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ABSTRACT - The premixing phase of a steam explosion covers the interaction of the melt jet or droplets with
the water prior to any steam explosion occurring. To get a better insight of the hydrodynamic processes during
the premixing phase beside hot premixing experiments, where the water evaporation is significant, also cold
isothermal premixing experiments are performed.

The speciality of isothermal premixing experiments is that three phases are involved: the water, the air
and the spheres phase, but only the spheres phase mixes with the other two phases, whereas the water and air
phases do not mix and remain separated by a free surface. Our idea therefore was to treat the isothermal
premixing process with a combined single-multiphase flow model. In this combined model the water and air
phase are treated as a single phase with discontinuous phase properties at the water-air interface, whereas the
spheres are treated as usually with a multiphase flow model, where the spheres represent the dispersed phase
and the common water-air phase represents the continuous phase.

The common water-air phase was described with the front capturing method based on the level set
formulation. In the level set formulation, the boundary of two-fluid interfaces is modeled as the zero set of a
smooth signed normal distance function defined on the entire physical domain. The boundary is then updated by
solving a nonlinear equation of the Hamilton-Jacobi type on the whole domain.

With this single-multiphase flow model the Queos isothermal premixing experiment Q08 has been
simulated. A numerical analysis using different treatments of the water-air interface (level set, high-resolution
and upwind) has been performed for the incompressible and compressible case and the results were compared to
experimental measurements.

Nomenclature

a, b,c derivatives Greek Letters
d diameter, distance or derivative a phase presence probability
g gravity 9 interface thickness

G expression 0 level set function, mass flow rate
Ah mesh size 2 thermal conductivity
Al characteristic length p density
m mass
M number of mesh points Subscripts / Superscripts
M friction 0 initial level set function

coordinate a,s, w air, spheres, water phase
sign sign function b, s boundary, water surface
t time c, d continuous, dispersed

At iteration time step j,l spatial coordinate

T temperature n time step, number of iterations
velocity p phase

p pressure r, z coordinate

International Conference Nuclear Energy in Central Europe '99 233



7nhtermal Hydraulics

1. Introduction

The premixing phase of a steam explosion covers the interaction of the melt jet or droplets
with water prior to any steam explosion occurring. The form of the premixture determines the
coolability of the resulting debris and gives the initial conditions of the possible steam
explosion. To get a better insight of the hydrodynamic processes during the premixing phase
beside hot premixing experiments, where the water evaporation is significant, also cold
isothermal premixing experiments are performed. In these isothermal premixing experiments
different jets of spheres are injected in a water pool [l].

The speciality of isothermal premixing experiments is that three phases are involved:
the water, the air and the spheres phase, but only the spheres phase mixes with the other two
phases, whereas the water and air phases do not mix and remain separated by a free surface.
Our idea therefore was to treat the isothermal premixing process with a combined single-
multiphase flow model. In this combined model the water and air phase are treated as a single
phase with discontinuous phase properties at the water-air interface, whereas the spheres are
treated as usually with a multiphase flow model [2], where the spheres represent the
dispersed phase and the common water-air phase represents the continuous phase.

2. Governing Equations

Each phase p in the multiphase flow - the continuous common water-air phase p = c and
the dispersed spheres phase p = -d is described using the probabilistic mass

t VPP)+V (aXp V J)=O (1)

and momentum equations

,0p a~ + pp(Vp V kp =Vp+ ppg+ MP (2)

obtained by ensemble averaging. The interfacial friction force M is defined as
Md-Md~a ±M- +M', crM, = -a M (3)

where the drag force is calculated from [3]
~dra, 3 1

M g= 044 -- cl C v d c ( v C vd), (4)
d~~4d

the virtual mass force from [3]

Men D - ( D-vd)M27 z=O5cZdp (5)

and the lift force from [31

M't =X.c2.p (v, - s x ( c) 6

The pressure equation for the assumed common pressure field p was derived from the sum
of the conservative form of the compressible flow continuity equation (1) over all phases
using the projection method

ok a p p)±VkanvnAtV n±I Vp`1 At O, (7)

where
2nn+3n2c==4n- At (nlP v nen (8)
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and
nl+~ l 04ni fl

-n+l aw p + a0 Pa n+l = n
PC an4' + an7 ' P-d =PS. (9)

3. Level Set Method

There are two types of numerical approaches for solving free surface problems. One is based
on front tracking where the free interfaces are explicitly tracked and the second is based on
front capturing. The drawback of the front tracking methods is that they are difficult to
continue beyond the singularity time when the interface forms a singularity or changes its
topology. For our combined single-multiphase flow model we therefore chose the front
capturing method based on a level set formulation which is widely used in the last years [41.

In the level set formulation, the boundary of two-fluid interfaces is modeled as the
zero set of a smooth signed normal distance function 0 = 0 defined on the entire physical

domain as O(r,t = 0)= ±d(r), where d(ir) is the signed minimal distance from the two-fluid
interface at the initial time t = 0. The boundary position is then updated by solving a
nonlinear equation of the Hamilton-Jacobi type on the whole domain

@ +( Vp = O. ((10)

which moves the zero level of 0 exactly as the actual two-fluid interface moves. Such a level
set formulation of the moving interface is capable of computing geometric properties of
highly complicated boundaries without explicitly tracking the interface. Hence, the moving
boundary can develop corners, cusps, and undergo topological changes quite naturally. The
problems of grid surgery encountered in the tracking approach are so eliminated. Since 0 is a
smooth function, unlike the fluid density p, which undergoes a jump at the two-fluid
interface, the level set equation (1 0) is more easily solved numerically.

The density of the common water-air phase is determined by the level set function as

p(o0)= (Pw+Pa)/2, =° (110)

'Cl.1 ,0< 0
If this prescription is used straightforward a graded solution will be produced and instabilities
will occur, especially for large density ratios. Therefore it is desirable to smooth the density
at the interface with

2 2 (c±ipin( L , (12)

where E is the prescribed interface thickness as long as 0 is a distance function. In our

computations we used 2 = 2 Ah.

It should be noted that while q is initially a distance function it will not remain so at
later times since the level set equation (10) deforms it. To maintain the interface thickness
fixed in time the level set function 0 has to be reinitialised at each time step so that it
remains a distance function. The reinitialisation is carried out by solving the equation

2Ž = sign(OOXI -jvOI), 0(i,O)= 00(r) (13)
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for the steady state solution, where 00 is the calculated level set function at time t. The

solution of equation (13) will have the same sign and the same zero level set as 0., and since

it satisfies 1V01 = 1, it will be a distance function. The steady state solution of the

reinitialisation equation (13) was numerically obtained with the following iteration procedure:
+ At sign((00 1%p - Gj1 ), (14)

where GJ is defined as{imax (a,,)21b;I) ) max c;,)d,7), (b. l > d.5Ah

Gij = -max (a;, )2 , + .+max(5c, ) ,(d;,7) boyI -0.5Ah (15)

- 0.5Ah < ooj , < 0.5Ah

with

j,, = (0j, - 1 , (16)
by ] = (pj.,l - 0¢j~r )/iAh 

dj" 0lx-j),

and
a'+ max(0, a), a- = rin(0, a). (17)

The stopping criterion for the iteration of the steady state solution was

E Ionl -on, < AtAh 2 M, (18)

where M is the number of grid points where 'i, <c. For the time step of the iteration

At = A h/10 was chosen.

4. Premixing Experiment Simulation

For the analysis of our combined single-multiphase flow model the QUEOS premixing
experiment Q08 [5] has been chosen. In this experiment molybdenum spheres with a
diameter of 4.2 mm and a total mass of 10 kg were discharged from a height of 1.3 m through
a tube into a water filled vessel with an inner cross section of 70 cm x 70 cm and a height of
138 cm. The spheres jet diameter was 9 cm and the spheres entered the water at a velocity of
5.12 m/s and a phase presence probability of 0.17. The water level in the vessel was 100 cm.

To get a qualitative impression of the premixing process two characteristic images of
the experiment - one taken from the "North" side (with back-lighting) and the other from the
"West" side (with black background) - are shown on Fig. 1. On Fig. 2 the pressures measured
in the vessel at different levels are presented. Pressure pI was measured in the gas space
above the water level and shows the barometric pressure, whereas the other pressures were
measured in water therefore showing also the static head according to their position. Pressure
p2 and p3 were measured at the position 838 mm, p5 at the position 450 mm and p6 at
the position 250 mm above the bottom of the vessel. The pressure rise after 0.5 s of the
spheres release indicates the entry of the first spheres in the water and the pressure peak after
0.76 s the collapse of the gas chimney.

In the experiment simulation only the part of the vessel filled with water together with
a 20 cm wide air zone over the water surface has been modelled. All other experiment features
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Fig. 1: Image of the experiment from the "North" Fig. 2: Pressures measured in the vessel at different
(back lighting) and "West" (black background) side levels (p2, p3 : 838 mm, p5: 450 mm and p6: 250 mm
after 217 ms and 180 ms of the water surface impact. above the bottom of the vessel).

have been taken into account with appropriate boundary conditions. The experiment
simulation has been performed in the cylindrical coordinate system presuming axial
symmetry of the problem. This was not really the case in the experiment since the release
mechanism with two doors opening along one dimension caused especially at the front of the
spheres cloud an initially not axial symmetric distribution of the falling spheres (Fig. 1). To
match the cross-sectional area of the vessel an equivalent radius of 41 cm was used in the
axial symmetric model. The falling spheres were introduced in the model with boundary
conditions. The appropriate boundary conditions for the spheres velocity and the spheres
presence probability at the upper edge of the simulated region 20 cm above the water surface
were determined from the known values at the water surface (v,, = 5.12 m I s, a, = 0.17 ) as

V == V - 2 gh = .i2 -2_ 9.81 m/ 2 *0.2m = 4.72m/s,

b __ 5.12m/s (19)
a5 =a5 b = 0.17 =0.184.

S b ~~4.72m/s

The time interval the spheres are falling through the upper boundary of the simulated region
was established from the total spheres mass and the calculated spheres mass flow rate

tb=M, 4 m, - 4. 10kg 443_12S. 20
0m s ayp.srdi2 vz s 0.17 .10200kg /m3 3.14 .0. 8 2 m 25. 12m/= (20)

After that time the spheres presence probability at the upper boundary is zero a b = 0 and the

boundary condition for the spheres velocity is the same as for the common water-air phase

= 0, ZP = 0. (21)
Dz az

The experiment simulations have been performed in the cylindrical coordinate system
on a mesh 41 x 120 grid points. So the grid spacing was exactly 1 cm, which is adequate for
such kind of simulations as the convergence analysis showed. The continuity (1), momentum
(2) and level set equation (10) were solved using the second order accurate high-resolution
method based on the first order accurate upwind method and the second order accurate Lax-
Wendroff method. The pressure equation was solved using the CGSTAB method [6].
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5. Results of the Simulations

To get a better insight of the advantages of the level set method for free surface problems the
water-air surface was in comparison calculated also with the second order accurate high-
resolution method and the first order accurate upwind method. The results of the simulations
are presented on figures 3-5. The first three pictures on Fig. 3 show the water presence
probability in the cylindrical coordinate system after 218 ms of the water surface impact
calculated with the level set, high-resolution and upwind method. The contours correspond to
0.01, 0.05, 0.1, 0.2, ... value. As expected the water-air surface remains sharp only at the level
set method calculation, whereas the upwind method produces the strongest unphysical water-
air mixing. The right picture represents the spheres presence probability intensity, which is
defined as the integral of the spheres presence probability in view direction and is therefore
directly comparable to the images in Fig. 1, with contours showing 0.002, 0.005, 0.01, 0.02,
... value. Since the selection of the numerical method for the water-air surface calculation has
a minor influence on the spheres presence probability development only the result of the level
set method calculation is presented.

, a. L. .

s So a. 44 1. 1. 1- a. 4. 1 - a -. t e a. a. a. a.

Fig. 3: Water presence probability in the cylindrical coordinate system calculated with the level set, high-
resolution and upwind method, and the spheres presence probability intensity in the rectangular coordinate system
for the level set method calculation after 218 ms of the water surface impact.

During all simulations also the pressure has been traced. In the first set of simulations all
three phases, the water, the air and the spheres phase, have been treated as incompressible.
The pressure curves for the upwind, high-resolution and the level set method calculation are
shown on Fig. 4, where for clarity only the pressures p2 and p6 are presented. Since the
simulation started 0.04 s before the spheres enter the water the time axis had to be shifted for
0.46 s to get the same time axis as on Fig. 2, where the time is measured after the release of
the spheres, that is 0.5 s before the water surface impact. In the simulation the ambient
pressure at the upper boundary was set to 1 bar, whereas in the experiment the average gas
pressure was 0.975 bar (Fig. 2). So a pressure difference of 0.025 bar has to be considered
when comparing the measured and calculated pressure values. As seen on Fig. 4 the pressure
produces a spike when the gas chimney collapses, most pronounced at the level set method,
whereas the pressure oscillations, which where observed in the experiment (Fig. 2), do not
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occur. This qualitatively different pressure
145- _=-p2-is behaviour is due to the incompressible air

1.35 - p6sl treatment in our model, since the reason for
' 1.3- -p6-hr l the pressure oscillations are the expansion

n 1.25 - -- p2-u

e 1.2 and compression of the whole big air
1.15 j bubble, which forms after the air chimney

,1.05 ecollapse.
1 In the second series of simulations

0. 0 85 the air phase was therefore treated as
0.45 0.5 0.55 0.6 0.65 0.7 0.75 compressible. Since the energy equation

time (s) was not taken into account the correct air

Fig. 4: Calculated pressures in the vessel at different compressibility, which lies somewhere in
levels for the upwind, high-resolution and level set the range bounded with the maximum
method simulation for the incompressible case. isothermal and the minimum adiabatic

value, has to be determined. A simple estimation shows that the heat diffusion in the air
bubble during one oscillation period is negligible

dT A dt 257.104W/Km 0.06s 10 4

AT pcPA12 1.29kgI'm3 .lOOOJ/kgK_0.12 M2 (22)

and that consequently the adiabatic compressibility is a very good approach. Despite of that
the simulation has been performed also with the isothermal compressibility, above all to
establish the compressibility influence on the results. The pressure behaviour in the
compressible case taking into account the isothermal and the adiabatic compressibility is
presented on Fig. 5. As expected pressure oscillations occur and they are most pronounced at
the level set method, where the water-air surface remains sharp.

1.25 1.25 =
-p2-Is- [I!- p24s

1.2 - p6-is 1.2 1
- p2-hr P~~~~~~p62 hr

1.15 -p2-ut -<Xw~fil e 112-uw

. _. ,dSI 
2! 1-i . I 1.7 

0.95 - 1T|--wX0.95--1 - . -- -r 

0.45 0.5 0.55 0.6 0.65 0.7 0 75 0 8 0.85 0.45 0.5 0.55 0.6 0.65 0 7 0.75 0.8 0.85

time (s) time (s)

Fig. 5: Calculated pressures in the vessel at different levels for the upwind, high-resolution and level set method
simulation considering the isothermal (left side) and adiabatic (right side) air compressibility.

To make the comparison of the simulations easier the main results are assembled in table 1.
The maximum pressure difference between p6 and the ambient pressure, the time when the
pressure peak is reached and the time interval between the first pressure maximum and
minimum during the pressure oscillations are listed for all presented simulations. The
experimental values are also added for completeness and as a reference but not for rigorous
comparison since the experimental conditions were different.

The reason for so various pressure behaviour at the upwind, high-resolution and level
set method calculation is the different extend of water-air surface spreading these numerical
methods produce. The upwind method produces the highest spreading, so the air chimney
starts to close the fastest. Since the density of the spread water-air surface changes gradually
also the pressure rise is the lowest. The high-resolution method produces a sharper water-air

International Conference Nuclear Energy in Central E urope '99 239



1 nermal Hvdraulics

interface; therefore the amplitude of the pressure oscillations is greater. The small oscillations
appearing in the pressure in Fig. 4 are not real oscillations, since they originate in the closure
of the air chimney at two different points at nearly the same time. The pressure changes are
highest at the level set method since it remains the water-air interface sharp during the whole
simulation like it was observed also in the experiment. As expected the compressibility has a
direct influence on the pressure oscillating frequency, which is higher for the lower adiabatic
compressibility.

Exp. Simulation
Incompressible Isothermal Adiabatic

LS HR UW LS HR UW LS HR UW
Apma (bar) .244 .376 .119 .080 .194 .132 .093 .209 .133 .092

to (s) 760 .750 .728 .723 .76' 2 .745 .735 .760 .741 .731

At, /2(s) .030 / / I .028 .031 .037 .024 .027 .031

Table 1: Main results of the incompressible and compressible simulations with different numerical methods
together with the experimental measurements.

6. Conclusions

A new concept of multiphase flow treatment, the combined single-multiphase flow
formulation, has been presented and applied to isothermal premixing experiments. The idea
of the combined single-multiphase flow formulation is to treat the phases, which remain
separated by a free surface (water and air) as a single phase with discontinuous phase
properties, whereas the other phases (spheres) are treated as usually with a multiphase flow
model. The free surface (water-air interface) has been determined with the front capturing
level set method, which is widely used in the last years.

For the analysis of the combined single-multiphase flow model the QUEOS
premixing experiment Q08 has been chosen. A number of simulations has been performed
using different numerical methods for the water-air surface determination (level set, high-
resolution and upwind) treating the air as compressible or incompressible.

As expected the results of the simulations showed that the water-air surface remains
sharp only at the level set method calculation and that the upwind method produces the
highest spreading. Consequently the pressure variations are highest for the level set method
where the density at the water-air interface changes most rapidly. The pressure oscillations,
which were observed in the experiment, could be reproduced only in the compressible case
since they are a consequence of the entrapped air bubble oscillations.
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