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Abstract - -  In the unlikely case of a severe accident in a nuclear reactor, the core material could melt and form a molten 
mixture named corium. The CEA has undertaken a large program to improve knowledge on corium behaviour. An experiment in 
which 1 7 kg of simulant corium - -  mainly made of hafnon, zircon, silica and wCistite - -  at more than 2 200 K, was spread in the 
VULCANO facility, is described, it is analysed in terms of thermal cooling by fitting the pyrometric measurements with outputs of 
a conduction code. This enables the estimation of temperature profiles inside the corium. From physicochemical modelling, the 
solid fraction, density and viscosity can be estimated. Thermal, physicochemical and rheological boundary layers are thus found. 
The rheological boundary layer is very steep (exponential decay parameter around 800 m -1) and could significantly affect the 
flow dynamics. A visible aspect of this boundary layer is the presence of folds on the corium surface, similar to those on ropy 
pahoehoe lavas. ~) 1999 I~ditions scientifiques et m~dicales Elsevier SAS. 
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R~sum~ - -  Couches limites thermiques, physico-chimiques et rh~ologiques Iors de coulees de bains de m~langes 
d'oxydes. Dans le cas hypoth~tique d'un accident grave de r~acteur nucl~aire, les mat~riaux fondus du coeur formeraient un 
magma d6nomm6 corium. Le CEA a entrepris un grand programme exp6rimental pour am61iorer la connaissance du comportement 
du corium. On a r6alis6 une exp6rience au cours de laquelle 1 7 kg d'un corium simulant - -  compos6 principalement de hafnie, 
zircone, silice et w0stite - -  ~ plus de 2 200 K ont 6t6 6tal6s. Elle a 6t6 analys6e sur le plan thermique en recalant les mesures 
pyrom6triques avec les sorties d'un code de conduction. Ceci nous a permis d'estimer les profils de temp6rature dans le corium. 
A I'aide d'une mod~lisation physico-chimique, on peut en d6duire la fraction de solide, la densit6 et la viscosit6 du m61ange. Des 
couches limites thermiques, physico-chimiques et rh6ologiques sont observ6es dans les premiers millim~tres sous la surface. La 
couche limite rh6ologique est marqu6e par des variations tr~s rapides de la viscosit6 correspondant fi un taux de d~croissance 
exponentielle de I'ordre de 800 m -1, ce qui peut avoir un effet sensible sur la dynamique de 1'6coulement. Une cons6quence 
visible de cette couche limite est la pr6sence de plis ,~ la surface du corium, semblabies ~. ceux de certaines laves de type 
pahoehoe. ~) 1999 I~ditions scientifiques et m6dicaies Elsevier SAS. 
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time increment . . . . . . . . . . . . . . . . . . .  s 
thermal diffusivity . . . . . . . . . . . . . . . .  m2.s -1 
thermal conductivity . . . . . . . . . . . . . .  W.m- I .K  -1 
dynamic viscosity . . . . . . . . . . . . . . . . .  Pa.s 
solid volume fraction in interface 
mesh 
specific mass . . . . . . . . . . . . . . . . . . . . .  kg.m -a  
solid volume fraction 
ratio of solidification and advection 
characteristic times 

1. I N T R O D U C T I O N  

With in  the framework of Pressurised Water  Nuclear 
Reactor  (PWR)  severe accident studies, scenarios 
leading to par t ia l  or whole core melting, even if they 
are highly unlikely, cannot  be excluded. In this case, 
a molten mixture  called corium, essentially composed 
of highly refractory mater ia ls  (UO2, ZrO2) and metals 
(Fe, Zr) may flow down towards the lower head of the 
reactor  pressure vessel and, if there is no intervention, 
melt  through the vessel and spread into the reactor  pit. 

For the new European Pressurized water  Reactor  
(EPR),  a col laborat ion between the French and German 
industries,  great emphasis  has been put  on the 
development of specific features for severe accident 
prevention and mit igat ion [1]. In part icular ,  a dedicated 
area of about  175 m 2 will be devoted to corium 
spreading. The bo t tom and lateral  s tructures of this 
compar tment  have protect ion layers designed for the 
thermal  loads. 

In France, the Nuclear  Reactor  Division of the 
Atomic Energy Commission ( C E A / D R N )  has under- 
taken a large program [2] to improve the knowledge on 
corium, more specifically on long-term corium retention 
and coolability. This program is based on experimen- 
ta l  and theoret ical  investigations, the results of which 
are u l t imate ly  to be used in scenario and mechanistic 
computer  codes. 

This paper  is based on the physicochemical and 
thermal  analysis of a simulant  corium spreading test  
(VE-07). During the spreading of corium onto a 
subs t ra tum,  there is a fast cooling of the corium lower 
and upper  interfaces, while the inner flow remains 
hot ter  and thus less viscous than  the boundary  layers. 
The comparison of numerical  simulations using the 
CRUST [3] thermal  conduct ion code and exper imental  
surface t empera tu re  measurements  gives an insight 
into the  thermal  behaviour of an oxidic melt  spread. 
This can then be combined with information on the 
physicochemical and thermophysical  propert ies  of the 
oxidic mixture.  Special a t tent ion  has been given to 
the  analysis of viscosity. Boundary  layers are defined 
in terms of thermal,  physico-chemical and rheological 
properties.  The rheological boundary  layer is shown to 
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be related to the presence of folds on the surface of the 
spread. 

This work is restr icted to a monodimensional  
approach of the cooling and solidification of the melt 
assumed to be at  rest. Tile dynamics of the VULCANO 
spreading experiments have been presented in another 
paper  [4] and compared to the simplified spreading 
model  proposed by Griffiths and Fink [5]. 

2. D E S C R I P T I O N  OF T H E  EXPERIMENT 

2.1.  T e s t  fac i l i t y  

The VULCANO facility (figure 1) is mainly com- 
posed of a furnace and a test  section, the geometry 
and nature  of which depend on the specific objectives 
of each experiment.  The furnace, which is based on a 
p lasma arc technique [6], has been designed to heat  up 
to 3 000 K, and consequently to melt roughly one hun- 
dred kilograms of corium composed of representat ive or 
simulant materials:  UO2, HfO2, ZrO2, FexO~, Zr, Fe, 
SiO2... in various proportions.  In order to follow and 
record the corium flow, the test  section is equipped with 
ins t rumenta t ion composed of video cameras, pyrome- 
ters, infrared thermography, thermocouples,  weighing 
scales. 

2.2.  T e s t  d e s c r i p t i o n  

Test VE-07 was carried out on the 4 TM and 5 TM 

November 1997. After two heating phases of around 
45 rain each at a maximum power of 190 kW, 25 kg of 
molten oxides were poured out of the furnace, 17.3 kg 
of which spread over a distance of 50 to 55 cm on a 

t 

Figure I. General view of the VULCANO facility. 
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2400 
spreading section made of zirconia bricks, on which a 
19 ° sector had been delimited by magnesia bricks. 2200 

Folds are clearly visible on the surface of the spread 2ooo 

melt (figure 2) which presents two lobes. The drag of 
a O 1.5 mm immersed thermocouple - -  which did not ~ 180o 
work satisfactorily during the test - -  is also visible. 

The initial melt composition has been determined to | 1800 
be the following, in mass: 33.3 % HfO2 (hafnia), 22.2 % 1400 
ZrO2 (zirconia), 22.1% SiO2 (silica), 21.5 % Fe0.9470 
(wiistite) and 0.9 % CaO (lime). 4200 

This test is evidently on a much lower scale than what 40o0 
would hypothetically happen during a severe accident. 43:4s 
Since Scale 1 experiments cannot be performed, the 
VULCANO facility is thus devoted to the validation of 
models and codes on a smaller scale. 

2.2.1. On-line measurements 

The mass flow rate varied around 2 kg-s -1 with a 
peak at 3.5 kg.s -1. This gives a volumetric flow rate 
of about 0.5 L.s -1. This is representative of the most 
conservative case for spreading, since a large flow rate 
would surely give an efficient spreading of the corium. 

A pyrometer was used to monitor the melt tempera- 
ture inside the furnace. It measured a surface tempera- 
ture of 2 600 K while the plasma torches were operating 
and of 2 310 K when the furnace started to tilt. At this 
stage the plasma arc was no longer in operation. 

An Ircon Mirage bichromatic pyrometer was aimed 
at the centre of the spreading section, at the level 
of its intersection with the inlet plane and a Maurer 
QPMR 465L bichromatic pyrometer was aimed hori- 
zontally (via a mirror) at the flow front (see Figure 2). 
Figure 3 presents the read-outs from the pyrometers. 
The effect of the aluminium mirror reflectivities at both 
wavelengths has been corrected. 

There is a good agreement between the measure- 
ments from the two sensors (less than i00 K difference), 
compatible with expected uncertainties and spatial het- 
erogeneities; the differences between them are mainly 

Inlet - -  

Thermocouple --  

Magnesia wall --  

Zit=on 

IRCON Pyrolet~~r ~ 
aiming point \ 

MAURER Pyrometer 
aiming point 

Figure 2. View of VE-03 spread. 

l end of pouring 

[ 
13:16 13:17 13:18 13:19 13:20 

Time 

Figure 3. Measured front and inlet surface temperature. 

due to the fact that  the inlet was fed by hot corium 
while the front cooled rapidly. The maximum measured 
temperature is around 2 200 K. 

Video and infrared cameras were also used to 
visualise the flow. It appears that  the melt flowed 
onto the test section during roughly 8 s and then its 
front stopped its progression. This indicates that  the 
front stopped before the end of the pouring sequence. 
The flow front velocity [4] remained below 15 cm-s -1, 
which corresponds to a Reynolds numbers of below 
8 000, considering the spreading length (50 cm) as the 
characteristic length. This means that  the ftow can be 
considered laminar. When the flow progression stopped, 
the front surface temperature was around 1 800 K. It 
must be noted that  the flow height at the front (20 mm) 
was three times larger than the capillary limit (7 mm). 
Dinh et al. [7] have proposed a scaling-law approach of 
spreading in which the main dimensionless parameter 
is the spread height relative to the capillary limit. It 
appears that  this flow is more than 10 times thinner 
than what is typically expected during a hypothetical 
accident. 

2.2.2. Physicochemical and thermodynamic 
analysis 

The physico-chemical analysis and thermodynamic 
modelling of this test are reported elsewhere [8]. The 
main results are summarised in this section. 

Figure 4, taken with a Scanning Electron Micro- 
scope, shows the difference of structure between the 
spread bulk, where the refractory oxide (Hf, Zr)O2 has 
a globular shape and the surface where dendrites of this 
refractory oxide are observed. 

At the top and bot tom surfaces, 50 ttm thick layers, 
in which iron has a different oxidation state, are 
observed : near the surfaces, iron is under the form 
of hematite (Fe203) - -  valence 3 - -  whereas in the 
rest of the spread, it is found in fayalite (2 FeO, SIO2) 
in which it has a valence equal to 2. These oxidized 
layers can have a dramatic effect on the viscosity since 
in Urbain's model [9], which describes the viscosity of 

881 



C. Journeau et al. 

a) 

b) 

(Hf, Zr)02 

50 pm 

50 IJm 

Figure 4. Microstructure as seen on SEM. a. Surface. b. Centre 
of the spread. Light coloured material: (Hf,Zr)02. 

silicate mixtures, hematite is considered as amphoteric 
and, in our case, increases viscosity, whereas wiistite 
and fayalite are modifiers and decrease viscosity. 

The thermodynamic modelling of the solidification 
process was performed using the Gibbs Enenergy 
Minimization code GEMINI 2 with the TDBCR981 
database [10]. Because hafnium is not included in the 
database it was replaced by zirconium (mole by mole) 
since hafnia and zirconia form, in any proportion, a 
solidia solution [11]. 

Various computations have been made to take into 
account a 20 % oxygen atmosphere near the surface or 
the absence of atmosphere in the bulk, and equilibrium 
or rapid cooling configurations. We thus mainly present 
the results for the bulk of the spread melt (no oxygen 
and thermodynamic equilibrium) and indicate how the 
other cases differ from it. 

The liquidus temperature was computed at around 
2 370 K. Below 1 470 K the liquid fraction drops very 
significantly. However, the solidus temperature is only 
around 1 270 K. 

F i g u r e  5 shows the evolution of the solid volume 
fraction in the mixture assuming that there is no 
undercooling. Two types of calculations have been made: 
one assuming that, locally, the solidification occurred at 
thermodynamic equilibrium for each temperature (slow 
cooling), the other assuming a rapid cooling with no 
diffusion in the solid state (Scheill-Gulliver's model). 
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Figure S. Local solid volume fraction versus temperature for 
2 cooling models. 

It appears that there is no significant change in 
the solid volume fraction between the two solidification 
patterns. The main difference is in the nature of the 
formed solid phase. This was experimentally confirmed 
in this test. 

From these data it is possible to estimate the 
viscosity~ using the methodology proposed by Sudreau 
et al. [12]. The viscosity in the bulk of the spread melt 
was estimated using Thomas' correlation [13] to take 
into account the effects of solid particles (at a volume 
fraction ¢ depending on temperature according to the 
thermodynamic model) on the relative viscosity pr. 

~r = 1 + 2.5 ¢ + 10.05 ¢2 + 0.00273 exp(16.6 ¢) (1) 

This correlation has been validated over a wide range 
from 0 to 60 %vol for suspensions of rigid inert spheres. 
Recent work on solidifying melts [14] suggests that 
Thomas's correlation underestimates the viscosity of 
this type of suspension. Nevertheless, it was applied to 
this study since it gives a conservative thickness of the 
rheological boundary layer. Moreover, we neglected the 
non-Newtonian effects [15] since very little is known 
about them for these types of fluids. 

Following Shaw [16], we can approximate the 
viscosity in the melting range by an exponential law: 

~-- ]jO ea(Ti--T) (2) 

The rheological parameter a is an indicator of the 
sensitivity of the viscosity to temperature and is a 
complicated function of crystallinity and composition. 
Spera et al. [17] have verified that a relation of this type 
can describe the few silicate magma rheological data 
available in the literature. It is to be noted that for 
homogeneous melts at the super-liquidus temperatures, 
the temperature dependence is rather of the type: 

# = A e B / T  (3) 

The viscosity, which has been computed assuming 
equilibrium thermodynamics, can be approximated by 
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an exponential law with a rheological parameter of 
0.0081 K -1 with a correlation coefficient equal to 0.982: 

/z = 0.012 e 0"0081(Tliquidus-T) ( P a . s )  (4) 

This value is about 2.5 to 12 times lower than the 
0.02 - 0.10 K -1 range that  Spera et al. [17] compiled for 
basaltic magmas. This is due to the fact that  the melting 
range is of more than 1 000 K in our case compared to 
100-350 K ranges for natural magmas, and that  natural 
magmas have a higher silica content than the VE-07 
melt. 

For the oxidised composition at the spread surface, 
the rheological parameter is higher (0.014 K - l ) ,  due to 
the amphoteric properties of ferric oxide. 

Below 1 450 K, the viscosity increases very sharply 
since most of the spread is solid. 

3. THERMAL MODEL 

The CRUST computer code has been developed 
to model the monodimensional transient behaviour 
of a corium-substratum multilayer system, taking into 
account the phase change but considering only thermal 
conduction in the melt and thermal radiation at 
the boundaries. An enthalpic formulation is explicitly 
solved: 

Ht+at ~ Ai 8 t 
=Hi +---- p (az)2 (T~-I-2T~+T~+I) (2) 

where H~ is the enthalpy of mesh i at time t, which is 
related to temperature Ti, Ai is the thermal conductivity 
of the phase in mesh i, p is the specific mass (density 
changes at solidification are neglected except insofar 
as they affect the thermal properties), at is the time 
increment, and ax is the mesh dimension. 

For the mesh in which the phase-change front occurs, 
the method proposed by Tacke [18] is used. Temperature 
profiles are assumed to be linear in the liquid and solid 
regions near the front (figure 6). This enables the solid 
fraction to be computed in the mesh containing the 
front and thus the front position X~0 + ~ax with a sub- 
mesh resolution. The enthalpy of the mesh containing 
the solidification front, Hi0, is given by : 

Hi0 ax = L(1 - ~s) ax + Cpl(Ti0d --  Tf)(1 - ~ )  ax/2 

-Cps (Te - T~0g) ~s a x / 2  (3) 

where L is the fusion latent heat, cp~ and cpl respectively 
the solid and liquid phase specific heat, ~ the solid 
volume fraction in the mesh, Tf the fusion temperature, 
T,0d and Ti0g the temperatures at the mesh boundaries 
which are obtained by linear interpolation. This yields 
a third degree equation which gives the solid volume 
fraction ~ in the mesh. 

mesh  iO-1 mesh  iO 

Tio+l 

~-~dTio ---'ilili'ii'i';i'iiii~'ii'!'i"'~ 

,s6xl ! 
I 

x' 
Xio_ 1 Xio f 

mesh iO+l 

Xi0+l 

Figure 6. Temperature profiles used to determine the front 
position at sub-mesh resolution. 

In our case, since we do not consider pure nor 
eutectic materials, the phase change does not occur 
at a given temperature but in a range of more than 
1 000 K as shown in figure 5. The heat of fusion is in 
fact progressively released over this large temperature 
range as the liquid solidifies. The evolution of enthalpy 
versus temperature has been computed for the VE-07 
mixture by GEMINI 2. In these computations, since the 
volumetric heat capacity p c of hafnium and zirconium 
oxides is identical within 2.5 % - -  2.475 MJ-m-3.K -1 at 
room temperature [20] - -  the density and specific heat 
of the mixture containing zirconium instead of hafnium 
have been used. 

According to Jaeger [20], we define an equivalent 
specific heat which is the temperature derivative of the 
enthalpy. In other words, as stated by Kerr et al. [21], 
"the release of latent heat acts simply to increase the 
thermal inertia of the mushy layer". Figure 7 presents 
the enthalpy and equivalent specific heat obtained from 
GEMINI2 computations. 

The equivalent specific heat would exhibit a Dirac 
function during congruent solidification. In our case, 
it presents a maximum at three definite temperatures. 
The equivalent specific heat has been averaged over 
1530 K to 2370 K: a value of 1400 J .kg - l .K  - I  has 
been taken for the sub-liquidus phase whereas the 
specific heat above liquidus is assumed constant at 
850 J .kg- l .K  -1. The behaviour below 1 530 K has not 
been modelled. The sub-liquidus equivalent specific 
heat can be understood as a combination of a 
462 kJ.kg -1 latent heat, evenly distributed over the 
1 530 K to 2 300 K solidification range, and of a constant 
850 J .kg- l .K  -1 specific heat. 

The Current version of the CRUST code allows for 
three superimposed layers, each of which can be partially 
liquid and partially solid (since we have extended a code 
developed for congruent solidification, the word solid is 
here improperly used to describe semi-solid material). 
At the upper interface, the system is cooled by radiation. 

883 



C. Journeau et al. 

-5.5E+06 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  2500 

~.OE+06 

-6.5E+06 

"7IOE÷(~ 

- 2000  

"o 
1500 ! 

~a 
.=E 

1000 

1 
500 .~ 

g 
• [ • H  

. 

• i I 

1200 

-7.5E+06 I [ i J I 0 
1000 1400 1600 1800 2000 2200 2400 2600 

Temperature (K) 

Figure 7. Enthalpy calculated by GEMINI 2 thermodynamics 
code (relative to the constituting elements at 273 K. The 
equivalent heat capacity (c v + d L / d t )  is the temperature 
derative of enthalpy. It has been averaged over the region of 
interest. 

4. COMPUTATION OF SPREAD TEMPERA- 
TURE USING CRUST 

4.1. Choice of physical properties 

Two physical  propert ies  are poorly known for the  
thermal  modell ing of VE-07: surface emit tance and 
thermal  conductivity.  I t  must  be noted tha t  the 
conduct ion model  we use is only a simplification since 
there is some convection, both  na tura l  (due to the 
difference of densi ty with tempera ture)  and forced (due 
to the  progression of the laminar  flow and described in 
more detai l  by Griffiths and Fink  [5] or by Dinh et al. 
[22]). The effect of porosity, including radia t ion in the 
pores at  high tempera tures  (el. Loeb [23]), should also 
be modelled. Nevertheless the conduction model  gives 
an interest ing insight into the  behaviour if one uses, as 
Shaw et al. [24] in their  modell ing of lava lake cooling, 
an apparent  conduct ivi ty  chosen to include convection 
effects. Peck et al. [25] have exper imental ly  shown the 
val idi ty of such an approximate  approach which requires 
fitting computation with measured data and can thus 
not be used for predictive calculations. 

To assess the effect of thermal conductivity, various 
values of conductivity have been tested (table 1). The 
computed surface temperatures are compared to the 
pyrometric measurement in Figure 8 which has been 
zoomed over the 15 first seconds after the end of pouring. 
It is seen~ as found by Peck et al. [25], that diminishing 
the conductivity gives a greater surface cooling. The 
values corresponding to cases 2 and 3 do not differ by 
a significant value, showing that the conductivity of the 
liquid phase does not significantly affect the surface. 
The rapid surface cooling and solidification implies that 
the greatest heat loss occurs through a solid crust, hence 
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TABLE I 
Values of thermal conductivity used 

in the parametric analysis. 

Case Liquid thermal Solid thermal 
number conductivity conductivity 

(W.m- l .K -1) (W.m-I .K -1) 

1 3.0 3.0 

2 1.5 1.5 

3 3 1.5 

4 1.5 3 

5 2.5 2.5 

the conduct ivi ty  of the liquid is less important .  Case 4 
is also difficult to discriminate from cases 2 and 3. 

To evaluate an apparent  conduct ivi ty for the sub- 
liquidus range, t empera ture  sensors at precisely known 
positions inside the melt would be necessary like those 
which Peck et al. [25] used in the Alae lava lake to 
obta in  a very well f i t ted thermal  model. 

The preceding parametr ic  analysis suggests that  
the "apparent" conductivi ty may be taken to be 
2.5 W . m - I . K  -1 for both  liquid and sub-liquidus phases, 
corresponding to "apparent" thermal  diffusivities of 
10 -~ and 6.10 -7 m2.s -1. 

The effect of emit tance has been s tudied on case 
number 5. As the emit tance increases, the heat  flux 
ext rac ted  from the spread is greater  and thus the cooling 
is faster. The slope at  the initial instants is best  fitted 
with an emit tance of 0.8 4- 0.1. 

For all the preceding computat ions,  the initial 
t empera ture  had been set at  2 423 K (average value of 
the furnace pyrometric  readings).  A test with a higher 
initial t empera ture  (2 473 K) was performed. It appears  
tha t  the initial t empera ture  only has a very small effect 
on the surface t empera tu re  (after 10 s there is only 
a 14 K difference between the two simulations for an 
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Figure 8. effect of thermal conductivity on CRUST compu- 
tation of the surface temperature, compared to pyrometric 
measurements at the section entrance. 
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initial difference of 50 K). I t  will thus be quite difficult 
to obta in  a good es t imate  of the initial t empera tu re  
from the fit t ing of surface cooling curves. An initial  
t empera ture  of 2 423 K (corresponding to 50 K above 
liquidus is a rb i t rar i ly  taken for the remainder  of this 
analysis. 

The agreement between the model  and the mea- 
surement cannot be perfect because the initial melt  
t empera tu re  was not constant  due to the rupture  of the 
p lasma arc before pouring and also because the cooling 
was not uniform as shown by the 50 K increase appear-  
ing in figure 2 at t = 18 s. This is a t t r ibu ted  to the 
arrival of a small  "splash" of corium at the pyrometer  
aiming point. 

Other  physical phenomena such as undercooling 
and convection are not  modelled by this simple 
code. Moreover, the method to determine the physical 
propert ies  is far from being rigorous. Inverse methods  
should be used and more measurement  points would be 
apreciated.  Genetic algori thms [26] could be an option 
to rel iably es t imate  corium thermal  propert ies  with 
CRUST computat ions.  

Nevertheless, the method  described here gives a set 
of propert ies  which is coherent with measurements  and 
which can thus be used to es t imate  the thermal  evolution 
of the flow in points  where there were no sensors. 

TABLE II 
Numerical data corresponding to case 5 

Meshes 

height of top layer (m) 1.000.10 -2 

mesh step for top layer (m) 1.000-10 -4 

Physical  data 

Tf liquidus temperature K 2.370.103 

Liquid 

Thermal conductivity (W-m-I .K -1) 2.500 

specific mass (kg.m -3) 
[taking porosity into account] 3.000.103 

Equivalent specific heat (J .kg- l .K -1) 8.500.102 

Semi-solid 

Thermal conductivity (W.m-I-K -1) 2.500 

Specific mass (kg.m -3) 3.000.103 

Specific heat (J.kg- 1 -K- 1 ) 1.400.10 3 

Load 

Initial temperature (K) 2.423.103 

Boundary temperature 
at the lower interface (K) 2.423-103 

Radiation 

Emissivity of top surface 0.800-10 o 

Table H presents the da t a  used for the configuration 
which was found to give the smallest discrepancy 
between measurement  and computat ion.  The corium 
and the subs t ra tum were assumed, in most of this 
study, to init ially be at the same temperature ,  in order 
to only analyse the effect of radia t ion cooling at  the 
upper  surface of a corium spread. The t ime step and the 
mesh dimensions have been verified to be small  enough 
to prevent discret izat ion effects. 

4.2. T e m p e r a t u r e  prof i le  in the oxidic  
spread 

In this section we will compute  the t empera tu re  
profile, using CRUST, with the values of emit tance,  
conduct ivi ty and initial  t empera tu re  es t imated from 
the last section. In order to assess the  effects of an 
error on this est imation,  a sensit ivity analysis is first 
presented. 

4.2.1. Sensitivity analysis 

Figure 9a shows tha t  if a conduct ivi ty of 
1.5 W . m - I - K  -1 is assumed instead of 3.0 W . m - I . K  -1, 
there will be a deviat ion of 100 K on the t empera tu re  
1 cm below the surface, 1 min after the beginning of 
cooling. This deviat ion is of the same magni tude as 
tha t  observed on the surface tempera ture ,  but  in the 
opposi te  direction: the smaller conduct ivi ty  leading to 
the hot ter  t empera tures  as repor ted  by Peck et M. [25]. 

The effect of emi t tance  is less sensitive: a 20 % 
deviat ion of the emit tance results in a very small 
difference (less than  20 K) at  1 cm below the surface. An 
error in the  es t imat ion of the initial  t empera ture  leads, 
for the tempera tures  computed  both  at the  surface and 
10 mm below, to a deviat ion diminishing with t ime (see 
figure 9b). 

In the following paragraphs,  we will use the da t a  set 
from case number 5 (conductivi ty of 2.5 W . m - I - K  -1 
for both  phases, emi t tance  0.8, init ial  t empera tu re  
2 423 K). If the exact values are in the  range s tudied in 
§ 0, the qual i tat ive results from the analysis detai led in 
the following sections will remain valid. 

4.2.2. Temperature computations 

Figure 10 presents the progression with t ime of 
the  liquidus isotherm. The liquidus front progresses 
towards the centre of the spread at  a speed of roughly 
0.3 mm.s -1, except in the first seconds when it goes 
faster. I t  reaches 10 mm in 25 s. This curve is best  
f i t ted with a power law with an exponent  of 0.59, 
whereas the  analyt ical  model  with no phase change and 
constant  specific heat  gives a solution which varies at 
the first order as a square root  (Carslaw and Jaeger 
[27], pp. 70-71). In the case of convection, Kerr  et al. 
[21] have shown tha t  the liquidus isotherm does not 
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Figure 9. Effect of uncertainty on the temperature estimated 
10 mm below the surface, a. Effect of thermal conductivity. 
b. Effect of initial temperature. 
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Figure 10. Estimation of the liquidus-isotherm progression 
inside the melt. 

generally follow a square root law. However, they have 
shown, for the beginning of the cooling phase, that  the 
main heat balance is between the conduction through 
the mushy layer and the removal of latent and specific 
heat from the growing solid. This is valid in the first 
10 s, when there is a flow, and gives an interface depth 
that  is close to what is computed by a conduction model. 

8 8 6  

Figure 11 presents the temperature computed for 
each of the ten mill imetres below the surface. Dendrites 
were observed only in the uppermost millimetre. In the 
lower regions, where the cooling rate  has always been 
below 100 K.s -1,  even in the first second, only globules 
were observed. In comparison, there is a cooling of 350 K 
during the first second at the surface where dendrites 
are observed. 

In the upper 3 mm of the spread, there is a very quick 
cooling in the first 5 to 10s (40K.s  -1 at l m m  and 
30 K.s -1 at 2 mm) and then a slower cooling (5 K.s- t ) .  
For the deeper layers of the melt, there is a propagat ion 
delay before the cooling front reaches the inner layers. 
When it does, the cooling is slower (around 5 K.s-1). It 
must be noted tha t  the curves have an upward concavity 
to a depth  of 5 mm and a downward concavity for the 
deeper regions. 

From figure 11, the temperature profiles at 4 charac- 
teristic instants (1, 5, 10 and 20 s after the beginning of 
cooling) have been extracted and plotted in figure 12. 
This figure shows the growth of a thermal boundary 
layer below the spread surface. I ts  thickness, which 
could for instance be defined as the thickness at which 
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Figure 1 1. Estimation of the temperature at each of the first 
10 mm under the melt surface. 
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the temperature deviates by more tha~ 2.5 % from the 
bulk temperature, equals 1 mm after 1 s of cooling and 
reaches 5 to 6 mm after 10 s. It will reach the centre of 
the spread after about 30-50 s, i.e. after the end of the 
flow in our experiments. 

4.3. Physico-chemical boundary layer 

The compositions at thermodynamic equilibrium 
computed for each temperature can now be used to 
convert the temperature data into solid fraction, compo- 
sition and physical properties during the cooling phase. 
This means that solidification occurred more or less at 
equilibrium and that the undercooling was low. This is 
rather questionable because relatively high cooling rates 
are observed near the surface and this generally implies 
high undercooling [28]. Moreover, dendrites have been 
observed in the uppermost millimetre and solid solutions 
of hafnon and zircon (which are predicted by the equi- 
librium hypothesis) have not been found in most of the 
samples. Nevertheless, since we have seen in § 2.2.2 that 
there is little difference, in terms of solid volume frac- 
tion, between the equilibrium and the Scheill-Gulliver 
hypothesis, we will use the equilibrium data in this 
section. Undercooling would shift the results presented 
in this section towards the low temperatures. 

The solid volume fraction has been plotted versus 
time at various depths in figure 13a. The change 
of slope at 20 %vo~ is due to the plateau between 
1 870 and 2070 K, where the solid volume fraction 
remains relatively constant. This could actually be a 
computation artefact due to the fact that the equivalent 
specific heat has been modelled as a constant throughout 
the solidification range. In fact, equivalent specific heat 
presents a local minimum around 2 000 K at about 
1 000 J-kg-~.K -1 - -  compared to the average value of 
1400 J.kg-~.K -1 -- ,  which is due to the fact that the 
contribution of latent heat is minimum in this range 
since only a minute fraction of the fluid is solidified 
between 1 870 and 2 070 K. 

Spohn et al. [29] nevertheless observed this type 
of plateau when they computed the crystallization 
of a bi-component mixture, including the effects of 
undercooling. They concluded that one of the differences 
between a one-component substance and two or more 
component melts of substances that do not form one 
solid solution, is that the former crystallizes in one step 
while the latter takes at least two steps to crystallize. 

Figure 13b presents, at given instants, an idea of 
the solidification versus depths in the spread. In the 
melt upper millimetres, the initial solidification speed 
(30 %vol/S at the surface) while it is slower in the 
bulk (0.5 %vol.S -1 at 10 mm). The transition between 
dendritic and globular crystals is found at around a 
depth of 1 mm. It corresponds to a crystallization speed 
of above 5 %vol-s -1. 
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Figure 13. Computed solid volume fractions, a. Computation 
at the upper millimetres, b, Values at 4 characteristic instants. 

The spreading flow stopped after less than 10 s. At 
this time, the calculated temperature (1 800 K) leads 
to an estimated solid volume fraction at the surface of 
35 %vol and to a solid mass fraction of around 50 %w. 
The front temperature at the end of the flow progression 
was also measured at 1 800 K. 

The gradual change of phase which occurs during so- 
lidification, coupled with the thermal contraction of the 
mixture constituents, generates important variations 
in the mixture density with temperature. The effects of 
density change during the fractional crystallization have 
been thoroughly studied by Sparks and Huppert [30] in 
the case of basaltic magmas. 

If the assumption is made that the partial molaz 
volume of any component is independent from bulk 
composition (Nelson and Carmicha~l [31] ), the GEM- 
INI 2 code output can be used to estimate the density 
of the liquid and solid phase for any temperature. Fi- 
gure 14 presents the results assuming the rapid cooling 
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Figure 14. Density evolution for the liquid and solid phases, 
and for the slurry made by the mixture of both. a. Rapid 
cooling (Scheil Gulliver). b. Local thermodynamic equilibrium. 

hypothesis (Scheil Gulliver model with GEMINI 2 code) 
or thermodynamic equilibrium. 

At high temperatures, the solid phase is made only 
of a (heavy) solid solution of zirconia and hafnia. Below 
1 870 K, a (lighter) solid solution of hafnon and zircon 
is formed. In the Scheill Gulliver model, since solid 
phase diffusion is assumed to be absent, only the part 
that remains liquid at 1 870 K is available to form these 
silicates. This explains the difference of shape in the 
density curves. 

These density data were then applied to the 
temperature computations shown in the preceding 
section. The Scheil Gulliver model is the more relevant 
to describe the rapidly cooled boundary layer. The 
density of the fluid exhibits small scale oscillations which 
are not favourable to the onset of natural convection 
over the whole melt height. 
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4.4. Rheological boundary layer 

The compositions and solid fractions computed in 
the preceding section can also be related to the oxidic 
spread rheological properties. Viscosity varies over more 
than 6 decades in the solidification range. 

Figure 15 presents the viscosity computed on the 
10 upper millimetres of the melt from CRUST tem- 
perature outputs using the simplified exponential law. 
The surface viscosity has been computed for both ferric 
and ferrous compositions. The presence of a theological 
boundary layer is clearly shown in this figure. 

Figure 16 shows the viscosity profiles 1, 5, 10 and 
20 s after the beginning of cooling, in logarithmic scales. 
The uppermost millimetre forms a rheological boundary 
layer in the melt which propagates downwards as it 
cools. If we compare these curves with the temperature 
curves from section 0, it appears that, at the same time, 
the thermal boundary layer is roughly three times larger 
than the rheological boundary layer. This is coherent 
with the observation of Tozer [32] which asserted that 
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Figure 17. Ropy pahoehoe flow on Kilauea volcano, 1987. 
The corrugated features are comparable to those observed in 
figure 1. Photography by D.J. Johnson. 

this rat io is equal to the square root  of the P rand t l  
number of the  medium #/ (~p)  - in our case Pr#10 .  

If a ferric composit ion is taken into account for 
the upper  50 ttm, it appears  tha t  even 2 s after the 
beginning of cooling the effect of oxidation is significant. 
But the la t ter  affects less than  50 tim at  the upper  
surface. Even without  taking into account the effects 
of oxidation,  there is a very sharp viscosity contrast  
between the interior of the flow and its free surface. 
This effect must be taken into account in the spread 
modelling, especially when I -D or horizontal  2-D meshes 
are used. 

5. SURFACE FOLDING AND DEPTH- 
DEPENDENT RHEOLOGY 

The surface of the VE-07 spread appears  to be 
significantly corrugated.  The surface is regularly folded 
and presents folds with an ups t ream concavity. The 
same type  of surface is found on the so-called ropy 
pahoehoe lavas (figure 17) which are associated with low 
velocity volcanic lava flows. In this case, the crust is 
not d isrupted and is crumbled within channels in close 
series of pleats.  

Griffiths and Fink  [33] have determined tha t  the 
major  changes in the morphology of lava flows occurred 
at  fixed values of the dimensionless number  ~ defined 
as the rat io of the t ime taken for a solid crust 
to form on an element of lava (50 s are needed in 
VE-07 to reach 1 500 K) to the characterist ic  t ime for 
horizontal  advection of lava (pract ical ly 5 s for VE-07). 
They s ta ted  tha t  the ropy s t ructure  appeared  for the  
10 < ~ < 25 range. For VE-07, we had ~P = 10. 

The main feature of the ropy s t ructure  is the ra ther  
regular spacing of the folds. VE-07 pleats have a 

wavelength of between 7 and 10 mm and a depth  of 
between 1.5 and 3.5 mm. For basal t ic  pahoehoes,  the 
scale length is larger (wavelengths can be between 0.1 
and 3 m for heights of a few centimetres [34]; 50 m 
long ridges can even be interpreted as folds [35]). The 
characterist ic  dimension of this phenomenon is the fold 
arc length, which in the VE-07 case ranges between 
£ = 10 mm to £ = 15 mm. 

As the ropes form, the par t ly  cooled corrugated 
sections move downstream from their  formation site, 
the individual  cords are elongated and are ro ta ted  away 
from the midline of the channel so tha t  the corrugat ion 
train acquires a parabolic aspect with the upstream 
concavity. 

Biot [36] has theoretically derived the following 
relationship for the dominant wavelength £: in the case 
of a thin layer of viscosity tt and of thickness H over 
a medium of viscosity #~, assuming slip at the layer- 
medium interface and no uniform compression in the 
medium. 

£: = 2 n i l  ~z~-/6 # '  (6) 

Let us consider tha t  the bulk of the spread has a 
constant  viscosity of 0.01 Pa.s and tha t  the  rheological 
layer has a viscosity of 0.3 and 1 Pa.s (corresponding to 
the value computed  for the ferrous surface 2 and 10 s 
after the beginning of cooling; for the ferric composition, 
the viscosity is between 1 and 12 Pa.s). The layer 
height being around 1 mm, the calculated wavelength is 
between 10 and 16 mm, which corresponds well to the 
measured arc lengths. If the oxidised surface viscosity 
is used in formula (6), larger £ / H  ratios (16 to  40) are 
found, but  it is clear tha t  a smaller equivalent height 
must be considered since only a por t ion of the viscous 
boundary  layer is found at these high viscosities. 

Fletcher  [37] analysed the case of the folding of 
a single viscous layer and found exact infinitesimal 
ampl i tude  solutions. For p > 10p' ,  the difference 
between Biot 's  formula and the exact formulation for 
both  slip and no-slip interfacial condit ions is negligible. 
Thus Biot 's  formula can be used in our case. 

Actually, there is not a uniform-viscosity upper  layer 
but  ra ther  a continuous decrease of viscosity from the 
surface to the spread interior. An appropr ia te  model  
will therefore consist of a layer in which the viscosity 
decreases rapidly with depth,  lying above a fluid with 
a uniform viscosity which can be t rea ted  as infinitely 
deep. The only continuous variat ion in viscosity for 
which the mechanical analysis is t rac table  is one in 
which the viscosity decreases exponential ly with depth  
(Fink and Fletcher  [34]). 

The viscosity is thus assumed to be described by the 
following equations: 

{/~ 0 e ~  - H  ~ z ~ 0 
, ( z )  = , i  (= /~0 e--~g) Z < --H (7) 

Table IIIsummarises the  propert ies  of the  rheological 
boundary  layer at  various instants.  I t  can be noted tha t  
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