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ABSTRACT

The thermal detonation taking into account the microinteraction processes model has
been applied to study thermal detonation wave escalation and propagation in the corium-water
mixture. Transient escalation stage and subsequent steady-state propagation stage of the
thermal detonation have been calculated. The essential decrease of the escalation length in
comparison with the previous results calculated without microinteraction concept has been
obtained.

1 INTRODUCTION

A thermal detonation as a way of realization of large-scale fuel-coolant energetic
interaction (vapor explosion) was first proposed in [2]. They used analogy between thermal
system (mixture of hot liquid fuel droplets and cold volatile liquid) and chemical system
(combustible gases) to develop thermal detonation theory. The further works ([1], [7], [10],
[14], [15] and [16]) developed steady-state models of thermal detonation. They carried out
detailed investigations of the effect of fragmentation, heat transfer, losses. However,
applicability of these works is restricted to steady-state, fully developed detonations.

Another direction of the thermal detonations studies is a transient modeling. The first
transient model of thermal detonation has been developed in [5]. Subsequent works ([3], [4],
[6], [8], [9], [11], [13] and [17]) essentially developed thermal detonation model. Different
systems, geometries and fragmentation mechanisms were considered. Thermal detonation
escalation in the system “corium-water” up to achievement of the steady-state propagation has
been numerically analyzed in [12].

In the present work the microinteraction concept proposed by Theofanous with co-
authors [6] has been introduced in the model of thermal detonation and the problem
concerning approach of the steady-state stage has been considered. The essential decrease of
the transient distance of the detonation wave in comparison with the results of the previous
work [12] was obtained.
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2 MATHEMATICAL MODEL

We have considered transient one-dimensional planar propagation of the thermal
detonation wave in the system ‘“corium-water”. The initial mixture ahead of the detonation
front is assumed to consist of fuel (melt) drops and coolant. Behind the detonation front the
drops are fragmented and microinteraction concept is used for description of fragmentation
process. In accordance with this concept initially only a small quantity of coolant around each
coarsely premixed melt mass “sees” the fragmenting debris coming off it. The rest of the
coolant simply does not participate in the ensuing thermal interaction, but it does participate
in the wave dynamics process.

So, there are four phases under consideration: namely, “microinteraction” fluid (m-
fluid), coolant, fuel drops and fuel debris. They will be referred to as m-fluid, liquid, fuel and
debris respectively. Each phase is represented by one flow field with its own local
concentration and temperature. The debris is assumed to be part of the m-fluid in thermal and
hydrodynamic equilibrium. Thus we have four continuity equations, there momentum
equations, and three energy equations.

Continuity Equations
m - Fluid:
da, p, e, p,u,)
m m + m m m — E+J 1
ot ox D
Liquid:
e, p, +a(0‘1p1”1):_E_J 2)
ot ox
Fuel:
oa,p, dla,.p,u,
Py o, p, '/):—Fr 3)
ot dx
Debris:
90y, Py + a(adbpdbum ) -F )
ot ox
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Momentum Equations
m — Fluid:

0 0
7((05um Ty Pa )um)+ 7((05um TP )ui ):
ot 0x

9
= _(am +adb )ﬁ_}?ml (um _ul)_me (um _uf)+

+ Eu, +Fru_/' +J(H [J]ul _H[_ J]“m)+(ampm +adbpdb)g

Liquid:
0 0 0
*(az/)z“l )+ 7(0’1/)1”,2 ) =0, L +F, (“m —U )_ Fy (“1 —U, )_
ot ox ox

—Eu,—J (H [J]ul _H[_J]“m)"‘azplg
Fuel:

0 d
g(‘)‘f/’f“f )+87x( ;P ): —a, a§+0‘f/’fg_Fr“f +

+ me(um —uf)+ Flf(ul —uf)
Energy equations

m — Fluid:

d d
E(ampmem + &y P (Tm))+$ (ampmem + &y P € (Tm))“m]:

—_p i(am)Jri(amum) + Bh +Jh, - R, (T, -T,)+0,,
ot ox

Liquid:

0 0 0 0
o (051/)161 )+ o ((lele,ul ) = _P[at (0!, ) + 5(0‘1”1 )} -

_Ehz _Jhl +R1s(T1 _Ts)"‘Qﬂ
Fuel:

0 0
B (a./'pfef >+ Ix (af Presuy ) = _Q_/m - Q_/l
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Compatibility condition:

a,to +o, oy, =1 (11)

In the above equations, H(J) is the Heaviside step function that becomes unity for
positive values of the argument and zero otherwise. When 7, <7, the m-fluid is liquid and

J 1s set to be zero and 7, is an “equivalent” interface temperature given by

T — Rm€Tm + RIST}

12
’ Rms + Rls ( )
When T, >T,, J is evaporation rate given by
J= R (0, - 1)+ R, (1, - T)) (13)
%

The water properties are calculated with a program developed in Kurchatov
Institute [18].
2.1 The constitutive laws

The flow regimes are defined by the value of the void fraction: ¢ <0.3 (Bubbly),
0.3 <@ < 0.7 (Churn-Turbulent), and ¢ > 0.7 (Droplet).

The exchange laws available for two-phase systems after making suitable modifications
to account for the effect of a third phase are used. The presence of a third phase reduces the
area concentration as the third phase must also share the same area. Therefore, the area
concentration is modified by a factor @, ; @, representing the effect of the phase k on the

[/

area concentration of phase 1 for its interaction with phase j.

a;
D=t (14)
o, +o,

2.1.1 Interfacial Momentum Coupling

The interfacial momentum coupling is primarily due to drag. The drag force is based on
Ishii and Zuber (1979). Specifically,

3 Chy
Fy = 20%@,; Pi— ;

1

u, —u, (15)

where suffices 1 and j refer to dispersed and continuous phases, respectively. The drag
coefficient for churn flow (0.3 < ¢ < 0.7) is defined by:

gﬂp}wz

o

i=m =1, Cpy =" (1-¢) and li:4-{ (16)
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For dispersed flow

o 2, [gap)" [1+17.67(7(p)" | 7
3 o 18.67 f(,)

where
i=m, j=1, <03 f(p)=(-¢)"
i=l, j=m, 9>07 flp)=¢’ (18)
i=f j=ml flp)=(i-a,)"

and /; is obtained from
pj‘ul—um Zli:WeC, 8 for 1"=m (19)

o 12 for i=1

2.1.2 Interfacial Heat Transfer and Phase Change

For ¢ < 0.7 heat transfer to liquid is estimated by superposition of radiation and film
boiling heat fluxes. That is,

where
_be, o T-T) 21), (22
and
A, +0.68 T.-T
h, :2.98-{p'" ol Y ’)]uf —ul} (23)
lf(Tf _Tz) '

The emissivity value E, =0.7 is selected. Heat transfer from fuel to m-fluid in this
regime need not be accounted for separately.

For ¢ > 0.7, a vapor-continuous regime in which heat is transferred to liquid drops by

irradiation and to the gas (m-fluid) by convection is assumed. The m-fluid is allowed to
superheat and convect heat to the liquid drops which boil at saturation. Thus:

Q,= min(n,ﬂ'lf n )O'Ef E, (T:' -7’ ) (24)
and
0, = nfdjﬁnﬂ.l/z'h; (Tf - Tm) (25)
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where 1, =6, /nl] and h! is given by

A
n="n{2+0.6-Re! Pr!?} (26)
c l m m
s
where
u, —u, l
Re, ::fﬁiAJKAAA;LLJL (27)
H,

The factor E, was introduced to empirically degrade the radiation heat transfer to liquid
by the portion that could not be absorbed ( E, =0.3).

Similarly, for vapor-to-liquid heat transfer we have:

For ¢ < 0.7, with vapor as the dispersed phase

A
R, =cn & i’ l—’{z +0.6 Re’” P} (28)

m

A
Rms :2nm¢ml7[lrft l’” (29)

m

while for ¢ > (.7, with liquid (drops) as the dispersed phase

A
R, =nd, i’ l—'"{z +0.6 R Pr/P} (30)
/
2 ﬂ’l
R, =2¢c,n,®, 7wl 1 (31)

1

In the above equations the coefficient ¢, was introduced as a way to control the liquid

superheat in cases where these simplified formulations for heat transfer coefficients are not
deemed adequate.

For the mass transfer from the fuel, the fragmentation rate, F , is calculated based on
the instantaneous Bond number formulation.

The relevant equations are

_ 60, M
r 3
my  dt

(32)
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where
amM amM amM
—=a,| — | +- — 33
7 ( 7 J ( rpm)( 7 J (33)
with
am A -u, e
= * | = m,l 34
(dt l 61l (pfpl) Jor i=m (34)

@, 1s the “void fraction” of the m-fluid defined by

o

Pu = (35)
a, +a,

The “fragmentation time” and the instantaneous and Bond numbers for each phase are
defined by

3C p. !
rP: u —u, L (36)

' 2

t,, =13.8Bo" and Bo, =

For the mass transfer between the m-fluid and liquid, the entrainment rate, E, is
assumed to be directional proportional to the fragmentation rate. Specifically,

E=fF P (37)
,

with f, being an empirical entrainment factor which can be varied parametrically.

3 CALCULATION OF THERMAL DETONATION WAVE PROPAGATION

The partial differential equations are solved by a finite-difference method, which
employs the usual staggered grid arrangement. All convective terms are approximated using
upwind differencing. The semi-implicit procedure is used for calculation of the new time
values of variables.

We have implemented a simulation of transient thermal detonation propagation in the
corium-water mixture. The calculations were carried out under the following parameters:

Initial pressure 0.1 MPa
Initial fuel temperature 3000 K
Initial fuel volume fraction 0.1
Initial void fraction 0.5

Corium density 8400 kg-m™
Corium heat capacity 500J kg™ - K™

Corium surface tension 0.4 N-m™'
Initial drop size 0.005 m
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Solution domain represents a closed vessel. Thus the only boundary condition is zero
velocities at the vessel walls. To simulate triggering, a fraction of the fuel drops is fragmented
in a small region near the bottom of the vessel. This causes a high heat transfer rate in these
cells, the pressure rises locally and a detonation wave may develop.

Fig.1 shows calculated profiles of pressure and mixture velocities for subsequent
moments. The length of the unsteady part of the wave propagation is about 3 m, the size of
the fragmentation zone is about 0.3 m. Maximum pressure is about 500 MPa and maximum
velocities are 470 m/s. Unsteady rarified wave is located near the fragmentation zone.
Structure of steady-state thermal detonation wave is shown in Fig.2. Profiles of pressure and
velocities of each phase are shown in Fig.2a, profiles of volume fractions of each phase are
shown in Fig.2b, and temperature profiles and fragmentation rate are presented in Fig.2c.

Velocity equilibrium of liquid coolant and m-fluid occurs behind the detonation front at
~ 0.4 m. But the temperature of these phases does not practically change in the reaction zone
and the liquid temperature keeps the initial value.

In work [12] the escalation of thermal detonation was calculated with assistance of
mathematical model based on the traditional concept: the fragments were taken to mix
homogeneously with the coolant (microinteractions did not take into account). Large
escalation length (about 30 m) up to steady-state propagation stage has been obtained. Such
value is essentially different compared with the results obtained in this paper (transient length
about 3 m). The main reason for that is taking into account the microinteraction model.

600 —

500 |
400 |

300 -

Pressure (MPa)

200 - -

100 |-/~

Distance (m)

Figure 1a Escalation and propagation of thermal detonation wave in the corium-water
mixture. Pressure profiles every 0.6 ms
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Figure 1b Escalation and propagation of thermal detonation wave in the corium-water
mixture. Mixture velocity distribution
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Figure 2a Structure of the thermal detonation wave. Distributions of the pressure and
velocities of all phases
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Figure 2b Structure of the thermal detonation wave. Distributions of the phase volume
fractions
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Figure 2¢ Structure of the thermal detonation wave. Distributions of the phase
temperature and fragmentation rate

4 CONCLUSIONS

The thermal detonation taking into account microinteraction processes model has been
applied to study thermal detonation wave escalation and propagation in the corium-water

Proceedings of the International Conference Nuclear Energy in Central Europe, Bled, Slovenia, Sept. 11-14, 2000



O.1. Melikhov, V.I. Melikhov ... page 11 of 13
NUMERICAL ANALYSIS OF VAPOR EXPLOSION IN THE SYSTEM “CORIUM-WATER

mixture. Transient escalation stage and subsequent steady-state propagation stage of the
thermal detonation have been calculated. The essential decrease of the escalation length
(about 3m) in comparison with the previous results calculated without microinteraction
concept has been obtained. So, one of conclusions of the work [12], that due to large
escalation length for real reactor applications only non-steady thermal detonation models
should be used, is not completely valid. Results of the present paper have shown the rapid
approach to steady-state stage and therefore some estimations can be obtained with the
assistance of the steady-state theory.

5 NOMENCLATURE

o]
Q

Bond number
drag coefficient

e

specific internal energy

entrainment rate

fragmentation rate

factor for interfacial momentum exchange
entrainment factor

gravity

specific enthalpy

phase change rate

length scale

number of fuel particles (or liquid droplets) per unit volume
pressure

Prandtl number
heat transfer rate between fuel and m-fluid

0 . heat transfer rate between fuel and liquid
R, heat transfer coefficient between the liquid and the liquid/m-fluid interface

R heat transfer coefficient between the m-fluid and the liquid/m-fluid interface

Re Reynolds number
t time

T  temperature

f,

TR S TSNS R N mTme

~

S
¥

fragmentation time

u  velocity

5.1 Greek

volume fraction
thermal conductivity
density

surface tension or Stefan-Boltzman constant
void fraction

€ QT >R

5.2 Subscripts

db debris
f fuel

Proceedings of the International Conference Nuclear Energy in Central Europe, Bled, Slovenia, Sept. 11-14, 2000



O.1. Melikhov, V.I. Melikhov ... page 12 of 13
NUMERICAL ANALYSIS OF VAPOR EXPLOSION IN THE SYSTEM “CORIUM-WATER

[
m
s

6

liquid coolant
microinteraction fluid
saturation properties
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