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Abstract. The analytical and computational techniques to assess the thermomechanical sollicitation of graphite tiles of the
central column are presented. Three-dimensional, non-linear and transient temperature and stress-strain calculations performed
with a commercially available code (limited problem size in its academic release) are discussed and validated by comparing the
numerical results with the values obtained from analytical solutions in a semi-infinite solid with equivalent averaged material
properties. The importance of appropriate settings of parameters in the finite element solving steps is emphasized. Aspects of
sharing model data and boundary conditions between different computer codes are explained.

The choice of selecting graphite as a first-wall material in TCV is primarily based on its exceptional physical properties and
commercial availability at a reasonable price, as well as easy machinability. Graphite is compatible with ultrahigh vacuwm, has
a low atomic number (z = 12) and an operation limit in plasma conditions of around 2400 K. The thermophysical properties of
graphite explain its high resistance against thermal shock and thermal fatigue. The design of the presently installed second
generation first wall tiles (in particular on the central column) has been optimized in terms of power deposition, machineability
(cost), thermal stress and strain, and assembly, although the definite finite element code has not been completed before ordering
the tiles.

This report puts the case for and sums up a structured approach 1o solving a real world engineering task, rather than detailing
all the theoretical aspects of the various subjects treated. The author would be grateful to anyone who, finding an error or having
a comment, communicates this to him. Some illustrations were inserted for completeness in July 2000.
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A thermomechanical analysis of the central column tiles 1 The mapping of pl power deposition profiles to thermal surface loads

1  The mapping of plasma power deposition profiles to thermal surface loads

Energy extracted from the plasma core by conduction and convection is either transformed into radiation in a radiating boundary
layer or coupled to limiters by particle bombardment. The plasma power deposition in terms of thermal surface load is due to
the latter.

The toroidal and poloidal field coils of the tokamak generate a magnetic vector field B which has components relative to the
‘global’ coordinate system in the radial r, toroidal ¢ and poloidal z directions at any location C. Due to the rotational symetry
along the (vertical) z axis and the magnetic properties of the divertor target zone, the field components in the vicinity of the
central column tile surface are reduced to constant values of B, | ., = (B, vy By, vy By(s,y)) €valuated at radius R;. The
radial (along r) and toroidal (tangent to r) components are considered constant in the circular segment delimited between a locus
on the tile at radius r and the circumscribed central column radius R; (R, is the inscribed outer wall radius), that is
|Brx, )| = cte, |Bye | = cte and |B | = cte.

HESY

r(x, v} o(x.y)

Figure 1.1
Geometry of the magnetic field at z = constant.

Depending on the needs, either cartesian or polar coordinates are used, so for an arbitrary point on the tile surface, we have

2 2 2
cost ro=x+y
Cleyoy = T | sint with tant = y/x (Equ. 1.1)
z/r r<R,

As shown in figure 1.1, ot is the field impact angle along the central column through any point lying on a circle of constant radius
R,. The radial and toroidal magnetic flux density components having constant values depending on the poloidal coordinate z
only, a is constant for any given z and can be calculated from the expression

B‘P
o = ACos == (Equ. 1.2)
B+ B,

Assuming only planar relationships of the vector components and in order to simplify the subsequent notation, the z component
of all vectors will be ommited where possible. The magnetic field at point C is

-B, - cost- B, sint

-8B, sint + B, - cost
B,
—t.t
B‘P
Ionized particles from the plasma boundary travel on trajectories colinear along magnetic field lines. A field line is defined as a
curve in space Ty being in a vector field B, for which

(Equ. 1.3)

L%

dr,
dr . 4| Ay dr,
Bmxm = 0 = det P sz —B-"d_t (Equ. 1.4)
T,
B, VTl

t
meaning in words that the tangent vectors to the field line are always colinear to the magnetic field vectors in any point on the
field line. In the present case, the only possible field line vector [ fullfilling (equ. 1.2) and (equ. 1.3) appears to be a logarithmic
spiral [ref. 18 : A70] as shown in figure 1.2, with the general equation

-t

]=|u-e (Equ. 1.5)
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A thermomechanical analysis of the central column riles 1 The mapping of plasma power deposition profiles to thermal surfuce loady
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Figure 1.2
Basic geometric definition of a logarithmic spiral (A) and threedimensional helical fieldlines (B)

The scalar u is considered to be the starting point of the logarithmic reference spiral, at t = t; = 0 on the x axis. The index /
shall refer to the reference spiral, for which we define on the purpose of field line mapping the angle ¢ = ¢, = [0, 2x],
increasing counterclockwise, while the radial component of I decreases exponentially with ¢;. The characteristic constant m of
all spirals (field lines with constant B, and Bg at a given z), is expressed in terms of the constant field impact angle o and the
constant angle y, spanning between the spiral vector I and the corresponding tangent vector ¢, by the equations

v=3:-a
| m = S (Equ. 1.6)
tany = m tan[g— (1)

As it becomes evident later, the radius of curvature p of the spiral will be needed to verify results. This value is obtained in any
point of the spiral with

p=1 1+m® {Equ. 1.7)

Per definition the center of p lies on the normal to the spiral tangent at any point and therefore does not lie on the spiral radius
vector /. It is interesting to remark that the spiral / becomes a simple circle as o, and thus m, tend to zero. From (equ. 1.7) we
would get p = [ - the radius of curvature of the circle. Based on the initial assumptions, no such circular field line can coexist
with helical field lines, and therefore o0 >0 and Wy <®t/2 is always true.

One might be interested in calculating the arc length between two points on the spiral with

2 1 2
-l +m e-ml|'_ Jt+m”
W

m m

PP, = - (L-1) (Equ. 1.8)

For any point lying on the single field line along the reference spiral, (equ. 1.5) gives the appropriate field components. Hence,
conveniently in polar coordinates, through any point given by

Cirn = lreite) (Equ. 1.9)
and not necessarily on the reference spiral, goes a field line defined by

-miy
lo= 1€ (Equ. 1.10)
Tot+t,

where T is the angular value by which the reference spiral / has to be rotated in order to include point C. There is one distinct
1 for each point on the tile contour. Different points may have similar values for 7. A negative T indicates a clockwise rotation
of the reference spiral.

The rotation of a point C on the tile describes a circular path of radius r¢, centered at the magnetic field origin. Hence T is the
angular difference between 1. and the intersection of this circle with the reference spiral at angle t¢;y as shown in figure 1.3A.
Solving the radial term of (equ. 1.10) for ¢ we get

=Ll
tey = p In " (Equ. 1.11)
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A thermomechanical analysis of the central column tiles 1 The mapping of pl power

and substituting (equ. 1.11) into the angluar term of (equ. 1.10) and solving for T gives

Tc =lc—lg (Equ. 1.12)

Let us take a closer look at the area limited geometrically by one helical field line on each side, having the same constant m but
different values for 7, a circular segment of radius R, (see figure 1.1 for definition) as the outer edge and a straight line as the
inner boundary. The line segments intersection points are defined with A, B, C and D as shown in figure 1.3A. We start with the
straight segment CD, which may represent a small, randomly chosen arc length of the elliptic tile contour (tile is on the dashed
side) approximated with a discrete contour of straight lines. This artifice is necessary as there is no analytical expression to
calculate the length of an elliptic segment (see [chap. 4.2] for a parametric description of the tile contour). If necessary and just
to mention it, exact arc lengths can be computed for the cylindrical tile segments for higher numerical accuracy. We define the
contour such as D-C tumns counterclockwise around the tile.

A

Figure 1.3

How logarithmic spirals represent magnetic field lines : (A) Where the tile receives
heat : ©g—1, >0, (B) The ‘shadowed’ part of the tile : 15—1, <0.

In order to determine the heat flux hitting the segment CD, one has to establish the power balance over the area ABCD. From
plasma equilibrium calculations, we know the perpendicular and circumferencially constant heat influx across the circular
boundary R;. As the energy flow from the plasma is coupled to the graphite plates essentially by ionized particle bombardment,
heat flow is possible only parallel to field lines. It is therefore legitimate to state that the heat inflow over the arc AB is identical
to the heat outflow over the segment CD . By mapping along their unique field lines the points C to A and D to B, the surface
(or arc length in 2D) ratio necessary to calculate the power balance is established.

We have (equ. 1.10) describing the spiral through C - the reference spiral rotated by 1. Since C and A lie on the same field line
lc=1,. Because A lies on the circle of radius R, the radius at which all spirals (reference and rotated) start with r, = 0 is equal
to 1. Hence A has the polar coordinates
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A thermomechanical analysis of the central column tiles 1 The mapping of pl power deposition profiles to thermal surface loads

u =R,
T4 = Te (Equ. 1.13)
A“,I” =(u,1,) = (u,‘tc)

Repeating the mapping steps (equ. 1.9) to (equ. 1.13) for D on B, in the order appropriate for coding, we obtain
D,y = (rp.1p)

u =R,
PR

bi m u

Tp = tp—1t

D p—Ip; (Equ. 1.14)
3= 1p

-mty
Iy =
TD+II

B(r',) = (u,1g) = (u,7p)

With the right indexing (equ. 1.14) are applicable for any point belonging to the tile contour and its image point on the circular
boundary R;.

The heat flow crossing the boundary line AB per unit length of the poloidal coordinate z (in W/m) has to hit the tile on the
boundary segment CD, leading to

Pgp AB = pgp- CD

Only ratios of scalars are used, so plus or minus signs are not needed in the balance. The tile always receives thermal energy
from the plasma. As we found earlier, segment AB is acircular arc of the length u - (T;—1T,4) and CD is the length of the vector
|D -C|, hence (in W/m?)

u-(tg=1,)
Pep = Pas’ TIp—q (Equ. 1.15)
A tile surface element is only exposed to a heat flow when it sees the field lines. The smaller the length |D — C| the smaller is
the value of (15— 7,). In other words the heat {low according to (equ. 1.15) tends towards zero when C and D lie on the same
spiral at a very small distance (infinitesimally small). This is the point where the tangent to the tile contour is colinear to the field
line :

dr _dl

by L Equ. 1.1

de >'<dt 0 (Equ. 1.16)
So far the relative location of C and D resulted in

Tp=T4>0 or in equivalent vector product terms Z—: X Z_It > (Equ. 1.17)
Let us now consider the case

Tp—T4 <0 or %x%<0 (Equ. 1.18)

shown in figure 1.3B, where the field lines through C and D intersect with the tile contour twice. CD does not see the plasma
and lies on the self shadowed side of the tile.

When computing the values for 1 along the tile contour, it is in most cases sufficient to determine at which point 15-1, <0
occurs and to consider that all remaining points are shadowed. Nevertheless one has to be very carefull in cases where the tile
contour includes

* some geometric discontinuity, like an edge or a hole;
e aroof top like geometry with flat adjacent faces (infinite radius of curvature);
* aconcave section, where the curvature is negative.

Depending on the field angle and the geometry of the polygone contour, the ‘roof top' tiles of the first generation for example
could have a shadowed zone between two irradiated regions. Such a tile contour can be easily identified by calculating the radius
of curvature at all tile contour points and comparing it with the radius of curvature of the field line through that same point. This
scenario may occur if the radius of curvature of the field line (equ. 1.7) is smaller than the radius of curvature of the tile. In order
to be certain about this issue it is recommendable to calculate the difference of 1 for all point pairs and to check wheather there
is more than one change of sign. All points with values smaller than zero receive no heat flow as shown in figure 1.3B.

By now, the shadowing of the neighbour tile (on the left or counterclockwise side) can be determined by simply comparing the
respective values of 1. From (equ. 1.17) and (equ. 1.18). we know that T3> T, where heat flow hits the tile and t5 <1, for
shadowed areas of the tile and we can state :

« the last point (counterclockwise) intercepting a field line on a given complete tile contour is the one for which T reaches its
maximum value.

This means that ¢ point of the neighbouring tile having a T smaller than the largest T of the preceeding tile can receive power.

The rotational symmetry/periodicity of the central column tiles implies that the first T calculated for the left side neighbour tile
is necessarily equal to the first T of the main tile minus 8/2 (see [chap. 4.2] for definition of 8).
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A thermomechanical analysis of the central column tiles 1 The mapping of plasma power deposition profiles to thermal surface loads

All fieldlines between these 1, and 1, are mapped on their image arc on the circle of radius R;. As a result there is no field
gap between tiles and there are no missing field lines for which power is not accounted for. If the toroidal spacing between tiles
was too large, such as to let field lines hit the steel wall, the wall contour would have to be included in the calculation. The
accuracy of the discretized model is computed as the ratio of the total heat received by the tile to the theoretical heat load divided
by the number of exposed tiles (32 in this case).

Based on the mapping model presented in this chapter, the power deposition profiles on a ‘model’ tile have been computed (table
6.1). Even with a rather coarse discretisation of the exposed tile contour (2 x 10 + 8 straight segments), the average cumulated
energy loss is ~ 5 %. For a normalized power influx into control volume at boundary R; of 1 MW/m?, the power peaks to 4 times
this value at the edge of the elliptical area shadowed by the neighburing tile, located at ¢+ = 1.1 degres. The tile gap is centered
on the x-axis.

Angular shift and power deposition profile varsus tile angle (tile 1)
bt s = S e e
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Figure 1.4

Angular power deposition profile on a ‘model’ tile at 4 different z values.
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A thermomechanical analvsis of the central column tiles 2 Physical and derived data for graphite

2 Physical and derived data for graphite

The present material data base is valid for the high purity graphite grade chosen for the central column tiles. It is based on
correspondance with the supplier!, on material test certificates for graphite actually delivered? and on catalogue data3. The
graphite is isostatically pressed and the relevant properties are considered isotropic. The open porosity is less than 10 % at an
average grain size of 1 - 2 pm. All surfaces are smoothly machined and crack free under visuval inspection.

The most helpful parameter for transient temperature calculations is the thermal diffusivity [ref. 4], a measure for how fast the
heat energy diffuses through the solid and for the time needed to reach thermal equilibrium within the solid :

a= — (Equ. 2.1)

The behaviour of graphite is highly non linear : the thermal capacity increases by a factor of 2.5 up to 1000 K and changes little
above this value. At room temperature graphite has a high thermal conductivity decreasing exponentially at higher temperature.
As aresult, the thermal diffusivity of graphite decreases by more than an order of magnitude over the relevant temperature range.

Temperature distributions calculated analytically with the assumption of constant coefficients (see [chap. 3.1]) are accurate to
about 20 % if average (rather than room temperature) values of thermal conductivity and heat capacity are used [ref. 14]. Thermal
stress calculations (see [chap. 3.3]) are based on the averaged value of thermal expansion. In general terms, the average of a
temperature variant function f;7), over the temperature interval occuring Ty to T, is defined by

T

1
= 1
f= —Jf dT (Equ. 2.2)
T =Ty’
Tﬂ
As such, the temperature variant data is available at discrete values only, but it is easily fitted with a negligeable error margin

over a absolute temperature range of 200 to 2400 K to a polynominal function fi7) and it's integral, of degre n in T, with n+/
coefficients (as listed below) :

-1

flT) = pFT”+p2T" +otp,T+p, (Equ. 2.3)
1 1 1 1 T'

! 2
J.f(T}dT = [mplrw + ’_lpzr" +... 4+ ip",T +D,. 1T] (Equ. 2.4)
T, To
15 4
a = -6.6547 - 10 d = 2714110

Mpy = a-T+b- T+ T +d T +e T+y b= 53703 10" e = 02334 (Equ. 2.5)

¢ =-1.7027- 107 f = 130.5754

a = 1.5040 - 107" d = -1.8550- 107

Cpry = a-T +b-T e T'+d - T'4e-T+f b = -1.2954 - 10" e = 7.3437 (Equ. 2.6)
¢ =44675-10°  f=-10110-10°

. -25 -12
a = 1.6064- 10 e = 47105- 10
21 9
b =-1.4216-10 1.1147- 10
" S (Equ. 2.7)
= 4.8023 10 g = 2304410

d = -7.5044 - 10"

Oy =a- T +b T e T 4d T 4e- T +f Tag

m~

4
= 00094 ¢ =-63834-10
Oy =a-T+b-T +c-T+d {" ‘ (Equ. 2.8)

b = 527284 d = 47349 .10’

3
= 00025 ¢ = 8309310
Oy =a T +b-T +c.T+d {" ‘ (Equ. 2.9)

b = -2.2800 d = 62737-10"

1. SGL Carbon Group, Werk Ringsdorff, D-53170 Bonn
2, Abnahmepriifzeugnisse fiir Reinstgraphit SGL R6650.
3. Graphite Catalogue SGL, 1552¢/96.
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A B [+

Thermal conductivey of graphie grade SGL RE650 . Thermal capacty of oraphae grade SGL AS850 . Thermal a¥fusivty of grapho grade SGL RSES0
—_— — 2. "

average 1.72 @ 200<7<2000

X (WAm.K)

average 0.144 @ 283« T<2000

50 avernge 47 © 203<T <2000

1500 2000 2500
temperiure )} temperature {i} temponaturs X}
Figure 2.1
Thermal conductivity, capacity and calculated diffusivity of graphite.

The effective emissivity increases above 1400 K. In comparison with rough and oxydized surfaces, the emissivity may decrease
by 0.1 if the surface is polished or grinded. Although temperature dependant radiation may be included in the calculation,
standard results are based on a constant value of 0.75. Further data is given in [ref. 17 : Ka4].

For reasons discussed in detail in [ref. 1], the mechanical resistance increases with temperature. Mechanical failure mecanisms
of graphite are best described by the models applying to brittle ceramic materials {ref. 19]. Although a Weibull distribution for
failure probability over a given volume of material is not obtainable whithin the scope of this project, graphite has a rather low
value of fracture toughness [ref. 2] of

Kjw = 0. fra, = 06~16  MPaJ/m (Equ. 2.10)
Given the critical flexure strength the resulting critical crack length is typically

(K=Y L Z 025 mm (Equ. 2.11)
a4, = o, T = U2 qu. 2.

This value can be interpreted as the theoretical upper limit characteristic size of any internal or surface defect tolerated in and on
the tile. Machined geometric features should have a radius of curvature larger than 0.25 mm.

At higher elongation, the stress-strain relationship of graphite deviates noticeably from linear elastic behaviour. In order to obtain
the highest possibles stresses, a constant upper limit value is assumed for the Young’s modulus. Stress induced creep may appear
at temperatures above 2300 K.

Partially due to low linear thermal expansion, increasing by a factor of 2 within the temperature range of interest, graphite offers
a remarquable thermal shock resistance [ref. 3, based on a two dimensional stress state] calculated as :

o (1-v) )
R, = ———>940°C (Equ. 2.12)
afE
A B [+

s Linear therma! axpansion of prapivie grade SGL RG0S0 Tensile and fiexural strength of graphis prade SGL AGES0 Thermostock parameter of graphite prade SGL RGGS0
110 > ol 1350
100 1300

5t
920/ 1250,
45 80; 1200
¥
VS 4t average 4.2 @ 203<T«<2000 %_m E”“
E Ve = 1100
&
as) 50 1050
40 1000
3
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2sl— — = _ } 2 ; i 00
500 1000 1500 2000 2500 500 1000 1500 200G 2500 500 1000 1500 2000 2500
tomperature (K] ternperature [K) toemparsture [}
Figure 2.2

Thermal expansion, strength and thermoshock resistance of graphite.

Both fracture toughn%ss and thermal shock resistance rely on the adeq)uale experimental determination of the elastic modulus
E = 6/e=13.5-10" Pa and the shear modulus G = ©/¢=5.4- 10" Pa. As mentioned earlier in this chapter, we consider
graphite to be ‘reasonably’ isotropic. In practice, this might not be the case as graphite powder processing techniques, though
isostatic, do not guarantee perfect isotropy. The various production lots do have different characteristics'. Results should be
interpreted with these restrictions in mind. Complementary information is found in [ref. 19 : chapter 2.5].

1. Abnahmepriifzeugnisse fiir Reinstgraphit SGL R6650.

R. Chavan, CRPP/EPFL, 25.8.98/24.07.00 /export/home/chavan/projectsitiles/cc_tilesfframe/cc_tiles_thermomechanical 9/35



A thermomechanical analysis of the central column tiles 2 Piwsical and derived data for graphite

Poisson’s ratio v = 0.25is generally obtained from the relationship £ = 2G(1 + v).

Beside the isothermal compressive strength value of 150 MPa, the graphite manufacturer provides both tensile and flexure
strength test data measured at different temperatures. Based on results outlined later in [chap. 5] reveal, it is appropriate to retain
the lowest flexure strength obtained at room temperature with 65 MPa for the assessment of the thermomechanical stress levels
and their safety margins. The low tensile strength values given by the manufacturer should be considered carefully, as graphite
is too brittle to be suitable for conventional tensile tests.

Table 2.1

Graphite Grade SGL R6650 :
Nonlinear thermal properties as used in the FEM calculations for the central column tiles (ANSYS).¢

Density E modulus Poisson ratio Compressive strength
1870 13.5e+09 0.25 150e+06
T_pe alpha_pe | sigtenst_pe | sigflext_pe c_p lambda_pe emi a Rs
200 2.66e-06 3.66e+07 | 6.43e+07 178 915 0.7316 2.81e-04 1342
430 3.20e-06 2.8%+07 | 6.61e+07 1000 68.6 0.7316 3.67e-05 1147
600 3.57¢-06 2.60e+07 | 6.74e+07 1394 519 0.7316 2.22e-05 1050
700 3.75¢-06 2.53e+07 | 6.83e+07 1524 535 0.7316 1.88e-05 1011
800 3.91e-06 2.52e+07 | 6.92e+07 1633 50.2 0.7316 1.64¢-05 983
900 4.05e-06 2.58¢+07 | 7.02e+07 1729 47.5 0.7316 1.47¢-05 963
1050 4.22e-06 2.76e+07 | 7.19e+07 1830 444 0.7316 1.30e-05 946
1200 4.36e-06 3.05e+07 | 7.38e+07 1901 41.9 0.7316 1.18e-05 940
1350 4.48e-06 3.42e+07 | 7.60e+07 1953 397 0.7316 1.09e-05 942
1500 4.5%-06 3.86e+07 | 7.85e+07 1993 378 0.7408 1.01e-05 950
1700 4.75¢-06 4.52e+07 8.26e+07 2035 35.6 0.7895 9.36¢-06 967
1900 4.90e-06 5.21e+07 8.75e+07 2068 34.0 0.8079 8.80c-06 993
2150 5.07¢-06 6.07e+07 | 9.50e+07 2100 1 328 0.8342 8.36¢-06 1042
2400 5.20e-06 6.83e+07 1.04e+08 2124 317 0.8590 7.97¢-06 1113

a. All data ‘conditioning’ is done through the Matlab code SGL_G M (see table 6.1).
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3 Analytical solutions for heat conduction and thermal stress in an idealized solid

The analytical solutions provided in this chapter constitute the basis for the design considerations and design principles of the
graphite tiles. Although expected temperature distributions and thermal stresses occuring in the actual tiles can be estimated by
numerical methods only, the analytical calculations give guide lines and set the limits for temperatures and stresses which in
return allow for validation of the results obtained with the finite element code.

Where not otherwise mentioned the planar geometry of the tile is approximated by a plate of finite thickness and infinite
extension. The plasma-tile interaction is considered to be equivalent to a constant heat influx at one surface with no volume
source, as the surface layer or depth in which the non-nuclear energy is deposited is small compared with the temperature
penetration by thermal diffusion [ref. 13 : fig. 6]. Radiative and conductive heat flows are small for short time periods, they are
calculated seperately.

Thermophysical properties are averaged over the temperature range of interest (generally 293 to 2400 K) as presented earlier
and calculated with the use of (equ. 2.2).

3.1 Temperature distribution

3.1.1 Solid bounded by two parallel planes

As there is no analytical solution to the differential equation of thermal conduction with temperature dependant material
properties,
aT

pcpﬁ = div(AgradT) + Q

the following linear solutions based on the Laplace transformation [ref. 4 : p. 310 and p. 112] is used to compare the temperature
distribution through a plate :

2_2at

o - —
g 1 12 12 (267 ¢ |(=D" i x
Ty ~Ta=0) = 7:"(5‘”+Z'\ -3¢ -7 S5 cosnt-

n=1L 7

(Equ. 3.1)

Zq{a_J. i [ie l_fc((Zn + % —x/2)+ ierfc((zn + jlji, + x/2)]

The plate is defined as the finite region 0 < x < 2¢, with a zero initial temperature and no flow of heat at x = 0 (‘adiabatic plate’).
Radiation is absent. There is a constant flux of heat ¢ [W/m?'] into the solid at x = 2¢ for t > 0.

n=0

The temperature increase and distribution versus time over a representative plate thickness of 10 mm (thin side of the tile) is
represented in figure 3.1 for a typical heat flux of 20 MW/m?. Material property values are determined by averaging from the
table 2.1 using (equ. 2.2) over a temperature interval from 273 to 2000 K. The temperature increase of the plate ‘back side’ will
be less than 500 K during a typical discharge, while the exposed surface quickly reaches the allowable temperature limit.

Isothermes AT(t.x}, with dq/dt = 20 [MW/mz] Q@ >=0& x=10
005 01 015 02 025 03 035 04

O RN
NN
\

-
o

~N o )
o
~

o

Plate thickness x {mm]
A w

3
2 0z
1 o1
] 0
05 1 15 2 25 3
Time t{s]
Figure 3.1

Temperature increase revealed by isothermal contour
lines through a semi-infinite graphite plate heated
through a constant heat influx.

As explained in [ref. 4 : p. 24] and [ref. 15 : p. 145], and in order to compare the results of this and the following chapter with
[ref. 13}, it is practical to express (equ. 3.1) in terms of the dimensionless variables T (time) and £ (position ratio), defined as

t 402 'at
T=— or t=—-1 or 2¢ = [—
2 T

a
4c (Equ. 3.2)
£ = —2'% or x=2-§
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At the front of the tile, we have § = 1, at the center § = 0.5 and at the rear § = 0. In figure 3.1, the T graduation is the top
abscissa and & is the right hand ordinate.

The solution (equ. 3.1) may then be rewritten as

2 - " 13
2gc¢ -1 2 -1 '’
Tixy~Tu=m = —%L- . (1:+ 56 - n_z Z I:(-P)— e T cosnnﬁD (Equ. 3.3)

n=1

The temperature is deliberately not expressed dimensionless as done in [ref. 15 : p. 207]. The physical significance of the formula
is clearer if values in K (kelvin) are used. The highest temperature occurs at the end of a discharge at the exposed surface where

E=1.
3.1.2 Semi-infinite solid

For large values of ¢ resp. T, the surface temperature of a plate with finite thickness rises faster than the temperature on a semi-
infinite solid, given by [ref. 4 : p. 75] as

2 at
T(l.x:()]_T{1=0) = Tq . (Equ. 3.4)

3.2 Thermal energy balance

The thermal energy balance at the end of a load history allows to cross check the values of the thermal energy contained in the
tile to the total energy influx from the plasma. A load history may be composed of just a limited time exposure or of several load
and decay cycles of variable time periods.

Although there is no simple analytical solution for any temperature distribution at a specified time, the cumulated energy can be
calculated semi-analytically at any temperature when the temperature gradients within the tile have flattened. The FEM
calculation shows that the stationary thermal equilibrium is reached 300 to 400 s after the last heat influx and without losses.

The mass ratio of the FEM model to the geometric model is better than 0.999. Volume discretisation errors are therefore
negligeable. One graphite tile has a typical mass of 500 to 600 g.

By comparing the energy content at thermal equilibrium relative to the energy at initial room temperature with the energy
actually contained in the tile, the radiated and conducted fractions in the energy balance can be calculated (equ. 4.6).

In the worst case scenario, each of the 32 tiles on the circumference absorbs theoretically 31250 J during a 2 s discharge at P,
=1 MW, Surface integration as described [chap. 4.4.1] over the FEM model produces an absorption of 33 kJ, resulting in a total
discretization error of + 6 %.

3.2.1 Encrgy contained in a tile

If there is no energy flux leaving the tile (of negative value), the total heatflux (Wim?) integrated over the exposed surface and
over time is to be equal to the increase in thermal energy stored in the tile. The accuracy of the FEM calculation is determined
by the energy values found semi-analytically and those found by FEM.

As figure 2.1B sets in evidence, the thermal capacity (or specific heat) of graphite increases non linearly with temperature. Ata
given temperature T, for a small temperature raise d7, the thermal energy contained in a volume fraction of mass m increases by

dE = m- cp”-)dT (Equ. 3.5)
Integrating (equ. 3.5) over the total temperature raise leads to

E T

IzlE =m J‘cl,(,)dr (Equ. 3.6)

EII TIJ
After substitution of (equ. 2.6) into (equ. 3.6) we obtain

T
1 (| s 1 a4 1 kI 2
E-E, = m-(Ea.T +§b~T +3¢ T +§d T +5e T +fT)T (Equ. 3.7)
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The total thermal energy in a complete tile at a constant and uniform temperature is obtained with the use of (equ. 3.7) and plotted
and listed in figure 3.2.

Temperature  Energy

K (XH
293 0
Thermal energy of a ceniral column tile (graphite SGL R6650) *430 61 *
2500 - - - -
600 174
2000 700 255
800 343
% 1500} 900 436
§ 1050 584
E 10007 1 1200 739
£
1350 899
soof 1500 1063
1700 1286
* 500 000 1500 2000 2500 1900 1514
temperature [K}]
2150 1802
2400 2094
Figure 3.2

Thermal energies versus temperature in a standard
central column tile (without holes or slots).

3.2.2 Radiation losses

In the particular case where the radiating tile area at temperature 7, is much smaller then the surrounding radiation absorbing
area at temperature Tp, the heat flow per unit area is [ref. 17 : Ka5} :

g =oce-(T{-TY (Equ. 3.8)

For graphite the emissivity is admittedly ~ 0.75. As shown with the next figure, the radiation effect during a discharge accounts
for a few percents of the plasma heat influx. During the pauses between discharges, radiation contributes effectively to cooling
the tiles. See [ref. 14] for more details.

Radiative heat flux of a graphite surface with emissivity 0.75

Heat flux in (MW/F]
[~]
o

0.6} 1
04}
0.2t
0 — e — - )
500 1000 1500 2000 2500
Surface temperatura {K]
Figure 3.3

The radiative heat flux of a graphite surface is negligeable
during cyclical discharges, but radiative cooling is important
benween discharges.

For example, a graphite surface of approximatively the size of the tile side facing the plasma (120 x 172 mm) would radiate 45
Whtile at 200 K above room temperature (absolute temperature 493 K) and 552 Wtile at 600 K above room temperature.

One may determine the bulk temperature decrease of a tile due to radiation, by admitting that temperature gradients are
negligeable and a uniform temperature distribution in the tile prevails. From (equ. 3.8), the rate at which the tile loses heat by
radiation is
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m- "p% = —(0€A - T4)

Integrating from the initial temperature T; above room temperature at time zero, we get
T

j I j&dr and finally T, = !
T

1 3ce4 )
—+ t
T3 me,

1

Introducing the numerical and averaged values given before in this chapter and assuming a radiation time period of 600 s (10
minutes), a tile at 400 K above room temperature will have lost some 7 % of its initial energy. At 200 K a.r.t., this value is reduced
to merely | %.

3.2.3 Conduction losses

The tile fixed on the rail inside the vacuum vessel can be seen as a block with a uniform temperature distribution, loosing heat
by contact through a steel slab, of which the open opposite face is the heat sink at constant room temperature (the vacuum vessel).
This simplification is acceptable by recalling that the thermal conductivity of graphite is 3 to 5 times higher than steel.
Introducing the relevant values into the expression dg* = A - A/s - dT, where the thermal conductivity of stainless steel is A =
15 W/mK and A/s is the ratio of contact surface to conducting length, thermal energy losses of g* = 5.7 to 8.6 W/K per tile are
found. These values are based on the assumption that the contact area is equal to the actual thermally conducting surface between
rail and tile, The real contact can be as low as 10 % of the geometric surface, depending on the straightness and rugosity of the
surfaces. As before, the rate at which the tile loses heat by conduction is

m-cl,% =q*T

lntegrating from the initial temperature T; above room temperature at time zero, we get
JTdT J (II and finally Ty=Tie "

By inlroducmg the numerical and averaged values given before in this chapter and assuming a conduction time period of 600 s
(10 minutes), a tile at any temperature will have lost up to 30 % of its initial energy.

3.3 Thermal stress and strain

The following developments apply only to a plain stress and plain strain (two dimensional) model in an orthogonal cartesian
coordinate system, where the x-axis is perpendicular to the boundary plane exposed to the heat influx. Out of plane stress is zero.
It is the heating condition encountered when a plate, initially at zero temperature, is suddenly exposed to a uniform ambient
temperature through a boundary conductance. Assuming an infinite Biot number B = (- 2¢)/A (or an infinite boundary
conductance £, see [ref. 3]) and by rewriting (equ. 2.12), the highest theoretically possible stress (compressive when surface is
shock heated) occurs at 1 = 0 at the exposed surface and is

=G~=—aE~AT G =0

v K 1—v x

In the worst case, with 1600 K, a value of ~ 130 MPa is found. This is the upper limit for meaningfull stress estimation.

A more realistic analytic approximation of stress levels through the tile is obtained by applying, from {ref. 5] and [ref. 15] :
2c

] 3
T+ JT“X?‘[ (x— L)JT“’”(x ¢)dx (Equ. 3.9)

0 ]

where the tile thickness extends again from x = 0 to x = 2¢, with the haif tile thickness ¢. From (equ. 3.9) thermal stresses in the
tile over time are calculated, if the temperature distribution 7}, ) from (equ. 3.1) over the thickness of the tile is known. Initial
relative temperature is zero. There is no prestressing (G, x) = O.=0x) = 0)and the plate is simply supported and can frecly
expand (and bend).

oF

= Oix) = T—v

G_u'[ LX)

The attempts to solve (equ. 3.9) with Marlab 5 by numerical integration over temperature obtained by (equ. 3.1), resp. (equ. 3.3),
have failed to produce correct results. This subject needs further investigation as no explanation has been found at this point.

The following stress equation from [ref. 16] is practical and produces correct results for a temperature distribution calculated
with (equ. 3.3). The dimensionless variables according to (equ. 3.2) are used. Similiar developments based on the same equations
are found in [ref. 12] and {ref. 13].

Oyviix) = Oz1x)
1 n
. 12(&--)((-1) ) Equ. 3.10
— 2(](. aF é(l Z . n'n't. COSHTEE‘,— 2 ( g )
A1-v)|2 n’n’

n—l
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In the case of a tile with 10 mm average thickness, the maximum compressive stress is reached in the exposed surface after
approximatively 0.4 s (1 =0.0506), while highest tensile stresses occuring in the mid plane of the tile appear after 0.8 s (1> 0.13).
It is important to note that these times depend on the thermal diffusivity and the tile thickness, but neither on the amount nor the
rate of heat absorbed. A steady state in terms of stress and strain is reached after 3 s (1> 0.45). The values indicated for T can be
used used to calculate the stress in a plate of any thickness and/or material versus time based on the definitions in (equ. 3.2)

Thermal stress , with dg/ot = 20 MW/ @ 1>=0 & x=10
005 o1 0.15 02 025 23 035 04

10 & = 0.5 (center)
5
/]
g -5
2
b .r0
H
@ -15
-20
£ = 0 (rear)
-25
30
t=04 & =1 ront)
-a5
05 1 15 2 25 3
Tima t s}
Figure 3.4

Thermal stresses in a plate according to the temperature
distribution resulting from (equ. 3.1). Stresses on the front
and the rear side are compressive, while the center is
under tensile stress.

3.4 Optimizing the tile thickness versus permissible heat load

The heat load is limited by the maximum permissible temperature at the exposed surface and the maximum permissible thermal
stress. The surface temperature should not exceed 2400 K, according to [ref. 13], and the maximum flexure stress should be
below 65 MPa. The first criteria would call for a large tile thickness in order to increase inertial cooling and the second criteria
would be best met with a reduced thickness minimizing thermal gradients. Inertial cooling is relevant both during a discharge
and between discharges, while radiation and wall conduction contributes only between discharges [chap. 3.2.2].

Failure due to fatigue and crack propagation mechanisms is not taken into account. Combined with chemical erosion and
sputtering, such cracks are usually initiated at the exposed surface. For tolerable surface defects, see (equ. 2.10). The outstanding
thermoshock resistance of graphite (equ. 2.12) explains why with the chosen tile thicknesses the permissible heat load is limited
by the surface temperature rather than by thermal stress. Generally a plane and relatively thin geometry without abrupt
discontinuities will result in lower thermal stress. Small tiles of the characteristic size of the exponential power deposition profile
and free to expand are preferred over large constrained plates. A further benefice of small tiles is that they are practically
unaffected by strains occuring within the vacuum vessel walls and their support structures. In the simple cases presented
hereafter with constant material properties, the allowable heat flux is likely to be limited by the compressive surface strength of
graphite.

34.1 Heat flow limited by temperature

By imposing a temperature limit on the graphite and a permissible temperature increase, which depends on the initial
temperature, the heat flux should not exceed

ATy A 1
Gim = —o— (Equ. 3.11)

2 @ [l -ninie
——zZ["—z'e ]

L

T+

W —
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This expression is obtained from (equ. 3.3), with & = [ at the surface.

Allowabla heat flux in [MW/nf] before reaching 2400 {K] on surface
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Figure 3.5

A tile of 10 mmm thickness initially at room temperature,
exposed to « heat flux of 20 M W/, reaches a surface
temperature of 2400 K in less than 1.4 s. The 20 M W/m?
contour shows that an increase in tile thickness will

not improve ‘inertial cooling' (the contour line turns vertical).
Another example : a tile of at least 5 mm would survive

a 30 MW/m? discharge lasting no longer than 0.6 s.

34.2 Heat flow limited by thermal stress

From figure 2.2B, it is seen that the ratio between flexure and compressive strength of graphite is 65/150 = 0.44 at room
temperature. Actual stresses in the plate exceed the ratio of 0.41 at any time. The analytically calculated stresses are principal
stresses, that is, there are no shear stresses in planes perpendicular to the axes in the given particular cartesian coordinate system.
It is therefore acceptabie to determine the allowable heat flux from (equ. 3.10) either in terms of compressive stress at the
exposed surface € = 1, figure 3.6A,

Gy -“-7»(1 -V) 1
lim compressive = = '2‘: o ’ - ; = (Equ. 3.12)
1 2 (-1) 't n 6((-1) -1)
"ﬁ*'—zz : ¢ =D 22
Topn=i n nn
or in terms of flexure (or tensile) stress, in the mid plane of the tile, where & = 0.5, figure 3.6B,
G); e - A1 =V) 1
Dim tensite = L lcnzszc‘ oE : = (Equ. 3.13)
l+£z|:—l) -t COS”—"q
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Figure 3.6

For the chosen tile thickness values, the heat flows limited by admissible stresses are much higher than those limited by
temperature. These graphs apply for the semi-infinite solid only, with very limited use for ‘real world cases’,
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4  Finite element analysis

The present finite element analysis consists of five essential parts :

* a geometric description of the tile, which is in this case is completely parametic. Geometrically similar tiles can be modeled
with an optimized element mesh for each load case;

* the definition of material properties;

* the thermal solution;

« the stress and strain solution;

¢ the extraction and presentation of relevant results.

All self written code files have been programed and tested to work with release 5.4 of Ansys© and are not compatible with any
earlier release as lately introduced and version specific solver options have been integrated in those files. File I/O command
options have considerable changed too.

4.1 Summary on mechanical design and installation of the central column tiles in TCV

The interested reader will find detailed descriptions of the tile design features in [ref. 11 : chapter 5] and [ref. 21].

Figure 4.1

Hlustrations of how the new tiles cover the vacuwm vessel central column and how individual tiles are fastened
torails welded to the vessel using a simple spring-free assembly comprising : a stainless steel tube for thermal
expansion compensation ar high temperatures, a stainless steel plate for reducing local stress on the graphite
tile,a hollow Nimonic fixing screw.
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4.2 Geometric description and parametric modeling of the tile cross section

In order to allow all model parameters to be modifiable and for use in future similar models, special emphasis is put on the
establishment of a truly parametric model. Therefore and whenever possible, mapped meshing forced to quadrilateral elements
is preferred to free meshing with mixed element shapes.

\___— seeenlargment
right hand side

\8

| tile max
1

Figure 4.2
Tile alignment and geometry for the tile extending from 0" to /2 = 11.25°.

The geometric parameters introduced are :

Ryan wall curvature radius on vaccuum side

Rt mox maximum radius of tile

¢ rail reference distance from toroidal symmetry axis
e, e, height and width of rail (radial and toroidal extension)
[*] toroidal periodicity (symmetry axis)

R tile curvature radius on plasma side

d minimum gap between tiles (toroidal)

v distance from rail of tile bottom surface

vy distance from tile bottom surface of coil cavity

ab elliptic coordinates of symetric edges

Wiile width of tile (poloidal extension)

As shown in figure 4.2, the basic tile layout is determined by the toroidal periodicity 8 = 22.5° of the pairwise symmetric
mounting rail pattern inside the vacuum chamber. Each rail, at it’s center line against the wall, is distant by ¢ from the symmetry
axis located atangle n - 6, withn=1 .. 16.

The radii of the wall R,,;; and the outer tile surface Ry, ..., i.e. the radially most distant poloidal line from the machine center
and located in 7, have values fixed by the geometric contraints of the plasma and the vaccuum vessel.

The “inner” corner points P are obtained by intersecting one of the two parallel lines at a distance d of each other and centered
at 2n - 6/2 with the back side lines of a tile, admitted not to be direct optimization parameters. Note : these geometric separation
lines are not parallel to the minor ellipse axis b. In order to simplify the formulation of boundary conditions, the tile surface
exposed to the plasma is considered symetric to it’s center line through T, which is the tile curvature vector Ry, at 2n-6/4
and centered in O, . This condition implies that the toroidal gap between tiles above magnetic probes is larger than between thick
ends by a small value of a few hundreds of a mm.
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It is important to guarantee geometric continuity (smoothness without edges) on the surface exposed to the plasma in order to
avoid “hot spots” and stress concentrations. For programmability of the maching process the middle cylindric segment is
chamfered by elliptic edges, the outer contour is continous in it’s derivate (common tangent).

Assuming that the elliptic coordinates a and b have determined values within reasonable geometric limits, the angle B is
calculated relative to the local cartestian coordinate system with it's origin in O,. The angle ¢ is calculated by using the
geometric properties of the quarter ellipse and the continuity along the cylindrically curved profile R;,, . Then (R};, — b.¢)are
the polar coordinates of the center points of the ellipses at each edge. A minus sign is used for a contour as represented, a plus
sign if the “lower” reversed edge is considered.

Non trivial geometric relationships on tile contours needed to construct the tile cross section

Based on the definitions given in figure 4.2, the following relationships are established :

polar coordinates cartesian coordinates
— [r — cosg
oT = l;c/::u or= Riite max -
sin Z
cose
— R.. —R. — Z
00,= |: filemix ulc] 00, = Ryjie max = Rie -
6/4 . 0
sin Z

In order to accomodate the relative position tolerances of the tiles, a constant toroidal gap width d between tile edges is imposed.
Depending on the curvature of the tile in the cylindrical section with Ry, , there are 3 cases to be considered for the accurate
positioning of the tile geometry :

I The smallest gap is located on PQ . Therefore the angle ¢ ;» calculated from B, is smaller than 6/2.

I The smallest gap occurs on the elliptic segment somewhere between Q and S on point E. Then the
initial P, = P;;, and the calculated ¢,; is larger than 8/2.

I Out of case 11, anew P, is to be determined from § - @ - a - b. In any case ¢, will be smaller than
¢,;; and larger than 6/4.

For computing the initial value of B, only the coordinates of P obtained from the fixed tile back side geometry need to be known.
The major ellipse axis a, not b, is sufficient to calculate @.

The spatial geometric properties of the ellipse are derived from the projection of the oblique intersection with a straight cylinder.
For the case III, without reproducing a detailed path to solution, the point E of shortest distance between tiles and the center
location of the ellipse are given as :

. 0 0
— -sing 2 2 cos=
OFE =u- 2+(n—m~(]—-b—2)- m—2+]J- 2
cosg m n sino
2 2
cosg —sin
4 2| d
= (R, -R. . . -
u ( tile max tile ) n 9 o 9 3
4 2
where
m= == b)- u/a- ~/a4 +rta® - 2rba’ - u’a® + u°b*
1 -u’/d®
ln = J[m+(r- b)]2 -
— -sin cose
_ —_— = g
Oloe= [O_I){+]{_G):|_>r—b_)' where 0,H+HG=u- 2 +n- 2
’ |0, + Hdl 0 9
' cos3 sinz
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By joining all keypoints by the corresponding line segments, the complete cross-section of a tile with the rail is represented in
figure 4.3.

Tile on Central Coclumn (cc210030 / shot 11749 / 1000 kW)

Figure 4.3

This plot shows subdivised elementary volumes limited by outlines and the line divisions before meshing.
Mesh is fully parametric and refinement adapts to the area of peak heat flux.
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Tile on Central Column (cc210030 / shot 11749 / 1000 kW)

Figure 4.4
Tile meshed with 8-node SOLILD70 elements. There are typically 12’400 nodes and 9’800 elements.
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Figure 4.5

"

4 Finite element analysiy

S

S ANSYS 5.5.3
;¥ . 8 . ooE JUL 23 2000
R 23:55:09
B B - PLOT NO. 10
oo E_ 1

: 1 NODES
—l—;=|—,’=ll—‘=f= HFLU

I I g et B 0

— . o8E407
S e e B sseE+07
=;'=,’=l'=,‘={=}=f=f g .B33E+07
e . mm AR
=f=f—l=,’—l=,'=_l : = -167E+08
S 2 o o 5 B — R T3
=l=!=i=f—!=f=;=—= . oShelos
=‘=|=}=!E==%Ef=iig @

e e o o
e ;
=== ‘-
| | S| S o e o o 2
e e =
e e :
== !

Tile on Central Column - Heatflux on element faces (cc2l10030.11749

Element faces receiving heat flux at the tile surface, of which all nodes are shown.

4.3 Modelling of linear and non linear material properties

The material property flag matprop (located in the FILE TILE_PAR.TXT) offers the options of running the Ansys code either with
‘linear’ or with ‘nonlinear’ material properties which account for temperature dependant variation. In the linear case the material
data is calculated from the non linear values by a table lookup for an estimated temperature entered through the constant 1_avg.
Where not explicitely mentioned, all calculations are done with non linear material properties.

As the initial time step based on the inverse thermal diffusivity calculated always at room temperature is the smallest time step
actually needed, the linear properties case does not affect solver convergence behaviour [ref. 4.4.3].

In the light of the first results obtained with the inclusion of thermal radiation leading to excessively long cpu times (which has
to be checked with the final code), the emissivity is admitted to be of constant value equal to 0.75, which should represent the
lower limit for energy radiated from the tile.
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4.4 Single and multiple discharge temperature solutions

ANSYS 5.5.3
JUL 23 2000
23:29:10
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Tile on Central Column - Temperature K (cc210030.11749)

Figure 4.6

Surface temperature increasing locally where heat fluxes reach highest values. Lateral heat diffusion is negligable during plasma
discharge (2 s in this case).

44.1  Heat influx loads and energy balance

The ‘quality’ of the overall FEM temperature solution is estimated by comparing 3 (+1) energy values, written into a single
energy matrix (of dimension 4 x 2) :

« the theoretical energy received from the plasma, based on the plasma edge model for A, see [ref. 11];
« the energy received as heat influx read from the nodal heat flux matrix (obtained from t‘le Matlab nodal heat flux file);
« the thermal energy stored in the tile at the end of the load history, whereby radiative and conductive losses are accounted for.

The theoretical energy calculation is self-explaining :

Psni/z

E: L= " ] ’dischurgc M gischarges
tiles

(Equ. 4.1)
The energy received as heat flux across the exposed surfaces is obtained by extraction of the HFLXAVG through the etable
command using the Sequence Number method on the element face of choice. The 3D thermal solid SoLID70 [ref. 7 online] offers
the possibility to read this value for each element face seperately. As all element coordinate systems are defined parallel to the
global cartesian coordinate system (KEYOPT, 4,0}, the heat flows across element face 2!, Added to that, no specific element
selection is needed, since only heat flux rates caused by input heat flux are extracted. To sum up, the following operations are
performed in TILE_S_T.7XT, after cycling through the complete load history :
total number of clements

Y (AREA, - HFLXAVG,) (Equ. 4.2)

e=1 on clement face 2

E

1) = ldischarge * Mdischarges °

1. While writing this paper, the author updated to the latest release 5.4 of Ansys. [t appeared that element faces are no longer oriented in a
foreseeable direction. The energy has now to be summed over all element faces This does not affect the results, because faces without heat flux
do not contribute to the energy balance.
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The concept of calculating the thermal energy is explained earlier in this text in [chap. 3.2.1]. Let (equ. 3.7) be rewritten as the
sum of energies stored in each element composing the model :

total number of elements N 1 T,

1 6, 1 5 4 1 3 2
Eg, = E-E, = s ,n,(-a.T 43b T +ie T4 2d TP e e T +fT)

g (Equ. 4.3)

e=1 To
This discrete solution is valid for any temperature distribution within the tile at any time for any model.

Relative information on energies is obtained by normalizing relative to the theoretical heat energy received [chap. 3.2] :

Eqa Eg,
Epy=1  Egq = E" N (Equ. 4.4)

For a single discharge, by substitution of
1

M ischarges —

the energy equations (equ. 4.1), (equ. 4.2) and (equ. 4.3) apply.

44.2 Radiative and conductive boundary conditions

Because of its very low density and despite of its very high temperature, the radiated energy from the plasma to the tiles is
negligable. Furthermore, the receiving surfaces are a multiple of the surface of a single belt of tiles on the central column.
Additionally the plasma neither reflects nor absorbs radiated electromagnetic waves in the infrared spectrum. Consequently tile
surface radiation is admitted possible not only during the idle time interval but during a discharge too. FEM results taking into
account radiation show that the peak temperature at the end of a discharge decreases by approximatively 100 K at plasma power
values of 500 kW and above.

There are three methods available for radiation analyses in ANSYS, each meant for different scenarios and problem
dimensionalities (3D in this case). For more details on each method, see [ref. 10 : chap. 8]. Of the two approaches having been
implemented, only the method applying radiation as a boundary condition through SURF22 elements has produced useful results.
Nevertheless, the second implementation will be presented at first for it’s general use, since no prior knowledge of form factors
or thermal radiation interchange is required.

In order to keep the FEM code as general as possible for future application, radiation might be included through the use of the
Auxi12radiation matrix generator method. The radiation matrix (see [ref. 8 : § 6.3] and [ref. 9 : § 8.1]) is calculated on the basis
of the Stefan-Boltzmann law of radiation

Q; = og;- FyA,; - (T#- T}‘) (Equ. 4.5)
where
Q; w heat transfer rate from surface i
o W/m?K*  Stefan-Boltzmann constant
€ effective emissivity of surface i
Fy view factor from surface i to surface j
A; m? area of surface i
T,T; K absolute temperature at surface i and surface j, resp.

The method described in [ref. 6: § 4.4] involves three main steps : defining the radiating surfaces, generating the radiation matrix,
using the radiation matrix in the termal analysis. The radiating surfaces are defined on the basis of the existing surface nodes
where appropriate (ESURF) and SHELL57 elements with temperature as a single degree of freedom. A space node is required to
absorb the radiated energy. The processor Aux12 then calculates a thermal radiation matrix, which represents radiation effects
and view factors between all surfaces. There is a distinction between the hidden and the non-hidden method (see [ref. 6 : chap.
4.4]). This matrix is subsequently declared and used as a superelement MATRIX50 in the thermal analysis. SHELLS7 are not needed
further and deleted before proceeding with thermal analysis.

CPU time and file sizes are beyond reasonable limits with Aux12 for the present tile model, so the second method based on SURF22
surface elements is applied. All details about this element are given in [ref. 7 online]. While (equ. 4.5) equally applies, the form
factor is set to 1.0, which means that there is no angular variation of the radiated energy. The outer surface of the tile is
completely covered with these surface elements (ESURF), whereby, when heat conduction is to be included, contact surfaces to
the rail in the vacuum chamber are not radiating and therefore not covered. A second material label with the emissivity is used
just for the radiation boundary condition in order to exlude any unwanted cross linking to MAT,1. Here too, a space node, placed
anywhere, is required to absorb the radiated energy. The SURF22 are needed throughout the thermal solution and deleted after
thermal solver termination only.

Radiation effects are automatically disabled when a single discharge (no cycle, no interval) is programmed (variable mode
located in the FILE TILE_PAR.TXT is set to ‘single’).

Due to the lack of reliable experimental data quantifying the actual thermal transfer from a graphite body to a steel body, heat
conduction from the tile to the vessel rail has not been implemented at this time. Therefore the control variable conduct located
in the FILE TILE_PAR.TXT is set to ‘no’. If available in the future, the missing data may be included with ease as the essential code
bifurcations exist in the relevant program modules.

By applying (equ. 4.3) at the end of the load history, the total energy radiated and conducted to the vacuum chamber walls can
be estimated as the difference of thermal energy stored in the tile to energy received as heat influx :

Eyny=Es-Eg <0 (Equ. 4.6)

R. Chavan, CRPP/EPFL, 25.8.98/24.07.00 /export/home/chavan/projectshiles/cc_tilesfframe/cc_tiles_thermomechanical 231/35



A thermomechanical analysis of the central column tiles 4 Finite element analysis

Euny
Eya =g —<0 (Equ. 4.7)
Q.

It appears, as the results will show, that the radiated energy can be rather low and that the incidence of discretization errors is
not negligeable, in particular after very short discharges with short decay times. In the Ansys code radiation and conduction
effects are forced to ‘off” when a single discharge is run.

44.3  Solver options and parameters

Single or multiple discharges

For a single discharge of a given duration, the value of the variable mode (located in the FILE TILE_PAR.TXT) is set to ‘single’. No
radiation or other effects beyond the end of a discharge are included. Basically a ‘single discharge’ is needed for development
and test purposes only in order to reduce the time to obtain temperature results. For multiple discharges of a given identical
duration, the value of the variable mode (located in the FILE TILE_PAR.TXT) is set to ‘cyclic’.

The time integration parameter

The time integration parameter 8 specified on the TIN7P command relates temperature difference to temperature rate :

T T, = A, (1-0)-T,+A1,-6-T,,, (Equ. 4.8)

n+t " T

Any value within 1/2 <0 <1 is unconditionally stable. That is, all solutions are stable regardless of how large a time step Ar,,
is chosen. In Ansys the default setting is 8 = 1/2, known as the Crank-Nickolson technique. It is usable in the majority of
transient problems. For thermal shock problems with nonlinearities, a higher value to 0 is recommended to avoid oscillations in
time of the solution. For the case of the graphite tile, the Galerkin method was chosen with a @ = 2/3 . Finally the backward
Euler integration scheme with 8 = 1 would avoid oscillations but requires finer time steps to achieve comparable accuracy.
Details about the algorithm are found in [ref. 10] and [ref. 22 : p. 522].

The initial integration time step

The integration time step is the time increment used in the time integration scheme. As far as automatic time stepping or time
step optimization is used, the initial value specified on the DELTIM command is conservative and corresponds to a dimensionless
time T = 1/16, as defined previously in (equ. 2.1) and (equ. 3.2) :

4c, . 2

t = (—:" T = % = ITS where ¢,, = shortest FEM length perpendicular to exposed surface  (Equ. 4.9)

A typical value for graphite used in the calculations is /TS = 8- 10 3 5. The thickness of the first layer of elements delimiting
the tile surface is approximatively ¢, = 0.8 mm.
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4.5 Thermomechanical stress solution

ANSYS 5.5.3
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Tile on Central Column - Principal Stress 1 (cc210030.11749)

Figure 4.7

This plot mapping tensile stress reveals that the thin tile edge is subject to surface cracks, although the zones with the
highest tensile stress does not coincide with the area of highest temperature.

4.5.1 Failure criteria

The spatial temperature distribution being assumed known at any given time by the results in {chap. 4.4], the problem of three
dimensional, inertia free thermoelasticity consists in the determination of the following 15 equations [ref. 15] :

* 3 force-equilibrium equations (sum of all forces zero);
* 6 stress-strain relations (stress-strain and shear-rotation);
* 6 strain-displacement relations (strain-elongation and angular strain-rotation), while rigid-body motion is zero.

In any stress system, representable by an infinitesimal cube in a cartesian coordinate system, 3 mutually perpendicular planes,
on which no shear stresses act, exist at each point within the heated strained solid. The normal stresses on these particular planes
are called principal. One of them is the maximum stress &, (greatest positive or least negative) and another is the minimum
stress G5 (least positive or greatest negative). For example an immersed, non-absorbing body could have 3 negative principal
stresses, but not necessarily of equal value (elastic compression).

Once the stress values have been computed, the ‘safety margin’ versus available strength data has to be assessed. The difficulty
with brittle materials is to correlate a calculated three dimensional stress state with values found experimentally and usually
given in terms of tensile or flexural strength only. For materials similar to graphite (concrete, ceramics among others),
compressive strength is usually much higher than tensile or flexureal strength.

Several failure criteriae like VonMises or Mohr {ref. 5] are applicable for ductile-elastic material (steel, aluminium) only. But
graphite ‘behaves’ essentially as a brittle material. Its failure mechanisms are those of ceramic materials, where statistical
concepts (failure probability), defects (internal and surface, number and distribution), loading modes and amount and topology
of stressed volume are relevant. Other keywords are crack propagation and crack growth. As was stated in [chap. 2], the data and
resources for appropriate assessments are not available. From documented investigations in Tokamaks we know that the
damaged surfaces have cracks propagating perpendicularily to the surface, a phenomena not (yet) observed in TCV. With the
criteria of maximum principal stresses, failure occurs when at least one of the following conditions is reached :
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65 MPa = tensile failure
o3 < O limit compressive = - 150 MPa = compressive failure

U Z O limit tensile

for G, >0,>0; (Equ. 4.10)

There are some more or less sophisticated failure criteria applicable for brittle materials, all derived from and expressed in terms
of principal stresses (see [ref. 3] and [ref. 20]). Some have been included in the program, but their results are not documented :

« the stress intensity or the maximum of absolute values of the differences of principal stresses
0; = max(|o, - Gy, |6, - 03], |03 - G)[)

» the arithmetic average of principal stresses or the arithmetic average of principal stresses
Oy = (0, +0,+03)/3

¢ the equivalent or VonMises stress

O = J((c, —02)2 +(0,— <53)z +(0y- cl}z)/Z

¢+ the Coulomb-Mohr criteria

chv cM = 0,-X03 with X = Ofimit lcnsilc/GIim'ﬂcnmprcsmvc
« the Pissarenko-Lebedev criteria 15
.
o , A=07-08
OcqvpL = X%q,,+(| -%)o,A with

for brittle materials

¢ the Kuhn criteria (based on deformation energy) might be used with some restriction, but the considerable ratio of 165/65
between compressive and tensile strengths is not predicted correctly for graphite.

21
- W)

chv tensite —

2 2
+ 0, + 03— (0,0, + 0,03+ 0;0))] +

[-2v
3

2 2 2 1/2
(0, + 0, + 0,)[0) +0; + 03+ 2(0,0, + 5,03 + 6,0,)]

3 172
Oeqv compressive = [l n 4V] " Oeqv tensite
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Figure 4.8

As the heated material expands, compressive stress is most severe where temperature

is highest, causing non negligable curvature of the free unsupported thin side of the tile.
The thick side of tile will curve less as the resisting crosssection is larger.

4.5.2  Initial temperature boundary conditions and displacement constraints

Methodology

Thermal-stress applications are treated in a so-called coupled-field analysis, which takes into account the interaction between
thermal expansion and mechanical stress. Because in the present case strain does not influence on temperature, we are in a one-
way coupling situation best handled by the indirect method, where nodal temperatures from a (time transient) thermal analysis
are applied at a specified time in the subsequent (steady state) stress analysis. The direct method involving one (time transient)
thermomechanical analysis with a dedicated coupled field element may look attractive, but is not practicable for larger models
because of the huge amount of cpu time and storage space required (33’000 s to read t = 0.224 s with SOLID5 elements).

Furthermore the direct method would require the use of the time history postprocessor POST26 in order to determine the space &
time values where & when the maximum stress occurs. In this case one would ‘ask’ : At what time a given element reaches the
highest stress (the value of which depends on the chosen criteria) ? Commands offering very limited processing capabilities like
NSOL & ESOL to create time dependant solution vectors have to be employed. With the indirect method using the static standard
postprocessor POST? to extract results, one would ‘ask’ : Which element has the highest stress at a given time ? Results are
extracted from the solution files with ETABLE commands, allowing straight forward computation of relevant stress functions.

We shall apply the indirect method, with a simple algorithm based on comparing stress results between refined adjacent time
steps. Thus the variable merhod (located in the FILE TILE_PAR.TXT) is set to ‘indirect’.
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Chosing a load case

In transient thermomechanical calculations the maximum (triaxial) stress condition does not necessarily occur in the region
where the thermal gradient reaches its peak value. This fact is evident by comparing temperature gradients from figure 3.1 with
corresponding stress values at various time points in figure 3.4. It has been shown that stress levels are tending to be lower after
the first discharge. In the present Ansys code stress is not computed when multiple or cyclic discharges are run, as the main
interest in such cases is the temperature distribution.

Stresses are computed for several time steps within a discharge and then compared (unlike the results of [chap. 3.3], stresses have
been found to be maximum at the end of a discharge).

Clamping to avoid rigid-body motion

Rigid body motion is not acceptable in the present model, valid for a non moving tile only. In order to avoid numeric
inconsistencies, which are a consequence of the numeric integral of all forces (= stresses x surfaces) not being exactly equal to
zero, the tile has to be fixed in space in such a way, that rigid body motion is excluded without inducing stresses by the
‘clamping’. This is achieved by removing in three nodes belonging to one same plane all 6 degres of freedom (translations and
rotations). The stresses found with these boundary conditions represent the lower limit,

A tile with just no rigid body motion is free to expand and bend and is as such a theoretical model only. In practice however the
‘real’ tile is restrained to some degree from bending along the rail inside the vacuum vessel. In Ansys, while gliding along the
rail is permitted, nodes are kept in contact with the rail surface. The partially suppressed expansion results in the highest possible
stresses, which should be taken as the design limit values.

4.5.3  Solver options and parameters

For the reasons explained earlier, the indirect method has been chosen to calculate the coupling between temperature and stress/
strain. An element type change (ETCHG,TTS) is necessary to substitute S0LID7¢ (3-D 8-Node Thermal Solid) with soLiD45 (3-D 8-
Node Structural Solid) elements in order to apply nodal temperatures as thermal loads.

There are no inertial effects (mass), so the analysis type is static for each load step. In this process the time axis is used only to
correlate static stress solutions with temperature distributions at specified time points. There is no direct time dependency
between stress solutions as the stress at time ¢-/ does not influence stress at time #-0.5 and so forth.
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5 Results and conclusions

The relevant results are compiled in table 5.1, subdivised on a case by case scheme. Blank fields contain no data at all.

5.1 Case list

CaseT

These are the ‘theoretical’ results based on the analytical solutions developed in [chap. 3] :

» Constant physical graphite data is used, as detailed in [chap. 2], where the actual averaged values can be found in figure 2.1
and figure 2.2.

» Temperatures are computed with (equ. 3.1) for both the thin and the tick semi-infinite plate, with conforming heat flux
values.

¢ There are no thermal losses (radiation or conduction).

e Thermal stresses are obtained with (equ. 3.10). The plate is free to expand and to bend.

Case A,B & C

These cases constitute the theoretical limits in regard of stresses, as the absence of radiation and conduction results in the highest
possible thermal gradient through the tile.

¢ Obtained with Ansys as described in [chap. 4].

e Case A is based on linear averaged material properties and uniform constant heat flux on cylindric and elliptic surfaces on
the thick tile side. It is presented here for cross checking only.

* B versus C shows how the fixture of the tile to the rail affects stress levels. Material properties are nonlinear.

Case D& E

More realistic time dependant temperature distributions require the inclusion of radiation effects :

= All surfaces radiate with an emissivity of 0.75, as all surrounding surfaces are likely to be at room temperature.
« Since temperature gradients are equal or lower than in A/B/C, no stresses are computed.

5.2 Discussion

Limited configurations result in higher thermal loads and higher stress levels than diverted configurations. Temperatures found
in diverted cases do not exceed 1630 K (# 11749), while reaching 2160 K in a limited mode (# 12907) on a tile initially at room
temperature.

By comparing the results obtained analytically (case T) with the linear, uniformly heated FEM solution (case A), a good
agreement is found in the temperature values : 2’578 K (T) versus 2528 K (A). The stress levels are similar, although the FEM
model predicts higher tensile stress, 36 versus 27 MPa, and lower compressive stress with - 69 vesus - 74 MPa. This is in
accordance with a slightly higher backside temperature of the tile in the FEM result, suggesting a higher average temperature in
the tile and therefore lower tensile and higher compressive stress than in the analytical case T. Linear solutions lead in both
models to overestimate temperatures, as the average diffusivity is lower than the non linear diffusivity below 1000 K.

If we compare the non linear case B with A and T, we find lower tensile stress of 21 MPa (B) and higher compressive stress -
88 MPa (B) for discharge # 12907 on the thick side. In graphite the thermal conductivity and thermal diffusivity decrease versus
temperature, while the thermal expansion coefficient increases. This implies, as the non linear results show, that the temperature
rises less to peak at 2160 K only and that the heated volume fraction is smaller, leading to higher near surface compression and
a larger cross section under tensile stress.

With a minimum emissivity of 0.75, the temperatures induced by cyclic heat load of 25 MW/m? are expected to be below 2200
K or 1900 °C on the ‘thin’ tile side, if a minimum time interval of 600 s is maintained. Thermal equilibrium is reached after 5
limited discharges, as shown in figure 5.1 for the case E. The residual thermal gradients within the tile become very small : a
thermal energy of 51 kJ is contained in a tile at average 403 K (from figure 3.2), while the Ansys result is 46 kJ.

The magnetic probes face graphite at a temperature of less than 570 K or 270 °C, a value which is below the baking temperature
of the vacuum vessel.

Stresses in graphite should be limited to values ranging from - 150 MPa to + 65 MPa (see [chap. 2] and [chap. 4.5.1]), though
the mecanical resistance tends to increase noticeably with temperature. As computed stresses never exceed 65 % of these limits
(case C), temperature appears to be the restraining factor. During cyclic heating temperature gradients and thus thermally
induced stresses tend to decrease. Cyclic stress limits or fatigue data are neither available and nor is there a reliable method to
calculate such behaviour, which should take into account the actual and entire thermomechanical history of the graphite.
Particular features at the tile surface, mainly at the edges, like groves, cracks or sharp changes in cross section, result in stress
concentration effects and have to be avoided. The edge contour of the exposed tile surface ‘sees’ the highest tensile stresses,
while the surface area of highest heat influx shows the highest compressive stress. Elastic prestressing from the fixture system
has not been included in the simulation, but its location beneath the surface has been chosen such as to be as ‘far’ as possible
from the areas where the highest heat fluxes and highest stresses occur.
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Case E : absolute temperatures of the hottest and the coolest nodes in the tile, and the hottest node potentially facing
a magnitec probe ('thin’ side of tile). Radiation is included. Temperatures do not increase further after 5 discharges with 600

s intervals.
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Figure 5.2

Case D : Heat flux limits versus time for diverted configurations for the highest tolerable
temperature criteria, based on discharge # 11749 renormalized on various peak heat fluxes.
Heating occurs on the ‘thin’ side (above magnetic probes) of the tile.
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Table 5.1
Overview
- Material
Chronology Boundary conditions properties TCV Shot
8 &
£ 2|3 "
£ 2 5 = g 5 #11749 #12907
2 A g 2 g - ] 2
2 5 ‘o ] ] Z 2 =
5 2 2 =] =] =) g )
E = ,E, S g = =}
_é £ _._, & (&) o z
Load case 2 g = 8 3 Thick side Thin side Thick side Thin side
z a ° ~
Configuration diverted limited
PsoL 1 MW 2.5 MW
lq 3 mm 3 mm
P 22.5 MW/m? 24.8 MW/m>
1 ] Is | | I | | | v | semi-infinite plate with 18 (~ thick) & 10 mm (~ thin)
Heat theoretical (received on area equivalent to tile surface) 464 kJ 464 kJ 512kJ 512k
T Maximum surface exposed to plasma 2'366 K 2366 K 2’578 K 2’578 K
s temperature backside of tile 294K 420K 294 K 433K
maximum tensile 24.8 MPa 15.3 MPa 27.3 MPa 16.9 MPa
Stress
maximum compressive -67.1 MPa -34.1 MPa -74.0 MPa -37.6 MPa
1 | 1s l | | | v | ' v | uniformly distributed heat flux
Heat theoretical
Heat influx (total heat flux integrated over element faces) 282kJ 225k)
A Heat in tile (thermal energy integrated over element volumes)
ls exposed to plasma 2525 K 2549 K
Maximum nodal temperature
backside of tile (magn. probe) 309 K(319K) 293 K (788 K)
maximum tensile 35.8 MPa 24.6 MPa
Stress
maximum compressive - 69 MPa - 76.4 MPa
v s T e ] [
Heat theoretical | 15°625 J (1.00) 15'625 J (1.00) 39063 J (1.00) 39°063 1 (1.00)
Heat influx (total heat flux integrated over element faces) 15264 J (0.98) 15263 J (0.98) 38’116 J (0.98) 38'096 J (0.98)
B Heat in tile (thermal energy integrated over element volumes) 15'893 J (1.02) 157921 (1.01) 38'788 J (0.99) 38'614 1 (0.99)
s exposed to plasma 1'608 K 1'630K 2'148 K 2’160 K
Maximum nodal temperature
backside of tile (magn. probe) 345K 522K
maximum tensile 16.3 MPa 21.6 MPa 21.3MPa 25.9 MPa
Stress
maximum compressive -44.5 MPa -38.2 MPa - 88.1 MPa -84 MPa
v [T [l [-
Heat theoretical 39'063 J (1.00) 39063 J (1.00)
Heat influx (total heat fiux integrated over element faces) 38'116 5 (0.98) 38’096 J (0.98)
c Heat absorbed (thermal energy integrated over element volumes) 38'788J (0.99) 38'614 J (0.99)
1s exposed to plasma 2'148 K 2'160 K
Maximum nodal temperature
backside of tile (magn. probe) 345K 522K
maximum tensile 242 MPa (0.37) 28.8 MPa (0.44)
Stress
maximum compressive -99.5 MPa (0.66) | - 89.6 MPa (0.60)
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5 Results and conclusions

at end of each discharge
Maximum nodal temperature

Table 5.1
Overview
Chronology Boundary conditions Material TCV Shot
properties
0 o
£ B
] = g
5 2 5 = g Bl #11749 # 12907
] bl g = S L F] 2
= 5 ‘2 g 5 3 2 =
ER - - - - - - R
b o Bt g 5]
2 2 2 | %S [ =
Load case E E| = 13 Thick side Thin side Thick side Thin side
a % o
s [sos[ ] [/ | ]~
renormalized on
peak power fluxes
Heat theoretical 15720/ 39°063 J (1.00) |
25/30/ > |
40/ 50 MW/m
9'661/12'881/
Heat influx (total heat flux integrated over element faces) 16'101/19'321/ 38'116J (0.98)
25'761/32'202)
6'628/8'723/
| D Heat in tile (thermal energy integrated over element volumes) 10766/ 12°755/ 24'435 J (0.63)
16'609/20°305)
600 s
3'032/4'158/
Heat radiated (heat influx minus heat in tile) 5'334/6°566/ 13681 ) (0.35)
9'153/11'897 )
1'105/1'395/
exposed to plasma 1'691/1°995/ 2'104 K |
Maximum nodal temperature 2587/3'136K ]
. . 477/510/536/
backside of tile (magn. probe) 56075997632 K
- . 31373187324/
Minimum nodal temperature (at end of 1 cycle ~ 10 minutes) 320/ 338/ 347 K 357K
4|ls|5995|/| [« | |~ ;
Heat theoretical 156’250 ] (1.00)
Heat influx (total heat flux integrated over element faces) 152'383 J (0.98)
Heat in tile (thermal energy integrated over element volumes) 45'971 1 (0.29)
E Heat radiated (heat influx minus heat in tile) 106’412 J (0.68)
2400's 2'116 ->2'156 >

2'175->2'185K
(+40 +29 +10 K)

backside of tile (magn. probe) 564 K
356 -> 383 ->
Minimum nodal temperature in tile at end of idle time interval 395 ->401 K

(+27 +12 +6 K)
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6 Code file listing

Each discharge or plasma configuration is referred to by a number. For each such discharge number, 2 x 3 x 3 = 18 load cases
are considered to be representative for all possible cases. The load cases are encoded in a file numbering scheme, where the so
called ‘case id.’ is concatenated of :

e ccpexxa/ = directory with heat flux files, where xxx*J0 stands for discharge energy in AW

e | = thick side / 2 = thin side of the assymetric tile

* 010/086/ 130 = distance in mnm from the tile edge at z = 0

+ 25/50175= lq, the scrape off lengths of the power flux (heat) in tenths of millimeters

Load cases on the lower and upper tile edges with z = 0 or z = tile width have not been considered and are in principle not allowed
in terms of plasma configuration.

Table 6.1
Project related code files
Item Description & purpose /Directory/Filename I Suffix | Extension
“’"'e.sbmd“' TILE _A TXT
Modular command sequence & i/o file ket
main file TILE B TXT
Parameter file TILE _PAR TXT
Modeling & meshing TILE _MOD TXT
Boundary layer extraction TILE _LBN TXT
Program file Radiating layers TILE _RAD TXT
Thermal solver TILE ST TXT
Stress solver TILE _8.§ TXT
end of load case TILE _PP TXT
time history TILE _PPT TXT
> Postprocessing & graphics
> animation TILE _PPA TXT
g time hist case D TILE _PPTD TIXT
":'
§ Mesh transition for 4 sided areas with 3 sub-regions /MACROS/M43TRANS MAC
%:- Linear mesh transition for 4 sided areas /MACROS/MTRANS .MAC
123
‘% Auxiliary Mesh propagation depending on toroidal impact zone MACROS/PHI_TEIL MAC
(=9
H programfile | pegg formatted array from text file /MACROS/MATRX_FD MAC
=]
§ Write formatted array to text file /MACROS/MATRX_WR MAC
3 Sort data vector based on element number vector /MACROS/VECTSORT MAC
)]
<
£ | | Material data base | Graphite SGL R 6650 /MATERIAUSGL G | A
f_ Command sequences for creating ngf from Ansys FIG_FOR_REP TXT
o
= Convert files .ngf to .epsi NGF2EPS! TXT
bl
ﬁ Ansys neutral graphics file PLOTS_CC case id. .NGF
EPSI file, referring to this report /FIGURES/FIGURE_ case id. .GRPH
Utility file
bone /COLORS/BONE .CMAP
Color maps for contour plots, with the gray COLORS/GRAY .CMAP
same RGB definitions as their
counterparts in Matlab pink COLORS/PINK .CMAP
hsv COLORS/HSV .CMAP
Node numbers & coordinates for Matlab /CC/RC._ case id. TXT
Nodal heat fluxes from Matlab /CC/RP_ case id. TXT
Result file Complete model data base cc case id. .DB
Temperature solution cc case id. .RTH
Stress & strain solution cc case id. .AST
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Table 6.1
Project related code files

6 Code file listing

Item Description & purpose /Directory/Filename I Suffix | Extension

Material data & parameter file for polycrystalline graphite, EROECTSAMATERIAL S

Ringsdorff (SGL Carbon G de R 6650 CARBON/GRAPHITE/ M
ingsdorff ( arbon Group), grade MATLAB/SGL_G
Program file

=l PROJECTS/MATERIALS/
K] Graphical output CARBON/GRAPHITE/ M

= MATLAB/SGL_G_PLOTS
Utility file Various RGB color maps for use in Ansys CMAP_MATLABZ2ANSYS M
Theory Field line mapping to calculate thermal surface loads FIELDLINES M
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