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Abstract

The estimation of the first wall lifetime is a necessary basis
for predicting the availability of a fusion power plant. In
order to do this, an analytical model was prepared and pro-
grammed for the computer which calculates the temperature and
stress load of the first wall from the principal design para-
meters and quotes them against the relevant material properties.
Neither the analytical model nor the information about the
material performance is yet complete so that the answers
obtained from the program are very preliminary. This situation
is underlined by the results of sample calculations performed
for the CTRD blanket module cell. The results obtained for
vanadium and vanadium alloys show a strong dependence of the
lifetime on the irradiation creep and the ductility of these
materials. Completion of this model is envisaged as soon as
the missing information becomes available.
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1. Introduction

The information about the first wall lifetime was recognized
as important for predicting the frequency of shut-down periods
for routine replacement. Together with the length of these
periods which results from considerations of the feasibility
and sequence of the replacement operations envisaged, this
information should subsequently permit conclusions concerning
the availability of a fusion power plant.

The purpose of this study was to provide the means for
estimating the useful life to be expected for the first wall

by means of an analytical model. This model should allow

= evaluation of the temperature, stress and radiation
loads from the principal design parameters of a
reactor

- gquotation of these loads against the material
performance and hence derivation of an estimated

lifetime.

This model was developed in the course of the European
Collaborative Tokamak Reactor Design study (CTRD). Its first
part is therefore strongly related to this special design.
Parametric studies by means of this model should already aid
the design at an early stage of its development and provide
a background against which the final decisions could be
weighed. To meet these requirements, the analytical model

as hitherto elaborated was programmed for the IBM 360/91
computer at IPP using basic FORTRAN-IV language.

2. Principal design features of the module cell

The present study is concerned with a modular cell (see Fig. 1)
as proposed by J.T.D. Mitchell and J.A. Booth [1] and

J.R. Stanbridge et,al, [2]. As a first guess it is assumed that
the cross-section of this cell will be circular and that the
material composition inside this cell is in close agreement
with the blanket proposed by J. Darvas [3]. This implies the

use of helium as a coolant.




To describe the geometrical environment of a single cell,the
analytical model allows of two options: the arrangement in
a square (see fig. 2a) or haxagonal (see fig. 2b) matrix.

In addition, the specification of a pitch ratio p is possible,
this being the ratio of the distance d between the axes of
two adjacent cells and their outer diameter Dc :

=
P = & (1)

These options permit the definition of a package density fp,
which is the ratio of the cell cross-section A~ and that of
a matrix element AM. A simple calculation leads to the
exXpression

_ T, 1
Jp = L = (2)
ap
with o = 1.0 for the square matrix and a = 4; = 0.866 for

the hexagonal matrix.

3. Input quantities to the analytical model

Before beginning with the analytical treatment of this problem
it first had to be decided which quantities shall be treated
as independent variables. To gain the greatest possible
flexibility it seemed realistic to choose those quantities
about which information is most probably provided by other

areas of reactor design:

= neutron wall loading PWn [W/cmz]




bremsstrahlung power. Although there is a difference
in the temperature dependence of the neutron and the
bremsstrahlung wall loading it is assumed in this
model that they are proportional to each other. There-

fore, a constant factor fWbr

o 3 [ -] (3)

has been introduced. This factor describes the
dependence exactly only if changes in the neutron
wall loading are obtained by changing the ion density.
In the case the ion temperature is changed it is only
an approximation.

The power multiplication factor M of the blanket,
defined as the ratio of the total nuclear power: of
the blanket and the power carried by the 14 MeV

neutrons from the plasma to the blanket.

the structure material volume fraction €W permitted
for the outer cell wall. This figure does not include
further structure material inside the beryllium,
lithium or graphite regions.

a factor fHW which relates the average power density q
in the first wall to the neutron wall loading. This
factor can be derived from the results of a neutronics
analysis. Knowing the power density profile q(x)
across the first wall with the thickness Sw for a

given neutron wall loading PWn' f W becomes

H
1 SW
- é';,{ d(x) dx
£ = ﬁﬂ- =
q Wn Pyn

a factor fdpa which relates the annual displacement

rate in the first wall to the neutron wall loading.
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— the outer cell diameter De [em]
— the radial length of a cell Lo [eml
— the helium pressure level P [bar]
— the helium inlet temperature
to the blanket L e [l
— the helium outlet temperature
from the blanket tcout [C]
— the width of the helium duct 5 [cm]
— the actual helium temperature
at the first wall tcx [C]
]
The choice of tcx has to be
made within the limits of teyn
and tCout‘
— a factor fHTC [-]
allowing for input of an enhanced
heat transfer coefficient at the first wall. In the
course of the calculation a heat transfer coefficient h
is calculated for the annular duct in the straight
section of the cell. Inside the spherical cup, however,
the heat transfer may deviate from that. It depends
on the amount of coolant which is diverted into the
beryllium region along the path from the straight

section to the bottom of the spherical ‘cup as indicated ;
in Fig. 1. The factor fHTC has been introduced to take '
account of this fact. Actually it has to be determined

by the thermal design of the cell.

Analysis of the temperature and stress load of the first wall

T ——— ——— — — — — — e — . o ———— -

From the quantities defined in sections 2 and 3 the
following general quantities can be derived: .

The ratio of the cell wall thickness Sw

cell diameter DC can be calculated from the structure

and the outer

material volume fraction EW and the package density
fp by ’




W 1 W
== == A= 1 = g ) [=] (4)
D, 2 ?p
The actual wall. thickness Sw is
“w
sy = D¢ ° EE [cm] (5)

The cell cross-section area Ac follows directly from

T 2 2
Ac = + De [em“] (6)
and the cross-sectional area of a matrix element from
A
C 2
Py = g [cm®] (7)
P
For the investigation of heat transfer it is necessary to
know the coolant duct cross-section area ACD
AL = 1+ 8. (d - &) Lem?] (8)
CD c
with the inner diameter of the cell dC
d- = DC -2 St [em] (92)
The hydraulic diameter of the duct is
d, = 2 - 9o [cm] (10)

To calculate the helium flow rate necessary for cooling the
cell within the indicated temperature limits, first the
total power produced inside a single cell, PC, has to be
evaluated. It is assumed that the entire energy incident

on the area of one matrix element is converted to heat

inside the corresponding cell. This means that

P = [P

C. wn M+ £,.01 ¢« A, [W] (11)




From this the coolant mass flow rate mc, volume flow rate.\'ic
and velocity W, can be calculated by using the following

equations:

fo °p (tcou: " tein) i e

v = < [cm®/s] (13)
C jE

w = jil [em/s] (14)
N Acp

The specific heat at constant pressure, Cp' and the density
PC of the coolant are thereby taken at the mean coolant
temperature tC

) -+ tc
it L = B out [Cc] (15)

The inner cell wall temperature twy is determined by the
actual helium temperature tcx and the temperature difference
AAth between the wall and coolant. The latter depends on
the real heat flux density 4y at the wall and the heat
transfer coefficient h of the coolant flow:

dy
h

Atcw = [cl (16)

The heat flux density qw is calculated from the brems-
strahlung wall loading and the power density inside

the wall by the following equation:

-_— . . 2
Ay = PWn (ber by fHW) [ W/em”® ] (7]
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The calculation of the heat transfer coefficient h is based
on the Kraussold-Nusselt equation for a circular pipe flow
presented by U. Grigull et al. [4]:

-0.054
Nu = 0.032°Re”*8.p0-37 . € (18)

with Nu, Re, and Pr being the Nusselt, Reynolds and Prandtl
numbers. Introducing the coolant properties and the layout
parameters into equ. (18) we arrive at the following expression
for h:

h:a-k-:- « Nu =
h
= : & ... 0.8 __ -0.054 _ . -0.146 2 ‘
h = 0.032 fc L) 5 pc) W Lo dy [W/ecm™ grd]l (19)
fc (‘3, pc) summarizes the coolant properties which, in general,

are dependent on the coolant pressure P and the average film
temperature 5}:

£, (& p)

C

‘c -k - (20)

Equation (20) yields the results in appropriate units for
direct use in equ. (19), if the coolant properties are

expressed in the following units:

density fc [g/cm3]
specific heat cp [J/g grd]
thermal conductivity k [W/em grdl
dynamic viscosity Yi [g/cm s]

To yield h in W-/cm2 grd , the coolant velocity W coolant

duct length L and hydraulic diameter dh have to enter in

cf
the following units:

W [cm/s] LC [cm] dh [cm]
In the analytical model the heat transfer coefficient and
the quantities depending on it are evaluated in a iterative
way, so that the temperature difference between the wall and

coolant is obtained with an accuracy of ti1ec.

I T
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Having evaluated the inner wall temperature t by

Wy

twy = tox t At W [cl (21)
the next step is to determine the outer and the mean wall
temperatures two and twp+ TO solve this problem, the

differential equation describing the process of heat
conduction was applied to the case of plane geometry,

which should be a sufficiently good approximation. As
boundary conditions the temperature gradient resulting
from the heat transfer to the coolant was used at the
inner side, while the bremsstrahlung wall loading treated
as an external heat source was used at the outer side.
This procedure yields the temperature difference across
the wall:

M " Sy

At = i (Fypp + % s, fq  [C) (22)
W

The outer and mean wall temperatures two and th then
become

tw, = tw; + Atw ¥oll (23)

N =~

At [C] (24)

tWrm = tWi * W

The thermal conductivity kW of the wall material is thereby
taken at the mean wall temperature. Therefore, in this

case as well the analytical model provides an iterative
procedure, yielding Atw with an accuracy of ha 0.5 C.

e " —————— o — =

Whereas the temperature load of the first wall has already
been determined by the procedure described above, the

problem of stress loading remains to be solved. At present,
three sources of stress can be identified:




- tensile stresses due to the static coolant pressure

- thermal stresses due to the temperature gradients
across the wall

- additional stresses due to differential swelling in
the wall.

From these sources the contribution of stresses due to

differential swelling has not yet been included in the analysis.

For calculating the tensile stresses the equation

P 2
[kp/cm™] (25)

2 (

-
O v ja

L)
C

is used,yielding the maximum tangential stress at any point
along the straight section of the cell wall. This should also
be the maximum stress in that part of the wall which is
directly exposed to the neutron and bremsstrahlung radiation,
at least at the point where the straight section is joined

to the spherical cup.

The thermal stresses are calculated using the formula given
by J.R. Stanbridge et al. [2]:

Atzpiih g
¢y, =5 o —2 [kp/cm®] (26)
1 =3

Here o is the thermal expansion coefficient, E the Young's
modulus and y the Poisson ratio of the wall material
considered.

Since the thermal stress has a tensile characteristic at

the colder side of the wall, the maximum total stress
F = 6. + Gé [kp/cmzl (27)

appears at the inner side of the cell wall.
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5. Material properties and wall lifetime

Before any statement about the lifetime of the first wall can
be made, the temperature and stress loads have to be quoted
against the relevant material properties. As far as we are
aware these are:

—- the time rupture strength
- the creep strength

= the fatigue strength

= the ductility

In comparing the temperature and stress loads evaluated
according to the procedure described in section 4 with those
four properties, their variation with the radiation dose also
has to be taken into account. As far as the fatigue strength
is concerned, information about the thermal cycling should
also be available. At the present stage only the time rupture
behaviour, excluding the influence of irradiation, thermal

creep and irradiation creep have been included in the analysis.

5.1 Time_rupture_strength

In the current literature (see, for example, H. B&hm,

M. Schirra [5]) data for the time rupture strength S%r

are presented as a function of the Larson-Miller para-

meter P. This parameter is defined as
Pir= i M {C ¥ log t;) (28)

C being a material constant, T [K]the operating temperature
and t1 [h] the useful life.

The analytical model presented here makes use of information
of this kind in the following way. If gtr is known as a
function of P, the reverse procedure must yield a certain
value for P when Gtr is replaced by the total stress load 6’

evaluated in equ. (27). Introducing the working temperature T




(in the present case the inner wall temperature ty; as the
point of maximum stress), equ. (28) can be solved for t
yielding

1

P
_ —~ =0
t, = 10 Tw,i [h] (29)

An interative procedure could be provided in the event of
knowledge about the changes of Gtr with the neutron dose
becoming available.

Literature on thermal creep, €.9. M. Schirra [6] or
G. Schmidt [7], presents the dependenc of the creep rate
&t due to Norton's relationship:

=1

€, = k - ¢ (] (30)

Using 6 in [kp/mm?] yields € in [h™}1. M. Schirra [6] also

presents an equation with which it is possible to calculate
the lifetime t due to thermal creep:

log t, +m log ét 25 (31)

Therefore, if the materials characteristics k, n, m, and £
are known ,it is possible to arrive at a second figure t, for
the expected lifetime due to

t, = 104 = m*log €) [h] (32)

The analytical model makes use of this procedure and

evaluates t2 besides tl‘




e = —————

The importance of irradiation creep is outlined by
J.R. Stanbridge et al. [2]. The equation given in this

Feport can be transformed in such a way that a creep rate

Ei can be obtained.

2 — - - - —l
Ei = ci fdpa PWn q L.l SEY

Information has, however, to be provided about the materials

constant C,, which is presented in this report only for

stainless steel.

As mentioned above, the analytical model for an estimation
of the first wall lifetime as described so far is not yet
complete. There is especially a lack of information about
the irradiation effects. This becomes immediately obvious
if the creep rates for both thermal and irradiation creep
are quoted against any permissible limit. Equation (32)
defines an expected lifetime only for the case of absence
of irradiation and is therefore not necessarily true if

Et is replaced by the total creep rate €:
€ =€+ €, thh] (34)

1
The analytical model nevertheless makes use of this
assumption to calculate a third lifetime t3.

6, = 10(¢ - m* log (Et + EiH

[h] i35)
To obtain a precise picture,obviously the total creep rate
and the static elongations due to thermal and stress
effects have to be quoted against the ductility of the
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special material, which, in general, is strongly
affected by irradiation embrittlement. This step in
the analysis has not yet been done. Instead of this

a fourth time ty describing the time in which a total
of 1 % creep is reached is calculated:

0.01

£y [h] (36)

Summarizing the status of the development of the
analytical model, it must be emphasized that further
refinements and additions are necessary. This is
especially true as far as the material properties are
concerned. It is in this area that a lot of work will
have to be done if this model is to be further

developed to become a useful tool in reactor design.

6. Computer program

In order to have a convenient means of performing parameter
studies, it was decided to program this model for the IPP
computer. Figure 3 shows a flow diagram of this program,

which shall be briefly explained in this section.

The program consists of a main program and 12 sub-programs,
8 of which exclusively provide material properties. These
latter routines are written in such a way that they can

easily be corrected and extended to any number of materials.

6.1 Description of the_single_programs

e e e  —  —  —  — — o - — - —

MAIN is a multi-purpose input/output program which can
be applied to any calculation routine. It offers

great flexibility for the following reasons:
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- the number of input quantities is,in principle,
unlimited.

- each input quantity can be varied in equal steps
between two limits. In the present version, however,
only the first two guantities with varying input
are accepted to be changed.

- 1t provides either total output or selected output

of special quantities.

- it provides additional plot output of selected
quantities. In the present version, however, the
plot routines have been removed to save storage
location during the test period.

Communication with the first level subroutines (in
this case WLOAD and LIFE) is ensured by COMMON state-
ments. To adjust this program to any subroutine, only
the COMMON and part of the DIMENSION statements have

to be changed. In addition, the names of the input and
output quantities have to be put to two DATA state-

ments to provide a self-explanatory print output.

WLOAD performs all calculations described in section 4 of
this paper. It makes use of two further subroutines
for calculation: HTCOF and WALLTM.

HTCOF evaluates the heat transfer coefficient, the temperature
difference between the wall and coolant and the inner wall
temperature itself. The coolant properties needed for

this calculation are supplied by the subroutine COOLNT.

WALLTM calculates the temperature difference within the wall
using the thermal conductivity provided by COND.

LIFE finally takes over the figures for the temperature and
stress load evaluated by WLOAD and quotes them against

the material properties as described in sections 5 and 6.




COOLNT
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calculates the coolant properties for helium which

are needed in WLOAD and HTCOF. Dependent on temperature
and pressure, it ylelds the density, specific heat

at constant pressure, thermal conductivity, and
dynamic viscosity. The equations contained in this
subroutine are taken from W. Zimmerer [8].

The remainder of the routines are concerned with properties

of the wall materials. Each property needed is supplied by a

special subprogram which may contain the data of wvarious
metals and alloys. Which of these data are used is

decided by a material identification number.

COND

EXPN

EMOD

POIS

supplies the thermal conductivity dependent on the
temperature. At present this FUNCTION subprogram
contains only data for vanadium and vanadium-titanium
alloys. Data for pure vanadium and for the alloys

¥-3 Ti and V-20 Ti have been calculated according to
H. BShm et al. [9]. For any other titanium content
these data are linearly interpolated. The actual
titanium content which Wwill be taken into account

is supplied to this and any further routine by the
material identification number.

calculates the thermal expansion coefficient
dependent on the temperature. This FUNCTION sub-
program at present contains only the data for pure
vanadium which are also used for vanadium alloys.
They are taken from F. Sperner [10].

supplies Young's modulus. Provision is made for
taking into account a temperature dependence. At

present, however, only the value for vanadium is
supplied as a constant figure which is due to
F. Sperner [10].

supplies the Poisson ratio. For this the same is
valid as for Young's modulus, the figure for

vanadium being taken from Kieffer [11].
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CREEP
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supplies the material constant C (see equ. (28)) and
calculates the Larson-Miller parameter P for a given
stress. As yet only data for two vanadium alloys,
V-5 Ti and V-20 Ti, which were taken from H. B&hm,
M, Schirra [5], have been evaluated. The curves
given there were approximated by polynomials and
interpolation is provided to obtain results for any

reasonable titanium content.

supplies the material constant Ci for irradiation
creep (see equ., (33)). At present only the figure
for stainless steel is known from the publication
of J.R. Stanbridge et al. [2]. This figure is there-

fore also used for wvanadium.

supplies the parameters for secondary creep, i.e.
the creep constant k and the stress exponent n for
Norton's equation (equ. (30)) and the material
constants m and £ which are needed to solve equ. (32)
and (35) respectively. This subroutine contains at
present k and n for stainless steel according to

G. Schmidt [7] dependent on temperature. Since m

and £ are unknown, the same data as for vanadium

are used here.

Data of k and n for vanadium and vanadium alloys
were derived from the publication of H. B&hm and

M. Schirra [5]. Because of the somewhat different
definition of Norton's equation close agreement can
only be expected for pure vanadium and the alloys
V-2.8 Ti, V-5 Ti, and V-20 Ti. The constants m and £

were also taken from this publication.

Complete lists of all programs are included in the Appendix.




6.2
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NA number of input quantities = 17 (fixed)
NR number of results (total) = 34 (fixed)
NPR number of results to be printed

NPR = NR

NPR = 0O : total output
NPL number of results to be plotted = 0 (fixed)

2nd card_ff., (format: 8X, 3F12.5)

e — i — L e e

Al lower limit of variable range
A2 upper limit of variable range
DA increment of variable variation

There have to be NA cards defining the input variables in
the following sequence:

PWNU neutron wall loading Pun [W/cm2]
FWBR® bremsstrahlung factor b [-]
PMUL power multiplication factor M [=]
STRU structure material volume fraction {w,[-]
PRES  coolant pressure P_ [barl
TCI coolant inlet temperature tcin [c]
TCO coolant outlet temperature tc0ut [C]
TCX coolant temperature at first wall tcx[C]
ARR option for cell arrangement

= 1.0 cylindrical cells in square matrix

> 1.0 cylindrical cells in hexagonal matrix

DCO outer cell diameter D¢ [ cml
CHAN coolant duct width & [ eml
XLEN cell or coolant duct length I [ cm]

PITC cell pitch ratio p [T 1
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FEHW'  power density factor i [em 1]
FHTC factor for enhanced heat transfer furc [-]
XMAT** material identification number (-1
FDPA™T displacement rate factor fdpa =1
+ :
The factors ber’szW' and gdpa have to be normalized
to P = 100 W/em® = 1 MW/m”.
Wn
Bl The material identification number is of the following
type:
XMAT = XX.yyzz
XX = charge number of the basic element
YY = percentage of the first alloying element
zz = percentage of the second alloying element
Examples:
Pure vanadium: XMAT = 23,0000
V-5 Ti : XMAT = 23.0500
V-10 Ti~10 Cr: XMAT = 23,1010
3rd_card ff. (format: 8X, 9I4)
KPR identification numbers of the results to be

printed.

There have to be NPR identification numbers.
The numbers correspond to the order in the
DATA NAMER statement of MAIN. Their meaning
can be looked up in the comment cards in
WLOAD and LIFE,.

This card can be omitted if NPR = 0O
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KPL identification numbers of the results to be plotted.

This card has to be omitted since plot-output is

not possible in the present version.

Sample calculations

—— e e — ——— ——— ———

To demonstrate the runnability of the program some sample
calculations were performed. The following input parameters

were chosen:

neutron wall loading Pun = 83 W/cm2
bremsstrahlung factor £y = 247 1074
power multiplication factor M = 1.2
structure material volume fraction EW = 0.02

coolant pressure Pc = 10 to 50 bar
coolant inlet temperature tcin = 350 C
coolant outlet temperature tcout= 750 C
coolant temp. at first wall tcx = 350 to 750 C
arrangement option (see section 2) = 1.0

cell outer diameter DC = 30 cm

cell length LC = 100 cm
pitch ratio P = 1.0

heat source density factor fHW = 0.04

heat transfer factor fHTC = 1.0
material identific. number see below
displacement rate factor fdpa = 0.319

Four runs were performed for four different vanadium

alloys:
pure vanadium XMAT = 23.0000
V-2.8 Ti XMAT = 23.0300
V-5 Ti XMAT = 23.0500

V=20 Ti XMAT = 23.2000
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The neutron wall loading, the bremsstrahlung factor and
the power multiplication factor are in agreement with the
CTRD outline specifications stated at the 1st General
Meeting of the CTRD team in May 1974 at Garching. The
characteristic data of the cell, i.e. Dc, Lc and EW
correspond to the Culham design [1], while the arrangement
of the cells and their pitch ratio were chosen arbitrarily.
The heat source density factor and the displacement rate
factor were derived from Steiner's publication [12]. For
the thermodynamic cycle the temperature boundaries were

taken from an equivalent fission reactor helium cycle [13].

The aim of the sample calculation was to see the
influence of the coolant pressure level Pc and the

actual helium temperature at the first wall tcx' There-
fore, Pc was varied between 10 and 50 bar, and tcx within
the limits of the blanket inlet and outlet temperatures,
i.e. between 350 and 750 C.

—— o ———— . - —— —— —— ———

From the four runs made for different materials here only
the results for pure vanadium shall be reported in some
detail. The influences of titanium additions to the basic
material are summarized below.

Figure 4 shows the results obtained for tye which is the

useful life due to the time rupture strength. As was to
be expected ,the life decreases as temperature and pressure
increase.

The same is true of t,, which is the useful life due to
thermal creep, as can be seen from the solid lines in

fig., 5. Two differences, however, can be observed:




_21_

- the temperature dependence shows a steeper slope in

the case of thermal creep as compared to the time

rupture behaviour.
- the pressure dependence shows an increasing slope in

the time rupture behaviour but a decreasing slope in
the creep behaviour.

As far as the absolute figures are concerned,it can be clearly
stated that the limits set by the time rupture strength are
more stringent than those set by thermal creep. This is more
obvious from table I, in which the temperature limits

are summarized as dependent on the pressure level for three
different lifetimes, namely 1, 5, and 20 years. From this
table it can be concluded that the first wall could last the
whole life of the reactor, if the helium pressure does not
exceed about 40 bar and the wall temperature remains in the
range of 400 C, as was anticipated in the first guess of

the blanket thermal design.

Figure 5 also shows the influence of irradiation creep, which is
represented by the dotted lines. At this point it ‘should be

repeated, however, that two assumptions are involved in this
consideration:

- the irradiation creep constant Ci is the same for
vanadium as for stainless steel.

- the lifetime due to the sum of thermal and irradiation
creep obeys the same law as the lifetime due to thermal

creep alone,

This figure shows that irradiation creep limits the lifetime
at lower temperatures whereas at higher temperatures thermal
creep is the limiting effect. As is already expressed by
equ. (33), there is only a dependence on pressure, not on
temperature. The absolute values of the lifetime where
irradiation creep becomes important, however, are far from

being realistic. Therefore strong doubts should be cast on
this line of reasoning.
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A more realistic picture of the material performance can
most probably be achieved if the actual creep rates, i.e.
the sum of thermal and irradiation creep, are considered.
In Fig. 6 the total creep rates are plotted versus the
temperature tcx with the pressure level as the parameter.
The zero slope at low temperatures is again due to the
irradiation creep, whereas the strong increase at higher
temperatures is due to thermal creep. The straight lines
in this diagram designate those creep rates which can be
allowed to reach a certain amount of total creep in a
certain time. This picture clearly shows that irradiation

creep may become very important from this point of view.

At this stage again the question arises what amount of
total creep or, to be more precise, of total elongation
including static elongation and creep can be permitted
from the ductility point of view. No relevant information
is available at present. Therefore, the amount of total
creep has to be treated as a variable in the following

considerations.

Figures 7 to 9 now show the limits for the first wall life-
time of 1, 5, and 20 years respectively, within the para-
meter fields of both pressure and temperature. Common to

all the three figures is that the limit of thermal creep

is irrelevant in all cases. Whether or not the time rupture
strength will be a limiting property ultimately depends on
the change of this limit due to irradiation and on the total
permissible creep.

If a useful life of 1 year (see Fig. 7) is envisaged, then
the time rupture strength should become a limit only if
helium pressures above 40 bar are chosen. At lower pressure
levels the ductility should always present the significant
limitation. This is the more true the longer the lifetimes

expected are (see Figs. 8 and 9). The reason for this is
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the shift of the curves for equal total creep to lower
levels of temperature and pressure with increasing time,
and the most probable shift of the total permissible
creep to lower values with increasing time and neutron
fluence.

The most interesting information from these three pictures,
however, is the cut-off of the smooth curves characterizing
the constant amounts of total creep at certain pressures.
This is a consequence of the effect of irradiation creep.
As can be seen from Figs. 7 to 9, these pressure limits

are dependent on the lifetime chosen. Assuming a helium
temperature at the first wall close to the inlet coolant
tempgrature (to be precise, tcx 2 420 C for toj, = 350 C),
the choice of the helium pressure level is exclusively
determined by the lifetime desired and the total permissible
creep. This relationship is shown in Fig. 10. This picture
can be interpreted in the following way:

If the ductility loss during 5 years of operation should
allow for 5 % creep during this period, then the helium
pressure should not exceed 34 bar. If, however, the helium
pressure chosen were to be only 20 bar, then a lifetime of
about 10 years could be expected.

—— e — — ————— —— - —— e T g o i o e S ——

In this section it is not intended to repeat the entire
procedure once more for the three vanadium-titanium alloys.
The results of the equivalent calculations shall only be
summarized with regard to their tendency.

As compared to pure vanadium the V-2.8 Ti alloy offers a
higher lifetime due to its time rupture strength. This,
however, can only be considered as an advantage, as was
stated in section 7.2, if the total creep rates are smaller
and/or if the irradiation effects on the ductility are of
less importance than in the case of pure vanadium. Indeed,

the total creep rate has to be expected to be higher at
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low temperatures but very much smaller at higher temperatures.

The reason for this is that the thermal creep behaviour is
somewhat more balanced, yielding higher lifetimes at high
temperatures and lower, but still sufficiently high life-
times at low temperatures. This, in turn, means that the

irradiation creep becomes more important at low temperatures

than in the case of pure vanadium. Since the model does

assume identical irradiation creep constants for all the

alloys considered there should be no significant consequence

for the choice of the helium pressure if a low first wall
temperature is envisaged. Under these circumstances the
choice of this alloy would only be profitable if higher
temperatures should occur.

Similar conclusions can be drawn about the two remaining
alloys V-5 Ti and V-20 Ti. These, however, again show very
disadvantageous behaviour of the thermal creep rate at

higher temperatures. At present no necessity can therefore

be seen for using alloys with a high titanium content unless

significant differences in the ductility and irradiation
creep behaviour should be detected.

8. Conclusions

The work done up to now shows that the analytical model and the
computer program based on it is able to derive statements con-
cerning the material performance and especially the first wall
lifetime. The reliability of these statements mainly depends,
however, on the accuracy and reliability of the material data.

In this respect the model is far from being complete.

At present only some data on vanadium and a few vanadium alloys
are included. Already the sample calculations show that the
information about these materials is insufficient to arrive
at reasonably credible estimates of the lifetime. As far as
these alloys aré concerned, neither the time rupture nor the
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thermal creep behaviour seem to be properties governing the
first wall life. It is far more probable that especially at
the low temperatures envisaged the irradiation creep and

the ductility under neutron irradiation will be the properties
that will impair operation of the wall. It is in these very
fields, however, that information is lacking.

It is hoped by the author that the work performed hitherto

can be completed to some extent by incorporating the information
arising in the field of material investigation. It will then
surely be possible to arrive at somewhat more credible state-
ments about the first wall lifetime to be expected for this
special design.

It should also be mentioned that neither the method applied
nor the computer program is restricted to the blanket design
of the CTRD. In the same way as was done here, it could be
applied to any other design now existing or arising in the
future. In this case modifications of the program will be
necessary especially in the subroutine WLOAD. The amount of
work entailed, however, should not be prohibitive.

Besides this, the program could be sustained in an operable
mode if the stress, temperature and irradiation loads were
used as the only input quantities. With this modification
performed the program could be made a module of a more

comprehensive systems analysis program system.
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Fig. 4 :
Useful life due to time rupture
strength for pure vanadium
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*WOD:WORK.WALLIFE LAST MODIFIED 19. 2.75

C %% 3k dok dokokok ook ok MAIN t 3 ¢+ 33 33333 £33 4

C

CxxxxxTHIS IS A MULTI-PURPOSE INPUT/OUTPUT PROGRAM WHICH CAN BE
C ADJUSTED TO A NUMBER OF SUBROUTINES BY CHANGING JONLY A FEW
G STATEMENTS,

C

Cx*»xx[N THIS VERSION IT IS APPLIED TO THE PROBLEM OF EVALUATING
C THE LIFETIME EXPECTED FOR THE FIRST WALL OF A CTRD BLANKET
C MODULE CELL.

C

Cxxx¥*x A{JTHOR: DR .W.M.DAENNER, IPP GARCHING

C

Cx*x¥kx [NPUT DESCRIPTION:
CARD 1 NA NUMBER OF ARGUMENTS TO BE READ AND TRANSFERRED
TO THE CALCULATION SUBROUTINE(S)
NR NUMBER OF RESULTS TO BE TRANSFERRED FROM THE
SUBROUTINE(S) AND SHIFTED T0O OUTPUT
NPR NUMBER OF RESULTS TO BE PRINTED {NPR.LE.NR}
NPR = 0 TOTAL OUTPUT
NPR > 0 SELECTIVE QUuUTPUT
NPL NUMBER OF RESULTS TO BE PLOTTED (MAXIMUM = 10)
IN THIS VERSION NO PLOT-0OUTPUT IS POSSIBLE,
THEREFORE NPR = 0 HAS TD BE USED.
CARD 2 Al LOWER LIMIT OF ARGUMENT RANGE
A2 UPPER LIMIT OF ARGUMENT RANGE
DA INCREMENT TO BE USED FOR THE VARIATION OF THIS
ARGUMENT BETWEEN THE LIMITS Al AND A2
THIS CARD HAS TO BE REPEATED FOR EACH OF THE
NA ARGUMENTS.
CARD 3 KPR IDENTIFICATION NUMBER(S) OF THE RESULTS TO BE
PRINTED (MAXIMUM NPR)
THIS CARD CAN BE OMITTED IF NPR = 0.
CARD 4 KPL IDENTIFICATION NUMBER(S) OF THE RESULTS TO BE
PLOTTED (MAXIMUM 10, BUT EQUAL NPL)
THIS CARD CAN BE OMITTED IF NPL = 0.

DIMENSION APR1(10),APR2(10),4KPL{10),RPL110,10,10),22(6)

*%x3dkk THE FOLLOWING CARDS HAVE TO BE ADJUSTED TO THE SPECIAL PROBLEM.

OO srisinidisisizinizisdsinksiziziginiaiainlal o)

C*%xxkx THE LENGTH OF THE ARRAYS IN THIS DIMENSION STATEMENT HAS TO BE

C EQUAL TO *NA':
C
DIMENSION A1(17),A2(17),DA(17),NAMEA{1T7)
C
Cx*xxx% THE LENGTH OF THE ONEDIMENSIONAL ARRAYS AND THAT OF THE LAST
C DIMENSION IN THE THREEDIMENSIONAL ARRAY HAS TO BE EQUAL TJ 'NR',
C
DIMENSION NAMER{34) yKPR(34),RPR{10,10+34%)
C
Cx*#xk THE LENGTH OF THE FOLLOWING COMMON ARRAYS HAS TO BE
c *NA' AND *NR' RESPECTIVELY.
c
COMMON ARGI(17)
COMMON RESI 34)
c

Ch%xx* THE FOLLOWING DATA STATEMENTS SHOULD CONTAIN THE *"NA' VARIABLE

PAGE

19
20
37)
40
50
60
70
BJ
a9
100
119
120
130
140
150
160
170
180
139
200
210
220
230
2490
259
260
270
280
290
300
310
320
330
340
350
360
370
380
399
400
410
429
4390
440
450
469
470
480
490
500
510
520
530
540
550
560
579




*HOD:WORK.WALLIFE

1
2

W e

LAST MODIFIED 19.

2. 75

NAMES OF THE INPUT QUANTITIES AND THE °*NR' VARIABLE NAMES OF THE
OUTPUT QUANTITIES. THEY ARE OMLY USED TO IDENTIFY THE DIFFERENT

COLUMNS IN THE PRINT OUTPUT LIST.

DATA NAMEA/"PWNU® ,*FWBR", *PMUL',*STRU®, 'PRES?",

'TCI

I’ITCD I’

"TCX *3'ARR ', 'DCO * ¢*CHAN® 3" XLEN®* y*PITC'y*FHW ',

*FHTC® , " XMAT"*, "FDPA*/

DATA NAMER/'PCK *,"'SOD "y 'SW '4*'DCI "4*DHY *,*'TCHM
TAC " ,*AM ', 'PWBR*,'PC ',*'DTC *,'XMC

'
TWHC ", 'QW P, "HFW ', THTC *,'DTCHW,*"TWI
?

'TWAM ¢ ,'DTW

SSTTH® » *STIN'» " STTO" o8 PlM

s "ACH *,
s "XVC ',
"ULTR"

‘CRICY ¢"CRSC", "ULSC",*CRTO*4*ULLC *,ULICY/

CHx*x*x JF THIS ADJUSTMENT IS DONE IN THE RIGHT WAY THE PROGRAM IS NOW

READY FOR USE. THE OUTPUT IS SELFEXPLAINING.

CALL DATE (2Z)

WRITE(6,206) 12

ARITE(6,200)

READ(5,100) NAyNRy;NPR,NPL

DO 1 N=1,NA

READ(5,101) AL(N},A2(N),DAIN)
WRITE(6,201) NAMEA(N);AI{N);A2(N)sDAIN)
IF(NPR) 2+3,2

READ{5,100) (KPR[K)  4K=14NPR)
IFINPL) 4,5,4

READ{5,100) (KPL{K) K=1,NPL)

I=0

DO 6 N=14NA

IF(DAIN)) 745647

I=1+]

IF(I-2) 849,6

I1=N

GO TO 6

12=N

CONTINUE

DO 10 N=1,NA

ARG{N)=A1(N)
LOOPLl=1+IFIX{(A2(I1)-A1(I1))/DAlIl
LOOP2=1+IFIX{{A2{I2)-A1{12))/DA(I2
DO 11 L1=1,L00P1
ARGII1)=AL{I1)+FLOAT{L1-1)*DA(I1l)
APRLIIL1)=ARG(I1)

DO 12 L2=1,L00P2
ARG(I2)=A1(I2)+FLOAT(L2-1)*DA(12)
APR2{L2)=ARG{12)

1)
)

C*¥xkk AT THIS PLACE INSERT YOUR CALCULATION SUBROUTINE(S). skoksckiuankin

C
C
C
C
C
C
C

1

2

3

4

5

5

8

9

6

10
C
C
C

CALL WLDAD
CALL LIFE

IF{NPR) 13,14,13

13 DO 15 L3=1,NPR

LPR=KPR{L3)

15 RPRIL1,L2,L3)=RES{LPR)

GO TO 17

PAGE

580
590
600
610
620
630
640
654
660
AT0
680
690
700
710
720
730

2

760 |

750 |

760 |

770
780
790
800
510
820
330
849
850
360
870
880
890
300
910
229
930
940
350
960
970
980
9390
1000
1010
1020
1030
1040
1050
1060
1070
1080
1090
1100
1110
1120
L130
1140
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14
16
17
18

20
12
L

19

21

5
[

25

27
28

29

26

32
30

31
24
e

100
101
200
201

202
203
204
205
206
2G7

LAST MODIFIED 19. 2.75

DO 16 L3=1,NR

RPR{L1,L2,L3)=RES{L3)

IF(NPL) 18,12,18

DO 20 L4=1,NPL

LPL=KPL(L%)

RPL(LL,L2,L3)=RESI(LPL)

CONTINUE

CONTINUE

IF{NPR) 19,21,19

NTAB=1+(NPR-1)/8

GO TO 22

NTAB=1+{NR-1)/8

DO 23 L1=1,L00P1

WRITE(6,202) NAMEA{Il),APRLIL1)

DD 24 NT=1,NTAB

WRITE(6,4203)

IF{NPR) 26425,26

NT2=8%NT

NT1=NT2-7

IF{NT=NTAB) 28:327,27

NT2=NR

WHRITE(6,204) NAMEA(I12)y (NAMERINN)sNN=NT1,NT2)
WRITEL6,207)

DO 292 L2=1,L00P2

WRITE{6,205) APR2(L2),{RPR{L1,L23L3)4L3=NT1,NT2)
GD TJ 24

NT2=8%NT

NT1=NT2-7

IFINT-NTAB) 30,32,32

HT2=NPR

HRITE(6,204) NAMEA{I2) s JAMER{KPRINN) )} sNN=NT1,NT2)
WRITE{ 6,207}

DO 31 L2=1,L00P2

WRITE(6,205) APR2(L2),{RPRIL1,L25L3),L3=NT1,NT2)
CONTINUE

CCONTINUE

SToP

FORMAT (B8X, 914}

FORMAT {8Xy3F12.5)

FORMATI(/* INPUT PARAMETERS'//)

FORMAT{* VARIATION OF ";A4,' FROM *,F12.5," TO *,F12.5,"

10F %4yF12.5]

FORMAT(//'1IR E SUL TS F DR '",A4,' = ',F12,5)
FORMAT [//5X, *ARGUMENT'y7X,'R E S UL T S F 0 R'/)
FORMAT(5XyA4,11X,8(A4,8X))

FORMAT (' ', F12.5,5X,8{1PE12.4))

FORMAT('IDATE = ",2A4/' TIME = ",2A4/"' JOB = ",2A4///)
FORMAT(® ')

END

BY STEPS
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1390
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1410
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*WOD:WORK.WLOAD

Chrsnakparekdkkk | L O A D

C

C*x**»x SUBPROGRAM FOR EVALUATING THE TEMPERATURE AND STRESS LOAD OF THE
C FIRST WALL OF THE CTRD MODULE CELL

C

Cx%kskx AUTHOR: DR.W.M.DAENNER, IPP GARCHING

C

Cxxxkx INPUT PWNU (W/CM2) NEUTRON WALL LOADING

C FWBR (-} BREMSSTRAHLUNG FACTIR

C PMUL (=) POWER MULTIPLICATION FACTOR OF THE BLANKET
C STRU (=) STRUCTURE MATERIAL VOLUME FRACTION FOR
C THE CELL WALL

C PRES [(BAR) COOLANT PRESSURE

C TCI (C) COOLANT INLET TEMPERATURE

C TCO (C) COOLANT OUTLET TEMPERATURE

Cc TCX (C) COOLANT TEMPERATURE AT THE FIRST WALL
Cc ARR =1 ARRANGEMENT OPTION

C = 1e0 ¢ CYLes CELLS IN SQUARE MATRIX

Cc > 1.0 : CYLs CELLS IN HEXAGONAL MATRIX
c DCO (CM) OUTER CELL DIAMETER

c CHAN (CM) COOLANT DUCT WIDTH

c XLEN (CM) CELL OR COOLANT DUCT LENGTH

C PITC 1) CELL PITCH RATIO

C FHW (1/CM) HEAT SOURCE DENSITY FACTOR

c FHIC =} FACTOR FOR ENHANCED HEAT TRANSFER

C XMAT () WALL MATERIAL IDENTIFICATION NUMBER

c FDPA (DPA*CM2/WkA) DISPLACEMENT RATE FACTOR

C

C***x QUTPUT PCK i~ PACKAGE DENSITY

C SOD =1 RATIO OF WALL THICKNESS AND OUTER CELL
C DIAMETER

C SHW {CM) FIRST WALL THICKNESS

c DCI (CM) INNER CELL DIAMETER

C DHY {CM) COOLANT DUCT HYDRAULIC DIAMETER

C TCM () MEAN COOLANT TEMPERATURE

C ACH {CM2) COOLANT DUCT CROSS-SECTION AREA

C AC (CM2) CELL CROSS—-SECTION AREA

c AM {CM2) CROSS—-SECTION AREA OF MATRIX ELEMENT

C PWBR (W/CM2) BREMSSTRAHLUNG WALL LDADING

C PC (W) TOTAL POWER PER CELL

c DTC (Ci COOLANT TEMPERATURE RISE

c XMC {G/SEC) COOLANT MASS FLOW RATE

c XVC {CM3/SEC) COOLANT VOLUME FLOW RATE

C WC (CM/SEC) COOLANT VELOCITY

c QW (W/CM3) HEAT SOURCE DENSITY INSIDE THE FIRST WALL
c HFW {W/CM2) HEAT FLOW FROM WALL TO COOLANT

C HTC (W/CM2%C) HEAT TRANSFER COEFFICIENT

C CTCW (C) TEMPERATURE DIFFERENCE WALL -> COOLANT
C THI (C) INNER WALL TEMPERATURE

C TWO (C) OUTER WALL TEMPERATURE

C TWM {C) MEAN WALL TEMPERATURE

C DTW (C) TEMPERATURE DIFFERENCE INSIDE THE WALL
C STTH (KP/CM2) MAXIMUM THERMAL STRESS INSIDE THE WALL
C STTN (KP/CM2) TENSILE STRESS INSIDE THE WALL

C STTO (KP/CM2) MAXIMUM TOTAL STRESS INSIDE THE WALL

C

Cxx*xx SUBPROGRAMS NEEDED: COOLNT

.

LAST MODIFIED 20. 2.75

ok ok o ok ok s e e o sk ok ok

L

10

29}
30 |
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5.4

50 |
T0 |
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129

130 |
140
150
169
170 8
180 |
190 |

200
210
220
230
240
250
260

270

2890
290

300 |
310 |

320
330
340
350
360
370
380
350
400
410
420
430
440
450
460
470
480
490
500
510
520
530
540
550
560
570

P T ———

P —————



*WOD:WIRK.WLODAD LAST MODIFIED 20. 2.75
C HTCOF

C wALLTM

C EXPN

C EMOD

C POIS

C

SUBRIOUTINE WLOAD
COMMUN PWNUyFWBRyPMUL, STRU,PRESyTCTI sTCOyTCX,ARR,DCOyCHAN, XLEN,

1 PITC ,FHW,FHTC,XMAT, FDPA
COMMON PCKy SODy SWyDCI sDHY y TCMsACHy» ACy AMy PWBRyPCyDTCs XMCy XVC,y WC,
1l QW HFWyHTC yDTCH,y THI y TWO, TWM4DTW,STTH,STTN,STTO

CHARACTERISTIC MATRIX AREA FIGURE *ALPHA?
IFI{ARR-1.0) 1,1,2

"ALPHA®' FOR CYLINDER IN SQUARE MATRIX
ALPHA=1.0

GO 70 3

*ALPHA' FOR CYLINDER IN HEXAGONAL MATRIX
ALPHA=Q. 866

PCK=0.7854/{ALPHA*PITC=PI TC)
SOD=0.5*%{1.0-SQRT{1.0-STRU/PCK) )
SW=S0OD*DCO

DCI=DCO-2.0%SW

DHY=2 . 0%CHAN

TCM=0.5%{TCI+TCO)
ACH=3.14159*CHAN*{DCI-CHAN)
AC=0.7854%DCO%DCO

AM=AC /PCK

PWBR=PWNU*FWBR

PC={PWNU*PMUL+PWBR)*AM

DTC=TCO-TCI

CALL COODLNT (TCM,PRES,DENM,CAPM,CONM,VISM)
XMC=PC/{CAPM%DTC)

XVC=XMC/DENM

HC=XVC/ACH

QW=FHW%®P WNU

HFW=PWBR +QW*SW

CALL HTCOF [(HFW,WCsXLENyDHY yTCXyPRESyFHTC,HTCyDTCW,; TWI)
CALL WALLTM (TWIsQWsPWBRyDCOsDCI s XMATyTHWO,TWM,DTH)
STTH=0 .5 *DTWXEXPN({XMAT, TW1) %EMOD{ XMAT, TWM) /{ 1. 0-POIS{ XMAT , TWM) )
STTN=0.50986%PRES/SCD

STTO=STTH+STTN

RETURN

£ND
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*WOD:WORK.LIFE

LAST MODIFIED 21. 2.75
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C

C SUBPROGRAM FOR EVALUATING THE USEFUL LIFE OF THE FIRST WALL
C IF THE CTRD MODULE CELL

C

C**%%x* AUTHOR: DR.W.M.DAENNER, IPP GARCHING

C
Cexaxxx [NPUT

*xkk QUTPUT

OO0 0O000O00O00ODOOOOO000

PWNU
FWBR
PMUL
STRU

PRES
TCI
TCO
TCX
ARP.

DCO

CHAN
XLEN
PITC
FHW

FHTC
XMAT
FDP A

PLM

ULTR
CRIC
CRSC
uLsc
CRTO
uLc

uL1cC

{W/CM2)
{~)
{=1
(=)

{ BAR)
(-C)
(C)
(<)
{=)

{CM)
{CM)
{(CM)
(-}
(1/CM)
(=)
(-}

NEUTRON WALL LOADING
BREMSSTRAHLUNG FACTCR

POWER MULTIPLICATION FACTOR 0OF THE BLANKET

STRUCTURE MATERIAL VOLUME FRACTION FOR
THE CELL WALL

COOLANT PRESSURE

COOLANT INLET TEMPERATURE

COOLANT OUTLET TEMPERATURE

COOLANT TEMPERATURE AT THE FIFST WALL
ARRANGEMENT OPTION

= 1.0 : CYL. CELLS IN SQUARE MATRIX

> 1.0 : CYL. CELLS IN HEXAGONAL MATRIX
OUTER CELL DIAMETER

COOLANT DUCT WIDTH

CELL OR COOLANT DUCT LENGTH

CELL PITCH RATIO

HEAT SOURCE DENSITY FACTOR

FACTOR FOR ENHANCED HEAT TRANSFER

WALL MATERIAL IDENTIFICATION NUMBER

(DPA%CM2/WxA) DISPLACEMENT RATE FACTOR

(-}
{H)
{H-1)
{iH=1)
(H)
{H-1)
(H)
(H)

wxkk& S|UBPROGRAMS NEEDED:

SUBROUTINE LIFE
COMMON PWNUyFWBRPMUL s STRU,PRES,TCI,TCOy TCXsARRyDCO,CHAN, XLEN,

LARSON-MILLER-PARAMETER

USEFUL LIFE DUE TO TIME-RUPTURE-STRENGTH
IRRADIATION CREEP RATE

THERMAL CREEP RATE

USEFUL LIFE DUE TO THERMAL CREEP

TOTAL CREEP RATE

USEFUL LIFE DUE TO TOTAL CREEP

TIME TN REACH 1% TOTAL CREEP

LAR SCN
CIC
CREEP

1 PITC  FHW,,FHTC XMAT s FDPA

COMMON PCKy SODy SW,DCI yDHY ¢y TCM3ACH,AC s AMyPWBRyPCoyDTCy XMCy XVCyHC,
1 QW HFWy HTC, DTCW, THI y TWOy TWMDTW,STTH, STTN, STTO,PLM,ULTR,
2 CRIC,CRSC,yULSC,CRTO,ULC,ULLC

CALL LARSON(XMAT,STTO,PLM,C)
ULTR=10.,0%*{PLM/(TWI+273.15)-C)

CRIC=CICI(XMAT)*FDPA*PWNU

- *%STTO

CALL CREEP(XMAT,TWM,CCO4CEX,sCL1,CL2)
CRSC=CCO*{0.,01=STTO)**CEX

ULSC=10.,0%%(CL1

CRTO=CRIC+LCRSC

ULC=10.0%*(CL1

UL1C=0.01/CRTO

RETURN
END

—CL2*ALOGICRSC))

—-CL2*ALOG(CRTO})
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*WOD:WORK.HTCOF LAST MODIFIED 20« 2.75
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C

Cx*xx* SUBPROGRAM FOR EVALUATING THE HEAT TRANSFER COEFFICIENT FOR A
c HELIUM GAS FLIW

c

Cx*xxx AUTHOR: DR .W.M.DAENNER, IPP GARCHING

c

C*xxxx [NPUT HF W (W/CM2) HEAT FLUX DENSITY AT THE WALL

C WC (CM/SEC) COOLANT VELOCITY

c XLEN (CM) COOLANT DUCT LENGTH

C DHY (CM) HYDRAULIC DIAMETER OF THE COOLANT DUCT
c TX (c) COOLANT TEMPERATURE

C PR {BAR) COOLANT PRESSURE

C FHTC (-) FACTOR FOR ENHANCED HEAT TRANSFER
Cx*%x&xx QUTPUT HTC (W/CM2%C) HEAT TRANSFER COEFFICIENT

C DTCW (C) TEMPERATURE DIFFERENCE BETWEEMN WALL AND
C COCLANT

C TW (c) WALL TEMPERATURE

C

C*%xxx SUUBPROGRAM NEEDED: COOLNT

C

SUBROUTINE HTCOF (HFW,WCy XLEN,DHY yTXyPRyFHTC yHTCyDTCW, THW)
FWLD=WC*%0,8 / (XLEN*%0,054 % DHY%*%(Q,146)
IT=1
TF=T
3 CALL COOLNT (TF,PR,CEN,CAP,COMN,VIS)
FTP=DEN**0,8 * CAP=%x(0,37 * CON®%0,63 / VIS*%(0,43
HTC=0.032*%FTP*FWLD=FHTC
IF{IT-1) 1,1,2
1 DT1=HFW/HTC
TF=TX+0.5*DT1
IT=1IT+1
GO 70 3
2 DT2=HFH/HTC
ODT=ABS{DT2-DT1)
IF{DDT-1.0) 444,5
5 DT1=DT2
IT=1T+1
TF=TX+0.5%DT1
GD TO 3
4 DTCW=DT2
TH=TX+DTCW
RETURN
END
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*WOD:WORK.WALLTM

C % & sk ook okok ok 0K
C

C*x*xx SUBPROGRAM FOR EVALUATING THE

WALLTM

LAST MODIFIED 20.

e e 3k ok R 3l e e ol ok o ok ok

TEMPERATURE DIFFERENCE WITHIN THE

OF THE CTRD MODULE CELL

Cxxxxkx AUTHOR: DR .H.M.DAENNER,

C FIRST WALL
c

C

CHxxkx INPUT TW
C Qw
C PW
C DC
C DC
C XM
Cx¥xkx QUTPUT THW
c TW
C DT
C

Chdkexk SIUBPROGRAM
C

SUBROUTINE WALLTM (TW1,QW,PWBR,DCO,DCI,XMAT,TW2,TWM,DTH)

SW=0.5*{DCO

1 {C)
(W/CM3)

BR {W/CM2)

0 {CM)

I {CM)

AT (=)

2 (<)

M {C)

W (C)

NEEDED:

-DCI)

COND

FTW=SH*{ 0.5*SH*QW+PWBR)

IT=1
TW=TW1
3 CON=COND{XM
IFIIT=1] 1Yy
1 DT1=FTW/CON

AT, TH)
1,2

TW=TWl+0.5*DT1

IT=1T+1
GO 70O 3
2 DT2=FTHW/CON
DDT=ABS{DT2
IF{DDT-0.5)
5 DT1=DT2

=DT1)
494,45

TW=TW1+0.5%DT1

IT=1IT+1
GO 7O 3
4 TW2=TW1+DT2

TWM=0.5%(TW1+TH2)

DTW=Tw2-THWl
RETURN
END

IPP GARCHING

INNER WALL TEMPERATURE
HEAT SOURCE DENSITY INSIDE THE WALL
HEAT FLUX DENSITY FFOM OUTSIDE THE WALL
OUTER WALL DIAMETER
INNER WALL DIAMETER
WALL MATERIAL IDENTIFICATION NUMBER
OUTER WALL TEMPERATURE
MEAN WALL TEMPERATURE
TEMPERATURE DIFFERENCE ACRUSS THE WALL

2.75
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*WOD:WORK.HELIUM LAST MODIFIED 20. 2.75

(C e ok ok e e ot e ok ok e ok ook e ok HELIUM ak e i e o ke i ke ok i o ok

C

C*=%x A SUBROUTINE PROGRAM FOR EVALUATING THE THERMAL PROPERTIES OF
c HELIUM AS A CODOLANT

C

Cx%kkx AUTHOR: DR.W.M.DAENNER, [PP GARCHING

C

Cxxxx [NPUT T (€} TEMPERATURE

C P (BAR) PRESSURE

C*xxxx QUTPUT DEN (G/CM3) JENSITY

C CAP [ wWxS/G*K) SPECIFIC HEAT AT CONSTANT PRESSURE
C CON (W/CM=*K) THERMAL CONDUCTIVITY

C VIS (G/CM%5) DYNAMIC VISCOSITY

c

Cx*=xx THE INDICATED PROPERTIES ARE CALCULATED USING FORMULAS

C PRESENTED BY W.ZIMMERER: MAPLIB-FUNKTIOMEN ZUR BERECHNUNG DER
c ZUSTANDSGROESSEN VOMN HELIUM, LUFT, KOHLENDIDXID UND WASSER.

C KFK 1403 (1371)

C

SUBROUTINE COOLNT (T,P4+DEN,CAP,CDON,VIS)
TA=T+273.,15
PA=1.0ES5*P

C DENSITY *'DEN?
D=2076.2*({TA/PA+1.13E-5/TA%*0,3233-2,37E-2/({TA*TA))
DEN=1.0E-3/D

C SPECIFIC HEAT AT CONSTANT PRESSURE 'CAP?
C=5196.0-1043,0*(1,0/TA*%1,3333-238300.0/TA¥%3,0)*1,0E-5%PA
CAP=1.0E-3*C

C THERMAL CONDUCTIVITY 'CON?
CON=1.44E-3%x(TA/273.,15)%%0,7*(1.0+2.0E-9%PA)

C DYNAMIC VISCOSITY *vIS?
V=1,855E-5%{TA/273.16)**(0,68
VIS=10.,0%V
RETURN
END
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*WOD:WORK.COND LAST MODIFIED 21. 2.75
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C
C
C
C
C & kakokok
C
C % kokmok
C
L
C *kmapek

C
C % *okkk

OO0
~ + Lo S (S VL

LW,

10

11

FUNCTION SUBPROGRAM FOR PROVIDING THE THERMAL CONDUCTIVITY OF

STRUCTURAL METALS AND ALLOYS
AUTHOR: DR.W.M.DAENNER, IPP GARCHING

INPUT XMAT (—) MATERIAL IDENTIFICATION NUMBER
T (C) TEMPERATURE

OUTPUT COND {W/CM*C) THERMAL CONDUCTIVITY
CURRENT CONTENTS:

23.XX00 V-XXTI  ALLOYS
FOR PURE VANADIUM AND THE ALLOYS V-3TI AND
V-20TI POLYNOMIAL APPROXIMATION JOF THE DATA
FROM H.BOEHM E.A.y 6. PLANSEE-SEMINAR.
LINEAR INTERPOLATION FOR OTHER TI-CONTENTS.

XMAT

FUNCTION COND (XMAT,T)
IF(IFIX(XMAT)-23) 1,1,1
TIC=XMAT-FLOAT(IFIX{XMAT))
IF(TIC) 2,2,3

IFITIC-0.03) 244,45
Cl=0.28994¢1.0312E-4*T-2.1875E-8%T*T
IF(TIC) 64644

COND=C1

RETURN
C2=0.2554]1.8E-4*T—1.0E-7*T*T
IF{TIC-0.03) 8,7,9

COND=C2

RETURN

COND=C1-TIC*(C1-C2)/0.03

RETURN

IF(TIC-0.2) 449,9
C3=0e1437542.175E-4*T—5.625E-8*T*T
IF{TIC-0.2) 11,10,10

COND=C3

RETURN
COND=C2-(TIC-0.03)*(C2-C3)/0.17
RETURN

END
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*WOD:WORK.EXPN LAST MODIFIED 21. 2.75 PAGE 1l

C %k ke ok ko ok ok ok E X PN e 2 ek i 2k e ofe o i ok ok ok 10
C 2
C FUNCTION SUBPROGRAM FOR EVALUATING THE THERMAL EXPANSINN COEFFI- ED]
C CIENT OF STRUCTURAL MATERIALS 40
C 50
CH*xkx  AUTHOR: DR.W.M.CAENNER, IPP GARCHING 60
C 70
CHxaxxix  [NPUT XMAT (-) MATERIAL IDENTIFICATION NUMBER 89
C TC (C) TEMPERATURE 90
CH*xxx  QUTPUT EXPN {CM-1) THERMAL EXPANSION COEFFICIENT 100
C 110
Cx*x%x%xx CURRENT CONTENTS: 120
C STz ==Z =S =S===_===T= 13V
C XMAT = 23,0000 PURE VANADIUM 140
C IN 3 TEMPERATURE RANGES LINEAR INTERPOLATION OF 159
C DATA FROM F.SPERNER, METALL 15,10{(1961),988-994 160
C 170
FUNCTION EXPN{XMAT,TC) 180
IF(IFIXIXMAT)=23) 1,1,1 190
1 IF{TC-500.0) 2,2,3 200
2 EXPN=T7.975E—-6+3.25E-9*TC 210
RETURN 229
3 IF{TC-900.0) 4,4,5 230
4 EXPN=9.6E-6+2.0E-9*(TC-500.0) 240
RETURN 250
5 EXPN=10.4E-6+2.5E-9%(TC-900.0) 260
RETURN 270
EMND 280




*W0OD:WORK.EMOD LAST MODIFIED 21. 2.75

Cotssolokukandokkodk E M O D ook ook ook ok XK

C

C FUNCTION SUBPROGRAM FOR PROVIDING THE YOUNG'S MODULUS OF
C STRUCTURAL MATERIALS

c

Ckx¥kx AUTHOR: DR.W.M<cDAENNER, IPP GARCHING

C

Cxkxxx [NPUT XMAT (=) MATERIAL IDENTIFICATION NUMBER
C TC (C) TEMPERATURE

Cx%xkx QUTPUT EMOD (KP/CM2) YOUNG'S MODULUS

c

Cx%*kx CURRENT CONTENTS:

e T T T T T
=

XMAT = 23,0000 PURE VANADIUM

(1961),988-994

OOOOO0

FUNCTION EMOD(XMAT,TC)

IF(IFIX(XMAT)I-23) 1l,1,1
1 EMOD=1.5E®6

RETURN

END

CONSTANT VALUE DUE TO F.SPERNER, METALL 15,10
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*WOD:WORK.POIS LAST MODIFIED 21. 2.75
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C

C FUNCTION SUBPROGRAM FOR PROVIDING THE POISSON RATID OF

C STRUCTURAL MATERIALS

C

C**%xx AUTHOR: DR.W.M.DAENNER, IPP GARCHING

C

C*x*x*x%x [NPUT XMAT (-) MATERIAL IDENTIFICATION NUMBER

C TC (C) TEMPERATURE

Cxxxxx QUTPUT POIS =1 PCISSON RATIO

C

Cxx%xxx CURRENT CONTENTS:

c ESS=S==S=E=S=sSS=SsSs====

c XMAT = 23,0000 PURE VANADIUM

C CONSTANT VALUE DUE TO KIEFFERy JANGy ETTMAYER:
c SONDERMETALLE, SPRINGER-VERLAG WIEN/NEW YORK
£ 1971

C

FUNCTION POIS(XMAT,TC)

IFIIFIXIXMAT)=-23) 1,1,1
1 POIS=0.35

RETURN

=ND
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*WOD:WORK.LARSCN LAST MODIFIED 21. 2.75
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c

c SUBPROGRAM FOR PROVIDING THE ALLOY CONSTANT C AND THE

C LARSON-MILLER PARAMETER PLM NECESSARY FOR A GIVEN SRESS
C

Cx*xxx AUTHOR: DR.W.M.DAENNER, IPP GARCHING

c

Cxkxxkx  INPUT XMAT (=2 MATERTIAL IDENTIFICATION NUMBER
C STR (KP/CM2) STRESS LDAD

Chkxkkx  QUTPUT PLM (=) LARSON-MILLER-PARAMETER REQUIRED
C C =) MATERTAL CONSTANT

C

Cxxxxkx CURRENT CONTENTS:

SSS===S=======S====

XMAT = 23,XX00 V= XX TI ALLOYS
CONSTANT VALUE FOR ALLOY CONSTANT C.
POLYNOMIAL APPROXIMATION FOR V-5TI AND V-20TI
CORRESPONDING TO DATA OF H.BOEHM, M.SCHIRRA:
Je LESS-COMM.MET.,12(1967),280-293, LINEAR
INTERPOLATION FOR OTHER TITANIUM CONTENTS.

OO0

SUBROUTINE LARSON(XMAT,STR,PLM,C)
IFUIFIX{XMAT)-23) 1,1,1

1 C=15
TIC=XMAT-FLOAT({IFIX(XMAT))
P5=18143.0+5,206E-2%STR-2.83TE-4*STR*STR
P20=19933.0-2.4C2*STR+4.436E~4* STR®STR-2.658E-8*STR*STR*STR
PLM=P5+(P20-P5) *{TIC-0,05)/0.15
RETURN
END
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*WOD:WDORK.CIC LAST MODIFIED 21. 2.75
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C

C FUNCTION SUBPROGRAM FOR SUPPLYING THE IRRADIATION CREEP CONSTANT
C OF A STRUCTURAL METAL OR ALLOY

C

Cx*xx* AUTHOR: DR.W.M<DAENNER, IPP GARCHING

C

C¥x%x*kx [NPUT XMAT | MATERIAL IDENTIFICATION NUMBER

Cx¥*xxx QUTPUT CIC (=) TRRADIATION CREEP CONSTANT

C

Cx%*k« CURRENT CONTENTS:

=======S==sS==s=33==

XMAT = 26.0000 STAINLESS STEEL 316SS
CONSTANT VALUE DUE T0O J«ReSTANBRIDGE EeAa:
CLM-R 127 (1974)

OOOOO

FUNCTION CIC(XMAT)

IF{IFIX(XMAT)-26) 1,1,1
1 CIC=1,679E-11

RETURN

END
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*WOD:WORK.CREEP LAST MODIFIED 21. 2.75 PAGE 1

C o o ke e o o oo ok ok ok CREEP sk i e i ok e ke sk e ek ke ok 10 ¥
C 20 §
C SUBROUTINE FOR EVALUATING THE SECONDARY CREEP PARAMETERS FOR 30 |
C STRUCTURAL METALS AND ALLOYS 40
C 50
Cx*xk%x AUTHOR: DR.W.M.DAENNER, IPP GARCHING 69
C 70
CHdokkk  [NPUT XMAT (=) MATERIAL IDENTIFICATION NUMBER 89
C TC (c) TEMPERATURE 90 |
Cx*xkkkx JQUTPUT C (- CREEP CONSTANT FOR NORTON'S EQUATION 100 |
C EX (-) STRESS EXPONENT FOR NORTON'S EQUATION 110
C L | {(-) MATERIAL CONSTANT 120 ¥
C c2 (-) MATERTAL CONSTANT 130
C Cl1 AND C2 ARE FOR LIFE CALCULATION 140 |
C DUE TO M.SCHIRRA: KFK 1925 (1974). 150 §
C 159 &
Cx%kxxx CURRENT CONTENTS: 170 |
8 ==z=zs====sSsS=S===== 180
C XMAT = 26,0000 STAINLESS STEEL 190 =
C Cl1 AND C2 ARE ARBITRARILY TAKEN T3 BE THE SAME 200 |
C AS FOR VANADIUM (SEE BELOW). C AND EX TEMPER- 210 °
C ATURE DEPENDENT DUE TO G.SCHMIDT: KFK 808 (1968) 229
C XMAT = 23,XX00 V- XX TI ALLOYS 230
C CONSTANT VALUES FOR Cl AND C2. EVALUATION OF 249
C C AND EX FOR PURE VANADIUM AND THE ALLOYS 250
C v-2,.,8T1, V-5TI, AND V-20TI FROM DATA PRESENTED 260
C BY HeBOEHMy M.SCHIRRA: J.LESS-COMM.METALS 12 270
C (1967)y, 280-293. NO INTERPOLATION FOR OTHER 280
c TITANIUM CONTENTS. 290
C 300
SUBROUTINE CREEP[XMAT,TC,C,EX,C1,C2) 310
TK=273.15+TC 320
IF{IFIX{XMAT)-26) 2,152 330
1 Cl=-1.55 340
C2=1l.1 350
C=1.0E-12%%{923.,15/TK) * 10.0%*(15.,0%{1.0-923.15/TK}) 360
EX=5538.0/TK 370
RETURN 380
2 Cl=—-1.55 390
C2=1.1 400
TIC=XMAT-FLOAT{IFIX(XMAT)) 410
IF(TIC) 3,3:4 420
3 EX=4.4% 430
C=9.3E6*EXP(—6.5E4/(1.987*TK)) 440
RETURN 450
4 TIF{TIC-0.03) 54546 469
5 EX=9.3 470
C=3.,65E-10%EXP(-3,1E4/(1.987%TK)) 480
RETURN 490
6 IFITIC-0.05) 7,7,8 500
7 EX=8.4 510
C=4.5E-4*EXP(-5.,1E4/{1.987*TK)) 520
RETURN 530
B EX=4,2 540
C=T7.0E22*EXP(-13.6E4/(1.987%TK) ) 550
RETURN

END
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