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Thermo-mechanical analysis has been conducted on ITER breeding blanket
taking into account thermo-mechanical characteristics peculiar to pebble beds. The
features of the anaiysis are to adopt an elasto-plastic constitutive model for pebble beds
and to take Into account spatially varying thermal conductivity and heat transfer
coefficient, especially in the Be pebble bed, depending on the stress.

ABAQUS code and COUPLED TEMPERATURE-DISPLACEMENT procedure
of the code are selected so that thermal conductivity is automatically calculated in each
calculation point depending on the stress. The modified DRUCKER-PRAGER/Cap
plasticity model for granular materials of the code is selected so as to deal with such
mechanical features of pebble bed as shear failure flow and hydrostatic plastic
compression, and capability of the model is studied. The thermal property-stress
correlation used in the analysis is obtained based on the experimental results at FZK and
the results of additional thermo-mechanical analysis performed here. The thermo-
mechanical analysis of an ITER breeding blanket module has been performed for four
conditions : case A ; nominal case with spatial distribution of thermal conductivity and
heat transfer coefficient in Be pebble bed depending on the stress, case B ; constant
thermal conductivity, case C ; thermal conductivity = -20% of nominal case, and case D ;
thermal conductivity = +20% of nominal case. In the nominal case the temperature of
breending material (Li.ZrOs;) ranges from 317 °C to 554 °C and the maximum
temperature of Be pebble bed is 446°C. It is concluded that the temperature distribution
is within the current design limits.

Though the analyses performed here are preliminary, the results exhibit well

the qualitative features of the pebble bed mechanical behaviors observed in experiments.
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For more detail quantitative estimates of the blanket performance, further investigation
on mechanical properties of pebble beds by experiment, including pebble-wall friction and
behaviors of pebbles subjected to tensile stresses and the improvement of the analysis

model and the calculation code are required.

Keywords : ITER, Breeding Blanket, Pebble Bed, Drucker-Prager, Thermal Analysis,
Stress Analysis
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1. Introduction

ITER (International Thermonuclear Experimental Reactor) is required to generate
some amount of tritium basically comparable to its consumption in the Enhanced
Performance Phase. Tritium production is accomplished by breeding blanket,
which is composed of tritium breeding material and neutron multiplier. The
breeding blanket of ITER [1,2] is designed to use currently Li,ZrO; pebbles
contained in the breeder rods as tritium breeding material and Be pebbles filled
around the breeder rods in the basic cell as neutron multiplier as shown in Fig. 1.1.
In the breeding blanket design, one of critical issues is caused by tight limitations
on the breeder and Be temperatures for tritium recover from the breeder, materials
integrity and safety aspect in case of accident. Therefore precise thermo-
mechanical analysis is required. However, the analysis is very difficult because
pebble bed shows such complex thermal and mechanical features as:

(DPebble bed effective thermal conductivity and near wall thermal conductance
spatially vary depending on its compressive stresses.

@Pebble bed shows such characteristics of granular materials as shear failure
flows caused by shear stress and plastic consolidations caused by hydrostatic
compression [3].

@ Thermal conductivity determining temperature distribution depends on
compressive stress and in turn differential thermal expansion determining
compressive stress depends on temperature distribution.

So far very simple analysis model has been studied such that pebble bed was
modeled as a continuum with only elastic property. Therefore pebble bed effective
elastic constant and Poisson’s ratio were mainly measured concerning mechanical
property of pebble bed, e.g. at UCLA [4]. As for the thermal property, effective
thermal conductivity and near wall conductance of Be binary pebble bed was
obtained in FZK as a function of AL/L, which is a measure for representing
compressive strain of pebble bed [5]. Based on this correlation, an effective
thermal conductivity averaged over a specified region in the breeding blanket can
be estimated.

The objective of present report is to investigate thermo-mechanical analysis
methods and models so as to take into account those thermal and mechanical
characteristics of pebble beds, and to evaluate preliminarily the performance of the
ITER breeding blanket.

In Chapter 2 the mechanical analysis method used here and a trial analysis are
described. In Chapter 3 the correlation between thermal property and
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compressive stress of Be binary pebble bed is evaluated with the experimental
results at FZK. The thermo-mechanical analysis procedure of breeding blanket
(pebble bed) used here and a trial analysis on the experiment by this procedure are
described in Chapter 4. Analysis of ITER breeding blanket is given in Chapter 5.
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2. Mechanical Analysis Method
2.1 Selection of Analysis Model

General purpose thermo-mechanical analysis codes such as NASTRAN and
ABAQUS are able to analyze pebble beds, which are generally modeled as
continuum of plastic property in the analysis. The modified DRUCKER-
PRAGER/Cap plasticity model (cap model) of ABAQUS code is selected here
because this model can treat hydrostatic plastic compression most properly as
mentioned below. The constitutive equation of the cap model can handle the two
yield surfaces expressing the features of pebble beds as shown in Fig. 2.1: 1) Shear
failure surface providing shearing flow, 2) "Cap” bounding the yield surface in
hydrostatic compression, thus providing an plastic hardening mechanism to
represent plastic compaction. In the region bounded by the two yield surfaces,
pebble beds show elastic behavior. If the stress condition changed to reach one of
the surfaces, shear failure or plastic compaction occurs according to the surface.
The cap position is generally enlarged by cap hardening effect when plastic
compression occurs. Fig. 2.2 shows flow potential of this model, defining its plastic
flow. Associated flow in the cap region and non-associated flow in the shear failure
region are used in the model. Detailed explanation is given in the theory manual
of ABAQUS code [6].

2.2 Trial Mechanical Analysis

Trial mechanical analysis using the cap model has been performed for the uniaxial
compressive experiments conducted by UCLA [4]. In the experiments, an
apparatus shown in Fig. 2.3 was used, axial compressive force was loaded to single
size pebble beds of Al and Li,ZrO,;, and the correlation between the axial
compressive stress and the axial compressive strain was obtained as shown in Figs.
2.4 and 2.5. In Fig. 2.4 the axial compressive strain remaining after the 1%
unloading process represents hydrostatic plastic compaction which is not observed
in case of metal. The hysterisis behavior is observed in the stress - strain plane as
shown in Figs. 2.4 and 2.5.

2.2.1 Analysis Condition

1) Analysis case
The uniaxial compressive experiment with Al single size pebble bed conducted by
UCLA

2) Analysis model
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2D cylindrical analysis model shown in Fig. 2.6. (Only the pebble bed is modeled,
thus the friction between the pebbles and the container wall is assumed perfectly
smooth.)

3) Analysis step
Stepl : 1* loading ; u=0.635mm ( € ,=0.01)
Step2 : 1* unloading
Step3 : 2™ loading ; u=1.27mm (& ,=0.02)

In the loading steps, axial displacements (u) are loaded so that the expected axial
strains ( £,) are obtained. In the unloading step, the axial displacement loads was
fully removed.

4) Analysis code / option
ABAQUS5.7 / modified DRUCKER-PRAGER/Cap plasticity model

5) Mechanical data

Mechanical data used for the cap model analysis are listed in Table 2.1. The
elastic constant and cap hardening data are approximately estimated with the
UCLA experimental data except for shear failure data as follows.

a) Elastic constant and cap hardening data

Young’s modulus and cap hardening data are obtained by the assumption that, in
Fig. 2.4, the 1** loading step represents cap hardening process and the 1* unloading
step represents elastic process as redrawn in Fig. 2.7

Young’s modulus

Young’s modulus is calculated as described below:

gal - £a2

1 o
E- — o )= (1-2vk (—)“' =24GPa  -ceeeeee- 2.1
(Ual VU,) ( Vi 0) Eal _ £a2 a ( )

E : Young’s modulus

E., €. :axial strain (0.0377, 0.0296 ; fixed with Fig. 2.7)
o : axial stress (23.5MPa ; fixed with Fig. 2.7)
v - Poisson’s ratio (0.25 ; by UCLA [4])
k, : =0/Jo, (0339 ;byUCLA [4])

Poi , .
The Poisson’s ratio evaluated by UCLA [4] is used.
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v =0.25

b) Cap hardening data

Cap position is determined by a set of hydrostatic pressure and plastic volume
strain in the process of a hydrostatic plastic compression. For the cap position of
point A in Fig. 2.7,

= %(aa1 +20,)= -;-(1 +2k,)o, =132MPa =~ e (2.2)

Ewll = &, = 0.0296

(Volume strain ( € ,,) equals to axial strain (&,) in a uni-axial case . The plastic
strain of point A is assumed to be the remaining strain after unloading ( &€ ,, at point
B).) The minimum cap position also has to be given, which is defined as the
pressure at which hydrostatic plastic compression begins. It seems very low and
can not be clearly seen from Fig. 2.4. However since very low cap hardening
pressure makes convergence of the analysis deadly worse, the minimum cap
position of 1 MPa (at € ., = 0) is assumed here. The inclination of Cap
hardening line defined as cap hardening pressure divided by plastic volume strain
is 440 MPa (=13.2/0.0296) and is nearly 1/5 of Young’s modulus (2.4 GPa).

¢) Shear failure data
Among the data related to shear failure summarized in Table 2.1, friction angle and

cohesion are especially important.

Fricti ]
It is assumed that the friction angle of Mohr-Coulomb model is 20° in the case of Be
and Li,ZrO; binary pebble beds. Then, the friction angle of DRUCKER-
PRAGER/Cap model is determined according to the analysis model or type of
elements as follows [6]:
- 2-D cylindrical model:
6sing

=——T1 e 2.3
tan B 3_sing (2.3)

¢ : friction angle of Mohr-Coulomb ( 20° : assumed at present )
B : friction angle of DRUCKER-PRAGER/Cap model
= 37.6° (calculated with above equation)
- 2-D X-Y model with plane strain condition:
£=30.6° (for $=20° [6])

Cohesion

The cohesion is temporarily set to be 1/2 of the minimum cap pressure for Be pebble
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bed because of the convergence in computation.
2.2.2 Result of analysis

Analysis results for the uni-axial compressive experiment are shown in Figs. 2.8 -
2.12. The mechanical behavior of the pebble bed is divided into the following six
processes as shown in these figures.

(1) Elastic compression (1% loading)

(2) Hydrostatic plastic compression (1* loading)
(3) Elastic expansion (1* unloading)

(4) Shear failure (1** unloading)

(5) Elastic compression (2™ loading)

(6) Hydrostatic plastic compression (2™ loading)

The features of each process are described below.

(1) Elastic compression (1* loading)
The axial compressive stress increases according to the Young’s modulus (Fig.
2.8 and Fig. 2.10) to reach the minimum cap surface (Fig. 2.9).

(2) Hydrostatic plastic compression (1* loading)
The inclination of hydrostatic plastic compressive process is lower than that of
the elastic compressive process (Fig. 2.8). The axial plastic strain as well as
the radial plastic strain is caused by the hydrostatic compression (Fig. 2.11).

(3) Elastic expansion (1* unloading)
The axial compressive stress decreases according to the Young’s modulus (Fig.
2.8) and becomes smaller than the radial stress in the unloading process (Fig.
2.12). The latter behavior is observed in the UCLA experiment [4]. The
shear stress reaches the shear failure surface (Fig. 2.9). The dotted line in
Fig. 2.9 is drawn in order to show a presumed pass to supplement the lack of
analysis points.

(4) Shear failure flow (1** unloading)
The shear failure flow occurs (Fig. 2.9). The shear failure flow causes the
hystrerisis behavior in the strain-stress plane as shown in Fig. 2.8. The
hysiterisis behavior is seen in the experimental result at UCLA (Fig. 2.4 and
2.5).

(5) Elastic compression (2" loading)
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The elastic range is enlarged by the cap hardening effect that is caused by the
1* loading process.

(6) Hydrostatic plastic compression (2™ loading)
The same behavior as the 1* loading is observed.

Consequently the results using the cap model qualitatively represent well the
pebble bed mechanical behavior observed in the experiment, i.e. hydrostatic plastic
compression and hysteresis stress-strain curve due to shear failure. It can be
concluded from this trial analysis that the cap model is one of the promising
methods to be used for the analysis of the breeding blanket. It should be noted
that since the mechanical behavior of the pebble bed is ruled by the inclination of
cap hardening line after the minimum cap position is reached, inclination of cap
hardening line and minimum cap position are very important on understanding and
analyzing the pebble bed behavior as well as effective Young’s modulus and
Poisson’s ratio.
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Table 2.1 Mechanical data for analysis of uni-axial compressive experiment

a) Elastic constant

Young’s modulus, E 2.4 GPa
Poisson’s ratio, v 0.25

b) Shear failure data

cohesion, d 0.5 MPa
friction angle, G 37.6°
parameter for cap center shift, R 0.5*
initial plastic volume strain, € ,,;"'(0) 0. **
parameter for transition surface, a 0.*
yield stress ratio (tension/compression), K 1.*

¢) Cap hardening data

No. | p(MPa) E v Comment
1 1. 0. minimum cap position
2 13.2 0.0296 Point A in Fig. 2.7

*: Typical values are temporarily assumed based on ABAQUS/Standard user’s
manual [6].

**. No initial plastic volume strain is assumed.
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t : measure for maximum shear force
= MISES stress
\ p : pressure = -1/3 ( 0, + Oyt Tg3)

Shear failure, Fg

Cap, F.

Fig. 2.1 Modified Drucker-Prager/Cap model: yield surfaces in the p-t plane [6]

Similar
ellipses

Fig. 2.2 Modified Drucker-Prager/Cap model: flow potential in the p-t plane [6]
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INSTRON
Hydraulics Press Facility

Fig. 2.3 Uniaxial compression test apparatus (UCLA [4])
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Fig. 2.4 Stress vs. Strain During Cyclic Loading and Unloading Tests (UCLA [4])
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(£ a1=0.0377, o a1=23.5MPa)
(£ a2=0.0296, o a2=0MPa)
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Fig. 2.7 Relation between the axial compressive strain and
the axial compressive stress for Al single size bed
(1st loading and 1st unloading in Fig. 2.4)
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3. Thermal Property-Stress Correlation

It was reported that effective thermal conductivity and wall heat transfer
coefficients of pebble beds increased by compressive stress/force of the pebble bed [5].
Correlation between those thermal properties and compressive stress are derived
for Be binary pebble bed here through analysis of the stress distribution in the
pebble bed of the heat transfer experiment performed by FZK [5]. Then, the
obtained correlation on the thermal conductivity is compared to the experimental
data measured for Al single sized pebble bed by UCLA [7].

3.1 FZK Experiment [5]

Effective thermal conductivity of Be binary pebble bed was measured from the
temperature gradient across a pebble bed contained in an annular cylinder.
Typical experimental result of temperature profile is shown in Fig. 3.1. The radial
compressive stress was generated in the annular cylinder by a differential thermal
expansion among the inner and outer tubes and the pebble bed. Then the
measured thermal property was correlated to the compressive strain of pebble bed
defined as AL/L by FZK. The relation for Be binary pebble bed is reported as
follows:
Packed pebbles : Be binary pebble (2mm ¢ (64.5%)+0.2mm ¢ (16.3%);
total packing factor 80.8%)

AW /mK ] = (7.3145 +1.00652x10™*T, {1+ 7.259%9[%]) ------------- (3.1)

HW/cm’K]=6.138x1072 o f o007 . (3.2)
with f =4.023+ 54.63% for %[%] 2 0.015

and f =1 for %[%]<0.015

Tm or Tw 130-600°C
AL/L 0-0.1%

A = effective thermal conductivity of the bed [W/mK]

L = thickness of the bed in the direction of the heat flow (=R2-R1 [cm])
R1 = outer radius of the inner heating tube [cm]

R2 = inner radius of the outer containing tube [cm]

T =Tm = average temperature of the bed [°C]

Tw = temperature of the outer surface of the inner tube
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h = heat transfer coefficient between bed and containing walls at the outer
surface of the inner tube [W/ecm? °C]
a 5, = thermal expansion coefficient of beryllium at Tm [K]
a g, = thermal expansion coefficient of the containing walls of stainless steel [K]
AL/L = percent difference between the thermal expansion of the bed and the
confinement walls referred to the thickness of the bed

)+ as,R, —ag R, _ as,R,T,, - aSthlTwl

=100x [a, \T -T
Be( m 0 R2 —Rl 0 R2 —Rl

---- (3.3)

3.2 Analysis of the Heat Transfer Experiment

Stress distribution of the heat transfer experiment system of FZK is analyzed so
that the measured thermal property is correlated to its compressive stress.

3.2.1 Analysis Condition

1) Analysis case
The heat transfer experiment with water cooling on the outside surface for-
subjecting compressive stresses to the pebble bed. Two cases were analyzed in

terms of minimum cap position (see 5), b)).

2) Analysis model
2D cylindrical model shown in Fig. 3.2.

3) Analysis code / model
- ABAQUS 5.7
modified DRUCKER-PRAGER/Cap plasticity model

4) Thermal properties

The effective thermal conductivity (A) and heat transfer coefficient (h) of Be binary
pebble bed are referred from the data experimentally evaluated by FZK [5]. The
heat transfer coefficients are taken into account by incorporating a modified
thermal conductivity for near wall element as described below.

1 1
b eem———————— 3.4
2 (3.4)

1
Ay Axxh
Ay : modified A for element to take into account
heat transfer coefficient
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A h : effective thermal conductivity and heat transfer
coefficient of Be binary pebble bed
Ax: width of near wall element (Fig. 3.2)

Thermal properties used here are as follows:
- A for pebble bed bulk region :12.07 W/mK
- Ay for near wall element:
a) at inner tube wall : 3.38 W/mK
(element width=0.5mm; A=12.07W/mK; h=0.94 W/cm?K)
b) at outer tube wall : 0.32 W/mK
(element width:0.5mm; A=12.07W/mK; h=0.066 W/cm?K
Since the h for the outer tube wall has not been measured by FZK,
the h is evaluated with the correlation (Eq. (3.2)) using the
condition T=20°C and AILJ/L=0.)
- Thermal expansion coefficient of the pebble bed : the same values as base
solid materials

5) Mechanical properties
Mechanical properties for the cap model analysis are summarized in Table 3.1.

a) Young’s modulus

Since no experimental data is available for binary pebble beds at present, Young’s
modulus for Be single size pebble bed is temporarily assumed. The Young’s
modulus is estimated as 1.45 GPa by the analytic model of K.Walton [8] for uniaxial
compression of perfectly smooth spheres as shown in Table 3.2 (Appendix A).

b) Cap hardening data

Cap hardening data are composed of a minimum cap position and at least one cap
hardening pressure corresponding to a plastic volume strain. The minimum cap
position is parametrically assumed (1 MPa and 0.1 MPa). The other cap hardening
pressure is determined as shown in Table 3.1 based on the inclination of cap
hardening line calculated as 1/56 of Young’s modulus by the assumption that the
inclination for Be binary pebble bed is similar to that for Al single size pebble bed.
Namely,

r _1OMPa 1 o29MPa eeeecececeeeeeees (3.5)

p= gxevol

€ . is assumed to be 0.1 which is never reached in the analysis.

¢) Shear failure data
The shear failure data are the same as those used in section 2.2.1 except for the
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cohesion data which are assumed to be half of minimum cap position (0.5 MPa, 0.05.
MPa) as described in section 2.2.1.

3.2.2 Results of Analysis

Analyzed temperature distribution with uniform effective thermal conductivity
independent on the stress is shown in Fig. 3.3. Large temperature gap at the outer
wall does not agree with the measured temperature profile shown in Fig. 3.1.
Later in Chapter 4, it will be shown that this discrepancy is removed with the model
taking into account thermal conductivity and heat transfer coefficient depending on
compressive stress.

Analyzed stress distributions in the pebble bed region are shown in Fig. 3.4 and Fig.
3.5 for minimum cap positions of 1 MPa and 0.1 MPa, respectively. In both figures,
the maximum radial compressive stress in the inner region is about 2.5 times
higher than the minimum one in the outer region. Therefore it is found that the
difference of the minimum cap position causes only small change in the shape of
radial stress profile. On the other hand, rather large difference in absolute values
of the radial stresses is given by the difference. For example, the maximum
compressive stress near the inner tube in the former case (Fig.3.4) is nearly 2.5 MPa
while it is about 1.0 MPa in the latter case (Fig.3.5).

3.3 Thermal Property Correlation

FZK has experimentally evaluated the relation between AL/L and the thermal
properties as described above. The AL/L is related to compressive stress here
with the analyzed stress distribution of the experiment system.

1) Effective thermal conductivity

It could be assumed that the AL/L is in proportion to the radial averaged
compressive stress in the experimental system because the AL/L is a sort of
compressive strain defined as the difference between contraction of the container
due to differential thermal expansion of inner and outer tubes and thermal
expansion of pebble bed. The local effective thermal conductivity (A (1)) of the
experimental system could be also expressed as a 1®* order function of a radial
compressive stress ( 0 (r)) (Eq. (3.6)) because the average effective thermal
conductivity (A,,,) is expressed as a 1* order function of AL/L (Eq. (3.7) derived
from Eq. (3.1)).
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Y (O I N e X (2 P — (3.6)
AL
Aavg = A‘O +Ax T """""""""""" 3.7
Ao, Ao : thermal conductivity without stress

A, A : constants

The average thermal conductivity of the experiment system is obtained by
integration of Eq. (3.6) with the o (r) and weighting function w(r) of the system.

A =f(l;) +A'xor(r))w(r)dr
¢ fw(r)dr

S . U ¥ A—— (3.8

-avg

By comparing Eq. (3.8) and Eq. (3.7), the next correlations are obtained because Eq.
(3.8) and Eq. (3.7) must coincide in any experimental condition.

Nmdy e (39)

Ax(g)
L avg

O (3.10)

r-avg

By substituting Eq. (3.9) and Eq. (3.10) into Eq. (3.6),

AL AL
(%) (%)
/l(r) =A, + ——’”—gxo(r) =A, +Ax —&o(r) -------- (3.11)
r-avg r-avg

Comparison of Eq. (3.11) and Eq. (3.7) shows that local effective thermal
conductivity can be obtained by Eq. (3.1) with local AL/L defined by the next
equation.

Selection of the weighting function and range of integration in Eq. (3.8) fully
depends on how the effective thermal conductivity is determined with the measured
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temperature distributions. In this preliminary analysis, most general weighting
function (w(r)=r) is selected for simple volumetric average.

© )= !0, (r)rdr

----------------- (3.13)
f rdr
Calculated results are:
OCase for minimum cap position = 1IMPa
ﬁ(a) = 0.0927 4 ¢ R — (3.14)
L 1.37

(0 £ 2.45 MPa (maximum stress in the analysis))

OCase for minimum cap position = 0.1MPa
AL 0.0927
A )-
L 0.54
(0 £ 0.969 MPa (maximum stress in the analysis))

90 S (3.15)

Using the above equations and Eq. (3.1), the correlation between the effective
thermal conductivity and compressive stress is obtained.
OCase for minimum cap position = 1IMPa

MW /mK] = (7.3145 +1.00652x10™*T,, 1 + 0.491x o[MPa])  ---------- (3.16)

(0 £ 2.45 MPa)

OCase for minimum cap position = 0.1MPa
MW /mK]= (7.3145 +1.00652x107*T, Xl +1.25x% O[MPa]) ----------- 3.17)

(o = 0.969 MPa)

With the above equations effective thermal conductivity is calculated as shown in
Fig. 3.6. Though these relation is strongly affected by the data used for the stress
analysis (a minimum cap position), the calculated thermal conductivity has small
difference through employment of the consistent analytic data, as described in the
later Chapter 4 (Fig. 4.3). For with a bigger minimum cap position, rate of
increase in thermal conductivity by compressive stress get lower as shown in Fig.
3.6. With the same minimum cap position, compressive stress is calculated to be
higher. Then the lower increase rate in thermal conductivity and higher compress
stress is expected to cancel out in calculation of thermal conductivity.

The same correlation is measured for Al single pebble bed at UCLA [7]. For
reference the above correlation for Be binary pebble bed is compared with the
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experimental results as shown in Fig. 3.7 and Fig. 3.8 (normalized at zero MPa).
Fig. 3.8 shows that the correlation obtained above for binary pebble bed does not
differ so much from the measured correlation for single size pebble bed. However
quantitative investigation can not be conducted from these figures because of the
difference in packed mode (binary, single size) and pebble material (Be, Al).

Some supplements are given here as for the weighting function. The integration of
Eq. (3.8) should intuitively be done using d(n(r)) because the measured
temperature distribution may be fitted with the logarithmic axis as shown in Fig.
3.1. Then the weighting function is selected as “1/r” on the contrary to the previous
“r” as described below.

d(in(r)) = al;(r)dr Ly (3.18)
r r

With the weighting function (1/r), O, may be calculated to be larger than previous
value because the stress in inner region is lager than that in outer region. Further
study is needed for the weighting function.

2) Heat transfer coefficient

The relation between compressive stress and A L/L for heat transfer coefficient can
be obtained as follows:

S ket 20— 3.19
L (ar )in ( )
(AL/L),,: AL/L defined in Eq. (3.2)
(0D, : analyzed inner wall compressive stress

(Heat transfer coefficient is measured for only inner wall.)

From the analysis, next correlation is obtained.
OCase for minimum cap position = 1MPa
AL 0.0927

= xXO (o0 £ 245MPa)  --------mee-- (3.20)
L 2.45
OCase for minimum cap position = 0.1MPa
AL = 0.0927 X O (0 £ 0.969 MPa)  -----eeemoeee- (3.21)
L 0969

Using the above equations, value of f in Eq. (3.2) is calculated as described below
and the correlation between the heat transfer coefficient and compressive stress
near wall is obtained with this value.

OCase for minimum cap position = 1MPa
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with f =4.023+2.067x0 for o = 0.40{MPa]
and f =1 for 0 <0.40[MPa]
(0 = 2.45 MPa)

OCase for minimum cap position = 1MPa
with f =4.023+5.226x0  for 0 20.16{MPa]

and f =1 for 0 <0.16{MPa]
(o £ 0.969 MPa)

With the above correlation, the modified thermal conductivity for heat transfer (Eq.
(3.4)) is calculated as shown in Fig. 3.9. Though there is a radical change in the
thermal conductivity at c=~0.4MPa, due to the definition by Eq. (3.2) of no
compressive effect for AL/L less than 0.015%, a linear change shown by a dotted
line in the figure is assumed for convergence in computation. Thermal
conductivity at near wall element is shown as a function of temperature in Fig. 3.10
and Fig. 3.11 for two minimum cap positions, respectively.
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Table 3.1 Mechanical data for analysis of heat transfer experiment

d) Elastic constant

Young’s modulus, E 1.45* GPa
Poisson’s ratio, Vv 0.25

e) Shear failure data

cohesion, d 0.5/0.05 MPa
friction angle, G 37.6°
parameter for cap center shift, R 0.5**
initial plastic volume strain, € ,;*'(0) 0. ***
parameter for transition surface, o 0. **
yield stress ratio (tension/compression), K 1. **

f) Cap hardening data
No. | p(MPa) E vl Comment
1 1./0.1 0. minimum cap position
2 29. 0.1

*: Estimated by an analytic model of K. Walton [8] (Appendix A)
**: Typical values are temporary assumed based on ABAQUS/Standard user’s
manual [6].

***. No initial plastic volume strain is assumed.

Table 3.2 Young’s modulus of Be pebble bed

Item FZK experiment | Breeding blanket
porosity, ® 0.192 [5] 0.192 [5]
temperature, T 50 °C 300 °C
Young’s modulus for Be bulk, E 295 GPa 281GPa
Poisson’s ratio, v 0.07 0.07
contacts per sphere, 7 6.4 [9] 6.4 [9]
axial strain, & 0.001* 0.001*
Young’s modulus for Be pebble bed, E 1.45 GPa** 1.38 GPa**
inclination of cap hardening line E(cap) 0.29 GPa*** 0.28 GPa***

*: Uniaxial strain is assumed
**:  Estimated with the analytic model developed by K. Walton [8] (Appendix A).
Temporarily assumed as single size pebble bed due to the lack of data for binary
pebble bed.

***: Assumed as 1/5 of pebble bed Young’s modulus
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Q, : 9.87 [W/em?]

T:5
P:1

0.8 [°C]
.0 [bar]

A :12.07 {[w/mK]
h :0.94 [W/cm?]

( heat flux at the inner wall )
(average temperature of the bed )
( helium pressure )

( thermal conductivity of the bed )
( heat transfer coefficient )

Temperature [°C]
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Fig. 3.1 Radial temperature distribution in the bed [5]
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A) Experiment system (Cross-section of test equipment)

(The thickness of inner and outer tubes
is assumed to be 2 mm each.)

R2:51mm

AL/1~0.0927 .
(evaluated by Eq. 3.3) Tw2:19.2°C
ap, = 1.4X10%
Ags= 1.6X10°
- )
. Tm=50.8°C RI1:8mm
1 Tw1:176.4C A
Be binary pebble /¥ 2mm
B) Analysis model e :
O2D cylindrical
| [
} ) (%) g
Inner tube (ss) —1{ Be pebble bed )’
i
! r
Outer tube (ss)

Boundary condition for thermal analysis :
inner surface of inner tube (SS) :180°C
outer surface of outer tube (SS) :18°C
(This condition is estimated with experimental temperature
distribution in Fig. 3.1)

Fig. 3.2 Analysis model of FZK experiment system
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4. Thermo-mechanical Analysis Method
4.1 Analysis Method

The coupled temperature-displacement analysis procedure of ABAQUS code is
selected as shown in Fig. 4.1 in order to take into account the dependencies of
thermal conductivity and heat transfer coefficient on compressive stress. Thermal
conductivity is automatically calculated based on the iterated stress (O) at every

calculation point.
4.2 Verification of Thermo-mechanical Analysis

The heat transfer experiment [5] is analyzed with the coupled temperature-
displacement analysis procedure using correlation obtained in 3.3 and the same
mechanical data as in 3.3 (Table 3.1). Analyzed thermal conductivity distribution
and temperature distribution are shown in Fig. 4.2 and Fig. 4.3, respectively. In
comparison with the previous thermal analysis results (Fig. 3.3), the temperature
jump at the outer wall surface is reduced to the same magnitude as the
experimental results in Fig. 3.1. Because of the reduction of the temperature jump,
the averaged temperature in the pebble bed becomes lower than the case without
the effect of compressive stress on effective thermal conductivity. The temperature
distribution in the pebble bed region shows slight convex curvature since the
thermal conductivity of outer region is lower than that of more compressed inner
region. The convex curvature can be also seen for the measured temperature
distribution plotted in Fig. 3.1, which may demonstrate the compressive effect on
the thermal conductivity. The analyzed stress distribution in the pebble bed is
shown in Fig. 4.4 and Fig. 4.5. The analyzed stress is lower than the case without
compressive effect because of its lower temperature.
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5. Analysis of Breeding Blanket

Thermo-Mechanical analysis is conducted on ITER breeding blanket by the method
and data discussed above.

5.1 Analysis Condition

1) Analysis case
« Unit cell of ITER #19 (outboard mid-plane) breeding blanket (Fig. 5.1)

Case A: nominal case with effective thermal conductivity of Be pebble bed
dependent on the stress

Case B: constant thermal conductivity in the Be pebble bed bulk region
(A =13.43 WmK) (referred from [1])

Case C: A =-20% of nominal case in the Be pebble bed bulk region

Case D: A = +20% of nominal case in the Be pebble bed bulk region

2) Analysis model
. Unit cell of ITER #19 (outboard mid-plane) breeding blanket
. 2D X-Y model with plane strain elements as shown in Fig. 5.2. (Generalized
plane strain condition is desirable but unavailable for the Coupled
Temperature-Displacement analysis at present.)

3) Analysis code / model
- ABAQUS5.7 / modified DRUCKER-PRAGER/Cap plasticity model
(Coupled Temperature-Displacement analysis procedure was for case A, C and D)

4) Thermal data
a) Thermal loading [1]

- Heat flux first wall 0.5 MW/m?®

- Volumetric heating Be 6.63*EXP(-6.41*X) MW/m?

Li,ZrO, Table 5.3
SS316LN 9.52*EXP(-5.085*X) MW/m?
(X: distance from first wall)

b) Heat transfer coefficient (h), coolant temperature (T) [1]

- First wall channel h=27400 W/m? K, T=145°C
- Cooling plate channel h=13000 W/m? K, T=170°C
- Cooling plate header h=22000 W/m* K, T=190°C

c) Pebble bed effective thermal conductivity
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Be pebble bed
Case A:

Among two thermal conductivity correlations described in 3.2, the correlation for
the minimum cap position of 0.1 MPa (Eq. (3.17)) failed to converge in the analysis.
Therefore one for the minimum cap position of 1IMPa (Eq. (3.16)) is used here. At
smaller compressive stresses than 0 MPa, the effective thermal conductivity is set
as 7.31 W/mK corresponding to a value at 0 MPa. At lager ones than 2.45 MPa,
the effective thermal conductivity is set as 16.12 W/mK corresponding to a value at
2.45 MPa which is the maximum stress of the analyzed heat transfer experimental
system. Between the two compressive stresses, thermal conductivity is estimated
by Eq. (3.16).
Case B:

13.43 W/mK
Case C:

-20% of case A
Case D:

+20% of case A

LiyZrO, .

Effective thermal conductivity of Li,ZrO, pebble bed is estimated with SZB analytic
model [10] as shown in Fig. 5.3.  The effect of compressive stress on the effective
thermal conductivity is not taken into account because it is reported that the
compressive effect has not been significantly observed for Li,ZrO; pebble bed in the
experiment [7].

Calculation condition:
Li,ZrO; pebble bed 2 ¢ (65%)+0.2 @ (15%)
SZB model Contact area = 0.
Accommodation factor=0.4

d) Modified thermal conductivity for near wall element to take heat transfer
coefficient at wall into account

Be pebble bed

The modified thermal conductivity described in section 3.3, 2) is used in case A, C
and D. The used thermal conductivity is shown in Fig. 3.10. In case B, heat
transfer coefficient is not taken into account.

Li2ZrO3 pebble bed

The heat transfer coefficient between Li,ZrO; pebble bed and the tube wall was not

taken into account at present.
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e) Thermal expansion coefficient of pebble bed
The same values as base materials (Be, Li,ZrO;) as shown in Table 5.1 are used.

5) Mechanical data
Mechanical data for the cap model analysis are summarized in Table 5.2.

a) Young's modulus

Be pebble bed

The Young’s modulus for Be single size pebble bed is tentatively applied, which is
estimated as 1.38 GPa by the analytic model of K.Walton in the same way as
described in the section 3.2.1, 5). This value is slightly less than that used in the
analysis of the heat transfer experimental system because of higher temperature of
the breeding blanket as shown in Table 3.2.

Li2Zr03
The Young’s modulus used here is 0.5 GPa which is experimentally obtained for
Li,ZrO, single size pebble bed at axial compressive strain = nearly 0.3% [4].

b) Cap hardening data

Be pebble bed

Minimum cap position is assumed to be 1 MPa. Another cap hardening pressure is
determined as shown in Table 3.2 based on the inclination of cap hardening line

assumed as 1/5 of Young’s modulus.

Li2Zr03

Minimum cap position is assumed to be 1 MPa. Another cap hardening pressure is
determined with the inclination of cap hardening line calculated using Fig. 5.4 in
which 1% loading and 1** unloading lines are drawn based on Fig. 2.5.

p= %(oa, +20,)= %(1 +2k,)o, =2IMPa e (5.1)
p : hydrostatic pressure
E., €. :axial strain (0.0105, 0.006 ; Fig. 5.4)
O a1 : axial stress (3.8MPa ; Fig. 5.4)
v : Poisson’s ratio (0.25 [4])
ko . =0/0, (0.339; temporarily assumed to be the same

as that for Al pebbles because of no available data for
Li,ZrO; at present)
EWll = €, = 0.006
Since the inclination of Cap hardening line is calculated as 350 MPa
(=2.1MPa/0.006), the hydrostatic pressure is 350 MPa at € ,,;' =1.
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c¢) Shear failure data

The shear failure data are the same as those used in section 3.1 (Table 2.1) except
for the friction angle. The friction angle used here is 30.6° for 2-D X-Y model with
plane strain condition.

5.2 Results of Analysis

1) Case A (nominal case)

The analyzed temperature distribution is shown in Fig. 5.5. The maximum and
minimum temperatures of breeding material (Li,ZrO,) are summarized for each
breeder tube in Table 5.3. The maximum temperatures for other materials are also
summarized in Table 5.4. In the design of the breeding blanket, temperature
limits are tentatively considered to be within 300-350°C to 800°C for Li,ZrO,; and
under 500°C for Be [1].

The temperature of the breeding material ranges from 317°C (No. 8 breeder tube) to
554°C (No. 6 breeder tube). Since the heat transfer coefficient between the
breeder pebbles and the tube surface are not taken into account in this analysis, the
temperature would become slightly higher with this effect, but would be still within
the limits. The maximum temperature of Be pebble region is 446°C which is below
the present limit (500°C).

The stress distributions in the X and Y directions are shown in Figs. 5.6 and 5.7,
and the minimum and maximum stresses are summarized in Table 5.5. Tensile
stress is found in the entire breeding region because the thermal expansion
coefficient of Li,ZrO;, is less than that of tube material (SS). The stress in the Be
pebble region spatially varies from -2.5MPa to 0.47TMPa as shown in Table 5.5.
Strong compressive force is generated in the higher temperature region, so
compressive stresses in the region near the first wall and far from the cooling panel
are higher than the other region.

Stresses in SS (first wall, tube, rib and back wall) are extremely high because of the
plane-strain condition. However, the plane-strain condition is impractically severe,
and it is desirable that the code would be improved to apply generalized plane-

strain condition.
2) Case B (case for constant thermal conductivity)

Analyzed temperature and stress distributions are shown in Figs. 5.8-5.10. These
are similar to the results of the nominal case (case A) as also seen from Table 5.3-5.5.
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Slight difference from the nominal case, the temperatures of the 8™ breeder tube
and the shielding plate of case A are higher than those of case B. case, is found.
This feature is appreciated by the compressive effect. In case A the compressive
stresses in the Be pebble bed region located between 8" (last) breeder tube and
shielding plate are lower than the other region as shown in Figs. 5.11 and 5.12
where stress distributions are drawn focusing on Be pebble bed. The lower
compressive stresses cause the thermal conductivity of the region lower and then
the temperature higher.

Consequently it might be concluded that the spatially constant thermal
conductivity estimated by FZK (Eq. 3.1)) is fairly good as a whole for ITER type
breeding blanket. Naturally detailed treatment of tmermo-mechanical property
including spatially varying thermal conductivity depending on the stress is required
for accurate analysis, particularly in the case of time dependent thermo-mechanical

analysis

3) Case C, D (case for conductivity of +20%)

Analyzed temperature and stress distributions are shown for case C and D in Figs.
5.13-5.18. The temperatures of the breeding material (Li,ZrO; pebble bed) for case
C (A =-20%) are about 20-30°C higher than those for case A (nominal) as shown in
Table 5.3. The maximum temperature of the multiplier (Be pebble bed) for case C
are 45°C higher than that for case A. The temperatures for case D (A 5,=+20%) are
about 12-16°C lower in the Li,ZrO; pebble bed and 31°C lower in the Be pebble bed.

Current design of ITER breeding blanket is evaluated to permit *+20% change in
thermal conductivity of Be pebble bed.

For more detail quantitative estimates of the breeding blanket, further studies are
required as for:

- elaborate investigation of thermal and mechanical properties of binary pebble
bed, including pebble-wall friction and behaviors of pebbles subjected to
tensile stresses

- establishment of analysis methods and constitutive equation to describe these
pebbles behavior based on plastic theory

- incorporation of the analysis method and the constitutive equation into
available thermo-mechanical analysis code
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Table 5.1 Thermal expansion coefficient

(1/K)
T(°C) Ss[11] Be[11]  Li2ZrO3[12]
20 1.59E-05 1.13E-05 9.92E-06
50 1.61E-05 1.19E-05 9.93E-06
100 1.64E-05 1.29E-05 9.93E-06
150 1.67E-05 1.38E-05 9.94E-06
200 1.70E-05 1.47E-05 9.94E-06
250 1.72E-05 1.55E-05 9.95E-06
300 1.75E-05 1.63E-05 9.95E-06
350 1.77E-05 1.70E-05 9.96E-06
400 1.79E-05 1.77E-05 9.97E-06
450 1.81E-05 1.83E-05 9.97E-06
500 1.83E-05 1.88E-05 9.98E-06
550 1.85E-05 1.94E-05 9.98E-06
600 1.87E-05 1.99E-05 9.99E-06
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Table 5.2 Mechanical data for analysis of breeding blanket

g) Elastic constant

Be Li2ZrO3
Young’s modulus, E 1.38 GPa 0.5 GPa
Poisson’s ratio, v 0.25 0.25

h) Shear failure data

Be Li2Zr03
cohesion, d 0.5 MPa 0.5 MPa
friction angle, G 30.6° 30.6°
parameter for cap center shift, R 0.5* 0.5*
initial plastic volume strain, € ,,;*/(0) 0. ** 0. **
parameter for transition surface, a 0.* 0.*
yield stress ratio (tension/compression), K 1.* 1.*

i) Cap hardening data
(Three sets of hydrostatic compression pressure (p) and plastic volume strain &
(o)) are used, The third set is added because plastic volume strain may exceed

that of the second set (0.1))

Be Li2Zr03
No. | pMPa) | &, pMPa) | £, Comment
1 1. 0. 1. 0. minimum cap position
2 27.6 0.1 35. 0.1
3 276. 1. 350. 1.

*. Typical values are temporarily assumed based on ABAQUS/Standard user’s
manual [6].

**: No initial plastic volume strain is assumed.
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6. Summary

Thermo-mechanical analysis of #19 ITER breeding blanket module has been
conducted taking into account spatially varying thermal conductivity and heat
transfer coefficient in Be pebble bed depending on the stresses due to the
differential thermal expansion of the blanket.

The modified DRUCKER-PRAGER/Cap plasticity model of ABAQUS code is used
because it can deal with such mechanical features of pebble bed as shear failure
flow and plastic consolidation. The capability of the model is studied and proved
through analysis of the uni-axial compressive experiment.

The thermal conductivity - stress correlation and heat transfer coefficient - stress
correlation for Be pebble beds are obtained based on the experimental results and
additional thermo-mechanical analysis.

The COUPLED TEMPERATURE-DISPLACEMENT procedure of ABAQUS code
is used so that thermal conductivity is automatically calculated in each calculation
point depending on the stress.

Thermo-mechanical analysis of the ITER breeding blanket module has been

performed for four conditions: case A; nominal case, case B; constant thermal

conductivity (13.43 W/mK), case C; thermal conductivity = -20% of nominal
case ,and case D; thermal conductivity = +20% of nominal case.

- In the nominal case the temperature of breeding material (Li,ZrO;) ranges from
317°C to 554°C. The maximum temperature of Be pebble bed is 446°C.

- The breeder temperatures in 8" tube and the shielding plate in case A are
higher than those for case B because of lower thermal conductivity caused by
lower compressive stresses. It might be concluded that the spatially constant
thermal conductivity estimated by FZK is fairly good as a whole for ITER type
breeding blanket.

- Current design of ITER breeding blanket is evaluated to permit +20% change
in thermal conductivity of Be pebble bed.

From the analysis for the uni-axial compressive and the heat transfer experiment,
it is confirmed that the analysis method and model taken here qualitatively
represent well the pebble bed behaviors observed in the experiment.
Preliminarily analysis on the ITER breeding blanket shows the present design will
satisfy the currently specified material temperature limits. For more detail
quantitative estimates of the blanket performance, further investigation on
mechanical properties of pebble beds by experiment and the improvement of the
analysis model and the calculation code are required.
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Appendix A
Calculations of Young’s modulus of pebble bed

An analytic method for estimating Young’s modulus of a random packed single size
pebble bed is reported by K.Walton [8]. This method is used here despite of its
applicability for only single size pebble bed. It is because a newly proposed method
improved to deal with binary pebble beds [13] cannot be used here due to lack of
available data on binary pebble bed at present (e.g. number of contact points
between pebbles). In the method of K.Walton, Young’s modulus of pebble bed is
calculated as a proportional coefficient between stress and strain averaged over
pebble bed. The stress is computed with a given strain by an elastic theory on
contact of pebbles. The relation between the strain and the stress is analyzed in
incremental form since young’s modulus generally depends on a strain in pebble

bed.

Young’s modulus is given by the next equation for uniaxial strain and no friction

between pebbles.
%
a-= gne
327°B

Cl‘1 (Young's modulus) = 3a

® :0.808 (packing factor)
n: 6.4 (number of average contacts points per one pebble )
e:0.001 (strain)

A:2.14%X 10" [Pa] (Lame’s constants )
L:1.31x 10" [Pa] ( Lame’s constants )

C,,:1.38x10° [Pa] (Young’s modulus for pebble bed)

(Above variables were used to calculate Young’s modulus of Be pebble bed in Table
5.2)
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