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Temperature Distribution in the Vortex Flow Target System

' *
for Accelerator Breeder
(Report l. An analysis for the temperature distribution

in the target and blanket irradiated with a proton beam)

A % . . *dk o de % &
By Kohshi MITACHI, Hisanori TACHIBANA, and Kazuo FURUKAWA

In the design of an accelerator breeder reactor, the most important
problems are the radiation damage and the heat deposition in the target
materials, which are irradiated with a high energy proton beam., To solve
these problems, the vortex flow of molten salt was proposed as the target (and
blanket) of the reactor.

An analytical study was conducted in this paper and the main concern was
about the temperature fields within the target region of vortex flow. Rankin's
vortex motion was assumed to calculate the velocity distribution in the target
region. The temperature distributions and the maximum temperature of the
target were obtained by a finite difference method. It was revealed that the
present analysis was sufficient for the estimation of the maximum temperature.
The radial distances between the beam and the vortex were varied and tested in
order to lower the maximum temperature of the target, and the eccentric beam
injection was found to be most effective.
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1. Introduction

The bombardment of high energy protons
on the atomic nuclei induces the spalla-
tion reaction which generates many
neutrons mainly by the evaporation
process. An accelerator breeder concept
utilizes this phenomenon in order to
convert the fertile materials (2%2Th or
23833) into the fissile materials (233U or
239Pu). This breeder system has the
following characteristics:

(i) One accelerator breeder using 300 mA
beam of 1 GeV protons can efficiently
produce a nuclear fuel sufficient to
operate 5-15 fission power reactors of
1000 Mwe size.

(ii) Tt is possible to utilize Th and

U as new abundant nuclear energy
resources.,

(iii) The inventory of fissile material

can be made small in contrast to the
other breeder reactors such as liquid
metal cooled fast breeder reactors.

(iv) Since it is operated in the sub-
critical conditions, the nuclear excursion
never occurs.

In order to construct the accelerator
breeder, research and development should
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be carried out in relation to (1) a high
energy and high current accelerator and
(2) a target (and blanket) system for the
spallation reaction. Particularly in the
target system, injection of the con-
centrated beam causes an extremely high
temperature spot and the intensive proton
and neutron fluxes inflict severe radia-
tion damage to the target (and blanket)
materials. In order to avoid these
serious problems, adoption of a liguid
target system seems to be indispensable
[1-5].

The purpose of this study is to
analyze the potential performance concern-
ing the heat removal in the target system
constructed of a molten salt, which is
proposed by one of the authors (1-3,10-
12]. A numerical simulation is performed
to elucidate the temperature distribution
and to estimate the maximum temperature in
the target system.

2. Nomenclature

cp : specific heat
db : diameter of proton beam
g : gravitational acceleration
g : flow rate per unit depth of target
r : radial coordinate (see Fig.2)
r, : radius corresponding to half width
a's

of vortex (r*rl, V¢ ¢m)
r., rc core radius of swirling flow
L injection position of proton beam
rV : radius of free surface of vortex
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T : temperature . vessel and it forms a narrow vortex of
AT : maximum temperature rise about 1 m depth on the salt surface. The
b ces . proton beam of about 1 GeV is directly
Ve Vd)' V, @ velocities in r, ¢ and radiated through this vortex and the
z directions spallation reaction takes place in the
v, , Vv : maximum values of V,and V central part of the salt bath.
o’ “rm [0} r
W_ : heat generated by proton beam There have been several Proposals_ for
b the target system of solid materials
Z : axial coordinate (see Fig.2) [4,5,8,9]. Comparing those proposals, the
Zo : depth of vortex ] liquid target system which utilizes a
Z_ : depth of heating zone swirling flow of molten salt shown in
b ° : Fig.l seems to solve many technical
P : density troubles such as the concentration of heat
¢ : azimuth (see Fig.2) generation, the radiation damage and the
necessity of shuffling of the blanket
3. Analysis materials.
3.1 Target system 3.2 Numerical analysis of
temperature profile
In order to elucidate the analytical
model of the target system under con- 3.2.1 Governing equations
sideration, a schematic diagram of the
accelerator molten salt breeder is A schematic diagram of the target and
depicted in Fig.l. The size of target that of its coordinate system are depicted
salt bath containing Th is about 5 m in in Fig.2. The conservation of enerqgy
diameter and 6 m in depth. Inside of the dictates
reactor vessel 4 made of Hastelloy N is 37 V¢8T 37
covered with thick graphite blocks 5&6 for pc (Vrg— + P % + v E)
the neutron shielding. The target salt is P o 2
introduced from the upper part 2 of the _ )\(32'1‘ . 1_3_! . 1 32p . 32'1‘) . )
32 T ror r23¢? * 3z% e
— where the flow and temperature profiles
‘9\® n E are supposed to be steady and the physical
13\§ 7 15 . properties of the fluid to be constant.
14 = .[z./ The rate of heat generation W caused by
t =t the proton irradiation is unknown at
\e present, but it is considered to be inde-
\ pendent of Z [7]. 1In the present study,
RN 4 therefore, the rate of heat generation W
- :'\;‘:‘: is assumed to be constant throughout the
"E’ -_--5";-_— g cylindrical region of diameter db and
:._:-1_:._. depth Zb.
— 7
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Fig.l Schematic diagram of accelerator Zb .
molten salt breeder Zw q
. -—
1 proton beam, 2 salt inlet, 3 salt out~ d ]
let, 4 reactor vessel, 5&6 graphite, b -—
7 primary loop, 8 heat exchanger, 9 main !
pump, 10 throttle valve, 11 over flow z { -~
line, 12 storage tank, 13 high pressure
salt outlet, 14 gate valve, 15 vacuum
line, 16 vapor trap, 17 duct, 18 orifice,
19 focussing magnet. Fig.2 Coordinate system
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W= ;—;——
%

The boundary conditions are as follows.

P 3

]

=0 at r=r and O0sSzsZ
w w
eree(3)

Qﬂau
N3

= Q at Osrsr and 2Z=2Z
w w

On the free surface, the heat flux is
assumed to be zero in the normal
direction.

The numerical analysis is performed
in the region of OSrSrw and oszszw, where
r, and Zw are taken large enough compared
with x, so that the effect of the flow

boundaries is negligible in the calculated
results.

3.2.2 Velocity distribution

From the previous experiments [10-12]

for swirling flow and Ogawa's experiments -

[13] for cyclone separator, the velocity
distribution in the target system becomes
as follows:

(i) at r S rsr
v

V¢ r qZ
g = T . V==,

V¢m r1 z ﬂrz

.. (4)
q(rznri)
Ve © 2mes ¢ ! v¢m = Y9z,
‘o
> =
if 2z 2 ZO ’ r, 0

Table 1. Dimensions of target system

Heating zone by proton beam

heat deposition Wb=300 MW
diameter db= 10 cm
length Zb= 1.2 m
injection position T, = 0.3 m
Flow field
vortex depth Zo= 1.5 m
vortex width r,= 0.3 m
core radius 'rc= 1.0m
flow rate q = 5.0 m®/s

Table 2. Physical properties of

LiF-BeFZ-ThF4—233UF4 systems at 913K

(64 - 18 - 17.5 - 0.5 mols%)

density p=2.70 t/m®
specific heat cp= 1.36 MJ/ (tK)

conductivity A = 1.2x10 °MJ/(mK)

(ii) at r < r S r
1 c

V¢ I qZ
q(rz_r;) cesessea(B)
Ve T T T o

where rc = Vr!+rz

(iii) at r > ¢
c

VdJm r ' z ’
[ 2]
= - S
Vr 2Tr

At radius T, the target salt is

supplied uniformly with the flow rate g
m' /s per every 1 m depth. The salt swirls
horizontally in the peripheral region, and
at the same time it flows in Z direction
in the core region. The velocity com-
ponent V¢ is assumed to obey Rankin's

vortex rule, which is the maximum velocity
V¢m lying at the. radius ry-

The shape of the vortex, i.,e., the
coordinates of the free surface r, and Zv
are determined considering V¢ only for the

sake of simplicity as follows:

1 <
(i) at r s,

z, = zo[ 1- %v(;!)z]b cerrreeaeea(T)

(ii) at r > r
v 1

certctecennsnaeeaa(B)

r
=1 1,2
z 5 %03
v

3.2.3 Numerical procedure
The finite difference method is used

to solve the governing eguation, Eq.1,
subject to the boundary conditions, Eg.3.

V¢t

| —

i
D

Fig.3 Calculation model for approximate
theory
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The diffusion terms and the convection second order central and upstream dif-
terms in Eg.l are calculated using the ferences, respectively. The latter dif-
ferentiation method saves the computing
time. The resultant equation is solved by
SOR method.

Table 1 lists the heat generation W ,

the beam diameter db and the vortex depth
ZO' which are given in the conceptual

design [7,10,11,12]. Calculations make
clear the effect of these design
parameters on the temperature

distribution.  LiF- BeF,- ThF - 2"05-4

systems is taken as the target salt and
the composition and thermophysical

properties are listed in Table 2 [3,71.
d 3.3 Approximate theory of
b maximum temperature rise
c c

If the temperature of the-target salt
rises uniformly by ATb when the salt flows

Z through the heating zone with the velocity

Fig.4 Region of numerical calculation

t

i
,, oot Lot

LA TINOR L

(a) a-a plane (b) b-b plane (c) c-c plane
rs rb v
= ! =
=F S
== == £
(d) o-d plane (e) o-e plane (£) o-f plane

Fig.5 Temperature profiles in target system
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V¢r as shown in Fig.3, the following
relationship between wb and Amb holds.

0c 23 Ve STy = Wy

vV, = vV +Vr =V

or ® VIHD Liseeereceeas(9)

¢
- 2
g = (vr/v¢)

where the heating parameter Amo is defined

as follow:

W

AT T ererernneenen.(10)

b
(o] pcpzbdbvgzo

By substituting Eq.4 - Eq.6 into Eq.9, the

maximum temperature rise ATb can be ob-

tained from the beam radiation position Ty

as follows:

(i) if rb s rl,
AT x
= 0.1
Mp = v G
vecenssaa(ll)
1 r1 4' q 2
g = ZFT(;;) (;17533)

300 i i ¥ 1

(K)

2200} .
|

100

1 L

0
0.0 01 O

03 04 0.5
r (m)

W, =300MW, Z =1.5m, g=5.0m%/s
¢=10*, r1=rbﬂo.3m, r2=1.0m

Fig.6 Temperature distribution in 2
direction

(ii) if T < T, s Ty o«

ATO Ty
Mp = &)
... (12)
1 r r q
1.y, by 2
= ) () o)
4w r, rl rl gZo

(iii) if I, > I, .

AT T,

- 0. b
Ty = ‘rTarl’

ceesecrsnaaaa(l3)

One of the technical troubles sup-
posed to occurs in the target system is
the local and extreme temperature rise due
to the concentrated heat generation by the
proton radiation. The temperature rise
may cause an explosive evaporation of the
target salt. The effect of each design
parameter on the maximum temperature rise
can be estimated by Eq.1l ~ Eq.13. Hence,
an approximate theory is useful and con-
venient in order to estimate the maximum
temperature. However, the precise cal-
culation should be performed when more
detailed knowledge of the temperature
profile is required.

300 ———————;

(K)

2200
<

100

0 1 i
00 01 02 03 04 05

r (m)
) W, =300MW, Z=1.5m. q=5.0m*/s
Z2=1.89m, r1=rb=0.3m, r2=l.0m

Fig.7 Temperature distribution in ¢
direction
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4. Results and Discussion
4.1 Temperature distribution

Numerical calculations are performed
on the case of 300 MW beam heating.
Typical results of the temperature profile
in the target system are shown in Fig.5;

Q
600 >
» 500 -
2 400 -
<3

100

1 1 i ] i
% 100 200 300 00 500 800

W
PCoZochigze ( K )

approximate theory (r Srl)

b
_____ approximate theory (rbzrl)

O numerical result

Fig.8 Maximum temperature rise (£=0)

900
<800
700
2600

500

400

300

200

100

R W/ (P 7, VG2 )=17.8nK,

Zo/r1=5-0. r2/r1=3.3

approximate theory -
—-— (approximate theory q/r1¢gzo=10)

x 1.2
a db= Scm

= QO db=10cmf numerical result
[} db=20cm

Fig.9 Maximum temperature rise in
relation to beam radiation
position
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The design conditions are listed in Table
1107,11,12].

Fig.5.a, 5.b and 5.c are the tempera-
ture profiles on the horizontal cross
sections, and Fig.5.d, 5.e and S.f are the
temperature profiles on the vertical cross
sections through Z axis as depicted in
Fig.4. 1In this way, the temperature
profile exhibits a swirling motion of the
target salt. The hottest spot arises just
behind the cylindrical heating zone.

Fig.6 shows the radial temperature
distributions at the depth z (1,17, 1.53
and 1.89m) and at ¢ = 10° (o-d plane in
Fig.4). The temperature distribution for
Z = 1.17m is omitted in the figure, be-
cause it coincides with those for Z =
1.53m or 1.89m in the region of r 2 0.2m.
Moreover, the target salt does not exist
at that depth in the region of r < 0.2m.
The temperature profiles have a sharp peak
and their shapes are similar to each other
in the vicinity of the heating zone,
irrespective of the difference in the
depth.,

The change of the temperature dis-
tribution with ¢ on c~c plane in Fig.4 is
shown in Fig.7. A sharp peak for ¢ = 10
is attenuated by the swirling motion of
the target salt.

4.2 Maximum temperature rise

4.2.,1 Effect of beam diameter,
depth of heating zone
and depth of vortex

In an ordinary design condition in
which the flow rate is not large, Vr is so

- 900 T T T LI T T T T
x 800r ]
7001 T
fla
'S 6001 )
500 N
Loor ° 4 dp=5cm T
300F °\ 7
200 L ° \o—r—'—"a—'db"lﬂcm-
.-
100} - ~ ~\*-—'——Q“—db-20cmu
% 5 10
. o rlggln
w7 pcpzb|/gz0 )=17.8mK,
ZO/r1=5.O, rb/r1=1.0, rz/r1=3.3
approximate theory
—-—— (approximate theory) x 1.2
AN db= S5cm
O db=10cm numerical result
a db=20cm

Fig.10 Maximum temperature rise in
relation to flow rate
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—_—

that Z in

Egq.ll - Eq.13 becomes very small. The
relationship between the maximum tempera-
ture rise ATb and the heating parameter

small in comparison with V¢

Wb/(pcpzbdeQZO) are shown in Fig.8, where

the solid and broken lines are obtained
from the approximate theory for the cases

of rbSrl and rb>r1, respectively. Even if

the same amount of heat Wb is deposited in

the target salt, the maximum temperature
rise ATb decreases with an increase of the

beam diameter db, the depth of heating

zone Z,_ and the depth of vortex ZO’ The

b
marks O in the figure designate numerical
results for the cases of rb/rl = 1.0 and

q/(r1VgZo) = 2.0 - 7.0. The maximum
temperature rise ATb obtained from the

approximate thecry is smaller, by about
20%, than the numerical results.

4.2.2 Effects of beam radiation
position

The relation between the maximum

temperature rise ATb and the dimensionless

position of beam radiation rb/r1 is shown

in Fig.9, where &, O and 0O indicate the
numerical results obtained for the beam
diameters 5, 10 and 20cm, respectively.
The solid lines represent the correlations
from the approximate theory, and for
q/(rIVgZO) 10 the broken lines are

900 T ————
—.800
700
2 600
-3

500
400
300
200
100

(K

7

===

Z

Wb/(pcpzbdegZO)=178K-

zo/r1=5.0, rb/rl=1.0
approximate theory

~——-~— (approximate theory) x 1.2
o q/(rlfgzo)= 2.0
o q/(rIVgZO)= 5.0
[m] q/(r1VgZO)=10.O

numerical result

Fig.ll Maximum temperature rise in
relation to core radius

located 1.2 times higher than the solid
lines in order to adjust the difference
between the exact and approximate
calculations. As shown in the figure, the
eccentric beam radiation is most effective
in order to lower the maximum temperature

rise ATb. From a viewpoint of thermal

engineering, the optimum position of beam

radiation rb should be set at rl, which

corresponds to half width of the vortex.
When the beam is radiated at other posi-
tions, especially at a radius smaller than
Ty the target salt is overheated. For

example, ATb is estimated at 220K under

the conditions of Table 1 and T 17
when the beam is radiated at the center of
the swirling flow, ATb increases to 3200K.

=r

4.2.3 Effects of flow rate
and core radius

The relation between the maximum
temperature rise ATb and the dimensionless

flow rate q/(r1VgZO) is shown in Fig.10,

where a, O and O indicate the numerical
results for the beam diameters 5, 10 and
20cm, respectively. The solid lines are
obtained from the approximate theory and
the broken lines are drawn 1.2 times
higher than the solid lines taking into
account the difference between the exact
and approximate calculations.

In the region of larger flow rates,
the maximum temperature rise ATb remains

almost unchanged. But in the region where
q/(rIVgZO) is smaller than the critical

amount, ATb increases drastically with a

The increase of ATb
is caused by the fact that the heated salt
circulates to the heating zone in the case

of small flow rate or small Vr.

decreasing flow rate.

rb/r1=1.0

Fig.1l2 Critical flow rate
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Fig.1ll shows the effect of the dimen-
sionless core radius rz/rl on ATb. The

marks &, O and O indicate the numerical

results and the solid lines are obtained
from the approximate theory. The broken
lines are drawn 1.2 times higher than
those of the approximate theory. As shown
in the figure, ATb changes only a little

in the range of smaller rZ/rl, but it
increases rapidly with an increasing rz/r1

in the range of larger core radii. The
reason is almost the same as in the case
of Fig.10. Even if the flow rate is kept
constant, Vr decreases with an increase of

the core radius, so that the salt, once
heated, returns to the same place after
circulation.

The correlations between the core

radius r2/rl and the dimensionless criti-

cal flow rate q/(rl\/gzo)cr at which ATb

begins to increase rapidly are obtained
from the equation of the velocity dis-
tribution as shown'in Fig.12. 1In the
design of target system of the accelerator
breeder, q/(rIVEES)must be kept large than

the critical amount. In order to realize
this condition, it would be necessary to
make not only the flow rate in the core
region large enough by setting the core
radius small, but also recirculate the low
temperature salt near the exit toward the
upper region of the target system.

5. Conclusions

Numerical calculations are performed
to obtain the temperature profile in the
target (and blanket) system of the ac-
celerator molten salt breeder. The fol-
lowing results are obtained:

(1) The eccentric beam radiation is most
effective in order to lower the maximum
temperature of the salt. The optimum
radial distance between the beam and the
vortex becomes egual to Ty which cor-

responds to the half width of the vortex.
(2) The maximum temperature of the

target remains constant when a larger than

critical amount of the target salt is

2561

supplied. But it begins to rise rapidly
if the flow rate is set smaller than the
critical amount.

(3) The smaller core radius of the
swirling flow is recommendable in order to
keep the flow rate effectively larger than
the critical amount.

(4) The approximate theory derived in
the present study is useful to estimate
the maximum temperature of the target
system,

The authors wish to express their
thanks to Mr. N. Nakamura, Ishikawajima
Harima Heavy Industry Co., for his valu-
able suggestions and discussions.
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