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CALCULATION OF TEMPERATURE FIELDS IN AMPOULES
UNDER THE RADIATION TREATMENT BY ELECTRONS WITH
ENERGY 10 MeV
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To obtain the temperature fields in ampoules under the radiation treatment we use the one-dimensional equations
of the thermal conductivity on the coordinates along the axis which is congruent with the direction of the beam. The
results of the calculations of temperature fields within the ampoule are discussed for two cases: for the ampoule with
the molten fluorides mix between three tested Hastelloy specimens (in section 1); and for the ampoule with
exhalations of ftuorides salts (in section 2). These two situations are differed as in the energy losses of electron
beam, as well in the mechanism of heat transport, that leads to essentially different temperature fields inside of the
ampoule. It is shown that for ampoule with fluoride salts exhalations the stationary temperatures strongly depend
from heat transport mechanisms and from layers thickness, that leads to conclusion about necessity to take into
account both mechanisms of heat transport (thermal radiation and thermal conductivity) simultaneously.

INTRODUCTION

When the projecting the EITF test bench the choice
of the geometry of the irradiated ampoules was made so
that the energy losses of electron beam were equal to the
amount of thermal energy irradiated by target. During
the treatment mean current was regulated so that the
temperature of the surfaces of ampoules was 650°C.
temperature fields within the ampoule is heterogeneous
because of the intrinsic heterogeneity of its construction
[1], and the finite values of the ampoule contents’
thermal conductivity coefficient. It is known that the
corrosion processes are controlled by the velocity of
chemical reactions and the diffusion transport which are
essentially temperature dependent. That’s why the
knowledge of the temperature distribution inside
ampoules is very crucial when one analyzing the tests
results. The distribution of energy losses of the electron
beam within the ampoule was received by means of
Monte-Carlo calculations in Ref. [2]. The ampoules and
the assemblies are such that with sufficient accuracy we
can consider the distribution of the energy losses and of
the temperature as one-dimensional and essentially
dependent only on the coordinates along the axis which
is congruent with the direction of the beam. This means
that we can use the one-dimensional equation of the
thermal conductivity to obtain the temperature fields.
We have not precition values of thermal conductivity
coefficients of the molten fluorides mix, and of tested
metallic specimens at the temperature 7" > 650 °C, and
the data from Refs.[3-4] was used at the numerical
estimation.

According to our estimations the temperature in the
middle of the ampoule is nearly ten degrees greater than
on the surface of the ampoule. This result allow us to

Here the results of the calculations of temperature
fields within the ampoule are discussed for two cases:
for the ampoule with the molten fluorides mix between
three tested metallic spacimens (in section 1); and for
the ampoule with exhalations of ftuorides salts (in
section 2). The later situation can take place in the case
when the temperature of the molten fluorides mix is
compared with the sublimation temperature, and the
tested metallic specimens are located in exhalations of
fluorides salts. These two situations are differed in the
energy losses of electron beam, as well in the
mechanism of heat transport, that leads to essentially
different temperature fields inside of the ampoule.

1. THE CALCULATION OF TEMPERATURE
FIELDS WITHIN THE AMPOULE
WITH THE MOLTEN FLUORIDES MIX

Taken into account that the sizes of intrinsic
heterogeneity (<0.2 c¢m) along axis x, which is
congruent with the direction of the beam (see fig. 1), are
much less than vertical dimensions of ampoule (5 cm
along axis y) [1], we can use the one-dimensional
equation of the thermal conductivity for calculation of

the temperature fields 7°(x)
oT
c,—+divJp=0-
v ot E Q

Here J, = -divkVT, Q =—divJ, and K is thermal
JE (x) >

transported at point x by electron beam with initial

conductivity coefficient. Energy flux

energy E is equal to

consider the evalution data from Refs.[3-4] satisfactory Jo(x) = J 4 (=b) - w T@E (x") 2

if the analysis of experimantal data for corrosion of £ £ SE, -, ox' ’ (1)
tested metallic spacemens does not require calculations w

of greater accuracy. Jp(=b) = 5
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where J,(-b) is flux energy on irradiated surface S of

the ampoule, which is equal to beam power W on

lem?, OE(x)/0x = p(x) is energy losses of electron
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at point x. Here F(x) = E, — T%dx' ,(2)
—b X

is the energy of an electron at point x.
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Fig. 1. Temperature fields within the ampoule with molten fluoride salts under the radiation treatment

Energy losses due to the processes of ionization and
atomic excitation, are well discribed by Bloch-Bethe
formula for a target with thickness less than the track
lengh for electron[5]. The target ampoule is made from
the Carbon-Carbon (C-C) composite material. But for
C-C composite material lengh of electron track is
~2cm, and this formula cannot be used for thick layer
(here thickness of C-C composite layer is 1.5 cm (see
fig. 1)). The region

—-b<x<-a, a<x<b
are the first (gl)and the second (g2) C-C composite
(b=2cm, a=0.5cm) with

conductivity

layers thermal

coefficient
er .
Kg lr—o00x = 0.7 %10’ 7ch§ek [3]. For a thick target
the main problem in energy losses calculations consists
in taking into account multiple scattering of electrons,
and in the calculation of the energy losses profile for
each layer we used the results of the Monte Carlo
computer modeling method from Ref. [2]. For the first
C-C composite layer (gl) the mean value is

¢g1(x)=¢g1z3MeV/cm3, and for second C-C

composite layer (g2) it is
Pyr (%) = @y, =0.03MeV | cm’.

The inside of the ampoule — 0.5 < x < 0.5 has four the
layers of molten fluorides liquid mix (the thickness of
each layer is equal

Afl = A/‘Z = Af3 = Af4 =0.205¢cm ),

and three layers of tested metallic specimens (species of

Hastelloy Nickel-Molybdenum-Chromium alloy), the
thickness of layer is equal A, =A,, =A,; =0.06cm,

(see fig. 1). According Ref. [2] the mean values of

energy losses in these layers are equal to
3

MeV MeV MeV
Dn1 z873 ) z773 s Pp3 = 0.65 3 (3)
cm cmi cmi
MeV MeV
Pr :77’ Prp=35——,
MeV MeV
0 =06—— 0, =009
cm cm

For the thermal conductivity coefficients K r of molten

fluoride salts and

1000K >T >923K we used evalution data from
erg

em K sek

At thermal balance we can find the stationary

distrbution of temperature fields within the ampoule
from thermal conductivity equations with the source of

tested metallic specimens k', at

Refs. [3-4]: K, = &, # 0.2 %107

heat (energy flux J ) and sink of heat due to thermal

radiaton by C-C composite layers in camera o7 4 where
O is Stephan-Boltzman constant. Let 7, (x), T,,(x)

be the temperature fields for C-C composite sides of the
ampoule, 7;(x) is the temperature field for i-th

molten fluorides liquid mix layer ﬁ (i=1,2,3.4), and
T},;(x) is the temperature field for i-th tested metallic
specimen Ai (i=1,2,3).
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1.1. THE TEMPERATURE FIELD FOR
THE C-C COMPOSITE FIRST LAYER

Thermal conductivity equation for the C-C
composite first layer —2 < x < —0.5 is
0 0Ty(x) o
—K =—J.(x)»
ox ¢ ox Ox ()
oT, Ty
ol (D) = kgl )

where Ty (—2)~ 650°C is the temperature of the

irradiated surface of the first C-C composite layer.
Second boundary condition is

T (%) [y—05+ (5

and then after integrating (4) from — 2 to x we get
0T, (x) . 0Ty,
£ o £ ox
and taking into account the first boundary condition at
x=—2 (4), we receive

0 0
Kg aTgl(x) |x:70.5: Ky a

-2 =Jp(x) = Jp(=2), ()

T _ 14 2y, (0)
K - x)—
g Ox gl E ) ( ) . (7)
7 4 _ W rdELY)
Jp(=2) =0T (-2) S5 L a dx

So after integrating (7) from — 2 to x, we receive
the temperature field for the first C-C composite layer

Ty (x):

[T (0) = Ty (-2)] = (x + 2)0T, (-2) -
SEO J‘dx _J.zgogl(x”)dx”
jdx jq)gl(x" )x''= fdx"gogl(x")jdx =
where 2 2

= v o, (¢)(x ")
-2

The temperature difference on the boundaries of first C-
C composite layer is
1(=2)]=

K, [T, (~0.5)~T,
~ 15[oT (~2) - 15W 0ul. ®

1.2. THE TEMPERATURE FIELDS
IN THE INSIDE OF THE AMPOULE
Taking into account that all seven layers in the
inside of the ampoule have essentially different values
of energy losses, we must receive thermal conductivity
equations separately.

In the first layer f'1 of molten salts
—0.5< x £-0.295 the energy flux is equal

W X
Jp(x)= SEo [£(-0.5)— ({gp 1(x")dx! ],,
-0.5
E(-0.5)=Ey— [@g(x)dx
-2

34

and the first integral of thermal conductivity is equal to
oT,,(x) orT
S S
———K 1 li—05=

! 6x ! o 9)

= x")dx'.

o [

After integration of (9) with the use second boundary
condition (6) we receive the equation for the temperature

fields

K_/'[T/‘1(x) - Tfl(_o-s)] [oT, 1( 2)—
w -0.5
SEO :fz(pgl(x)dx](x +0.5) - ’
w

" SE, (I)ffl(x )(x = x")dx'

and the temperature field with mean values of energy
losses is equal

K [T, (X) = T, (-0.5)] = (x + 0.5)[0T (-2) -
_ 5W(/’gl on (x+0.5) ] (10)
SE, 2SE, T

The substitution of x=-0.295 into (10) gives us the
equation for the temperature 7', (—0.295) at the right

hand boundary of the first layer of molten salts
K o[T/1(=0.295) =T (-0.5)] =

= 0.205[cT}H (-2) - % (1.5p,, —0.205¢,, /2]
0

In the first layer /11 of Hastelloy
-0. 295 < x £-0.235 the energy flux is

Jp(x) = [E( —0.295) - j(”fl(x )dx' ]
—-0.235

and after integration we receive 7}, (x)

K ([T (x) - Tf1 (—0.295)] = (x +0.295)

x (T (~2) - [1 5pg +0205p, + (1D

+(x+ 0.295)§0h1 /2]}.
The substitution of x=-0.235 into (11) gives us the
equation for the temperature 7),,(—0.235) at the

right hand boundary of the first layer of Hastelloy
k), |_o235= KT, (=0.295) + 0.06{6T4 (-2)-

- S%[l 5¢,,+0.2050,, +0.06¢,,/2]} (11a).
0

In the second layer /2 of molten salts
—0.235 < x £-0.03 the energy flux is

Jp(x) ="~ [E( —0.235) - I(Dfl(x )dx'],
—-0.235

that leads to the equation for the temperature T 2(X)



K [Ty (x) =T, (=0.235)] = (x + 0.235) x

x{oT ) (-2) - ;Z[I.S(pgl +0.205¢,, +  (12)

0
+0.060,, +(x +0.235)p , /2]}.

Taking x=-0.03 we find the temperature 7',,(-0.03) at

the right hand boundary of the second layer of molten
salts:

K Ty (0.03) = &, T, (~0.235) + 0.205 x

(13)

x (T2 ( 2)——[1 504 +0.2050 , +

+0.060,, + 0.205%,2 /2]

For the rest temperature fields
Tp(x), Ty3(x), Tp5(x), Tpq(x) in the inside of

the ampoule the similar calculations are consequtively
repeated, and we determine the temperature fields by
means of the system of equations:

Second Hastelloy layer
K [Ty (x) =T, (—0.03)] =(x+

+0.03){oT, 1( -2)- [1 SPg1 + (14)

+0.2050 , + 0.06(/),,1 + (x +0.03)p,, /2]},
~0.03<x<0.03.

Third molten salts layer

x {oT g (-2) - %[I.S(pgl +0.205¢ ,, +
0

(15)

+0.060,, +0.235¢ ,,
0.03 < x <0.235.

+(x=0.03)p,, /21,

Third Hastelloy layer

w
70 [1 '5¢g1 +

+0.2050,, +0.060,, +0.235p, +
+0.06¢ 5+ x(~0.235)p 5 / 21},
0.235< x <0.295.

~0.235){0T,(-2) -
(16)

Fourth molten salts layer
K'f[T/'4 (x)- Th3(0-295)] =(x—

—0.295){0 (2)— [1 50, +

+0.205¢ ,, + 0.06(/7,,2 + 0.205(/7 2t
+0.060,5 +(x ~0.295)p 5 / 2]},
0.295< x <0.5.

amn

1.3. THE TEMPERATURE FIELD FOR SECOND
THE C-C COMPOSITE LAYER

In second the C-C composite layer 0.5 < x < 2 the
energy flux is equal

Tp(x) = %O [E(0.5)— [pya(x)ax'],
0.5

E(0.5) = E, —1.5p,, —0.205¢,, —0.06¢,, —

~0.205¢, — 0.060;,, —0.205¢ 5 — 0069, — 0.205¢ 1,
and the first integral of thermal conductivity equation is
oT, oT, W
g2 g2

, — Ky — |io5= x)dx'. (18)
P g o0 =05 SEO (J;?fl( ")

Using second boundary condition

T,,(0.5) =T;4(0.5)

after integration of (18) we receive second integral of
thermal conductivity equation

K [T () =T, (0 3)]=(x=0.35)x
L(-2) - [1 50, +0.205¢,, +

+0.069,, +0. 205¢ , +0,060,, +0.205p,, +
+0,060, +0. 205¢,4 +(x—0.5)p,,/2]}.

Taking x=2

><{o'

(19)

in (19) we can find the temperature
Ty,(2) at the right hand boundary of the second layer

of C-C composite.

Thus, in sections 1.1-1.3 we received the equations
for the calculations of the temperature fields in each
layer of ampoule under the radiation treatment by
electrons with energy 10 MeV. These equations ought
to be completed by the equation for determination of the

temperature T,y (—2), for which above we used the

result of the experimental measurements[2]. We get this
equation from summarizing all the equations for the
temperature difference on the boundaries of each layer:

—0 5
a[T;1<—2>+T;2<2>] I P 1 (x)dx +
-0.295 -0.235 -0.03

+ I¢7,1(x)dx+ ,[¢7111dx+ J@/z(x)dx+ (20)
~05 ~0.295 ~0.235
0.03 0.235 0.295

+ [ @udx+ jgo,3dx+ [ @p3dx +
~0.03 0235

+ '[¢7f4dx+ jgogzdx
0.295

This estimation comes to agreement with the results of
measurements [1] and of our calculations

T,1(~2) ~ T,5(2) = 650°C.

1.4. THE RESULTS OF CALCULATIONS
OF THE TEMPERATURE FIELDS
We caried out calculations of the temperature
fieldsfor each layer of the ampoule under radiation
treatment by electrons with energy 10 MeV. The area of

S, =320cxu>. The
parameters of electron beam are: initial energy
E, =10MeV; power beam W = Skw /cm 2. For all

layers of the ampoule under radiation treatment we
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received nine equations with ¢ = We,. /SE,, where

k is label of layer, and i is number of this layer:

The C-C composite first layer
—2<x<-0.5, gy ~1.98x107erg /cm :

x+2
Ty (x) =923+ 0.7

[4.137 - (x + 2)pl, /2],
T,1(~0.5) ~ (923 +5.67)K.

The first layer of molten salts
-0.5<x<-0295, ¢ ~495x107erg/cm:

x+0,295

Ty (x) 2 T, (~0.5) + [1.167 -

—4.95(x +0.295)];
T;,(~0.295) = T, (~0.5) + 0.66.

The first layer /1 of Hastelloy
~0.295< x <0235, ¢, ~7.26x10"erg/cm.

x+0.295

Ty (x) = T, (-0.295) +

[0.153-7.26(x +0.295)/2]>

The second layer 7> of molten salts
-0.235<x<-0.03, ¢/, ~3.3x10"erg/cm:
x+0.235
— X

x[0.28 —3.3(x + 0.235) /2];
T;5(~0.03) =[7},,(~0.235) - 0.65]K.

The second layer h2 of Hastelloy
~0.03<x<0.03, ¢, ~4.62x10"erg/cm:

x+0.03
—

Ty (x) = T;(~0.03) +

x[-0.96 — 4.62(x +0.03) / 2];
T,,(0.03) = T, (~0.03) - 0.33 ~ 928.67K.

The third layer f3 of molten salts
0.03< x<0.235, ¢);~04x107erg/cm:

x-0.03
0

T;5(x) = T;,,(0.03) + [-1.1-

-0.4(x-0.03)/2];
7/5(0.235) = 7),(0.03) —1.14 ~ 927.40(K).
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The third layer h3 of Hastelloy
0.235<x <0.295, @}; ~0.4x10"erg/cm:

Ty (x) = T,5(0235) + = 0230

x[-1.317 - 0.4(x — 0.235)/ 2];
T,5(0.295) = T;5(0.235) - 0.39 ~ 927.01(K).

The fourth layer f4 of molten salts
0.295<x<0.5, 9%y ~0.09x 107erg /cm :

x—0.295
= x

T14(x) = T,5(0.295) -

x[—1.341-0.09(x — 0.295)/ 2];
T,,(0.5) = T,5(0.295) - 1.35 ~ 925.96(K).

The C-C composite second layer
05<x<2, ¢, ~002x10"erg/cm:
(x—=0.5) y

0.7
x[~1.359 - 0.02(x — 0.5)/ 2];
T,,(2) = T;,(0.5) - 2.7 ~ 923.02K.

Tyr(x) = T14(0.5) +

The results of calculations of temperature fields in
ampoules under the radiation treatment by the electrons
with energy 10 MeV show that typical for the energy
losses of electron beam maximum is situated within the
first half of the middle of an ampoule and leads to the
highest temperatures in the first and second layers of
molten salts and the first Hastelloy (nearly 7°C
relatively of the temperature of the surfaces of an
ampoule, see fig.1). We can suppose that such small
(~1%) temperature heterogeneities weakly become
apparent in corrosion process and we may does not take
account these heterogeneities at the analysis of the
testing metallic specimens if the analysis of
experimantal data for corrosion of tested metallic
specimens does not require calculations of greater
accuracy.

But these temperature heterogeneities it is need to
take into account in the case when the temperature in
the molten fluoride salts (~660°C ) is compared with
their sublimation temperature and over long period (~
700 hours) of testing time metallic specimens were
located in exhalations of fluoride salts under
atmospheric pressure. This situation considerably
distinguishes from above studied and requires to be
separately studied because the energy losses of electron
beam in the ampoule without molten salts essentially
distinguish from the losses in the ampoule with molten
salts as well as the mechanisms of heat transport.

2. THE CALCULATION OF TEMPERATURE
FIELDS WITH IN THE AMPOULE
WITH EXHALATIONS OF FLUORIDE
SALTS UNDER THE RADIATION

In these section we calculate the temperature fields
for an ampoule which is located in camera with



temperature 7, = 30°C of walls, and is irradiated by

electrons with energy 10 MeV . The inside of the
ampoule contains three layers of tested Hastelloy
spacemens, and four spaces between spacemens which
are filled up by exhalations of fluoride salts under

atmospheric pressure. This means that thermal
conductivity equations between spacemens are
homogenius

K, 0T, | ox* =0,

where K, is thermal conductivity coefficient of the

@2.1)

exhalations of fluoride salts. At thermal balance we can
find the stationary distribution of temperature fields
within the ampoule from thermal conductivity equations

with the source of heat (energy flux Jp) and sink of

heat due to thermal radiation by C-C composite layers
in camera, and to thermal radiation by inner layers of
the ampoule. The thermal conductivity equations for
five solid state layers ( two are C-C composite ones with
n=1 and n=5 and three layers are tested Hastelloy
specimens) are

k,0°T, | ox=—p,, n=12..5, 2.2)

where K, is tne thermal conductivity coefficient of n-

layer. For energy losses of electron
O, (x) | &x = ¢, (x)
in each layer we use the results of Monte-Carlo
calculations [8] (see fig.2, where empty squares are
energy losses of secondary electrons, and filled squares
are energy losses of primary electrons).With taking into
account both mechanisms of heat exchange (thermal
radiation and thermal conductivity) the boundary
conditions for left-hand and right-hand boundaries of n-
th layer are

K %| =o(T! -T* )+, (T, T, )l

n ax a=1 n,l n-1,2 ex \ " nl n—1,27% (23)

oT,

K, 87): |0(=2: U(Tn4+1,l - Tyiz) + Koy (Tn+1,1 — TnZ)lz

24 ! 9
2- | F .

20F . 1

MeV em3 per electron cm?

]

Hastelloy

Hastelloy

02"

L L L

0.2 03
Depth, cm

Fig. 2. The results of Monte-Carlo calculations [8] of
the energy losses of electron OE (x)/0x = ¢,(x) for

ot Hastelloy

S
(A ]

three Hastelloy layers within the ampoule with
exhalations of fluoride salts between layers
where / is thickness of the streak of fluorides salts

exhalations between solid state layers, T, , is the
temperature on left boundary n-th layer at @ = 1, and
on right one at @ = 2. Integration of (2.2) from left
boundary n-th layer X,; to x leads to

oT, oT, <
K =, —2| _ — dx »
n ox |a71 x,[lwn (.X') X

- 2.4)
ox

where X, , is coordinate of & —boundary of n-th

layer. Later on we would suppose that ¢, (X) = @, ,

and after second integration of (2.4) we have

oT
Kn[Tn(-x)_Tnl]an an |a:l ('x_xnl)_
X
(2.5)

-0, T(x —x")dx'.

X1

At X = X, »

oT,

Kn[TnZ _Tnl]:Kn?;|a:2 Zn -

—(Dnl,% /2= O-(Tn41 _Tn4—l,2)ln -,

— @,y 12+ K, 0 (T, — T, 1,)/1

ex ' n

where /, is thickness of n-th layer. At x = X, we

receive
4 4 4 4
o(Ty—-T +T,,—T,5,)+
yRer T 4T T Y=ol
/ (T = Tpn+ Ty =T 0) = 9,1,

Let us to normalize the temperature on boundariesof 7-
th layer:

u, =T,/T,, V, =T, /T,,
and from two last equations we receive the system of

equations of fourth order for u,, V,:

u) + (b, +Vu, =bV, +V vV, |+ % ,2.6)

4 4 4
Uy — U, + V(un+1 - un) = Vn -
1 2.7)
- Vn—l + V(Vn - Vn—l) —Hy
q)l’lln Kn K@x
py =00 b, = ,v="a0 08
" oTy oT;l, loT}

Thus we received the system of the equations with
boundary conditions for dimensionless temperatures on
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camera walls: Uy, = 1, Ve = 1.  Summarizing

(2.7) from n=1 to n with taking into account boundary

conditions leads to

4 4 _
u, - u +n(u,- u)=

_ 4
=V - 1+nl - D-m

4 4 _
u - u, +n(u, - u)=

= V24— V14+ n(Vz— Vl)— m,

. . ~ ,(2.9)
u, - u  ta,-u )=

=V -V +nV

n-1" n-1" n-2

and to the balance equation

N

uy vy +Vy + Wy =2(1+v)+ Y i, (2.10)
i=1

Rewriting (2.6) as

ur +w, =b,(V, —u, )+ Vi +wW, +%,

and equating right-hand part of (2.10) and (2.9), we
receive the equation

u,=V,+4,
n (2.11)
By =0y v X gy =St =]

i=1

With taken into account that kK, < K, we can consider
that let us vV, =V, (u):

v=0, express all

N N-1
4 4\1/4 4 4
Vya=[A+Q+ 2 —u)) "I +1—uf + 2 g5
i=1 i=l
and so on to V; =V,(u,), that let us to receive the
equation for determination of the temperature on left-
hand boundary of first C-C composite layer, u; :

| 4, 4
u +— @ 1=, /2] +uy —1-
[u, b1( 1 1 12)] 1 . 2.12)

/4
—ul={/1z+[1—uf‘+yl+;12+A‘§]1 }4

Here
4 441/4
As=A+[l-uy +p+pp + 3 + A1,
Ay =2y + 1= + gty + gy + s + 1y + A5]",
/
Ay = A+ U= + gty + g, + gy + g, + 1"
Thus, determination of the temperature 77, = u, 1},

on the left-hand boundary of C-C composite first layer
for stationary regime demands of solution (2.12), which

contain u116,... with whole and fractional degrees.
Analitical solution of this equation is difficult to find,
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and stationary distribution of the temperature for all
layers of an ampoule was found by numerical method of
solution of ten equations of fourth order (2.6-2.8) with

boundary conditions u,,, =1, V, =1.

2.1. NUMERICAL SOLUTION OF SYSTEM
EQUATIONS (2.6-2.7)
For each layer with n=1,2,3,4,5 from (2.6-2.7) we
have two reccurent formula

V,=f(u,V,V, )=b"lu +(b, +

. 2.13)
+ V)un - Vn—l - VVn—l —H, /2]

4 4
un+l + WnJrl = f2 (un ’ Vn’ anl) = Vn + (214)

+ u: +w, — Vn4—1 + V(Vn - Vn—l) —H,

Setted value u; from (2.13) we find V| with taking

into account V, =1:
Vy = b7 (il + by + vy Vi =Wy — 11 12)
For given u; and V| we find the solution of
equations (2.13-2.14) for V,,u5 then V5, u, and so

on. Last step we do for Vs, u,. Value 14 is need to
come an agreement with second boundary condition
Uy, =Ug =1, that we can do using variation

method Neuton-Raphson for initial value u;. At

numerical solution we used the results of Monte-
Carlo calculations [8] (see fig. 2) and the mean
values  energy losses of electron are

@, ~1.98x10" erg / cm,

®, ~14.52x10" erg / cm,
@ = 13.86x10"erg/cm >
@, ~9.9%10"erg/cm,

@5 = 0.66 x 107 erg / cm,
and value K, ~0.3x 104erg/cm K sek [3]. On

fig. 3-4 we see the results of solution for two situations:
i)on fig.3 we see temperature fields for ampoule without
molten salts with taken into account only thermal
radiation as between ampoule and camera wall, and so
between camera layers (i.e. x, =k, =0). As it is seen,

the temperature on right-hand of first C-C composite
layer increases on ~5K from 7}, = 640°C on left-hand

boundary.
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Fig. 3. Temperature fields within the ampoule without
molten fluoride salts under the radiation treatment (with

taken into account only thermal radiation between

layers)
In Hastelloy layers we have
T, =Ty, ~T;, =T, =680°C, and then the

temperature decreases to 7, ~T,, = 640°C for third

Hastelloy layer, and to second C-C composite layer
from values T;, ~ 555°C to Ty, ~ 550°C.

ii) For determination of the contributions of each the
mechanism of heat transport on fig. 4 we see the results
of numerical solution of system equations (2.7-2.8) with
taking into account as heat exchange between solid
state layers and streaks with fluoride salts exhalations

and with small #, ~ &, ~107 x, [3] and so thermal
radiation between solid state layers. At this case for the

temperature for first C-C composite layer we have
T, =T}, ®590°C. For Hastelloy layers the

temperature has maxima for 1 first and second Hastelloy
layers
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Fig. 4. Temperature fields within the ampoule without

molten salt under the radiation treatment (with taken

into account thermal radiation between layers as well

as the heat exchange between layers and streaks with
fluoride salts exhalations)

T,, =T,, = T;, = T3, = 645°C, and then slowly de-

creases to to 7, ~ 600 °C. For second C-C composite
layer layer T, =~ Ts, ~ 520°C.

Thus we see that for the ampoule with fluorides salts
exhalations the stationary temperatures depend from
heat transport mechanisms and from layers thickness.
This leads to conclusion about necessity to take into
account both mechanisms of heat transport (thermal
radiation and thermal conductivity) simultaneously.
Carried out calculations show that all sinks of heat
(thermal radiation by C-C composite layers in camera
and heat exchange between solid state layers and streaks
with fluorides salts exhalations inside ampoule) don’t
lead to overheating of layers of irradiated ampoule.

This work was supported in part by STCU, Project #
294.
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PACUYETBI TEMIIEPATYPHBIX ITIOJIEI B AMITY.JIAX IIPU PAJMATIAOHHBIX UCITBITAHUAX
9JIEKTPOHAMM C SHEPI'MEH 10M3B

A.C. bakaii, J1.B. Tanamapos, B.IO. I'onuap u I'.I. Cepzeesa

Jl1si BBIMMCIICHHUS TEMIEPaTYPHBIX MOJEH B aMiyse 1oA OOMydeHHEM SJICKTPOHAMHM HAMH HCIONB30BAINCH OJHOMEPHBIC YpaBHEHHUs
TEIUIONPOBOIHOCTH C OCBIO X, COBIAAONIEH ¢ HANPaBIEHUEM TIOTOKA 3JIeKTPOHOB. IloydeHsl KoopIMHATHEIE 3aBHCHMOCTH TEMIIEPATyphl JUIs
NIBYX Clly4aeB: 1) Juis aMIIyJibl ¢ paciulaBoOM cosiedl (uiroopuaa MeXIy MCIBITYeMbIMH 00pa3uamMu XacTesuiost; 2) Ui aMIlyJjbl ¢ apamu cojel
¢roopuna Mexmy obpasiamu Xacremnos. ITokasaHo, 94TO BO BTOPOM Cllydae yCTAaHOBMBIIEECS PACIPEIENICHHE TEMIIEPATyphl CYIIECTBEHHO

39



3aBHCHT OT MEXaHU3Ma IIEPeHOca TeIUla U OT TOJIIIMHEI CJIOEB, YTO MO3BOJISIET ClIETATh BEIBOJ O HEOOXOMMMOCTH IIPHHAMATE BO BHHMaHHE 00a
MeXaHH3Ma IIePeHOca Tella OJHOBPEMEHHO( TEIIOBOE H3IyUeHHE U TeIIONPOBOAHOCTD CIIOEB).

PO3PAXYHKHU TEMIIEPATYPHHUX IOJIEM Y AMITYJIAX IIPH PATIAIIAHUX BUITPOBYBAHHSIX
EJIEKTPOHAMM 3 EHEPI'IEIO 10 MEB

O.C. baxkaii, J1.B. Tanamapos, B.IO. I'onuap, i I.I'. Cepzicsa

Ilpu po3paxyHKax TeMIepaTypHHX I[OJeil B aMIlyii MiJ BUIPOMIHIOBAHHSIM €JIEKTPOHAMH HAaMH BHKOPUCTOBYBAJIUCH OJHOBHMIipHI
PIBHSHHS TEIUIONPOBIJHOCTI i3 BiCHIO X, KA 30ira€Thcs i3 HANPSMKOM IIOTOKY €IeKTpoHiB. OnepikaHi KOOpIIHATHI 3aIeKHOCTI TeMIepaTypu
JULSL IBOX BHITQJKIB: 1) Ul aMmmyid i3 ¢ po3IuiaBoM cojieil (uroopuay Mik BUIPOOYBaHMMHM 3paskaMu XacTenost; 2) Uil aMIlyjd i3 mapamu
coueit roopry MiXk mapamu ammyiid.. [okasaHo, [0 y IpyroMy BHITAQJKY CTaIMi PO3IOLT TEMIIEPATyPH iICTOTHO 3aJ€KHUTh Bill MEXaHU3MY
MepeHoCy Teruia i TOBIIMHHY IIApiB, 0 J03BOJSIE 3pOOUTH BUCHOBOK PO HEOOXITHICTh OAHOYACHO OpaTH A0 yBark oOHABa MEXaHi3MH MEPEHOCY
Ternta (TeIIoBe BUIPOMIHIOBAHHS 1 TEIUIONPOBITHITE IIAPiB).



	CALCULATION OF TEMPERATURE FIELDS IN AMPOULES  
	UNDER THE RADIATION TREATMENT BY ELECTRONS WITH 
	ENERGY 10 MeV  
	 
	INTRODUCTION 
	When the projecting the EITF test bench the choice of the geometry of the irradiated ampoules was made so that the energy losses of electron beam were equal to the amount of thermal energy irradiated by target. During the treatment mean current was regulated so that the temperature of the surfaces of ampoules was 650ºС. temperature fields within the ampoule is heterogeneous because of the intrinsic heterogeneity of its construction [1], and the finite values of the ampoule contents’ thermal conductivity coefficient. It is known that the corrosion processes are controlled by the velocity of chemical reactions and the diffusion transport which are essentially temperature dependent. That’s why the knowledge of the temperature distribution inside ampoules is very crucial when one analyzing  the tests results. The distribution of  energy losses of the electron beam within the ampoule was received by means of Monte-Carlo calculations in Ref. [2]. The ampoules and the assemblies are such that with sufficient accuracy we can consider the distribution of the energy losses and of the temperature as one-dimensional and essentially dependent only on the coordinates along the axis which is congruent with the direction of the beam. This means that we can use the one-dimensional equation of the thermal conductivity to obtain the temperature fields. We have not precition values of thermal conductivity coefficients of the molten fluorides mix, and of tested metallic specimens at the temperature  ºC, and the data from Refs.[3-4] was used at the numerical estimation.  
	 
	Taken into account that the sizes of intrinsic heterogeneity ( 0.2 cm) along axis x, which is congruent with the direction of the beam (see fig. 1), are much less than  vertical dimensions of ampoule (5 cm along axis y) [1], we can use the one-dimensional equation of the thermal conductivity for calculation of the temperature fields   
	 . 
	Energy losses due to the processes of ionization and atomic excitation, are well discribed by Bloch-Bethe formula for a target with thickness less than the track lengh for electron[5]. The target ampoule is made from the Carbon-Carbon (C-C) composite material. But for C-C composite material  lengh of electron track is ~2сm, and this formula cannot be used for thick layer (here thickness of C-C composite layer is 1.5 сm (see fig. 1)). The region  
	   
	are the first (g1)and the second (g2) C-C composite layers ( ) with thermal conductivity coefficient  × [3]. For a thick target  the main problem in energy losses calculations consists in taking into account multiple scattering of electrons, and in the calculation of the energy losses profile for each layer we used the results of the Monte Carlo computer modeling method from Ref. [2]. For the first C-C composite layer (g1) the mean value is    , and for second C-C composite layer (g2) it is 
	 . 
	For the thermal conductivity coefficients  of molten fluoride salts and  tested metallic specimens   at   we used evalution data from  Refs. [3-4]:  × . 
	At thermal balance we can find the stationary distrbution of temperature fields within the ampoule from thermal conductivity equations with the source of heat (energy flux  ) and sink of heat due to thermal radiaton by C-C composite layers in camera  where   is Stephan-Boltzman constant. Let   be the temperature fields for C-C composite  sides of the ampoule,   is the temperature field for i-th molten fluorides liquid mix layer   (i=1,2,3.4), and   is the temperature field for i-th  tested metallic specimen   (i=1,2,3). 
	 .  (19) 
	Taking x=2  in (19) we can find the temperature   at the right hand boundary of  the second layer of C-C composite. 
	  (20) 
	2. THE CALCULATION OF TEMPERATURE FIELDS WITH IN THE AMPOULE  
	WITH EXHALATIONS OF FLUORIDE SALTS UNDER THE RADIATION 
	Fig. 4. Temperature fields within the ampoule without molten salt under the radiation treatment (with taken into account thermal radiation between layers as well as the heat exchange between layers and streaks with fluoride salts exhalations) 
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