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Abstract 

The transient thermal model RACLETTE (acronym of Rate Analysis Code for p lasma Energy Transfer Transient 
Evaluation) described in part I of this paper is applied here to analyse the beat transfer and erosion effects of various slow 
(100 ms-10  s) high power energy transients on the actively cooled plasma facing components (PFCs) of the International 
Thermonuclear Experimental Reactor (ITER). These have a strong bearing on the PFC design and need careful analysis. The 
relevant parameters affecting the heat transfer during the plasma excursions are established. The temperature variation with 
time and space is evaluated together with the extent of vaporisation and melting (the latter only for metals) for the different 
candidate armour materials considered for the design (i.e., Be for the primary first wall, Be and CFCs for the limiter, Be, W, 
and CFCs for the divertor plates) and including for certain cases low-density vapour shielding effects. The critical heat flux, 
the change of the coolant parameters and the possible severe degradation of the coolant heat removal capability that could 
result under certain conditions during these transients, for example for the limiter, are also evaluated. Based on the results, 
the design implications on the heat removal performance and erosion damage of the various ITER PFCs are critically 
discussed and some recommendations are made for the selection of the most adequate protection materials and optimum 
armour thickness. 

1. Introduction 

The in-vessel components of the International Thermonuclear Experimental Reactor (ITER), namely the primary first 
wall, the limiter, the baffle and the divertor, will be subject during normal operation to high heat loads generated by particles 
( C - X  neutrals, ions and electrons) impact, as well as electromagnetic radiation. Highest heat loads are anticipated onto the 
surfaces of the divertor and, during plasma start-up and shutdown phases, onto the limiter. Various types of off-normal 
conditions such as disruptions and edge localised modes are foreseen, that will substantially increase the heat flux for very 
short times on these components and will cause significant armour erosion due to vaporisation and partial loss of melt in 
metals and appreciable electrodynamic stresses in the plasma facing components (PFCs) and surrounding structures. In 
addition, at some locations, the PFCs must withstand a certain number of so called 'slow' high-power plasma thermal 
transients, whose duration is anticipated to be much longer than that of disruptions, and of the same order of the 
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characteristic thermal diffusivity of the actively cooled component itself. These have bearing on the design of the PFCs and 
need careful analysis. An example of this class of events include transients expected periodically onto the so called ' vertical 
target' in the divertor system, near the separatrix-strike points, because of high-recycling transients burning through the gas 
target regime [1,2]. They will last up to a few seconds and increase the surface heat-flux from the peak design value of ~ 5 
M W / m  2 to a range of 10-30 M W / m  2. High-power transient loads are also expected on the primary first-wall, limiter and 
upper part of the baffle modules during accidental plasma contact during burn, e.g., resulting from plasma vertical 
displacement events (VDEs). During this transient events, the plasma would typically deposit _< 60 M J / m  2 in times ranging 
between 100 ms and 1 s. 

Very fast ( ~  1-10 ms) high energy density (10-100 M J / m  2) plasma transients associated with disruptions result in 
armour material evaporation and melting, but have little or no thermal effects on the actively cooled heat-sink substrate and 
coolant. In contrast, 's low' plasma transients not only produce substantial erosion of the armour through vaporisation and 
melting but lead to large heat flux propagation from the armour to the heat sink and to the coolant, potentially resulting in 
very high temperatures and stress at the interface between the armour and the heat sink and in drastic changes in the coolant 
heat removal capability. 

The primary objective of this study is to analyse the thermal response of ITER PFCs subject to this category of high 
transient heat loads and to identify the relevant parameters affecting or governing the heat transfer process during these 
transients for the various plasma protection materials presently contemplated by the design. The analysis focuses on the 
limiter and divertor since these are the components under the more demanding steady state heat flux level in addition to the 
'slow' high power transient events. All the calculations presented here have been carried out using the model RACLETTE 
(acronym of Rate Analysis Code for pLasma Energy Transfer Transient Evaluation) which is described in Part i of this paper 
[3]. The model provides for the solution of the heat conduction problem across a duplex structure (armour/heat sink) and 
includes evaporation, radiation, melting of the armour material and convective heat removal at the coolant side. Vapour 
shielding effects can be and have been included for some of the cases presented. The model provides a flexible design tool 
and is particularly suitable for fast parametric analyses of PFC behaviour under 'slow' high power transients as discussed by 
the authors in Ref. [3]. 

An extension of the original model has been made and is described in this paper to conveniently analyse some special 
cases anticipated to be particularly critical for the limiter, primary first wall (PFW) and baffle modules. For these cases, 
depending on the energy deposition time and the coverage, the heat flux to the coolant from a transient plasma energy 
deposition can be quite high, and two-phase flow conditions can be reached resulting in drastic changes in the heat transfer 
and in the pressure drop that could lead to dryout. 

The organisation of the paper is as follows. First, the design layout of the ITER PFCs is briefly described, with emphasis 
on those components subject to the more demanding heat loads as well as to slow high power plasma transients (i.e., limiter 
and divertor). The procedure adopted to calculate the critical heat flux and the pressure drop for single-phase and subcooled 
boiling flow is then presented, followed by a discussion of the design parameters, heat loads and material properties of 
interest for the analysis. Next, the results of the various analyses performed are presented, first for the first wall components, 
with a focus on the limiter, and then for the divertor. Finally, key findings are summarised with emphasis on the implications 
of the results on the performance and lifetime of the various PFCs analysed and recommendations are made for the selection 
of the armour materials and thicknesses to be used. 

2. Design highlights of PFCs in ITER 

Fig. 1 taken from Ref. [4] shows a vertical cross-section of the ITER device. The blanket/first wall (FW) system [5] 
consists of ~ 2 m X 1 m FW-shield modules attached to a semi-permanent back plate by bolts which can withstand the 
tension loads during disruptions. A welded attachment scheme is also under consideration as an alternative. From the 
poloidal cross-section of Fig. 1, the lowest modules on the inboard and outboard are the baffle modules whose function is to 
attenuate the neutral flux from the divertor to the main chamber by a factor of at least 10 -4, the lowest two but one modules 
on the outboard are the start-up and shut-down limiter modules, and all the remaining modules are primary first wall (PFW) 
modules. The cooling water is supplied to the modules by inlet and outlet branch pipes connected to poloidally running inlet 
and outlet manifolds. The branch pipes can be cut and welded from inside the manifold by in-manifold remote handling 
equipment to enable module replacement if needed. Maintenance of the blanket modules will be performed by an in-vessel 
transporter inserted through the mid plane port [6]. Both the structural and shielding materials are SS 316 LN. The heat sink 
material is a Cu alloy. The cooling pipes are SS 316 LN in the primary first wall. For the limiter and the baffle first wall, Cu 
alloy tubes are used possibly with a thin SS liner or with Ni -Cr  plating. All the FW and limiter modules are clad with Be. In 
the case of the limiter, carbon-fibre-composites (CFCs) are also considered as an alternative for the armour. 
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Fig. 1. Layout of plasma facing components in ITER [4]. 

In 1TER, a single null poloidal divertor with active pumping located at the bottom of the device will provide for power 
and particle exhaust [4]. The divertor is designed to enhance the radiation losses in the divertor and control the location of 
the radiating region by confining the recycling of neutral impurities and hydrogen to the divertor chamber [2,7,8]. The 
reference design employs a so-called 'vertical target' concept which has the advantage that the plasma provides a tight seal 
for the neutrals together with an increase in the 'wetted' area (i.e., the area where the power conducted in the scrape-off 
layer is concentrated) due to the inclination of the divertor plates. 

The divertor assembly consists of 60 cassettes which provide the interface to the ITER machine and to the in-vessel 
remote handling tools [9]. High heat flux components (HHFCs) are mounted onto these cassettes outside the vessel (in a hot 
cell), allowing periodical refurbishment of the cassettes and thus minimising radioactive waste. This solution also provides 
flexibility in the choice of the divertor geometry and thus permits adjustment to new divertor physics developments. 
Presently, three candidate materials are considered for protection of the divertor plasma facing components: beryllium, 
tungsten and CFCs attached to a Cu-alloy heat sink. 

Typical concepts of the primary first wall, limiter and baffle, and divertor duplex structure configurations are shown in 
Fig. 2. They consist of a coolant tube embedded in a Cu-alloy heat sink structure on top of which is bonded the armour 
material. To minimise manufacturing complexity and enhance performance predictability, regular cooling tubes are preferred 
for the PFW, baffle and limiter. However, for the divertor vertical target region, cooling tubes with swirl tape inserts are 
considered because of the more demanding heat load requirements. 

While the primary first wall uses tubes of stainless-steel, the limiter and baffle use Cu alloy tubes because of the higher 
heat flux requirements preferably with a thin SS insert (0.1-0.2 mm) or Ni -Cr  plating inside the coolant tube to avoid Cu 
interfacing with water. This avoids the uncertainty associated with C u / H 2 0  corrosion and erosion possibly leading to high 
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Fig. 2. Example configurations of actively cooled PFCs proposed for 1TER (all dimensions in mm). 

level of activated products in the coolant, and is the basis for eliminating the safety-based need for an intermediate heat 
exchanger in the cooling system. 

3. Basis of the analysis 

3.1. Model and code highlights 

The RACLETTE model is used here to evaluate the response of the PFCs due to slow high-power plasma transients. For 
a given plasma heat flux history and coverage on a PFC structure, and a set of inlet coolant parameters, the model calculates 
the temperature distribution during the transient, melted and vaporised thicknesses, and the coolant properties at the outlet 
section. Further developments are under way to include other subsequent effects produced in materials such as stress and 
displacements. The model and the calculation procedure including the ranges of applicability have been thoroughly described 
in Part I of this paper [3]. It entails the solution of a heat conduction problem with two moving boundaries at the plasma-side 
(the liquid surface and the melt-solid interface) with a surface boundary condition determined by the dynamic of evaporation 
and a convective-heat transfer condition at the coolant side which allows for coolant flow in single-phase, and partially and 
fully-developed subcooled boiling regimes. Vapour shielding effects as calculated from a simplified model [7] have been 
included for some of the calculations. In this model, a low-density vapour shield develops in front of the target as the surface 
temperature increase due to vaporisation of material from the surface, leading to a conversion of some of the incident power 
to radiation, a fraction of which continues to fall on the plate, reaching about 25% of the incident power. It should be noted 
that, in contrast to the case of disruption erosion, the power levels here are lower by over 3 orders of magnitude, i.e., the 
'vapour shield' from impurity contamination has much lower density and may therefore be expected to be optically thin. 
While several cases with vapour shielding are discussed in this paper, the JET experiment [10] indicated that vapour shield 
formation may not be as effective in reducing the power, and that significant melt layer loss may occur. 

In order to better understand the consequences of high heat fluxes to the coolant following a plasma transient, a 
RACLETTE sister code was developed to calculate the coolant pressure drop and mass velocity as a function of the coolant 
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heat flux. The results could then be used as input in RACLETTE thereby coupling the surface processes and heat transfer to 
the thermal-hydraulic conditions. In addition, the capability to estimate the critical heat flux based on the coolant conditions 
at each time step was added to RACLETTE. 

3.2. Extension to the original model 

3.2. I. Pressure drop model 
The pressure drop along a coolant channel is calculated based on the flow regime. Thus, the flow characteristic along the 

channel must first be determined. The model used is illustrated in Fig. 3 which shows a coolant channel of length L under 
uniform one-sided heating. If the heat flux is low enough the flow through the whole length of the channel will be in single 
phase. As the heat flux is increased the flow will eventually consist of a single phase part up to a length of tube 
corresponding to the onset of nucleate boiling, ZON B, and of a subcooled boiling part over Zsc ~. ZoN B is determined from 
the flow conditions and the heat flux to the coolant. 

The Bergles and Rohsenow model shown in Eq. (1) is used to determine the onset of nucleate boiling (ONB) [11], 

( T w -  T,~t)oNB = 0.556 ( q~NB )0.463 P ........ 
1082P1.156 , (1) 

where (T,~ - T~at)ON B, the difference between the wall temperature and the water saturation temperature at ONB, is in K, the 
coolant pressure, P, in bars and the heat flux, q", in W / m  2. 

The wall temperature at ONB, Tw.oN B, can also be determined based on the heat flux, the water temperature and the 
single phase heat transfer coefficient: 

U_~D q~;L 
T"°~g  - t ~  + Tb'ONB' (2) 

where J)D is a factor to account for 2D effects ( ~  yp/0.57rd t [3], where yp is the pitch, d t is the tube diameter), q'pL is the 
incident heat flux, Tb.ON B is the water bulk temperature at ONB, and h is the convective heat transfer coefficient, estimated 
from the Dittus-Boelter correlation 

hd t 
Nu = k,~- = 0.023 Re't? s Pr~ ' '3 .  (3) 

Here, k r is the water thermal conductivity, Ref is the Reynolds number and Prf is the Prandtl number. 
Tb,ON B is calculated from the inlet temperature, water mass velocity and heat flux over a tube length ZON B, 

qPL ) pZoNB 
Tb.ONB = TbAN + G C f r ( d t / 4 ) ,  (4) 

where G and Cp are the coolant mass velocity and specific heat, respectively. ZON B can be solved for by equating the 
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expression for Tw.oN B from Eq. (1) to that from Eq. (2) in which Eq. (4) is substituted for Tb.ONB, and by re-arranging the 
final expression 

tr 0 463P I 2~4 tt 
0.556(qpLf2D/lOS2P,. 56) - - _ TbAN _ qpLf2D/h + Tsa, 

Z o N B  = ,, , 2 ( 5 )  
qPL 3p/  GCp'rr dt / 4  

If ZON B is larger than the length of the tube, L, the flow is entirely in the single phase regime. If ZON B is less than L, 
then the flow is in the single phase regime up to ZoN B, and in the subcooled boiling regime from ZON B to L. The 
calculations of the pressure drop in these two regimes are described in the next two subsections. 

Note that simplifying a complex heat transfer and flow situation using a corrected 1D approach provides a fast and 
convenient approach of understanding the situation through parametric analyses. However, it does involve approximations 
and, thus, carries uncertainties. For example, the extent of nucleate boiling along the circumference and length of the channel 
once ONB is reached would have a spatial 3D variation which is impossible to reproduce here. As an approximation, 
subcooled boiling is assumed uniform along the circumference of the channel and its inception is based on the scaled peak 
heat flux at the top of the channel. The results would then tend to overestimate the effect of subcooled boiling and to be 
conservative in this respect. 

3.2.2. Single phase flow 
For single phase flow, the pressure gradient, (dP /dz ) sp ,  depends on the coolant mass velocity, G, the density, Pt, the 

friction factor, J}, and the coolant channel hydraulic diameter, d t, 

2pfdt (6) 

In this equation Ji- is the Fanning friction factor which can be estimated as a function of the flow Reynolds number, Ref, 
and channel roughness, t:r, based on Moody's expression (with 95% accuracy for Ref between 4000 and 1 0  7 and e,/d~ of 
up to 0.01 ), 

) i =  0.0055 1 + 2 × 104at -[- . (7) 

The single phase pressure drop can be estimated by integrating Eq. (6) over the single phase length (ZoN B, or L if the 
flow is entirely in the single phase regime). 

3.2.3. Subcooled boiling flow 
The pressure gradient in the subcooled boiling phase is more complex to analyse and depends on a number of additional 

factors such as the vapour bubble behaviour at the heated surface. Detailed physical modelling of these processes is lengthy 
and difficult without necessarily being very accurate. For simplicity and within the accuracy of the analysis presented here, 
the Owens and Schrock correlation was used [11]. The correlation was developed from sets of experimental data for water at 
pressures higher than atmospheric flowing in heated vertical tubes of length 0.4 m and diameter in the range 3-5  mm. For 
the limiter case considered, the ratio of length to diameter would be about the same but the actual length and diameter would 
be greater. 

The correlation expresses the pressure gradient over the subcooled region normalised to the single-phase liquid pressure 
gradient at the same heat flux, velocity, and temperature, as a function of the water subcooling ratio between the end of the 

tube and ZON B, 

(d P/d  Z)scB 
= 0.97 + 0.28 exp(6.13 Y), (8) 

(d P/d  z )SP,equi 

( (T'~'t - Th)zsc~' ) ( T ~ , a t  (9) 
v = 1 - Tb)zo~---~ " 

The water bulk temperature can be calculated from the coolant inlet temperature and flow rate and from the heat flux in 
analogy to Eq. (4). 

Eq. (8) can be integrated over the channel length where there is subcooled boiling (SCB), from ZON B tO L (see Fig. 3) to 
estimate the total SCB pressure drop. Such an integration yields the following expression (assuming a constant 

(d P/d Z)sP.equi ): 

( ) d P  t~ - 0.28 
A PSCB ~ ~ SP,equi(0"97(L -- ZONB) + 7 ( e x p ( C ( L  - ZONB) -- 1)) ( 1 o )  
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where C is 

6.13qpk)p 
c =  (ll)  

(GC,,~rd?/4)( ~t -  Tb . , , - -  " z 4 " 

The total pressure drop along the channel for the case where at least part of the flow is in the subcooJed boiling regime 
can then be obtained by adding the integration of Eq. (6) over ZON a to Eq. (10). 

3.2.4. Critical heat flux calculations 
A large number of CHF correlations are available from the literature. However, most of these are for cases with uniform 

heat flux distributions. One of the unitorm heat flux correlations that seems to provide reasonably good estimates for cases 
with parameters similar to the ITER PFC situation is the Tong-75 correlation [12]. Schlosser [13,141 conducted experiments 
on configurations and heat loads comparable to those of ITER PFCs. Based on his experimental results, he recommended 
using CHFun i from the Tong-75 correlation scaled up by a factor of 1.2 in the case of regular tubes and 1.6 in the case of 
swirl-tape tubes (with twist ratio of 2) for estimating the peak heat flux on the tube under CHF conditions, 

CHFL,,, i ( W / m : )  = ¢).23.fGh,.~(l + 0.00216PrXii~o Re°~ Ja), (12) 

P,-,t,o C ' (13) 

Gdh 
Re - (14) 

,at 

p, c~(L.,- 73 
Ja - (15) 

pg hfg 

dh ] 0 32 
/ = a R e  "~[T,,]_ ' (16) 

where f is the friction factor calculated from Eq. (16), G is the mass velocity ( k g / m  2 s), h~.g is the latent heat of 
vaporisation of water (J /kg) ,  P~,ti,, is the ratio of exit pressure, P~, to critical pressure, Pc ( =  22.1 MPa), Re is the 
Reynolds number, d h is the hydraulic diameter (m), ,at is the water viscosity ( k g / m  s), Ja is the Jakob number, Pr and pg 
are the liquid and vapour densities respectively (kg/m3),  Cp is the water specific heat ( J / kg  K), T,, t is the saturation 
temperature (°C), T is the local temperature (°C) and d o is a reference diameter = 12.7 × 10 -3 m. 

The above equations were added to RACLETTE. The ITER material and configuration choices can be simulated by two 
CHF scenarios. For the case with armour, Cu heat sink and Cu cooling channels, there is a resulting peak heat flux on the 
top of the cooling channel. In this case, to estimate the peak heat flux, CHFum from Eq. (12) is multiplied by the ratio 1.2 for 
regular tubes or 1.6 for swirl-tape tubes, as recommended by Schlosser [13,14]. Note that in this paper, consistent with the 
cuwent design considerations, only regular tubes (without any CHF enhancement techniques) are assumed for the first wall 
region of the limiter, baffle and PFW modules. 

The peak heat flux is scaled using a 2D focusing factor to estimate the corresponding ID heat flux based on the pitch. To 
better evaluate this 2D focusing factor, 2D analyses were carried out using the F.E. ANSYS code [15] based on the geometry 
shown in Fig. 4. The ratio of peak coolant heat flux to incident heat flux depends on several factors such as the pitch to 
diameter ratio and the effective resistance of the cooling tube in series with the film convective heat transfer. The results are 
summarised in Fig. 4 for an ITER limiter pitch to diameter ratio of 2. For an incident heat flux of 5 M W / m  2 and a nominal 
coolant velocity of 7 m / s ,  both typical of the ITER limiter, the 2D focusing factor is 1.42 for a case without a SS insert in 
the channel. The 2D focusing factor is lower for the case with a SS insert as the larger thermal resistance of the SS results in 
larger heat diffusion around the circumference of the coolant channel. It varies between 1.3 and 1.15 for SS insert 
thicknesses of 0.1 and 0.3 mm respectively. For the purpose of the analysis, it was decided to use as a first order 
approximation an average 2D focusing factor of 1.3 ( ~  ratio of pitch to half channel circumference), and to determine the 
sensitivity of the results to changes in this factor. 

3.3. Design parameters, material properties and heat loads 

3.3.1. Design parameters 
Table 1 lists typical design parameters and thermal loads anticipated for the ITER PFCs. 
The maximum armour thickness is limited by the maximum allowable temperature under maximum steady-state design 

loads. Limits on the temperature arise from many concerns including melting, excessive vaporisation, reduced mechanical 
integrity, and chemical reactions during accidental exposure of armour or structure to air or steam. The latter limits are 
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Fig. 4. Schematisation of the 2D focusing factor. 

important particularly for carbon and beryllium for which explosion of hydrogen liberated from steam is a major concern. 
There is also a temperature-dependent limit for carbon self-sputtering due to radiation-enhanced sublimation. Tungsten, and 
tungsten-based alloys under consideration would produce radioactive products during neutron exposure that, at high 
temperature, might become volatile during a vacuum breach to air, and therelbre be a risk for release. In particular, 
Rhenium, used to improve mechanical properties of W, is of particular concern because it becomes highly activated and 
adequate containment of the activated products would require extraordinary measures. The minimum armour thickness is 
based on preventing excessive heat fluxes through the a rmour /Cu  interface to the coolant. Concerns include the effect of 
high thermal stresses at the interface and more importantly, for the limiter, the possibility of severe degradation of the 
coolant heat removal capability if CHF-like conditions are reached. 

3.3.2. Material properties 
The characteristic thermophysical material properties are summarised in Table 2, consistent with the ITER material 

database [16]. For CFCs, because of the high sensitivity of the thermal conductivity to n-irradiation, calculations were also 
performed using a reduced value of CFC thermal conductivity at 0.2 dpa obtained in R & D  work by European researchers 

[171. 

3.3.3. Surfitce heat loads 
The term slow high-power transient often used in this paper refers to a type of plasma transient events whose duration is 

of the order of the characteristic thermal diffusivity time of a system which typically consists of a coolant tube embedded in 
a Cu-alloy heat sink structure on top of which is bonded the armour material. As an example, the characteristic time required 
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Table 1 
Key design parameters and operation conditions used in the analysis 

109 

Design parameters/operating conditions First-wall Limiter Baffle Divertor 

Coolant pressure (MPa) ~ 4.0 
Overall pressure drop under normal operation (MPa) 0.4-0.5 

~ 4.0 ~ 4.0 ~ 4.0 
0.8-1.0 lnb: 0.4-0.5 0.4 

Outb: 0.8- 1.0 

Inlet water temperature (K) 413 413 413 413 
Coolant mass velocity (assumed) (kg /m ~ s) 2700 6300 2700 10000 
Heat transfer coeff. (nominal) { k W / m  z K) ~ 20 50 20 100-150 h 

Coolant channel diameter (m) I X 10 -s  I X 10 ~ 1X 10- ~ 1.6X 10 ~ 
Heat flux footprint length (m) 1 (assumed) 1 (assumed) 1 (assumed) 0.3 
Pitch(m) ~ 2 . 2 × 1 0  : ~ 2 . 0 x l O  : ~ 2 . 0 x l O - :  2.8x10 2 

Nominal/max. surf. heat flux (MW/m -~) 0.25/0.5 0.25/5 0.25/3 5 
Max. energy density during transients (MJ/m 2 ) 60 60 60 
Transient duration Is) _< 0.3 < 0.3 _< 0.3 
Max. transient heat flux (MW/m -~ ) 200 200 200 
Bulk heating ( M W / m  3) 10-20 10-20 10-20 
Armour material Be Be. CFC Be (upper part) 
Armour thickness (ram) ~ 10 for Be < 10 for Be ~ 10 for Be 

Heat-sink material 
Minimum heat-sink thickness (mm) 
Coolant channel material 
Coolant channel thickness (mm) 
Coolant channel roughness (p,m) 

Cu-alloy Cu-alloy Cu-alloy 
~ 2  ~ 2  ~ 2  
SS Cu-alloy ~ SS 
I 1 0.5 
50 50 50 

_<10 
_< 30 
1-5 
Be, W, CFC 
_< I 0 lot Be 
_< 20 for W 
< 30 for CFC 

Cu-alloy 
~ 3  
Cu-alloy 
3 
50 

The correlation of Dittus-Boelter was used in the single phase regime, Thorn's correlation was used in the fully developed subcooled 
boiling regime and a simple curve fit between the two (~ la Bergles and Rohsenow) was applied in the transition region. 
b Includes a turbulence promoter enhancement factor of ~ 1.9. 

With or without SS insert. 

to conduct heat through a material slab 10 mm thick as a function of  the temperature is shown in Fig. 5 for various materials. 

As an illustration of  the range of  thermal diffusion time constant, its value at 800 K is about 0.5, 0.7, 1, 2.5, and 10 s for 

non-irradiated CFC, DS-Cu, W, Be, and SS-316 LN respectively. 

Table 2 
Summary of main material properties used in the analysis (RT = room temperatures) 

Key thermal properties Beryllium ~ Tungsten C-fibre comp. h 

Melting temperature, T M K 1556 3683 ___ 20 3640_+ 25 ~ 
Thermal conductivity, k (at RT) W / m  K 183 162 445 ( < 100 a) 
Thermal conductivity, k (at T M ) W / m  K 60 83 < 100 ( ~ 100 d) 
Specific heat, C o (at RT) J /kg  K 1760 132 440 
Specific heat, C o (at T~, 1 ) J /kg  K 3400 282 2300 
Heat of fusion, hrg kJ/kg 1300 220 - 
Heat of vaporisation, h,. kJ/kg 36 600 4800 59 900 ~ 
Emissivity, ¢p 0.61 0.4 0.75 
Molecular weight 9 183.85 12 
Parameters in sublimation rate equation [3] 

A, K 16720 44485 40 181 
Bi 11.61 12.74 14.80 

~' SB-65. 
b Dunlop 3D P 120; for copper at RT, k = 350 W / m  K, Cp = 385 J /kg  K; for stainless-steel at RT, k = 14 W / m  K, Cp = 471 J /kg  K. 

Sublimation temperature. 
d Refers to n-irradiated CFC (at ~ 0.2 dpa). 

" This value assumes that mainly mono-atomic evaporation takes place. If instead, the tormation of C 3 molecular carbon clusters is 
dominant a more appropriate value would be about 23000 kJ/kg. 
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Fig. 5. Thermal diffusion time of various materials of interest (i.e., characteristic time required to conduct heat through a material slab) as a 
function of temperature assumed uniform through the bulk of a 10 mm thick slab. The thermal diffusion times scale as the square of the 
thickness. 

3.3.3.1. Heat  loads on limiter, pr imar) , f i r s t -wal l  and  baffle. During the flat-top part of the burn the nominal heat flux on the 
ITER first wall is 0.25 M W / m  2. The maximum heat flux on the primary first wall is 0.5 M W / m  2 and on the baffle 3 
M W / m  2. The limiter power loads, both at start-up and at plasma contact during burn, are dominated by alignment 
considerations. To avoid much higher heat loads at edges, the limiter segments have to be shaped so that the edges of the 
segment which is closest to the plasma are shadowed by the neighbouring segment [9]. During start-up and shutdown, the 
maximum design heat flux on the limiter is 5 M W / m  2. In addition, 's low' high-energy deposition transients associated with 
plasma vertical displacement events (VDEs) can typically result in an energy density to the first wall armour of up to ~ 60 
M J / m  2 over ~ 0.3-1 s. 

3.3.3.2. Heat  loads" on dit~ertor plates.  The present design of the ITER divertor is based on the so-called 'dynamic gas target 
regime' where a large fraction of the power incident on the scrape-off layer is already removed upstream by a combination 
of radiation and charge-exchange processes thus maintaining the heat flux to a level below about 5 M W / m  2. Slow 
transients can occur as off-normal events as the result of a transition from detached or partially detached divertor operation 
to fully attached operation. During these transients, the power increases above the maximum steady state design value of 5 
M W / m  2. A peak value of 20 M W / m  2 and peak duration of 10 s is assumed here. 

4. Results of the calculations 

The thermal constraints for the limiter, baffle and primary first wall are first discussed, followed by a description of the 
detailed analyses performed for the more demanding limiter case. Finally, the analysis of the divertor plate is presented. 

4.1. Thermal  constraints  on limiter, baffle and  pr imary  f i r s t  wall  

PFCs in ITER have to be designed to accommodate the maximum design heat flux under quasi steady-state. Thus, the 
armour and heat sink thicknesses are limited by the maximum acceptable armour temperature while the coolant parameters 
are set based on maintaining an acceptable critical heat flux a n d / o r  saturation margin. In addition, the limiter, primary first 
wall and upper portion of the baffle must be able to withstand off-normal heat loads resulting from plasma disruptions, and 
's low' high-energy deposition transients, such as those associated with plasma VDEs. In contrast to accommodation of 
steady-state high heat fluxes, accommodation of such high-energy deposition transients require thicker heat sink and armour 
regions to diffuse the energy to the coolant over a long time so that the maximum heat flux level is acceptable. Concerns 
arise from the high material temperatures and temperature gradients, in particular at the heat s ink /a rmour  interface where 
the material bonding could be affected, and from local coolant boiling. Local boiling is acceptable as long as it can be 
resorbed. However, the increase in flow resistance associated with two-phase flow can lead to flow starvation of the channel. 
If there is enough inertial energy in the first wall region, very high material temperatures could result. This could be 
analysed by assuming no heat flux to the coolant once critical heat flux conditions have been reached and determining the 
resulting material temperature histories. 
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4.1.1. Flow distribution fol lowing a VDE 

A VDE could result in two-phase flow in the module first wall channels and in a substantial local increase in flow 
resistance. Such a scenario is more likely to lead to flow starvation in the case of parallel flow through the first wall and 
shield regions of the limiter and PFW modules, since the coolant would preferentially flow through the cooler lower-resis- 
tance shield region than through the higher flow resistance first wall. FW/shie ld  series flow is preferable since it reduces the 
fraction of the total module flow path subject to two-phase flow increase in resistance. The effect of first wall two-phase 
flow must then be evaluated as part of the whole module pressure drop in comparison with other modules fed in parallel 
from the same manifold line but not subject to the VDE. (Note that a complete series flow through several modules is not 
possible because of the huge resulting pressure drop). Series flow through the first wall and shield region of high heat flux 
modules also provides for better flow distribution and a reduction in coolant flow rate. This occurs because the flow rate 
through the first wall region is based on maintaining acceptable critical heat flux margin and would be the same for either 
series or parallel flow scenarios. For the parallel flow case, an additional flow rate is required to cool the shield region. 

Fig. 6 illustrates the general cooling system for ITER blanket modules. Three modules are shown as an example here but 
the cooling system could include additional modules. All modules are connected to the same inlet and outlet manifolds. For 
the limiter/outboard baffle cooling system of ITER, modules A and B would represent limiter modules while module C 
would represent the outboard baffle module. 

The pressure drop through each module during normal operation is about the same if one assumes the pressure drop in 
the manifolds to be much smaller than the pressure drop through the modules. Through each module, the coolant flows in 
series through the first wall region and through the shield region as illustrated in module A in the figure. The desired flow 
rate though each module for the given pressure drop is set by using a flow control device, such as an orifice, where needed. 

Following a VDE energy deposition in module A, for example, the heat flux to the coolant in the first wall region would 
increase and the local flow resistance would increase there also. The flow behaviour over the whole cooling system can be 
modelled by assuming that the total cooling system flow rate, F/1TO. 1 , is constant and by equalising the pressure drop, A Pi, 
through each module, 

m t o  v = m A + m B + m c,  (17) 

Ap~, = ~PB = -&Pc. (18) 

The pressure drop across modules B and C can be assumed to vary with the square of the mass flow rate through the 
respective module based on the single phase pressure drop expression. 

m~ 
-~Pi=SPi . i , i  2 f o r i = B , C .  (19) 

l?li.ini 

P 
L 
A 
S 
M 
A 

Fig. 6. Schematic of ITER blanket cooling system illustrating parallel flow through poloidally adjacent modules and series flow through the 
first wall and shield region of each module. 
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In addition, the pressure drop through module A can be divided in the pressure drop through the first wall region, 
A PA.FW, which is affected by the coolant heat flux situation and the heat flux through the shield, A PA.Sh" For simplicity, the 
pressure drop through the shield part of module A is also assumed to vary with the square of the mass flow rate through 
module A. 

mA 
I PA = A PA.FW + A Pa.sh.ini 2 " ( 2 0 )  

DIA.ini 

For the flow resistance in the first wall region corresponding to a given coolant heat flux level, the mass flow rate 
through module A can then be obtained as follows. Expressions for APA, APB. and AP  e- from Eqs. (19) and (20) can be 
substituted in Eq. (18), which can then be re-arranged based on the constant total mass flow rate assumption shown in Eq. 
(17), yielding 

mR ( n/TOT-n/A ) (21) 
A PA.FW q- A PA.sh.ini m 2 - -  A Pi.i,i . . . .  

A,ini mTOT -- D1A,ini 

For a given A PA.FW and given initial conditions, the corresponding mass flow rate, m A, based on maintaining the same 
pressure drop through all the modules in parallel can be estimated by re-arranging Eq. (21) and solving for m A. 

Since the maximum design heat flux is higher for the limiter (5 M W / m  2) than for the baffle (3 M W / m  2) and PFW (0.5 
MW/m2) ,  the thermal constraints on the limiter armour thickness are more severe. The limiter is thus chosen as the example 
case in the following section to show details of the analysis. The results for the baffle and primary first wall are then briefly 
presented at the end of the section. 

4.2. Limiter analysis 

4.2.1. Pressure drop under high coolant heat.fluxes 
The analysis proceeded by first estimating the pressure drop across the limiter first wall as a function of the mass velocity 

and the coolant heat flux based on the model described earlier. The flow regime was determined from the expression for 
Z{}NB (Eq. (5)) and the pressure drop was then calculated from Eqs. (6) and (10). 

The results are summarised in Fig. 7 for a case assuming a coolant channel of diameter, pitch, length, and roughness of 
0.01 m, 0.02 m, I m and 50 ~m respectively. The coolant inlet temperature and pressure were assumed to be 413 K and 3.6 
MPa, respectively. 

For single phase flow, the pressure drop varies with the square of the mass velocity. This can be seen from the pressure 
drop variation at higher mass velocities and lower heat fluxes. For a heat flux of 5 M W / m  2, for example, fully single phase 
flow occurs for mass velocities above about 9800 k g / m  2 s. As the mass velocity is decreased below that value, the flow is 
partially in the subcooled boiling regime and the pressure drop diverges from the single phase variation. As the mass 
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Fig. 7. Pressure drop across the limiter first wall region as a function of coolant mass velocity for different coolant heat flux levels 

(normalised to the pitch )< length). Also shown is the relationship between the first wall pressure drop and mass velocity based on 

maintaining the same pressure drop across parallel modules tbr a fixed total coolant system mass flow rate. 
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velocity is decreased further to under about 6500 k g / m  2 s, the flow along the channel is completely in the subcooled regime 
and the pressure drop variation then shows a slight decrease with decreasing mass velocity fol lowed by a sharp increase at 
lower mass velocity. This sharp increase is better illustrated by the higher heat flux cases. 

On the same plot is shown the relationship between the first wall pressure drop and mass velocity based on maintaining 
the same pressure drop across parallel modules for a fixed total coolant system mass flow rate. This is based on Eq. (21). 
The total outboard baff ie / l imiter coolant system mass flow rate was assumed to be 3400 k g / s .  Under normal conditions, 
the mass flow rate through a toroidal layer of limiter modules (e.g., module A in Fig. 6) would be 1460 k g / s  with a total 
pressure drop of  ~ 0.8 MPa, to which flow through 1 m of the first wall channel would contribute about 0.06 MPa. 

For each heat flux level, the intersection of the first wall pressure drop curve with the curve derived from pressure drop 
equilibrium across parallel modules yields consistent values of  first wall pressure drop and mass velocity. A set of  such 
values is shown graphically in Fig. 8. These values for mass velocity and first wall pressure drop as a function of  heat flux 
can then be used in RACLETTE. For simplicity, at each time step, the mass velocity and pressure at the end of the first wall 
are updated based on the heat flux to the coolant obtained at the previous time step. If more accuracy is required, an iterative 
procedure can be used to solve for the coolant heat flux and the mass velocity and pressure drop at the same time step, but it 
is quite cumbersome. 

It is important to note that the assumption regarding the adjustment of  coolant conditions based on the coolant heat flux 
at each time step in the calculations would be more valid for cases where the characteristic time for substantial heat flux to 
the coolant is much larger than the coolant residence time in a module. Typically, for the limiter, the coolant residence time 
is 0.2 s in the first wall and ~ 5 s for the whole module. 

4.2.2. Limiter thermal response and coolant behaviour following a VDE 

Several limiter cases were run using RACLETTE with the coupling of coolant conditions to the heat flux to determine 
the history of  the heat flux to the coolant and the corresponding critical heat flux following a VDE. The VDE plasma energy 
density was set at 60 M J / m  2 over 0.3 s after which the plasma is assumed to shutdown. It is not clear to what extent vapour 
shielding effects might mitigate the incident heat flux in the limiter case. As discussed in Refs. [3] and [7], vapour shielding 
would substantially reduce the amount of  armour loss through evaporation and melting but would have a somewhat smaller 
effect on the heat flux seen by the coolant. To help ascertain its effect, cases assuming vapour shielding based on the simple 
model of  Ref. [7] as well as cases assuming no vapour shielding were run. The CHF was evaluated as discussed in Section 
3.2.4. The analysis was based on a limiter Cu-alloy channel (with and without a 0.2 mm SS insert) embedded in a Cu alloy 
heat sink block of  thickness 2 cm with variable Be armour thickness. Other dimensions and parameters are consistent with 
those shown in Table 2. 

To illustrate the findings, the results for a case assuming vapour shielding with no SS insert and a 6 mm Be armour are 
shown in Fig. 9(a). In this case the heat flux to the coolant reaches its maximum value within 1 s following the VDE since 
the rather high conductance of  the thin Be armour and Cu-alloy heat sink results in lower inertial cooling effect. However, 
the heat flux to the coolant stays at a substantial level over the order of  10 s (not shown on the enlarged time scale of  the 
figure). The coupling of  the coolant conditions with the coolant heat flux is illustrated in Fig. 9(b) which shows the 
corresponding histories of  the first wall pressure drop and outlet coolant temperature. Based on these evolving coolant 
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Fig. 8. Coolant mass velocity and first wall pressure drop as a function of incident heat flux for the limiter based on maintaining the same 
pressure drop across parallel modules. 
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Fig. 9. (a) Histories of heat flux to the coolant and corresponding CHF following a 60 MJ/m 2, 0.3 s. VDE energy deposition for a case with 
6 mm Be armour and vapour shielding. (b) Histories of coolant temperature at the outlet of the first wall channel and first wall channel 
pressure drop following a 60 MJ/m 2, 0.3 s. VDE energy deposition for a case with 6 mm Be armour and vapour shielding. 

conditions including the mass velocity, the corresponding CHF (also shown in Fig. 9(a)) decreases from its initial value of 
~ 14 M W / m  2 to a minimum value of  about 8 M W / m  2. In this case, this lowest CHF value is still slightly higher than the 
corresponding coolant heat flux and the heat transfer process to the coolant is not interrupted. 

As discussed in part I of  this paper [3], for higher Be armour thicknesses,  the inertial effect would increase, increasing the 
time over which the energy f lows to the coolant but reducing the maximum heat flux to the coolant. This results in a wider 
margin between the max imum heat flux to the coolant and the corresponding CHF level. The reverse applies when the Be 
armour thickness is reduced. As  an example,  for a case with 5 mm Be armour, it was  found that the heat flux to the coolant 
reaches the CHF after about 0.35 s when the CHF has dropped from its initial value of  ~ 14 M W / m  2 to ~ 8 M W / m  2. 

For this case, the corresponding temperature histories of  the Be surface, B e / C u  interface and cooling channel are shown 
in Fig. 10. Since there is no surface heat flux anymore, fo l lowing the assumed breakdown in heat transfer to the coolant once 
CHF conditions are reached, a thermal energy balance takes place resulting in a B e / C u  temperature of  about 1073 K in this 
case. It is l ikely that such a temperature level would only last over the order of  I 10 s since, as the heat flux to the coolant is 
drastically reduced, coolant conditions would recover such as to provide at least some heat removal capability again. It is 
also possible that a full 3D analysis would reduce the resulting temperature level by better considering the cooler Cu mass 
behind the coolant tube. Thus, the question is whether the C u / B e  joint can accommodate temperatures of  ~ 1000 -1100  K 
over ~ 10 s when a V D E  occurs. It is not clear yet what the preferred joining technique is. However,  techniques such as 
brazing tend to be limited in the level of  al lowable temperature before bond softening and failure occur. It seems prudent at 
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Fig. 10. Temperature histories of Be, Be/Cu interface and Cu channel following a VDE and a breakdown in the coolant heat removal 
capability. 
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this stage to design such as to completely avoid CHF-like conditions leading to severe degradation of heat removal 
capability. It is also important to note that an analytical assessment always carries some level of uncertainty stemming from 
both the analytical procedure and the assumptions used in the analysis. Thus, a parallel experimental effort is strongly 
needed to determine the consequences of such transients on the coolant conditions and on the B e / C u  joint integrity and to 
confirm the findings from the analytical assessment. 

4.2.3. L imi ter  a rmour  thickness  

4.2.3.1. Be armour .  Cases with different Be armour thicknesses were analysed using RACLETTE in a similar way as the 
example case described in the previous section. Fig. 11 summarises the results for cases with vapour shielding. It shows on 
the right-hand ordinate the ratio of coolant heat flux to CHF obtained from the analysis as a function of the Be thickness for 
cases with and without a 0.2 mm SS insert. In order to avoid severe degradation of the heat removal capability, the ratio of 
coolant heat flux to CHF should be less than unity. The corresponding minimum Be thickness should then be ~ 5.5-5.9 mm 
for cases with and without a SS insert for flow in a regular tube. Note that a somewhat lower thickness would be required in 
the case of a tube with swirl tape insert (lower by ~ 1 mm or less for a twist ratio of 2). 

Also shown on the left-hand ordinate of the figure is the maximum Be temperature under maximum design heat load (5 
M W / m  2 for the limiter) as a function of the Be thickness. It is not clear what is the maximum allowable temperature for Be. 
it tends to be a soft limit of ~ 900-1050  K based on degradation of the structural properties and on possible crack growth 
through the Be which could affect the Cu eventually. This limit needs to be better assessed through R&D.  Assuming a limit 
of ~ 970 K, the maximum thickness of Be would then be ~ 6 and 7.3 mm for cases with and without a 0.2 mm SS insert. 
Changing this maximum temperature limit would affect the minimum Be thickness but by no more than ~ 1 or 2 mm in all 
likelihood. 

In any case the Be thickness design window is small, ~ 5 .5-6  mm and 5.9-7.3 mm for cases with and without a 0.2 mm 
SS insert respectively, and can be seriously affected by loss of armour due to erosion, vaporisation and perhaps more 
importantly loss of melt depending on the VDE frequency. The effective resistance between the surface and the coolant can 
affect the vaporisation loss and the melt thickness. However, in the range considered, both the Be armour thickness (3 to 10 
ram) and the SS insert thickness (0 to 0.2 ram) have only a slight effect on the effective vaporisation loss and melt layer 
thickness, which in all cases are about 0.02 and 0.7 mm respectively. Of more concern is the assumption regarding the 
occurrence of mitigating vapour shielding effects. Cases run under the assumption of no vapour shielding indicate a melt 
layer thickness comparable to the above cases but a much higher evaporated thickness ( ~ 0.6 mm). The associated increase 
in the heat flux to the coolant also results in increasing the minimum Be required thickness by ~ 2.5 mm to prevent 
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CHF-like condtions following a VDE. Thus, in the absence of vapour shielding effects, the armour thickness design window 
can only be opened by increasing the maximum allowable Be temperature limit to ~ 1070 K or beyond. 

For the basic performance phase of 1TER. the anticipated number of VDEs is ~ 10-100. It is also planned to use a 
"killer pellet" system to shutdown the plasma in case of a disruption such as a VDE. The efficiency and reliability of such a 
system will eventually determine the number of VDEs that the limiter will see. If it carl be limited locally to one or two, the 
Be armour could be able to accommodate them even with loss of melt within the ~ I mm design margin. However, if the 
number of VDEs is significantly higher, loss of Be armour can result in failure at the B e / C u  bond due to degradation of 
coolant heat removal capability following a VDE. In this case. in situ repair measures such as plasma spray needs to be 
developed to ensure that Be armour can be used in the limiter. 

It is worth mentioning that, in addition to vapour shielding, the major areas of uncertainty in these analyses include: 1) 
the plasma energy density that appears as heat on the PFCs armour: (2) the location of the incident area of the plasma 
energy: (3) the peaking factor of the plasma heat flux: and (4) the time over which plasma energy is deposited on the walls. 
The sensitivity of the results regarding several parameters was evaluated and are summarised below. 

SS insert thicklmss: The effect has been reported as part of the discussion in the previous section. Basically, the SS insert 
increases the thermal resistance between the armour surface and the coolant resulting in an increase of the inertial cooling 
effect such that the energy diffusion to the coolant is spread over a longer time and the maximum coolant heat flux is 
reduced. The minimum Be thickness required for a case with a 0.2 mm SS insert is ~ 0,4 mm lower than for the case with 
no SS insert, as shown in Fig. I1. The effect on the maximum temperature limit is more marked, the corresponding 
maximum Be thickness for the case with no SS insert being higher by more than 1 mm than for the case without SS insert. 

( W F  calculatimTs: As explained in Ref. [3], RACLETTE has been developed for a I D geometry as a balance between 
reasonable accuracy for modelling a number of interrelated phenomena and ease and speed of computation. Approximating a 
2D configuration with a 1D model using a 2D focusing factor for the CHF would always result in some uncertainty. To 
ascertain the effect of this assumptiom cases were run where the heat flux was assumed to be uniformly distributed around 
the channel. The 2D focusing factor for the CHF calculations would then be the ratio of the pitch to channel circumference. 
about 50% of what was previously assumed in the calculations. The results are also shown in Fig. 1 I (by the solid triangles 
and squares) for this uniform channel CHF case. Such a substantial change in the assumption would help but the effect is 
relatively small. The minimum required thickness decreases fiom 5.9 to 5.2 mm for the case without a SS insert and from 
5.5 to 5 mm for the case with a 0.2 mm SS insert. Increasing the 2D focusing factor to 1.42 has a more marked effect, 
resulting in an increase in the required minimum Be thickness of ~ 1.5 ram. However, this might be too conservative since 
it does not take into account the redistribution of heat flux around the channel once CHF conditions are reached locally. If 
required, some additional margin could be obtained by using coolant tubes with CHF enhancement techniques, such as swirl 
tapes, albeit at the cost of higher pressure drop and manufacturing complexity. It must be noted that the coolant flow rates 
liar the limiter as well as for the baffle and the primary first wall were set with the assigned objective of minimising the 
space and cost of the heat transport systems while maintaining acceptable thermal-hydraulic design margins under the 
maximum steady state design heat loads. Significantly increasing these flow rates would increase the CHF and help to some 
extent in decreasing the minimum Be armour thickness requirements but at the expense of bulkier, more expensive heat 

transport systems. 
Chamml rottglmess: The pressure drop calculations were done based on a limiter first wall channel roughness of 50 btm, 

conservatively allowing for possible roughening of the channel during operation due to fouling or other coolant /channel  
interactive processes. The same subcooled boiling flow analysis reported in Section 4.2.1 was carried out under the 
assumption of 10 txm roughness. Both the coolant mass velocity and FW pressure drop dependencies on the incident heat 
flux (see Fig. 8) are affected. The effect tends to be small at low incident heat fluxes but at higher incident heat fluxes 
( >  ~ 9 M W / m e ) .  the resulting coolant mass velocity is higher by ~ 10c/b or more and the corresponding pressure drop in 
the FW channel lower by about 40% or more. However. when using these coolant mass velocity and pressure drop variations 
with incident heat flux as input in RACLETTE, values of the Be armour thickness at which the coolant heat flux equals the 
CHF are virtually unchanged from before (based on 50 ptm roughness). 

Time constants: The analysis assumes that the coolant residence time is smaller than the coolant heat flux time constant 
such that the coolant pressure drop and mass velocity can be adjusted at each time step assuming quasi steady-state 
conditions. Typically, lk)r the first wall flow. this would be the case since the residence time is about 0.2 s for the limiter 
(and ~ 0.4 s tk~r the primary first wall and baffie). However, for the whole module the residence time is of the order of 1 - 10 
s. If the flow conditions were perturbed by the differential flow resistance between parallel first wall channels, the 
assumptions would be quite robust. However, the VDE energy deposition is assumed toroidally continuous over the row of 
poloidal first wall channels in each module. Thus, flow perturbation as assumed in the analysis is more likely to occur 
poloidally from module to module. In general, the analysis then tends to be quite conservative for cases with thinner armours 
where the coolant heat flux time constant is relatively short as. for example, for the 6 mm Be armour thickness shown in Fig. 
9, where the maximum coolant heat flux occurs within 1 s and the heat flux stays at a substantial level over ~ 5 -10  s. The 
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assumptions are more appropriate for cases with thicker armour thickness, as for example, for a case with 0.2 mm SS and 30 
mm CFC armour. The maximum heat flux to the coolant then occurs at ~ 4 s and the coolant stays at a substantial level 

(about twice the initial value) over ~ 20 s. 
A Be-armour case was also run assuming constant coolant mass velocity and pressure drop. For this case. only the 

coolant temperature at the outlet of the first wall channel is adjusted at each time step based on the coolant heat flux. This is 
reasonable since the coolant first wall residence time ( ~ 0.2 s or less depending on the footprint of the plasma heat flux) is 
smaller then the coolant heat flux time constant. It was found that the armour thickness at which CHF-like conditions were 
reached by the coolant differed only by a fraction of a mm. Of more importance then is the time constant required for the 
coolant to recover once CHF conditions are reached and the inertial coolant heat flux level starts decreasing. Such an 
assessment can only be determined experimentally with the relevant geometry and conditions. 

E n e r w  deposit ion characteristics: The results are dependent to varying level on the deposited energy characteristics. 
namely its density, deposition time and footprint. As discussed in Ref. [3]. for the given energy density of 60 M J / m  e, the 
heat flux to the coolant would increase with the energy deposition time up to a peak at an energy deposition time of the 
order of I s. depending on the PFC configuration. Thus, the coolant heat flux results shown here are conservative for 
deposition times shorter than 0.3 or much longer ones but not for deposition times between about 0.3 and 10 s. Typically. the 
melt layer thickness also peaks at a similar deposition time and then decreases quickly to zero at higher deposition time as 
the effective incident heat flux can be completely propagated through the armour by conduction. The effective evaporated 
armour thickness decreases with deposition time at an increasing rate down to zero within a deposition time of ~ 10 s. Once 
the energy density is high enough for Be melting to occur, the coolant heat transfer is not much affected by the assumed 
energy density level. Thus, the coolant heat flux results here are applicable to a rather large range of energy densities ( ~ 20 
M J / m : - 1 0 0  M J / m  ~- and probably higher). The major effect is on the amount of evaporated material and the melt layer 
thickness which both increase significantly with increasing energy densities. The assumed deposited energy footprint can 
certainly have a bigger effect on the results presented above since the amount of energy diffusing to the coolant is directly 
proportional to it. In this respect, the assumption of the full heat flux level to the coolant following a VDE falling on a I m 
channel length tends to be quite conservative and so are the results based on it. 

Overall, the results are affected somewhat by the assumptions and choice of parameters. However, except for vapour 
shielding, the effect on the minimum Be thickness required to avoid severe degradation of coolant heat removal capability' 
tends to be relatively small, within ~ _+ 1 mm. Thus. the observations from the analysis are applicable within a rather broad 
range of assumptions and choice of parameters and tend to be quite robust in this sense. Within the uncertainties and 
assumptions, the minimum Be thickness required would then be in the range of - 5 - 7  mm and ~ 7 -9  mm for cases with 
and without vapour shielding respectively, the upper values resulting in minimal or no design window depending on the 
maximum allowable Be temperature. This reinforces the observation that if the armour loss during operation is of the order 
of I ram. (e.g.. for I VDE without vapour shielding or with significant loss of melt), in situ repair measures such as plasma 
spray following Be armour damages must be available for Be Io be considered as limiter armour material. 

4.2.3.2. C F C  armour.  Use of carbon fibre composite (CFC) armour as an alternative to Be was also investigated. 
Advantages of CFC include its rather high thermal conductivity and maximum operating temperature limit. The analysis 
used is the same as the one described previously for the case of Be. The geometry considered is also similar consisting of a 
CFC block in which runs a 1 mm thick, 10 mm diameter Cu coolant channel with or without a 0.2 mm SS insert. For the 
CFC material considered, the thermal conductivity degrades with irradiation decreasing sharply at first (within about 0.1 
dpa) and at a lower rate as the radiation level is increased. For the analysis, the thermal conductivity at 0.2 dpa [17] is used 
corresponding to early operation during the basic performance phase of ITER. 

CFC offers the possibility of a larger armour thickness design margin and the example results shown here conservatively 
assume no vapour shielding effects. Fig. 12 shows the CFC maximum temperature under the limiter maximum design heat 
flux (5 M W / m  2) and the ratio of coolant heat flux following a VDE to CHF as a function of the CFC armour thickness. As 
shown in the figure, a minimum CFC thickness of ~ 20 and 22 mm is required to avoid substantial degradation of heat 
removal capability of the coolant in the case of a Cu channel with and without a 0.2 mm SS insert, respectively. The 
material temperature consequences of such an event are comparable to the case of Be. Following a loss of coolant heat 
removal capability, the energy balance between the Cu channel and the CFC results in Cu and C u / C F C  interface 
temperatures of about 1073 K depending on the CFC thickness. Again. to avoid material degradation at the C u / C F C  
interface, it is preferable that such a condition be avoided by design. 

It is not clear what should be the maximum allowable CFC temperature under the maximum design load. It depends on 
different considerations such as radiation-enhanced sublimation which can result in unacceptably high plasma impurity 
levels, and safety concerns about ca rbon/wate r  reaction at high temperature in case of accident [18]. Typically, maximum 
temperatures over the range 1500-1800 K have been considered. The corresponding maximum CFC thickness is about 27 to 
39 mm depending on the maximum temperature assumed and on whether or not a 0.2 mm SS insert is used. No convincing 
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CFC in situ repair procedure has been proposed yet. Thus, as opposed to Be where plasma spray could be possible, the CFC 
has to rely exclusively on a sacrificial armour thickness. This sacrificial thickness ranges from about 5 to 19 mm depending 
on the assumed maximum allowable temperature limit and assuming a minimum thickness of 20-22  mm based on avoiding 
severe degradation of coolant heat removal capability, as discussed above. For the cases considered, the CFC evaporated 
thickness is about 0.2 mm per event. The available armour sacrificial thickness would then allow for ~ 25-95 such events 
assuming no other significant erosion mechanism. Note that if mitigating vapour shielding effects are assumed, the minimum 
required CFC thickness is reduced by several mm's  and evaporation following a VDE is drastically reduced. The 
combination of these two effects result in substantially extending the CFC armour lifetime. 

Thus, based on this analysis, CFC provides advantages over Be in accommodating VDEs and maximum temperature 
limits, and it is considered as an alternate limiter armour material. The major concerns which must be addressed in using 
CFC is the high chemical erosion rate which can result in high tritium inventory through codeposition on the cooler nearby 
surfaces and in the divertor, and the higher baking temperature required for surface conditioning of the limiter following 
venting or a major disruption. 

4.3. Primary first wall and baffle analysis 

The limiter is subject to higher heat loads than the primary first wall and baffle, which results in a more restrictive 
armour thickness design window for the limiter. Thus, the analysis and discussion presented above have focused on the more 
challenging limiter case. Here, implications of VDE transient energy deposition on the primary first wall and top part of the 
baffle in combination with maximum allowable steady state armour temperature limits are summarised. The lower part of the 
baffle represents a different situation and is not considered here. It is subject to much higher neutral sputtering erosion which 
governs the choice and thickness of armour material. 

For both the baffle and primary first wall case, the coolant mass velocity is ~ 2700 k g / m  2 based on maintaining 
reasonable CHF margin under maximum design heat flux and margin to saturation under power excursion respectively. An 
analysis of the coolant heat flux following a VDE was done for this case also. The minimum Be thickness to avoid severe 
degradation of coolant heat removal capability was found to be ~ 8 and 10 mm for cases with and without vapour shielding. 
For the primary first wall case, the maximum design load is 0.5 M W / m  2 and the Be armour thickness can be of several 
centimetres based on maintaining the maximum Be temperature ~ 900-1000 K. The maximum thickness in this case would 
be based on Be block manufacturing and bonding technique and thermo-mechanical performance during operation. A Be 
armour thickness of > ~ 12-15 mm would provide a reasonable margin particularly if plasma spray in situ repair is 
possible. For the baffle, the constraint is more severe since the maximum heat load is 3 M W / m  2. A Be armour thickness of 
~ 10 mm would result in a maximum Be temperature of ~ 950-1000  K for a Cu tube with a 0.5 mm SS insert. This would 
provide a rather small armour design window which could be increased by relaxing the maximum allowable Be temperature. 
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Fig. 12. Maximum CFC armour temperature under maximum design heat load and ratio of coolant heat flux following a VDE (assuming no 
vapour shielding) to CHF as a function of CFC armour thickness. 
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The situation is slightly better than that of the limiter but only a very limiter number of VDEs could be accommodated by 
the upper part of the baffle unless in situ Be armour repair measures are taken (e.g., plasma spray). 

4.4. Divertor 

This section presents the results of several analyses conducted to evaluate the thermal and material responses during 
power transients of actively cooled divertor plates consisting of an armour bonded to a heat sink substrate. Several cases 
have been investigated tbr the three different candidate materials presently considered for the protection of divertor PFCs 
(i.e., Be, W, and CFC) to understand the effect of various design/operat ion parameters, such as the plasma heat flux to the 
surface, the armour thickness, and the duration of the transients, and of material behaviour, such as the possibility of vapour 
shielding, the fraction of melt layer loss for metal armours, and neutron effect on properties (e.g., in degrading the thermal 
conductivity of C-based armours,). The results of these analyses are important and have strong implications on the design of 
the ITER divertor PFCs as they contribute to defining the choice of the most adequate clad materials and of their 
thicknesses. Some discussion on this subject has been presented in Ref. [19]. 

The dimensioning of the divertor plates is determined primarily by the heat loads under steady-state operating conditions 
which is assumed here to be ~ 5 M W / m  2. The design of these plates, however, has to accommodate unavoidable 
high-recycling transients burning through the gas target regime near the strike points which will last up to a few seconds and 
increase substantially the surface heat-flux to about 10-30 M W / m  2. Concerns arise from the high material temperatures and 
temperature gradients, in particular at the heat s ink /a rmour  interface where the material bonding could be affected. As for 
the limiter, the accommodation of such high-power deposition transients requires thicker armours. The incident heat flux 
could be attenuated to some extent by low density vapour shielding effects. These may arise as armour vaporisation 
increases with the surface temperature, leading to a conversion of some of the incident power to plasma radiation, a fraction 
of which continues to fall on the plate, reaching about 25% of the incident power. 
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Fig. 13. (a) Surface temperature as a function of time for a power transient of 20 MW/m 2 lasting 10 s, (dotted lines refer to cases with 
vapour shielding). Assumed armour thicknesses are: 10 mm Be, 20 mm W and 30 mm CFC. (b) Corresponding armour erosion 
(vaporisation only) and melt layer depth as a function of time. (c) Corresponding armoury/heat-sink interface temperature as a function of 
time (dotted lines refer to cases with vapour shielding). (d) Corresponding heat flux to the coolant (normalised to coolant channel pitch) as a 
function of time. 
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Note that• in contrast  to the limiter case• the possibil i ty o f  severe degradat ion o f  coolant  heat  removal  capabili ty based on 

CHF-l ike  condi t ions  is not a major  issue for the divertor  cases  considered.  For these cases• the C H F  tends to be s ignif icant ly 

h igher  than the coolant  heat flux fol lowing high heat  flux transients  due to a number  of  cons idera t ions  including:  

I. The m a x i n m m  transient  heat  flux level is lower and the a s s u m e d  duration of  these events  longer  than for the limiter case. 

The  footprint o f  such events  in the divertor  case is also a s s u m e d  lower than in the limiter case by a factor of  ~ 2. These  

result in diffusion o f  the energy to the coolant  over  a shorter length and over  a longer  t ime with a lower m a x i m u m  

coolant  heat flux. 

2. The  coolant  mass  velocity for the divertor  is h igher  than that tior the l imiter by about 50e2~ and it is p lanned to use a swM 

tape in the h igher  heat  flux region of  the divertor  channel  to enhance  heat  transfer,  the combina t ion  o f  which  results in 

CHF  in the divertor  being h igher  than the limiter case by about a factor o f  2 or more. 

3. High heat  flux events  are a s sumed  toroidally uni form in the divertor  region. Thus .  the increase in f low resis tance in the 

affected region is s imilar  for the different divertor  casset tes  being fed in parallel. Consequent ly ,  there is no redistribution 

o f  the f low based on differential flow resis tance that could result in flow starvation o f  one cassette.  

4.  It is believed that vapour  shie lding m e c h a n i s m s  resul t ing in incident  heat  flux at tenuat ion is more  likely in the divertor  

region than in the l imiter region based on the t ime constant  for dissipat ion of  the vapour  cloud. 

4.4. I. Histories (~/ temperature, heat flux, melted and ec~q~orated thickness fin" d ~ , r e n t  materials 
At first, an analysis  was conducted  to better unders tand the effects  of  these thermal  t ransients  on PFC s t ructu ,es  s imilar  to 

those shown in Fig. 2. For the different p lasma  facing materials,  the t ime evolut ion o f  important  parameters  was determined.  

including the temperatures  at the a rmour  surface and at the a r m o u r / h e a t  s ink interface, heat flux to the coolant,  th ickness  

vaporised and depth o f  the melt  layer (tor metals)  during the transient.  The  a rmour  th icknesses  a s s u m e d  lot  this analysis  

were: 10 m m  for Be. 20 m m  tot  W and 30 m m  for CFCs  and the parameters  and material  propert ies are those summar i s ed  in 

Tables  I and 2. A sudden power  transient fl 'om 5 M W / m - "  to 2(1 M W / m - "  lasting 10 s was a s s u m e d  for the calculat ions.  

Fig. 13(a) ~,hov, s the a rmour  surface temperature  history, and the cor responding  histories o f  ablated and melt layer 

Table 3 
Summa D of result:, of calculations done by '~ar.ving the po;~.er llux at constant armour thickness (I0 mm Be. 20 mm W. 30 mm CFC)" 

Parameters Beryllium Tungsten CFC h 

x~ith VS ~ / o  VS ~ VS ~ / o  VS ~ VS w/o VS 

5 MII':/m: 
Tx ...... (K) 1t)54 1054 1370 1370 1020 (1495) 1020 (1495) 
T I ....... (K) 575 575 575 575 490 (488) 490 (488] 
q'[ , , , , i  . . . . . . .  (N/~V~'/Ill 2 ) " 5 5 5 5 5 (4.95) 5 (4.95) 
~5 ,p (i.tm) - 0  - 0  - 0  - 0  - 0  - 0  
,5,,~ ( b ~ m )  - 0 - 0 - 0 - 0 

10 M ~ V / m :  

. , _ __7_ 1755 (___3) T~ ..... (K) l'V,I z. 1745 2273 "" ~ ~"'~ 755 (222 ~, 
l~ ...... (K) 650 680 680 681 532 (523) 532 (523) 
q'[,,,,i ....... (MW/m-") " 7.5 8.5 8.5 9.4 8.5 (7.72) 8.5 (7.72) 

~)~'" l '  ( g i l l )  --  5 8 0  - -  {) - -  0 - -  0 ( --  0 1  ~ {) ( - -  0 )  

~5,,, ( g i l l )  ~ 0 1230  - 0 ~ 0 - 

2(,* 311,1 / m  
1\ ....... (K) 1572 1930 3629 3703 2855 (28,85) 3054 (31991 
I I ....... (K) 659 725 829 834 578 1557) 581 (565) 
[1'~,0] . . . . . .  ( Nl~'/ l l l :  ) " 7.8 9.91 13.3 13.5 12.6 (10.6) 12.8 (I1.3) 
+5 ,I (bHn) 15 1250 - 0 - 0 3 (7) 12 (85) 
(5 m ( b L l l l )  1(~5 1830 -- 0 -- 115 -- 

];0 Mll' / m 2 
T\ ....... (K) 1590 1995 3831) 4520 2930(2938) 3341 (33661 
7'1.,,,, , (K) 660 765 868 930 585 (5611 596 (575} 
q~,.,,I . . . . . .  ( .~,'IV~'/l]q 2 ) • 7.9 I 1.2 14.6 16.7 13. I ( 1 0 . 9 )  14.3(1_._) 
r5 ,.,i, (I.xm) 21 2560 5 145 ~ 13 (16) ~ 460 (675) 
ft,, (Ixm) 255 1760 1050 3740 - 

" Results include cases with and ,aithout ',apour shielding (VS). 
> Values in parentheses refer to n-irradiated CFC (at 0.2 dpa). 
• Norlnali',ed lo channel ])itch. 

and for CFC n-irradiation effects on themml conductixity ( ~ 0.2 dpa). 
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thicknesses (for metal, assuming no melt layer loss) during the power transient are shown in Fig. 13(b). Both cases with and 
without vapour shielding are shown in the figures. From these two figures, it can be seen that. for Be, the surface 
temperature rapidly exceeds the melting temperature of the material (T m = 1556 K), and the melt depth, when vapour 
shielding is not included, and assuming no loss mechanisms, is about ~ 1830 Ixm at the end of the transient and the erosion 
due to evaporation is about 1250 Ixm. Vapour shielding reduces dramatically both the evaporated ( ~  15 la, m/event )  and the 
melt layer thickness ( ~  165 Ixm/event). At the end of the transient, the surface temperature drops sharply and the PFC 
cools at a rate which is determined by the thermo-physical properties of the armour and heat sink materials and the coolant 
parameters. The melt resolidification time (not shown within the time scale of Fig. 13(b)) is roughly the same as the duration 
of the transient (10 s). For a 20 mm thick tungsten tile. the surface temperature increases up to the maximum value of about 
3700 K and in the absence of vapour shielding effects melting takes place only marginally ( ~  115 Ixm) during a fraction of 
the last second of the transient. Loss of material is only due to vaporisation and is negligible at the end of the transient (less 
than 1 Dxm). For a 30 mm thick CFC tile the maximum temperature reached is ~ 3050 K for the case of unirradiated 
material and ~ 3200 K for n-irradiated CFC. For the case with vapour shielding the maximum temperature remains below 

2900 K for both cases with and without vapour shielding. The corresponding loss of material due to evaporation anaounts 
to 85 Ixm for n-irradiated CFC (10 txm for the case with vapour shielding) and just few I,tm's for the case with vapour 
shielding as shown in Fig. 13(b). 

Fig. 13(c) shows the armour/heat sink interface temperature history for the same thermal transient and Fig. 13(d) shows 
the corresponding history of the heat flux to the coolant normalised to the coolant channel pitch. The peak temperature at the 
interface and the peak heat flux to the coolant are highest for the case with a W tile 20 mm thick ( ~  835 K and - 13.5 
M W / m  -~, respectively) as most of the heat onto the plate will be removed by conduction to the coolant and evaporation and 
black-body radiation are still very low for the surface temperature indicated in Fig. 13(a). For Be, the maximum temperature 
at the interface with Cu-alloy heat sink is ~ 725 K and ~ 660 K, respectively, for the case with and without vapour 
shielding. The corresponding heat flux to the coolant is - 10 M W / m  z and ~ 8 M W / m  z, respectively. This can be taken 
as indicative of the thermal stress at the armour/Cu ,joint, whose heat flux limit needs to be exaluated experimentally for the 
relevant geometry and conditions. Finally. for a CFC monobloc, the solution peak temperature at the interface with Cu tube 
is lowest ( < 570 K) and the peak heat flux to the coolant varies between 10.5 12.8 MW/m- ' .  

To better evaluate the effects of varying the peak surface heat flux on the parameters calculated and plotted in Fig. 13(a) 
to (d), analyses were conducted for the different armour materials with the same thicknesses as above (i.e., 10 mm thick Be 
tile. 20 mm thick W tile and 30 mm thick CFC tile), and the results are summarised in Table 3. Cases with and without 
vapour shielding are shown. The depth of the melt which dexelops for the metals has been obtained assuming that there is no 
loss of the melt layer during the power transient. For CFCs. results are also reported including effects of reduced thermal 
conductivity induced by modest n-irradiation ( - 0.2 dpa). 

From the results of the calculations summarised in Table 3, it is seen that negligible evaporation takes place below about 
5-10 M W / m  -~ for Be and about 15-20 MW/m- '  for W and CFC for the case without vapour shielding. Vapour shielding 
reduces dramatically the exaporation at higher fluxes (e.g., fiom 1250 btm to 15 Ixm for Be, negligible evaporation for W, 
from 12 Ixm to 3 I-t m for unirl-adiated CFC, for a surface heat flux of 20 M W / m  e ). For 10 mm Be and 20 mm W, melting is 
negligible below surface heat fluxes of about 5 M W / m  -~ and 20 MW/m- ' .  respectively, Vapour shielding reduces the melt 
layer thickness at higher fluxes (e.g., for a plasma heat flux of 20 M W / m  e, the melt layer is reduced from 1830 to 165 txm 
for Be. and from 115 to - 0 p,m for W). For CFC, for a given heat flux, the main effect resulting from the degradation of 
the thermal conductivity due to n-irradiation is the increase of the peak surface temperature at the end of the transient (e.g.. 
~ 3200/3050 K and - 2885/2855 K for a 20 M W / m  2 surface heat flux for n-ilxadiated/non-irradiated CFC, for cases 
without and with vapour shielding, respectively). The evaporation heat loss and the armour erosion are then higher (e.g., 
85 /12  o,m and 7 / 3  btm for n-irradiated/non-ilTadiated CFC, for a heat flux of 20 M W / m :  without and with vapour 
shielding, respectively). The heat conducted through the plate to the coolant is always higher for the case without vapour 
shielding as the thermal gradient across the armour tile is higher. 

4.4.2. E~le('t of caJTing the armour thick~wss 

Hereafter are described the results of a study to evaluate the effect of varying the thickness of the armour for the different 
armour materials. The thickness of the armour material is a key parameter which needs to be specified for the design of the 
PFCs in ITER. For a given power level, it determines the temperature and stress distribution during normal operation and 
their change with time during transients. From the design performance standpoint, lower temperatures at the armour/heat 
sink interface are required to minimise the differential expansion and stress due to the mismatch of the coefficients of 
thermal expansion, Also, thermal gradients across the armour have to be minimised as they induce large stress. The 
reduction of the armour thickness due to a combination of various mechanisms (e.g., sputtering, evaporation during 
disruptions and other slower thermal events, and for metaly, possible loss of melt) has also to be taken into account in the 
design process, 
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For the design of the ITER divertor PFCs, the armour thickness upper limit is based primarily on the maximum allowable 
surface temperature for steady state operation at the maximum design heat load (5 M W / m 2 ) ,  and its lower limit is based on 
the maximum heat flux across the a rmour /hea t  sink interface to the coolant as well as by the peak temperature at the 
interface during the transients of interest here. The temperature limit on a PFC design will be driven primarily by thermal 
stresses and degradation of structural properties in the armour and at the armour/heat-s ink joint. These depend strongly on 
the design solution to be adopted on the basis of ongoing R & D  results (e.g., 'stress-tree" PFC concepts such as castellation, 
brush-type armour, use of compliant thermal contact layers, functionally graded a rmour /hea t  sink joints, etc.) [20]. In 
addtion, manufacturing considerations must also be taken into account in setting the maximum armour thickness. For the 
example divertor analysis presented here, beginning-of-life (BOL) thicknesses of about 10, 20 and 30 mm are considered 
reasonable for Be, W and CFC, respectively. The corresponding maximum steady state temperatures are ~ 1050 K, ~ 1400 
K and ~ 1500 K for Be, W and 0.2 dpa CFC, respectively, which, for the latter two materials, tend to be conservative. 

For Be, the peak heat flux to the coolant normalised to the pitch (as indicative of the a rmour /Cu  interface thermal 
stress), the interface temperatures, and the maximum steady-state temperature are plotted as a function of the thickness in 
Fig. 14(a), and the resulting armour erosion per shot is plotted in Fig. 14(b). Erosion of the armour here comprises 
vaporisation and loss of melt. Two cases of continuous loss-of-melt are shown, corresponding to 10% and 50% loss of the 
incremental melt layer calculated at each time step in the analysis. 
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Fig. 14. (a) Heat flux to the coolant (normalised to the coolant channel pitch), and temperatures at the armour/heat-sink interface as a 
function of the target thickness for Be for a power transient of 20 MW/m 2 lasting l0 s, assuming rio vapour shielding. Also, indicated on 
the figure, is the variation of the surface temperature as a function of the armour thickness lot a steady-state nominal heat flux of 5 
MW/m 2. (b) Erosion depth (vaporisation and partial loss of melt for two cases 10% and 50%, respectively). 
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For W similar plots are shown in Fig. 15(a) and (b). As tor Be. erosion here comprises vaporisation and loss of melt. 

Two cases of continuous loss-of-melt are shown, corresponding to 10% and 50% loss. 
For CFC, Fig. 16(a) shows the peak heat flux to the coolant and the peak value of the temperature during the transient as 

a function of the armour thickness, while Fig. 16(b) plots the resulting armour erosion which, contrary to the case with 
metals, is only due to vaporisation. Cases including n-irradiation effects are also shown. 

From the results of the above calculations, it is clear that the thinner the armour material, the lower the peak surface 
temperature and erosion at the end of the transient, but the higher the armour/ interface peak temperature and the peak heat 
flux to the coolant. Design criteria such as fixing the maximum allowable temperature at the braze joint and the maximum 
heat flux through the PFC block to the coolant would set limitations on the maximum tolerable sacrificial thickness (i.e., 
thickness to be eroded from the beginning of life of the component to its end of life (EOL)). Unfortunately, at the present 
time, it is not quite yet possible to set t~r the different materials a unique set of such maximum values. Results from 
on-going R & D  would shed some light in this respect and are eagerly awaited. 

For instance, if one assumes a maximum heat flux through the a rmour /Cu  interface and to the coolant of ~ 15 M W / m  -~ 
(e.g., to prevent armour debonding due to excessive thermal stresses) an EOL Be armour thickness of 5.5-6.5 mm would be 
acceptable for the case with no vapour shielding and 3.5 mm for the case with vapour shielding. For tungsten and CFC, 
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Fig. 15. (a) Heat flux to the coolant (normalised to the coolant channel pitch), and temperatures at the armour/heat-sink interface as a 
function of the target thickness for W for a power transient of 20 MW/m -~ lasting 10 s, assuming no vapour shielding. Also, indicated on 
the figure, is the variation of the surface temperature as a function of the armour thickness for a steady-state nominal heat flux of 5 
MW/m 2. (b) Erosion depth (vaporisation and partial loss of melt for two cases 10ck and  50c~. respectively). 
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results are less sensitive to vapour shielding and ~ 17 mm of W and ~ 25 mm of  CFC ( ~  20 mm considering n-effects) 
would be accepted as EOL thickness. The sacrificial depth would then be ~ 6.5 mm ( ~  3 . 5 - 4 . 5  mm w / o  vapour 
shielding), ~ 3 ram, and ~ 5 - 1 0  mm for Be, W and CFC with assumed BOL thicknesses of  10, 20 and 30 mm 
respectively, These numbers are quoted as examples  only since the ongoing R &  D will determine the joining technique. The 
joint constraint depends on the design (e.g., a CFC monobloc will  have less stringent constraints) and should result from 3D 
analysis of temperatures and stresses, and the maximum al lowable heat flux to the coolant may be higher, depending on 
design of the cooling system. If one assumes that a very robust joining technique can be developed and that the peak heat 
fluxes can be handled by the cooling system, one could accept to go down to much lower minimum thickness and then the 
sacrificial thicknesses would be much increased (for example for a 2 mm thick armour at the EOL, sacrificial thickness 
would be ~ 8  mm for Be, ~ 18ram f o r W ,  and ~ 18 mm forCFC) .  

4.4.3. Armour erosion induced onh" br slow transients 
In addition to the heat transfer aspects associated with transient events a strong bearing on the design and lifetime arises 

from the exact amount of  vaporisation loss of  the melt layer per event and its accumulation with the number of events. To 
this aim a study was conducted tbr the three materials, including and excluding vapour shielding effects, to evaluate the rate 
of reduction of  the armour thickness due to thermal transients only, considering partial loss of melt and for CFCs reduction 
of  the thermal conductivity due to n-effects, As it has ah'eady been shown, during power excursions on the divertor plates, 
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Fig. 16. (a) Heat flux to the coolant (normalised to the coolant channel pitch), and temperatures at the armour/heat-sink interface as a 
function of the target thickness for CFC for a power transient of 20 MW/m-" lasting 10 s, assuming no vapour shielding. Also, indicated on 
the figure, is the variation of the surface temperature as a function of the armour thickness for a steady-state nominal heat flux of 5 
M W / m  2. (b) Erosion depth (vaporisation) lbr unirradiated and n-irradiated ( ~ 0.2 dpa) CFC as a function of the armour thickness. 
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Fig. 17. Reduction of armour thickness (normalised to initial thickness) as a function of number of transients events. Cases considered were: 
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the net erosion is caused by both evaporation and loss of the melt layer, and depends strongly on the surface temperature and 
therefore on the remaining thickness at the time of the shot. The results are summarised in Fig. 17(a) and (b) which show the 
remaining armour thickness as a function of the number of transient events excluding and including vapour shielding effects, 
respectively. In light of thsee results, for the case of Be, only a few events ( <  10) may be sufficient to reduce the thickness 
of the armour to an unacceptable design level if vapour shielding plays no or only a marginal role. Vapour shielding would 
substantially extend the number of shots up to a few hundreds. The situation is much improved for W and CFC where, even 
in the absence of vapour shielding effects, on the order of a thousand such events may be withstood. 

These results are only indicative since only erosion resulting from slow high-power transients is considered. For the 
interested reader, more extended discussions on the evaluation of the composite erosion lifetime of divertor plate armour 
resulting from ( I ) the slow transients considered here, (2) disruption erosion and (3) sputter erosion in normal operation are 
given in Refs. [20-23]. However. the trends of the different materials is clear, as is the importance of the various parameters 
considered (e.g.. vapour shielding effects, fraction of melt loss. initial thickness). 

5 .  C o n c l u s i o n s  

This paper presents the results of a desi~,n. ~ assessment study, conducted to evaluate the thermal and material response of 
PFCs in the 1TER device subject to "slow" high power thermal transients. The analyses were performed by using the 
RACLETTE Model, described in part 1 of this paper. The model has been recently developed to provide a flexible design 
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tool to predict heat transfer and erosion of duplex-structured PFCs, under plasma deposition transient whose duration is 
comparable or longer than the characteristic thermal diffusion time of the component. It accounts for multi-regime 
heat-transfer evaluation at the coolant side based on the evolving coolant conditions and for change-of phase of the armour 
material. Evaporation, melting, thermal radiation, conduction and convective heat transfer to the coolant are considered in 
determining the armour thermal response. An improvement of the computational capabilities of the original model is 
described in this paper. It is particularly applicable to the limiter case. It includes a methodology to evaluate the critical heat 
flux, the change of the coolant parameters and the severe degradation of coolant heat removal capability that could result 
under certain conditions during these transients. Vapour shielding effects as calculated from a simplified model [7] have been 
included for some calculations. 

Cases were chosen to provide detailed analytical results for the relevant ITER PFC configurations, materials, conditions 
and combination of phenomena. Armour materials considered include Be for the primary first wall and upper baffle region, 
Be and CFC for the limiter, and Be, CFC and W for the divertor. Results for ITER PFC cases have been presented and 
discussed, including armour sizing analyses. These are helping the ongoing design assessment conducted to select adequate 
plasma protection materials and optimise the design of ITER PFCs. Based on these results, the following general 
observations can be made: 

"Slow' high power transients result in high armour and heat sink temperatures, higher heat flux to the coolant, and severe 
surface erosion of the tile because of vaporisation and, for metals, partial loss of the melt layer. The magnitudes of these 
resulting effects depend heavily on the occurrence of mitigating vapour shielding effects that have been recently 
speculated by Igitkhanov et al. [7], but not tully demonstrated by experiments [10]. In this regard, the scarcity of 
experimental data is evident and effort should be directed to this area in order to better assess the effectiveness (if any) of 
such a phenomenon in reducing transient peak heat fluxes in the different ITER PFC regions, as this would markedly 
impact the PFC armour lifetime and design choices. A careful planning and evaluation of tokamak experiments to 
investigate the formation of low-density vapour shield in a tokamak plasma is required. 

• The thermal constraints on the armour thickness were identified for the cases of the limiter, first wall, baffle and divertor. 
The maximum armour thickness is limited by the maximum allowable temperature under maximum design loads. This 
tends to be a soft limit for Be, CFC, and W and needs to be more precisely defined through experiments. The minimum 
armour thickness is based on preventing excessive heat fluxes through the a rmour /Cu  interface to the coolant. Concerns 
include the effect of high thermal stresses at the interface and, more importantly for the limiter, the possibility of severe 
degradation of the coolant heat removal capability if CHF-like conditions are reached following a VDE. 

• For the Be limiter case, the minimum armour thickness required to prevent CHF-like conditions in the coolant and the 
resulting high B e / C u  interlace temperature following a VDE was estimated. The resulting Be thickness design window is 
small and depends on the maximum allowable steady-state temperature assumed for Be ( ~  5.9-7.3 mm for a case 
without a SS insert assuming vapour shielding and a maximum Be temperature limit of ~ 970 K). The absence of vapour 
shielding would increase the minimum Be thickness requirement by ~ 2.5 ram. In this case, the armour thickness design 
window can only be opened by relaxing the maximum allowable Be temperature to ~ 1070 K or more. This window can 
also be seriously affected by loss of armour due to erosion, and more importantly vaporisation ( ~ 0.6 mm per VDE in the 
case of no vapour shielding) and loss of melt ( ~  0.7 mm per VDE) depending on the VDE frequency. For the basic 
performance phase of ITER, the anticipated number of VDEs is ~ 10-100. If it can be limited to one or two by means of 
some emergency plasma shutdown measure (e.g., killer pellet), the Be armour could be able to accommodate them within 
the ~ I or 2 mm design margin. However, if the number of VDEs is significantly higher, loss of Be armour can result in 
failure at the B e / C u  bond due to degradation of coolant heat removal capability following a VDE. In this case, in situ 
repair measures such as plasma spray needs to be developed to ensure that Be armour can be used in the limiter. 

• For the CFC limiter case, the minimum thickness required is about 20-22  mm to avoid CHF-like conditions in the 
absence of vapour shielding. The sacrificial thickness ranges from about 5 to 19 mm depending on the assumed 
maximum allowable temperature limit. For the cases considered, the CFC evaporated thickness is about 0.2 mm per 
event. The available armour sacrificial thickness would then allow for ~ 25 95 such events assuming no other 
significant erosion mechanism. Vapour shielding would reduce the minimum thickness requirement by several millime- 
tres and drastically reduce the evaporation per VDE, resulting in a much longer lifetime. Thus, based on this analysis, 
CFC provides advantages over Be in accommodating VDEs and maximum temperature limits in particular if the number 
of VDEs is more than one or two and if remote in situ plasma spray repair for Be is not feasible. CFC concerns which 
must be addressed include the redeposition process which can result in high tritium inventory through codeposition 
processes taking place on the cooler CFC surfaces and the higher baking temperature requirement for limiter surlace 

conditioning. 
• For the baffle and primary first wall, the coolant mass velocity is about half that of the limiter. The minimum Be 

thickness to avoid severe degradation of coolant heat removal capability was found to be ~ 8 and 9.5 mm for cases with 
and without vapour shielding. For the primary first wall case. the maximum design load is 0.5 M W / m  2 and the Be 



G. Federici. A.R. Rt!fJ~ay / Journal ¢~f Nuclear Materials 244 (1997) 101 130 127 

armour thickness can be of several cms based on maintaining the maximum Be temperature ~ 900-1000 K. The 
maximum thickness in this case would be based on Be block manufacturing and bonding technique and thermo-mechani- 
cal performance during operation. For the baffle, the constraint is more severe since the maximum heat load is 3 
M W / m  2. For a case with a 0.5 mm SS insert in the Cu coolant channel the armour design margin is rather small ( ~  1 or 
2 ram). A more comfortable margin could be achieved by increasing the maximum allowable Be temperature and /o r  
reducing the SS insert thickness. The situation is slightly better than that of the limiter but only a very limited number of 
VDEs could be accommodated by the upper part of the baffle unless in situ Be armour repair measures are taken (e.g., 
plasma spray). 

• For the divertor "vertical target' region under a power transient from 5 M W / m  2 to 20 M W / m  z over 10 s, Be armour 
appears to be inadequate for protecting the PFC in the absence of vapour shielding effects because of the large resulting 
erosion per transient (vaporisation and loss of the melt) and the low resulting lifetime. The erosion lifetime of the divertor 
plate will be determined by the frequency of these transients and the combination of other synergistic erosion processes 
like sputtering and disruptions, whose effects are of particular concern for the Be exposed to divertor load conditions. 

• For the W divertor case, even without vapour shielding, melting does not occur below 20 mm and erosion due to 
vaporisation is small. However, concern remains for the resulting high temperature at the armour/heat sink interface and 
high heat flux to the coolant during every transient. Debonding of the armour and minimisation of the thermal stresses 
associated with the thermal gradient in the armour, may require special advanced armour solutions, such as brush and 
functionally graded W / C u  layers [20] and need to be analysed. 

• CFC monobloc-type solution seems to perform best for the divertor as erosion (due to vaporisation only) and peak 
armour/heat sink temperature are moderate. 

• In addition to 'slow' high power transient effects, the composition of other events, including sputtering and disruptions, 
will ultimately determine the erosion lifetime for the different armour materials. Of particular concern is the partial or 
total loss of the melt layer for metals, resulting from disruptions, and the high chemical sputtering rates for CFC. 

• Vapour shielding plays a key role in substantially reducing vaporisation and melting (up to an order of magnitude) and in 
extending the divertor armour lifetime. Based on the divertor results with vapour shielding and on the sacrificial depths 
estimated from the analysis, the numbers of high-power transients that could be tolerated before repair are about 200 for 
Be, and a very large number ( >  1000) for W and for CFC. 
Finally, it should be noted that the results of the analyses presented here carry uncertainties arising both from the model 

approximations [3] and the uncertainties of the material properties, and, more importantly, from the limited experimental 
data available l~r model calibration. Thus, these results should be regarded as: providing a general guide to the magnitudes 
and trends associated with different mechanisms and phenomena, including evaporation and melting, and vapour shielding; 
identifying areas of concerns such as the coolant behavionr during a VDE: and providing approximate design window for 
certain parameters, such as the armour thickness. As new results become available and improvements are made, the 
modelling analysis will be updated. In the end, however, only experimental results can completely validate the choice of 
PFC armour and a strong experimental effort is required in this area. 

6. Nomenclature 

C 

C v 

CHF 

dt 

d h 

do 

t '  

if 

parameter defined in Eq. (11); 

specific heat of the material: 

critical heat flux; 

coolant channel diameter; 

hydraulic diameter: 

reference diameter used in calculating f in Eq. (16): 

friction factor defined in Eq. (16); 

Fanning friction factor; 
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geometry factor to account for 2D effects: 

coolant mass velocity: 

convective heat transfer coefficient: 

latent heat of vaporisation of water: 

Jakob number: 

material themal conductivity: 

channel length: 

coolant mass flow rate: 

Nusselt number: 

pressure: 

ratio of exit pressure to critical pressure: 

Prandtl number: 

heat flux: 

coolant heat flux at Onset of Nucleate Boiling: 

plasma heat flux: 

Reynolds number: 

temperature: 

surface temperature of armour: 

coolant bulk temperature: 

armour/heat-sink interface temperature: 

coolant channel pitch: 

parameter defined in Eq. (9): 

distance coordinate along coolant tube length: 

coolant tube length over which the flow is entirely in the single-phase regime. 

6.1. Greek symbols 

~<.,,,p effective evaporated thickness: 

~,,~ melt layer thickness: 

,_k P pressure drop: 



~r 
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G. Federici. A.R. Rq~}'ay / Journal ~f Nuclear Materi~ds 244 (1997) 101-130 

channel roughness: 

water viscosity: 

material density. 

6.2. Suhscro~ts 

b bulk: 

c critical: 

cool coolant: 

evap evaporation: 

equi equivalent: 

ex exi t :  

f f i lm:  

FW first wall: 

IN inlet: 

ini initial: 

max maximum: 

ONB Onset of nucleate boiling; 

pl plasma: 

sat saturation: 

SCB subcooled boiling: 

Sh shield region: 

SP single phase: 

uni uniform: 

w wall. 
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