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Abstract

In this paper we describe our work on the development of mathematical
models of steam explosion phenomena. Most of the paper is concerned with
describing a transient, two-dimensional, three-component model of coarse
mixing. We present results illustrating the effect of varying the melt
composition and of changing the initial conditions on the amount of coarse
mixture produced. We also describe our recent work on the study of
detonations and show the need to consider transient effects, rgther than

assuming a steady Chapman-Jouguet detonation.

October, 1987






Nomenclature

acceleration due to gravity

2= g e}

enthalpy
heat transfer coefficient

latent heat of vaporization

= =
Hh
[te]

length-scale

volumetric source rate

pressure

reduced pressure (defined in eq.5)
radial coordinate

temperature

time

radial velocity

< o a a4 R " Y g

axial velocity

axial coordinate

N

Greek symbols

o volume fraction

p density

X radial part of reduced pressure (defined in eq.5)
T timescale

suffixes

M melt

S_ steam

W water






1. Introduction

Although steam explosions have been a subject for both theoretical
and experimental study for many decades there are still a number of areas
of uncertainty. It is believed that in most circumstances a steam
explosion involves a progression through the stages of mixing,
triggering, detonation and expansion [1]. However, many of the details of
these processes remain uncertain. There is still no definitive answer to
questions, such as, "How much melt will mix effectively in a given

situation?" or "Will this mixture support a self-sustaining detonation?"

We have been involved in the development'of mathematical models in an
attempt to answer some of these questions. To date our work has been
concerned mainly with modelling the initial coarse mixing stage. This has
necessitated the development of a transient, two-dimensional,
three-component multiphase flow code. A description of this model,
together with a description of some of the calculations we have made with
it, will constitute the bulk of this paper. Our current work is concerned
with the development of a one-dimensicnal, transient detonation model. We
will give a brief summary of our progress in this area and explain how our

detonation model is related to our mixing work.

2. Coarse Mixing Modelling

2.1 Previous Work

In this section we will give a very brief review of previous work.
Further details are given in reference 2. Limits to mixing are based on
one of two different arguments. These invoke either dispersion of the
mixture due to excessive steam production, or the failure of large
diameter melt jets to be fragmented sufficiently to form a mixture. The
latter area has been addressed theoretically by Theofanous and Saito [3]
and Epstein and Fauske [4] and is currently being examined experimentally

at Argonne National Laboratory (ANL) [5] and Sandia National Laboratory



(sNL) [6].

In this paper we will be concerned mainly with the first mechanism.
Dispersion of the melt or liquid occurs because of the very large steam
flows caused by rapid vapour production, due to the high temperature of
the melt. Henry and Fauske [7] first proposed a very simple limit to
mixing based on a Critical Heat Flux (CHF) criterion. This model is
one-dimensional and steady. It assumes that mixing is limited to the
amount of melt which gives rise to the same amount of vapour generation as
that which would occur for the CHF from a flat plate heater with the same
cross-section area as the mixing vessel. This model has been widely

criticised because of its over-simplicity (see, for example, [2]).

Corradini and Moses [8,9] have attempted to improve upon this by
producing a one-dimensional, fransient model which uses data from the FITS
experiments to avoid the need to solve the complex mass and momentum
equations which govern mixing. Whilst this model provides considerable
insight into the mixing process (in particular on the phenomena of melt
and coolant sweep-out) it relies very heavily on experimental correlations
and cannot be used to make predictions about other melt/coolant systems or

conditions outside the range of its data-base.

The first attempt to model the transient mixing process in detail was
made by Bankoff and co-workers, who developed a series of models based on
the solution of multiphase flow equations for conservation of mass and
momentum [10,11,12]. Their final model was transient, two-dimensional and
assumed homogeneous flow of the water and steam. The melt was assumed to
consist of spherical particles of a fixed size at a constant temperature.
Model predictions showed that the melt was rapidly dispersed by the flow

of vapour and there was little mixing for tonne scale melt pours.

Our work represents on extension of this model in that we allow for
slip between all the phases and we have introduced a model of transient

melt breakup. A similar approach is being pursued at Sandia with the



development of the IFCI code which can model all stages of a steam
explosion [13]. Our strategy has been to develop separate models for each
stage so that we can make use of special features, such as incompressible
flow during mixing, to optimise our models and solution procedures.
Furthermore, this step-by-step approach enables us, in principle, to
validate each stage of the calculation with experiments (wherever

possible). 1In the next section we will describe our model in detail.

2.2 Model Description

A complete description of the model is given in references 14 and 15.
However, the main features of the model, together with the relevant
conservation equations, will be presented here. We assume that mixing
takes place axisymmetrically in a circular cylinder of radius R, height H,
open at the top. The flow velocities are sufficiently small for us to
assume incompressible flow so that the mass densities Pu’ Py and Py may
be taken as constant. We assume that the mixture consists of three
components, melt (M), water (W) and steam (S). The water and steam are
both assumed to be at their saturation temperature. With these
assumptions it is possible to formulate the model in terms of a set of
equations of the form

d 13
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where @ is the volume fraction, Ui is the horizontal velocity and Vi
is the vertical velocity of species i (i = M,W,S). Table 1 below lists
the variables ¢i and the source terms for the water species equations,
plus the melt enthalpy and melt length-scale eguations. The equations and

source terms for the other species are obtained by suitable permutation of

the suffices.



le

Equation source term
i il S

Conservation of

water mass 1 rﬁw/pW

Conservation of

. op _ oy
radial momentum pWUW qw W aw g
+F & Fr + Fr
WS WiT
Conservation of
axial momentum oV -0 EE ga o (p. = p.)
W W W 0z WM ™M W

Melt enthalpy pMHM s Dy

V't

Melt length-scale L “By Ty B M

M

Table 1 : Coefficients and source terms for some of the conservation

equations.

In addition to the above equations the volume fractions must satisfy

the constraint
+ + a_ =1 2
GM GW (2)

which implies the following elliptic constraint,
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The above equation allows the common pressure to be determined, as

will be illustrated later.

It now only remains to describe the source terms, together with the
necessary constitutive relations needed to close the problem. We assume
that there are no sources or sinks of melt inside the vessel so that
&M = 0. Melt is usually injected at the top boundary. Since the water

and steam are assumed to be saturated there is no condensation of steam

(ie mg? 0). Conservation of mass gives ﬁw = —ﬁs and we set

me = awah6h (TM - TW)/LM hfg (4)
where we have assumed the melt to be in the form of spheres of diameter
LM. TM and —TW are the melt and water temperatures, hfg is the latent
heat of vaporization and h 1is the appropriate surface heat transfer
coefficient. In our calculations we have assumed that h is the sum of a

gray body radiation term and a convective film boiling term. The

convective film boiling correlation of Witte [16] was used.

The term aW on the r.h.s. of equation (4) ensures that vapour
production only occurs when there is water present. The choice of a

factor linear in a_, 1is arbitrary. The heat transfer processes within a

W
mixture are very complex. Because of the high temperature of the melt the

absorbtion length of water is long (for melt at 3400K only 60% of the
radiation energy is absorbed in 30mm of water [17]). In addition, the melt

starts out by being in film boiling in water but so much steam is produced



that the continuous phase becomes wvapour and the heat transfer rate is
reduced. These ideas are explored in more detail in reference 17. It is
sufficient to note here that the form of the source term in our code can
be readily modified to account for our improved understanding as more

experimental data becomes available.
In the momentum equations we work with a reduced pressure, defined by

H
P=p-yx=p- fzg(aMpM+%,pw+asps)dz (5)

Thus the usual axial momentum source term -qw-%g - awpwg takes the form
given in table 1 and g% terms appear in the radial momentum equations.

The introduction of a reduced pressure greatly improves the stability and
convergence properties of the pressure correction scheme used to solve the

eguations.

The terms F;M and F;M represent interphase drag between the melt

and water in the r and =z directions respectively. These terms have
been modelled using a general drag law proposed by Harlow and Amsden [18]

and their exact form is given in reference 14. The important point to

note is that

=y r -
= DWM(GM'QW’L ,L_,0 ,0 ,V ,V )(U U} (6)

r
FWM MW M W M W M W

r r , . . . .
- = DMW Newton's third law is satisfied. There is a

lack of experimental data on the drag force in three component mixtures of

so that provided D

the type encountered in the study of coarse mixing. Experimentally it is
very difficult to determine exactly what a mixture consists of and it is
even more difficult to measure the transient drag forces. Thus we have
chosen to use a very general drag law which can easily be modified or
replaced as improved experimental data become available. Other drag laws

are examined in [17].
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The terms FWIEI and Fwﬁ represent evaporation reaction forces and

are not present in the melt equation. These take the form

xr - I . ‘ (7}

In the enthalpy egquation the kinetic energy of the melt and terms
arising from pressure and drag work have been neglected, since they are
small compared with the thermal energy terms. The source term ensures
that the melt cools by an amount consistent with the heat used to produce
vapour. The melt temperature is determined from the enthalpy by using a
suitable caloric equation of state. Energy equations are not required for
the steam and water phases as they are both assumed to be at their

saturation temperature.

In the melt length-scale eguation the source term causes the melt

length-scale to reduce to Lc with a fragmentation time of T, * The

choice of a model for LCrit Z;g TL is complicated by uncertainties over
the breakup mechanism and the choice of appropriate effective fluid
surrounding the melt drops. To date we have used constant values for Lcrit
and T . Work is underway at Sandia to develop breakup correlations valid
for both small droplets and large jets based on the analysis of
experimental data [13]- As further data becomes available we can easily
modify our model. In addition, it is a simple matter to introduce
conservation equations for both the steam and water length-scales but at
present, in our view, there is insufficient experimental data to warrant

their use.

2.3 Boundary and Initial Conditions

We set the normal velocity component to zero on all solid boundaries.
Since there is no viscosity in the model we do not implement a no-slip
boundary condition. At the top (z = H) we set the radial velocity of all

the components to zero and set the vertical gradient of Vﬁ and VM to zero.



A uniform steam velocity outlet profile is assumed with the flow rate

determined from the volume integral of eguation (3).

In incompressible flow pressure is a relative variable so that at the
exit plane we set 5 = 0 at one point to fix its level and determine the
remainder of the pressure field during the course of the solution. At
t = 0 an initial velocity and volume fraction field is specified together
with the length-scale and temperature of each species. Any melt injected
into the solution domain is given a specified velocity, length-scale and

enthalpy.

2.4 Solution Procedure

Only the outline of the solution procedure is presented here as full
details are given in reference 14. The equations were finite differenced
using a staggered grid. Upstream differencing was used for convective

terms for stability. The solution procedure is as follows:

(a) Time advance the cc\‘1 equation to get aM(t + At) using the melt
L

velocity and @, fields at time t.

(b) Similarly time advance LM and HM and determine TM using the caloric

equation.
(c) Time advance the aw equation treating the source term implicitly.

d Determine = = - .
(d) e min as 1 e Ay
(e) Determine the new velocity fields using the pressure field at time

t.

(f) Substitute the new velocity and volume fraction fields into the
finite differenced form of equation (3) to determine the local

continuity error.



(g) If this error is too large, update the pressures using Newton's
method, go back to step (e) and repeat the procedure using the latest
pressure field. Iterate steps (e) » (g) until the local continuity

errors (suitably normalised) are below the desired accuracy level.

Typically after 2 iterations the above procedure converges and the code
steps forward in time again. The chosen method of time advancing the a's
ensures that they remain positive and if the continuity error is reduced

to a suitably small value they remain less than unity [19]. For stability

V, At U, At
i i
" T

and for accuracy we require the product of any rate parameters and the

we require the Courant number (Max ( ]) to be less than unity

time-step to be less than unity e.g. At/;L << 1.

In the momentum equations the velocities of all the species are
coupled at each grid location due to the drag terms. Thus at each grid
point we invert a 3 x 3 matrix to obtain the new velocities of all 3
species simultaneously. This procedure ensures that Newton's third law is
exactly satisfied. The pressure correction is carried out by first
correcting the pressure level in vertical blocks and then correcting the
pressure within the blocks. This procedure avoids the need to solve the
full 2-D Poisson's equation and instead we use a TDMA solutipn for the

block correction and then a TDMA solution within each block.

2.5 Model validation

The code has been tested extensively on model problems and has been
found to give grid independent sﬁlutions which depend continuously on the
initial data. It has been used to simulate the one-diménsional
experiments carried out at Brookhaven National Laboratory [20] in which
heated ball bearings were dropped into water [21]- It has also been used
successfully-to simulate the ANL experiment (CWTI-9) [22] in which a
corium jet was injected into a pool of water [14,15]. In addition, it has
been used to examine the effect of pressure on mixing [21] and to examine

the role of wvapour production [14]. Unfortunately there is very little



data available which is entirely suitable for modelling purposes as it is
important to have both well-defined initial conditions and reasonably
detailed transient measurements to make experimental comparison
worthwhile. We will present some further simulations in section 3 of this
paper in which we will examine the effect of changing the melt material

and examine the effect of radial spreading of the melt jet.

2.6 A Quantitative Measure of Mixing

The code enables us to calculate the evolution of the volume
fractions, the melt lengthscale etc and a typical run produces an enormous
amount of data. If we had a complete model of the steam explosion process
we would be able to stop the mixing calculation and examine the potential
for a detonation by introducing a pressure pulse to trigger the mixture.
Our aim is to produce a detonation model to enable us to determine which
mixtures can support the escalation of a localized interaction into a
propagating detonation. As an interim measure and to gain some insight
into the dynamical evolution of a mixture we have produced a qualitative
measure of mixing. This measure contains gqualitatively, in our view, the
current state of knowledge of what constitutes a "good" mixture. For
example, both melt and water must be present, there must not be too much
steam and the melt particle size must not be too large. A full
description of the chosen function is given in reference 23 but it will be

summarised briefly here for completeness. We set

B = 16 aWaMH - aW)(1 - ocM) f(cxs) g (LM) (8)

The function 0 takes values between zero and one and attains its maximum
value when the mixture consists of equal volumes of melt and water. The

functions f(a and L are unity except when either )
L ( S) g( M) 4 P aS 4 acrlt ax

L. > i i - . ,
M LMCRIT in which case they tend rapidly to zero These two functions

account for the fact that detonations are inhibited if there is too much
vapour or the melt particles are too large. Typically we set acrit = 0.6

and L = 10mm.
MCRIT

The function allows us to compare different simulations and to
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determine an approximate region of mixture in each case. Now that the
model, together with a means of describing a mixture, have been described

we will present the results of some simulations.

3. Mixing Simulations

In this paper we present the results from two sets of simulations of
coarse mixing. The first series compares the mixing of three different
melts with water. The second series examines the effect of jet spreading
on the mixing process. We use the same geometry and finite difference
grid in each case. The vessel geometry is shown in figure 1. We used a
10x10 finite difference grid and a time-step of 10-55. Each simulation
were carried out for an ambient pressure of 0.1MPa. All the length-scales
were assumed to be fixed and values of LM = 5mm, LS = 20mm and LW= 20mm
were used and all the drag coefficients were set to 0.2. 1In the base case
calculation 41kg of UO2 was injected with a vertical velocity of 3m/s and

a pour diameter of 100mm. The vessel contained 460kg of water.

3.1 The Effect of Melt properties

We carried out 3 simulations using identical volumes of melt for
melts of uranium dioxide, steel and aluminium. The important differences

in physical properties are given in Table 2 below.

Property UO2 Steel Al
Initial Temperature (K) 3400 2000 1200
Freezing Temperature (K) 3120 1730 933
Density (kg/m3) 8,400 6,900 2,700
Latent heat (J/kg) 2.77x10° 2.7x10° 3.95x105
Heat capacity (J/kgK) 503 600 1070
Emissivity : 0.84 1.0 0.4

Table 2: Melt Properties

In all cases the melt superheat was approximately 270K.

-11-



Figure 2 shows a comparison of the transient steaming rate for the
three different melts. The figure shows that there -is a considerable
difference in the steaming rate with very different behaviour being shown
in the U02 simulation compared with the other two simulations. In the UO2
case the steaming rate rapidly rises to 8kg/s as the melt enters the water
and then falls rapidly as the steam production causes the mixture to be
dispersed. In the case of steel and aluminium there is a much slower rise
to a lower peak value and then steam production remains constant for

approximately 0.3s.

The differing steam production rates cause different amounts of
sweep-out from the vessel in the various cases. For the UO2 case 3% of
the melt and 36% of the water is swept-out after 0.5s. In the case of
steel 1% of the melt and 0.2% of the water is lost and in the case of
aluminium the loss is negligible. The exact value of the masses of
material swept-out obviously depends on the chosen form of the drag law
and is simplified in this case because we have chosen fixed length-scales.

However, the calculation does illustrate the considerable difference

between the behaviour of the different melts.

Examination of the melt temperature fields showed that after 0.5s
there was little cooling of the melt in the bulk of the mixture but that
around the edges where the mixture was very dispersed the UO2 has cooled
by approximately 270K, the steel by 150K and the aluminium by 20K. These
figures are consistent with the vapour production data and show that a
significant error would not be introduced by assuming a constant

temperature. In the dispersed zone the UO_ was approaching its freezing

2
temperature.

The differences between the coarse mixtures produced are best
illustrated by using the mixing index described in section 2.6. Figures
3(a) (b) and (c)} show contour plots of & for the three different melts
0.2s after the start of melt injection. The effect of wvapour production

on mixing is clearly illustrated. The mixture produced in the case of UO2

-]12=-



is much more dispersed than in the other two cases. In the case of UO2
the mixture region consists of a paraboloid of revolution surrounding a
central core of mixture. This is qualitatively very similar to the shape
of the mixture region observed in some of the FITS experiments [24]. The
steel and aluminium cases are similar to each other, but with better
mixing in the aluminium case. The different locations of the zones of
mixture is due to the different densities of the melt causing different
fall velocities. The figures show very clearly the different nature of
the mixture when it reaches the vessel base at which time triggering is
likely to occur [25]. The data presented here shows that care must be

taken in making conclusions about one system from data collected from a

different one.

3.2 The Effect of Jet Spreading on Mixing

In this section we present the results of a series of calculations
carried out to examine the effect of jet spreading on mixing. This topic
is of particular interest since jet breakup is currently a topic of
experimental investigation at various laboratories [5,6]. We used almost
the same geometry as described in the previous section. The only
difference was that the large area pour of melt was replaced by a 50mm
diameter jet of 002 and the pouring time was increased to .0.2s so that the
same mass of melt was injected. We examined three different cases: a jet
with no initial radial velocity and jets with initial radial velocities of

0.2m/s and 0O.6m/s.

The steaming rate for each of these cases is shown in Figure 4. The
figure shows that increasing the initial jet spreading rate increases the
steam production rate. This is because the melt is spread radially so
that more melt contacts the water. In the case of the 0.6m/s initial
velocity vapour production disperses the mixture after about 0.3s and the
steam production rate falls. Also shown as a dotted line is the steam
production rate for the case of a wide jet (without an initial radial
velocity) described in section 3.1. The figure shows that the two

different initial conditions lead to very different steam production
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transients.

The different vapour production rates lead to very different amounts
of melt and water sweep-out. Increasing the radial velocity increased the
sweep-out of melt from 10% for U = 0, to 22% for U = 0.2m/s and to 70% for
U = 0.6m/s. Increasing the radial velocity had the opposite effect on the
sweep-out of water with 32% being swept-out for the case U = 0 and
virtually no water being lost in the other two cases. These results again
illustrate the sensitivity of the mixing process to the initial

conditions.

Figure 5 shows the mixture function for the case of no initial radial
velocity and an initial radial velocity of 0.6m/s. The plot shows clearly
the dispersive effect of the radial velocity. The mixture is very
different in character in the two cases. In the case with no radial
velocity there is a central core containing a "good" mixture whereas in
the case with an initial radial velocity the centre of the mixture zone is
filled with steam. Apart from the differences in shape, it would be
impossible to distinguish between the two cases in experiments by using
optical means alone. This type of simulation highlights the need for
sophisticated experimental means of probing the inside of a mixture to

determine how well simulations describe real mixtures.

Comparison of figure 5a with figure 3a shows the effect of changing
the jet diameter for a fixed mass of melt injected. The mixing zone is
much more compact in the case of a narrow jet. This is because steam
production is reduced by the close packing of melt (see figure 4) and thus

the mixture is not dispersed so rapidly.

3.3 Summary of Mixing Results

The results presented here together with those presented in our
earlier work clearly show that steam production plays a very important
part in the evolution of a mixture. The calculations demonstrate that

low temperature simulants can produce regions of very good mixture in
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situations where high temperature melts, such as U02, do not.

Figure 6 shows the water volume fraction contours for the wide jet
pour of UO2 0.25s after the start of the calculation. The figure shows
that vapour production is so rapid that it completely disperses the water
overlying the mixture zone. This phenomena could be very important in
reducing the violence of an explosion as steam produced in the detonation
stage of the explosion would vent into the overlying region of low
pressure gas. Steam chimneys similar to this were observed in the FITS
experiments [24,26]. Calculations presented by Corradini [26] show that
in some circumstances shock waves generated in the detonation process are
able to close this region up. A thorough study of this phenomena is
needed, however, before it becomes clear whether efficient explosions can

occur in situations where the overlying water pool is highly voided.

For the situation shown in figure 6 the steam velocity was of the
order of 75m/s in the centre of the mixing zone and the water velocity was
of the order of 3m/s. This shows that the assumption of homogeneous flow

of water and steam is not reliable in these conditions where vapour

production is so rapid.

Of course, it should be borne in mind that the mixing index we have
been using in this work is only an approximation in the absence of
reliable data of what constitutes a "good" mixture. In the next section
we will describe our approach to the development of a detonation model
which will enable us to determine what mixtures can sustain a propagating

detonation wave.

4. Detonation Modelling

In this section we give a brief summary of our detonation work.
Numerous workers [27,28] have developed steady=-state models of detonations
based on the Board-Hall model [29] where the analogue between steam
explosions and chemical detonations was first examined. Steady-state
models assume that the explosion zone is terminated by a Chapman=-Jouguet

plane at which the flow is just sonic relative to a frame of reference

-15-



moving with the detonation front. Whilst there can be little doubt that
the C-J condition is required for a steady-state solution of the eguations
to exist, it is by no means obvious that there is sufficient time
available for a steady-state solution to develop in any particular
application. We aim to overcome these problems by carrying out a
transient simulation in which a pressure pulse is incident upon a region
of coarse mixture. This will allow us to examine escalation and decay of

detonations as well a steady-state propagation.

To date we have modelled systems which consist of only
two-components, namely a 'burnt' and 'unburnt' fluid. Our work has been
concerned with the formulation of a one-dimensional multiphase flow model
based on the usual multiphase flow equations. The numerical scheme we
have developed is reported in references 30 and 31, together with a number
of test cases. In the work reported in reference 32 we have used this
system of equations to examine the effect of initial conditions and
constitutive relations on the form of the solution obtained. This has
enabled us to test the model thoroughly and to make several interesting

observations.

Firstly, our calculations have shown that for a wide range of initial
conditions and trigger mechanisms (e.g. combustion only occurs when a
critical pressure or temperature is exceeded in the 'unburnt' fluid) the
C-J condition may not be approached for a considerable time. Thus in
problems of practical interest walls may be encountered before the
detonation process has reached a steady-state. Secondly, we have observed
that depending on the trigger threshold we may generate strong or weak
detonations. Figures 7 and 8 show typical examples of strong and weak
detonations. In the strong detonation case a high pressure or temperature
was required to be exceeded before combustion was initiated. Because of
the high trigger pulse used, a strong detonation was initiated and has
travelled a considerable distance without being weakened to form a C-J
7detonation. In contrast, in the case of the weak detonation only a small
increase in pressure or temperature was needed to cause "combustion" and

the detonation wave develops and approaches the C-J point from below.
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Full details of the simulations are given in reference 32.

There is insufficient space in the present paper to describe all the
results obtained using our two-component detonation model. However, the
above examples highlight the importance of modelling transient effects and
illustrate the type of solutions obtained from the model. Our future work
will be concerned with modelling the more complex situation of interest in
steam explosion research in which melt is fragmented and transfers its
heat to the surrounding water/steam mixture. This will not introduce any
further mathematical complications but the problem of finding suitable
constitutive relations is again formidable. For a definitive resolution
of these issues there is a need for both well instrumented experiments to
determine constitutive relations and for integral experiments to allow

model comparison to be made.

Studies carried out at the University of Stuttgart [33] using both
transient and steady-state detonation models support these ideas. These
authors also suggest the need to examine the possibility of the existence
of strong detonations and have observed that a very long region of mixture
(~2m in some cases) is needed to achieve steady-state propagation. In
their numerous publications (referred to in [33]) they have identified the
need for both of the types of experiments described above to verify the

constitutive relations and the final model.

5. Conclusions

In this paper we have described two areas in which mathematical
models have been used to examine different aspects of the steam explosion
phenomenon. We have developed a coarse mixing model whigh enables the
influence of the flow of steam on mixing to be examined in situations of
engineering interest. This mechanism is invoked in most limits-to-mixing
arguments. We have also briefly described a transient model of
detonations and illustrated the importance of considering transient

effects.

The work presented in this paper and contained in much of the
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literature cited shows that sophisticated mathematical models of the steam
explosion process can be solved using the modern generation of super
computers. This work highlights the need for good quality experimental
data both in order to determine the appropriate constitutive relations for
mechanisms, such as drag and fragmentation and for integral experiments to
validate the models. The theoretical models presented are capable of
stimulating novel experimental work which can, in turn, lead to improved
predictive technigues. Fundamental progress in this area can only be
expected if there is a fruitful interaction between theory and experiment

as outlined above.
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