected to result in greater radial motion instabilities. Thus gas influx would serve not only to
reduce the pulsation amplitudes of the individual globules but also to reduce the enhancements
of some of the amplitudes resulting from the interactions of neighboring globules.

The kinetic energy developed in the smelt by the expansions and contractions of several
small triggering globules with initial radii of the order of millimeters, surrounding the main water
- body, is computed to be adequate to inject a sufficient amount of smelt rapidly enough into a
main water body (1 pound of water) to cause an explosion. The amount of surface energy
required to produce the approximately 1000-fold increase in contact surface area between the
smelt and the water is computed to be negligible for surface tension values of the order of 200
dynes/cm.

Superheating of the boundary layer of the main water body in contact with the smelt could
account for the formation of the small steam-filled cavities surrounding the main water body.
The steam resulting from the release of the superheat cannot maintain its expansion in the form
of a layer of ever-increasing thickness. Such accelerated motion of a less-dense fluid (the steam
layer) toward a more-dense fluid (in both directions toward the water body and toward the
smelt) is unstable.(12) Any slight disturbance would tend to grow rapidly until the layer of
steam degenerated into an array of pockets or globules of steam, thereby also resulting in
recontacting of the smelt and liquid water between the globules for the process to repeat itself.

Each such expanding steam globule would expand more toward the water side because
water is less dense than smelt. This equivalent rectilinear motion toward the smelt would
accelerate as the globule subsequently collapsed, as required by the conservation of linear
momentum of the surrounding fluid. Such accelerated motion becomes unstable, and results in
the formation of jets of smelt that shoot through the globule into the water.(13)

Explosion Damage Considerations

The pressure curve of Figure 9 represents the assumed uniform absolute pressure within the
globule. It is also the pressure in the smelt in immediate contact with the assumed spherical
outer surface of the globule. Away from the globule, however, the excess pressure in the smelt
(the smelt pressure minus the ambient pressure) decreases inversely as the distance from the
center of the globule. Thus, at a distance of 2 globule radii from the surface of the globule, the
smelt pressure is ambient pressure plus one-third the difference between the pressure shown in
Figure 9 and ambient. The small time delay between a given pressure event in the globule and its
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later appearance at some point in the smelt amounts to only about 5 microseconds per em of
distance from the globule surface, because of the finite value of the velocity of sound Propuaga-
tion in the smelt. ' .

There are two components of the velocity of motion of the smelt at any point away from
the globule. For the first component, the velocity is directly proportional to and in phasc with
the excess pressure (2.7 centimeters per second per atmosphere). For the second component, the
radial acceleration is directly proportional to and in phase with the negative of the pressure
gradient. The amplitude of the first component therefore, decreases inversely with distance from
the source center and that of the second component inversely as the square of this distance, ag iy
characteristic of radial incompressible fluid flow. The second velocity component is by far the
dominant one at the surface of the globule, but the first one, called the “far-field” sound wave,
becomes predominant at large distances from the globule. The kinetic and potential cnergicy- jn
the smelt associated with this second component interchange with the potential and thermy)
energies in the globule as the globule expands and contracts. All of the much smaller energy of
the first component would be irreversibly radiated away into the smelt if the smelt were 4
essentially infinite body. However, some of this energy is reflected back to the globule from (he
various boundaries, obstacles, or pressure-release surfaces that may exist in the smelt.

The force produced by an explosion on a structure in contact with the smelt and the woyk
done in deforming that structure cannot be computed in any simple manner from the pressure
and energy flows in the smelt at the distance of the structure from the exploding globylc n'1
question. The mechanical characteristics, geometry, the various constraints on the motions of the
structure, in combination with the pressure and duration of the incident wave all determine how
much force is exerted on that structure by the acoustic wave and how much energy it absorh
from the wave. A thick steel plate at least 10 feet in diameter would initially reflect at Jeyuqt
about 0.8 of the acoustic pressure wave, and so would experience a resultant pressure on jt
surface of at least 1.8 times the incident pressure from the explosion. This pregsyure-
intensification factor would be greater over that portlon of the plate that may be located in (he
“near field” of the globule. Within microseconds,. the portion of the pressure wave that entereg
the steel plate” would reflect from its far face and return ‘such as to produce a small pulse of

_ forward .motion. of ‘the plate, thereby decreasing the ‘above pressure ratio. As the plate forwarg
velocity  increases with successive reflections it would: expenence less force from the incident
“wave. Since the mmdent wave is also changing with time;-since. drfferent portlons of the plate aye
:at drfferent distances from the source, and since the edges. of -the: plate and various points on the

' plate may be constrained from moving by structures having their. own compliances, it would he
difficult to predict without a great deal of detailed computation just how much force various
portions of the plate would experience and how much: permanent deformation the plate might
suffer.

Although the structures of furnace floors and walls are much more complex than that of 4
steel plate, with embedded cooling tubes and added burdens of solid smelt layers and char beds,
some estimate can be made as to the type of response to the smelt-water explosion shown iy,
Figure 9. When the globule pressure has returned to 1 atmosphere at 45 milliseconds, the smejt
surrounding the globule has attained an outward velocity of about 1000 cm/sec (33 ft/swc).
the direction toward the free surface of the smelt, which would about coincide with the surfye.
of the globule at the termination of the explosion, the smelt would be thrown upward with .
velocity, thereby rising to a height of as much as 1000 cm- (33 ft) against gravity. The furnag.
floor immediately below the exploding globule would experience locally a pressure of teng of
atmospheres for no more than about 2 milliseconds. This is estimated from the magnitudc sy
duration of the initial steam-expansion pulse (132 atmospheres maximum), as decreased
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inverse ratio to the distance from the floor to the center of the exploding globule, as amplified
by a factor of at least 1.8 from the initial reflection, and as decreased somewhat by the
downward velocity of motion and deformation accumulated by the furnace floor during the
0.7-millisecond build-up time of this pressure pulse. Only a small fraction of the small amount of
kinetic energy in the smelt at this point in time is available for doing work on the floor
structure, because most of the acoustic wave is reflected from the floor. The high-pressure initial
steam-expansion pulse could thus produce only some very local damage of an unknown extent to
the furnace floor. It would also impart some downward momentum to the floor structure, which
would eventually be opposed by elastic and possibly also some plastic deformation of the floor
and its mounting structures. The main damage to the floor structure and its supports, however,
should result from the sustained ‘‘stagnation’ pressure level that results when the high outward
velocity of the smelt following the initial steam-pressure pulse is essentially stopped by the floor.
As previously mentioned, this outward velocity reaches 1000 cm/sec when the globule pressure
has returned to 1 atmosphere. The value of the stagnation pressure resulting from stopping this
smelt motion is just about an excess pressure of 1 atmosphere above ambient, but now spread
over a much larger area. The resultant large force on the already previously weakened floor and
its supports is sustained for about 100 milliseconds, allowing much of the energy in the smelt to
be converted to work done in deforming the floor structure. Of the 400,000 ft-lb of energy
developed in the smelt by the explosion shown in Figure 9, it is estimated that roughly
one-fourth would be used up in throwing smelt up out of the smelt bed, roughly one-fourth into
work done in deforming the floor and its supports, and roughly one-half in lateral motion of the
smelt. If the explosion took place near a wall of the furnace, the added confinement would result
in utilizing a larger portion of the available energy to damage the wall and the floor.

Critical Parameter Analysis

If the components or initial conditions of a physical system are changed, distinct changes in
behavior of the system may occur when the numerical values of one or more dimensionless
parameters reach certain critical values. Each such parameter consists of a dimensionless combina-
tion of dynamic or thermodynamic variables, material properties, and length dimensions of the
system. A well-known example is the Reynold’s number, voD/n, whose numerical value deter-
mines whether a given fluid flow pattern is laminar or turbulent. The dynamic variable is v, the
velocity; the material constant is the dynamic viscosity (ratio of viscosity, n, to density, p) and
the critical system length dimension is D, the diameter or other pertinent linear measure of the
conduit size. More than a dozen such dimensionless parameters are significant for various systems
involving fluid flow, thermodynamics, and heat transfer.

The critical dimensionless parameters of a system may be obtained from the coefficients in
the differential equations that govern the behavior of the system, after these equations have been
properly reduced to dimensionless form. This reduction is accomplished by application of
suitable scaling factors to both the dependent and independent variables in the equations. How
this is done for the smelt-water explosion computer model is detailed in Appendix D.

The considerations given in Appendix D have resulted in the identification of two critical

dimensionless parameters, A and B, and several other dimensionless parameters that are not
thought to be critical for one reason or another. These critical parameters are
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3Q Vpsm/P ',/’

" PyoLy(Ty) L 0
B=w,R vp./P, . | )
where /
Q, = initial rate of heat input to the water globule per unit outer superficial area
of the assumed spherical shape of the globule
Py, = density of the smelt
Py, = initial density of the liquid water
P = ambient pressure
L, (T ) = latent heat of vaporization of water at the initial temperature = T,

R_ = initial globule radius
w_ = mass rate of gas influx relative to total mass of H,O in the globule.

In order to examine the significance of Parameter A, it is written in the following form:

3Q, |
A= ) fows LT 3)

R

[¢]

where't R psm /P, is shown in Appendix D to represent the suitable tlme-scahng factor for

- the model explosron Since 3 Q, /R, is the rate of heat input per unit volume of the globule, the

term in the. parentheses in the numerator of Equatlon (3) is the-total amount of heat added to a
unit- volume. of the globule in the characteristic time t.. “The quantity in the denominator is the

“ “latent heat of vaponzatron per unit volume of water The Parameter A -is thus the ratio of the

_.amount of heat added to the globule over the period of time correspondmg to a given amount of
dynamlc change to the total amount of heat required to vaporize the water in the globule.
Therefore, it-is not so much the rate of heat input that is responsible for the magnitude of the
physical explosion, but the amount of heat added before any appreciable dynamic expansion can
occur, whether limited by inertia, encapsulation, container walls, superheating, or other
temporary restraints on expansion. ' : -

For Q, = 540,000 cal/cm? sec (2 x 10° Btu/ft? sec), p;,, = 2 g/em?, py,, = 1 g/em3, P,
106 dynes/cm? (1 atmosphere), and L, = 540 cal/g, the value of the Parameter A is 3 V2
4.23, in accordance with Equation (1). The development of damaging physical explosions thus
requires values of the dimensionless Parameter A of the order of unity. On the other hand, the
development of sizable explosions by the collapse of vapor-filled small globules following their
initial expansions, the presumed triggering mechanism for the main explosion, require Q, values
of the order of magnitude of dnly 1000 Btu/ft? sec, corresponding to A-parameter values of the
order of 0.002.
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The influx of gas into the water-steam globule does not greatly affect the development of
the main explosion unless this influx is much greater than can reasonably be accounted for. The
value of Parameter B = w, t. is much more critical for the presumed triggering mechanism,
however. For the example of Figure 12, W, = 0.80/sec, t. = 1.41 milliseconds, and B=1.13 x
1073, Similar to the case for Parameter A, it is not how fast the gas enters the triggering globule
that counts, but how much gas enters during the critical response time.

The factors in Parameter A include three physical properties of the smelt and water, one
dynamic variable, the ambient pressure P, and one thermodynamic variable, Q,, but no length
variable. The absence of a length variable in A is in accord with the results of computations
made with the model. The magnitudes of the pressure variations, temperature variations, and
radial velocity of the globule wall depend primarily on the assumed value of Q,, but not at all
on the assumed value of the initial globule radius, R, ; that is, on the size of the body of water.
However, the time scale of all events is proportional to R,, which factor appears in the
definition of t.. The value of Parameter B is thus proportional to R . '

The magnitude of the thermodynamic variable Q, in Parameter A must depend upon the
mode of contact between the smelt and the water, in addition to the thermal properties of these
materials such as thermal conductivity and specific heat. Its particular value in each case would
depend upon the chance distributions in number, size, and phasing of the collapsing cavities
surrounding the main water body that presumably initiate the main explosion. Parameter A would
thus be expected to have some statistical distribution about a mean value in any given
experimental situation. Explosive incidence is low or zero in a given situation if high enough
values of A seldom occur, and explosions occur practically 100 percent of the time if most of
the attained values of A are on the high side. Only the violence of the explosion would vary
from case to case, depending on the particular magnitude of A. Practical experience tends to
confirm the existence of such distributions in the magnitude of A, since only some of the known
cases of smelt-water contact in recovery furnaces result in explosions.. The variations in the
degrees of violence of furnace explosions would depend not only on the statistical distributions
in A but also on the size of the water body.

If dimensionless Parameter A is significant for physical explosions, it must be more
generally applicable than to smelt-water explosions. For the explosion of water and liquefied
natural gas, the density of water (1 g/cc) would replace that of smelt (1.86 g/cc) in Equation (1),
and in the denominator would be the product of the density (0.415 g/cc) and latent heat of
vaporization (138 cal/g) of LNG. To obtain the same value of A =4.23 as computed for the
particular case of the smelt-water explosion discussed above, would require a value of Q, of only
156,000 Btu/ft? sec for the water-LNG explosion rather than 2 x 10% Btu/ft? sec. The tempera-
ture difference between LNG and water is about 160 C as compared with about 900 C for smelt
and water. The required value of Q, for the water-LNG explosion is thus about one-half of the
ratio of the temperature differences times that for the comparable smelt-water explosion. This is
a very reasonable result in view of other physical properties affecting heat transfer in the water
— LNG system, and which are therefore expected to influence the value of Q.. This reasonable
value calculated for the Q, of the water — LNG system tends to confirm the significance of
Parameter A for physical explosions.
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APPENDIX A

EXPERIMENTAL TECHNIQUES AND DATA

EXPLOSION EXPERIMENTS

The explosion studies were aimed at delineation of the ranges of smelt composition and
other conditions that have a very high probability of explosion and those that are nonexplosive
when water is injected. It was concluded in the feasibility study carried out at Battelle for the
FKI in 1968 that neither heat conduction nor heat radiation could transfer energy from the
smelt into the water nearly rapidly enough to cause explosion. Some typé of turbulent mixing is
required which will not allow a blanket of steam to insulate water that has been trapped within
the smelt.

With this factor of turbulent mixing in mind, the laboratory apparatus for the explosion
experiments was designed to permit very rapid injection of water into smelt. The design also
provided several other features: (1) minimum equipment requirements, (2) rapid-heating capabil-
ity, (3) versatility of water injection, (4) ease of instrumentation, (5) capability for use of
high-speed photography, and (6) minimum hazard to personnel and equipment.

Apparatus and Procedure

The first apparatus used for the explosion experiments is shown schematically in Figures
A-1 and A-2. The smelt is contained in a graphite crucible 5 inches. high and 2 inches in
diameter. The conical interior of the crucible provides sufficient surface for access to the small
volume of smelt used in an experiment. The 70 grams of smelt nomally used in each run
provide a melt level about 0.5 inch from the top of the crucible. A 20-kw Lepel high-frequency
power supply energizes the induction heating coil; the crucible is adjusted into position in the
coil by a motor-driven screw. The smelt temperature is measured with a platinum-platinum 10
percent rhodium thermocouple.

The water is injected into the center of the surface of the smelt by a piston in a 1/8-inch
cylinder to which a 1.5-inch length of hypodermic needle (No. 18, 1 mm) is attached. The
piston is actuated by air pressure, controlled by a solenoid valve. The distance that the piston
can traverse in its cylinder is controlled by a set screw, thus allowing some adjustment in the
volume of water which is injected. This arrangement is capable of injecting 25 to 45 mg of
water. The device is loaded for injection by reversing the air-inlet flow, thus driving the piston
upward and drawing water from the reservoir into the injection cylinder.

During an experiment, the crucible, blanketed with inert gas to prevent oxidation, is heated
until the molten smelt is at the desired temperature. The injector then is filled with distilled
water, moved into place, and actuated to drive the water into the molten smelt. With nonexplo-
sive smelt compositions a splash of smelt rising above the top of the crucible is observed when
the water is injected. If the smelt is explosive, some or all of the smelt is blown out of the
crucible, depending on the violence of the explosion. None of the explosions were violent
enough to cause any damage to the equipment,
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Experiments in which kraft-mill smelts were used demonstrated that a 35-mg portion of
water was not sufficient to explode all of the smelts. Consequently, a largef diameter
hypodermic needle was installed on the injector. This needle made possible injections of about
75 mg of water. However, the nature of the water stream emitted was changed substantially with
this new arrangement. A spray rather than a relatively coherent stream of water resulted. As a
result, a decrease rather than an increase in explosive incidence was observed both with
synthetic smelts and mill smelts.

In view of the importance of establishing conditions for exploding less-sensitive smelts, both
synthetic and mill types, a new water injector was designed and built. Figure A-3 is a schematic
of the injection system. This injector utilizes gas pressure directly on the water reservoir rather
than on a piston. The amount of water injected can be controlled either by an electronic timer
or a pulse generator, which opens a solenoid valve on the water supply line for a set time
interval. This arrangement eliminates the spray effect that resulted with the original injector
when the amount of water to be injected was increased. )

ﬁ:o—— From nitrogen pressure

Solenoid valve 4———————— Water reservoir

Reloy

041-10 second timer
R Hypodermic needie

Graphite crucible

4——— induction heating coil

FIGURE A-3. SCHEMATIC OF DIRECT GAS-PRESSURE INJECTION APPARATUS '

For relatively large amounts of water (250 mg to 2 g), the electronic timer proved to be
adequate. However, for smaller amounts of water, requiring shorter injection periods, it was
necessary to employ a variable-length pulsegenerating system as shown in Figure A<4. A Wavetek
square-wave generator capable of providing a 30 to 32-volt square-wave single pulse was used to
drive a reed relay (400 ohm, 12 volt). A diode was included in the circuit to prevent multiple
triggering of the square-wave generator. The response of the system dictated an upper limit of
180 cycles/sec, resulting in a minimum pulse of 5.6 milliseconds duration. With this arrangement
Water injections from 50 mg to 270 mg was possible.
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® Hydrated sodium sulfide (Na,S-9H,0), reagent grade, from J. T. Baker Chemical
Company — partially dehydrated in a vacuum oven, and then fused at 1750 F in an
inert atmosphere to complete the removal of water and stored in a desiccator until
used.

® Sodium chloride (NaCl), reagent grade, from the General Chemical Division, Allied
Chemical Corporation, used as received.

® Sodium sulfate (Na,SO4), anhydrous, reagent gréde, from Merck and Company,
Inc., used as received.

® Sodium hydroxide (NaOH) reagent grade, from J. T. Baker Chemical Company, used
as received.

® Sodium aluminate (NaAlO,), purified, from Research Organic/Inorganic Chemical
Company, used as received.

@ Aluminum oxide (Al,0;), reagent grade, from J. T. Baker Chemical Company, used
as received.

® Carbonates: K,CO;, CaCO,, BaCO,;, Li,CO; — all reagent grade, J. T. Baker
Chemical Co., used as received.

Effects of Tube Dimensions. The initial experiments with the dropped-tube method for
introducing water into molten smelts were done with tubes having an OD of 0.312 in. (5/16) and
an ID of 0.188 in. (3/16), which hold 300 mg of water as a large drop on the end of the tube. A
series of experiments was performed with tubes of smaller diameter, which carry less water into
the molten smelt. The smelt mixture consisted of 70 Na, CO;-25Na,S-5NaCl (weight percent),
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and the temperature was 1400 F. The tube drops were made with the bottom of the tube 3 in.
above the molten salt. As the amount of water introduced decreased with tube diameter, the
explosion incidence also decreased, as shown below. Shortening the tube to 1 in. had no effect
on explosion incidence, as the amount of water introduced remained the same.

Tube Dimensions, in. Explosion Incidence, percent
(])) 1D Length  Wt. of H, O, mg (20 Experiments)
0312 . 0.188 2 300 100
0.312 0.188 1 300 : 100
0.188 0.094 2 110 85
0.125 0.063 2 80 40

These results show that the explosion incidence in the dropped-tube method decreases with the
amount of water introduced, just as it does with the rapid-injection techniques.

In another series of experiments, a 1/4-in. solid alumina rod was used to introduce the
water into the molten-salt mixture. The amount of water introduced with this size rod was about
100 mg. The explosion incidence was 100 percent in 10 experiments, as compared to 83 percent
with about the same amount of water on the alumina tube. The explosion incidence with the
tube probably is lower because the water may occasionally be forced up the tube instead of
being trapped in the smelt. Observations of the explosions showed that the rod was ejected in a
random fashion and it would be very difficult to deduce any energy effects from its motion.

Explosion Intensities. A sound-level indicator was used in an effort to obtain a semiquanti-
tative measure of the explosion intensities. The microphone for the instrument was placed 4 ft
from the crucible containing the smelt. Explosions were produced under what are considered the
temperature and injection pressure imparting the highest explosion probability for the composi-
tions used. The loudest explosions obtained with the 70 Na, CO;-30 Na, S composition reached
92 decibels. All of the explosions obtained with the 50 Na,CO;-25 Na, S-25 NaCl composition
were of greater intensity, the maximum being 109 decibels. The results are summarized in Table
A-1,

TABLE A-1. EXPLOSION INTENSITIES

Maximum
. Injector Sound Level,

Composition Pressure, psi Temperature, F decibels
70 NayC0O5-30 Na,S 125 1565 82
125 1590 85
150 1540 92
50 Na,CO;-25 Na,$-25 NaCl 50 1225 109
60 1225 104
80 1245 108
100 1400 96

125 1210 98
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These data are not directly relatable to explosive energy without additional information, but
they do provide some feel for the relative violence of the explosions.

Experiments With Hot Water. Previous laboratory investigations of smelt-water explosions
have noted a diminished explosiveness when hot water was introduced into molten smelt. This
effect was investigated in our work both with the dropped-tube method and the piston-type
injector. The composition 70Na, CO;-30Na,S was used with the dropped-tube techniques for
introducing water. In 10 experiments at each of 5 degree intervals, explosiveness was 100 percent
from 50C to 65 C. However, from 65 C to 92 C, which was the highest temperature used, no
explosions were obtained with the dropped-tube technique.

" In another set of experiments, the piston-type injector was used at 150 psi to inject 30-mg
portions of water. The composition 65Na,CO;-25Na, S-10NaCl was used to study the effect of
hot water because this composition has moderate explosiveness with water at room temperature.
The explosion incidence in 50 injections at each of three temperatures was as follows:

Temperature, C Explosion Incidence, percent
25 55
55 26
70 0

The two methods of intro.ducing water gave similar results in that the explosion incidence
became zero in the range 65 to 70 C.

The relation of this hot-water effect to the proposed explosion mechanism is difficult to
ascertain. The hot water may quickly generate an insulating layer of steam or it may affect the
triggering mechanism. The hot water has greater vapor pressure than does the cold water, and the
presence of this gaseous phase may reduce the implosion that is a key step in the mechanism. In
recovery furnace leaks, the water introduced into the smelt is invariably hot. In spite of this,
some of the smelt-water exposures result in explosions. If the water were cold, probably a
greater percentage of the exposures would result in explosions.

Synthetic Green-Liquor Experiments. Previous investigators of smelt-water exposions have
noted that green liquor is more explosive than water when introduced into molten smelts. To
investigate this effect under our conditions, experiments were performed with the piston-type
injector (35 mg H,0) operating at 150 psi. The molten-salt composition used in these experi-
ments was 65Na,CO;-25Na, S-10NaCl, which has a normal explosion incidence of 50 percent
with this injector. Synthetic green-liquor solutions containing from 4 to 16 weight percent
Na,CO; and from 1 to 4 weight percent Na,S were injected into the molten salt. The explosion
incidence was 100 percent in 50 injections with each composition. These results confirm the
previous data and show that dissolved solids in the injected liquid increase the incidence of
explosion, possibly because they enhance the heat transfer into the water.
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ULTRASONIC MEASUREMENT OF VISCOSITY AND BULK MODULUS

The viscosity of a polyatomic liquid can be considered- to consist of two components, a
bulk viscosity and a shear viscosity. The ratio of the bulk viscosity to the shear viscosity is
obtained from ultrasonic absorption measurements:

ngln, = 4/3 (a,, fo, 1),

where n, is the bulk viscosity, ng is the shear viscosity, o . is the experimentally measured
attenuation of ultrasonic energy, and Apoie is the attenuation calculated from the density, shear
viscosity, and sound velocity according to the classical work of Stokes(l). The bulk viscosity for
some moiten salts has been found to be five times as great as the ordinary shear viscosity.
Measurement of the velocity of sound in the molten salts also permits calculation of the bulk
modulus, K since

K, = pc/g,

where p is the density, ¢ is the sound-propagation velocity, and g is the acceleration of gravity.

Apparatus and Procedure. An ultrasonic technique similar to one developed by Litovitz,(2)
in which comparator methods are used for measuring the velocity and attentuation of ultrasound
in the medium under study was adapted for measurements on molten salts. A significant
improvement over Litovitz’s method was accomplished by using an electronic delay instead of
the acoustical delay line (water) for the comparator. A block diagram of the apparatus is shown
in Figure A-6. In the initial run, using 70 Na, CO;-30 Na, S at 1500 F, the molten smelt etched
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FIGURE A-6. SCHEMATIC OF APPARATUS FOR ULTRASONIC MEASUREMENTS

(1) Stokes, G. G., Trans, Cambridge Phil. Soc., 8, 287 (1845).
(2) Higgs, R. W,, and Litovitz, T. A., J. Acoustical Soc. America, 32, 1108 (1960).
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the fused-silica rods of the apparatus so rapidly that much of the ultrasonic energy was scattered
by the roughened surfaces. As a result, no valid measurements could be made. The“fused-silica
rods were replaced by high-density alumina rods, and this problem was eliminated. A pulse
generator supplies a 5-megahertz signal to the transmitter, a piezoelectric element bonded to the
end of an alumina rod 20 mm in diameter and 24 in. long. The vertical position of this alumina
rod is adjusted by a micrometer screw which is accurate to 25 uin. The€ transmitted signal travels
through the rod into the molten salt and from the salt through a second alumina rod (20 mm in
diameter and 18 in. long) to the piezoelectric receiver. Simultaneously, a signal from the pulse
generator is transmitted through Adjustable Delay 1, which is used to provide a convenient point
in time for triggering the reference beam on the dual-beam oscilloscope (Sweep Trigger 1). This
delay remains fixed throughout any series of measurements. The output from Adjustable Delay 1
also passes through Adjustable Delay 2 and triggers Sweep Trigger 2. The timer connected in
parallel with Adjustable Delay 2 is started by the input signal to the d¢lay and is stopped by the
output signal from the delay, thus giving a direct reading of the delay time.

The receiver signal, corresponding to the ultrasonic pulse that has passed through the
alumina rods and the molten salt, passes through the receiver amplifier directly to Vertical Inputs
1 and 2 of the oscilloscope. The signal corresponding to the receiver signal appears on
Oscilloscope Trace 1 at a point corresponding to time t. In measuring velocity, Adjustable
Delay 2 is varied to cause a second signal to appear on Trace 2 at the same time t. The
amplitudes of the pulses displayed on the oscilloscope are measured by comparison with signals
supplied by the reference oscillator through the adjustable attenuator. The procedure for
measuring velocity and attenuation is as follows:

(1) The distance between the ends of the alumina rods is set to a maximum and the
micrometer reading x, is recorded.

(2) Delay 2 is adjusted so that the position of the delayed signal coincides with that
of the received signal on the oscilloscope. The time t, is read from the timer.

(3) Vertical Input 2 is switched to receive a signal from the reference oscillator and
attenuator. The attenuator setting is adjusted so that the amplitude of the
oscillator signal appearing on the oscilloscope equals that of the received signal.
The attenuator reading o, is recorded.

(4) The upper quartz rod is moved vertically to a new position and the process is
repeated, giving Xx,, t5, and ;.

. Then, neglecting diffraction effects and assuming no interference between reverberations,
the velocity of sound, ¢, and the attenuation, «, are given by:

Xy-Xa 0 Oy

and o =
tl't2 XI‘X2

C:

The measurements of the attentuation of the 5-megahertz ultrasonic waves in the molten-
salt compositions showed that only a small fraction of a decibel was absorbed over the 1-in.
pathlength employed. The results are presented in Table A-2. This change in attenuation is too
small for accurate measurement. The viscosity of the smelt is too low to be an important factor
in determining the manner in which acoustic waves are propagated in the smelt. However, the
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viscosity could have an important influence on other factors that determine explosive tendency.
For example, small differences in shear viscosity may, under certain circumstances, have a large
effect on the rate of turbulent mixing of smelt and water, and, hence, on the rate of heat
transfer into the water.

TABLE A-2. ATTENUATION OF ULTRASONIC ENERGY IN MOLTEN
SALT COMPOSITIONS OVER A PATH LENGTH OF 1 INCH

Na2 CO3
Temperature, F 1584 1657 1728 1778 1834
Attenuation, decibels 0.0 0.0 0.0 0.1 0.2

85N82CO3-15N32$

Temperature, F 1570 1645 1717 1785 1860
Attenuation, decibels 0.2 0.6 04 04 05

70N ar C03 -30N 323

Temperature, F 1503 1580 1675 1740 1832

Attenuation, decibels 03 0.2 0.6 05 0.6
Na23

Temperature, F 1738 1795 1832 1905 1940

Attenuation, decibels 0.2 0.2 0.3 0.3 0.3

50Na,CO3-25Na,S-25NaCl|

Temperature, F 1580 1665 1737 1785 1835

Attenuation, decibels 0.3 05 0.2 0.2 05
NaCl

Temperature, F 1508 1645 1717 1775 1828

Attenuation, decibels 0.2 0.3 0.1 0.1 0.3

75Na,CO;-20Na,S-5NaAl0,

Temperature, F 1545 1615 1688 1760 1832
Attenuation, decibels 0.2 0.0 0.2 0.2 08

75Na,C0O;-20Na,S-5Na0H

Temperature, F 1545 1615 1688 1750 1828
Attenuation, decibels 0.2 0.0 0.2 0.2 08
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CAVITATION EXPERIMENTS

The steam-cavitation model for initiation of smelt-water explosions, requires that very low
pressure exist in the cavitation bubble at maximum expansion. The CO, formed by cavitation-
induced decomposition of the Na, CO; in molten smelt could provide gas pressure in the bubbles
and thus inhibit the subsequent implosion of the bubbles. Consequently, smelt components that
suppress the decomposition of Na,CO; would act as explosion sensitizers, and those that
enhance decomposition would be desensitizers.

Experiments to test this hypothesis were conducted by rapid stirring of smelt mixtures. A
motor-driven stirrer capable of operating at speeds up to 10,000  rpm was used for these
experiments. The high velocity at the stirrer tip which is required to obtain cavitation in a liquid
was achieved by using as the stirrer a disk with four pins spaced 90 degrees apart around the
circumference. Both stainless steel and graphite disks were used; the stainless steel was suitable
for molten Na,CO,;, but when Na, S was introduced into the mixture, the rapid corrosion of the
metal required the use of graphite. The stainless steel disk was 1/2-in. diameter and 3/16 in.
thick. Cylindrical pins, 1/8-in. diameter, with hemispherical ends, were welded to the edge of the
disk, and they projected 1/8 in. from the disk. When graphite was used, the thickness of the disk
was increased to 1/4 in. so that the pins could be threaded and screwed into the disk. The
equipment assembly used for the cavitation experiments is shown in Figure A-7.

Preliminary to the molten salt experiments, the high-speed stirrer was used to induce
cavitation in liquids having densities at room temperature in the range of those of molten smelt
components, from 1 to 3 g/cc. Cavitation was detected visually by the formation of vapor
bubbles in the liquid in the vicinity of the stirrer. These preliminary experiments were carried
out with water, carbon tetrachloride, and bromoform at room temperature in glass containers.
Cavitation was readily observed at stirring speeds of about 4000 rpm. The speed was measured
with a stroboscopic tachometer.

When similar experiments were performed with the molten salts contained in an alumina
crucible in the resistance furnace, observation of the cavitation-bubble phenomenon was
uncertain. Consequently, an alternative method was adopted. The change in CO, concentration
over the melt produced by the cavitation was monitored by a continuous-reading, nondispersive,
infrared CO, analyzer.

There was a small background of CO, above the melt because of the normal atmospheric
content and the slight decomposition pressure of Na, CO; in the undisturbed melt. These sources
gave rise to a blank reading of 0.1 percent by volume CO, on the analyzer. When the Na, CO,
melt was maintained at 1600 F and the stirring speed was increased slowly, a sudden change in
the CO, concentration from 0.1 to 0.2 percent by volume was observed at a stirring speed of
3700 rpm. This observation of increase in CO, concentration was replicated in six such
experiments. When the temperature of the molten Na,CO; was raised to 1650 F, an identical
increase in CO, concentration occurred at a stirring speed of 3900 rpm.

Similar experiments with two explosive smelt compositions, 70Na,CO;-30Na,S and
50Na,CO;-25Na, S-25NaCl, under the same conditions as used for the Na,CO;, showed no
increase in the CO, concentration occurred at any stirring speed up to 10,000 rpm, the limit of
the apparatus. This same negative result was obtained several times on different days when the
experiments were repeated to verity the reproducibility.
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From this series of experiments it is concluded that the Na,S and the NaCl, which are
explosion-sensitizing components in smelt, inhibit the decomposition of Na2CO3‘_,'under the
cavitation conditions.

-7

VACUUM DECOMPOSITION STUDIES

The purpose of these experiments was to obtain quantitative information on the effects of
explosion sensitizers on the rate of decomposition of Na,CO; under near-vacuum conditions,
such as would exist in a steam bubble at maximum expansion prior to cavitation.

These vacuum decomposition experiments were carried out by heating the molten salt in a
closed system under vacuum. When the desired temperature was reached, the CO, produced by
decomposition of the Na,CO; was collected in a trap cooled to -320 F with liquid nitrogen. A
schematic of the apparatus used for these experiments is shown in Figure A-8. The CO,
collected was then transferred to a vacuum line and the amount obtained was measured.

In the initial series of experiments, the alumina crucible which contained the molten salt
was enclosed in a quartz tube. Seemingly consistent results were obtained for decomposition of
Na, CO; at different temperatures under these conditions. However, when explosion sensitizers
such as Na, S and NaCl were added to the system, relatively large amounts of CO, were obtained
and the results were not reproducible. The source of the discrepancy was found to be reaction of
the Na, CO; vapor with the hot quartz tube to form CO, and Na,SiO;. When the quartz outer
tube was replaced with a high-density alumina tube, much less CO, was released, and repro-
ducible results were obtained. :

The data obtained with the alumina tube in use are presented in Table A-3. The CO, was
collected for 1 hour to provide enough material for accurate measurement on the vacuum line.
Some of the samples were recondensed from the vacuum line and analyzed by mass spectrometry
to verify that the gas being measured was CO,. A typical volume percent analysis is:

0, 199.60
N, 021
H, 010
S0, 0.08
0, _005

100.04

As shown in Table A-3, for any given composition the amount of CO, obtained at 1830 F was
approximately 1.6 times that at 1740 F.

As part of the Na,CO; was replaced with Na,S, the amount of CO, formed decreased.
When NaCl was substituted for additional Na, CO, still less CO, was obtained. This result was to
be expected because the mole fraction of Na,CO; in the mixture was reduced by these
substitutions. However, the amount by which the CO, yield was reduced was greater than would
be anticipated, as shown in Table A-4. For the composition 70Na, CO;-30Na, S, the amount of
CO, obtained experimentally was only 56 to 58 percent of that calculated on the basis of the
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mole fraction of Na,CO; in the mixture. With the mixture SONa, CO;-25Na, S- 25NaCl the CO2
collected was 70 to 72 percent of the theoretical amount.

TABLE A-3. VACUUM DECOMPOSITION OF Na,CO;

Yield, cc-atm CO,, Weight of CO,,

Composition of Melt(a) Temperature, F (STP)/hr - mg/hr
Na,CO, 1740 228 ' 448
1830 368 720

70Na,C0O;-30Na, S 1740 8.4 : 16.4
1830 136 268

50Na,CO;-25Na, S-25NaC| 1740 6.4 124
1830 10.0 19.6

(a) 50 grams was used in each experiment.

TABLE A4. \RED'UCTION OF Na,CO; DECOMPOSITION BY SENSITIZERS

: Yield, mg
Mole Yield, mg CO,/hr Percent of
Fraction Temperature, CO,/hr (Based on Mole Theoretical
Composition of Melt Na,CO; F {Experimental) Fraction) Decomposition
Na,CO3 1.00 1740 4438 44 8 -
1830 72.0 72.0 -
70Na,C0O4-30Na, S 0.635 1740 16.4 29.1 56.5
1830 26.8 457 58.6
50Na, CO,-25Na,S-25NaCl 0.385 1740 12.4 17.2 4 72.0
1830 19.6 27.7 : 707

These experiments on the vacuum decomposition of Na,CO; show that explosion
sensitizers such as Na, S and NaCl reduce the amount of CO, produced from molten mixtures of
these components under vacuum conditions.

INFRARED STUDIES

Infrared absorption spectra were made of both mill smelts and synthetic smelts to deter-
mine whether or not there are compositional differences that can be detected in this fashion.
Absorption bands were observed for carbonate, sulfate, sulfite, thiosulfate, and dithionate
(5,0¢7) in all of the samples run. The sulfide does not absorb in this region of the spectrum.
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The same absorption bands occurred in the spectra of both the explosive and nonexplosive
mixtures. Consequently, the infrared spectra do not provide any clues as to differences in the
nature of the components in the various smelts. The infrared spectrum for Smelt K is shown in
Figure A-9. This spectrum is typical of all the smelts examined. Because some chemical
structures absorb infrared radiation more strongly than others, the relative - intensities of the
bands do not represent true quantitative relationships among the various components. The small
amount of water observed, also in all of the blanks run, was attributed to moisture absorbed
during handling of the sample in the KBr-disk technique.

4000 3000 2000 1500 1000 900 a00 700
100 1 1 1 L 1

Tronsmittance,percent

ol_1 ] 1 1 €Oy ! ] | ; ! | !
3 4 5 6 7 8 9 10 I 12 13 14 15
Wavelength, microns

FIGURE A-9. INFRARED SPECTRUM OF TYPICAL KRAFT MILL SMELT
KBr Disk '

According to the literature, NaOH has a sharp infrared absorption band at 2.75 microns

(3637 cm-!), which should be detectable in the smelt mixture, if sufficient NaOH is present. As

there was no evidence for this absorption in the mill smelts examined, the titration results
obtained previously, which showed only small amounts (less than 1 percent) of NaOH in two of
the smelts, are supported by the infrared data.

PRESSURE-TRANSDUCER EXPERIMENTS

To compare the relative magnitudes of smelt-water explosions obtained under different
laboratory conditions, and to obtain data on the explosion characteristics for the explosion
model, pressure-transducer experiments were performed. In these experiments a piezoelectric
transducer was coupled to the smelt via an alumina rod immersed in the molten salt. The
pressure wave from the explosion was picked up by the rod, sensed by the transducer, recorded
on an oscilloscope, and photographed. The electrical circuit employed is shown in Figure A-10.
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The pulse from the square-wave generator provided a signal for external triggering of the
oscilloscope sweep. The output of the transducer was fed to the oscilloscope (Tektronics 585)
. with a plug-in capable of reading a deflection of 5 mv/cm. In order to record the explosion on
the fast sweep of the oscilloscope, a time delay had to be used. With the piston-type injector a
60-millisecond delay was required, and with the direct gas-pressure injector, a 13-millisecond
delay was employed. By this means the entire explosion sequence could be recorded on the
oscilloscope in a single photograph. A number of pressure pulses constituting the explosion
occurred within a 2-millisecond interval. Typically, from 6 to 10 pulses can be detected. The
amplitudes of the pressure waves vary. Most of them are of about 20-psi magnitude, but
occasionally peaks up to 40 psi have been observed. These pressure-transducer experiments have
demonstrated that when there is a high relative velocity of motion between water and smelt, the
explosion occurs about 1 millisecond after the water-smelt contact. The duration of the
explosion for the small amounts of water involved in our experiments (35 to 75 mg) was
approximately 2 milliseconds. )

— Nitrogen gas, 150 psi

o Water

. r—LJ 12-vdc
o reed relay

O o "
. L F 3 %* 15-vac
solenoid valve
Square -wave
generator =
e—— 22- Gage needle
¢ 9
———
Q e E | 60" v dC
xternal  power To induction
friggering - supply power supply
input
o Pressure
transducer
r—] Crucible
containing
Oscilloscope |_.| molten

Transducer smelt
power supply

FIGURE A-10. APPARATUS FOR PRESSURE TRANSDUCER EXPERIMENTS
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MEASUREMENT OF OTHER PHYSICAL PROPERTIES

The density of molten salts as a function of temperature can-be measured by a variety of
methods involving displacement, expansion, or liquid-level detection. The displacement method
was used in this program because it provides a means of obtaining density and shear viscosity at
the same time, and, with minor modification, it could also be used to determine surface tension.
A typical arrangement of equipment for this method is shown in Figure A-11. Density is
measured by application of Archimedes’ principle, based on displacement of the molten salt by a
weight suspended from the balance. By putting the bob in motion in the melt, shear viscosity
can be determined from the rate of movement of the bob through a fixed distance in the melt.
By calibrating the system with a liquid of known viscosity, the apparatus can serve to measure
unknown viscosities.

Analytical bolonie7

C )
L J
+— Furnace
Displacement —-{J- St
bob N . 4——ome
4 %/ crucible

\—MiCrometer screw

FIGURE A-11. SCHEMATIC OF APPARATUS FOR PHYSICAL-PROPERTY
MEASUREMENTS ‘ .

In addition to density and viscosity, it is also possible to measure surface tension with the
same equipment. By modifying the bob so that it has a pin extending from the bottom, a
measurement of the force required to pull the pin through the surface of the melt can be
obtained. By using calibration liquids of known surface tension, the difference between the rest
weight and the break-away weight of the bob can be used to determine the surface tension of
the molten salt to be measured.
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APPENDIX B -

THE SMELT-WATER EXPLOSION MODEL COMPUTER PROGRAM
Description of Program

The latest version of the smelt-water explosion model computer program (in the FORTRAN
Computer language) is listed in Table B-1. It consists of a main program, 7 subroutine-
subprograms, and 10 function subprograms. :

In the main program are introduced the necessary data regarding the values of the various
constants and the initial conditions for each run (lines 180-330), including all necessary conver-
sions to the CGS system of units used in the program. The initial values are then computed of
the partial pressure of the gas (340), the steam fraction (350), radius of the globule (360), rate
of heat input per unit mass of water (410), rate of gas input per unit mass of water (430), and
the rates of rise of temperature (530), steam fraction (560), partial pressure of gas (570), partial
pressure of steam (580), total globule pressure (590), and globule outer surface velocity (600).

After determining the initial value of the time-interval step used for the integration process
(610), the time is increased by this step (640), and the solution begins. The actual integrations
and computations of the new values of the rates of change are performed by calling upon
subroutine SOLV (650), which is described later. After each such call, the main program checks
to see if the computed steam fraction has exceeded unity (670). If it has not, the final values of
the various dependent variables (indicated by a final B in the variable name) and of their rates of
change (indicated by a final 2) are converted to the initial values (A and 1, respectively) for the
following integration interval by subroutine ADV (700) and the integration process is repeated
(710). Subroutine ADV also readjusts the value of the integration time interval in accordance
with the previously computed rate of change of globule pressure and other considerations. If the
computed steam fraction exceeds unity, subroutine SET (called at line 730) performs a linear
interpolation to reset the values of the dependent variables and the time to the instant when 100
percent steam was reached. The main program then recomputes new initial values for the rates of
change of the various dependent variables corresponding to the condition of 100 percent steam
(lines 740-940). Integration subroutine SOLV now calls upon subroutine STEAM instead of

"~ subroutine BOIL.

Since recondensation of some of the steam may occur after the 100 percent steam
condition is reached, line 980 of the main program checks if the computed steam partial pressure
exceeds the equilibrium value corresponding to the steam vapor pressure at the temperature in
question. If it has, all dependent variables and the time are reset to the instant when this occurs
by linear interpolation (1050) and the new rates of change of all dependent variables computed
(1060-1260). The problem reverts to the previous condition of part steam and part liquid water
in the globule (1300) and then again to the 100 percent steam case if later warranted (670). The
~ problem ends and input of new initial conditions for the next problem are requested when the
“ glubole pressure has gone through the ambient pressure value a specified number of times (sce
| lines 250, 690, 1000, 2620-2630).
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Ambient Pressure Variation Effects

The computer model was modified to include the possibility of superimposing a periodically
varying pressure component on the ambient pressure. This would. simulate the effects of the
expansions and contractions of other globules in the smelt bed, located far enough away from
the globule in question and oscillating at a low enough frequency so that gradients in the
ambient pressure field of the latter would not be significant.-It was conjectured that the main
smelt-water explosion may be a cooperative phenomenon involving a fortuitous combination of
amplitudes and phases of expansions and contractions of two or more oscillating globules. No
single cavitation-collapse event could constitute the main explosion because of the excessively
large maximum diameter of cavity expansion required for any but very small amounts of water
before cavitation collapse commences.

The values of the following parameters of the variable component of the ambient sound
field are adjustable:

Pressure amplitude

Frequency

Initial phase

Degree of distortion from sine wave.

Computations were performed for many combinations of values of these parameters, with
pressure amplitudes ranging from a fraction up to 1 atmosphere, frequencies from a fraction up
to several times the frequency of globule pulsation (thus representing neighboring globules of
different sizes), initial phases from -180 to +180 degrees, and for sinusoidal up to highly
distorted waveforms of the “spiked” positive pulse variety.

Figure B-1b shows a typical result of these computations, for the case of a superimposed
sinusoidal variation of 0.5 atmosphere amplitude, zéro initial phase, and with a period four times
as long as that of the pulsations for the steady -ambient pressure case (Figure B-la). It is seen

" ‘that . the -~ initial expansion time for the globule is con51derably longer, because of the lower

- resultant value of the ambient pressure - whgch»fumlshes the restoring force  that stops the
‘expansion of ‘the globule and initiates its collapse. The first collapse pressure pulse, when it does

,4 “occur, is about 4.2 atmospheres, but the next two pulses are bunched: closer together in time and

" - are appreciably greater, both exceeding 5 atmospheres The fourth is considerably reduced and

then the fifth, following the long period of expansmn,. is again enhanced. The average pulse
period is increased by the variable ambient pressure superposition in this case. It is to be noted

~ that there are only five pulses in Figure B-1b in about the same time period as for the six pulses

in Figure B-la.

The above is typical of the results of practically all cases computed. Some pressure pulses
are enhanced somewhat in magnitude and others diminished, as compared with the corresponding
steady pressure amplitude case. The amount of the change in each pulse depends not only on the
phase relationship between the ambient pressure variation and the particular pulse, but also on
the amount and direction of the modification in the previous pulse produced by the ambient
pressure variation. A higher pressure pulse would tend to produce a greater subsequent expansion
of the globule, followed by a higher pressure pulse upon recollapsing, except as modified by
heat-input changes, energy-damping sources, and the phase of the ambient pressure variation.
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The searched-for fortuitous resonance-type of pulse amplitude buildup to account for the
main explosion was never encountered for any combination of values of variable ambient
pressure parameters. It does little good, for example, to introduce an ambient pressure variation
of the same frequency as that of the steady ambient pressure pulse and of the proper phase to
enhance the first peak. The greater the resultant amplitude of the first peak, the longer the time
interval becomes until the second peak occurs (since the globule expands further before
recollapse commences) and the sooner is this optimum phase relationship between the ambient
variations and pulses destroyed. The best case of resonance buildup discovered in the course of
the computations involved an ambient pressure variation frequency of three times the nominal
pulse frequency. The first pulse peak registered properly with the third cycle of the ambient
variation to receive a boost; the second pulse peak also registered in proper phase after four
additional cycles to receive a further boost, and the third peak likewise registered after five
additional cycles. Unfortunately, the fourth pulse peak occurred after 6-1/2 additional cycles,
just at the wrong phase, and was diminished in amplitude.

Clearly, the action of the cavitation collapse pressure pulse as a trigger for the main
explosion becomes more effective because of the ambient pressure fluctuation due to the
expansion and collapse of neighboring globules. Although some pulses are enhanced and others
diminished, perhaps leaving the average pulse amplitude about the same, it is reasonable to
suppose that the highest amplitude pulse of a series would be the most effective trigger.

— Ambient pressure

l l

Pressure, atmospheres
(0]

a.Constant Ambient Pressure of One Atmosphere

I~ Ambtent pressure

Pressure ,atmospheres
W

0 100 200 300 400 500 600 700 800
Time, milliseconds

b. Superimposed Sinusoidal Variation of 0.5-Atmosphere Amplitude, Zero Initial Phase, and 340-
Mullisecond Period

FIGURE B-1. DIRECT AND CAVITATION-COLLAPSE PRESSURE PULSES FOR AMBIENT
PRESSURE AND FOR A SUPERIMPOSED VARIABLE PRESSURE
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TABLE B8-1. {Continued)

N03S8N PSDI=C4*TOAT!

nNS9N POATI=PGOLI+PSDI

NNEND VDAT1=2DATI/RHAC-1.5%VA%*2/R0+ (PA-PAM)/DSM/ A

D041 32 DELT=AMINL (PA/ABS(PDAT] )5 xA%SIRT(DIM/PA), TH7ZY/MULT

nNne20 P1=PA

N0AK3N S1=SIGN(1.,PDAT1)

nNo64an 40 TIME=TIVME+DELT

00650 CALL SOLV(BIIL, JST2P)

NO66enN IF (JSTAR=3) 42,42,5

NNETN 42 1IF (STF3-1.) 44,44,AK0 '

NN6RD 44 CAL)L PxNT(1,”A,ACB, TIVE,CLB,EMB,EMB/C1.8,ACB, WGB,STF3,B,18,P8)
NN69ND TF (NSTAP-IND) 49,5,5

007NN 49 CALY, ARV

719 GA T 40
0N720 AN FRAC=(1.-STFAY/ (STFB-STFA)
N30 CAlLL SET(1,FRAC,C1,C2,C3,C45C5,06,C7,CR,C9,TABS)

NNT740 RETA=SIRT ((RATS+WUGAXBTGI/ (1 /8TS+WGA/RTG) I/ (1+4GA)

NNTSN M =93%(TSVM-TA)Y/ (TSM~-TPIXBETA

107460 1F (VA)Y I =31k (1+INXDADI R (1 +VGAIKRRI* %3 /XA¥AMAXTI (VDD T1,04)/7:9)
ANTTN IRD=3%21/F/0MA/ (1 +UGAI* (RA/ XD ) k%N )

NQ720 HGED1=ALPHA%(1-PGA/PAY/RAXSIRT(GSC/GMk(TIM+TA+546.32)/2)
ANT9 TOATI=(DD+GSC/GUMA/CHXWGEO T *TARS+3 %VA/RAK (KA/RB ) %%x3/DW2/C6
I3RND%L *(C3/7C54«2354-PGAY I/ (CPST(PSALTAI+C3%xx2/C5/C6%°5A/TABS

NN +WGEAX(CPG~GSC/GMN/CH))

NNR2N P3D1=PSA/CS*(3*VA/RAX(RA/RII*¥X3I/DWD-C3/TA3S*TDIATL)

NIK31N PGDI=PGRA/TARS*(TOAT] ~PGA/GSC/GMA/HGAXTIXVA/RAX(RA/IDNI*4%3/70WD

NNR4ANR +4WGD1 *TASS/YGA)
ANKSD POATE=PSD] +RPGDY

NNREN UDATI=(PDITI/RHIC K (1 -VA/CSM)I =1 . 5%VA+*2/RAK (1 -4/3.%xVA/CSM)

ANKRTNR +(PA=PAMI/DSY/RAY/ (1 =2%VA/CSY)

AnNKrKn STFOT1=0. _

NNE9N IF (TIME-TIMEX) 110,110,69

.ND9NN 69 CALL PRNT(2,P4,ACB,TIME,CLA,EM4,EMA/CIA, ACA,IGA,STFA, 24, TA,PA)

0910 TIMEX=TIME -
NN920 DELT=AMINI (P4/ARS(PDAT1),RA*SIIT (DSV/PAY, TH7I/MULT

NN93N °1=PA

AN940 S1=SIGNC1.,PDATL)

9N9SN RN TIME=TIME+DELT

NN96N CALL SALYV(STEAM,.JSTA)

10970 IF (JSTAP-3) 82,82,5

NN9RN R2 TF (PSR-PBW(TR)Y) 84,84, 100 :

NN999 R4 CAILL PRNT(1,PA,AC3,TIME,CLB,EMB,EuYB/CLB, ACR,GR,STFR,RRB,T3,P3)
H1N90 TF (NSTAP-IND)Y 93,555 .

01010 93 CALL ADV

01020 G3 T3 8]0

11130 97 STAP
01N49 100 TRAC=(RSA4-2RN(TA))/ (PSA-2PRY(TA)=I3R+23N(T3))

31059 Call, SETLFRAC,C1,82,C3,04,5,C05,Ch,C07,C08,C9, a5
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00,]0 CQ““?N/Q/D .
) i 4,254,p
19129% pPpg 2PGa,va,14,1q, 5 , . .
0139 CawM;L;:fgé’ngl,voarx,ro%rl:;;;SficﬁéS%A’E”“'QCA:
101408 on o N ’ ‘R’DGRnVB’KB F3,s .’u L » )1
77159 czmagi;g:SQ’DGD?,VDqr2,r05r2:s£;§;36?’bLg’EMB‘QCB’
%149 C““”””’D/o5§r1§’“g’””Lf'osm’aw,NQ,r;JGgﬁf’e
M179% R, Ta,pun 9;3 :I:pr,qu,pq,paMOl{qéé C?‘BFG{EKK.JJ
1189 n ) T2ARD P, St ,PsTR, 0 1) 2nAdL, aw,rgw,QLqu
7200 Dara naes LIMSMULT, PSR G50, 000 e
00210 para quaéAM°’°H13.rH7/0..o Deoteni30slea8.3144E07,
E ! H 3 .o e ey PN
0220 cap anqré??:;LbM’Brs’ng/'"0",'ﬁz/l e
2308 PHT, g ary nanrl H7/6283. 1853, 530, a0 b 985505, 1038, 1034,
NN249 S PRINT, + 94 36DXOUTD, RHAC, DS vHC g EPAMIL P, vaDp Kp g,
NN2s5qg acCreT ’ ”G‘TQ'HGA’ALDHA,QN N ”‘:0’0’0'0’0’3’0’0'000)
19260 p&réT ’ QG;T@.MGA;ALPHA,JN,NQ,ivé[ND ,
; » I ME Ry
23370& L TEMS pepgg CAL vEck EFF aCous gag
128n caLi. EQUATE(DQ,. 3ASF STF Rape,

] A » GV
.44-:.2031»l-;!.OlJBbEOé/

nnN2g: 27123%073,; ;
I8 EMALOL, TIME, 0., [ rwe )z'QQM’P”'”““j*SINfPHI>.cLA d.,ACH
~ A 2 Je pAC ,0"

70399 NPHI=)+p 20.,v4, Y7

= HI" 2V TALTA,P54, 580 ¢r
N031n DW3=Dw<;A;3;:2‘ 2T2,P58,2R8: gy
71320 NSTaR=q ’
11330 2A=paw

11359 STRA=w
g =WGA/PGA/VYST (p5a, -

00350 quRu* 2 v (DbQ,FQ)*GSC/’ "
10379 CALL3p£3;i3*gir(DSQ’T4>*uw@+1525;5521523'16)
00320 Vq'_}/ ! 4 )AC%;TIVE,CLQ ) ’ '/3-) .

M. = ¢ e ' EMq4 o AL .
11391 BETA=SWi;§:sigzq)/bqu’vsr‘;SA:;2>;§%?;ZG§’5'F4'K4’YQ;OQ)
INANN Y1233y : *BIS+46A%3TG)y /(57 1(74,7a))
noarn 3&0:5*;3;r(<1-vaL*<1-esrq>>/<,fU;B:Rro+qGQ/9rn>)/csrrA+qu)
NN420 Cay SFr(Sa/D“@"'*”G“>*<@A/@3)**Vj(""BETA”’

S ) _’Oosbl:CQ'C3:C4‘CS:C6;05;CR C92,ran
» 2 55)

OOASQ RO =
W= 2Hax ¢ <0 ,
N440 ap=y7r GA/PAY /305 e
- Q*C7 Wr(GbL/GW#*({SV+. .
"+ TA+546,32y 0
+3TI/2)

0045n A2=2GaxC 7
IMa4sn A3=G65Ccr
3=6G GMUWAGA-PEA g
drang SAIOSC/G LG Ly (C4AE3/7 A rans
2 lz==(r-57F 2/ ‘
NN49n R2=t, rarveascs
nnsHn ==5 -
A0a e 22:3ZJF4/C2*C1*(CS/PSQ*C4+C3/TQ
A 4= /4/&Q*(&A/QG)**3*CI/ 2,
0 220 DMQT:QI*Q?-A?*?I woo
02230 TDﬂrlz(QRD-HVW(rQ)*
40 % /DWAF)/(STFQ*(CDST

%S)+(1~5FF4)/C2*(C4/CR_3*09)

(P54,r71 TR . rFq*C7/Ué*(Q4*’J_

:Dazrugfga/ca)+(1-erQ)*Sqd+wC2;\ge*84’
o -blf4*97/U6*(43*32_Q;*B3)/\L'G

IV 4 4B4-24%R ] yrpmay BMal

|I+Aa*42-32*ﬂd)/uwAT

10560 STR
qg:;o ?TFDrlz((QI*93-43*RI)*Y
579 aGD::(caa*qz-A2*qa>*roﬂ
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TABLE B-1. (Continued)

1760 RETA=SQNT((3T5+4GA*QTG)/(!/3T5+4GA/RFG))((I##GA)

I1NT0 Y1 =20%(TSVM-TAY/ (TS5M-TAI%3ETA

01080 IF (VA) V=21 % (1 +INXDWUI% (1 +UGAI kT %*3/A%AMAXT (VDIT1,04)/733)
N17290 IRD=I*I1/R2A/DWUAZ (1 +46GA) % (RA/ DI k%N )

N110N WGD1=ALPHAX (1 -PGA/PAY/ RAXSART(GSC/GVMWNx(ISM+TA+546.32)/2)
1110 A1=C7

N112N A2=PGA%C7

N113N A3=GSC/CMW*¥GQ-PGA*(C4xCS5/P5A4+C3/TABS)

N114N A4=GSC/GMYXWGD1*TABS

N115N B1=N,

N1140 RB2=1.

11170 83=-C1/C2%(CS5/PSA*C4+C3/TABS)

N118N RB4=3%VA/RA*(RA/RDI*XxIxC1/C2/DW2

N1199 TDAT1=(IRD=-HVW(TA)Y*B4+ (A4%B2-42%B4)/C6)/ (CP3T(PSA, TAY-C3%C4/C6
N12N0&k +WGAXCPG+HVW(TA)I*RB3~-(A3%xB2-42%33)/C6)

NM210 PRD1I=((A3%RB2-A2%B3)*TDAT1+44%B2-42%84)/C7

N1220 PSND1=Ca*xTDATI1

11230 STFDT1=3%VA/RA(1+1/C2)-C1/C2%TDATI*(C3/TABS+LS5/P54%L4)
N1249 PDATI=PSD1 +PGDI

N1250 VYDOTI=(PDATI/RHIC*k(1=-VA/CSMI=1e5kVA%x%k2%(1-4/3,*%VA/C5M)/RA
N12604 +(PA-PAMY/DSM/RAY/ (1 -2%YA4/CSM)

N1270 IF (TIME-TIMEX) 110,113,105

712287 10S CALL PRNT(2,PA,ACR, TIME,CILA,EVA,EMA/CLA,ACA,NGA,STFA, A, TAL,PA)
71290 TIMEX=TIVRE

IM370 G T 32

M317 119 PRINT 11S,FRrRAC

M1320 115 FIRMAT (' FRAC=',F%.2)

17133Nn G2 T3 S : L

711349 END

71359 SURRAMITINE SALVISTATE, . JSTAP)

11360 CAMMAN/A/PA,25A,2GA,Y4,R4,TA,STFA,WGA,CLA,EMA, ACA,

NMN3T04% PDIT1,L,PSD1,PED1,VDBTL,TDATILSTFOT1,49G01, 21

11320 CAMMON/B/P ,PS8,90G08, Vs, TsSTF,YG3,CLLB,EM3,ACR,

Y139N5&% PDAT2,PSD2,PGNR2, VD2, TDAT2,3TFDT2,4UGD2, 22

31400 CAIMMAN/C/DT, TIME s MULT,05M5 INs NV, THZ,3T5,3TCG,ER<, 93

11410 CAVMVMAN/D/PHILNP YT, AMP,PAM, P, P AMD , xHAC,C5M, T34, AL 9HA4,
114208 RF,T2,0W0,IR0,5,P15,51,P5TP, 2L IM,NSTAR,VADD,CPG, 3HY, GSC,GMW
Y1430 JSTAR=n

Y1440 S 1=)

11450 2=PA+PDAT1 %)T

11440 V=VA+YDAT «DT

11470 R=RA+.5%x(V+yAIXDT

11430 T=TAa+TDI M1 DT

11490 STF=5TFA+STFDT1#DT

115NN P33=P34+2SD1 DT

11510 RPGR=PGA+PGD1I %0

15210 WGR3I=WGEA+NGDI %O T

1530 PHI=PHI+DI/[H7/ (1 +AMP xS IN(2HI))

BATTELLE — COLUMBUS
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TABLE B-1. (Continued)

71540 PAM=P -2 AU TS IN(2AHT)

71557 POAr2=°DpAT] e

715469 1N VDT2= (PDJT’/<H3C*(l-V/C%W)-I.S*V**?IQ*(I-aﬁS.*V/CSM)

IESTIL +(P=-2aM)/DSW/ Y/ (1 =-2%V/C5M)

M52 VzVA+. Sk (DATI+YIIT2I*0T

Y1590 =04+ ,5% (Y +VAI KD T

YVIAIN VAL=1/ 1+ (1 =3TF )/ 35TF/VSTPS3,T)/9W(2,T))

1AL 3RTA=SIRT ((STF*3TS+WG3*BTGI/ (STF/RTS+WGR/BTG)I I/ (STF+4GB)

11627 92=33%3IRT ((1-vIL*(1=-BETAII/Z (1 -VAL*(1-1/3ETAIII*CTSUM-TI/Z (I59-(2)

11630 IF (V) N2z=02%(1+ INADHUA* (1 +VGB) *RAx*3/R%AMAX1 (VDAT2,0,.)/32)

11640 IRD=3%2I2/R0/D53/ C1+WGBI* (/20 ) **Nid N

11650 WED2=ALPHAX(1-PG3/P )/ R*59RT (GSC/GMI*([SM+T #5456, 323/2)

11660 YGB=WGA+ (WGD1+4GD2)/2%DT

1670 CALL STATS

11680 PDAT2=PGD24+PSD2

11690 T=TA+(TOAT1+TDAT2)/2%DT

1700 968=2GA+ (PGD1+PGD2)Y/2%DT

1710 °S$3=23A4(PSD1+2502)/2%0T

1720 PB1=P3RB+PG3

1730 IF C(I-1) 13,17,17

1740 13 [=1+1

1750 P=PRB]

1769 G323 T2 110

1779 17 IF (ARS(P/PB1-1.)-ERR) 100,100,220

1789 20 IF (1-20) 40,25,25

1799 25 JSTAP=JSTIP+1

1800 DT=DT/3

1217 IF €JSTAP=3) 5,5,30 ,

18210 30 ARINT, *P23R SILUTIAN, I=',1,°' JSTIP=', JSTAP

1”39 GO A 199 Do

1240 40 I=14MAD (T, 2)
1850.G3 TT (605,350, ]
1340 50" (T1=P/P3]
1270 - T=1+1 :

7 LRRO ©=P3L’ ,
L1890 GO T 10 ST
. 90N AN RT2=R/0R] : Y
90 T=1+1 7 '

920 TF (ARS(RT2-RT1)-1.E-08) 65,70,70

a30 65 .JSTA®=5

949 63 T2 30 :

950 TN 2=P31 k(1 +RT1*(RT2=1,)%%2/ (RT2-8T1))

9569 33 T1 10 ‘

9710 100 ©=93]

92N CILB=CLA+ (D1 ¥RA%«NI+I2%R*%kNDI/2%DT

990 ACS=ACA+DT/RHIC/ 2% (((P=PAM) kR I *¥k2+ ( (PA-2AV) %38 ) % *2)
NN EMB=, SAkDS* 3k (V%R ) Kkk2

21N RETHRN
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TABLE B-1. {(Continued)

nN20217 FND

N2037 SHIRITMTINE 3010,

N2340 EXTERNAL DH,VsT,TOTVST,DIP34,202yS 1,894, KW

N2I50 CAMMIAIN/R/P,,P3B, 263,V T,S5IF,WNG3,C1.8,5R,AC3,

N21A0% PDIT2,PS02,2G02,V00T2,T03T2,S5TF0DT2,4G2,)72

N29370 CAMMANZD/Z/PHISNPHT ,AMP , 23U, 23 ,PAM I, KHIC»(C SV, (31, ALLPHY,
2N % R@;TZ:DHQ;?QD,DI,Sl,PSTD,PLIM;NSFﬁ’:VADD;CPG,SHH:GSC,GWﬂ

92090 CALL EJUATEC(C,0W(P,T),CR,D8 (P, [)*kV3T (P33, T)=1.,C3,TDIVSI(P33,1),

D2102% C4,0TP3U(T)I>CS5,PD2YSTIP33,1)5Chs4.1RAENT,CT,YST(P53,T),
N2110% CR,BMN(R)LCA, TEW(TI,TABS, +273.16)

N2127 Al=STF*L7

02130 A2=PGR*C7

N2140 A3=GS5C/GMIXIGR-2PGBASIF%x(C4*%C5/P53+C3/TARBS)

72159 A4=GSC/GVI*4UGD24TARBS

N2160 Bl==(1=-STFI/C2/BIV ()

292179 B2=1,

N218) B3z==-STF/C24%C1*x(C5/PSB*C4+T3/TABS)I+(1=STF)I/C2%(C4/3MI(PI-3%TEWV(T))

N2199 B4=3%xY/R*(R/XII%¥3I*C1/C2/D47A

022N DVAT=A1%R32-42%R1

N221N TOBT2=(IRD-HVAIL(TI* (A1 %34-24%«31)/DMAT+STF*CT/CH*%x(A4%B2-A2%B4)
02220% /DMATI/(STF*(CPST(PSB,TI=-C3%C4/CEI)+ (1 =STFIXSYN+WEB*CPG+HVW ()
N2230% % (A1 *%*B3-43%31)/DMAT«S5TF*C7/C5%(A3%82-A2%33)/D4AT)

02240 STFDT2=((A1%33-43%B1)Y*TDAT2+A] *34-A44%31)/DVvAT

12250 PGN2=((A3%32-42%B3)*TOIT2+44%x32-42%34)/0MAT

N2260 PSO2=C4xTDAT2

02270 STF=CC1/DNA%(R/II)¥*3=-1.)/0C2

N22810 RETIRN

N2290 END

2370 SU3RIUTINE STkAv

23117 CAMMON/B/P,PS8,PGE3,Vs, TsSTF,WGI,CLB,EMB,AL3,

N2320% POIT2,PS5D2,2GD2,VD3T2,1DAT2,5TFDT2,wGD2,22

72337 COIMMIN/D/PHILNPHIS AMP,RPAM, P, PAMI ,IHAIC,C5Ms IS5V, AL2HA,
N2340% RV, TA,DIIRDP 1,51, PSTP,PLIMMNSTIP,VADDSCPG,SHA,GSC, GMY
N2350 C3=TDTVST(P3R, )

N2369 CS5=PDPVST(PS3,T)

123797 Ch=4.1%6E07

238N0 C7=VST(2S3,T)

N2390 TABS=[+273.16

N2400 THIT2=(IRND+GSC/GMN/CAXIGD24TARS +3*kV/R*(R/ XD I%3/DWA/C6
N2410% *(C3/7CS5*%P33=-PG3II/ (CPST(P3B,TI+C3*%*2/C5/ChA4%P33/TARS
N2420% +MWNGB%x(C2G-GSC/GMI/CAY)

N2430 STFDT2=9.

024410 P3ID2=PSB/CS*k(3%V/I%k(R/RII**3/DWA-C3/TA3S*kTONT2)

72457 PGD2=GR/ABS*x(IDAT2-PGRR/GSC/ G I/ AGRY3 ¥V /% (I/RAI%¥3 /DA
N24A60% +WED24%TA33749G3)

N2479 STF=1.

N2427 RETUIN

2490 FND
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TABLE B-1. (Continued)

N29N7 SURBRIUTINE PINTIN,PAL,ACS, X1, X2, X3,X4, X5, X6, XT,X8s X9, X10)
N2510 COMMAN/D/PHILZNPHI,, AMP ,PAM, 20 ,RPAMT ,RHIC»C5M, IS, ALPHA,
N2520% RA,TO,DNA,IRD P 1,51 ,P3TP,PLIMMNSTAIP,VADD,CPGR,SHAN»GSC»GMY
02530 63 A (5,%5), \ '

N254N 5 PMAX=AMAX] (PA,P1)

N25570 2MIN=AVINI] (P4,P1)

N254A0 IF (ARS(CALZG(X1/21))=-PS5T2) 7,880,880

N2570 7 IF (PA/PVAX=1+PLIM) 32,197,190

N252%0 110 IF (PMIN/PA-1421_IM) 30,770,710

02590 30 IF (S1+31IGNCl«,X10=-PA)Y) 5N,40,50

N26NN0 40 >S1=-=51

02610 GA TA K]0

N2420 S0 IF ((PA-PAMI%(X]IN-24M)) 55,55,70

N26310 5SS NSTAP=NSTIP+1

nN264nN GO TA KS

N2690 TN IF (PHI=-NPHI*1.5707963) 100,100,175

N266N 75 NPHI=NPHI+I

nN2670 G2 TN 85

N26R7) KN Pl =PA

N2690 8S CALL EQUATECY1,1N09%X1,Y2,12.56637T%X2,Y3,12.56637TE-07%X3,
N27DNX Y4, X474 1RAF055,Y5,12e5663TE-DT*XS5Y6,100%X6,Y75,100%X7,Y8,X8/R2,

N2710% Y9,X9,Y19,X10/7VALD)

N2720 PRINT 90, Y1,Y25Y3,Y45Y5:,Y65,Y75Y82Y9,Y10
N2730 90 FARMAT(FRes2,2FTe0sS5F T e2sFTel,FT762)
N2740 IF ((PA-PAMI*(X10=-PAM)) AC3=0,

N2750 1NN RETHURN

N27450 END

127793 SUBRTUTINE EJUATEC(Y1,X1,Y25X2,Y3,X35Y45X45Y55X55Y6,X6,YTsXT,

N2T8N% YR,XR,YF,X9,Y10,X19)

N2790 Y1=Xl1

n2.nNn Y2=X2

N2K1N Y3=X3

nN2]2N Ya=X4 -

N2330 Y5=X5

N2R40 Y6=X6

02?50 Y7=X7

N2RkA0 YR=X8

N2Kk71H Y9=X9

N2KKRD Y10=X11

N229N ETURN

nN29NnN END

N29119 SUIRIUTINE ADV

n292n CQMWSN/Q/DQ:PSA:PGA;VQ:NQ:rA;STFQ;WGQ:CLA:EMA:AUQ;
N293N% PDITI1,PSD1,PGDLI,LVDITL,L,TDATLI,STFOTL,MGD1, )1

N2940 CAIMMIN/B/P3,P35B,PGR,VA,xR, B,5TFR,YGB,CLB3,EM3,ALS,
N295N& PDAT2,PSD2,RGN2,YDT2,TDAT2,5TFDTI2,4G02, )2

N29AN CAMMAN/C/DRL T, TIME ;ML T,D5V, NN, THZ,315,3TGrExXn,00
N2970 2ARA=MIN /24 %A7S(2DAT2)/925
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TABLE B-1. (Continued)

N29RN PARI=MIJI_[/2,.*435(PIAT2=-200F 1 )Y/0F1I/23
N299N DELT=17(232A+5 )T (P3XA4*%2+23«32))
N3NNN DELT=AMINT (DS T, B43 )T (DSM/PBI/ MU [, THZ/MULT)
Nn30110 CALL EIUATE(RQ4,°2,254,253,PGA,”03,VAsV3,208,kB3,TA,T8,5IFA,51Fd3,
N3920& WGA,VG3,CLA,CL3,EYML,EM3)
N3n30 CALL EDUATES (ACA,AC352D2T1,PD272,25D1,P502,PG01,P002,VvD3TL,V0ai2,
N1394N0% TOATIHTOIT2,STFOTL,3TFDT2,0RD1, 5GD2,5,01,12,2,5,0)
131050 RETIHRN
3067 END
13070 SUBRIUTINE SETCIG,FRAC,C1,C2,C3,C4,C5,C6,C7,C%,C9,TABS)
13980 EXTEXNAL DW,VST,TOTVST,DIPB,PDPVYST,,B3Mi,TEV
13990 CAMMAN/A/PA,PS5A,2GA,VA,RA,TA,3TFA,GA,CLA,EMA,ACA,
13100% PDATLI,2501,PGD1,VDATLIL,TDATILSTFDT1,4WGED1, 21
131110 CIMMAN/B/PR,P38,2G3,V3,RB,TR,5TF3,4WGR,CIL3,EMB,ACH,
131202 PDAT2,P302,PGD2,VD3T2,IDAT2,3TFDT2,WGD2,92
313030 CAMMAN/C/DFRI T TIME,MULT,DSM, INLND,THZ,315,8FG,%K <<, )0
13149 F X, Y)=X+FRACx(Y=X)
13150 GO TA (10,20), IG
13140 10 CALL EQUATE(VAL,F(VA,VB),RA,F(RA,X3)»TA,F(TA,T3),°2GA,F (2GA,PG3),
1I3170& WGA,F(VGA,UG3),CLASF (CLA,CLB)Y»EMA,F (EMA,EMB)I,ACA,F (ACA,AC3),
131 K08& STFA, 1 o5 TIMFE,TIME=-(1-FRAC)IXDEL ) .
13190 PSA=PRBYW(TA)
13200 RPA=RPSA+PGA
13210 20 CALL EJUATRE(C1,DWPA,TAY,C2,DW(PA, TAYXYST(P3A,TA)=1.,
3220% C3,TDTYST(2SA,TAY,C4,DTP3N(TAYSCS5,PDA2VST(P3A,1A)»Chs4.186E07,
1323N% CT7,VST(P5A,TA)Y,CR,BYH(PAY,,CI, 'S 1 (FA), IARS, TA+273.15)
3240 RET'IRN
3250 FAND
326N FIUNCTIIN TEWCT)
3277 A=T=3.9R
3280 B=T+273.15%
3290 C=EX2(93371.6/3%%2)
3370 TEWU=1.5399E-0A%Q*%C*(1¢-933D1.6%A/2k%2)/ (1 +e~2.3N0RAE-D6%xAKK2+()
33110 RETHRN
332N £ND
3330 FUNCTIAN 8MY(2)
3340 BMUY=(3N.NEDR+P Y/ . 1367
3350 RETHRN
31360 RND )
1379 FUNCTIAN DW(P, T)
1327 D=1 +=2.3N0KE-NE*x(T-3,9R)%kA2%EXP (93301 .6/ ([+273.156)%%2))%
139N0% (1 e+ (P=~1.01325EDA)/BMN (5% (P+1.N13255146)))
Y4Nn R TN
V410 SN
420 FINCTIAN PRV (T
4370 Rz<hIN4NTT4/LT+273154)

440 PRY=S5,N2411TTIRI1.TX2¢A% (o +2% (D31 391 432 %(oNF1567 4+ 30T 23%43))))
450 QETIN
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03460
N347n
N3480N
N349n
n3isnn
3519
n3s2n
N353N
n3s54n
N3559
nN356n
0357
N3510
N3591
035NN
N3510
N3429
N3630
N340
N3450
N34A0
13670
N3 420
N3690
n3700
N3710
nN3720
Nn3739
n374n
13750
13760
3779
311N
N37990
3 8nn
.I3810
38’20
13130
13]40
13 K50
13R6N

13870’

13220

END

B-13

TABLE B-1. (Continued)

FIUNCTIAN DTPIY(T)
3==61N04.N7T74/7(C[+273.156)

C=-3/(T+273.,

16)

DTDRJ PRUCTI*XC*x (14 +4B* (s NA2TAIR4+R%x(.N04T7019+, 0O309b)*8)))

TTURN
END

FUNCTIAN HYY(T)
HYW=595.4=-T* (. SD54AT+T*(.000450+T*1,53E-06))

RETHURN
£ND
FOUNCTIAN VST

(P>T)

8=(T+273.163/109

C=P/9R.NAKKS

VST=47.05E05%B/C-917.2/B8%%2, 12

IF (T-129D.)
10 VST=VST-
27 RETURN
FND

11,10520

C**2%(« 1308R8/Bx*k14.+4.379E10/8B%%31.6)

FUNCTION TDTVST(P,T)
B=(T+273.16)/100

C=RP/9R.NA6S

FDTVST=47.N6E05%3/C+2.82%917.2/3%%2 .82

IF (T-1200.)

IN>19,20

10 TDTVST=TOTYST+C*%2*% (14.%.1308R/B%x*14.4+31.6%4.379E10/B%*31.6)

20 RETURN
END

FIUNCT 1N RPDPVYST(?,T)
B=(l+273.16371N0

C=P/98.N665

PDPYST=-47.NAENS%kB/C

IF (T-12ND.)

10,10,20

10 PDBYST=PDPVYST=24C*%2% (e 13088/ 3k%k14,+4.379E10/B%%31.6)

20 RETIRN
END

FUNCTIAN CPST(P,T)
8=(T+273.16)3/19N

C=P/9R8.,N655

CPST= .45493--0091513*R+.009lbl'B**9+3 R24heDSTSE-0S*C/R¥ 434 R2

IF (T-12N0.)

10,10,20

1N CPST=CPST+C**3%(15+%]1 443041 E-0R/3%%15.43246%1 ,IRO24LD4/3%%32,6)

2N RETURN
END
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APPENDIX C

LIMITATIONS OF THE PRESENT MODEL
Introduction

As pointed out in the text, any computer model of a physical process is an idealization. It
is presumed that the deviations of the model from reality are not serious enough to preclude the
usefulness of the model for the purpose of investigating the sensitivity of the system behavior to
various assumed changes in the system variables. This presumption necessitates making some
assessments as to how serious these deviations are, and whether or not it would be worthwhile to
modify the model in future work to correct for the significant deviations.

The idealized assumptions made in devising the model are listed below, then discussed
individually.

® Uniformity within the globule of

Temperature
Pressure
Composition.

® Radial symmetry

Spherical globule
Effectively infinite smelt pool.

® Heat and gas input rates chosen, not computed.
Temperature Uniformity

The assumption of the uniformity of temperature at all times throughout the globule was
made to facilitate the analysis. For this assumption to be justified, the various components and
‘phases in the globule would at all times have to be in a state of continual and thorough mixing.
For the main explosion, thorough and rapid mixing with injected smelt is presumed to be the
mechanism for obtaining the needed high initial rate of heat input. The continuation of strong
convective mixing would be required to maintain temperature uniformity throughout the
development of the model main explosion and also of the triggering mechanism. It is not known
how valid is the assumption of the existence of sufficient mixing to maintain temperature
uniformity and temperature equilibrium between the various components and phases of the
globule contents throughout the entire time span of interest.

The ordinary processes of heat conduction are far too slow to obtain temperature

homogeneity throughout the globule. The thermal diffusivity of water (ratio of thermal con-
ductivity to density times specific heat) is only 0.0014 cm?/sec. For changes that occur on a
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millisecond time scale, temperature uniformity would exist only on the distance scale of 1.2 x
107 cm. For both steam and for CO, gas at atmospheric pressure, the value of the thermal
diffusivity is about 110 times that for liquid water. In the expanded phase of the small triggering
globule the time scale for temperature changes is about 50 milliseconds for a 1-cm-radius globule
and the average pressure is about 0.5 atmosphere. The thermal diffusivity under these conditions
is about 0.3 cm?/sec. Heat conduction would then be rapid enough to result in temperature
uniformity on a scale of only about 0.12 cm. The situation is better for smaller globules since
the time scale of events is proportional to the globule size and the diffusion length varies as the
square root of the time scale. Exchange of heat by thermal radiation is also nowhere nearly rapid
enough at the temperatures involved to ensure temperature uniformity.

The obvious improvement in the model needed to take into account the possibility that
temperature is a function of distance from the globule center is to set up a layered shell
structure for the model. The model would have to include some assumptions as to the
mechanism, largely convective, by which heat, mass, and momentum are transferred from one
layer to the next. The complexity and cost of the computations with the improved model would
be considerably increased.

Pressure Uniformity

As to the propagation of acoustic waves, pressure uniformity is a reasonably fair assump-
tion. The speed of sound propagation in water is about 1.5 x 10° cm/sec. It takes only tens of
microseconds for sound to traverse globules of the size range of interest, hence acoustic wave
effects in the globule can be ignored as long as the globule essentially consists of liquid water.
The speed of sound propagation in steam is 0.4 x 105 cm/sec, and in CO, it is 0.3 x 10°
cm/sec. Even though the globules are larger when they consist wholly of steam and CO,,
sound-propagation effects can still be ignored because of the mcreased time scale -of temperature
and pressure changes when the globules are larger. '

When the globule consists of only a few percent steam or gas, the sound-propagation
velocity can be very much lower than for pure liquid or gas alone. This is because the average
density is about the same as that of the liquid phase but the average bulk modulus is close to
that of the gas or vapor phase. Anomalously high values of sound absorption can also occur in
" this region for certain frequencies, depending upon the size distributions of the gas or vapor
bubbles. As the globule traverses the region of part steam and gas and part water, it may well be
a poor assumption to ignore sound-wave-propagation effects.

Unlike the interior of the globule, sound-wave-propagation effects in the smelt are explicitly
taken into account in the model. However, these effects make only a few percent difference in
the radial acceleration of the globule surface; in other words, the smelt may be considered to be
incompressible in the time scales of interest.

The superposition of the acoustic pressure waves within the globule as they reflect partially
from the globule periphery results in a radial pressure distribution, given sufficient time for these
multiple reflections to occur compared to the time scale of changing events, determined by the
inertial reaction of the globule material to radial acceleration. This resultant pressure distribution
would be uniform only if this inertial reaction were negligible. The model neglects inertia effects
for the globule materials, although taking them into account for the surrounding smelt.
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If the globule were macroscopically homogeneous (that is, each shell contained the same
proportions of liquid water, steam, and gas) and if it expanded and contracted uniformly (no
appreciable acoustic wave-propagation effects, as discussed above), the radial acceleration of any
element of globule material would be proportional to its radial position. A pressure gradient
equal to -p, ag r/r; would exist within the globule, where p, is the average density of the globule
material, and a; is the value of the acceleration at the periphery of the globule, of radius r,. The
pressure distribution within the globule would then be given by .

p=p, + (g a1,/ (L-1/r2) . © 1)

The pressure at the center of the globule would then be greater than that at the periphery by
the amount p, a; r,/2. The value of a;, as given by lines 1560-1570 of the computer program, is

ag; = (ps - po)lprs - 1.5 v /1, (C-2)

where p, is the ambient pressure, p the smelt density and v, the radial velocity of the globule
periphery. Hence, the difference in pressure between the center and outer surface of the globule

= .5(p,/p) (b - p,) - 75 p, V2 . B (X))
It is to be noted that Ap . is independent of the globule radius.

For the first (resistance to water expansion) pulse of Figure 9, v, is negligible and the
pressure at the center of the globule exceeds that at its periphery by about one fourth of the
difference between the peripheral pressure and ambient, since pg/p is about 1/2. Apg can thus be
as great as 12 atmospheres for this pulse. However, although the assumption of pressure
uniformity in the globule is a very poor one at this time, it makes no essential difference in the
dynamics of the problem because of the high bulk modulus of water. At the other extreme,
when 100 percent steam is reached at 7.2 milliseconds, Ap is only -0.013 atmosphere because
of the low. density of steam, even if p, = 7.5 atmospheres The assumption of pressure

uniformity is seen, to be good when the globule is all steam and gas.

o . The ‘assumptlon of pressure uniformity is poorest for the intermediate case, when the

globule is- part liquid water and part vapor and gas. At-the’ computed pressure peak of 130

Aatmospheres in' Figure 9, Ap =.14 atmospheres. Steam would be formed much more rapidly at

the -periphery of the globule than at its center because of the -difference in boiling points

_ between these two locations. The assumptions of temperature and composmon uniformity would
- also necessarily be invalid in this intermediate situation.

Composition Uniformity

The question of composition uniformity throughout the globule has essentially been con-
sidered in the above discussions of pressure and temperature uniformity. Composition uniformity
would ordinarily be a poor assumption for the intermediate case when the globule consists of
part liquid water and part water vapor and gas.

One other aspect of composition of the globule is not taken into account in the model. As
a result of the model computations for the main explosion, it was concluded that rapid injection
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of a pound of smelt into a pound of water is required to obtain the needed high initial rate of
best input. However, the model does not take into account the effects of this internal smelt
content on the dynamics of the globule.

Radial Symmetry of Globule Motion

Only radial expansion and contractions of the globule are considered in the model. The
action of the presumed triggering mechanism, however, depends upon the instability of radial
motion that can become significant in the latter stages of the collapse phase. The model takes no
account of the effects on globule dynamics of departure from radial symmetry. The model does
include, however, some provision for an increase in heat input rate at the critical instability stage
(lines 760, 1080, and 1630 of the computer program) because of the expected increase in
surface-contact area with the smelt resulting from the shape distortions and turbulence.

The limitation of the model to radial expansion and contraction does not permit
computation of the effects of rectilinear motion of the globule superimposed on these radial
expansions and contractions. Such a rectilinear motion would result, for example, from the
bouyant force on a submerged globule. A globule of water on the upper free surface of the smelt
would also not be in the form of a sphere unless it were extremely small.

Infinite Smelt Bed Approximation

_ The assumption that the globule is surrounded by an effectively infinite pool of smelt
makes the effect of the smelt on the globule dynamics comparatively easy to compute. However,
it is a poor assumption except for extremely small globules immersed in an actual smelt bed.

Figures 9 and 10 present some basic information regarding the dynamics of the main
_explos10n obtamed on the infinite smelt bed assumption. The text includes qualitative discussion
as to -the’ p0551ble modifications in the results. because of proximity to the globule of the free
-surface of the smelt and of the bottom and sides -of the container, specifically regarding the rate
-of heat input needed to obtain an explosion. and the severity of the resultant explosion. The
. tacit assumption is made in this procedure that the free surface and container effects are of
second order. However, this is not the case for a-3.75-in-diam globule. The free surface and
container . boundary conditions on the smelt ‘would begin' to affect the globule dynamics
appreciably at a very early stage of the computations. As a consequence, it would be wrong to
-attempt to relate the results of the model computatlons quantitatively to actual cases of
smelt-water explosions. The basic physical phenomena, the sequence of events, and the order of
magnitudes of the results predicted by the model are, however, expected to be applicable to the
actual situation.

Heat and Gas Input Rates

In the present model, the initial heat- and gas-input rates are arbitrarily selected prior to
computing instead of being determined by the physical and chemical considerations of the
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APPENDIX D

FORMULATION OF DIMENSIONLESS PARAMETERS "~
Conservation of Energy Equation

This equation describes how the heat input to the steam-water-gas globule is apportioned

among the enthalpy increases of these components and the conversion of water to steam, as
follows:

BIR,py) Q=q, +q, +q, +L, (T) " F, . (D-1)

Q is the rate of heat input to the globule per unit initial apparent outer surface area. The
quantity on the left side of Equation (D-1) thus represents the rate of heat input per unit total
mass of H, O, the constant sum of the liquid water and steam masses. R, is the initial radius of
the globule and p,,, is the initial water density. The quantities qg, q,,, and q, are, respectively,
the rates of increase of enthalpy (internal heat plus mechanical energy) of the steam, liquid
water and gas components, each per unit total mass of H,O. The last term on the right is the
rate of heat input to the process of conversion of liquid water to steam, where L (T) is the
latent heat of water as a function of temperature T and Fs is the time rate of change of the
steam fraction F,, the mass fraction of the H, O in the vapor phase.

The quantity q is given by the well-known thermodynamic relationship:

g = F, {C,s (B, T) T — T [3V,, (B, T)/3T], B,/I} , (D-2)
where Cps (P, T) is the constant pressure specific heat of steam as a function of the steam
partial pressure P, and T. T is the rate of increase of temperature of the globule; all components
and phases in the globule are assumed to be in thermal equilibrium at all times. [0V (P,,T)/0T] p
is the temperature derivative at constant pressure of the volume per unit mass of steam
(reciprocal density) as a function of P; and T. P, is the time rate of change of P; and J is the
mechanical equivalent of heat.

The quantity q,, is given by
ay =(1 —=F)-C,, T , (D-3)
where pr is the specific heat of liquid water. The rate of work done in expanding the water is
also included in the computer program for the sake of completeness but is omitted in these
dimensional analysis considerations because it is negligibly small by comparison with prT.

Finally, the quantity q, is given by

q = wg {Cpp T+ V, (P, T)P/J} (D-4)
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where W, is the ratio of the mass of gas (CO;) in the system to the total mass of H,O. C,

the (constant) specific heat of the gas at constant pressure and \A (P ,T) is the reciprocal den51ty
of the gas as a function of the gas partial pressure P, and T. Equatlon (D-4) is the special form
of the thermodynamic relation expressed by Equatlon (D-2) that is applicable to an ideal gas.
The CO, in the globule was assumed to be an ideal gas at the temperatures and pressures in
question whereas the actual equations of state of steam were used in the computer analysis.

Each computational case begins with the selected initial values Q,, T,, Py, R,, and w,, of
the corresponding variables. The computer determines the initial partial pressures of CO, and of
steam and the initial steam fraction corresponding to P,, T, and Wgo . As time progresses, Q is
programmed to depart from Q, by a factor that depends upon the temperature difference
between the smelt and the globule and to decrease with increases in w, and F,. As gas enters the
globule, the total mass of material in the globule at any time becomes (1 + wg) times the con-
stant total mass of H,O.

The initial values Q,, T,, P,, and R, are convenient and meaningful scale factors for
rendering the dependent variables Q, T, P, and R, respectively, dimensionless. The dependent
variables w, and F are already dimensionless. The suitable scale factor for the independent
variable, the time t, is a characteristic time constant given by

=R, VPsm /P, (D-5)

where o is the density of the smelt. The quantity t. is obtained from the conservation of
momentum equation discussed later. It is to be noted that t; is proportional to R, and inversely
proportional to the square root of P,. The quantity p,,, varies little from one smelt composition
to the next. For R, = 1 ¢cm, p,,, = 2.0 gm/cm® and P, = 10% dynes/cm? (1 atmosphere), t, =
1.414 milliseconds.

In terms of 7 = t/t_, Equation (D-1) becomes

(v ’ Py
B QlRobuo) (@0 = F{ (€Tl & () -7(5%), eno 5 (%)}

[¢]

3 [T
+(1 - F) (C,, T,/t) 5?(?:)

P
+ (w, {(Cpg T,/t.) -;T- <~TI> +V, ®,/t.J) 5= (.lsg_)}

d
+{LW(T)/tC} 5 (F) . - (D-6)

Equation (D-6) would become dimensionless by dividing both sides by any one of the
coefficients of the 7 derivatives of the scaled dependent variables. The most significant term on
the right side for the main explosion is presumably the last one, since it represents the rate at
which heat energy is used to generate steam. Dividing through by the initial value of its
coefficient, L,, (T, )/t, and using Equation (D-5) for t; results in:
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3 Q, vy [P /by o Ly (T,)] <6(?—> = [T, /L, (T,)] " [F,Cps + (1 - F)) Cpy,

or \T

o
avs 0 Ps 0 <Pg ):l
[‘T<ﬁ>p ar <?.0 YVear \P.

JF,
+ [L,, (DL, (T,)] (v) : (D-7)

+w,C_ .1 2 <__T_> + [P, /IL, (T))

The bracketed coefficient of the (Q/Q,) term on the left,

A=3Q, b, /PJo,, L, (T) (D-8)

is a significant dimensionless parameter for the model explosion. The several other dimensionless
coefficients of the dimensionless dependent variables and their t derivatives on the right, for
example, the first one {T,/L, (T,)] - Cos (P,,T) are parameters that represent dimensionless
ratios of various properties of liquid water, steam, and the gas as functions of partial pressure
and temperature. :

Conservation of Momentum Equation

This equation describes the radial motion of the globule wall in response to the pressure
changes in the globule, as follows:
; 3
V= P/pSm ¢y T (PP ) o R - 5 v /R , (D-9)
where v is the time rate of change of the radial velocity v, P is the time rate of change of the

pressure P = P, + Pg, and ¢, =K, 7psm is the velocity of propagation of an acoustic pressure
wave in the smelt. K., is the bulk modulus of the smeit.

The first term on the right represents a contribution to the acceleration that is in phase
with the rate of change of pressure. This term is responsible for the acoustic energy that is
radiated into the “far-field” and is not returned to the globule. The second term represents an
acceleration that is proportional to the pressure change. The resultant “near-field” kinetic energy
is exchanged back and forth with the potential energy in the globule as the latter expands and
collapses. The third, nonlinear, term represents a deceleration resulting from the redistribution of
near-field energy in the smelt as the globule expands and contracts. Certain minor terms
involving the small ratio v/c,, the Mach number, have been omitted in Equation (D-9) for
simplicity but not omitted in the computer model.

The results of many computations made with the computer model over wide ranges of
conditions have shown the maximum values of the second term to be two to three orders of

magnitude greater than those of the first term. Division by P_/p,, R, is thus indicated to be the
proper way to render Equation (D-9) dimensionless. This results in

vp, R /P, =PR /P c  + (P[P, - 1) (Ry/R) - vpy R IRP, . (D-10)

BATTELLE — COLUMBUS



D4

Since v has the physical dimensions of length/(time)?, and R, is the proper scale factor for
length, then the suitable scale factor for time, as obtained from the conservation of momentum
equation, is t, given by Equation (D-5). In terms of 7 = t/t, Equation (D-10) becomes

0 vt - P, .9 P vic 2
2 <_R_:_> - & (F‘) + (P/P_ - 1) (R_/R) - (Tz:) R,/R) . (D-11)

o
Conservation of momentum considerations have thus yielded not only the proper scaling factor
for time but also another dimensionless parameter /P /K, . This numerically small quantity
does-not constitute a significant parameter, since in all practical applications of interest P, would
be close to atmospheric pressure and K = p,, ¢, > does not vary a great deal from one melt
composition to the next.

Conservation of Mass Equation

The conservation of mass equation is expressed in the form:

F, - V,(P,,T) + (1-F,)/D,, (P,T) g \3
( ) (D-12)

Fs ) vs(Pso’To) + (I-Fso)/Dw(Po’To) E;

Multiplication of both the numerator and demoninator of Equation (D-12) by the constant
total mass of water results in

3
Volume of steam + Volume of liquid water (at time t) _ < R)

Volume of steam + Volume of liquid water (initially) R_0

Equation (D-12) is explicitly independent of w,, since the gas occupies the same volume as the
steam. In other words, '

F -V (.1 = W, Vg (Pg,T) . (D-13)
The pressure P =P, + P,.

The time derivatives of Equations (D-12) and (D-13) are used by the computer to relate the
quantities F, W, P, Pg, T, and v. Denoting the denominator of Equation (D-12) by D, ,,, we
have

, aV, (1-F) aD_ ] . dV, . (I-F)) aD 2
(vs-—D-l—>Fs+{F s UF) W]T+F ——SP—( 5)~‘1P=3(—‘5>~"—
R
Q

N 8T D2 T s 3P s D T P R,
(D-14)
VF +F aV5T+a-Y?P> =V. w, t+w <ﬁ-T+a_V§P> . (D-15)
s's © s\ 9T 9P, * g8 & \ 3T T
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The quantities 3D, /8T and 9D, /3P are readily expressible in terms of the thermal expansion
coefficient and bulk modulus of water. The temperature and pressure derivatives of V, and Vg
are obtainable from the equations of state described in the following section of this report. Of
course, as long as any liquid water remains in the globule in thermal equilibrium with the steam,
P, is a function of T and Ps and T are related through the temperature derivative of this
function.

Equations (D-14) and (D-15) are readily expressible in dimensionless forms by application
~-of the scaling factors on the various dependent variables and on the independent variable (time)
previously discussed. A number of dimensionless parameters of relatively minor significance are
obtained thereby; they represent ratios of various properties of steam, liquid water, and gas.
However, since w, in Equation (D-15) is not a computed dependent variable but a specified
input to the computer program, the dimensionless parameter

B =, t, = Wy Ry v/Pym/Po (D-16)

is significant. It represents the mass of gas admitted to the globule in the characteristic time
period t; relative to the total mass of H,O in the globule.

Constitutive Equations

The constitutive equations are the equations of state of liquid water and steam, the
relationships among density, pressure, and temperature discussed in Appendix B, including the
P-T characteristic for steam and water in thermal equilibrium. Also discussed in Appendix B is
the equation of state for the CO, gas that enters the globule from the smelt. No significant
dimensionless parameters were obtained by expressing the various constitutive equations in
dimensionless form. '
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