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ABSTRACT 

Major plasma disruptions in Tokamak power reactors are potentially 

dangerous because high thermal overloading of the first wall may occur, 

resulting in melting and evaporation. The present uncertainties of the 

disruption characteristics, in particular the space and time-dependence 

of the energy deposition, lead to a wide variation in the prospective 

surface energy loads. 

The thermal response of a first wall of aluminium, stainless steel and of 

graphite subjected to disruption energy loads up to 1000 J/cm has been 

analysed including the effects of melting and surface evaporation, 

vapour recondensation, vapour shielding, and the moving of the surface 

boundary caused by the evaporation. A special calculation model has been 

developed for this purpose. 

The main results are the following: 

By values of local transient energy depositions over 500 J/cm bare 

stainless steal walls are damaged severely. Further calculations are 

needed to estimate the endurance limit of several candidate first wall 

materials. Applications of coatings on surfaces need special attention. 

For the reference INTOR disruption (̂  100 J/cm ) evaporation is not 

significant. 

The effect of vapour shielding on evaporation has been found to be 

significant. The effect on melting is less pronounced. 

In a complete analysis the stability and dynamic behaviour of the melted 

layer under electromagnetic forces should be included. Also a reliable 

set of plasma disruption characteristics should be gathered. 
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1. INTRODUCTION 

In a plasma disruption a substantial part of the plasma-kinetic energy 

and also of the magnetic energy will be dumped in a short time on part 

of the first wall and the divertor or limiter. 

The wall will heat up and melt partially and a substantial evaporation 

may occur. The quench will also induce eddy currents resulting, by the 

toroidal magnetic field, in high lorentz forces acting on the damaged 

area. Also previous erosion may be a significant factor determining 

the resistance of the first wall to plasma disruptions. The consequences 

of a damaged first wall are a matter of serious safety concern because 

a considerable spill of coolant and/or blanket materials into the plasma 

chamber contaminates tremendously the plasma systems and chemical reactions 

may occur possibly leading to fires or explosions. 

In the framework of the INTOR/NET project workshop [1,2,3], in which 

also ECN collaborates, thermal analyses have been made of the first wall 

in case this is exposed to severe disruptions. This is the subject of 

this report. 

In chapter 2 some relevant characteristics of the disruption process are 

shown. The duration of a disruption, the frequency of disruptions, and 

the spatial and time dependence of the energy deposition on the wall are 

dominant parameters for which no reliable set of data are available yet 

for larger Tokamak machines. 

In chapter 3 details of the thermal analysis of first walls exposed to 

a wide range of surface heat loads are given. For those analyses a cal

culation model has been developed taking into account the following features: 

. the solid-liquid phase change and surface evaporation^ 

. the effect of vapour dynamics leading to a reaondenxation flux of metal 

vapour atoms back to the wall surface; 

. the effect of attenuation of the energy loads due to the slowing down 

of the incoming particles in the blow-off layer (= "vapour nhicldirij")', 

. the retreatment of the wall surface and subsequent diminishing of the 

wall thickness (= "mooina boundary"). 

The results of this model applied on first walls of stainless steel and 

of graphite are given. 

In chapter 4 some other topics for further investigations are described. 
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Finally in chapter 5 the conclusions and reconmendations for further 

study are given. 

A summary of this work has already been published in [33. 
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2. CHARACTERISTICS OF PLASMA DISRUPTIONS 

Tokamak discharges are not completely free from MHD instabilities. These 

instabilities can cause plasma quenches accompanied considerably by 

loss of energy and particles from the plasma. The theory of MHD 

instabilities and the experimental observations so far [4-10]donot allow 

at the moment a prediction of a reliable set of plasma disruption para

meters. With respect to the thermal response of the wall the most 

important plasma disruption parameters are the duration and the frequency 

of the quenches, the spatial distribution and the time dependence of the 

energy deposition on the wall. In this section first some recent 

observations on plasma disruptions in small Tokamak devices are 

summarized. Then the scaling of the most important parameters to charac

terize plasma disruptions in future larger Tokamak machines are outlined. 

Finally, the assumptions made for the plasma disruptions in INTOR are 

given. 

2.1. Experimental observations 

A ™iD2I_^i2ïüE£i2D *s defined as the proces which is self restoring, 

that means the plasma survives the distortion but there is a loss of 

thermal energy from the plasma of the order of 10-30% [7,8,9]. 

After a so-called ma^orjiisrugtion the plasma current cannot be sustained 

and the plasma burn is terminated. Almost all the plasma energy is lost 

to the wall. All experience in present day Tokamaks [5-11] shows 

that the prerequisite for minor disruptions is the growing of the 

m=2/n=l ) mode of magnetic field disturbance. The interaction with other 

modes such as m=3/n=2 are believed to create major disruptions. 

The main consequence of a minor disruption is probably [l] a change in 

the poloidal flux of the order of 10%, which might modulate the heat 

and particle flux to the wall. When the frequency of occurence is high 

this might lead to failure due to fatique. Mostly, the plasma is 

destroyed by a sequence of one or several minor disruptions followed by 

a major disruption [6]. Therefore the occurence of major disruptions in 

large machines like INTOR or DEMO cannot be excluded. 

Major disruptions can be triggered by [6,8]: 

- bad plasma position 

- impurity influx 

- additional heating 

) m and q are the poloidal and toroidal wave numbers of the magnetic 
field disturbance. 
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- exceeding of the upper density limit 
- a too rapid density increase, or 
- a too rapid current change. 

During a disruption the plasma confinement is lost. The plasma 
rapidly expands, associated with the growth of magnetic islands. The 
plasma is also displaced inwards due to a decrease in 8 value and a 
decrease in plasma inductance. Much of the plasma energy is dumped 
on the wall, mostly on the inboard side, top and bottom. It has been 
observed, see e.g.[6], that in a major disruption first the plasma 
temperature falls, associated with the energy loss. Then the plasma 
current decreases while the magnetic energy is dissipated. These time 
scales are different, see fig. 1 (taken from [6]), dividing the plasma 
termination in two periods. During the magnetic energy quench enhanced 
reduction of 3 occurs and thus enhanced plasma drift inwards. 

The frequency of major disruptions varies widely from one machine to 
the other [8]. The probability of occurence in present devices [9,10] 
is of the order of ]% (or more depending on q-values * ) . 

2.2. Scaling of plasma disruption parameters 

Empirical data on disruptions are limited and only from small size 
machines. Therefore it is difficult to obtain a reliable set of data to 
characterize plasma disruptions in INTOR/NET. It is believed [1,2,3] 
that the main features of MHD instabilities observed in present day 
experiments will remain the same for INTOR and DEMO conditions. 
When scaling to INTOR the most important disruption characteristics 
must be distinguished such as: 
- duration of energy deposition т , 
- duration of current decay т 
- spatial distribution 
- time dependence of energy deposition. 

Especially the energy deposition time Tt^ (in the following called 
disruption time т^) and the spatial distribution are of central 
importance since their consequences for the first wall are the highest. 
Temperature excursions with resulting melting and evaporation of the 
limiter material have already been observed in small experiments like 
TFR [51 and will certainly occur in larger machines. 

*) q is the plasma safety factor defined by: q = r B_ /R В ,. 
J ^ tor pol 
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2̂ 2̂ 2̂ _Scali.rtg_of _disru£tion_time 

Typical observed values for the energy deposition time(= disruption time) 

for the present day machines are of the order of 100 us as given in 

fig. 2, which is taken from [11]. This time increases with machine size, 

plasma density, a.o., but it seems difficult to determine this. The 

disruption time for large size machines is believed to range from 1 to 

20 ms according to a scaling given in [11] and is also depicted in fig.2. 

For INTOR a disruption time of 20 ms is projected but also lower or 

higher values might be possible due to the uncertainties in this 

scaling. 

2^2^2^_Sga^ial_aj]d_tme_d^s^rib^tion 

In earlier analysis, e.g. [1,11], the energy deposition was assumed to 

be uniform over the total first wall. It is anticipated now that spatial 

peaking of the heat flux may occur, resulting in maximum energy loads 

varying from 100 J/cnr to over 1000 J/cm , depending on the model of 

energy deposition. 

Another aspect on which there is no consensus concerns the time dependence 

of the heat deposition on the wall. Most analyses assume a constant heat 

flux q" (in W/m^). This model is also adopted for the reference INTOR 

disruption (see 2.3). However, depending on the plasma disruption proces 

other time dependent pulse shapes are expected [11,12]. 

The scheme proposed by ORNL [11] is based on an expansion of the plasma 

with constant velocity v = а/т, and assuming a plasma density and 
Г 2 temperature distributions with parabolic shape: n/n = T/T = l-(—) . 

The resulting time dependent heat flux then is: 

q"(t) = q • f(t) = q •—• (1-(V) , (1) 

where т = disruption time, and 

- E 1 1 T 

q = -J— = time average heat flux = — ƒ q"(t)dt . 

о 
The maximum value of q" is q= 1.72 q and appears at a relative time 
t/т = /0.2 = 0.447. See also fig.3. The heat flux is zero at t=0 and 
t=t. Epj/A is the energy load (J/nr) deposited on the wall area considered. 
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In our analysis the constant q" = q" and the time dependent distribution 

q"(t) with the condition q = q will be used and their consequences compared. 

It may stated here that the uncertainties in disruption time, spaizial 

distribution and unknown frequency of occurence of disruptions in 

large machines causes also large uncertainties in the evaluation of 

wall design and lifetime. 

2.3. Specification of INTOR reference disruption 

In the most recent INTOR disruption scenario [3] it is assumed that 

in a major disruption 30% of the plasma thermal energy content of 

230 MJ will be distributed uniformely over the chamber surface of 

380 m2 while 70% of the energy will be deposited equally on 30% of 

the wall area (located at inboard, top and bottom) and on the limiter 

(or divertor plates). A peaking factor of 2 within this localized energy 

dump is considered. Also 60 MJ of magnetic energy (from the decay of 

the poloidal field) is considered to be dumped uniformly. The 

reference disruption time is taken to be 20 ms but also an alternative 

value of 5 ms is considered. The hot spot energy density on the first 

wall therefore is 175 J/cm~ which means an average heat flux of 

87.5 MW/m2 during 20 ms or 350 MW/m2 during 5 ms. (If all the energy 

is dumped uniformly over the entire wall the overall average heat 

flux will be 38 MW/m2 for the 20 ms and 150 MW/m2 for a 5 ms dis

ruption. ) 

In previous assumptions [2] these data were higher due to the assumption 

that the localized energy is dumped on the first walls 

only and not on the divertor (or limiter) plates. In that approach the 

maximum energy density is 314 J/cm2 (i.e. 157 MW/m2 during 20 ms). 

For the frequency of major disruptions somewhat optimistic values were 

taken with respect to present knowledge but it was argued that this 

approach reflects the expectation of improvement in the understanding 

of disruption behaviour and control. 

For the first stage of operation (10 pulses of 100 s) the frequency 
— 3 

is taken to be 5.10 corresponding to 500 quench events. For stage II and 

stage III (5.105 pulses of 200 s) the frequency is set at 10~3, also 

resulting in about 500 quench events. Therefore the first walls have to 

sustain at least 1000 major disruptions. 

An overview of the most important data of the reference INTOR plasma 

disruption is given in table 1. 
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3. THERMAL ANALYSIS OF THE FIRST WALL 

3.1. General formulation 

The schematic diagram for calculating the response of the first wall to plasma 

disruptions is given in fig. 4, in accordance with the discussion in 

the preceding section . As far as the consequences of plasma dis

ruptions are concerned, they fall into two categories, thermal and 

electro -mechanical. 

200 to 300 MJ of thermal energy of particles and fotons is deposited 

on the first wall in a quite short time T^ (ms range). Non-uniform 

heat deposition may lead to partial melting and evaporation. The 

electromagnetic consequences are connected with the forces and the heating 

resulting from the eddy currents in the walls induced by the decay of 

the plasma current and of the magnetic fields. 

In the present report the analysis will be restricted to the thermal 

analysis of the first wall subjected to a wide range of heat loads 

reflecting the large uncertainty in the spatial peaking. The first 

wall is treated as a slab and the heat transfer problem is solved in an 

one-dimensional geometry. The deposition of the thermal energy of the 

plasma in the form of fotons, electrons and ions is treated as surf ace heat flux. 

This is appropriate since the penetration depth of ions and soft 

X-rays is < 1 ym. The heat generation of the wall by the eddy currents 

is volumetric and is assumed to be uniform through the wall thickness. 

The rear side of the wall is cooled. 

The general heat conduction problem in one-dimensional geometry is 

given by the well known Fourier equation: 

pc S-è ЬЩ ч" • 
The boundary conditions at the surfaces are: 

frontside Эх x=o 
q" = h (T-T , ) . (3) 
Mrear coolant ' 

For the case where a melt layer is formed then the condition at the 
solid-liquid interface at x = ̂  is: 
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— л " 
conduction conduction phase change 
liquid phase solid phase 

, 3T I ь эт I * u dXm n\ 
- k„ — I = - k - ^ - - | + p H —r— (4) 

U 3x I , s Эх I . s m dt 
| x f xm l x + xm 

With significant evaporation at the surface the condition at the 
actual surface at x =x is: 

e 
qV . , = q" _, . + q" + q" . . 
incident conduction ^evaporation radiation 

ST I dr;« 
q" -_, я-Ктг-\ + p„ H -rr +£в(тц -Т 4) . (5) 
^incident I 3t I yl ev dt ° I e 

In these equations 

q'" = volumetric heat generation (W/mJ) 
q" = heat flux (W/m2) 
p = density (kg/nr) 
с = specific heat (J/kg °C) 
к = thermal conductivity (W/m °C) 
H m = latent heat of melting (for SS=270 kJ/kg) 
H = latent heat of evaporation (for SS=6300 kJ/kg) 
h = heat transfer coefficient to coolant 
a = Stefan-Boltzman constant (5.67 10 W/m к ) 
к - emissivity of the surface (for SS ^ 0.3-0.6) 
the subscripts s and I refer to solid and liquid, respectively. 

Equations(4) and (5) show that for the more complex calculations 2 
phase changes and 2 moving boundaries (at x and x e) have to be 
considered [13,141. A schematic picture for this problem is given in 
fig. 5a. 
In the following sections the thermal analysis of the first wall is 
discussed starting with a simple analytical approach of the problem 
followed by a presentation of our calculation model incorporating 
melting and evaporation respectively. Next the phenomena of vapour re-
condensation, vapour shielding, and the moving surface boundary are 
discussed. The effects of these phenomena on the thermal response of 
a stainless steel wall are discussed in section 4.8. 

The final numerical results of the thermal response of the first wall of 
stainless steel and of grpr^ite to the INTOR-NET reference disruption 
and to more intensive energy loads are presented in section 4.9. and 
4. 10. respectively. 
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3.2. Analytical approach of first wall heating without melting 

Suppose a constant heat flux q" -q£ falls on the surf ace during a tine T d 

short compared to the thermal diffusion time t d i f f of the first wall. 

Assuming constant material properties and no phase changes, the 

temperature profile in the wall can be approximated by the simple 

analytical expression for a semi infinite medium [15]: 

T(x,t) - T = AT(t) , Л" ierfc (——) о surface /r at 
2 °° r2 

= AT(t)surfacele"U " 2u ƒ e'^dC | , (6) 
u 

where „ 

AT(t) f =T(o,t)-T - Z q " / ^ » W * 2 I 
surface о о прел А тт 
x 

u = /4 
= dimensionless parameter 

at 

a = — = thermal diffusivity Ы /s) 
pc 

T = initial temperature distribution, о r 

The thermal diffusion time t,.,r is defined as 
alii 

diff a ' 

where d = thickness first wall. For a 8 mm thick SS wall with 
a % 4.4 1СГ" m /s, the thermal diffusion time will be about 14.5 s. 
This is much larger than the supposed INTOR disruption time of 20 ms. 
The thermal heat penetration depth in SS for a 20 ms duration heat 
flux is f4a-rcj % 0.6 mm ) . For Aluminium this will be 2.5 mm, and for С 
I mm. Such simple analysis, often used in the literature on first wall 
analysis, holds only for constant heat fluxes not resulting in melting. 
For a 20 ms disruption on SS, which has a melting point of 1420 °C, no 
melting occurs when q" < 80 MW/m (E = 160 J/cm^). For a 5 ms disruption 
this will be the case for q" - 160 MW/m2 (E =80 J/cm 2). 
For a time dependent heat flux q"(t) the surface temperature can be 
found by |15|: 

t - *2 
T(x,o-i . 4 / q " ( H — т̂ . (6) 

k/ir 0 /7 
) at a depth of /4a-rd inside the wall the temperature increase at the 
end of the disruption is less than 10% of that of the wall surface. 
At a depth of 4»/ат this will be less than \%, see fig. 5b. 
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In some present experiments |5,16| the unknown heat flux q"(t) during 

a disruption is found by measuring the time variation of the surface 

temperature T (t) and then solving the inverse function, see |5|: 

rr—yt T ( t ) - T ( t -T) 

w\/¥lo 2Л d" ( 7 > 
Also in this derivation constant material properties and no phase changes 
are assumed. 
The reference INTOR/NET disruption certainly results in melting. 
Taking into account also the temperature dependent material properties, a 
proper solution of the problem only can be obtained by a numerical 
analysis. 

3.3. Numerical calculation of first wall heating with melting 

The finite element code MARC |l7|, running at ECN on a CYBER 175 com
puter, is very appropriate for the present problem because bhe programme 
features in thermal analyses allow: 
- temperature dependent material properties via the input data of 

к(Т), p(T), and c(T); 
- phase change of solid to liquid via the input data T i (or the 
liquidus and solidus temperatures T^ and Tg) and Hm; 

- moving boundary of solid-liquid interphase; 
- treatment of arbitrary volumetric and surface heat fluxes and film 

coefficients via the user subroutines FLUX and FILM; 
- the possibility of the treatment of surface evaporation and surface 
retreatment (see section 3.4). 

The present problem has been analysed in one-dimension with 2 node ele
ments. For the rapid plasma disruption problem proper numerical results 
of the temperature history will be achieved only if sufficient small 
element sizes and time steps are chosen. Element sizes << I mm are re
quired to give results sufficiently close to an analytical solution. 
This is conform to one of the stability conditions in numerical heat 

аЛ t transfer calculations.'Fo = —sr< 1. 
Ax 2^ 

*) 
MARC is a finite element code designed for linear and non-linear 
analysis of structures in the static and dynamic regime. MARC pro
vides capabilities for elastic, elasto-plastic, and heat transfer 
analysis upto 3 dimensions. 
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It has been shown that for a SS wall subjected to a mild disruption 

(see fig. 6), the final surface temperature in a calculation using 

temperature dependent properties differs about IO°C from that ob

tained by an analytical calculation using temperature averaged 

properties. 

In the INTOR/NET studies 12,3j last years several candidate first wall 

materials have been considered: 

. alumin'"4) o;. «ting at a low temperature of about 150°C |2|, 

. stainless steel operating below 350°C, and 

. graphite armors either passively (at about 1700 C) or actively (at 

about 1000°C) cooled. 

Numerical calculations for these materials have been performed. The 

temperature dependent material properties for Al (A16063) have been 

taken from |l8|. The stainless steel (SS316) properties have been 

taken from |l9| which gives the most appropriate data for the high 

temperature range, especially in the liquid phase; see also fig. 7 

for a clear illustration of the effect of phase transition on material 

properties. The data for graphite are those for the nuclear grade 

graphite type H451 as given in |20[-

Some important data of thermophysical properties of these materials 

are collected in Table 2. 

A typical example of a temperature response of an aluminium first wall 

subjected to a surface heat flux resulting in melting is given in fig. 

8a and fig. 8 . The constant heat flux model q"=q" and the time-

dependent heat flux model q"=q(t) are compared. 

The depth of the melting front during and after a disruption is shown 

in fig. 9 for Al and SS. At the end of the disruption the thickness of 

the melt layer in Al is about 3 times that of SS. Melting starts at 

about 5 ms after the start of the disruption and complete resolidifi-

cation is achieved at about 10 ms after the etJ of the disruption. 

Comparing the constant heat flux model q"=q" with the time dependent 

molel q"=q"(t) it is found, see fig. 10, that the maximum surface 

temperature in the time dependent case is about 100 to 200°C higher 

depending on the energy load. 
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Up to an energy intensity E * 350 J/cm (i.e. 175 MW/m- during 20 ms) the 
maximum thickness of the melting layer is also somewhat deeper for the 
time-dependent heat flux model, see fig. 10. For higher values of E 
relatively more heat is absorbed within the melt layer than conducted 
into the material, hence the maximum thickness of the melt layer in the 
time-dependent heat flux model is less than that in the constant heat 
flux model. 

In an earlier calculation |2l| the effect of the additional volumetric 
heat generation, caused by the Joule heating of the eddy currents, on the 
temperature history, has been examined. It was shown, see also fig. 11, 
that this effect is small. \n uniform dump of plasma kinetic energy of 
400 MJ on 1000 m^ during 25 ms, giving a surface heat flux of 16 MW/m , 
results in a maximum temperature increase of 285°C. With an additional 
Joule heating of Ii0 MJ, uniformly distributed over the entire first 
wall of 5 mm thick, giving a volumetric heat generation of 1500 MW/m , 
the resulting maximum surface temperature is 291 С 
Therefore in the more complex calculations with extensive melting and 
evaporation only the surface heat problem is considered. 

3.4. Surface evaporation 

Evaporation at the surface becomes important when the surface temperature 
is high. The maximum evaporation mass flux Jev (kg/m^s) from the surface 
into a vacuum (derived from the particle flux j ={ nv = • ° ; -) can be 

/2ттткТ 
given by, see |22|: 

Jev * - P s a t ^ S T (8> 

where 
a = evaporation coefficient, representing the sticking probability of 

metal atoms on the surface. Generally a is 0.6 to 0.9 for the 
metals (and is put equal to <x=l in the following). For graphite 
a=0.l is recommended in |20| but also a=l has been examined. 

ps = saturation pressure at the surface with temperature Ts. 

The saturation pressure is strongly dependent on temperature: 
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ли а 
Ps(T) - С exp (- ^-) or log ps = A - f- (9) 

s s 
where ДН = activation energy or the latent heat of evaporation 
(sublimation) per atom, к = Boltzmann constant, С * a constant depending 
on the surface materia 1, В = 0.434 ЛН/к, А = ,0log C. Values of these 
constants as used in the following calculations are given in table 2. 
The temperature dependence of p of several materials is given in 
fig. 12, taken from |24j. 
Equation (8) can be rewritten into the evaporation rate or vaporization 
velocity of the surface: 

Л _ . . « , . Psat(t°rr2/M; 5 (̂ ) = a * 0.6 * J"L _ V^- . (10) 
s Р(-Ц:) Т-3 cm 

dxe 5 is also the velocity of the receding surface —r—- (= rate of moving 
boundary). The evaporation mass flux J and the evaporation rate б are 
strongly dependent on temperature, see fig. 13, which therefore has 
to be calculated accurately. The evaporation becomes important only 
for surface temperatures well above the melting point of the material 
as can be seen from fig. 13. 
The evaporation heat rate is given by: 

q" = p II б (II) 
evap ev 

where p is density and H is latent heat of evaporation per unit mass. 
The total evaporated layer is given by: 

б = ƒ 6 dt. (12) 

Assuming a surface temperature history given by equation (6) an estimate 

of the total amount of evaporated material can be derived. 

According to the derivation given by Behrisch in [231 this total amount 

can be given as: 

5 = 0.2 6 (T ) T , , (13) 
max d ' 

where 6(T__„) is the evaporation rate at the time t=T, where the surface max Q 

temperature reaches its maximum value T 
max 
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Expression (13) holds only for the case with constant heat flux, and a 
temperature calculation based on constant material properties and no 
phase changes. Therefore (\Z) is not applicable for more complex events. 

For slow evagoration_rates., that means if the evaporation heat flux 
q" is negligible or very small compared to the incident heat flux 
q". . , , the heat conduction problem (including melting) and the M incident 
evaporation can be regarded as uncoupled phenomena and can be treated 
separately. This is valid for low values of q". ., where the r } incident 
resulting maximum surface temperature is lower or not far beyond the 
melting point. Then also the formulation (13) is rather valid. (At the 
melting point of SS of T =1420 °C the evaporation heat flux is 4 kW/m , 
this is negligible to all incident heat fluxes considered in this report.) 
In case of intensive_evagoration at high temperatures where q" is 
a substantial fraction of the incident heat flux q". . , .. the phase 

incident 
change at the surface must be incorporated in the heat transfer 
calculations. 
In the numerical calculations with MARC the evaporation heat flux q" 

r n evap 
can easily be treated by substracting this flux from the incident heat 
flux via the user subroutine FLUX. Also the thermal radiation to the 
environment can be taken into account. The remaining heat flux for 
conduction into the material then is 

q" , q". -, - q" - q" л- *• • (•*) 
conduction M incident evap ^ radiation 

An example for SS is given in fig. 14 for different values of the incident 
heat flux. For continuous heating an ultimate upper limit of the surface 
temperature will be reached determined by equalization of the incident 
heat flux with the evaporation heat flux (II) and the thermal radiation. 
These values Tu are also given in fig. 14. Fig. 15 shows the strong 
dependence of evaporation on q0~value and disruption model. 
The temperature history and corresponding evaporation rate б and 
evaporation heat flux q" for a graphite surface is illustrated in fig. 16 

evap ° 
and fig. 17. The dependence of these quantities o.i «-value (see equation 
(8)) is clearly illustrated. 
An overview of some numerical values of these calculations is given in table 3. 
The difference between constant incident heat flux q"=q" and time-
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dependent incident heat flux q"»q"(t) has greater effect on evaporation 
rather than on melting. 
In fig. 18 the total evaporated layer б from a SS surface is given as 
a function of the intensity of the incident heat load E (of a 20 ms 
disruption) for both heat flux models. 
The time-dependent model results in a much higher value of the evapo
rated layer. 

As also can be seen from fig. IS, already a relatively small increase 
in incident heat flux results in a large increase in evaporated layer. 
For the reference INTOR/NET disruption an evaporated layer of the order 
of - цт per disruption has to be expected. This means a material loss 
of the order of 10 g/m . 
A first wall exposed to much higher heat loads can loose a mass of 
more than 100 g/m , even up to about I kg/m2, see fig. 19. 
In this figure also the upper limit of evaporation <5U as function of 
the intensity of the heat load E is given. This ultimate value 6U is 
determined as the amount of vapour produced when all incident heat 
load E is spent to the enthalpy rise of the vapour molecules and not 
to heat conduction into the material. Thus: 

E = óurpscs(Tm-T0) *рг Нш + рг Hev] (15) 

Such situation may be reached for very short disruption times, 
e.g. т<1 ms, where the accompanying thermal penetration depth /4ат 
is very small, i.e. comparable with 6. 
Using the average data for SS 

6U (urn) , - E (J/cm2), (15a) 

for С this will be 6U (ym) ; — E (J/cm2). 

If no evaporation occurs due to too low surface temperature there still will 
be some surface erosion by sputtering due to the high energetic plasma ions falling 
on the wall. Using the sputtering data given in |24| the accompanying maximum 
sputtered surface layer to each 100 J/cm2 of plasma energy load will be about 
4 10"3 um for SS (about 3 ug/cm2). For graphite this will be 13 I0"3 pm 
or 2.4 vig/cm2 for each 100 J/cm2. 



Apart from the treatment of melting and the calculation of surface eva
poration some other aspects might be of importance, expecially in the 
case of intensive evaporation. 
The model improvements concern the following (see also fig. 20): 
- the dynamics of the vaporization process and possible re sonde кг. :i"'•:••:; 
- the interaction of the incident plasma particles with the blow-off 

layer causing attenuation of the incident heat flux, = f^oiti1 

shielding; 
- the n.oJÏKj l\i:iiiJ.T!'iJ of the surface has to be considered when the 

evaporated layer is not negligible compared to the melt layer thick

ness. 

3.5. Vapour dynamics and recondensation 

In section 3.4. the absolute vacuum evaporation flux was considered. 

During evaporation, however, a vapour cloud in front of the wall sur

face will be build-up. This leads to a recondensation flux of atoms 

from the vapour cloud back to the first wall surface, thus reducing the 

net mass flux from the surface. 

Assuming sonic flow of the vapour molecules v s o ni c = V K — , a first 

estimate of this recondensation flux can already be made by the fol

lowing simple calculation: 

Assuming ot=I, the evaporation mass flux as given by eq. (8) reduces to: 

y/ZE2 Jev = P s a t
V2^T (,6) 

In the vapour cloud this equals to: 

t _ Pvapour *f RT' ,.,.. 

JPV = p . v = — d s • » * -n- (17) 
ev vapour vsonic RT M 

Equalization of eq. (16) and eq. (17) results in: 

p . 
*- = -—— = 0.31 for mono-atomic gas (к = 1.67) 

Psat /2ÏTÏT 
= 0 . 3 3 for di-atomic gas (к = 1.40) (18) 
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This means that the density in the vapour cloud is only about 0.3 
times the saturation density. The recondensation flux then will be 

J . J.0.3J . (19) 
cond ^ ev 

The net evaporation flux therefore, may be approximated by 
. i—и 

net ev cond ^ Ksat 2TTRT ' 
In consequence q"ev and б decrease accordingly: 
More refined kinetic analyses making use of the equations of mass, 
momentum, and energy transport f.25-30],applied on a freely expanding 
vapour into vacuum,lead to values of the recondensation flux of 0.2 to 
0.3 times J , depending on the expected velocity distribution in the 
gaskinetics. From this literature [25-301 it also turns out that the 
density in the very thin Knudsen layer close to the wall, is < 0.76 
times the saturated density and in the fully developed vapour cloud 
this is ^ 0.31 times the saturated density. The temperature in the 
vapour cloud is accordingly about 0.75 of Ts. Our first estimate agrees 
very well with the more refined gas kinetic studies. In our further 
calculations we will use the average value 

J , = 0.25 J . (21) 
cond ev 

Again referring to the studies Г25,26] the time required to attain a 
fully developed recondensation flux is about 20 collision times. The 
collision time т for the vapour molecules with density n, temperature 
Т and molecule mass m is defined as: 

— = v = collision frequency = 1б/тГ.п.а (kT/m)* , (22) 
с 

with ч-па^ - collision cross section of the vapour molecules 
and _ тга-* = volume of vapour molecule. 

3 
For a saturated Fe vapour at 2000 K, the sonic velocity is vfi % 700 m/s 
and the collision time тс % 3 us. The time scale to reach asymptotic 
recondensation flux therefore will be % 60 us and this is short com
pared to the time scale of the disruption event. 
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З.Ь. Vapour shielding 

In the propulsing vapour cloud the energetic plasma particles will be 
slowed down by elastic and inelastic collisions on the vapour 
molecules. The molecules will be excited, ionized and heated up to 
high temperatures. The absorbed energy in the vapour radiate away 
isotropically as soft X-rays. The incoming energy flux will be attenuated. 
For a sufficient thick and dense vapour layer, effectively only half 
of the original incoming flux will be deposited on the wall surface. 
The rest will radiate away to other surfaces in the plasma chamber. 
The time in which such a shielding will be attained depends on the 
energy flux, the evaporation rate, the plasma temperature and the 
first wall material. 
The first author who mentioned this vapour shielding was Sestero Г31]. 
In his theoretical work on the stopping power of a cold dense gas 
layer he called this shielding layer the "virtual limiter". Investigators 
who started the incorporation of this shielding effect in transient 
calculations were Hassanein e.a. [32] and lateron Merrill in his con
tributions to the INTOR workshop [33]. 

No direct answer is available yet to the question of how thick (and 
dense) a vapour layer has to be to get the maximum attenuation of the 
incoming particles. The thickness of the required first wall surface 
layer which has to be vaporized to reach such maximum shielding might 
possibly range from 1 A to 1000 A. 
In r321 it was stated by Hassanein e.a. that 10 keV plasma ions will 
penetrate in a solid to a depth of about 10~'m (1000 8). Hence in [32] 
evaporation of a surface layer of that thickness was expected to give 
a vapour layer with optimal attenuation (that is maximum shielding). 
However, in the study ofSestero [31] it was derived that for JET-
dimensions a maximum vapour shielding may be attained by evaporation 
of about 100 mg of high-Z material. Referring to the whole surface area 
of 75 nr in JET, this should be equivalent with an evaporation of a 
solid layer of only 1 A thick. 
In our calculations we have carried out a parametric analysis by 
varying this thickness ój from I A to 1000 A to study the effect of 
vapour shielding on total evaporation (see section 3.8.). 

In the numerical calculations the incoming plasma heat flux is reduced 
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to 50% when the total evaporated layer б £ 5j. In the preceding period 
of evaporation where б < 5j the incoming plasma heat flux is assumed 
to decrease linearly with the thickness of the evaporated layer 6. 
A typical example of the resulting surface heat fluxes as function of 
time is given in fig. 21 for both cases, with and without shielding. 

In the present 1-dimensional model we assume no vapour transport 
parallel to the surface, thus no reduction of the vapour density by 
blow-away due to eddy current forces, nor the possibility of distributing 
the incoming energy load over a larger surface by sue! a spatial 
enveloping vapour shield has been considered. 
The uncertainties in the theoretical and experimental data of dis
ruptions do not allow at the moment a definite answer to the question 
whether or not the vapour cloud will remain in front of the wall and 
will effectively shield the first wall. Therefore in our further 
calculations the thermal response of the wall with and without vapour 
shielding will be presented giving optimistic and pessimistic values, 
respectively. 

3.7. Moving boundary 

In the thermal calculations with intense evaporation it is necessary 
also to incorporate the retreatment of the wall surface by this 
evaporation (= moving boundary problem). This has to be the case 
especially if the evaporated layer 5 is not negligible compared to the 
thermal penetration depth /4ат of the thermal pulse. From fig. 19 it 
could already be seen that this will be the case for disruption energies 
beyond several 100 J/cm . 
In our numerical non-linear thermal calculations with MARC we treat 
the moving boundary by deleting, during the transient, successively 
those finite elements which have to be omitted according to the cal
culated valua of 6 = ƒ 6 dt up to that time step. Simultaneously the 

surface heat load condition shifts to the surface of the adjacent volume 

element. 

Care was taken in the calculations that the width of the finite elements 

was sufficiently small (̂  I pm). 
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3.8. Investigation of the computational model 

The effect of the different physical phenomena on the thermal behaviour 
of the first wall has been analysed for a disruption energy of E =600 J/cm 
(q" =300 MW/m2 during a disruption time т, =20 ms). Such a heat deposition 
must be regarded as a severe disruption. 
Table 4 shows some numerical results: 

(For illustration of the parameters Д and 6 see also fig. 5). 

Fig. 22 shows several temperature histories. From the table and the 
figure we gather the following: 
1. The recondensation flux back to the surface will result in a tem

perature increase through which also the evaporation increases. 
Therefore, the net effect of recondensation on evaporation is less.For the present 
calculation a recondensation flux of J =0.25 J ™ results in a total 

cond e v 

amount of evaporated material which is only 5% lower than in the case 
where only vacuum evaporation was considered. The effect of the re
condensation on the thickness of the evaporated layer therefore is 
small. The effect of recondensation on the thickness of the melt 
layer is negligible. 

2. Vapour shielding has a relatively significant effect on the amount 
of vaporized material (about one order of magnitude). 
The effect on the thickness of the melt layer is small. 
Fig. 23 illustrates also the strong dependence of vapour shielding 
on the evaporation rate. 

3. The value of 6, (i.e. the minimum required vaporized first wall 
layer to achieve maximum vapour shielding) appears to be of slight 
importance. See also fig. 23. A variation in 6j from 1000 A to I A 
results in a reduction of the total evaporated layer of only 20% 
(13 m and 10.4 um, respectively). 
This can be explained as follows: In the transient with vapour 
shielding the final heat flux on the surface is half of the initial 
load, independent of 5 , see also fig. 21, and as can be seen from 



- 27 -

fig. 22 the final surface temperature in the transient is also nearly 
independent on 6.. The-i, because the evaporation rate is dominant in 
the last phase of the disruption, there will be a weak effect of the 
value of 5, on evaporation. 

4. The incorporation of a moving boundary has only slight influence on 
the calculated value of melt layer (1-4%) and also on evaporation 
(4-7%). An illustration of the time dependence of the melt front 
for the different cases is given in fig. 24. For comparison also 
the response to a 5 ms disruption is depicted in fig. 24. 

3.9. Numerical results for the INTOR reference disruption 

As discussed in section 2.3. the reference data for a major plasma 
disruption in INTOR are: E =175 J/cm as peak energy on the first wall 
within 20 ms. An alternative of 5 ms has also to be considered. 
In the present calculations not only the constant heat flux model 

E q" =— but also the time-dependent heat f lux model q" =q"(t) according Td 
to Eq. (1) with the same amount of energy E, has been considered. 
A disruption with and without vapour shielding is examined. As first 
wall material only SS316 and graphite (nuclear grade H451) have been 
investigated. For the SSfirst wall two different initial steady state 
temperatures of 350°C and 200°C have been chosen. 
For graphite an initial temperture of 1000°C was taken assuming appli
cation of either actively cooled or passively cooled graphite plates. 
Table 5 gives the numerical results of maximum surface temperature 
T » depth of melting front A f and vaporized layer 6. 

тал in 
Fig. 25 shows the temperature history of the wall surface of the SS 
first wall for the 20 ms as well as for the 5 ms disruption. 
In fig. 26 the time-dependence of the melting front during and after 
the 20 ms disruption is given. As can be seen from the figures a lower 
initial surface temperature results in a 4 times smaller melt zone for 
the 20 ms disruption. 
For the short duration 5 ms disruption, see fig. 27, almost the same 
depth of melting front is found for different initial temperatures 
and also for the 2 different disruption models. 
Lower initial surface temperature therefore may only be of importance 
to mitigate the melting and evaporation process in a disruption process 
of long duration. 
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In figs. 26 and 27 also the reported values of Merrill in |33| have been 
plotted. Supposing an initial temperature of 550 К (280 С), although not 
given in ref. |33|, the results are in good agreement. 

3.10.Numerical results for severe disruptions 

Energy loads upto 1000 J/cnr on SS and С have been analysed. Disruption 
times of 20 ms and 5 ms have been examined. Only the constant heat flux 
model is considered. The initial temperature was taken to be 350°C for 
SS and 1000°C for C, respectively. 

In fig. 28 the surface temperature of SS is given for the energy load 
of 1000 J/cm2. 

Fig. 29 shows the depth of the melting front in SS during and after 
the disruption with E =1000 J/cm . In the last figure also the amount 
of the receding surface by the strong evaporation is clearly illustrated. 

As can be seen the effect of vapour shielding on the depth of the melting 
front is less than that on the amount of evaporation (= amount of 
receding surface). 

Fig. 30 shows the maximum surface temperature of SS reached as function 
of the intensity E of the disruption energy load. 
In fig. 31 the maximum depth of the melting front in SS as function of 
E is given. 
For low values of E, like the reference INT0R value E =175 J/cm2, the 
5 ms disruption results in thicker melt zones than a 20 ms disruption. 
For high values of E a 5 ms disruption tends to give thinner melt layers 
due to the effect that the corresponding surface temperatures are much 
higher and hence the contribution to the melt heating and evaporation 
is also higher. 

Fig. 32 shows the amount of evaporated material from the SS first wall 
surface as function of the intensity of the energy load. For severe dis
ruptions a reduction in evaporation with a factor of about A can be 
achieved if maximum effective vapour shielding might be attained. 
In this figure also the upper limit of evaporation as given in Eq. (15) 
is plotted. 

Fig. 33 and fig. 34 shows the maximum temperature reached and amount 
of evaporated material for graphite. 
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Since graphite will not melt at these temperatures and pressures the 

material removal will be by sublimation only. 

The accuracy of the calculated melt layer thickness and vaporized 

material depends mainly on the uncertainty of the thermal physical 

properties of the material, especially at high temperatures, and of the 

saturation pressure at high temperature. In particular the prediction of 

the evaporation rate is very sensitive to the surface temperature which 

is largely defined by the thermal conductivity in the melt layer. 

No detailed sensitivity analysis was made. For the particular energy load 

of E = 600 J/cra , discussed in section 5.1, it was calculated that, 

with an increase in thermal conductivity in the melt of 10%, the thickness 

of the total evaporated layer will be about 10% lower and the penetration 

depth of the melt layer about 2% higher. The maximum surface temperature 

reached is only I4°C lower. These results are in rather good agreement 

with the results given in |34|. 

An increase of -j— (eq.(9)) with 2% results in a maximum temperature which 

is 14°C lower, a melt layer which is 4% thicker and a total amount of 

evaporated material which is 10% lower. 
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4. ASPECTS FOR FURTHER CONSIDERATION 

4.1. Melt layer stability 

The eddy currents in the wall as developed during the plasma current 

decay result in electromagnetic forces on the melt layer which can 

push away the melt layer. This melt layer stability will set a maximum 

to the number of disruptions which can be tolerated by the first wall. 

The very conservative assumption is that the electro-magnetic force 

blow away completely the melt layer. Assuming complete loss of melt 

layer it was calculated for NET/INTOR |35| that a stainless steel wall 

subjected to the reference INTOR disruption scenario can only stand 

the complete lifetime of 15 years of operation if the wall surface is 

200°C. Walls at 350°C require replacements after 3 years and 9 years 

of operation. This is the case for 20 ms disruptions. If 

disruptions occur of 5 ms duration then the replacements would be to 

often (every 20.000 cycle, i.e. every year). 

For walls at 350°C and disruptio = according to the time dependent heat 

flux model q" = q"(t) the replace: at frequency is too high even for the 

20 ms disruption time. It is therefore necessary to develop a better 

understanding of the melt layer stability. 

Work in this direction has already been started, see 135-371 . An 

extension of our disruption model code with a simultaneously treatment 

of the magneto stability of the melt layer during and after the disruption 

will be carried out. 

4.2. Dynamics of plasma-vapour interaction 

The model of plasma-vapour interaction presented in section 3.6 supposes 

so far that the vapour only attenuates the plasma ions, thereby 

shielding the wall surface and reducing the extent of evaporation. In 

another approach,recently developed by Merrill and Jones |38|, the 

interaction between the rapidly expanding vapour and expanding plasma 

is investigated in more detail. In that dynamic model the ionization 

and recombination rates of the interaction of intersecting vapour and 

plasma rings are taken into account. The results of that analysis pre

dicts that the plasma-vapour interaction intensifies the rate of energy 

deposition and an intensive burst of thermal radiation from the vapour 
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will be triggered short (about 0.3 ms) after the onset of melting and 

lasting for a very short period (< 0.1 ms). The consequence is a burstlike 

energy deposition on the walls and a rapid plasma thermal quench with 

accompaning extension of wall erosion. The temperature excursion in 

the wall therefore seems to be a skin phenomenon extending only a few 

tens of urn into the wall and lasting for less than 1 ms. 

With this model a plasma disruption of 350 J/cm , which in a unattenuated 

approach lasts for 5 ms, will be confined within 1 ms. Due to the 

considerable implications with respect to first wall erosion and by 

lack of present experimental verification this dynamic model needs ample 

investigation. 

4.3. Causes of thermal shocks other than disruptions 

Unexpected occasionally occurring off-normal high energy loads would 

also be caused by a sudden burst of run away electrons |32| or by fault 

condition of the neutral beam equipment, c.q. an accidental firing with 

no plasma in the chamber or by loss of supra-thermal ions produced by 

NBI from the plasma to unprotected walls |40|. In the case of run away 

discharges plasma electrons are accelerated to high energies (even 

beyond 10 MeV) and escape from the plasma in outward direction causing 

damage of the wall due to "electron beam heating". There is an indication 

|49| that the energy is deposited in the material to a depth of about 

I cm. Whether or not in such cases of thermal shocks there might be an 

attenuation of the incoming high-energetic particles is not evident. 

4.4. Thermal fatigue 

Thermal fatique is a serious problem for first walls |4l|. The serious 

consequences of intensive heat loads lies in the possible propagation 

of cracks due to the cyclic thermal stresses. Deep penetration of the 

cracks into the interior of the wall eventually lead to loss of mechanical 

integrity. 

Numerical non-linear elasto-plastic thermal stress analysis taking into 

account phase changes and resolidification will be very time con

suming and costly. Only a few studies have been reported on the 

subject of stress analysis under phase change, see e.g.|42|. A thermal 
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creep and plastic deformation calculation following a plasma disruption 

without surface melting is given in |43|. Even then large residual 

stresses and plastic deformation are predicted. 

Tests for determining thermal loading limits are of recent date, see 

e.g. |41| and [45|, mostly related to limiter materials. 

In a very recent simulation experiment with electron beam heating of 

stainless steel |46|, cracks have been observed in the resolidified 

melt layer penetrating also in the unmelted substrate. These flaws may 

probably serve as nuclei for crack propagation in multiple thermal 

shocks or even during normal cyclic operation. This might lead to 

premature failure of the wall. Coatings as protective layer on first 

walls and limiter materials are already subject of extensive research, 

see e.g. |47| and |48|. The prospects are promising. 

Furthe • investigations are still needed to precise the endurance life limit 

of typical wall materials and the limit of energy deposition under 

which disruptions could be tolerated. 
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5. SUMMARY AND CONCLUSIONS 

Information on plasma disruptions is limited and it is difficult to 

obtain a reliable set of characteristics for NET/INTOR disruptions. 

Unpredictable high local overloading of the first walls may occur. 

A calculation model for examining the thermodynamic response of a 

first wall subjected to intense surface heat loads has been compiled. 

The effect of phase changes (melting and evaporation), vapour re-

condensation, vapour shielding, and the moving of the surface boundary 

caused by the surface evaporation are incorporated in the model. 

The thermal response of a first wall to a wide range of disruption 

energy loads has been analysed. Results are given for stainless steel 

and for graphite. 

The results of this study can be summarized as follows: 

1. The present uncertainties of the disruption characteristics lead 

to wide variations in the prediction of the thickness of the melt 

layer and the evaporated material, depending on the possible 

disruption scenarios. 

2. If the attenuation of the plasma particles by the vapour is ef

fective, the formation of a vapour shield has a large and significant 

effect on the vaporization process. 

The effect on melting is less pronounced. 

3. The first wall surface might be seriously eroded and damaged by 

severe disruptions (beyond 500 J/cm ). It is absolutely necessary 

to avoid an impact of this magnitude otherwise it looks impossible 

to maintain a bare stainless steel first wall. 
2 

4. For mild disruptions (order 100 J/cm ) the evaporation is not sig

nificant as the life limiting factor. The most serious consequences 

lie in the possible cracks in the wall due to thermal stresses and 

in the unstability of the melt layer. 

5. Especially for mild disruption (order 100 J/cm2), like the NET/ 

INTOR reference disruption, a low initial surface temperature might 

be of interest for safety aspects in giving lower values for the 

melt layer thickness and evaporation. 

6. A complete thermal analysis of the first wall exposed to 

plasma disruptions needs the treatment of the stability and motion 
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of the melt layer by electromagnetic forces and a detailed des

cription of plasma-vapour dynamics. 

7. Further analyses including stress calculations and thermal fatique 

will precise the limit of energy depositions under which dis

ruptions could be tolerated. 

8. It is necessary to confirm the theoretical analysis by experiments 

and to find a reliable set of disruption characteristics, in 

particular the space and time dependence of the energy deposition. 

The work described in this report will serve as part of a basis for 

further safety and consequence analysis of fusion devices. 

Financial support for this study has been provided by Euratom within 

the frame of the European Fusion Techr.otogy Programme. 
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Table 1 INTOR/NET disruption characteristics (reference data J3J) 

Major dis 

Distribut 

Case 

Case 

i . 

II. 

ruptions 

Plasma thermal energy 
Field energy 

Disruption time 
Alternative 

Frequency stage I 
stage II and III 

ion of energy 

Divertor machine: 
Radiation uniformly on walls 
(30% of thermal energy + field energy) 
Localized on 30% of walls with peaking factor 2 
On divertor plates 

Limiter machine: 
Radiation uniformly on walls 
Localized on 30% of walls a ) 

e 
On limiter a 

6 

Maximum heat load intensities during disruption 

Case 

Case 

Case 

I. 

Ilct. 

lie. 

Divertor machine: 
First wall 
Divertor plate 

Limiter machine, high limiter load: 
First wall 
Limiter 

Limiter machine, reasonable limiter load: 
First wall 
Limiter 

Minor disruptions 

Thermal energy deposited on divertor plate 

Deposition time 
Alternative 

Frequency stage I 
stage II and III 

or limiter 

Maximum heat load on divertor plates or limiter 

230 MJ 
60 MJ 

20 ms 
5 ms 

5.10-3 
1.10-3 

130 MJ 

80 MJ 
80 MJ 

130 MJ 
80 MJ 
0 MJ 
80 MJ 
160 MJ 

175 J/cm2 

230 " 

35 " 
535 " 

175 " 
270 " 

50 MJ 

20 ms 
5 ms 

10-2 
5.10-3 

170 J/cm2 

) culimiter case with low plasma edge temperature (̂  50 eV) 

6.limiter case with high plasma edge temperature (a. 500 eV) 
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Table 2. Thermophysical properties of Al, SS and C. 

reference temperature for data ( С) 
density p (kg/m ) 
temp, dependence -r= (kg/m3K) 
thermal conductivity к (W/mK) 
temp, dependence — (W/mK2) dT 
thermal expansion a^K-1) 
specific heat с (J/kg K) 

dc о temp, dependence — (J/kgK^) 
If 

thermal diffusivity a = — (nr /s) 
pc 

melting point Tm (°C) 
latent heat of melting h^ (kj/kg) 
boiling point Tb at 10_3Torr (°C) 
boiling point Tb at 1 bar (°C) 

significant data for evaporation: 
latent heat of evaporation Hgv (kj/kg) 
or sublimation 
density in melt layer p^ (kg/m3) 
thermal conductivity in melt layer 
k̂  (W/mK) 
molecular mass M 
constant С (torr) 
ЛН/к (К) 
constant A = 10logC (") 
constant В = 0.434 ДН/к (К) 
evaporation coefficient a (-) 
emissivity f (-) 

Al 6063 

20 
2700 
-0.24 
202 
-0.06 

966 
+0-48 

77*10~б 

616-651 
394 

'M 050 
^2500 

11300 

2500 

100 
27 

l-7xl09 

36000 
9-24 

15600 
1 

0.3 

SS316 

200 
7870 
-0.50 
16-7 
+0.0157 

20x10"6 

522 
+0.133 

4.|x|0"6 

1420 
270 

^1450 
^2800 

7410 

6980 

18 
56 

4. 07хЮ9 

46000 
9.61 

20100 
1 

0.6 

С (Н451) 

1000 
1740 

- 0.035 
58 
-0.016 

5x10~6 

1890 
+0.160 

I/V10"6 

^2300 
^3600 

(sublimation) 
j 
\ 

63000 

12 
1.4x1013 

92000 
13.1 

40000 
0. 1-1 
0.8 
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Table 3. Comparison thermally uncoupled slow evaporation model and 
thermally coupled intensive evaporation model. 

disruption heat flux q" 
disruption time ^=20 ms 

Aluminium To=150°C 
q",= 100 MW/m2, 

slow evap. model 
intensive evap. model 

q"=157 MW/m2 
slow evap. model 
intensive evap. model 

SS3I6 Tn=370°C 
q",= I00 MW/m2, 

slow evap. model 
intensive evap. model 

q^=!57 MW/m2, 
slow evap. model 
intensive evap. model 

Graphite T =1700°C 
U q^=IOO MW/m2, (a=l) 

slow evap. model 
intensive evap. model 

q",= 157 MW/m2, 
slow evap. model 
a-1 (=TU 
a=0.1 (=TU 
intensive evap. model 
a=l 
a=0.1 

Тщах (°C) 

747 
747 

1040 
1039 

1630 
1627 

2190 
2155 

3079 
2977 

) 3257 
) 3617 

3177 
3447 

^max 
(mm/s) 

З.Ю"8 

3.10-8 

5.I0~5 
5.10-5 

1.6*10~3 
1.6xl0~3 

0.36 
0-28 

0-36 
0- 18 

1-5 
i.5 

0.8 
0-5 

'lev .max (MW/m2) 

1.I0"6 
1.10-6 

l-5xl0"3 
l-5x|0~3 

0.075 
0.072 

17 
13 

36 
18 

150 
150 

78 
55 

1 5 лт I total „ 
(mm) (pm) 

0.20 9 10~8 
0.20 9.10-8 

0-55 
0-55 

0.07 
0.07 

0. 16 
0. 16 

-
-

-
-

-
~ 

12.10"5 
12.10~5 

7.10"3 
7.10"3 

0.95 
0.75 

1-2 
0.8 

16 
9-8 

8 
4 

Kg/nrO 

' 

2.10"7 
2.I0-7 

3.I0-11 
3.10"ц 

5.10"2 
5.10-2 

7.5 
6.0 

2 
1.3 

27 
17 

14 
8 

Tmax = Ш а х' s u r f a c e temP (at t = T ) 

^max = m a x' e v aP° r a ti° n rate (at t = T) 
qev max = Ш а х' e v a P o r a t i o n heat flux (at t =т) 
A = max. thickness melt layer 

'total = t o t a' evaporated layer 
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Table 4. Influence of different physical phenomena on maximum temperature 
T , depth of eelt layer Дш, and evaporated layer 5 for SS316 
ТПЭХ 

in hard plasma disruption of E = 600 J/cm^ with TJ = 20 ms 
(q" = 300 MW/m2) 

without vapour shielding 

without recondensation, 
T 0 = 350°C 

with recondensation, 
T 0 = 350°C 
T 0 = 200°C 

with vapour shielding and 
recondensation 

T 0 = 350°C 6 = 1000 X 
6, = 100 Я 
6, = 10 X 
6,- 1 X 

T0 = 200°C 6, = 1000 X 

T0 = 35O°C 6, = 1000 
q" = q"(t) 

ORNL 

Tmax 
(°C) 

2576 

2618 
2610 

2445 
2443 
2436 
2434 

2426 

2534 

V 
(um) 

237 

240 
220 

215 
213 
210 
210 

190 

190 

5 
(um) 

50 

48 
44 

13 
12 
11 
10.4 

11 

18 
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Table Ъ. INTOR Reference Disruption (E=175 J/cm2) on SS316 and C. 

SS316 
=constant 

T0=35(TC To=200°C 
q" = q"(t) 
To=350°C 

Graphite 
q" = constant 
To=1000°C 

xd = 5 ms (qQ = 350 Mh'/m 

without_vagor_shielding 
max. surface temp.T 

r max 
thickness melt layer Л m 
evaporated layer <S 

with_maxr_va2or_shi 
max. surface temp, 
thickness melt layer 
evaporated layer 

2505°C 
97 u 

2.8 M 

2130°C 
73 u 

0.32 v 

2456°C 
86 v 
1.8 u 

2060°C 
66 vi 

0.22 u 

2580°C 
92 u 

4.9 ц 

2230°C 
69 vi 

0.61 у 

3567°C 

0.38 vi 

3159°C 

0.10 u 

Td = 20 ms (q =87.5 Mk'/i u о rZ) 
without_va£or_shielding 

max. surface temp, 

thickness melt lryer 

evaporated layer 

У1Ё!]_5Й2.1_У.§Е2Е_5Ь.1 
max. surface temp. 
thickness melt layer 
evaporated layer 

1475°C 
24 vi 

0.8 10"3u 

1475°C 
24 у 

0.8 10"3n 

1435°C 
5 у 

0.2 I0~3y 

1435°C 
5 у 

0.2 10"3vi 

1627°C 
40 у 

0.6 10~2y 

1624°C 
40 и 

0.6 10 _ 2M 

2033°C 

0.25 10-6vi 

2032°C 

0.25 10"6p 
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keV 

0.75-

050-

0.25-

electron temperature on axis 
thermal energy quench 

« magnetic energy 
quench 

limiter temperature 

MHD activity 

3 

2 

1 

200-

_100i 

plasma current 

loop voltage 

280 2§0^ ;3б5~ t(ms) 

Fig. I. Evolution of the principal plasma parameters in TFR during a major 
disruption in an attempt to increase the plasma current (taken from |ft|), 
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SCALING LAW FOR 

DISRUPTION TIME TH 

[ R 2 m j njB^o) Q6v[fm]5. 

10' 

Scaling of the disrupt ion time Td (taken from | l l | ) . 
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t Зг 

ЪЧго-

TIME-DEPENDENT Ht£AT FLUX 

ACCORDING TO THE DISRUPTION 

MODEL OF ORNL 

q"(t) = q x ( 6 { ^ J l l - ( i ) 2 ] 2 ) 

z о 

RELATIVE TIME * / т 

0 5 10 15 20 

TIME (ms) FOR INTOR DISRUPTION 

Fig. 3. Time-dependent heat flux according to the disruption model of 
ORNL [111. 
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PLASMA DISRUPTION 

PLASMA THERMAL 
ENERGY 3nkT 
л, 200 M J 

MAGNETIC ENERGY 

2 IN PLASMAVLI2 

«v200MJ 

THERMAL ENERGY 
TO FIRST WALL 

X-RAYS 

I 
UNIFORM 

DEPOSITION 
ON FIRST WALL 

IONS 

I 
NON UNIFORM 

DEPOSITION 
OVER RESTRICTED 

AREA 

SPATIAL 
PEAKING 

ATTENUATION 
IN BLOW-OFF 

LAYER 

I 
SURFACE HEAT LOAD 

J/cm2 

EDDY CURRENTS 
IN FIRST WALL 

I 2 R 
HEATING 

IN 
FIRST WALL 

_I_ 

LIFE-TIME 
EFFECT 

VOLUMETRIC HEAT 
GENERATION J/cfT,3 

MELTING 

TEMPERATURE GRADIENT 
THERMAL SHOCKS szr^ 

EVAPORATION THERMAL STRESS 

LIFE-TIME EFFECT 

Fig. 4. Schematic diagram for the calculation of the response of the first 
wall to plasma disruptions. 
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U DIMENSIONAL REPRESENTATION HEAT TRANSFER ANALYSIS 

INITIAL WALL SURFACE 

ACTUAL WALL SURFACE 
AFTER EVAPORATION 

MELTING FRONT 

б = EVAPORATED LAYER 

i 
REAR OF WALL / 

TEMPERATURE PROFILE T(x) 

MELT 
LAYER 

б 
: ACTUAL THICK
NESS MELT LAVER 

: DEPTH OF MELTING FRONT 1 
COOLAr 

X=Xg X=Xfn 
X=o 

NORMALIZED PENETRATION DEPTH OF HEAT PULSE 

%£% -- VfC ierfc M 
AT(o,t) 

VÜQÏ 
ZiS_-_2' Schematic representations of the heat transfer in a slab subjected to 

a surface heat flux q". Fig. 5a with, and fir,- 5b without phase change 
in the slab. 
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MATERIAL PROPORTIES OF SS 316 (ANL -75-55) 
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К • • 

THERMAL CONDUCTIVITY 
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Fig. 7. Material properties of SS 316 as function of temperature in solid and 
liquid state. Tm=ineltins point, Tj, = boiling point. 
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TEMPERATURE HISTORY OF AN ALUMINIUM FIRST WALL 

DURING A PLASMA DISRUPTION OF QÖ = 157 MW/m2 

1300 

- 1200 -

1100-

1000-

TIME (ms) 

F i8' 9a' Temperature history of the surface of an aluminium first wall during a 
plasma disruption with q"= 157 MW/m2 and Td = 20 m s f o r t n e c o n s t a n t 

and time-dependent heat deposition model. 
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Fig. 8b. Temperature history in an aluminium first wall during a plasma dis
ruption with constant heat flux q" = 157 MW/m2 during 20 ms. 
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0.1 -

DEPTH OF MELTING FRONT IN AL and SS 
DURING AND AFTER A PLASMA DISRUPT/ON 

TIME (ms) 

Depth of the melting front in Al and SS daring a plasma disruption 
with q" = 100 MW/m2 and т =20 ms. 
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1 
MAX. DEPTH OF MELTING FRONT AND MAX. SURFACE 
TEMPERATURE AS FUNCTION OF THE INTENSITY 
OF THE PLASMA DISRUPTION ENERGY WITH T = 20ms. 
SS-FIRST WALL (TQ= 350°C) 

LL с °i 
X — 

Q ОС 

< о 

Ш 

400 500 

E^ j s r (J /cm2) 

E'diSr U/cm2) 

F i g . 10. Maximum sur face t empera tu re and maximum depth of the mel t ing 
front in SS316 as func t ion of the energy load of a plasma 
d i s r u p t i o n with т^ =20 tns. 
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Fig. 11. Temperature history of a SS first wall during a plasna 
disruption with and without volumetric Joule heating. 
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1000 2000 Temperature (К) 5000 10.000 

Fifi* \2- Vapour pressure curves for typical materials used in 
Tokamaks, the dots indicate melting points [24]. 
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EVPORIZATION RATE & AND 

VAPORIZATION HEAT RATE q'êv 

FOR SS 316 AS FUNCTION OF 

SURFACE TEMPERATURE 

Tm 

I 
SLOW ! 
EVAPORATION I 

i a t T m 
1 q l .« U kW/m2 

INTENSIVE 
EVAPORATION 

'ev' 
A! L I i 

1300 J1500 1700 19001 2100 2300 2500 
'С 

200 ^ 
E 

> 

150 

100 

50 

1600 '1800 2000 2200 2400 2600 2800 
К 

SURFACE TEMPERATURE Ts 
Evaporation rate 6 and evaporation heat rate OgV for 
SS3I6 as function of surface temperature Tg. 
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3000 

SURFACE TEMPERATURE SS 316 FIRST WALL 

DURING PLASMA DISRUPTION WITH T =20ms 
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= 2520°C 
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ORNl 
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INITIAL TEMPERATURE 
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35 

Ель 14. Temperature history of the surface of a SS3I6 first wall for 
different plasma disruptions, taking into account melting and 
evaporation. 
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EVAPORATION RATE S(mm/sJAND EVAPORATION 

HEAT RATE qev (MW/m2) FOR SS316 DURING 

A PLASMA DISRUPTION OF T = 20ms 

-20 

fig. 15. Time dependence of evaporation rate б and evaporation heat 
rate q" during a plasma disruption on a SS316 first wall. 
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TEMPERATURE HISTORY OF WALL SURFACE OF 
GRAPHITE DEPENDING ON THE EXTENSION OF 

THE EVAPORATION HEAT FLUX. 

Д000 

3500 

3000 

2500 

a =o i 4122 К 

/ ! 
a = EVAPORATION COEFFICIENT \/ \ 

z
/Tu«X = 0.1) = 3890 К 

/ a=o.i \ 
/ i \ 3720 К 

/ / Tu(a=D =3530 к \ 

3450 К 

^3352 К \ 

20 25 30 

TIME (ms ) 

Fig. 16. Temperature his tory of the surface of a graphite f i r s t wall 
during a plasma disruption for different values of the 
evaporation coefficient ex. 
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50 

EVAPORIZATION HEAT q'e'v (MW/m2 ) 

AND EVAPORIZATION VELOCI TY Öfmm/s) 

FOR GRAPHITE HüSI DURING PLASMA 

DISRUPTION (X =20ms ) 

Fin. 17. Time-dependence of evaporation rate S and evaporation 
heat rate q" during a plasna disruption on a graphite 
first wall. 
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EVAPORATED LAYER OF SS 316 FIRST WALL 
AS FUNCTION OF THE INTENSITY OF PLASMA 
DISRUPTION ENERGY WITHT=20ms 
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Fig. 13. Total evaporated layer from a SS316 first wall as function 
of the intensity of the plasma disruption energy load for 
the constant and time-denendent heat deposition model. 
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EVAPORATED LAYER OF SS 316 AS FUNCTION 
OF THE INTENSITY OF DISRUPTION ENERGY 
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Fig. 19. Total evaporated layer from a SS316 first wall as function 
of the intensity of the disruption energy load for dif
ferent values of the disruption time т. 
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R. 21. Effect of vapour shielding on net surface heat flux, re
sulting in reduced evaporation and heat conduction. 
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vapour model on the accumulated evaporation layer 6. 



DEPTH OF MELTING FRONT IN SS316 FIRST WALL DURING 
AND AFTER A DISRUPTION WITH E =600 J/cm2 
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TEMPERATURE HISTORY SS316 WALL SURFACE 
FOR INTOR REFERENCE DISRUPTION E=175 J/cm2 
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25. Temperature history of the surface of a SS31b first wall during 
the INTOR reference disruption with E= 175 J/cm^ for different 
assumptions in heat deposition, vapour shielding, and initial 
surface temperature. 
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MELT LAYER IN S5316 FOR 
REFERENCE DISRUPTION E =175 J/cm2 
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26. Depth of melting front in a SS3I6 f i r s t wall during the 
INTOR reference disruption with т =20 ms for constant and 
time-dependent heat deposition and dif ferent values of 
i n i t i a l surface temperature . 
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Fig. 27. Depth of melting front in a SS3I6 first wall during the ir.'TOR 
reference disruption with т = 5 ms for constant and time-
dependent heat deposition and different values of initial 
surface temperature, with and without vapour shielding. 
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.^LSJ 28. Temperature history of the surface of a SS3I6 first wall during 
a severe disruption with "=1000 J/cm2 for different values of 
disruption time, with and without vanour shielding. 
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DURING AND AFTER A DISRUPTION WITH E = 1000 J/cm2 
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30. Effect of vapour shielding and disruption time on maximum 
surface temperature of a SS3I6 first wall, reached in a 
plasma disruption with nrbitraril}' value of energy load П. 
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MAXIMUM DEPTH OF MELTING FRONT IN SS316AS 
FUNCTION OF INTENSITY E OF DISRUPTION ENERGY 
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Fig. 31. Effect of vapour shielding and disruption time on the maximum 
depth of the melting front in a SS316 first wall in a plasma 
disruption with arbitrarily value of energy load E. 
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Fig. 32. Effect of vapour shielding and disruption tine on the 
amount of evaporated layer from a SS316 first wall in 
a plasma disruption with arbitrarily value of energy 
load E. 
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Fig. 33. Effect of vapour shielding and disruption time on the maximum 
surface temperature of a graphite first wall reached in a 
plasma disruption. 



- 79 -

EVAPORATED LAYER OF GRAPHITE AS FUNCTION 

OF INTENSITY E OF DISRUPTION ENERGY 
1000 г 

E 

ос 
LU 
>-
< 

О 
LU 

or о о. 
ш 

20 ms 

П2000 

WITHOUT VAPOR SHIELDING 

WITH VAPOR SHIELDING 

INITIAL TEMPERATURE Te = 1000°C 

200 

20 

CM 

6 

< ш or 
< 

or 
ш 
0-
to 
< 

Q 
Ш 

ОС 

о 
О. 
ш 

- 2 

200 400 600 800 1000 1200 U00 

DISRUPTION ENERGY E (J/cm2) 1 

0.2 

Fig. 34. Effect of vapour shielding and disruption time on the amount 
of evaporated layer from a graphite first wall in a plasma 
disruption with arbitrarily value of energy load E. 


