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Thermal and structural design study of divertor collector plates
for a Swimming Pool Type Tokamak Reactor (SPTR) is carried out.
Co-axial tube type divertor plate is employed for the reduction of
electromagnetic force caused by plasma disruption. Maximum heat flux
on cooling surface is sufficiently below burn-out heat flux. High
thermal stress appers at the brazing region between copper cooling tube
and tungsten armor. SOme measures 4re required to decrease the thermal
stress for extending the life time of the plate. These will bhe
decreasing the heat flux on the plate by the reduction of beam angle to
the plate or promoting the boiling in the tube by the reduction of
coclant pressure.

The life time of the plate by erosicn due to ion sputtering is

estimated to be about 4 years.

Keywords : Swimming Pool Type Tokamak Reactor, Divertor Collecter
Plates, Co-axial Tube Assembly, Tungsten Armor, Copper Tube,
Forced-convection Surface Boiling, Burn-out Heat Flux,

Erosion, Lon Sputtering
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1. Introduction

A poloidal divertor is said to be a promising method for impurity
control and ash-exhaust in a Tokamak fusion_reactor.[l] However, there
are some severe problems in engineering design of divertor collector
plates. Requirements for the thermal and structural design of the
&ivertereﬁlates, are as follows;

(:) Heat flux from plasma and nuclear heat deposition due to nmeutron
and gamma-ray ehoﬁld be-remOVed‘sufficiently;

Heat flux on the EOeling.eurface must be below the burn—out heat

'fiui, though partial boiling can be allowed.

@
(:) The temperafure'ofkthe cooling tube material {copper} must be below
250°C from the etand point of mechanical streegth. -
(:) Divertbr plates should have enough stiffness toe endure inner
pfessure, thermal stress due to the non-uniform temperature
difference and electromagnetic force on the plates caused by
plasma dlsruptlon

Divertor plates need to be installed in a reactor w1th a high

©

accuracy not to produce unnecessary peaking of heat flux.
” ‘Divertor plates will be eroded by ion sputtering but should have

a sufficiently long life time.

In this report; we propose the divertor collector plates composed
of co-axial tubes assembly and conduct their engineering design study
for a Japanese next Tokamak reactor. Figure 1 shows a vertical cross
(2]

sectlonal view of the reactor module The reactdf studied here is

a Swimming Pool Type Tokamak Reactor {SPTR) whleh is one of the candi-

[3]

dates of the Japanese next Tokamak reactor in JAERI

2. Configuration of divertor plates

The overall configuration of the divertor collector plates is
illustrated in Fig.Z.[z] The divertor plate is composed of an assembly
of co-axial tubes in order to minimize the area made by electrical
loops on the plates. Since magnetic flux-on each area encircled by the
electrical loop is small, the eddy current induced in the loop in the
case of plasma.disruption, hence the_electromagnetic force, also
becomes small. | ‘ . | o

' As shown in Fig.2, the divertor plates are supported by their

feeder tubes of coolant and cooling headers which are fixed on the base
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1. Introduction

A poloidal divertor is said to be a promising method for impurity
control and ash-exhaust in a Tokamak fusion reactor.[l] Eowever, there
are some severe problems in engineering design of divertor collector
plates. Requirements for the thermal and structural design of the
dlvertor plates, are as follows;

(:) Heat flux from plasma and miclear heat deposition due to neutren
and gamma- ray should be removed suff1c1ent1y

Heat flux on the c0011ng surface must be below the burn-out heat

flux, though partial boiling can be allowed.

®
(:) The temperature of the cooling tube material (copper) must be below
250°C from the stand point of mechanical strength.
(:) Divertor plates should have enough stiffness to endure inner
pressure, thermal stress due to the non-uniform temperature
~difference and electromagnetic force on the plates caused by
plasma disruption.

Divertor plates need to be installed in a reactor w1th a high

©

accuracy not to produce unnecessary peaking of heat flux.
' ‘Divertor plates will be eroded by iom sputtering but should have

a sufficiently long life time,

In this report, we propose the divertor collector plates composed
of co-axial tubes assembly and conduct their engineering design study
for a Japanese next Tokamak reactor. Figure 1 shows a wvertical cross
[2]

sectional view of the reactor module The reactor studied here 1is

a Swimming Pool Type Tokamak Reactor (SPTR) which is one of the candi-~

dates of the Japanese next‘Tokamak_reactor in JAERT. 3]

2, .Configuration of divertor platés

The overall configuration of the divertor collector plates is
illustrated in Fig.Z.[Z] The divertor plate is composed of an assembly
of co~axial tubes in order to minimize the area made by electrical
loops on the plates. Since magnetic flux-on each area encircled by the
electrical loop is small, the eddy current induced in the loop in the
case of plasma disruption, hence the electromagnetic force, also
becomes small.l | | . . o '

As shown in Fig.2, the divertor plates are supported by their

feeder tubes of coolant and cooling headers which are fixed on the base
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structures welded on the plasma-side surface of the inner blanket.

Void gaps between each pair of adjacent tubes break the electrical
circuit. Detailed configuration of the divertor plate is shown in
Fig.S.[a} Pressurized water is chosen for the coolant to remove high
heat flux on the plate and copper for the tube material to avoid
occurrance of large thermal stress. Armor plates made of tungsten with
a thickness of 5 mm are attached to the plasma-side surface of the
copper tubes to protect the copper tubes from erosion due to iop
sputtering. Dimensions of the cooling tubes are determined to be 18 mm
inner diameter for the outer tube and 10 mm inner diameter and 12 mm
outer diameter for the inner tube, taking into account the pressure drop
of the coolant and the realistic fabrication of the tubes. Coclant
flows in the inner tube to the end of cowaxial tube and returns in the
outer tube. The fins between the imner and outer tubes are installed
to make the temperature distributicn in both the cooling tube and the
coolant as uniform as possible. This temperature distribution is
caused since heat flux comes from one side.

Stainless steel tubes are placed on the rear side of the tubes in
order to prevent protrusicn of the tubes from the plate surface and to
support the electromagnetic force. These tubes are insulated frem the
copper tubes electrically.

Armor is brazed to the copper tube in order to efficiently conduct
the heat load to the cooling tube. Armor is divided in a longitudinal
direction into several sections by grooves for the reduction of thermal
stress.

Both the inmer and outer divertor plates are inclined to the

magnetic line with an angle of 40° for the reduction of maximum heat

flux on the plates.

The spatial distributions of the heat flux and particle flux

density on the plate normal to the magnetic line at R=5.3 m is assumed

to be Gausslan as follows;

-5
q{x) = Qpax * © . {1
-(5?
Hx) - e " ()
where, q(x) : heat flux (W/em?)
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Table 1  Design Conditions and Design Parameters of Diverter Plates

Co-axial tube assembly

Type

Material
cooling tube Copper
armor Tungsten

Heating
total surface heat flux 40 MW
total deposition heat 10 MW
maximim heat flux 2.6 MW/cm? at outer plate

1.6 MW/m** at inner plate
beam angle to plate 40° : at outer plate
40° at inner plate

heat deposition rate 6 W/ ce

Coolant
remperature of coolant 60/70°C
pressure of coclant 1.5/1.2 MPa
inlet velocity 5 m/sec
pressure drop 0.3 MPa

Particle flux
total particle flux 1%x10%%/sec
maximum ion flux density 5.9 % 10%Y/m**sec at outer plate

3.4 %102 /m%+sec at inner plate

beam width of half magnitude 10cm & 5cm at outer plate

10cm at inner plate



JAERI—-M 9045

dpax ° maximum heat flux (W/em®)
#(x) : particle flux density (1/m®.sec)

. maximum ion flux density (1/m”-sec)

Pmax
& . beam width of a half magnitude (cm)
x . distance from the center line of ion beam (cm)

Total surface heat flux and total particle flux are respectively
obtained by integrating equation (1) and (2) in the longitudinal and
torus directions. They are estimated tc be 40 MW and Lx10%%/s,
respectively. A distribution between upper and lower divertor, and
that between the inner and outer plates are assumed to be same values
of INTOR[S], and to be 1:1 and 1: 3, respectively. Assuming the beam
widths of a half magnitudes are 10 cm and 5 cm for the outer plate and
10 em for the inner plate, the maximum heat fluxes on the inner and
outer plates are 240 W/em? and 410 W/cm®, respectively. To take into
sccount the inclination of beam to the plate and major radius of the
plates, these become 154 W/cm® and 260 W/em?. Similarly, the maximum
ijon flux densities cn the inner and outer plates are 3.44 % 107 /m? *sec
and 5.9 % 10°7/m?sec, respectively.

The main design conditions and design parameters of the divertor

plates are shown in Table 1.

3, Thermal analysis

Since the heat loads on the outer plate are larger than those on
the inner plate, thermal and stress analyses are performed only for the

outer plate, Thermal analysis is conducted under the conditions shown

in Table 1.

3.1 Temperature distribution of the coolant

The coolant has its temperature distribution in a longitudinal
direction because of its flow efféct and the distributicn of the heat
flux in the longitudinal direction. The coolant temperatures in the
inner and outer tubes are different even in the same position.

The relations of the heat transfer between the coolants in the inner

and outer tubes are approximately given by the following equations.

dv
k(% =#)) = Cp6 o = O (3)
d@,
hgtq *+ bk (F - %)+ G =0 (4)

——
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Qpax : maximum heat flux (W/em?)

#(x) : particle flux density (1/m? . sec)

+ maximum ion flux density (1/m?.sec)

$max
A : beam width of a half magnitude (cm)
x . distance from the center line of ion beam (cm)

Total surface heat flux and total particle flux are respectively
obtained by integrating equation (1) and (2) in the longitudinal and
torus directions. They are estimated to be 40 MW and 1x10°%/s,
respectively. A distribution between upper and lower divertor, and
that between the inner and outer plates are assumed to be same values
of INTOR[5], and to be 1:1 and 1:3, respectively. Assuming the beam
widths of a half magnitudes are 10 cm and 5 cm for the outer plate and
10 ¢m for the inner plate, the maximum heat fluxes on the inner and
outer plates are 240 W/em? and 410 W/cm®, respectively. To take into
sccount the inclination of beam to the plate and major radius of the
plates, these become 154 w/cm? and 260 W/em?. Similarly, the maximum
ion flux densities on the ipner and outer plates are 3,44 % 10%Y fm® *sec
and 5.9 % 102 /m®+sec, respectively.

The main design conditions and design parameters of the divertor

plates are shown in Table 1.

3. Thermal analysis

Since the heat loads on the outer plate are larger than those on
the inner plate, thermal and stress analyses are performed only for the

outer plate. Thermal analysis is conducted under the conditions shown

in Table 1.

3.1 Temperature distribution of the coolant

The coolant has its temperature distribution in a2 longitudinal
direction because of its flow effect and the distribution of the heat
flux in the longitudinal direction. The coolant temperatures in the
inner and outer tubes are different even in the same position.

The relations of the heat transfer between the coolants in the inner

and outer tubes are approximately given by the follewing equations.

d&/
hk, (%, ~¢;) = C,6 = 0 (3)
de.
hga + k(@ - %) + GG -==0 (4)

—7—
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bulk temperature of coolant (°C)

heated perimeter (m)

over—-all coefficient of heat transmission (kcal/m°h)

heat flux (kcal/m’h)

mass flow rate of liquid (ke/h)

specific heat of liquid (keal/kg-°C)

distance from the center line of ion beam (m)

Suffix '"1" and "2" indicate the inner tube and cuter tube, respectively.

The temperature distribution of the coolant obtained from these

equations is shown in Fig.5.
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position of the highest heat flux are estimated to be 6£1°C in the inner
tube and 67°C in the outer tube, respectively. These temperatures are
a little under—estimated since this simple calculation does not take
into account the increase of the heat transfer coefficient by the boil-
ing of the coclant.

The inlet pressure of the coolant is tentatively set to be 1.5 MPa
to avoid the excessive boiling. Total pressure drop of the coolant in
the divertor plate is sum of those in the inner straight tube, at the
end of the co-axial tube where coolant changes its flow direction and
in the outer straight tube. The coolant in the outer tube is predicted
to be partially two phésé flow with boiling while othéré are single
phase flow. However, the detéiled calculations of these pressure losses
are very complicated except that in the inner straight tube so that
total pressure drop of the coolant is conservatively assumed to be
0.3 MPa in this study. This value is largely over—estimated because
total pressure loss in the inner and outer straight.tubes witheout boil-
ing becomes -about 0.1 MPa. Then, the coolant pressures at the position
of the highest heat flux are assumed to be 1.5 MPa in the inner tube and
1.2 MPa in the outer tube, respectively.

The detaiied calculation of the pressure losses are required in

the future.

3.2 Selecticn of boiling curve

Since the director plates receive very high heat flux from the
plasma, the coolant in the tube is predicted to boil partially.
If a cooling system without- boiling of the coolént is employed by
increasing the pressure and flow rate of the coolant, the cooling
system of the divertor plates has a disadvantage from the stand peint
of economic design. Such cooling parameters increase pressure drop and
hence its circulating power. Therefore, it is important for the thermal
design of the divertor plates to predict a boiling curve of the coolant.
The commonly used design procedures for predicting a boiling curve
from existing data are depicted in Fig.6[6], which were proposed by
McAdams, et al.[7], Kutateladze[8], Rohsenow[9] and Engelberg-Forster
and Grief[10]. These curves indicate the relation of the heat flux on

the cooling surface, q and the difference of wall and saturation tem-—

peratures, (Ty=Tg).
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where, T, : wall temperature (°C)
Ty : saturation temperature of coolant (°C)

Three distinct regions are found in forced-convectiom surface
boiling. At low wall superheat, the heat transfer is governed by forced
convection. At moderate wall superheat the heat transfer is determined
hy the combined effects of forced convection and surface boiling.

At higher wall superheat the effect of forced convecticn disappears and
fully developed boiling governs heat transfer.

The procedure of Mcadams, et al. seems to be considerable under-
estimation and that of Rohsenow to be over—estimation for the thermal
design of the divertor plates, since the coolant of thé divertor plates
is used at the moderate wall superheat. The concept of incipient
boiling is not included in the procedure of Kutateladze. Then, the
procedure of Engelberg-Forster and Crief is employed for the boiling
curve in this analysis.

This boiling curve indicates that the correlation of nonboiling
forced-convection and pool boiling for the coolant are required.

The intersection of the two equaticns give a heat flux q,. An empiri-
cal relation is used to locate the point where the boiling curve is
essentially the same as for the pool boiling; q, = 1.4 qg-[lO]

The region between incipient boiling and q; is represented by a
straight line.

It is not known, however, how the point of incipient beiling is

determined. The formula of Rohsenow, emplcyed for estimating the

incipient boiling, is as follow[11]:

2.30 )
T.G234
ql = 911 pl-156 -[(Tw—Ts)X—g‘]p (5)
where, q; ¢ heat flux of incipient boiling (kcal/m?h)

p :coolant pressure (ata)

The point of incipient boiling on the curve is obtained from the
intersection between the forced convection equation and the above-
mentioned equation of Rohsenow. The formulas of Jens and Lottes are
used for fully developed boiling as follows[11];

P

1/4 63 6)

T, ~Tg = 0.82 q e



9945

JAER I —M

8qnj 4einQ Ul Jajopm Buijoony jo ey Buleq gbi4

(Do) DSLY *Sainjoipdila] UOLDINIDS PUD [|DA JO B2UBIBYJI
g 20! 5 101 5

T T T | T

EENTG_ H Lm_aEc_D
Su g2t AlooeA
Do LG ¢ BINjoupcua]
D 21 ¢+ Bungsely

SUdjijpuay jun|oes : 4G

(Y W/100%) O "xnid {08l

8qnl Jsuudr ul Jajom DE_OOO i0 .®>‘.:O mc:_om 2 B4

{ D) D51 'seunjniadwa) co_.EEc.m pun Jop Jo aouese g

m uo_ m , _O_‘m.
f ] T I

4213804-5N3310 10 uelienbiy

._socmm,som 4o uoijorby

§0)10] SURP JO Ubijonbg

W) Jejgwnlg
S/w G: - Apoolep
Do 19 s Banjoedg

DJWG} s - Bunssed

SUBH{pUOD junioo)

Ol

(4 u/100%) O "Xnig josH




JAERI—-M 9945

The formula of Dittus-Boetler is emploved to obtain a heat transfer of
nonboiling forced-convection. As the result, the boiling curves used

in this analysis for the inner and outer tube are depicted in Figs.7

and 8, respectively.

3.3 Two dimensional thermal analysis

A two dimensional transient thermal analysis in the cross section
of the highest heat flux is carried out on the base of the obtained
boiling curves using the finite element method. The heat transfer
coefficients on the ccoling surface vary along the boiling curves every
time step, when the temperature on the cooling surface becomes more than
saturation temperature of the coolant.

Figure 9 shows the thermal calculational model. The model includes
only a half of the plate because of its symmetrical heat lcad.

Figure 10 depicts the steady state temperature distributions of the
divertor plate 20 seconds after the beginning of plasma burn.

Time variations of the maximum temperatures of the armor, the copper
tube and the cooling surface are illustrated in Fig.l2Z. These steady
state temperatures are reached about 15 seconds after the beginning of
plasma burn. They are estimated to be 292°C on the plasma-side surface
of the armor, 208°C on the brazing region of the copper tube and 202°C
on the plasma—side surface in the outer cooling tube, respectively.

Since the saturation temperature of the cooling water at the
pressure of 1.2 MPa is 187°C, the coolant partially boils on the cooling
surface. Maximum heat flux on the cooling surface becomes 0.275 kW/em?,
which is a little larger than the heat flux on the armor's surface from
plasma, 0.26 kW/em?. This difference is due to boiling effect of the
coolant and shaping effect of the coolant path with a circular cross
section. Figure 11 shows the temperature distribution of the divertor
plate when the boiling of the coolant 1s not taken into account.

From comparison of Fig.10 and 11, the maximum temperature on the cool-
ing surface in the case of nonboiling is about 10°C higher than that
in the case of boiling. The maximum temperature of the armor in the

case of nonboiling is aiso higher about same magnitude than that of

boiling.

~13-
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3.4 Burn-—-out heat flux

A cooling system in which the coolant is boiled is reasonable for
the effective removal of the high heat flux. The heat flux on the
cooling surface, however, must be sufficiently lower than the burn-out
heat flux. The burn-out heat flux can be obtained from the formulas
proposed by several authors, Jens & Lottes, Zenkevich, Griffith and
Rohsenow etc.

In this report, the burn-out heat flux i1s calculated using the
formulas of P. Griffith which can be applied under the condition with
the relatively wide pressure range. These formulas are given as

follows[12],

90 ~ Eié;i;ﬁl (ivs-_ii)yv(gvﬁ}l/B P;E/B(I&YEIX)I/B fj (7
£5 = 1+107° Rgp +0.0144 S+O.5X1_O_3[Reg-8]l/2
Ror = ubo g = Mﬂi (E&)
~ Ve L Py
where, 4y : burn-out heat flux (kcal/m’h)
£ : pressure function {(see Fig.13)
P : coolant pressure (ata)
P. : critical pressure of coolant (ata)
iyg enthalpy of saturated vapor f{(kcal/kg)
ig : enthalpy of liquid (kcal/kg)
L : latent heat of vaporization (kecal/kg)
Yy : specific weight of saturated vapor (kg/m*)
Yy : specific weight of saturated liquid (kg/m*)
g : acceleration of gravity (m/sec?)
Vg : kinematic viscosity of liquid (m®/sec)
Reyg : Reynolds number of liquid
P_o : Prandtl number of liquid
u : coolant velocity (m/sec)
D : hvdraulic diameter (m)
Cy : specific heat of liquid (kcal/kg-°C)
ATy ¢ Subcooling (= Tg-Tg) (°C) |
Oy : mass density of saturated vapor (kg-sec”/m")
g : mass density of saturated liquid (kg-sec?/m*)
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Tg : saturation temperature of coolant (°C)

Ty : coolant temperature (°(C)

According to the formulas of P. Griffith, the burn-cut heat flux is
estimated to be 1.08 2 0.36 kW/em®. Since these formulas include the
error of about #33%, upper and lower limits of the burn-out heat flux
are estimated to be 1.44 kW/cm? and 0.72 kW/cm®, respectively.

The maximum heat flux on the cooling surface of 0.275 kW/em? is suffi-

cientiy below the lower limit of the burn-out heat flux.

4. Stress analysis

The forces acting on the divertor plate during the operation are
considered to be thermal stresses caused by the heat load from plasma
and the electromagnetic force in the case of the plasma disruption.
Internal hydraulic pressure acts on the cooling tube but the stress
caused by the pressure is small enough in comparison with above forces.
S5ince magnetic flux on each area encircled by the electrical loop om
the plate is very small compared to the convensional type divertor
vlate, the electromegnetic force in the case of plasma disruption is
also negligibly small. The thermal stresses are caused by the tempera-
ture distribution in the cross section of the plate and the temperature
distribution in the longitudinal direction.

In this report, the thermal stress caused by the temperature
distribution in the cross section of the plate is analyzed without
taking into account that in the longitudinal direction in order to
approximately evaluate the strength of the plate. The detailed three
dimensional stress analysis, however, should be studied in the future
taking into account both the temperature distributions in the cross

section and in the longitudinal direction.

4.1 Two dimensional stress analysis

Two dimensional thermal stress analysis (plane stress analysis)
with the temperature distribution shown in Fig.10 is carried out by
means of the finite element code, SAP-V.

Figure 14 illustrates the calculational model of the stress
analysis. All the nodal points on the center line are fixed in Z
direction as shown in Fig.l4 because of the symmetrical temperature

distribution. TFigure 15 shows the pre- and post-deformation shapes
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under the temperature distribution shown in Fig.10. Maximum displace-
ments of the plate are estimated to be 0.037 mm in Y direction and
0.03% mm in Z directilon, respectively, The displacements of the plate
due to the temperature distribution in the cross section are so small
that the increase of the heat flux to the plate due to the deformation
of the plate is negligible. Figure 16 depicts the stress intensity
distribution of the divertor plate 20 seconds after the beginning of
plasma burn. The maximum stress intensities of the armor and copper
tube appear at the brazed point due to the difference of thermal
expansion between tungsten and copper. They are estimated to be 320

MrPa and 178 MPa, respectively.

4,2 Stress evaluation

The stresses in the copper tube and tungsten armor are evaluated
by employing ASME Code Sec.II[1Z].

The vield strength of tungsten at the temperature of 300°C Iis
490 MPa and that of copper (OFHC-0.27 Ag) at 200°C is €9 MPa.

Allowable stresses of both materials against the thermal stress, which
corresponds to (PL-PPb-+Q) in ASME Code Sec.ll, become 980 MPa and
137 MPa, respectively.

Maximum stress intensity of the tungsten armor (320 MPa) is suffi-
ciently below the allowable limit (980 MPa) and it can be said that the
armor has enough margin of strength against failure. Maximum stress
intensity of the copper tube (178 MPa), however, exceeds the allowable
limit (137 MPa) so that fatigue analysis must be carried out for the
copper stress. Figure 17 illustrates the fatigue curves of copper
(QFHC-C,2% Ag) at the temperature of 200°C[13]. Since there are not
fatigue data of annealed copper, data of copper with 207 cold reducticn
is tentatively used. Dotted line shows experimental fatigue data and
solid line shows design fatigue curve which is derived conservatively
from the experimental data. In fatigue analysis, solid line should be
employed. Stress range shown in Fig.l7 corresponds to a half magnitude
of cyclic stress intensity.

From Fig.l7, allowable cycles for the maximum stress intensity of
the copper tube are estimated to be about 10% cycles, These cycles
correspond to the life time of about 4 months. Therefore, some measures

are required to decrease the thermal stress for extending the life time
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of the plate. These will be, for example, decreasing the heat flux on
the plate by the reduction of the beam angle to the plate, reducing the

coolant pressure, or developing the new material which has high thermal

conductivity and mechanical strength in place of copper.

5. Estimation of life time by ilon sputtering

The divertor plate surface is eroded by the charged particles.
Armor made of tungsten is employed here because of 1its small erosion
rate by the ion sputtering, the high heat conductivity and the large
mechanical strength in the high temperature region. The life time of
the divertor plates by the erosion due to lon sputtering is estimated
approximately.

The erosion rate of tungsten is given by followings[l4],

. AyM

i = ﬁgﬁ'?ﬁax ﬂ (8)
where, % erocsion rate (cm/sec)

Ay + availability (= 0.25)

M . atomic weight of tungsten (= 184)

No : Avogadroe's number (= 6.02 % 10%%)

C : mass density of tungsten (= 19.3 g/em’)

Smx ¢ Maximum ion flux density (n/cm”s+sec)’

it : sputtering yield of tungsten

The maximum ion flux densities are previously obtained to be
5.9 x 102 /m® *sec on the outer plate and 3.44 x 10?2} /m?*sec on the inner
plate, respectively. The sputtering vield of 2.24x107% atom/ion for
rungsten 1is employed here[5]. Assuming 0.25 of the reactor availability
and 0.7 of the duty factor, the maximum erosion rates due to ion
sputtering are estimated to be 3.66 % 10°°% mm/sec for the outer plate
and 2.13 % 10”% mm/sec for the inmer plate, respectively. Taking into
account the armor thickness of 5 mm, the life time of the divertor
plates are estimated to be 4.33 years for the outer plate and 7.44
years for the inner plate, respectively.

These values seem to be reasonable for the life time of the

divertor plates even considering the complexity of repair and mainte-=

nance of the plates.



JAERI—M 9945

of the plate. These will be, for example, decreasing the heat flux on
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X = %—%ymax n (8)
where, X erosion rate (cm/sec)

Ay : availability (= 0.25)

M . atomic weight of tungsten (= 18%4)

Ng : Avogadro's number (= 6.02X 104%)

o : mass density of tungsten (= 19.3 o/cm’)

Spax - maximum ion flux density (n/cm?+sec)

n . sputtering yield of tungsten
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5.9 %102} /m*+sec on the outer plate and 3.44 x 10 /m*+sec on the inner
plate, respectively. The sputtering vield of 2.24»107°% atom/ion for
tungsten is employed here[5]. Assuming 0.25 of the reactor availability
and 0.7 of the duty factor, the maximum erosion rates due to ion
sputtering are estimated to be 3.66 % 107% mm/sec for the outer plate
and 2.13x 107% mm/sec for the inner plate, respectively. Taking into
account the armor thickness of 5 mm, the life time of the divertor
plates are estimated to be 4.33 years for the outer plate and 7.44
vears for the inner plate, respectively.

These values seem to be reasonable for the life time of the

divertor plates even considering the complexity of repair and mainte-

nance of the plates.
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5§, Concluding remarks

The thermal and structural design of the divertor collector plates
with the co-axial tubes assembly is conducted. The electromagnetic
force on the divertor plates due to plasma disruption is negligible,
since magnetic flux change on each area encircled by the electrical
loop is very small in the co-axial tube type divertor plate,

Thermal analysis of the plates is performed taking inte account
the boiling of the coolant. The procedure proposed by Engelberg-Forster
and Grief is employed as the boiling curve of the coclant. The maximum
heat flux on the cooling surface is sufficiently below the burn-out
heat flux cobtained from the formulas of P. Griffith.

Thermal stress analysis of the plate with the temperature distribu-
tion obtained by the thermal analysis is also conducted, The displace-
ments of the plate due to the thermal load is very small so that the
increase of the heat flux caused by the deformation of the plate is
found to be negligible.

The maximum thermal stresses of the tungsten armor and the copper
tube appear at the brazing region between both materials. The stress
of the tungsten armor 1s estimated to be sufficiently below the allow-
ahle limit and that of the copper tube, however, a little exceeds the
alliowable limit against (PL-FPb-FQ) in ASME code. Then, the fatigue
anzlysis for the copper tube is performed. The life time of the
divertor plate considering the cyclic thermal stress is estimated to be
about 4 months. The life time of the plate due to ion sputtering is
estimated to be 4.3 vears, which is sufficiently longer in comparison
with the 1ife time due to thermal stress.

Therefore, some measures are required to decrease the thermal
stress for extending the life time of the platé. These will be, for
example, decreasing the heat flux on the plate by the reduction of the
beam angle to the plate, reducing the coolant pressure, or developing
the new material which has high thermal conductivity and mechanical
strength in place of copper.

Figure 18 shows the maximum temperatures of the armor, copper tube
and ccoling surface, the burn-out heat flux and maximum heat flux on
the cooling surface, as a function of the coolant pressure. Max lmum
stress intensities of the armor and copper tube as a functiocn of the

coolant pressure is shown in Fig.19. From Fig.19, the maximum stress
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intensity of the copper tube would be below the allowable limit when

the coolant pressure is 0.3 MPa.

As the design study presented here is in a preliminary stage, a
more detailed design study abcut reducing method of the thermal stress
should be carried out in the future. Furthermore, the following general
features are also necessary teo study in the future.

(i) Thermal and mechanical problems caused by the effect of the
temperature difference in a longitudinal directien.

(i) Propagation of the beiling region due to any disturbances
during the operation.

(iii} Effects of material damage by neutren irradiation.

(iv) Selection of optimum coolant pressure.

(v) Thermohydraulic analysis of non-uniform coolant flow
accompanied with partial boiling due to heat flux from

one side and narrow coolant path.
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