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ABSTRACT

Energy conversion efficiencies, thermalAto ﬁeéhanical, f;f smelt-water explo~
sions in recovery bollers are compared éo tﬁerm;dyﬁamic efficienciés and té‘
efficiencies obtained in various steam explosion experiments. Global efficien-
cies for smelt-water explosions are only about 0.1 to 1% of the thermodynamic
efficiéncies, about one order of magnitude lower than efficiencies obtained with
other 1n;ermediate scale systems. Smelt-water explosion efficiencies calculated
‘on a "localized” basis range from 1 to 20% of the thermodynamic efficiencfes,
similar to other intermediate scale systems. A simplified engineering analysis -
of explosion energetics is developed to help . interpret the data.and to provide a
basis for estimating the effects of size scale. -The analysis suggests.that

global energy conversion efficiencies should decrease as the size of the system

increases. , _ ; R S




INTRODUCTION

Violent expleosions can take place when two liquids are brought into dir;ct
contact and the temperature of the hot fluid is well above the boiling tem-
perature of the cold fluid. When the cold fluid is water, these explosions are
usually referred to as steam explosions. These explosions are noncombustible in
nature and involve the sudden, violent generation of steam (vapor). Exblosions
of this type have been encountered in the kraft paper industry, the steel and
alumiqum industries, and the liquefied natural gas industry and are considered

in the analysis of hypothetical accidents in the nuclear power industry.

Steam explosions are still not very well understood. Extensive effort has
been dévoted to identifying the necessary conditions for such explosions, the

probability of occurrence, the pressure-time characteristics, and the mechanical

.energy in the blast wave. It is now generally accepted that explosions proceed -

through four stages: coarse mixing, in which the two fluids are kept apart by a

vapor film; triggering, in which a local shock wave develops which collapses the
vapor film.sepatating the fluids; escalation, in which the propagating shock
wave fragments the coarse mixture, resulting in very large contact areas, rapid
heat transfer, and vaporization at an explosive rate; and expansion and destruc-
tive work. Complex, highly-detailed models of aspects of this phenomenon have
been developed, but they have not resulted in a predictive capability for any

industrially impbrtant condition.

One of the critical issues concerning steam explosions is the estimation of
the fraction of the thermal energy of the hot fluid that is converted into
mechanical energy (work) during the explosion. Much experimental work involving

different fluid-pairs, different contact methods, and different size scales has
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been undertaken to resolve this question. Analyses of the damage patterns from
a few industrial accidents have been .carried out to provide'Additional infor-

mation. The results have been confusing. Energy conversion efficiencies range "
from 0.001 to 10% of the available thermal energy, and there is no clear pattern

as to what governs the efficiency.

. Steam explosions occur in the kraft paper industry. During processing of
spent pulping liquor for chemical recovery, the concentrated liquor ig‘burnt-inl
a recovery boller producing a mixture of molten ‘sodium carbonate and sodium
sulfide (smelt) which collects on the hearth and is then drained out and
dissolved in water. Steam explosions have occurred within the recovery boilef
as well as in the dissolving tank. Information on smelt-water explosions in
recovery boilers has been accumulated and provides a data base for estimating
energy cénversion efficiencies in large scale systems. A study of the energe- -
tics of smelt-water explosions has provided energy conversion efficiencies for
19 1ﬁc1dents (NUREG/CR-4745) (1). Structural models for recovery boilers and
dissolving tanks were developed and used to calculate the amount of mechanical
energy consistent with the observed damage.  These data, along with estimates of-
the amount of spelt and water, were used to calculate the energy conversion
efficiénéies of tﬁe explosiéns. The calcula;ed efficiencies were all extremely
low, ranging from 0.005 to 0.37%. These'resﬁits”réised the question as to
whether the low efficiéncies were just a éharactéristic of the smelt-water

system,'or if they are a general characteristic of large scale systems.

In dealing with this issue, one is forced to deal with the broader question -
of how to '"scale" data for these types of explosions. This might be stated as
finding means to project the degree of violence observed in small laboratory

tests, involving small masses of fluids, to industrial scale installations where




the masses are three to four orders of magnitude larger. More broadly, the
question is one of determining how to use yield and pressure data obtained for
one fluid-pair at one size-scale.to predict what would happen with another

fluid-pair at another size-scale.

A complete, quantitative answer to the scaling question is beyond the scope
of this paper. Instead we will seek to formulate a simple scaling criterion and
to determine the conditions when it can be applied. The heart of the approach is

a focus on energy rather than other characteristics of the explosion.

ENERGY CONVERSION EFFICIENCIES

Thermodynamic Efficiency Calculations
‘Steam explosions involve the conversion of a portion of the thermal energy

in the hqt fluid into work or mechanical energy. Since heat energy is being

‘converted into work, the second law of thermodynamics places an upper bound on

the energy conversion. The maximum conversion efficiency can be calculated by .
devising reversible paths for carrying out the interaction and making an

appropriate calculation of the work done.

Thermodynamic energy conversion efficiency calculations usually follow an
approach first described by Hicks and Menzies (2). The intetaégion is gssuﬁed
to take place as a two-step process in a closed system. Thé firék step'is a
constant volume heat transfer betweén the two fluids (e.g., émelt anq-wateri
without vaporization until a singlé intermediate "equilibrium" temperéture is
reached. Step two is a reversible adiabatic expansion to ambient pressure with
both fluids remaining in thermodynamic equilibrium with each other throughout’
the expansion. An alternative and more realistic second step -is an isentropic:

expansion of the coolant (water).
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We have modified the Hicks-Menzies approach slightly. The intermediate
equilibrium temperature is based on constant specific heat. of the hot fluid and-
no phase changes. -The coolant state is assumed to be on the saturation line for
pressures below the critical pressure:and to:extend along the critical pressure
line for temperatures above critical. The expansion step. is taken as an" . -

isentropic expansion of the coolant (water) only.

The calculation is straightforward. The intermediate equilibrium tem-
perature is calculated from the masses, specific heats and temperatures of the

two fluids according to the equation;

Te = (Mp*Cyn*Th + Mc*Cyc*Te)/(Mp*Cyp + Mc*Cyce) : (1)

3.

For equilibrium temperatures near or above the critical value, a trial and
error procedure is necessary, since the specific heat of the coolant (water) is

not constant.

For a closed process, the work done during the isentropic expansion 1s equal
to the internal energy change in .going from the intermediate "equilibrium" tem-
perature to that corresponding to ambient pressure. Steam Tables (3) are used.
to carry out this calculation.. The reference temperature for the thermal energy

is taken to be the. boiling point of water, 100°C.

Ploﬁé of‘thé fhérmod&namic energy cénvérsion efficiéﬂcy‘for the émelt;ﬁafer
system are given in Figure l. The main parameter influencing thé.efficienéy is
the relative mass of .water and smelt. Smelt temperature has only a minor effect
on'efficiency.because.of the low specific heat of smelt. Water temperature has
a greater influence. The highest efficiencies are.obtained at intermediate mass

ratios with the efficiency dropping off at both low and high water/smelt ratios.




At low water/smelt ratios the intermediate "equilibrium" temperature will
approach the smelt temperature and the specific internal energy change during
the expansion will be greatest, but the total work done is small because: this .
intetnalvenergy change will be multiplied by a small mass of water. Explosive
violence at this end is limited by the amount of water... At- high water/smelt
ratios the intermediate temperature will be low so the specific internal energy
of the coolant before expansion will be low. This effect is magnified if the
original water temperature is substantially below the boiling‘point. At the
extreme, the intermediate "equilibrium" tempérgture wiil be Selow the'boiling
point at ambient pressure and the work obtained by expansion wiil be negiigible.
In this case the explosion is quenched by overwhelming the smelt with water.

(Note, this is what normally takes place in a smelt dissolving tank.)
(Figure 1 here)

A comparison between the thermodynamic energy conversion efficieﬁcy férA
smelﬁ-watet and that for thermite-water is given in Figure 2. .The shapes of the
curves are very similar. Thermite-water shows a higher peak efficiency because
thermite has a much higher temperature and only slightly smaller heat:capacity’
than smelt. The maximum occurs at coolant/melt mass ratios of 0.63 for smelt
and 1.3 for thermite. The thermite-water efficiency can be ‘as much as 40% -
greater than that for smelt-water, but there is little difference for mass

ratios below about 0.2.

. The base for these efficiencies is the heat in the hot fluid referenced to
the boiling temperature of the coolant at ambient conditions .(373°K for water).

This 1is the most logical basis to use.




Actual Energy Conversion Efficiency

The thermodynamic efficiency determines the maximum amount of work which
could be obtained. In any real system the work would be less. Conceptually,
one can look upon the deviation between the actual work and the thermodynamic
work as resulting from an inability of the two fluids to completely intermix and
exchange heat within the time scale of the explosive interaction. This can be
treated quantitatively by introducing a mixing parameter,. F, in conjunction with
the thermodynamic efficiency, e. The mechanical energy or explosion yield

is then given by
E = Q*e*f (2)

where, E = mechanical energy (work) from the~exp10sion

Q = thermal energy available in the hot fluid

(1]
]

maximum energy conversion efficiency from thermodynamics

13
]

fraction of the system that mixes to an extent that the
thermodynamically calculated amount of work is obtained.

The remainder of the system, (1-F), is assumed to do no work.

NOTE: The reference temperature for the thermal enefgy, Q, must be the same as

that used in the thermodynamic analysis for calculating e.

The thermal energy of the hot fluid is given by the product of the mass,
the specific heat, and the difference between the hot fluid temperature and the

reference temperature.
Q= Mh*cph*(Th - Tr) (3)

The thermodynamic efficiency is a function only of the temperatures of the hot

and cold fluids, the reference temperature chosen, the cold'to hot fluid mass
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ratio, and the properties of the two fluids. ' It is not a function of any baramf

eter having to do with the size scale of the system. o - 2
e = e(T,, Te, Tr, Mc/Mp, properties) (4)

The actual energy conversion efficiency is given by E/Q. Thus data on the
mixing parameter can be obtained by measuring the explosive work and dividing it
by the thermal energy and.the thermodynamic efficiency.

. 4 AR ; oo
F = (E/Q)/e | (5)

This 1s considered in the next section.

Energy Conversion Efficiency Data

Industrial Scale

A study of the energetics 'of smelt-water explosions has provided energy con-

version efficlencies for 19 incidents, 18 recovery boiler explosions and one

dissolving tank explosion. Efficiencies were calculated as the ratio of the
mechénical deformation energy to the total thermal energy 1in the smelt. Details
are given-in NUREG/CR~4745 (1) The energy conversion efficiencies for these 19
incidents are summarized in Table 1. Thermodynamic efficiencies are provided

for cdmparison along with calculated values of the mixing parameter.
(Table 1 here)

The energy. conversion efficiencies for the smelt-water explosions are very B
low. The highest value was 0.37%. Only four other explosions had efficiencies’
greater than 0.1%Z. The ratio éf the acFual efficiencies to the thermodynamic
éfficiencies ranged from 0.03% to about 5%. The dissolving tank case (DT) is
interesting in that an explosion'occurred even though the thermodynamic analysis

indicates there would be no work done on a global basis. In this case the
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inefficiency of the mixing process led to the explosion. This illustrates a

weakness in an analysis based on'a single mixing parameter.

One obyious reason for the §ery low energy conversion efficiencigs in the
recovery boiler explosions was t£;t not all of thg smeltﬂyithin the furnace was
involved in the explosive interaction. The moltén smelt is présent on the
hearth of the furnace'alongiwith solidified smelt and unburned char. Furnace
dimensions are on the order of 20 to 40 ft square, and Fhe molten smelt inven-
tory, even though it is many toﬁs, corresponds to an average émeit depth of only
a few inches. When water enters the furnace éavity from some source, it is
unlikely that it would uniformly contact all of the smelt. In some of the inci-
dents there is clear evidence in the form of localized indentations of the

floor that only a part of the smelt took part in the interaction. For these

incidents it is possible to calculate a localized energy conversion efficiency,

‘based only on the amount of smelt in the interaction area, and to compare it with

the thermodynamic conversion efficiency. The results of such a comparison are
shown in Table 2.  The area fraction given is the indented area over the total
floor are;.‘ The local éfficiency is obtained by‘dividing the deformation energy
by the product of the total thermal énergy and ghe area fraction. The localized

energy conversion efficiencies are about 1-20% of the thermodynamic efficiencies.
(Table 2 here)

Laboratory Scale

K

Anderson and Bova (4) reported the measured work was 35% of the isentropic
coolant expansion work for small scale experiments with molten NaCl and water.
These experiments were carried out with very low coolant/melt mass ratios.

Their calculation of the isentropic work was ‘based on the coolant (water) heated
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to the melt temperature instead of.the heat in the molten salt. ; The actual
energy conversion efficiency ranged from 0.006 to 0.025%. Later, Anderson and.:
Armstrong (5) investigated small-scale aluminum-water explosions using several
different contactieg techniques. They found explosion yields as high as'62 5%

of the 1sentropic coolant expansion work.

Table 2. Localized explosion energy conversion efficiencies.

Thermal Mechanical - Local Thermodynamic i
Incident Energy, Energy, Area Efficiency, Efficiency, Efficiency
Number . 106 Btu. 103 Btu Fraction: A A D 4 : Ratio, % .
6 -10.3. . 5.2 1/25. .. . 1.26 20.5 , 6.1.
10 26.5 . 28,0 . 1/6 .. 0.63 . : 3.5 . . 18.
27 - 17.9, 14.0 1/3.7 . 0.29- 9.1 - 3.2
37 . - 7.9 6.6 . . 1/2 - 0.17 - < 21.5 : > 0.8
43 . 11.2 14.0 - 1/4 0.50 20. © 2.5
45 14.7 . 4.5 1/6° 0.18. - 19.- - -7 0.95
48 10.4 . 5.3 1/3.3. 0.17 19.. .- .0.90

Bergman and Laufke (6) ;eported a'"TNT equivalent" rangieg froq 6.63 £6 o{é
for expeeiments in which a small amount of water (10-100 g) was introdueed 1nte
a large amouet of smelé (10-30 kg) at 900°C. "TINT equivalent" is an energy unit
corresponding to.about 2 MJ/ls (15 or aboet 4400 kJ/ké (1840 Btu/1b). ‘The o
isentropic coolant expansion work for this case (water expanding from 900°C) is
1330 kJ/kg. A "TNT equivalent" of 0.2 amounts to 880 kJ/kg which is 66% of the
1sentropic work. This is greater than the 35% found by Anderson and Bova (4),

and close to the 62. SZ found by Anderson and Armstrong (5).

These data indicate that systems in which a small amount of coolant is effec-

tively dispersed .in'a large amount of melt can approach thermodynamic bounds. - -
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The only experiments that yielded a high % of the thermodynamic work involved
small amounts of water dispersed in large quantities of melt. Such a contact
geometry is conducive to getting ;he most possible work out of a limited amount
of water, but it does not lead to highly energgtip events and it does not simu-
late industrially important situations. The most dangerous situations have
mass ratios close to the peak iq'thg efficigncy‘cu;ve, sipce(this results in the

greatest amount of mechanical work being obtained.

Intermediate Scale

Intermediate scale experiménts with the?mite-water were performed by Bug;on
and Benedick (7) in an open system. They measured the meqhan;cal energy in
crushing aluminum honeycomb blocks beneath the interéction'vessel aqd the plastic
work done in deforming the interaction ;essel, ané used high speed motion pic-
tures to measure the kinetic energy of the ejecta. They did not measure the .
mechanical energy in the shock wave leaving the top of the interaction vessel.
The highest value of the conversion efficiency that they found was 1.34% of the

thermal energy of the thermite. Most values were between 0.1 and 1.0%.

Mitchell and Evané (8) performed‘avseties of expgriments in which 18;7 1b of
thermite was delivered 1nto,a water mass l.5 to 15>t1m¢s greater in a closed
container. They measured the kinetic energy in.thg%wgter slug by a combination
of high speed motion pictures and fast response-p;essure;gages as well as chg
energy in pressurizing the chambér air. They found the‘kinetic énergy ranged
between 0.3 and 1.6% of the thermal energy in the ‘thermite while the energy in
pressurizing the chamber air ranged between 0.2 and 8.6% of the thermal energy"
in the thermite. It was later shown by Baker (9) that only a portion of the

pressure energy stored in the chamber could do work on the surroundings. After
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applying the necessary correction, the maximum energy conversion efficiency in

these experiments decreased from 9.9 to 4.7%

| Corradini et al. (10)'later'reported that the conversion ratio for the expéri-

| ments done at Sandia were consistently in the 1-2% range. High pressure peaks
(10-30 MPa) are measured near the leading edge of the explosion wave propagating
at velocities of 200-600 m/sec through the mixture. Lower sustained pressureé

|
} follow behind the peak.

While data are not provided on the thermodynamic efficiencies for the above ex-
periments, the thermodynamic efficiencies for thermite and water are between 15 and
30% over a wide range of coolant/melt ratios. Thus the ratio of actual efficiency

to thermodynamic efficiency ranges between about 1 and 10% for these cases.

; Other Systems

Kottowski et al. (11) carried out a series of experiments with controlled
fine fragmentation and mixing. Both stainless steel and uranium dioxide granu-
lates, 200 micrometers in diameter, were heated to sintering temperature and
then subjected to the impact of a high pressure water column in a shock tube.

‘ Explosions occﬁrred at an impact preésure greater than 1 mPa for the stainleés
steel and at impact pressures greater than 2.6 mPa for UOj. Tﬁe mechanical work
was calculated from pressure and vapor.void recordings from consecutive time

| steps. The energy conversion ratios scatter between 0 and 3%.

Bird (12) investigated the thermal interaction between 0.5 kg of molten
uranium oxide at 3600°K and 55 liters of water. The energy conversion ratios
were calculated on the basis that only fragmented material with particle size
less than 280 micrometers was involved in the interaction. He reported the

average conversion efficiencies in the restricted release and free release mode
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were 6.8 and 3.2% of the Hicks-Menzies value (750 kJ/kg), respectively. (While
not specifically stated, the Hicks-Menzies value of 750 kJ/kg is probably the
thermodynamic work, assuming complete equilibrium between melt and coolant during
the expansion. The more realistic, isentropic expansion of theAcoolant which we
use would give a value ;bout half as much.) The maximum conversion found by

Bird was about 137% of the.Hick—Menzies value. This is estimated to be about

6.5% of the thermal energy in a small fraction (about 6% of the total charge) of
material actually involvea in the explosion. The overéll energy conversion

efficiency for this case would be about 0.47.

Summary of Experimental Data

Smelt-water explosions in recovery boilers were extremely inefficient, involv-
ing only 0.005 to 0.37Z of the thermal energy in the melt. The efficiencies were
only 0.03%Z to about 5% of the thermodynamic efficiencies. 1In only thrée cases was
the energy conversion efficiency over 1% of the thermodynamic efficiency. One reason
for this behavior is that one of the characteristic dimensions of the smelt pool is
between one to two ‘orders of magnitude smaller than the other two dimensions. For
those few cases where the damage pattern was sufficient to define a localized
interaction area, localized energy conversion efficiencies ranged from about 1
to 20%Z of the thermodynamic efficiencies. Thus the inhomogeneous distribution of
the smelt within the furnace seems to be responsible for at least one order of
magnitude of the low efficiency. This suggests that the size scale of an inter-~

action may be determined by the smallest characteristic dimension of the system.

Laboratory scale experiments at very low coolant/melt ratios with effective
dispersal techniques can give interactions in which the actual work approaches the
maximum thermodynamic work. 1In this case, however, the maximum work is a very
small fraction(of the available thermal energy, so these interaétions are not

very energetic.




—-14-

Intermediate scale experiments with thermite/water gave energy conversion
efficiencies which were about 1-10% of the thermodynamic efficiency. Con-

finement tended to give somewhat higher efficiencies.

Kottowski's (11) experiments with hof granular material gave efficiencies of
up to 15% of the thermodynamic efficiency. This indicates that a mixing inef-
ficiency on the order of one magnitude exists even after the material hés been
fragmented to a size scale of about 200 micrometers. Bird's (12) data ére
similar. Energy conversion efficiencies were on the order of 10% of the thermo-
dynamic efficiency (isentropic expansion of coolant) even ﬁhough they were.baéed

only on the material that was smaller than 280 micrometers.
ENGINEERING ANALYSIS OF MIXING

The mixing parameter, F, would be a function of melt and coolant temperatures,

mass ratio,. properties, system geometry and size, contact method and triggering

,actidn. The scaling question reduces to being able to predict how F depends on

these variables, since Q and e are directly calculatable for any system. A com-
plete, quantitative, predictive function for F is not attainable. 1In reality,

F is a .probability distribution function, as is evident from the fact that macro-
scopically similar situations result in a broad range of explosive yields. We
will have to be content with developing scaling criteria which govern the range

of F.

The experimental data on energy conversion efficiency are summafized below.
The objective of the engineering analysis is to provide a basis for

understanding this experience.

l. 1If M, <K M}, and dispersal is effective; F —> 1 while e —> 0.

Very little work is done.
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2. If M, and My are the same order of magnitude, and system dimensions are

homogeneous; F is in the range of 0.0l and O.1.

; 3. If M. and My are the same order of magnitude, and one system dimension
is much smaller than the others; F is about one order of magnitude

smaller than it would be if all system dimensions were homogeneous.

ba. 1f Mp << M., dispersal is effective, and the coolant is at saturation
temperature; F —> 1 and e —> constant value, but the work, E, will be

small because Q is very small.

4b, If Mp << M., dispersal is effective, and the coolant temperature is

‘ below saturation; F —> 1 while e —> 0. Little or no work is done.

be. If My << M., the coolant temperature is below saturation, and the
coolant is not completely mixed; work could be done even if e = 0. The
quench action of the coolant would not be complete. This does happen

‘ in dissolving tank explosions.

It is evident that a single mixing parameter cannot be used to describe
explosion energetics over the full range of coolant/melt mass ratios. This is
especially so with very high coolant/melt ratios and some subcooling, where the

‘ thermodynamic efficiency is zero on a global basis. In this case it is only the

inefficiency of the mixing pfocess that results in an explosive interaction.

This cannot be handled with ; single parameter because F would have to approach

| infinitj as e wént to zero in order to get a finite amount of work. This
doesn't fit with the concept of a mixing parameter, which assumes thermodynamic

| efficiencies in a fully-mixed system as an upper bound.
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A better. approach 1s to define separate mixing parameters for the hot and
cold fluids, fy and f.. Then the masses of fluids which interact (to the thermo-
dynamic limit) are fp*M, and f.*M., respectively. The thermal energy available

is fhen-giVén.By ‘
Qq = £p*Mp*Cpn*(Th — Te) = fh*Q (5)
The thermodynamic efficiency would then be given by
e' = e'[(f./fp)*(Mc/My), Th, Tcs Tr, properties] | (6)

In general, e' is a highly nonlinear function of the mass ratio and hence of the

ratio of thé mixingAparameters. The work done, E, is given by
E = fp*Q*e' = F*Q*e (7)

Thus the&measured efficlency parameter, F,-can be expressed as
F = fp*e'/e | (8)

It should be noted that the only variable that causes e' to differ from e is
the mass ratio which is (fo/fn) (Mc/My) for e; and (M./Mp) for e. éil-other
vari;bles are thé same. Thus e' ~ e when (f./fy) = 1 or if the mass £;ti; is iﬂ
the‘rangé where the‘thermOAynamic efficiency is not a strong functioﬁAof ﬁﬁe
maés raégo.j fﬁe.g¥eatest differences between e and é' are‘expectea ;f the
extreme; (ﬁc (é.Mh oé Mp << M¢). In the intermediate range the efficiéncy is‘

relatively 1ndepeﬂdent of the coolant/melt ratio and so e' =~ e and F = fy,.
Thermodynamic efficiencies are calculated by a two-step process.

l. The system attains an “équilibrium temperature,” T,, thch is determined

by a simple heat balance.
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Mp*Con*Th + hc*cvc*Tc

Te = Mp*Cyn + Mc*Cye )

where the Cy's are appropriate averages over the temperature interval.

1 .

Thus Tg = T (Th, Te, Mc/Mp, properties) and‘is ppunded, Te < Te < The

The work is obtained by an isentropic expansion of the coolant from Te
down to the temperature corfesponding to thevreferencé‘ptessure, Pr
(normally ambient pressure). Then the work per unit mass of coolant, w,
is‘given by w = w (Te, Pr, coo}ant properties only), wich w=0 1fvTe <

Tgat (at Pr).

The two extreme cases can now be analyzed.

Water Limited Case

ratio.

given by

If M, << Mp, then T¢ —> Ty, and w = w (T, Py, coolant properties). The

thermodynamic efficiency is then given by

"‘Mc*w (Th, Pr, coolant properties)

e=
Mp*Cpp* (Ty - Tp)

(10)

Thus e is a linear function of the coolant/melt mass ratio at low values of that

For the case with two mixing parameters, the interactive efficiency, e', is

, fc*ﬁc*w (Th, Pr, coolant properties) f.*e (li)
N fR*Mp*Cpp* (Th - Tp) : th

e
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Combining Eq. (11) with Eq. (8) gives
F=f, for Mc <K My (12)

Thus for the water limited case, the thermodynamic efficieﬁéy is difectly pro-
portional to the coolant/melt mass ratio and the water mixing harametef is the
only significant mixing parameter. The experimental data indicate that f. can

approach unity when M. << My under some conditioms.

Melt Limited Case

The situation of primary interest here is that of poor mixing. In this case

the amounts of each fluid which interact are given by f *M. and fp*My.

£o*Mc* Cyc*Te + fR*Mp*Cypn*Th
fo*Mc*Cye + ER*Mp*Cypy

To = (13)

..or Tg-® Te + (Ep/£)¥(Mp/Mo)*(Cyh/Cye)*Th for My << M, (14)

No work is done 1f Tg { Tgat, and this occurs if (fy,/f.)*(My/M.) —> 0 and Té <
Tgate If Tc > Tgae, there will be a finite amount of work which will tend to be

probortional to (fn/fo)*(My/Mo) .-

The global equilibrium temperature is given by

Te +  (Mp/Mc)*(Cyn/Cyc)*Th
1+ (Mp/Mc)*(Cyn/Cyc)

Te = (15)
Comparing Eq. (14) and (15), it can be seen that when T; < Tgat, it is possible
for Te (global) < Tgat while Te (interactive) > Tgae, 1f fh/fc is sufficiently

greater than 1. This would occur if fy, —> 1 while"fc << 1, which is what hap-

pens in a dissolving tank explosion.
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Intermediate Region

The region of greatest interest is that of intermediate mass ratios where
the magnitude of the thermodynamic efficiency is highest and is also relatively
independent of mass ratio. In this region, F = f},, and we can focus on the

mixing of the hot fluid.

The first case to be considered is one where the two fluids are uniformly
intermixed on a coarse scale and the system is dimensionally homogeneous (each
spatial dimension is approximately the same). We will formulate a simple analy-

sis of this case and then extend it to more complex situations.

The conceptual model used to formulate the analysis considers that the
explosion initiates at a triggering point. The disturbance then propagates
through the mixture causing mixing, rapid heat transfer, and violent expansion.
Mixing and thermal interaction are assumed to occur first. The expansion which
follows is assumed to terminate the mixing process. In any local region, there
will be a characteristic interaction time interval, tj, from the start of the
rapid mixing process until the start of expansion. If the disturbance propagates
at a velocity, c, there will also be.a characteristic interaction length, L;,
given by Ly = c*tj. These two parameters, tj and Lj, can be used to derive scaling
relationships. Mechanical constraints placed on the system will tend to delay

the start of expansion and this will result in an increase in ty and thus Lj.

One of the critical aspects of steam explosions is that of coherency. An
energetic explosion can only occur if the mixing and thermal energy transfer
take; place in a coordinated manner Qithin the time scale of the explosion.
This effect must be incorporated intﬁ the "mixing model." This can be done by
writing:the hot fluid mixing function, fﬁ, as a'product of a coherehcy factor,

feoh, and a mixing/heat transfer factor, fpjy.
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fh = fcoh * fpix (16)

The coherency factor accounts for the fraction of the global system volume that
is able to participate in the coordinated interaction, while the mixing/heat
transfer factor accounts for the local processes that allow extremely rapid

energy transfer to the coolant.

The mixing factor, f iy, involves two separate but interlinked physical pro-
cesgses, the increase in the thermal contact area, A, as the two fluids intermix
and Ehe transfer of heat from the melt to the coolant. The mixing process itsélf is
described by giving the contact area as a function of time, i.e., by specifying

Ap(t). The increase in contact area during mixing can be assumed to be exponential.
Ap(t) = Apo * ekt (17)

‘where Ah; is the prefragmentation contact area and k is a fragmentation param—
eter (waich would be dependent on meit and coolant properties). The exponential
form was chosen because that is the form that the area increase would take if
the fragmentation process occurred by continuing division of droplets at a
charaéteristic time interval. The heat transfer is treated as a l-dimensional,
unsteady-state conduction problem. This results in a thermal penetration
distance, z, which is proportional to (ay t)l/z, where ag is the thermal dif-

fusivity of the hot fluid.
z = k'*(ag t)1/2 (18)

The product4of the contact érea, A (t) and the thermal penetration distance, z,
is the volume of the hot fluid that has 1nteractedvthermally with the coolant.
The ratio of that volume at time tj to the total volume of the hot fluid can be

equated to the mixing factor.
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%
An(ty) * 2(ty)  pp*Apgre™ tL 1/2
= = %* '
fmix /e i k'*(apts) (19)

We can define ph*Apo/Mp = 1/dpg, where dp, is a characteristic prefragmentation

hot fluid dimension. Then,
k' *
fmix = E.__.*(aﬂti)IIZ *ek ti (20)
ho

The values of k' from standard unsteady-state heat conduction theory is 4.
This would be the correct value to use if all of the surface area was available
throughout time interval tj. However, new surface area is continually being
created as fragmentation proceeds, so that thermal penetration is smaller for
some of the area. It can be shown by solving a convolution integral'that kf

should lie between 1 and 1.5 for the expected range of area expansions.

The éxponential term, ekti, is the ratio of the final area to the initial
area. For spheres, when the total volume is constant, the area ratio is given

by

A _ N2 _dno (21)
Ano Nhodzho d . '

where N, = initial number of melt particles and N = final number of fragmented
particles. Thus,.kti can be interpreted as 1ln dy/d where d is the diameter of
the fragmented particles. For fragmentation ratios of 100 to 1000, ktj = 4.6 to

6.9. Thus if tj is on the order of 1 millisec, k ~ 5 x 103 sec~l.

It is possible to estimate the order of f j, for the smelt water system.
The thermal diffusivity of smelt is about 0.0018 cm?/sec. ti can be assumed to

be 1 millisec. The prefragmentation diameter can be taken to be about 2.5 cm

(1 inch). Then
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fmix = %‘—?—, 0.0018 x 0,001 e5x103 x 0.001 = .12
Thus, it is not unreasonable to expéct the mixing efficiency to be on the;ofder‘
of 10%Z for the smelt-water system. Similar, or slightly higher values might be

expected for other systems such as thermite and water.

It appears reasonable to assume that f ;. is determined by. the properties of
the two fluids, the initial state of intermixing, and possibly the magnitude of
the triggering impulse, and is not dependent on any global dimensions of the

system.

The coherency factor can be looked on as a ratio between the vdlumé bf the ;
system able to participate in a coordinated interaction and the totélivolume of L
.the gystém. It would be expected to be dependent on the size of the system.

For the spatiglly homogeneous case, the system size can be characterized by a
singie parameter, Lg, defined by Lg = [Mp/pp + Mc/pc]1/3. This can be con-
sidered to be a global characteristic length for the system. It is not unreason-
ablé to assume that the coherency factor would be a function of Lj/Lg, where Lj
is the characteristic interaction length discussed earlier. It is clear that
fcoﬁ —> 1 as Ly becomes > Lg, and that fecoh will become small és ti becoées'<(
Lg."The exact form of thé dependence will depend on the "dimensionality“Aof the.
expiosion. If the disturbance is propagating as a one-dimensional wave,‘we

could expect a linear dependence'of feoh on Li/Lg. If the disturbance is prop;—
gating three-dimensionally, we could expect f.,, to depend on (Ling)3. In

general one can use a power law relation,

feoh = K"(Li/Ln | (22)




o
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where n is a power between 1 and 3. The "dimensionality" which determines n

will be dependent on the constraints existing in the system, and could be very
difficult to predict. The coherency factor used here defines the interactive
region around a single triggering point. 1In actual cases, such as the smelt-

water explosions, multiple explosions may occur and a violent interaction in one

‘region may trigger one someplace else. In these cases, the energy releases from

each interaction would be added.

It is only possible to make rough estimates of f,.,,. The intermediate
scale experiments with thermite-water, discussed earlier, gave F = f}, = 0.01
to O.1. Since fuj, could be expected to be about 0.1, f.,n ranged from 0.1 to
1.0. The globalhdimensibn of thése systems, Lg, was apparently on the order of
1 ft. Interaction lengths are difficult to estimate. fropagation velocities

of 200 to 600 m/sec were reported for thermite-water. If the interaction time

is 1 millisec, interaction lengths would.range from about 0.5 to 1.5 ft. This

appears reasonable. Since confinement (which would tend to lower n) tended to
give somewhat higher efficiencies, n must normally be > l. The data would not
be incompatible with a situation where k" = 1, n = 2, and Ling ranged from 0.5

to l.5. Note f.on cannot be greater than ome, so if k" .(Lj/Lg)™ > 1, feon = 1.

For systems, such as'the recovery boiler, where the gysﬁem dimensions are
not ﬁomogeneous, we need to.introduce another characteristic dimension, 1lpin,
wﬁich is the miniﬁum system dimension. For ekample, in the recovery furnace,
lpin = deﬁth éf the smelt + water layer. In this case, the effiéiency needs to
be redﬁcéd by another factor, (1Qin/ng, the ratio of the minimum characteristic

length to the gloBal chéracteristicllength.
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Thus the scaling critera for the intermediate region can be summarized by

Puty - () (Y

Lg Lg fmix (23)

where f ;. depends on properties, the initial state of subdivision and trigger
pulse magnitude, but not system size. The parameter k" will be on the order of 1
and n # 2. Lj would depend on properties of the two fluids, but would be

expected to be on the order of one foot in magnitude.

1

Conclusions

Energy conversion efficiencies in steam eiplosions aré ﬁogﬁally a small frac-
tion (< 10%) of the ;hermodynamic energy conversion efficigncieg. The only
excépﬁioﬁ is when small amounts of coolant are effectively dispersed‘in a large
amoun£ of melt., .This latter case has minim#l industrial 1mport§nce because tﬁe
magnitude of the energy releaseiis sﬁall,'since it is limited by the amounts of

coolant.

A

‘Smelt-water explosions in recovery furnaces have energy conversion efficien=

cies generally in the range of 0.1 to 1% of the thermodynamic efficiencies.

This is about one order of magnitgde lower than efficiencies obtained with_
intermediate scaie thermite-water experiments. Pa;t of this diffeéence may be
due g& t#e higﬁer thermal diffuéivity for thermite, but it is mainly due to th
geomet?& Sf thé smelt-water system 1n a ?ecoyery boiler. Smelt (and water) are
preseﬁt as wide,lshallow pools, ;nd the explosiong‘are 1ocqli;¢d‘and do not
involve the giobal smelt-water system. When caiculated on a locaiizgd bagis,
the smelt-water efficiencies are about the same fraction of tge thermodynamic

efficiency as are those for thermite and water.
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A simplified engineering analysis of steam explosions was developed which

allows thermodynamic calculations to be used to estimate explosion energetics

and which provides means for estimating the effects of system size.

According to

this analysis, the fraction of the thermodynamic efficiency which is actually

realized depends on three multiplicative factors:

a property dependent factor, a

factor dependent on the global characteristic dimension, and a factor related to

inhomogeneities in system dimensions. In general, the analysis suggests that

energy conversion efficlencies decrease as the size of the system increases,

particularly as system dimensions exceed an "interaction length'" which appears

to be on the order of one foot. The analysis does provide a plausible interpre-

tation of the experimental results.
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