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ABSTRACT

The 3D temperature distribution in the First Wall (FW) of the International
Thermonuclear Experimental Reactor (ITER) blanket is studied. The effect of FW
exposure to different heat fluxes and heat generation rates on the temperature
distribution inside the wall is also examined.

The design of FW adopted by ITER council in 2001 is taken as a reference design
for the FW through the analysis. The study reveals that the maximum and minimum
temperatures increase linearly along the poloidal direction according to the specified
incident heat flux and heat generation. The study also indicates a linear variation for
the coolant temperature along the cooling channels throughout the poloidal
direction.
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INTRODUCTION

The function of the ITER blanket system is to provide thermal and nuclear shielding to the vessel
and external machine components. The blanket system is also designed to make possible the planned
partial conversion of the shielding blanket to the breeding blanket in a later stage of operation [1].

The primary first wall (FW) is the main plasma facing part of the blanket system. It covers a surface
of 680 m? around the plasma. Its main functions are [1]:

a- to provide a low-Z, low-impurity plasma-compatible surface;

b- to withstand radiation and charged particle flux from the plasma during normal operation;

to provide a suitable protection to the shield from direct contact with the plasma and run-away
electrons during off-normal events; and,

c- to provide a first high-dose shield which is removable in hot cell.

FW DESCRIPTION

The basic concept of the blanket system is a modular configuration with a mechanical
attachment system. The module configuration consists of a shield body on which a separable first wall
(FW) is mounted [1].

Each blanket module supports four FW panels. Each FW panel consists of a 10-mm thick beryllium
armor in the form of tiles attached to a 22-mm thick Cu-alloy heat sink plate internally cooled by SS
cooling tubes with 10 and 12 mm inner and outer diameters, respectively.

The Cu-alloy plate is attached to a 49-mm thick steel back-plate that has a structural plus shielding
function (see Fig. 1) [1].
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Fig. 1. FW Panel with Central Attachment [1] Fig. 2. FW cross-section [1]

A simple straight poloidal cooling channel layout is used in the panel, except for the tubes adjacent
to the penetrations, which slightly diverge at their ends in order to provide enough space for their seal

welding to the SS back-plate (see Fig. 2). [1]

FW MODEL

A unit cell consisting of one of the semi-symmetric 7 units that form the FW panel is taken as a
model where the temperature distribution inside can express the temperatures at the rest of the FW.
Fig. 3 shows the unit cell representing the FW. The unit cell includes 3 layers; a 10-mm Be layer, a
22-mm CuCrZr layer, and a 49-mm SS layer. Two SS cooling channels in the Cu layer with inner and
outer diameters 10 and 12mm, respectively and single channel in the SS layer with diameter 24mm are
included. The cell's cross section is extended in the poloidal direction for 1095 mm.
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Fig. 3. FW panel model (Unit Cell)

The height in the poloidal direction is then divided in the analysis into 11 sections, each with a 100-
mm height, except for the 11" section which is 95 mm. The outlet coolant temperature of each section
is considered to be the inlet temperature of the following one.
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The heat diffusion equation general form in Cartesian coordinates provides the basic tool for the heat
conduction analysis. From its solution, we can obtain the temperature distribution T(X, y, z) as a

function of time: [2]
o)yl ala) T P 1)

Where T is the temperature (K) at position (x, y, z) and time t (s), k is the thermal conductivity
(W/m.K), g is the rate of heat generation (W/m°), p and c, are the material's density (kg/m®) and

specific heat (J/kg.K), respectively.

The heat transferred by conduction through the first wall is removed by convection through the
coolant channels. The law governing this process is Newton's law of cooling:

q = hA(TS _Too) (2)
where q is the convection heat rate, h is the coefficient of heat transfer (W/m?K), A is the surface area

of the pipes, T, and T, are the temperatures at the surface of the pipe and inside the coolant,
respectively.

A numerical solution is used for solving this equation rather than analytical solution due to the
complexity of the problem geometry. The numerical technique used is the finite-element method. The
two dimensional thermal analysis software called FEHT is used for this purpose.

MODEL CALCULATIONS

Table 1 shows the properties of the materials used inside the blanket at 200 °C.
Table 1. Blanket materials properties at 200°C. [5]

Specific

. Thermal

Material Ee/r;qsslty conductivity S'eka t.lK.
g W 'm_lK-l ] g

Be 1840 130 1988

CuCrZr | 8900 300 896

SS 316L | 7900 16 536

1. Calculation of the coolant mass flow rate
The average total coolant mass flow rate in the module equals the total flow inside all the modules
(3,378 kg/s) divided by their numbers (421) = 8.0 kg/s

As each blanket module is divided into 4 equal FW panels, an overall equal share of % of the coolant
mass flow rate entering the blanket module is designated for each FW panel. This is equivalent to
(8.0/4) kg/s = 2.0 kg/s.

For the FW panel under study, we have 14 SS pipes with inner diameters of 10 mm in the Cu-layer
and 7 tubes with diameter ¢ 24 mm drilled inside the SS-layer [1]. The coolant mass flow rate is
distributed equally along the narrow and the wide tubes separately according to their cross sectional
area. Hence the mass flow rate in each narrow pipe = (total mass flow in the FW panel) x (one narrow
pipe cross sectional area) / (total cross sectional area of narrow and wide tubes) = 0.037 kg/s.

Similarly, the mass flow rate in each wide tube = (total mass flow in the FW panel) x (one wide tube
cross sectional area) / (total cross sectional area of narrow and wide tubes) = 0.212 kg/s.

2. Determination of the coolant coefficient of heat transfer
The convection heat transfer coefficient, h, can be obtained for fluids in both brands of tubes as:
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Where k is the thermal conductivity of the fluid and D is the diameter of the pipe. Nup is the Nusselt
number, which depends on the type of flow, flow conditions, geometry of the problem and surface
conditions of the pipe. A classical expression for computing the Nusselt number for fully developed
(hydrodynamically and thermally) turbulent flow in a smooth circular tube is obtained from the Dittus-
Boelter equation

h

Nup = 0.023Reg° Pr" (4)
where n=0.4 for fluid heating, which is our case; and n=0.3 for cooling. The equation above has been
confirmed experimentally for the following range of conditions: [2]

i) 0.7<Pr<160

ii) Rep>10,000

iii)  Tube length/diameter > 10

The Reynolds number, Rep, is defined as [2]

Rep =—— (5)
)7

For flow inside a tube, Reynolds number may be used as a criterion for laminar and turbulent flow as
follows: [4]

For Rep <2300, the flow is laminar;
Rep > 2300, the flow is turbulent.
The Prandtl number, Pr, is defined as [2]
14

Pr=— (6)

(24
where v is the kinematic viscosity (m?s) and a. is the thermal diffusivity (m?s).

Note that eq. (4) was used to calculate the Nusselt number after confirming that Rep showed the
water flow in both types of pipes to be turbulent.

A summary of the calculated coolant properties is shown in Table 2.
Table 2. Summary of coolant properties calculated values.

Coolant property ?L}Ser:m $24 mm tubes
Inlet temperature °C 100 100

Rate of mass flow, m kg/s 0.037 0.212
Reynolds number, Rep 16,885.3 40,311.6
Nusselt number, Nup 69.5 139.4
Convection coefficient, h, W m? K™ 4,726 3,949.7

3. Heat Flux and Heat Generation

The Bremssthralung, synchrotron and line radiation deposit an average power of 0.25 MW/m? on the
first wall, with local excursions up to 0.5 MW/m? in total. The components are dimensioned to cope
with the largest value while the cooling circuit is sized for the average power. [3]

The average neutron flux of 1 MW/m? incident on FW surface, induces in the FW material bulk
nuclear heating of 16 MW/m?, which decays exponentially inside the module by about one order of
magnitude for every 20 cm, typical 80/20 steel and water mixture, with margin for the geometries
discontinuities [3].
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Hence, the nuclear heat generation; based on the prior radial dependence, can be formulated
mathematically as
G=ae™ (7)
where y is the radial direction, a and b are constants to be determined as follows:
At the surface of the FW, y = 0 and the heat generation is maximum, i.e. ¢= ¢, MW/m’. After a
depth of y = 0.2 m, the heat generation is reduced by one order of magnitude, i.e. ¢ = (Qmax /10)
MW/m?. Solving eq. (6) for both conditions, we get:
A= G MW/M?
b=11.51m"
Hence g can be written on the form

1= G 5 MW/’ ®)

4. Thermal analysis

FEHT software was used in the analysis. The geometry of the problem was entered to the program
in centimeters. The toroidal direction is expressed by the x-axis and the radial direction by the y-axis.
The FW unit cell shown in Fig. 3 was divided into 7 blocks, as shown in Fig. 4, the coordinates of
each block was calculated such that the rectangular blocks have 4 coordinates while the circular blocks
(cooling channels boundaries) were divided into 18 segments for each of the upper (2) channels, and
36 segments for the lower channel.

The outlines of the FW unit cell are then drawn in FEHT using the coordinates calculated above
(Fig. 4). The heat generation is entered as a function in y-axis, taking into account that FEHT uses cm
units. Moreover, the zero of the y-axis will begin from the end of the SS layer, as shown in Fig. 4, so
the appropriate form of the heat generation function would be:

G- qmaxe-11.51(8.1-y)/100 MW/m? 9)

The boundary conditions are then fed for each outline according to type of material, convection
coefficient and values of heat flux and heat generation in each case. The model is divided into nodes
and element lines manually to form a primary mesh (see Fig. 5).

The mesh is then reduced automatically to the desired density within a specified limit. After
reducing the mesh, we have 3898 node, 11196 line segments, and 7296 triangular element equivalent
to 3898 unknown temperature at each FW layer.

The model was used to study cases with different heat flux and generation. The inlet temperature in
all the cases is constant at 100°C. The coolant mass flow rate is also held constant at the values
calculated before.

The heat flux incident on the 3 other surfaces (all except the Be-layer surface) of the FW unit model
is assumed to be zero due to symmetry for the right and left sides and for assuming a thermal
insulation (instead of a shield block) at the lower side of the FW (bottom of the SS layer).
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Fig. 4. FW unit model blocks coordinates. Fig. 5. Manual FW mesh using FEHT (289 node)

After the 2D analysis is done, the amount of heat flow rate per poloidal unit length (W/m), g, to the
cooling channels is determined. This amount is used to calculate the value of outlet temperature from
the section considered, using the following equation:

1g=rmc (Tou- Tin) (10)

Where | is the height of the section (m), m is the coolant mass flow rate (kg/s) and c is its specific heat

(J/kg.K). Later, the value of T,y is fed to the following section as its coolant T, and the process is
repeated until the z or poloidal FW height (1095 mm) is finished.

An example of the thermal analysis output is shown in Fig. 6. This figure represents a case with heat

flux of 0.125 MW/m’ and a d,,,, of 8 MW/m?, for the first section (from z = 0 to 0.1 m). Each shaded

band represents a certain range of temperature which varies according to the shown gray scale value in
the figure. A full detail of temperature values along each node (for the 3898 nodes) can be given in a
tabular output versus the node coordinates (X, y).
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Fig. 6. FW unit model temperature contours for a case with 0.125 MW/m? heat
flux and 8 MW/m?® maximum heat generation.
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RESULTS AND DISCUSSION

Nine cases of different heat flux and generation were studied. The values of the chosen flux and
maximum generation are varied around the average values estimated by the design reference [1]. The
considered cases are shown in Table 3.

Table 3. Selected cases for study

Max. Heat
Case # I\H/K/a\;/rilzux Gen.
MW/m?
1 0.125 0
2 0.125 8
3 0.125 15
4 0.2 15
5 0.25 15
6 0.25 16
7 0.5 0
8 0.5 8
9 0.5 16

Fig. 7 shows the variation of the minimum and maximum temperatures and the coolant temperature in
both types of pipes, along the poloidal direction (z-direction). The results in the figure are for case#2.
The change in the coolant temperature in the poloidal direction is found to be linear. This can be
explained by eq. (10), which shows that the temperature change in the coolant pipes is linear with the
rate of heat transferred to the pipes.
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Fig. 8. The variation of the rate of heat
transferred to the small and large
pipes along the poloidal direction for
case#2.

Fig. 7. Variation of the minimum and
maximum temperature and the coolant
temperature along the poloidal direction for
case#2.

The maximum and minimum temperatures are found to increase along the z direction. Note that
since the temperature of the coolant increases along z, the temperature of the FW must increase in
order to remove the same amount of heat from each layer.

Fig. 8 shows the rate of heat transferred to the small and large coolant channels along the poloidal
direction. Note that the summation of the heat transfer in both types is constant in each layer and is
equal to the sum of the incident heat flux and the heat generation.

It can be seen from the figure that in the beginning the heat is divided almost equally between the
two types. This is to be expected since the water enters in both types with the same inlet temperature.
However as the coolant flows through the channels the temperature in the smaller tubes becomes
higher than that in the large tube. Two factors contribute to this: the first is that the small pipes are
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located closer to the surface of the beryllium, where the heat flux is incident. The second factor is that
the mass flow in the small pipes is less than that in the large pipe. This makes the temperature of the
small pipes rise more rapidly than the large pipe. The result would be that more heat will go through
the large channel as z increases.

The temperature variation along the poloidal direction was found to depend on the heat generation
and flux. However the same behavior as in Figs. 7 and 8 was seen in all cases.

Table 4 shows, for each of the nine cases considered (see Table 3), the maximum and minimum
temperatures, which are always located in the top and bottom layers, respectively, and the exit coolant
temperature in both types of pipes.

Table 4. Different temperatures calculated in each case.

Casett cl)\/lin. Temp. cl)\/lax. Temp. Exit Coolan_t Temp. cI)Exit Coolaqt Temp.
C C C (small pipes) C (large pipes)
1 100.4 137.0 117.3 101.3
2 125.7 230.0 151.8 110.5
3 145.2 299.2 182.0 118.5
4 147.6 329.8 192.3 119.3
5 148.5 350.1 199.3 119.8
6 151.5 359.3 203.6 121.0
7 101.7 304.0 169.2 105.3
8 127.7 383.0 203.7 114.4
9 153.7 462.0 238.1 123.6

Table 4 shows that the minimum temperature is affected by the heat generation and not by the heat
flux. This is better illustrated in Figs. 9 and 10.

In Fig. 9 the maximum and minimum temperatures are plotted versus the heat flux incident on the
beryllium surface for a constant maximum heat generation of 15 MW/m?®. The figure clearly shows
that the change in the minimum temperature is negligible. Changing the heat flux by 400% changes
the temperature by about 6%.

The maximum temperature however is seen to be dependent on the heat flux. Changing the heat
flux from 0.125 MW/m? to 0.2 MW/m? (60% increase) increases the maximum temperature from
299.2°C to 329.8°C (10%). Increasing the heat flux from 0.25 MW/m? to 0.5 MW/m? (100% increase)
increases the maximum temperature from 350.1°C to 462.0°C (32%).

The fact that T depends on the heat flux whereas Ty, doesn't can be explained by noting the
place of each temperature. T IS always located on the beryllium surface facing the incident heat
flux. Tmin is found in the back of the first wall. Thus most of the incident heat flux will have been
removed by the coolant before reaching that position.

Fig. 10 shows the effect of the heat generation (represented by the maximum rate of heat
generation, ¢,,,) for a constant heat flux of 0.5 MW/m®. Changing ¢, from 8 MW/m® to 16

MW/m? (100% increase) changes Tmin from 127.7 °C to 153.7 °C (20% increase), and changes Tmax
from 383.0°C to 462.0 °C (20% increase).
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Fig. 11 shows the effect of the heat flux on the coolant exit temperatures of both the small and large
pipes. The heat flux is seen to have a negligible effect on the exit temperature of the coolant in the
large channel. Again this is because of its location at the back of the FW, far from the surface exposed
to the heat flux. The exit temperature of the coolant in the small pipes, however, is seen to depend on
the heat flux. Changing the flux from 0.25 to 0.5 (100% increase) changes the temperature from 199.3
°C to 238.1°C (20% increase). This dependence is due to the fact that the small pipes remove a large

fraction of the incident heat flux.
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Fig. 12 shows the effect of the heat generation on the exit temperatures of the coolant in both the
small and large pipes. Here the heat generation affects the coolant temperature in both types.
Changing ¢,,,, from 8 MW/m® to 16 MW/m?® (100% increase) changes the temperature of the small
pipes from 203.3 °C to 238.1°C (17% increase), and of the large pipe from 114.4 °C to 123.6 °C (7%
increase). This dependence is because both pipes remove the heat generation.



However the change in the temperature of the large pipe is less than that in the small pipe. This is
due to its larger mass flow rate and also because there is less heat generation around the large pipe.

CONCLUSION

The temperature distribution in the first wall of the ITER blanket was studied. The effect of FW
exposure to different thermal fluxes and rates of heat generation on the temperature distribution inside
the wall was examined.

A model has developed to describe the thermal behavior inside a unit cell representing the first wall.
The model was used to determine the temperature distribution inside the FW and in the coolant
channels. The following conclusions were made:

1- The change in the coolant temperature in the poloidal direction is found to be linear.

2- The minimum temperature is always found in the bottom of the first wall, at the back
of the stainless steel.

3- The maximum temperature is always found at the top of the first wall, on the
beryllium surface facing the incident heat flux.

4- The maximum temperature is found to depend on both the heat flux and the rate of
heat generation.

5-  The minimum temperature is found to depend only on the rate of heat generation.

6- The coolant exit temperature in the small pipes depends on both the heat flux and the
rate of heat generation.

7- The coolant exit temperature in the large channel depends on the rate of heat
generation and not on the heat flux.
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