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ABSTRACT

Recent probabilistic risk-assessment studies identified
potential accident sequences in which reactor vessel failure
occurs while the primary system is at elevated pressure. The
phenomenology of the discharge phase is reviewed here. We
propose an improved model for hole® ablation following vessel
failure, and we compare the model with experiment data., Gas
blowthrough is identified as a mechanism that allows steam to
escape through the vessel breach before melt ejection is
complete, Gas blowthrough leads to pneumatic atomization of the
remaining melt before significant depressurization of the primary
system occurs,
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1. INTRODUCTION

Recent probabilistic risk-assessment sStudies [1,2])
identified potential accident sequences in which reactor vessel
failure occurs while the primary system is at elevated pressure.
These studies argue that melt is forcibly discharged from the
pressure vessel, swept from the reactor cavity by blowdown gas,
and deposited as a coolable debris bed on the containment floor,
Benign termination is not confirmed by recent experiments
conducted at Sandia National Laboratories (SNL) [3,4,5]. These
experiments confirm that debris is swept from the cavity;
however, they also show that highly fragmented debris may be
ejected into the containment atmosphere where thermal and
chemical energy is liberated rapidly from the debris.
Containment pressurization resulting from direct heating of the
contz inment atmosphere by airborne debris might threaten the
integrity of the reactor containment,. Consequently, a better
understanding of mechanisms leading to debris sweepout from the
cavity, debris fragmentation, and debris transport Into the
containment atmosphere is required, This paper discusses recent
improvements to our understanding of the discharge phase only;
future papers will discuss the sweepout phase and the direct
hezt ing phase.

The Zion Prcbabilistic Safety Study (ZPSS) [1] argues that
melt is forcibly driven from the pressure vessel as a coherent
jet. Significant ablation of the hole is predicted to occur
during melt discharge. Depressurization of the primary system
occurs only after all the melt is discharged from the reactor
vessel.

Experiments at SNL [3,4,5] show that melt does not exit the
pressure vessel as a coherent jet., Instead, the experiments and
analysis show that the jet is disrupted outside the hole by the
rapid effervescence of dissolved gas in the melt (N, in the SNL
experiments and H, in the reactor accident). The SEL experiments
confirm that melt ejection is accompanied by significant ablation
of the hole; however, the ZPSS model must be modified in order to
predict these experiments.

Gas blowthrough is another process that was not anticipated
in the ZPSS analysis. Gas blowthrough, which has been observed
during the rapid drainage of fuel tanks, occurs when a
funnel-like dip forms on the free surface of the liquid allowing
the simultaneous discharge cf gas and liquid through the breach
in the reactor vessel., This means that depressurization of the
primary system begins before all the melt is discharged from the
reactor vessel, and this leads to pneumatic atomization of the
liquid passing through the hole during the two phase blowdown,.
Catton [6] has suggested that gas blowthrough allows



depressurization of the primary system to occur before a
significant fraction of the melt is ejected from the pressure
vessel. Catton argues that the melt remaining in the pressure
vessel drains under gravity only after blowdown of the primary
system is complete; consequently, a large portion of the melt
cannot be swept from the cavity by the blowdown gas.

2. MODEL-

The models presented here explicitly couple relevant
processes associated with melt discharge from the reactor vessel.
These models are scheduled for implementation into MELPROG (7], a
large system c¢ode that mechanistically tracks the invessel
formation of molten ocore debris, vessel failure, and debris
relocation from the reactor cavity. This paper presents results
obtained from a fast-running stand-alone code that exploits model
simplifications that will not be necessary when the models are
placed into MELPROG.

In the following discussion, we assume that the core debris,
which accumulates in the lower head of the reactor vessel prior
to vessel failure, behaves as a fluid, It is possible that the
core debris is a solid/liquid slurry instead of a pure liquid.
The processes discussed below are still relevant provided the
slurry behaves as a fluid; pneumatic atomization, however, can
only occur to the liquid ghase of the debris.

2.1 Melt Discharge

The melt mass (M,) remaining in the reactor vessel |1is
obtained from the cont&nuity equation

c— -HL, (1)

where ﬁL is the mass flow rate of liquid out the hole,

My o= ALY (2)

Here ¢ is the average density of the liquid; and V, 1is the
average velocity of liquid exiting the pressure vessel. rior to
gas blowthrough, A is the simply the area of the hole in the



reactor vessel, After gas blowthrough, A, represents the flow
area of 1liquid out the hole, which is less than the area of the
hole; this will be discussed further 1in the section on gas
blowthrough.

The melt velocity (VL) is obtained frcm the quasi-steady
Bernoulll equation, even after gas blowthrough has occurred.

2{P_.~P.) 1/2
R ey 2gH
p
1 - [.A.E‘.]2
s

Here Cd is the discharge coefficient; Pg i3 the (instantaneous
pressure Iinside the primary system; P, i3 the prescure inside the
reactor cavity; g is the acceleration due to gravity, H 1is the
instantaneous depth ¢f the melt inside the reactor vessel; and A_
is the instantaneous area of the free surface of the melt poof
inside the pressure vessel.

2.2 Hole Ablation

The ZPSS analysis concluded that rapid hole ablation begins
shortly after the onset of melt discharge (hrough a failed
instrument~-tube penetration in the reactor vestel. The ablation
rate is determined by equating the the convective energy transfer
from the the molten fuel to the energy required to heatup and
melt the steel,

dD 2h AT

—— = u)
dt p“fcpv"(Tm,u°Tu) + ht.n] (&)
AT = Tr-T’.f ZPSS model (5)



AT = Tf’Tm,w Current model (6)

Here D is the instantaneous diameter of the hole in the reactor
vessel; Tr is the temperature of the molten fuel: T, » is the
melting temperature of the fuel; T, _ is the melting tehperature
of the wall (i.e., the wall ol the pressure vessel which is
steel); h is the heat transfer coefficient from the molten fuel;
Py is the density of the pressure vessel; C o is the specific
heat of the wall; and hp  is the heat of tusiBhor the wall.

The ZPSS analysis further concluded that a thin crust (66um
in a supporting calculation) insulated the ablating steel from
the molten fuel; consequently, the temperature difference between
molten and solidified fuel (Equation 5) governs ablation.
According to the ZPSS model, hole ablation will not occur wunless
the melt 1is superheated. We feel that such a thin crust is not
stable and cannot prevent molten fuel contact with molten steel;
therefore, the temperature difference between fuel and molten
steel (Equation 6) governs hole ablation,

The small length-to-diameter ratio (L/D) of the ablating
nole coupled with rapid ablation dictates careful treatment of
the heat transfer coefficient in Equation 4. Development of the
thermal and hydrodynamic boundary layers is incomplete (boundary
layer thickness less than hole radius) for the small L/D ratio
associated with an ablating hole in a reactor vessel,
Consequently, the heat transfer coefficient is larger than would
be expected for fully developed flow in a long tube. The ZPSS
analysis does not consider this entrance region effect, We
recommend choosing the larger value of h as determined from a
flat plate correlation and from a tube correlation for
fully-developed turbulent flow. Our experience, however, is that
the flat plate correlation is almost always the appropriate
choice for both experiments and reactor analysis,

Flat plate correlation [8]

K a
N » 0.02921?Reb°-39r°-33 (1)

Tube correlation [8]



K
h = 0.023-CRe o0 8pr0-33 (8)

Here h is the local heat transfer coefficient at the breach exit;
K; is the thermal conductivity of the molten fuel; is the
Reynolds number based on the length (L) of the hole. ke is the
Reynolds number based the the instantaneous diameter (D) of the
hole; and Pr is the Prandtl number of the molten fuel,

Actually, the heat transfer coefficients given by Equations
7-8 are appropriate only for nonablating surfaces. If the
ablation rate (D) is large, then the heat transfer coefficient is
reduced because of 'transpiration cooling' of the boundary layer
[9]. The modified coefficient is given by

h o= h - (9)
eB-1
where,
8 pmwcp'm'D (10)
2h ’
Here Ppy and are the density and specific heat of the

molten wall mater?&T (steel); and D is the ablation rate 1{.e.,
the rate change of hole diameter,

The effective heat transfer coefficient is significantly
reduced when gas blowthrough occurs, Only the molten fuel
component of the two phase mixture passing through the hole is
capable of ablating the steel; the blowdown gas (steam and
hydrogen) is not hot enough (~600 K) to melt the pressure vessel
wall, Following gas blowthrough, we reduce the heat transfer
coefficient by the relative of amount of molten fuel that is in
contact with the steel.



P TN (11)

Here A, is the area of the hole in the pressure vessel.

Hole ablation has been observed in experiments at SNL where
a molten mixture of Fe and A120 (T,-zsoo K) was ejected under
pressure from a steel pressure Vessel (Tw'3°° K). Table I
compares the observed hole size after complete discharge of melt
with model predictions. The model proposed here agrees well with
the data, Table I1I shows the thermophysical propeties used in
the calculations,

2.3 Gas Blowthrough

During the process of withdrawing fluids from tanks, surface
distortion and subsequent gas ingest has been observed in
situations where no liquid rotation have been present [10]. The
distortion takes the form of a funnel-like depression of the
liquid surface over the outlet hole, which leads to blowthrough
of gas in the outlet before all of the liquid has drained from
the tank. This phenomena becomes more important as the flow rate
out the hole increases,

Consider a very deep pool of liquid draining through a hole,
Initially, the free surface of the liquid povl remains level as
the pool drains. However, surface distortion and gas blowthrough
develop very rapidly when the pool has drained down to some
critical depth (H')., Based on experiment measurements of H' in
cylindrical and hemispherical tanks, Gluck [10] proposed the
following empirical correlation, which we use in our work.

Ap 0.5
H' =0.43 (%Aa)°’5 tann[(zk) Fr0-25]  102¢rrc10®  (12)
s
V. 2
L
Fr = A Froude number (13)
‘£ d‘x,’
n
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Table I

Comparison of Hole Ablation Models With Experiment Data

Test AP (MPa) dy(em) L( m)
HIPS-1J 9.69 2.54 2.54
HIPS-2C b 2.54 2.54
HIPS-3J 4.85 2.54 5.08

a) Ablation limited by a graphite shield

Observed
Dr(Clﬂ)

5.082
5.5-7
6-17

Current
Model
Dr(cm)
5.08
6.40

6.32

ZPSS
Model
Dr(cm)
4,78
4.76

4.87



Table 11

Thermophysical Properties Used in Model Predictions

Fe/AlZO'
Mixture
k(W/m/K) 12
p(Kg/m3) 3843
Cp(J/kg’K) 1086
he(J/Kg/K)
u(Pa-s) 2.9e~3
o(N/m) UO,
¢(N/m) Steel
Ty (K) 2323

Core Steel

Debris Vessel

11

8000 7817

485 543
2.7e5

4,3e~3

5

1.5%

2530 1700

a) Surface tension of steel could be significantly lower

depending on 02 concentration
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Careful examination of Equation 12 shows that H' is independent
of Ag (for a fixed flow rate) when A /A >400. The critical depth
(8*) de*reasea for smaller values of Ag/A; ;s thus, gas blowthrough
is delayed in smaller tanks that otherwise have the same hole
size and discharge rate,.

The expected range of Frouge numbﬁrs for the SNL experiments
and the reactor accident are 10”7 to 10° within the applicable
range of Gluck's correlation. Ke:p in mind that prior to gas
blowthrough ‘L'Ah'

Equation 13 says that the critical depth for gas blowthrough
(H') is calculated given the liquid flow area (A=A inside the
hole, We reverse the logic following gas blowthrouga Given the
instantaneous pool depth (H), we calculate the area of liquid
flow (A, ) inside the hole. This ensures that flow rate of liquid
out the hole {8 sufficient to satisfy the condition for gas
blowthrough,

3 H
arctanh e 8/3
i 05
0.43 (-As)
"

A, = A - (14)
(-2) Fr0-25
L B -
2
v
Fr = IR (15)

s (%Ah)°'5

2.4 Blowdown of the Primary System

The ZPSS analysis assumes isothermal blowdown of the primary
system,



Here M is the mass flow rate of blowdown gas from the primary
system; and M_, is the gas mass remaining in the primary system,
which is detegmined by a continuity equation.

aM
g . N

dt g

In reality, the blowdown of the primary system is more
likely to be (isentropic instead of 1isothermal, Isentropic
expansion leads to condensation of the initially saturated steam,
which complicates the current analysis, Consequently, we also
assume isothermal blowdown in the calculations that follow., We
do not feel that the assumption of isothermal Dblowdown signifi-
cantly alters the conclusions drawn from the sample calculations,

Two-phase blowdown of the primary system commences at the
instant of gas blowthrough. The liquid flow rate {s given Dby
Equations 2,3,and 14, Assuming separated flow, the gas flow rate
is given by

. 2 Y
B (A, = g =
Mg CelAp=AL)Pog {“Tps roy *

(18)

2/Y (y=-1)7v, | /2
[v = r ] ;

Y

]771'

2
ro= [7:_1 (19)

when the flow is choked and

10
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when the flow 1is not choked. Here C4, 1s the discharge

coefficient; R is the gas constant; T is the gas temperature in

S
the primary system; and Y is the 1sen€ropic exponent,
2.5 Jet Disruption

Jet disruption during melt discharge occurs by two main
processes: effervescing gas and pneumatic atomization. Jet
disruption by effervescing gas occurs when hydrogen rapidly comes
out of solution with the steel component of molten core debris,
Pneumatic atomization occurs following gas blowthrough, Here the
relative velocity between gas and liquid in the vessel breach 1is
responsible for liquid atomization. These atomization processes
can be sufficiently violent so as to be a potential source of
aerosols. In addition, some fraction (i.e., the small particle
paortion of the particle size distribution) of the atomized debris
may be carried directly out of the cavity without ever Iimpacting
surfaces of the cavity.

The violent disruption of jets by effervescing gas is a
process that has been exploited commerc. ally Dy the steel
industry [11,12,13]. Vacuum degassing of steel mel®s 1is a
process that removes unwanted nydrogen from molten steel by
teaming the melt {into a vacuum chamber. The effervescing
hydrogen violently fragments the jet into particles of a few
hundred microns in size, and the large surface area of the
particles allows for the rapid diffusion of the remaining
hydrogen from the melt,

This process is quite similar to what can happen in a
reactor accident. Powers [14] has shown that hydrogen rapidly
goes into solution with the steel component of molten core debrig
and that the solubility of hydrogen in steel is quite high 2t the
elevated temperatures and pressures that could exist in the
primary system prior to vessel failure. The effervescence of
hydrogen from the molten core debris will violently fragment the
jet when melt is ejected into the low pressure environment in the
reactor cavity.

11



Disruption of thermite jets by the effervescerce of nitrogen gas
has been observed in experiments at SNL [3,4,5]. The observed
jet disruption and aerosol production are indicative of what can
happen in the reactor accident because the solubility of N in
the iron phase of thermite is similar to the solubility of ﬁz in
the steel phase of molten core debris,

A mechanistic model does not -exist currently that can
predict the observed particle sizes produced by effervescing gas.
We note, however, that the solubility of H, in steel is about a
factor of 5 larger in the reactor accident when compared to
typical vacuum degassing processes. This suggests that Jjet
disruption might be more energetic iIn the reactor accident,
particularly when molten steel is stratified from the more dJdense
constituents of core debris, On the other hand, molten core
debris is less than 20% steel, thus compensating for the higher
solubility {f the molten steel is well mixed with the remainder
of the melt, Extrapolation of observations from vacuum degassing
to the reactor accident becomes even more difficult because the
jet diameter in the reactor accident could be 10-50 times larger
than those commonly used in vacuum degassing. Quantitative
predictions or extrapolations cannot be made until a mechanistic
model, which is being developed at SNL, becomes available,.

Pneumatic atomization occurs when 1liquid and gas are
simultaneously accelerated through an orifice. The 1liquid 1s
atomized by the gas because of ¢the difference 1in relative
velocities as each phase passes through the orifice. Although
pneumatic atomizers have been produced commercially and studied
extensively since the early 1900's, there 1is no universally
accepted correlation (or theory) for the observed particle sizes.
However, the literature does tell us that the distribution of
particle sizes 1is log-normal with a mass median size (dm) and a
geometric sStandard deviation (g¢_) We select 3 correlations for
comparison from the dozens ghat appear in the literature, We
chose these correlaticns because they are dimensionless and
because each contains the important ratio of gas-to-liquid flow
rate,

Deyson correlation [15]

4 0.66
8[1 + 2.75 (=%) ]
d “
g g (21)
| Ve]
Pg “g
12



Lubanska correlation [16]

Pg 2 M My 172
v ST PLI G Chathe, SEL TP LR (22)

Wigg correlation [17]

Py 0.2 0.6 0.1
g 0

4n oL ML 172
-2 . 200 [1 0% wa) (23)
R 0.5 .

2 We' Mg

The following definitions apply to the above equations,

1/2

[q B ]1/2
dB o2 i (Ah AL) = 2R8 (25)

2
p(V -V, )<d
We = -8__8 oL L Weber number (26)

2
p.(V -V, )R
We' « _8__8 - g (27)
o
L
On = o S Ohnesorge number (28)

13



n
Re = Reynolds number (29)

Here d, and d_, are the equivalent diameter of the liquid and gas
streams |n he orifice; R_,, is the gas core radius or the gas
annulus thickness; y, and yu gre the viscosities of the 1liquid
and the gas; and ¢ is the 1§quid surface tension,

Reported values (16,18,19] of the geometric standard
deviation (g,) for pneumatic atomization range from 1.4 (i.e., a
very narro distribution) to 10 (i.e., a very broad
distribution). Lubanska [16), Hugo [18), and Gretzinger [19]
have correlated o with the mass median particle size (dm
expressed in mlcrong). These correlations are not dimensionless.
Furthermore, Lubanska and Hugo report conflicting results;
Lubanska found that o, increases with increasing d, while Hugo
found that g decrgased with increasing d,. We conclude that
reasonable estfnates of Ig cannot be made at this time,

Each of the above equations shows a different dependence on
length scale and properties of the liguid and gas; consequently,
we recommend caution when scaling up from the comparatively small
devices on which the correlations are based to the full reactor
scale,

3. MODEL RESULTS

We now apply the models developed above to the small break
LOCA accident [1] for a large PWR. Here th2 system pressure is 7
MPa, and the pressure in the reactor _cav.ty {is .3 MPa. The
volume of the primary system is 340 m”. The mass of core debris
is treated parametrically with a maximum mass of 134 tonnes
(whole core). The melt 1is assumed to contain no superheat at
2530 K. The reactor vessel is initially at 609 K, and the vessel
is 0.14 m thick. Thermophysical properties used in the analysis
are summarized in Table II.

3.1 Melt Discharg:

Figure 1 shows how much m=ss remains in the reacter vessel
as a function of time and initial mass of debris in the lower
head for the small break LOCA accident. Mass discharge 1is
complete in 2-4 seconds regardless of the initial mass at the
time of vessel failure. This is because the discharge time |{is
dominated by the hole ablation rate. The probability of multiple

14
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holes forming during the discharge process is minimized by the
short discharge time assuming a single hole.

3.2 Hole Ablation

Figure 2 shows the hole diameter as function of time and
initial mass for the small break LOCA accident, The abrupt
change in the ablation rate occurs at the instant of gas
blowthrough. Prior to gas blowthrough, the ablation rate |is
constant; this is because the flat plate heat transfer
coefficient is independent of the hole diameter, Following gas
blowthrough, the ablation rate rapidly goes to zero; this is
because very little molten fuel c¢ontacts the hole's surface
during the two phase blowdown,

Figure 3 shows that the final size of the hole |{is
insensitive to the pressure that drives fuel from the reactor
vessel, This occurs primarily because the higher ablation rate
resulting from higher ejection velocities (i.e., higher driving
pressure) is offset by shorter ejection times. Notice that the
final hole size following gravity drain is slightly larger than
the hole size following high pressure ejection of melt.

In a future paper, we will demonstrate that the hole size
plays an important role in determining how violently the debris
is swept from the cavity.

3.3 Gas Blowthrough

Gas Dblowthrough occurs before all the melt is ejected from
the reactor vessel., Figure 4 shows what fraction of the {intial
mass remains 1in the reactor vessel at the 1instant of gas
blowthrough. For a gravity drain, virtually all the mass |is
drained from the reactor vessel prior to gas blowthrough. For
the small break LOCA accident and depending on how much mass |is
avallable, 25-50% of ¢the melt remains in the vessel at the
instant of gas blowthrough. This is significant,.

What happens to the melt remaining in the reactor vessel
after gas blowthrough? 1Is the remaining melt discharged before
significant depressurization of the primary system occurs, or
does the primary system blowdown first followed by gravity
drainage of the remaining melt? We answer this question by
examining a small break LOCA accident for the case of 100 tonnes
of core debris. Figure 4 shows that about 28 tonne of core
debris remains {in the reactor vessel at the instant of gas
blowthrough (about 3.8 seconds) while Figure 1 shows that only 5§
tonnes remains in the vessel at 5.3 seconds. At 5.3 seconds,
Figure 5 shows that significant depressurization of the primary
system has not occurred before 95% of the melt was ejected from
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the reactor vessel., We have parametrically investigated the full
spectrum of pressures and debris mass, and we find that no more
than 25% system depressurization has occurred when only 5% of the
mass remains in the reactor vessel. Therefore, we conclude that
the melt discharge time is small compared to the blowdown down of
the primary system, even when gas blowthrough occurs with
significant mass remaining in the reactor vessel.

In SNL's HIPS experiments, gas blowthrough is predicted to
occur when approximately 20% of the melt still remains in the
melt generator, However, posttest examination of the melt
generator confirms our predictions that no melt will remain in
the melt generator after blowdown of the pressure vessel |1is
complete.

3.4 Blowdown of the Primary System

Figure 5 shows the pressure of the primary system as a
function of time and initial mass for the small break LOCA
accident. Blowdown is complete in 20-50 seconds. The range in
blowdown times stems from a difference in hole size at the
instant of gas Dblowthrough. Notice that the blowdown time is
longer whe . the debris mass is smaller.

3.5 Pneumatic Atomization

Censider a small break LOCA with 100 tonne of melt in the
lower head, Figure 4 shows about 28% of the melt (28 tonnes)
remains in the reactor vessel when gas blowthrough begins; this
28 tonnes of melt is pneumatically atomized. The mass median
sizes of particles produced by pneumatic atomization (at each
instant of time following gas blowthrough) are shown in Figure 6.
The calculations are based on a UOZ surface tension; steel
particles will be a factor of 3 larger.

Just after gas blowthrough (3.8 seconds), the particle sizes
are large because the gas discharge rate is small (i.e., ML/M is
large). Particle sizes are also large as the blowdown approaghes
completion (24 seconds). This is because the gas density in the
orifice is decreasing (isothermal blowdown of the primary system;
and the gas velocity in the orifice is decreasing (flow becomes
unchoked).

Notice that the Deysson correlation and the Wigg correlation
are in reasonable agreement while Lubanska's correlation can
predicts particle sizes that c¢an be an order of magnitude
smaller, This reaffirms our caution In extrapolating these
correlations to the reactor case,.
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4, CONCLUSIONS

Melt is rapidly ejected from the reactor vessel when vessel
failure occurs while the primary system is still at an elevated
pressure, An improved model for hole ablation has been
developed, For 100 tonnes of molten debris, the final diameter
of the hole is about .5 m, and the final diameter is insensitive
to the driving pressure. The ablation rate is constant prior to
gas blowthrough, Following gas blowthrough, the ablation rate
rapidly goes to zero.

Gas blowthrough is identified as a mechanism that allows
steam and hydrogen to escape through the vessel breach before
melt ejection is complete. A significant fraction (25-50%) of
the initial core debris may still be in the reactor vessel at the
instant of gas blowthrough; however, most of this remaining mass
is ejected from the reactor vessel before significant
depressurization of the primary system occurs.

The melt that is discharged after the onset of gas
blowthrough is subject to pneumatic atomization, During much of
the blowdown process, the mass median size of particles produced
by pneumatic atomization could range from 20ym to 300uym. Prior
to gas blowthrough, jet disruption by effervescing hydrogen (is
expected; however, further research is required to characterized
this fragmentation process.
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List of Symbols

Symbols
A Area

Cd Discharge coefficient

Cp Specific hecat

D Hole diameter

D Ablation rate

dn Mass median particle diameter

g Acceleration due to gravity

H Instantaneous depth of molten pool inside pressure vessel

H' Critical pool depth for gas blowthrough
h Heat transfer coefficient

hr Heat of fusion

K Thermal conductivity

L Length of hole

M Mass

v Mass flow rate

P pressure

R Gas constant

R. Gas core radius or gas annulus thickness
T Temperature

T. Melting temperature

v Veloecity
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Y Isentropic exponent

p Density
g Surface tension
a‘ Geometric standard deviation in log-normal distribution
u Viscosity
Subsecripts
L Liquid
8 Gas
h Hole
¢ Cavity
4 Final
0 Initial
s Surface
W Wall

ps Primary system

mw Molten wall
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