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Thermal control is an important issue for ceramic
breeder blankets since the breeder needs to operate
within its temperature window for the tritium release
and inventory to be acceptable, A thermal control re-
gion is applicable not only to situations where the cool-
ant can be run at low temperature, such as for the
International Thermonuclear Experimental Reactor
(ITER) base blanket, but also to ITER {test module.and
bower reactor situations, where it would allow for ce-
ramic breeder operation over a wide range o,ﬁ power
densities in space and time. Four thermal control mech-
anisms applicable to ceramic breeder blanket designs
are described: a helium gap, a beryllium sintered block
region, a beryllium sintered block region with a metal-
lic felt at the beryilium-cladding interface, and & beryl-
lium packed-bed region. Key advantages and issues
associated with each of these mechanisms are discussed.
Experimental and modeling studies focusing on-beryl-
lium packed-bed thermai conductivity and wall conduc-
tance, and beryllium sintered block-stainless steel
cladding contact resistance are then described. Finally,
an assessment of the potential of the dgfferent mecha-
nisms for both passive and active control is carried out
based on example calculations for a given set oﬁ ITER-
like conditions.

I. INTRODUCTION

Ceramic breeders need to operate within an allow-
able temperature window for the breeder tritium release
and inventory to be acceptable. Thus, the thermal per-
formance of ceramic breeder blankets is determined
in large part by the predictability and controllability of
the series of thermal resistances, including regions and
interfaces, between the coolant and the ceramic
VOL, 23

FUSION TECHNOLOGQY MAY 1993

| B
1 . FEANICE T INGINT TR

KEYWORDS: ceramic bresder
blanket, therrnal tontrol, packed
bad

breeder. 1 ‘eally, if the coolant temperature is high
enough and the ceramic breeder temperature window
is wide enough, the breeder can be separated from the
coolant by a cladding only and still operate above its
minimum allowable temperature, thereby minimizing
the number of interface resistances and the associated
uncertamtmt_s during operation. However, if operating
conditions require a thermal disconnect between the
ceramic breeder and the coolant, a thermal control re-

_gion.needs to be provided between the high-temperature

ceramic breeder and the lower temperature coolant, as
shown in Fﬁg 1.

This is |particularly important when power pro-
duction is not an -objective, such as for the Interna-
tional Thermonuclear Experimental Reactor (ITER)
base blanket; the coolant can then be kept at low tem-
perature and pressure to enhance reliability and safety
while the thermal control region-enables ceramic breeder
operation at high temperature for acceptable tritium re-
lease. A thermal control region would also apply for
both the ITER test module and the power reactor sit-
uations to %Jow for operation at different power levels

if the coolant temperature at the inlet to the breeder
region is lower than the allowable ceramic breeder tem-
perature, F&r ITER ceramic breeder test module apphca—
tion, a thergwl control region would enable the ceramic

breeder to operate within its temperature window over -

o
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Fig. 1. Scheha of thermal resistance reglon between high-
temperature ceramic breeder region and low-temper-
ature water coolant,
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In addition, the temperature drops across the stain-
less steel claddings were assumed to be negligible com-
pared with the overall temperature drop between the
ceramic breeder and coolant.

Additional assumptions specific to-each configura-
tion are described in the following sections. Note that
although the absolute controllability of different blan-
ket concepts would change for different assumptions,
such as power densities and coolant temperature, it is
believed that the relative assessment of the performanice
of the different thermal control mechanisms provided
by these example calculations would still apply.

VA. Helium Gap

The helium thermal conductivity. ky, is propor-

tional to the temperature T"to the power of ~(0.72, ac-
cording to the following correlation derived from
results reported in Ref. 25:

kpe ~ 2.5 X 10737072 (13)

where &y, is in W/m-K and T is in kelvins,

This is an attractive characteristic of helium. since.
it results in an-extension of the range of allowable power
variation, Typically, as the power is increased; the tem-
perature drop across the helium gap increases; but be-
cause of the enhanced helium thermal conductivity, the.
increase is not in direct proportion. to the: power in-

crease, Similarly, for a power decrease, the helium ther-

mal conductivity decreases, and the resulting decrease
in the helium temperature drop is not in direct propor-
tion with the power decrease. Both these effects keep
the ceramic breeder temperature within its allowable
window over larger power increases and decreases, thus
providing more flexibility in accommodating power
variation. These effects were included in the thermal
control calculations for the allowable wall load range
as a function of the helium region thickness. .

The calculation of allowable wall load range pro-
ceeded as follows. First, the temperature drop across
each region was calculated for a Py of 1,2 MW/m? and
for the given assumptions. The maximum allowable

Py was then estimated as fim,, a multiple of 1.2 MW/ -

m2, based on the foll_owing equation:
Smax{ BTr0) + [KueoyKre ] AThe + ATca(o) }
= TCB(max) = Lwater » ‘ (14)

where the subscripts (0).and (1) refer to parameters cal-

culated for the reference and final Py values. The
value of Kpe(1) can be estimated from the helium aver-
age temperature, Ty (ave), based on the variation of
kije with temperature. The term Ty (@ve) is given by

They(ave) = Tyaer + Sinax $0.5 [ Kra(0)Krae1y] A Theo)
| + ATy} - 1)
Equations (14) and (15) in conjunction with
Eq. (13) were solved for the three unknowns, kge1),
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Theqy (ave), and f,,, . Equation (14) was replaced by
the following expression to calculate the minimum al-
lowable Py as fimn, @ multiple of 1.2 MW/m?:

Smin{ 8T g0y + [Knieoy /oy AThey)
= TCB(MM) = Lwater » (16)

In addition, radiation can contribute significantly to
the heat transfer, particularly for the high-temperature
cases. Radiation is dependent on the emissivity of the
surfaces, which is not known. As an upper bound, the
effect of radiation was included based on the Stefan-
Boltzmann law for a black surface.

The resuits are shown in Fig. 28 for cases with and
without radiation. The allowable Py range contracts
rapidly as 8y, is decreased. In the absence of radiation,
S for a reasonable range of Py (0.55 to 2 MW/m?)
is ~1.5 mm, which is small and gives rise to the con-

‘cern of maintaining close tolerances during manufac-
ture and operation. Radiation substantially increases
the allowagle upper wall load limit and would allow
the choice of a larger gap size, depending on the emis-
sivity of -ﬂ} surfaces. The effect is more marked for
cases where the allowable wall load and corresponding
heat flux are initially lower since the additional heat
flux allowed by radiation for the same temperature
dr.op-acrosi the gap is then relatively more important.
Similarly, radiation also slightly increases the lower
allowable wall load, but the effect is small since the
temperaturfps involved are lower. For example, for a
3-mm gap thickness, the allowable wall range of 0.19
to 0.96 MW/m? excluding radiation is extended to a
maximum of 0.32 to 2.32 MW/m? when including ra-
diation. The actual range would be somewhere between

El Upper Wall Load Limit Incresse
Due to Radiation

A Wal! Load Range Excluding
Radiation

M Lower Wall Load Limit increase
Due to Radiation :

o o

Neutron Wall Load (MW/m?)
W ~

01 05 08 13 17 21
Helium Gap Thickness (mm)

~ Fig, 28. Range of allowable wall loads based on the ceramic

breeder temperature limits-as a function of the he-
lium gap thickness between the ceramic breeder and
water ‘coolant.,

299




Raffray et al. THERMAL CONTROL

a range of power levels in space and time. In addition,
the possibility of active control would allow for testing
at different breeder temperature levels. For power reac-
tors, a thermal control region would al]_oyv for operation
at a fractional power level, consistent with utility oper-
ating modes, and for any ceramic b_reeder-cqolant de-
sign combination requiring a temperature disconnect
between the coolant and breeder.

Two types of thermal resistance regions proposed
for the ITER base-blanket! are (a) a thin helium gap
and (b) a beryllium region that would perform both
neutron multiplying and thermal barrier functions. The
beryllium could be either in sintered block form orin
packed-bed form. For the case of beryllium sintered
blocks, which have a high thermal conductivity, it is
conceivable that a feltlike material be inserted at the
beryllium-cladding interface to increase the overall ther-
mal resistance of the thermal control region and, thus,
reduce the beryllium inventory if required,

Thermal control issues include the predictability of
the thermal resistances, particularly during operation.
For instance, in the case of the helium gap, uncertain-
ties arise from the need to maintain close tolerances
during manufacture and operation. In the case of the
beryllium region, uncertainties are associated with the
difficulty of predicting the effect of thérmal expansion
and irradiation swelling of beryllium on the thermal

resistances of interfaces.
' ‘Besides predictability, othér important features of
an attractive blanket design are flexibility and robust-
ness. These relate to the capability of the blanket to ac-
commodate changes in parameters affecting the breeder
temperature. These changes can be planned, as, for
example, operation at different power levels, There
could also be unpredictable changes in behavior caused,
for instance, by the operating environment, such as

effects of irradiation or thermal cycling. In-addition,

power level changes in space, as expected with tokamak
reactors, and in time, if cyclic operation is used, have
to be adequately accommodated. _

The ability to.actively control (in situ) the thermal
resistance between the breeder and coolant would re-
sult in a more flexible and robust design and would
alleviate some of the concerns associated with the un-
certainty in the predictability of passive thermal control
performance and in blanket operating conditions, Ex-
perimental and modeling studies were aimed at exploring.
mechanisms for active thermal control and at defining
the limits of usefulness of these schemes. One such
mechanism is the beryllium packed-bed region. Con-
trol of the effective thermal conductivity of the bed is
obtained by changing the gas pressure and/or compo-
sition to vary the effective thermal conductivity of the
bed. This behavior is also affected by the nature of the
particle contact and by the size and surface character-
istics of the particles. Experiments were conducted for
both single-size and binary particle distributions under
different gas pressures and flow rates.
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In parallel with the experimental effort, modeling
activities were carried out to.develop tools for estimat-

‘ing the effective thermal conductivity of beryllium-
_helium packed beds as well as the contact resistance of

beryllium sintered block-steel cladding interfaces. The
models were used to help analyze experimental results

as well as ﬁo assess their predictive capabilities over a

range of experimental conditions.

In this paper, proposed thermal control schemes for
ceramic breeder blankets are described, and key advan-
tages and issues associated with each of them are dis-
cussed. Next, recent developments in modeling and
experimental studies on beryllium thermal behavior are
discussed. In light of these developments, an assessment
of the potential of the thermal control mechanisms is
carried out based on example calculations for a given
set of ITER-like conditions.

1. THERMA{ CONTROL CONFIGURATION

a thin helium gap and a beryllium region. The beryl-
lium can either be in sintered block form or packed-bed
form. These configurations are described in the follow-
ing, and the major advantages and issues associated
with them are discussed. '

Two pEssible types of thermal resistance regions are

LA, Heliumjfﬂap

Use of|a helium gap.as a thermal barrier between.
the ceramic breeder and coolant is attractive based on
the potential simplicity of the configuration and the
ease of predictability of its thermal resistance provided
the operating conditions.and gap thickness.are known.
It has been used successfully in small-scale-in situ tri-
tium lteleal;e experiment in fission reactors. However,
for ITER-like power densities and even for the low-
temperature coolant case, the gap thickness required to
produce the necessary temperature drop between the
coolant and breeder is small, and the resulting thermal
resistance is sensitive to even small changes in the ge-
ometry, Thus, for large-scale blanket application, the

key concerins remain the close tolerance required dur-

ing manufacture and assembly as well as the ability to
predict the gap dimensions during operation. These
concerns are exacerbated if the blanket configuration
requires vﬁiable gap thicknesses to account for poloi-
dal power variation and bending of the blanket unit cell
to accommodate space restriction or reactor contours,

such:as in the case of a poloidal blanket tube geometry.

I1.B. Berylliym Reglon

The-thermal resistance between the ceramic breeder
and the ¢oolant can also be provided by a beryllium
region, which performs the dual function of neutron
multiplying and thermal control. The beryllium can be
either in sintered block form or in packed-bed form,
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for which the advantages and issues are not necessar-
ily the same. They are discussed separately in the fol-
lowing sections.

II.B.1. Beryllium Sintered Block

Use of a beryllium sintered block thermal control
region is typified by the multilayered ceramic breeder
blanket configuration proposed for the ITER base
blanket!? and shown in Fig. 2. It consists of layers
of Li;O breeder separated from the coolant by lay-
ers of beryllium in sintered block form, which provide
the necessary thermal resistance between the breeder
and the water coolant. Uncertainties in the thermal con-
trol performance are-mostly associated with the predict-
ability of the beryllium-cladding interface contact
resistance. Any geometry or contact characteristic
changes during operation could significantly affect the
interface thermal resistance and, hence, the thermal
control performance.

Beryllium in sintered block form has a high ther-
mal conductivity and, depending on the heat genera-
tion in the ceramic breeder and the beryllium and on
the required temperature drop between the coolant and

Beryllium

Beryllium

" First
Wall

Breeder

Raffray et al. THERMAL CONTROL
the breeder| the beryllium region thickness can be quite
high to proyide the required temperature drop between
the ceramic breeder and coolant. For this multilayer
ceramic breeder blanket under ITER conditions, the
beryllium region thickness varies from ~3 to 15 cm,
depending pn the radial and poloidal position of the
blanket segment. This is advantageous in terms of min-
imizing the number of ceramic breeder and multiplier
regions and, hence, of coolant and purge channels in

‘the blanket, However, it also results in the use of a large

amount of beryllium, whose unit cost is high. In addi-
tion, the tritium breeding benefit gained from using
beryllium as a neutron multiplier tends to saturate with
a beryllium thickness within ~10 cm, depending on the
blanket configuration. -

Two possible ways of minimizing the use of beryl-
lium in the blanket are to insert a metallic felt at the
beryllium s&ntered block-cladding interfaces or to use
a packed bid of beryllium, at least for the thicker be-

ryllium block regions. However, thinner beryllium lay-
ers tend to-increase the number of ceramic breeder and
beryliium i%yers required for reasonable tritium breed-

ing performance, and any resulting increase in design

Breeder
Manifold

Blanket -
E'oolg'ug N .
eacer First-Wall
Cooﬂcrg-
Mea ler

Fig. 2. Isometric view of multilayered ceramic breeder blanket design using a beryllium sintered block region for breeder
thermal control.’ !
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i i 0
complexity must also be taken into.accou:
alternative beryllium configurations are discuss

next two sections.

ed in the

ILB. 2 Beryllium Sintered Block with Metallic Felt
i ic felt at the breeder interface was
PI::cllnign aR::ztglltxg provide a reagqn'able degree of
pmpot resistance predictability. A.xdclmonally., a-metal-
oIt m-cladding interface would pro-

' the berylliu . .
f,‘ifif’:f,: ta;?j1x?-:s'll1tasqges of accommodation of beryllium
swelling and thermal expansion through felt compress-

ibility and the possibility of active thermal control
through gas pressure adjustment. .
Manufactured metallic felts are-available with the-
oretical densities ranging from at least 10 to 60% and
with fibers as small as 8 um, Initial evaluation of the
mechanical performance of the felt indicates that the felt
does not serve any load-carrying functions and that the
resulting stresses would be chiefly due to fiber bending
under compression. They were estimated as being low
based on a simple cantilever model. However, because
of the irradiation environment, a number of concerns
exist, including the effects of helium embrittlement, ir-
radiation hardening, and radiation creep, which could
cause the felt to disintegrate. Thus, the performance of
the felt would neéd to be demonstrated under proto-
typical irradiation and temperature. conditions.

unt. These two

II.B.3. Béryllium Packed Bed
An example of the use of a beryllium packed-bed

‘thermal control region is shown in Fig. 3. It represents
another multilayered ceramic breeder blanket config-

uration proposed for the ITER base blanket,! in which
the Li;O breeder is separated from the water coolant
by a beryllium packed-bed region.

The packed-bed form offers the advantages of po-
tential active control of the thermal conductance of the
beryllium [region through adjustment of the gas pres-
sure or composition and possibly better accommoda-

. tion of beryllium thermal expansion and swelling, It

also makes minimum use of beryllium since the lower
thermal chnductivity of the packed bed results in thin-
ner beryllium layers as compared with the sintered
block form. However, this may lead to a larger num-
ber of layers and, thus, to a more complex design, as
dictated by the neutronics for optimum tritium breed-
ing. Other concerns relate to the predictability of the
wall conductance during operation, to the effect of
swelling o7 thermal expansion on the effective thermal
conductivity of the bed, and to the bed behavior un-
der cyclic conditions.

. EXPERIMENTAL STUDIES

Becauge of the importance of thermal control
for ceramic breeder blankets—in particular for ITER

1068 {Armor)
!
¢ R i e Stainless Steel Cladding
- _‘_‘ﬂ“ Li,O Pebble -
' 4 —Breeding  ~, |
§ Region -i—
” Beryllium
5| - *t [l Pebble
b r— h .
Z Coolant {H,0) .
* Stainless Steel :
Shielding |
Region | Detail A _ |
' - NN L0 |
W 3
Outboard Beryllium

Stainless Stee! |

Fig. 3. Cross-sectional view of multilayered ceramic breeder blanket design using a beryllium packed-bed region for breeder
thermal control.! Dimensions are given in millimetres. !
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application—a program of model development and ex-
perimentation has been undertaken to address key
issues associated with the proposed thermal control
mechanisms.

The effort initially focused on experimental and
modeling studies of particle beds because of their
unique thermal-hydraulic properties. The objective
of the experimental program was to determine the
effective thermal conductivity of a packed bed with
a high ratio of solid to gas conductivity (to simulate be-
ryllium-helium beds) and to ascertain the potential
of active control of the effective thermal conductivity
by variation of the gas pressure or.composition. In par-

allel with the experimental effort, models were devel- -

oped to help interpret the experimental data and to
enable extrapolation to different reactor conditions.
The experimental effort is covered in this section and
the modeling effort in Sec. IV.

Experiments were conducted for both single-size
and binary particle distributions under different gas
pressures and flow rates.** Aluminum was chosen to
simulate the physical properties of beryllium, which is
the material proposed for reactor applications. Helium

and nitrogen were used for the gas component. A cross .

section of the test section is shown in Fig. 4. Axial ther-
mocouple penetrations were found to least affect the

heat transfer characteristics of the bed and were used

for all measurements. The axially inserted thermocou-
ples were placed at five different radial positions to pro-
vide enough data to derive the radial température
gradient and to estimate the corresponding effective
thermal conduct1v1ty of the bed. Théermocouples were
also placed at the inner cladding to evaluate the wall
conductance. Thermocouples were not provided at the
outer cladding because the temperature gradient there
is generally too low to make an accurate determmatlon
of the wall conductance.

LA, Materiale: Forms and Test Matrix

Extensive data have been accumulated for the bulk
thermal conductivity in aluminum beds with helium and
N, gas constituents. Three particle sizes were studied,
as described in Table L. In addition, binary beds were
created using all combinations of the three sizes. The
water coolant was run at room temperature for all cases
to focus on lower temperature data (i.e., bed temper-
atures of ~50°C) where the effect of thermal radiation
would be small.

All beds were packed and measured several times
to establish the reproducibility of the data. Tempera-
ture profiles were measured in each bed for gas pres-
sures ranging from ~0.005 to 3 atm. The packing
procedure is very important in obtaining uniform tight
packing. A vibratory table was used with success. In
binary beds, a two-step procedure was used whereby
the large fraction is packed first and then the smalier
fraction is allowed to sift through the bed by vibration.
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Gas Out'.lelt:‘ ) Water Qutlet

30.5 cm

Array of Axially
inserted Thermocouples

Fig. 4. Particle-bed test section.

The method is described more thoroughly in Ref, 4.
Even with thjscareful procedure, a variation of several
percent in average packing fraction was observed for

- beds of the same composition.

TABLE 1
Particle Sizes and Packing Fractions Obtained
i Packing
Fraction
Range
Bed Type Particle Sizes (%)
Gas'-atomizlr d powder 75t0 150 pm | 57 to 59
'Centrlfugalry atomized
shot 0.4tc 0.7 mm | 60 to 64
Ball bearings 4.3 mm 62 to 65
Binary 4.3 + 0.5 mm 80 to 86
Binary 4.3 4+ 0.1 mm 83 to 87
286
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Hi.B. Experimental Results

II1.B.1. Therma! Conductivity

Assuming the bed is uniform, axisymmetricf,' faxég 3;
steady state, the experime_nta] value of the er :ment
thermal conductivity ishderxvedﬁfrgrt% f‘hti ﬁ?nigerature

f temperatures using the equation | : :
groﬁlepien an annujus. (see Nomengclature on p. 306)

_ Qlog(r/r) )
e = L AT e

where
Q = power to the heater

#:, 1, = inner and outer radii of the bed
L= heated length
AT,.q = temperature difference across the bed,

The experimental accuracy of measurements of the
effective thermal conductivity of a packed bed depends
partly on the accuracy with which the relevant temper-
ature difference, the input power, and the geometrical

~ dimensions can be determined. Generally, errors in the
measurement of these parameters resulted in an error
of ~10% in the calculation of k. Additional errors
- due to lack of axial uniformity, created, for example,
by axial end losses, were minimized by making the tem-
perature measurements at the axial midplane.

Results of several repetitive tests show good repro-

3

<

E Helium

3

£

§ 2 |

§ hig#

® __-.O

§ 1 il .

o e Nit 0. -

: rogen

§ 8

& | |
%% ' 1 ' 2 3

Pressure {atm}

Fig. 5. Effective thermal conductivity of 4.3-mm aluminum

packed beds with two different packing fractions.and

with helium and N, fill gas as a function of gas-pres-
sure. The open circles indicate a 63% packing frac-
tion, and the solid circles indicate a 62.6% packing
fraction.
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Effective Thermal Conductivity (W/m-K)
N

Effective Thermat Conductivity (W/m -K)

ducibility of the data—within 10%. Each time a new
bed is packed, & slightly different pagkmg fraction is
obtained, which can have a substantial effect on the
conductivfty at higher pressures. Figures 5, 6, and 7

&

Helium
& ol

1

' | _ | \Nitrogen

- o
<o

1 2 3
Pressure (atm)

Fig. 6. Effective thermal conductivity of 0.5-mm aluminum
_.pacljed beds with two different packing fractions and
‘with/helium and N, fill gas as a function of gas pres-
sure. The open circles indicate a.62.4% packing frac-
tion, and the solid circles indicate a 60.3% packing
fraction,

N

Helium

Nitrogen

2 3
Pressure {atm)

Fig. 7. Effective thermal conductivity of 0.1-mm aluminum
packed beds with two different packing fractions and
with-helium and N, fill gas as a function of gas pres-
sure. The open circies indicate a 57.4% packing frac-
tion, and the solid circles indicate a 58.8% packing
fraction, '
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show the effective thérmal conductivity in 4.3-, 0.5-, and
0.1-mm- single-size beds. The powder bed shows the
largest variation of conductivity with pressure—a fac-

tor of 4 change from 0.1 to 3 atm. This is believed to .

be due to the poorer metal-to-metal contact resulting
from surface roughness and irregular shapes, which
leads to greater relative influence by the gas phase, as
well as to the smaller characteristic length for gas con-
duction, which enhances the Smolukovski effect at the
experimental gas pressure range. A change of 0.025 in
the packing fraction changes the high-pressure conduc-
tivity by 10 to 15%. At very low pressure, the helium
data tend to meet with the N, data, indicating that gas
conduction is essentially eliminated, and heat is trans-
ferred through the solid contacts alone below ~0.1 atm.

The data for binary beds indicate a much stronger
variation with: packing fraction. There is a smaller per-
centage variation of thermal conductivity with pres-
sure, as compared with the single-size beds having
particle size the same as the smaller particles in the
binary bed. The conductivity at 1 atm changes from 6
t0 9.5 W/m K as the packing fraction increases from
80 to 86%. As with single-size beds, the conductivity
at low pressure tends to coincide with that of N,, sug-
gesting that solid contact conductance dominates in this
regime. Figure 8 summarizes several data sets with a
binary 0.5-mm + 4.3-mm bed and helium and N, fill
gas. Figure 9 summarizes data with a binary 0.1-mm +
4.3-mm bed and helium fill gas only. Porosities are
shown next to the curves,

Overall, the results tend to show lower kg /k, val-
ues than results reported in Ref. 6 for single-size steel-

o % | O
z '
% "82.6% !
- . e - {86%
S TP T 1 | sow %
E g BALIS. — 182.3% _ *
25 '
3

4 1 2 3

Pressure (atm}

Fig. 8, Effective thermal conductivity of 4,3-mm + 0.5-mm

aluminum binary packed beds with different pack-

ing fractions and with helium and N, fill gas as a

- function of gas pressure. The open squares denote
helium, and the solid squares denote N,.
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g : ) / T 87% '
£ | .
10 / 8a%
£ r
. B 4
' 83% -
) 1 2 ' 3 4

Pressure {atm)

Fig. 9. Effective thermal conductivity of 4,3-mm + 0.1-mm
aluminum. binary packed beds with different pack-
ing fractions and with helium fill gas as a function
of gas pressure.

air, zirconium-argon, and uranium-argon beds, which
have lower solid thermal conductivities but about the
same k;/k, ratio as aluminum-helium, For example,
results for the k.y/k, ratio of 3.18:mm steel-air
packed beds|of porosity 0.4 are higher than the Kegr/ kg
values shown in Fig. 5 for a 4.3-mm particle diameter
and a porosrsy of 0.35 by ~33% at 1 atmand up to a
factor of 2.3 at 0.1 atm. The k.4 /k, results from Fig. 5
for the 4.3.mm patticles are similar in terms of both
magnitude and variation with pressure to those for
single-size uranium-argon and zirconium-argon packed

" beds of poraosity 0.4 but with 0.19-mm particles. Three

runs from the experimental results reported in Ref. 7
involve 2-mm particle beds of aluminum and helium at
1atm, of porosity 0.394. The effective thermal conduc-
tivity values|from these runs are higher by a factor of
~2.5 to 3 than those shown in Fig. 5 for a helium pres-
sure of 1 atm. It is believed that these disagreements are
caused by such factors as the contact area, which de-
pends on the packing technique and operating condi-
tions; the eﬁrface roughness characteristics; and the
effect of a finite oxide layer, all of which are particu-
larly important for cases with high k,/k, ratios. The

~ model described in Sec. IV.A includes the effect of

the contact area and surface characteristics that are
discussed there. There is a strong indication, however,
that although the trends reported could be generalized,
the magnitude of the effective thermal conductivity is
very much dependent on the material characteristics,
packing techniques, and operating conditions. For a
blanket -application, &, should be measured for the
prototypical materials using prototypical packing tech-
‘nigues and operating conditions.
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I11.B.2. Wall Conductance

A small difference occurs between the measured

i : he extrapolated tem-

emperature at the inner wall and the . -

.::enﬂure from the bed to the wall. This occ'-:’uri ga:ilrgg;l

ily because the presence of a wall di_stqr sa I .
packing, resulting in higher local porosity an

s vasi transfer. .
tional resistance to heat o the inner and outer walls

The temperature JUmP 7 by extrapolating the bed

of the bed can be determine

i 1 temperature; .
;?;,‘;"E? of -T];gainst log(r). The extrapolated temper-

1 - i temperature
re is then compared with the_ measured
:: %he wall. The temperature difference is used to de-
termine an effective wall conductance 4, ;

q” = h,AT, , )
where :
g” = surface heat flux

AT, = temperature difference between wall and
bed extrapolation. L

The relative effect of the wall region is expected to
increase as the particle diameter increases because the
size of the wall region increases with particle size. For
4.3-mm particles, the temperature jump was 10:to 15°C
(with ¢” ~3000 W/m?), which is large enough to mea-
sure accurately. However, for single-size beds with 0.5-
or 0.1-mm particles, the temperature jump at the wall
is observed to be a small fraction of the temperature
- difference across the bed (<5 to 10%). In these cases,
the actual value of the temperature jump is usually less
than ~5°C, and the data have large uncertainties. We
can only state that in these cases, the wall conductance
is greater than ~1500 W/m?.K.

Figure 10 shows data for the wall conductance in
a single-size 4.3-mm bed with both helium and N,
fill gas. A small increase in A, is seen for helium as
the pressure increases from near 0to 1 atm (although
the uncertainty is a large fraction of the total variation
with pressure). The variation is only ~20%, in contrast
with kg, which varies by a factor of 3. With N, fill

gas, the variation with pressure is absent, and the ab- -
solute magnitude is only slightly lower than with helium -

fill gas. This suggests that for the assumed wall conduc-

s to the wall using a linear regres- -

500

Wall Conductance. (W/m?-K) .

0 ] 2 3
' Pressure (atm)

Fig. 10. W:#II conductance at the inner annular wall of a
4.3-mm aluminum packed bed with helium and N,
fill gas. as a function of gas pressure,

tance definition, the contribution from the gas phase

in the Smolukovski regime is small, even with helium.

Another case of interest is the binary beds, in which
‘the bed conductivity is so large that the wall region can
cause a significant relative temperature jump, even with

" smaller particles. The data are presented in tabular

form (see Table II) since for these cases also, there is
no measurable variation with pressure.

Binary beds have a higher packing fraction and a
larger number of contact points, so that one expects less
contribution from the gas phase. This seems to be borne

“out by the data. The helium and N, data are nearly

identical for a given particle mixture and do not depend
on pressure. The wall conductance for the 0.1-mm +

-4.3-mm bed is substantially lower than for the 0.5-

mm + 4.3-mm bed. This is consistent with the single-
size therma] conductivity data (Figs. 3, 6, and 7), which
indicates that the powder has much lower conductivity
than the o?her two sizes in the regime dominated by
metal-to-metel contact (i.e., with N, or low-pressure
helium). The lower conductivity can be explained by the

TABLEIl =
Wall Conductance for Binary Beds with Helium and N, Fill Gas
!
Particle. Sizes Packing Fraction h, (W/m?.K)
(mm) -Fill Gas (%) (£10 to 20%)
4.3+ 0.5 Helium 86.1 880
4.3+0.5 N, 86.1 870
4.3 + 0.1 Helium 87.1 550
4.340.1 N, 87.1 540
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different surface characteristics of the powder. The 100-
pm gas-atomized powder has a very rough surface, ir-
regular shape, and probably more oxide near the
surface. The data also suggest that the binary wall con-
ductance is dominated by the small-size fraction.

IV. MODELING STUDIES

The medeling effort primarily _included develop-
ment of models for the effective thermal conductivity
of packed beds.in support of the experimental effort.

A simple model for estimating the lower limit of the -

wall conductance of a packed bed was also developed
to provide a conservative estimate of the interface ther-
mal resistance compared with the bulk thermal resis-
tance for beds with high solid-to-gas conductivity
ratios. Finally, modeling studies were carried out to ad-
dress the beryllium sintered block~cladding interface
resistance, ' _

IV.A. Packed-Bed Effective Thermal Conductivity

To accurately model the thermal behavior of me-
tallic packed beds, several key parameters must be in-
cluded in the model, as follows:

1. Sizes of particles: The gas conductivity is mark-
edly affected by pressure changes in the Knudsen (mo-
lecular) region. The local characteristic dimension
determining the gas conduction regime (i.e., molecu-

lar, regular, or transition) varies in proportion tothe

particle size. It is-expected that the effect of pressure
changes on the effective thermal conductivity are more
important for a packed bed with smaller particle sizes.

2. Contact area between particles: The contact area
between particles plays an increasingly important role
in determining the heat flow path as the solid-to-gas
conductivity ratio, k;/k,, increases. The combination
of the contact area, nature of the contact, and ks/kg
value determines the fraction of the total heat transfer
flowing through the contact. If this fraction is high,
there is correspondingly only a small fraction of heat
transferred through the gas, and any change in the gas
thermal conductivity through pressure variation would
have a small effect on the overall packed-bed effective
thermal conductivity.

‘3. Roughness-characteristics: Both the roughness
height and density are important, particularly for char-
acterizing the nature of the contact. Over the interfa-

cial area, the roughness density determines the actual

solid-to-solid contact with gas trapped between the
roughnesses over a thickness determined by the rough-
ness height.

4, Binary size mixtures: To achieve the packing
fractions necessary for good breeding performance, a
binary size distribution is necessary. Thus, the model
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should haile the capability of accounting for both sin-
gle-size and binary packing. :

Note that since the experimental metallic packed
bed of Refs. 4 and 5 was operated at a relatively low
temperature.and since the beryllium maximum temper-
ature in a blanket is limited to ~500 to 600°C based on
swelling considerations, radiation effects would tend to

‘be relatively small (~5% or less) and would not need

to be incorporated into the k. model.

Two possible modeling approaches are the deter-
ministic and the statistical approaches. The determin-
istic approach assumes that the particle bed consists of
a number pf regular geometric configurations (or unit
cells) and calculates &,y based on that geometry. The
statistical approach can be applied to random packed-
bed configurations, and the influence of various micro-

~ structural formations is treated statistically.

Based on the relatively good agreement of available
one-dimengsional deterministic models (¢.g., Refs. 8 and
9) with experimental data for different types of packed
beds and on the ability of such models to account for
gas pressure effects, a deterministic approach is cho-
sen. For ugaatckeci beds with a high k,/k, ratio, it is
believed that the isotherms will be curved within the
particles, particularly for cases with larger contact
areas, which result in most of the heat flowing through
the solids and contacts. To better account for the cur-
vature of the isotherms, it is desirable that the model

computational approach because of the complexity of
the two-dimensional solution.

“be at. leaszo.-dimensional, which would require a

IV.A.1L Model Description

The two-dimensional model, described more fully
in Refs. 1¢ and 11, is based on the one-dimensional
approach of Ref. 12, It assumes that the packed-bed

- arrangement is essentially orthorhombic. Typically, a

single-size packed bed has a porosity of 0.36 to 0.4, and
the arrangement is ~80% orthorhombic (with a corre-
sponding ﬁorosity of 0.395) on the average, with the
rest probably being double nested, thus accounting for
the lower porosities,*>13 _
A three-dimensional orthorhombic unit cell can
be converted to a two-dimensional one, as shown in
Fig. 11, by setting r, so as to reproduce the desired
porosity. To overcome the large temperature jump con-
dition at the solid-gas interface, a spherical grid was
used. The advantage of using a spherical grid is the abil-
ity to forrd a very fine mesh at the solid-gas interface
and in the gas, where large temperature drops occur,

-and a codrse mesh in the solid, where temperatures do

not vary as much. The following two-dimensional heat
condu'ctioﬂ equation in spherical coordinates was ex-
pressed infinite difference form and solved using a
successive; overrelaxation (SOR) scheme for given
boundary ¢onditions (adiabatic on each side of the unit
cell due to symmetry and fixed temperatures 7 and T,
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I-—--—'-rp-'—'"t;

r

z

Fig. 11. Orthorhombic unit cell rearrangement from three-
dimensicnal (r,0,z) to'two-dimensional (r,&).

on the upper and lower boundary of the unit cell,
respectively): _

d , 0T 19 . 0T\ - _
ar(k‘r' ar)+sinrp a¢(ks:n¢-é—$)—_0. {3)

The thermal conductivity is specified at each node
inside the grid. To account for pressure variation.in the
molecular regime, the gas conductivity was expressed
as a function of an effective jump distance o (Ref, 14):

k
= ggcon! .

ks (1+0)’ “@
where Ky (con is the gas thermal conductivity in a con-
tinuum regime. The effective jump distance is based
on the gas thermal accommodation coefficient o, ra-
tio of specific heat v, Prandil number Pr, and mean
free path A (Ref. 14);

o=4s T Y _ 2w _ (5)

a y+1Pr P 2735 °
where _ .
‘Asg = gas mean free path at 273K and 1 atm
P = pressure

§; = local characteristic length.

Once the témperature field is obtained for the unit
cell, the local heat flow g, at the upper boundary is

calculated from the local thermal conductivities and -

temperature gradients of the finite difference grid.
Since the sides are adiabatic, the heat flux entering the
unit cell at the upper boundary (at temperature 73)
must be the same as the heat fiux leaving at the lower
boundary (at temperature T;). The effective thermal
conductivity is then caiculated from

k&ff = Quelp
Auc{Tl' - T)
where A;, is the unit cell area.

(6)

290

‘interfacial
. and §, are estimated roughly from available particle

IV A.1.a, Surface Roughness. Previously déveloped |

-models seldom account for these surface characteris-
- tics because of a lack of surface property data and dif-

ficulty in madeling. For the case of high k,/k, ratios,
especially in the interfacial region (defined by r. in
Fig. 11), roughness effects on the heat transfer can
be important. Roughness is incorporated in the model
in a simple way based on Ref. 15. Basically, surface
roughnesses are modeled as cylindrical elements of ra-
dius R, and|helght §,, with a density of one rough-

‘ness per cylindrical surface unit area corresponding to

a radius R,,|as illustrated in Fig, 12. Thus, in effect,
actual contact occurs over a fraction (R,/R;)? of the
‘ea. The magnitudes of parameters R, /R,

surface examination data and are fine-tuned so as to
best fit the experimental data. :

IV.A.1.b. Binary Mixture. The modeling of a bi-
nary mixture is based on the progressive filling method
of Ref. 12. In this case, the gas in Fig. 11 is replaced
by the fine particle packing, and the solid circle repre-
sents one of the large spheres, as shown in Fig. 13. In
the lower left corner of Fig. 13, there is a void space

Fig. 12, Modeling of surface roughness.

L

T Lo
Fig. 13. Representation of binary mixture of spherical par-
ticles, ‘
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between the two large spheres where the smaller parti-
cles cannot fit. This void space is determined by the
diameter of the fine particles. Thus, there are effectively
three regions: the large sphere, which is pure solid; the
void, which is pure gas; and the fine particle region,
whose porosity is determined from the porosity of the

single-large-particle bed, the binary bed porosity, and

the void area. The calculation- proceeds by first estimat-
ing k. for the fine single-size mixture and then using
this kg (fine) to determine the overall k. for the
three-region binary mixture unit cell, The model would

‘then be applicable to binary beds with size ratios of ~7

or higher in which the fine mix could be considered to
pack as a single-size bed within the space provided by
the large spheres,

IV.A.l.c Three-Dimen.s'ional Effect. To determine
the effect of three-dimensional heat transfer, a fuily
three-dimensional orthorhombic unit cell, as shown
on the left side of Fig. 11, was also modeled. The

‘three-dimensional heat conduction equation in cylin-

drical coordinates was expressed in finite difference

form and then solved using a SOR scheme for given .
boundary conditions (adiabaticat r =0, r=r,, 6 =0,
and # = 30 deg, fixed temperatures T; and T at z=0

®  Experiment {Helium)
®m  Experimant {Nz)
- Two-Dimensicnal Modsl {Helium)
~ —--Two-Dimensional Model (N}
- No Contact (Helium)
agd - ‘No Contact (Ny)

-
ST

25 -

keat/ky

15

5

0.01
-Pressure {atm)
Fig. 14, Effective thermal.conductivity as a function of pres-

sure for a 0,56-mm aluminum particle packed bed
of porosity 0.397 in helium {k,/k, = 1300) and N,

(ks/kg =8000) from Ref. 4. Modeling results are .

shown for R /R, = 0:18 and 3, = 5 um for cases
with point contact (rc/rp =0) and a finite contact
area [(r./1,)* =7 % 1074).
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“mental data was obtained up to a k,/k, ratio of ~150.

and z = {b) Good agreement with available experi-

Beyond this, the temperature drop. across the solid-gas
interface/becomes nitch larger than that in the solid,

creating clomp’utational difficulty. Solutions could only
be obtained.then for an extremely fine, tailored grid,

which would be expensive computationally and imprac-
tical for i'epeated calculations, At the same time, the
nodal temperatures inside the three-dimensional unit
cell for the lower values of k,/k, were virtually inde-
pendent of the third dimension (8), and k. results
from the three-dimensional model were essentially the
same.as those from the two-dimensional model (within
1%). Thus, since the solution appears to be sufficiently
accurate with a two-dimensional model with much
lower co?putational effort, the two-dimensional model
was adopted for the calculations,

1IV.A.2. Analysis of Experimental Results

The model was benchmarked!®!! against experi-
mental results available in the literature and then used

to analyze the data from the experiment in Sec, III.

Figures 14 and 15 show the comparison of the model

‘predictions with experimental data? for k. as a func-

tion of pressure for particle diameters d, of 0.56 and
0.12 mm, respectively. The surface properties were cho-
sen. so that the modeling results fit the data while be-
ing consistent with available surface examination. Once

s Experiment (N;}
® Experiment (Halium)

20 - ~= - Two-Dimansional Model (N} _
- Two-Dimensional Model (Helium)

1IN
- ’,/l'
-3 "
i
0.01 0.1 1 10

Pressure (atm)

Fig. 15. Effective thermal conductivity as a function of pres-
syre for a 0.12-mm aluminum particle packed bed
of porosity 0.426 in helium (&,/k, = 1300) and N,
(ks/k, = 8000) from Ref. 4. Modelmg results are
shown for R,/Ry = 0.11 and §, = 1 um for cases
with point contact (r. = 0) and a finite contact
area [(r./r,)*> =1 x107%].
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R s chosen for a
a set of values for r,, R /R, and 6, was ¢ ¢
particular bed, it h;él to be used for both the l}el_lum
and N, cases. The modeling results agree well w.1_t!_1 the
experimental data, particularlg for the alun.nnum.
helium .case, which is of more interest here since its

ky/k, ratio (~1300) is of the same order as that of be-

llijum-helium. The variation of k. with pressure is
;flite-appreciable for -thealummum-agﬁlium_cas_e but, as

expected, is very small for the aluminum-N, case with

the much higher k,/k; ratio (~8000). .

To ascértain the influence of the contact area, cal--
culations were done for the cases-with 0.56-mm parti-
cle diameter assuming zero contact area. As can be seen
in Fig. 14, whereas. there is a substantial reduction in
the kg of the aluminum-N, case, &, is only slightly
lower for the aluminum-helium case, This confirms that
the role played by the contact area is effectively deter-
mined by the k,/k, ratio.

Figures 16 ané 17 show the comparison of the
model predictions with experimental data for binary
mixtures. The chosen R, /R, and §, values are consis-
tent with those obtained from the modeling of # for
the single-size packed beds. The modeling results can
be seen to reproduce the experimental data.reasonably
well. There is a substantial change in k. as the pres-

Ssure increases. For example, k. at 2 atm is ~1.6 tithes
higher than k. at 0.2 atm for the 4.3-mm -+ 0.12-mm
case. Changing the interfacial area from re/rp, = 0.01
to 0 only slightly decreases k. but does not affect the
pressure variation effect in this pressure range, as ex-
pected from the single-size k4 analysis. _

50

40 - : =

. )
an_-

------- {refrp)? = 0

20 4 e (refrg) = 1 X 104
' & Experimental Data
10 o PAEPETEY IR EPEET B R PR |
102 10~ 100 10 102

Pressure (atm)

~ Fig. 16. Effective thermal conductivity as a.function of pres-

sure for a binary (4.3-mm + 0.56-mm) aluminum
particle packed bed of porosity 0.166 in helium
{ks/k; = 1300) from Ref. 4.-Modeling results are
shown for R,/R, = 0.15 for the large particle and
0.18 for the small particle, ¢ = 0.37 for the large
particle packing, and 8,/d, = 1% for cases with
point contact (r. = 0) and a finite contact area
[(rc./r‘,,)2 =1x 10™].
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IV.A.3, Parc%metric.Anaiysis

To better;determine the effect of surface character- -
istics on the variation of ke with pressure, a paramet-
ric study was done with the code for the case of
0.'12-mm-di% aluminum particles with R, /R, = 0.11
(from Fig. 15) with helium. The ks/kg ratio is within
a factor of ~f.5 higher than that for beryllium-helium,
and the results are thus applicable to the beryllium-
helium case of interest.

Figure 18 illustrates the results of the study. It
shows the ratioc of X,y at 2 atm to ks at 0.2 atm as a
function of the interfacial radius for different rough-

. ness heights 6,. This ratio represents the amount of

varjation that k. might experience as the £4as pressure
is varied over a range applicable to ITER and is taken
as measure of the active controllability of k. Increas-

. ing the interfacial area should result in an increase in

the heat flow through the contact region, and thus, the
ratio Ky (2 atm)/ kg (0.2 atm) should approach unity
as (r,/rp)* is increased, which is precisely the trend in
Fig. 18. However, there is a-threshold below which the
contact area barely influences the pressure variation ef-
fect on k. For this case, changing the pressure from
0.2 to 2 atm lincreases key by close to a factor of 2
for contact areas.corresponding to a ratio re/Tp up to
2.5%. The pressure effect then decreases as re/ry in-
creases until a r./r, value of ~10%, beyond which
there is practically no pressure effect. Based on the
Hertz formula for contacting spheres under an applied
load, r./r, due to elastic deformation is ~0.4% for an

70
€0 -
50 -

2

N _ .
30 Y Y (rc/rp)z =0

‘ y , — (re/rpl? = 1 x 10~4
20 A e Experimental Date
10 PRI j""“" AT ENYTI R AT O A bl a2
10-? P 107! 10° 10! 102

Pressure {atm)

Fig. 17. Effective thermal conductivity as a function of pres-
sure for a binary (4.3-mm + 0.12-mm) aluminum
particle packed bed of porosity 0.167 in helium
(ks/kg,= 1300) from Ref, 4. Modeling results are
shown for R,/R; = 0.15 for the large particle and
0.11 for the small particle, ¢ = 0.37 for the large par-
ticle packing, and 8,/d, = 1% for cases with point
contact (7. =0) and a finite contact area [(r./r,)? =
1 x 10r4],
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Fig. 18. Gas pressure controllability of ke of & 0.12-mm
aluminum-helium packed bed (ks/kg =1300) as a
function of contact area for different surface
roughnesses, for ¢ = 0.426 and R,/R, = 0.11.

assumed beryllium yie]d.stréss of 300 MP4 at the con-
tact. A larger pressure would result in plastic deforma-

tion and relief of contact pressure caused by thermal -

expansion and/or swelling. The overall effect on the
ke controllability is unclear and would require exper-
imental determination at prototypical conditions; -
The other point to be observed from Fig. 18 is the
influence of changes in 6,. Decreasing 8, reduces the
value of the resistance at the contact region by reduc-
ing the thickness of the trapped gas particles between

contacting roughnesses, thereby allowing more heat to -

flow through the region. This mechanism reduces the
upper limiting value of ky (2 atm)/ ke (0.2 atm) for
a given contact radius. Increasing the contact area then
reduces this k. ratio faster. In a sense, for the set of
parameters considered, the highei the roughness is and
the less dense its distribution over the interfacial area
is, the better is the pressure controllability of Kegr
The model was also used to determine how the
degree of controllability of k., through gas pressure
adjustment varies with the solid-to~gas thermal conduc-
tivity ratio. The ratio of kg (2 atm) to k. (0.2 atm)
was used again as a measure of the controllability. As
an example, the results for a singlesize packed bed with
0.12-mm-diam particles are shown in Fig. 19. The con-
. trollability increases with increasing ks/ky up to a
- ks/ky ratio of ~500 and then decreases at higher £,/k,
- values. At these high values, most of the heat flows
through solid contact points, and thus, X, is not af-
fected by changes in gas conductivity through pressure

adjustment. The exact k,/Kk, ratio at which maximum -

- controllability is obtained depends on the bed charac-
- teristics, such as the particle size and porosity, and, for
binary beds, the particle size ratio. However, it is in-
~ teresting to note that for this example case, the high-
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est controllability corresponds to a ks/k, ratio very
close to that of beryllium and helium. This is an impor-
tant result since it indicates that use of a beryllium-
helium packed bed would offer excellent potential for
kyy control through gas pressure adjustment.

IV.B. Packed-Bsd Wall Conductance

The wall iconductance for a packed bed can have
a noticeable effect on the temperature profile, and its
relative effect becomes increasingly important as the
bed thickness is reduced. _

Several groups. of investigators have measured and
derivedumode‘is for the apparent wall coefficient of heat
transfer in packed beds through which gases were flow-
ing (e.g., Refs. 16 and 17). For flowing gas, the defi-
nition of the wall heat transfer coefficient for packed

* beds is analogous to that of a flowing fluid in a chan-
- nel and can b} correlated to the Reynolds and Prandt]

numbers, For stagnant fluid, however, these correla-
tions do not usually apply.
" Yagi and Kunii'® proposed an expression for the
+nce h,, for single-size packed beds with
stagnant fluid based on the effective thermal conductiv-
ity of the'bed and an effective wall thermal conductivity
k., which is determined from one-dimensional heat
derations-based on an effective porosity
at the wall. Another model described in Ref. 19 gives
lower and upper bound estimates for the wall conduc-

tance based on parallel gas and bulk conductions over -

two different porosity distributions in‘the near-wall re-

gion, .Referer}ce 19 shows a comparison of these mod-

¢ls with experimental data. The experimental results
show wide ranges of wall conductances for similar con-
ditions and, in the case of annular geometry, between
the inner and outer walls, suggesting that A,, is deter-
mined by complex thermal behavior at the wall influ-
enced by differént parameters, which are not always

20

Partidle Diameter = 0.12 mm
| Ri/Ry =011 Y
'Roughness = 1 um 5
Porosity = 0.426 \
1 trefro)? =1 x 1074

Kogr (2 atenk oy (0.2 atm)

1.0 v—rererry —rrrry
10 ‘ 100 1000 10000
Solid-to-Gas Thermal Conductivity Ratio

Fig. 19. Gas pressure controllability of k@, of a single-size
packed bed in helium as a function of k,/k, ratio.
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well characterized. For example, the contact pressure,
the porosity distribution, and the packing geometry at
the wall could have substantial effects on &,,. In gen-
eral, results from the models tend to fali within a fac-
tor of 2 or 3 of the experimental results, which is not
unreasonable given the inherent difficulty in predict-
ing h,,. Most experimental data fall within the lower
and upper limits of the model of Ref. 19 while Yagi and
Kunii’s predictions tend to fall toward the lower end of
the range.

Yagi and Kunii’s model would not be directly ap-
plicable to binary beds, while the model of Ref, 19
would require limiting porosity distributions to be spec-
ified for binary beds, A simple lower bound expression
for h,, would be useful for designers, particularly if it
is applicable to binary beds. The expression could then
be used to predict the maximum relative effect of the
wall heat transfer coefficient on the overall bed tem-
perature profile as a function of the bed thickness and
particle size for blanket application, in particular for
beryllium-helium packed beds, with high k,/k; ratios.

IV.B.1. Lower Bound Expression

Figure 20 shows the temperature distribution at
the inner wall of a packed-bed annulus through which
heat is flowing to the bed. The wall conductance is:
based on the difference between the actual and extrap-
olated wall temperatures (AT, = T, — T,), as shown:

in Eq. (2). From Fig. 20, the heat flux ¢” at the wall -

can be expressed as
7" = Ker (Te = Ti1) _ k(T = Tyy)
Xw CXw
= hy (T, — Te) s (7)

where £,, is an effective thermal conductivity near
the wall, and from Fig. 20, 7, is the bulk tempera-

_ - .

Temperature  Gradient Set by

Te b Effective Thermal-Conductivity
N\ of Packed Bed

L]
.~.~._
]

-
X

Fig. 20. Typical temperature distribution at the wall of a
packed-béd region through which heat is flowing to
the bed.
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ture nearest the wall, which follows the bulk temper-
ature distribution of the bed, and x,, is the wall region
thickness. From Eq. (7), an expression for A, can be
derived:

Koy /%o

h —
M Tk kg @
A lower limit for k., can be set by assuming that
near the wall, heat transfer occurs in series through two
layers of solid and gas, respectively, set by the bed

porosity e:

! 1—¢  eY!' -
kw=( T +E;) . ®
In Eq. (8), x,,is set to the radius of the particle r, to
estimate A,,. Substituting Eq. (9) in Eq. (8) then yields

hot, l1—c¢ 1 -1
...W_B‘a —— - .
k, (ks/ks +e kw/kg) (10)

This expression tends to be more conservative for

'high ks/kg r-étios and, thus, is better applicable to cases

with k;/kg > 100, such as for beryllium-helium.!® The
expression was compared to the wall conductance val-
ues obtained from the experiments of Sec. Il to ver-
ify its adequacy, and the results are shown in Table III.

~ Note that Eq. (7) can also be applied to an annular ge-

ometry if the wall region thickness x,, is assumed to be
much smaller than the thickness-of the annular bed.
The lower bpund estimate of 4,, from Eq. (10) can be
seen to be:appropriate for all experimental-cases except
for the binary bed (4.2 mm + 0.1 mm). However, even
for this case, the estimate falls within the estimated
experimental érror of ~20%,

IV.B.2, Paré_mem'c Analysis

For simplicity, a rectangular packed-bed region,
of thickness|§, is considered as part of a blanket. As
a design limik, it is assumed that the thermal resistance
provided by/the packed-bed region should be at least
J times the resistance provided by the wall conductance
at the two % interfaces, so that the thermal behavior
of the overall region is dictated by the packed bed and,
thus, would be less prone to uncertainties in the wall
conductancq values, Then, use of Eq. (10) for A, yields

"8 1—¢ € 1 :

e _:> 2frp( I, + X, kw) . an

This limjt can be represented graphically by mini-
mum values of 8/fr, as a function of the bed porosity
and the kgy/k, ratio for a given k,/k, ratio. For ex-
ample, for a beryllium-hefium packacf bed at 200°C,
ks/ky ~ 500, and Fig. 21 shows the minimum value of
&/fr, required for various porosities for given values
of kpw/k,. For such a binary bed with a porosity of

0.18 and with particle sizes of 1.3 mm + 0.2 mm,
ke /kg is ~ 28 based on the model in Sec. IV.A. From -
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TABLE 111
Compérison of Lower Bound Prediction of Wall Conductance* with Experimental Data from Sec. III and Ref. 7
| | uly/k,
Particle Size . j . Lower Limit
{mmy) Porosity ks /kg Ko /keg - Experimental from Eq. (10)
4.2 0374 1300 13.1 DY 3.4
_ ‘ 7800 _ 310 ‘ 18.9 29
0.5 - 0.376 ' 1300 12.8 T >»2.34 34
. 7800 _ 56.2 >14.0 2.8
| or 0.412 1300 [ 875 | 05 3.4
! : 7800 17.2 - >28 2.8
’ 4.2 +90.5 0.14 1300 | - 58,1 11.6 8.2
_ 7800 273.4 . 68.4 7.4
4.2+ 0.1 013 1300 68.1 112 8.7
2 (Ref. 7y 0.39 1380 422 10.0 - 2.7
‘ _ ; 5.1 (outer)
34.8 1L 2.8
" 4.1 (outer)

2All measured hA,, value_s are for the inner annular wall unless otherwise indibated.

Fig. 21, this corresponds to 0/fr, ~ 8. Thus, ifitisde-  1-mm particle diameter, the model in Sec. IV.A esti-
sired to have the thermal resistance of the packed bed mates Koy /kglas being ~11, and 8/fr, from Fig. 21 is
and, hence, the corresponding temperature:drop, be - ~6, Forf= , the required minimum bed thickness is
five times that of the interfaces, the thickness of the 30 times the particle radius, or ~1.5 cm.

bed needs to be 40 times the particle radius; inthat cage, i '

~2.6 ¢cm. Relaxing f would decrease the required bed

. e WOu . _ IV.C. BeryHium+Stainless Steo Interface.
thickness. For a single size bed of porosity 0.37 and Contaot Reslstance

_ To fully aisess the thermal performance of blankets
I I ’ ptiliziz-}g -sinte_ red blpcks of beryllium or ceramic bx:eeder,
Porosity | o4 . including their ability to accommodate power variation,

B 4 0.2 0.18 the thermal resistances of the beryllium-cladding and

20 V4 . : ceramic breeder-cladding contacts need to be charac-
) / terized. Reference 20 describes in detail a study of the

/ factors affectiing the gas and solid conductances in the

? - // - contact zone based on the semiempirical models of

Lemczyk and Yovanovich?! and Shlykov et al.22 These
models were chosen as representative of the better mod-
els available from the literature. ‘Here, the results are.
briefly report
Both models express the total interface conductance
-as the sum of the effective gas and solid conductances.
Key parameters affecting the gas, solid, and total con-
ductances at the solid-to-solid interface include the gap
: _ : : thickness, the surface roughness, the material hardness,
"0 - 20 40 60 80 and tensile stress, The effect on the interface conduc-
Kettlky tance of each of these parameters is discussed below. .

~.
N\

Fig. 21. Minimum values of the ratio of bed thickness to IV.C.1. Parametric A nalysis
particle radius as a function of Kqpy/ky and.porosity - ) )
for k,/ky = 500. A factor f is included, represent- - The gap'thl'ckness at ghe beryllium:steel 1r_1terface
ing the ratio of bed-to-interface thermal resistance.  could vary during operation because of swelling and
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thermal expansion and, thus, could have a significant
effect on the thermal performance of ceramic breeder
blankets utilizing beryllium sintered blocks. The gap
thickness in combination with the roughness represents
the characteristic heat conduction length. The ratic of
the gas mean free path to the char-acten_stnc heat ]c;on-
duction length gives the Knudsen 'numbe{ Kn, w osl:
value determinés the heat conductxgn; regime throug
the gas. For a very small K‘n- (~10-% and lgwer), the
gas can be treated as a continuum, and ordl_nary con-
duction occurs. As Kn is:increased, noncontinuum ef-
fects play an increasing role uptll conduction is f:‘ullz in
the molecular regime. For helium at 1 atm and 400°C,
a gap thickness of ~250 um or more is required f_or'Kn
to be ~ 10~ or lower and for ordinary conduction to
prevail. :
" The corresponding gas conductance based on the
model of Lemczyk and Yovanovich is shown in Fig. 22

as a function of the gap thickness #,,, and the beryllium
£1 pm, For fg,, =0,

roughness for a steel roughness o 1
the gas conductance is effectively a function of the
roughness only and is much higher for the lower rough-
ness value. It then decreases rapidly as #,,, is increased

and is in effect inversely proportional to ¢, at higher .
gap thicknesses where the roughness is relatively too

small to have any significant effect. '
Mechanical properties of the contacting materials,
particularly the hardness and the tensile stress, can affect
the interface conductance. Lemczyk and Yovanovich
include the ratio of contact pressure to microhardness
(P./Hgy) in their expression for determining both the
gas aanolid conductances for solid-to-solid contact.
Shlykov et al. do not include mechanical propertieés in
the determination of the gas conductance but express
the solid conductance as a function of the ratio of con-
tact pressure to the ultimate tensile strength (2,;/3Sp).

30000
v3
s Steel Roughness = 1 um
“;E‘ 20000 - Beryllium Roughness
by {prn)
2 — 1
§' ----- 175
§ 10000 4
8
o
0 : ]
0 BO 100 180 200 250

Gap Thickness, tgg, (m)

Fig. 22. Gas conductance as a function of gap thickness for
' different beryllium roughnesses.

2986

40000 - ' - .
! hness = 1 pm Beryllium
| Stee! Rove : Roughness

1 & Shiykov et al. {#m)

30000 l. o Lemczyk and Yovanovich 1

0+

10‘5 104 1072 10°
- Contact Pressure to Hardness Ratio, P,/Hqy

TYy rrew—T

Fig. 23. Gé,s_conduc.tance. as a function of beryllium-steel
contact pressure to hardness ratio for different be-
ryllium roughnesses. '

Based on Refs. 22 and 23, 385, can be considered as a.

rough representation of H,y, which is assumed here.
This assuﬁTption is very helpful when analyzing cases
with beryllium since data on its ultimate tensile strength
are more readily available than data on its hardness.

Figure 23 shows the effect of the P,/H, ratio on
the gas co¢ductance based on'the Lemczyk and Yova-
novich model for zero gap thickness, a steel roughness
of 1 um, and beryllium roughnesses of 1 and 17.5 um.

The gas conductance can be seen to increase with

P,/Hgyy. As a means of comparison, corresponding es-
timates of the gas conductance based on the model of
Shlykov et al. are also shown. For P./H,; ratios of up
to at least d 1, the Lemczyk and Yovanovich predictions
are decreai’ilngly- lower than those of Shlykov et al. for
a beryllium roughness of 17.5 um and increasingly

‘higher for|a beryllium roughness of 1 pm. Both mod-

els indicate that the gas conductance is much higher for
the smoother surface.

Figure 24 shows the effect of the P./H, ratio on
the solid conductance based on both models. Both
models show the solid conductance increasing with de-
creasing roughness, and both indicate a sharp increase
in solid condugtance when the P,/H, ratio reaches a
value of ~10~2 to 1072, especially for the lower beryl-
lium roughness. Figure 25 shows the effect of P./Hy
on the tot§ contact conductance as a summation of the
gas and solid conductances based on both models for
beryllium roughnesses of 1 and 17.5 gm. Under both

solid conductance for higher values of P./Hgy, with
a substantial increase observed when P./H, reaches
~1072, in} particulgr for the low beryllium roughness
case.

‘models, tge total conductance behaves similarly to the
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3.5 x 106 .
' ] Berylllum
Roughness
{pm)
1

2 3.0 x 1051

25 x 1054 Steel Roughness = 1 xm

14 Shiykov et al.
20x10° 7o Lemczyk and Yovenovich,

15 x 108

1.0 x 105-:

Solid Conductance (W/m?

5.0 x 105 -

0.0 ey
10-¢ 10™ 10+2 10°
Contact Pressure to Hardness Ratio, Po/Hee

- Fig. 24, Solid conductanceas.a function of beryllium-steel
contact pressure to hardness ratio for differeiit be-
Tyllium roughnesses. ’

3.5 x 108 1
] Steel Roughness = 1 um

1+ Shiykov et al. > 1
2.5 x 106 4 © Lemczyk and Yovanovich

" Beryllium
‘Roughness
{um

15x 108

Total Contact Conductance {(W/m?2-K)

p 175

10-4 10-2 100
Contact Pressure to Hardness Ratio, P lMoge
. Fig. 25. Total contact conductance as a function of beryl-

linm-stee] contact pressure to hardness ratio for dif-
ferent beryllium roughnesses, '

This indicates that the contribution of the solid con-
ductance becomes dominant when the P,/H,; ratio
reaches ~ 1072 depending on the roughness. It is inter-
esting to note that for a beryllium roughness of 17.5 um,
the largest difference between the two model predic-
tions occurs at low values of P./H,y, the model of
Shlykov et al. predicting a total conductance value:about
four times larger than that of Lemczyk and Yovanovich
for a P./Hyy of 107°. For a beryllium roughness. of
1 um, the largest difference occurs at higher values
of P./H,y, Lemczyk and Yovanovich’s prediction be-
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ing ~50%/ higher than that of Shlykov et al. for a
P./Hy of 0.1,

IV.C.2. Effect of Operating Conditions

Operating conditions can significantly affect the
thermal conductance of the beryllium-steel interface.
In this section, effects on this interface conductance
from temperature, mechanical bending, and mechan-

“ical constraint of beryllium blocks are examined.

Figure 26 shows the éffect of temperature on the
beryllium-steel effective solid thermal conductivity, the
‘beryllium ultimate tensile strength, and the resulting
solid-contact conductance, normalized to their respec-
tive values at 300K for beryllium and steel roughnesses
of 1 ym. The solid thermal conductivity increases with
temperature while the ultimate tensile strength decreases,
but their combined effect causes the solid conductance
to markedly increase with temperature. For example,
raising the temperature from 500 to 700 K causes an
~ 14% inerease in the solid thermal conductivity and
a 9% decrease in Sy, which result in an ~28% increase
in the solid conductance. Note that the relative increase
of the solid conductance is about the same for both
models. The results are in reasonable agreement with
experimental data on the temperature effect on stain-
less steel-stainless steel contact conductance (with
roughnesses of 0.7 and 1.2 um) (Ref, 24). :
These results are quite beneficial when applied to
the blanket| design since an increase in temperature

- results in an increase in conductance due to the com-

bined temperature effects on conductivity and ultimate

| So(id Contact Conductarice
—p= Lemozyk and Yovanovich
1 =#~Shiykov et al.

b
o

-
-]
1

Effective Solid
Thermal Conductivity

5 ; ..N;"“h....__.
% os4 AT -
'

06 Ulﬁ‘ima'te Tensile $trength

. L B ey L ey
300 . 400 500 600 700

i Temperature (K)

bl TS
-
-y
-

800

Fig. 26, Influence of temperature on the effective solid ther-
mal conductivity, beryllium ultimate thermal strength,
and the resulting solid contact conductance of the
berylljumn-~stainless stes! interface (normalized to
their values at 300 K).
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strength. This could reduce the temperature drop-at the
interface, thereby allowing higher temperature opera-
tion and passive power accommodation based on main-
taining the ceramic breeder temperature within its
allowable window. . .

In the design, each beryllium sintered block will
experience a thermal gradient. If the blocks are not
constrained, they will curve to relieve the stress due
to differential thermal expansion, resulting in-a slight
deflection at the beryllium-stainless steel interface. The
~ effect of the maximum bending deflection 4,,,,, on the
beryHium-~stainless steel interface solid conductance

was estimated from Malkov et al.’s comparison of in .
vacuo experimental data with Shiykov et al.’s model

predictions.? This relative change is a function of the
ratio of 4,,,, to the sum of the surface roughnesses.

- Figures 27 shows the effect of A,,,, on the total
conductance for a beryllium-steel interface for differ-
ent P./H.y ratios and berylllum. When 4, is in-
creased from 0 to 50 um, the total conductance
decreases substantially, to an extent depending on the
roughness and P./Hy ratio. This is an important re-
sult since it suggests that a 50-um bending deflection
can increase the contact temperature drop by up to-a
factor of 5 assuming full contact initially and must be-
considered when characterizing blanket performance
under different temperature levels. _

Finally, the effect of thermal expansion or swell~
ing on fully constrained beryllium blocks is considered
as a limiting case by assuming that the constrained ex-
pansion results in higher stresses and, hence, on higher
contact pressure at the beryllium-steel interface.

The following expression was used:

108 5 :
----- Beryllium Roughness = 17.5 um
— Beryllium Roughnese = 1 ym

PolMeg
~ 0.1

0.0

Totaf Contact Conductance (Wim?-K)

Steel Roughness = 1 um
108 r T T T
0 60 100 150

Maximum Bending Deflection (um}

200

Fig. 27. Total contact conductance ratio as a function of
* - beryllium maximum bending deflection and beryl-
lium-steel contact pressure-to-hardness ratio for dif--

ferent beryllium roughnesses.
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.constrain

E AV

Fe=sti-y 7 ° (12

where -
Es= Youn‘g’s modulus
v = Poisson’s ratio
A.V/V = volumetric strain for beryllium.

The calculations show that for this limiting fully
case, a volumetric expansion of only ~0.6%
causes P,/35; to be 1. In a design, space would have
to be provided to accommodate volumetric expansion,
and in addition, the cladding would probably deflect
under excessive pressure at the contact point. Thus, the
effective volumetric expansion causing the pressure
would be significantly lower than the actual volumet-
ric expansion. The benefit of increasing contact pres-
sure due to any constrained expansion can be seen from
Fig. 25, where the total conductance increases signifi-
cantly with increasing P./Hyy, particularly for lower
roughnesses.

V. THERMAL CONTROL ANALYSIS

| In thisisection, the thermal control performance of

- the four deferent configurations described in Sec. H

are analyzed and assessed in light of the results from
Secs. III and TV. The analysis includes determination
of key uncertainties and of the possibility of active ther-
mal control. As part of the assessment, the allowable
wall load range was estimated for each case as a func-
tion of the thermal control region thickness & from
Fig. 1, based on example calculations using the assump-
tions listed below:

1. Lizb as ceramic breeder and water as coolant

2. a heat generation of 20 MW/m? in the ceramic
breeder, which is typical of the ceramic breeder
region behind the first wall for a neutron wall
loading Py of 1.2 MW/m?

3. aceramic breeder layer thickness of 1 cm, which -
results in a heat flux of 0.1 MW/m? to the ther-
mal resistance region and a temperature drop of
100K across the ceramic breeder

4. maximum and minimum allowable tempera-
tures of 673 and 1273 K for the ceramic breeder,
which is compatible with the operating temper-
ature window of Li,O based on sintering and
LiQT mass transport considerations for the
higher-temperature limit and LiOT precipitation
and solubility considerations for the lower tem-

“ perature limit

5. a constant coolant temperature of 343 K

6. a cbnvective heat transfer coefficient of 3300
W/m? K.
VOL.23  MAY 1993
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these two ranges depending on the emissivity of the
surfaces. ' .
The blanket operating flexibility could be increased
if a means of active control of the thermal resistance
region were provided. For a helium gap, two possible
means of controlling its conductance are: (a) a change
in gas pressure, provided conduction occurs at least in
part in the Knudsen regime, and (b) a change in the gas

flow rate if the helium could be flowed, provided the

corresponding pressure drop is reasonable.

V.A.l. Pressure Control

The possibility of helium therma] conductivity

control through pressure adjustment was assessed.

Conduction must take place at least in part in the mo-

lecular regime for pressure to affect the helium thermal .
conductivity, and thus, the characteristic conduction

distance with respect to the gas mean free path becomes
a key factor. The thermal eonductivity of helium was
calculated for different pressures and gap distances as-
suming an average temperature of 573 K according to
Eqs. (4) and (5). It is believed that for reactor applica-
tion, the lowest practical operating pressure for helium
is of the order of 0.1 atm, and the ratio of thermal con-
ductivity at 1 atm.to that at 0.1 atm is used as a mea-
sure of active thermal control. The upper pressure.of
1 atm is chosen since even for the smallest gap thick-
ness considered (0.1 mm), the thermal conductivity
tends to saturate at about this pressure. The results are
illustrated in Fig. 29. The pressure control of the ther-

mal conductivity is quite high for a gap thickness of -
0.1 mm (~47%) but decreases rapidly as the thickness

1.5 - - - 800 g
E ] 700 2
- 4 ‘_,,-"" F 600 gg
S 15  podg
€ ] 400 §
§1.2f ' .:.300 §
i 0 §
3 E 100 §

1 [ A—— IS —. Y, B4

0.0 05 1.0 1.5 2.0

Helium Gap Thickness (mm)

Fig. 29. Ratio of helium thermal conductivity at 1 atm to he-
lium thermal conductivity at 0.1 atm as.a function
of the helium gap thickness. The temperature drop
across the helium gap is also shown assuming & heat
flux of 0.1 MW/m* from the ceramic breeder re-
gion to the helium gap. (For helium, the following
parameter values were used: o = 0.4, v = 1.67,
Pr = 0.67, Ayy = 1.74 x 16~ m.)
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is increased. For a practical gap thickness of ~1.5 mm,

. the control is negligible (<2%). In addition, even for

cases with'smaller gap thicknesses, where the thermal
conductivity can be significantly varied with pressure
adjustment, the resulting control of the ceramic breeder
temperature is also small since the adjustable temper-
ature drop through the thinner gap is lower. For exam-
ple, based on the assumptions mentioned earlier, the
temperature drop was calculated as a function of the
gap thicklg{ess, and it is also shown in Fig. 29. It can be
seen that while the degree of thermal conductivity con-
trol increases with decreasing gap thickness, the gap
temperatuye drop decreases, and the two effects at least
partially cancel each other, so that for this case, the al-
lowable power variation provided by active control is
always <2% even for the 0.1-mm gap. This indicates
that pressure adjustment of helium resistance gaps can
be-effectively ruled out as an active control mechanism
for ITER ‘blanket application.

V.A.2. Flow Rate Control

To assess the possibility of thermal control through

“flow rate 'idjustment for flowing helium, the variation

of the Nusselt number Nu with the Reynolds number
Re was considered. For laminar flow, heat transfer oc-
curs mostly through conduction. For the blanket case,
a fully developed. profile is a reasonable assumption
since the entry-length even for a high laminar Re of
2000 is only of the order of 10 ¢m for a 1-mm gap. In
this case, the Nu for parallel glates at two different
temperatures is 4 for each wall.“® The effective conduc-
tance of the region can be estimated as the combina-
tion of two heat transfer coefficients based on the
effective resistance of two resistances in series. For that
case, a Nu of 4, based on the hydraulic diameter
(~20u.), gorresponds to the conductance of a stagnant
helium region. Thus, it appears that littie active con-
trol can be achieved through flow variation in the lam-
inar regime. '

In the turbulent regime, Nu increases substantially

~with incrj;asing Re; however, the corresponding pres-

sure drop also increases. For a Re of 104, Nu based on

~ the Dittus-Boelter correlation®’ is 31, which results in

significantly lower thermal resistance than the stagnant
gap; however, the pressure drop based on the Moody
chart friction factor?” is >2 atm/m for a 2-mm gap
and jumps to 17 atm/m for a 1-mm gap. In general, the
helium gdp pressure should be lower than the coolant
pressure tp minimize tritium contamination to the cool-
ant in cas? of leakage. For cases such as the ITER blan-
ket where for safety and reliability reasons, the coolant
can be kept at a low pressure of a few atmospheres, the

- pressure drop for turbulent helium flow in a 2-mm gap
is unacceptable.

This discussion indicates that significant active
control tﬁrough flow rate variation in a helium gap is
possible only for cases with high coolant pressure. A
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trade-off between the advantages of such a scheme, in-
cluding the possibility of using turbrlence-enhancing
mechanisms, and the problems raised by having high

pressure and a pressure drop in the helium gap should

be made for specific cases.
V.B. Beryllium Region

V.B.1. Beryilium Sintered Block
One of the concerns with the use of beryllium sin-

tered blocks relates to the beryllium block deflection

_ under free differential thermal expansion and its result-
ing effect on the thermal resistance at the beryllium-
cladding interface, as mentioned in Sec. IV.C.2. Full
constraint of the beryllium block to-prevent such a de-
flection could result in high stresses and a significant
amount of additional structure. For example, for a

beryllium thickness of 5 cm, a beryllium temperature
drop of 260K, and a beryllium block length of 1 m, the -
free deflection is of the order of 1 em, and full con--

straint of the beryllium block would require a rigidly

supported cladding of thickness of >1 ¢cm and would .

result in stresses of ~230 MPa in the beryllium. To rem-

edy this concern, the beryllium region would haveto .

consist of a number of small adjacent blocks with or
without a thin common base. The small block thickness

should be the same as the beryllium region thickness to.
avoid beryllium block interfaces inthe direction of heat-

flow, which would add uncertainty to the overall region
thermal resistance during operation. The width and
length of the blocks would be set according to an ac-
ceptable level of block deflection, which for a block of

dimensions @ x @ x 8, where § is the thickness, would

vary with a%/8. If the small blocks were free, they
would have to be stacked so as to allow for differen-

tial lateral movement between them. Otherwise, fric-

tion might prevent each block from moving freely, the
block -assembly would behave as a single large block,
and the resulting deflection will still be high. Tapering
of the blocks would help reduce or eliminate the fric-
tion force between them, partioularly if a common base

is used, resulting in a “chocolate bar” configuration.?® -

Sensitivity studies of the multilayered blanket with
sintered beryllium blocks were done to evaluate the ef-
fect of helium gap formation at the beryllium-cladding
interface due to differential thermal expansion.? For
this design, the gap thickness tended to increase with
the beryllium region thickness so that the effect on the
overall beryllium region conductance was within 20%
and could be comfortably tolerated because of the wide
ceramic breeder temperature window.

Another concern that also brings uncertainty to the
thermal resistance performance of the beryllinm-sin-
tered block region is the beryllium-cladding interface
resistance, as discussed in Sec. IV.C, Under controlled
conditions, this resistance can be predicted from exist-
ing models based on a number of parameters, includ-
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_ing the thermal conductivity, hardness and roughness

of each material, and the contact pressure. The smaller
the contact resistance is, the smaller is its effect on the
overall beryllium region thermal resistance and, in turn,
on the ceramic breeder temperature. Thus, for cases
where the ?;gtact pressure is high, such as when the be-
ryllium stlls inside the cladding, uncertainties in pre-
dicting the contact resistance are not so important since
the contact temperature drop is low. However, cases
where the|contact pressure is small and, even more,
where actyal separation occurs are of concern, partic-
ularly when considering that the thermal conductivity
of helium iis lower than that of beryllium by a factor
of ~400, depending on the temperature.

The range of allowable wall loading based on the
allowable tethperature window of the ceramic breeder
was calcul ted for the beryllium sintered block case also
using the assumptions listed at the beginning of Sec. V.
In addition, the heat generation in the beryllium was
set at 3 MW/m?® for a wall loading of 1.2 MW/m?,
and the contact conductance at the beryllium-cladding
interfaces was set at 2000 W/m?.K based on Fig. 25
under the assumptions of contact under a normalized
pressure, B./Hyy < 102, and a roughness of ~17.5 um
or more. Equations similar to Eqs. (14), (15), and (16)
but with-additional terms for temperature drops at the
two berylllum-cladding interfaces were used. The he-
lium ave_mtge temperature and. thermal.conductivity

.. werereplaced by those of the beryllium sintered block .

region. In contrast to the helium case, the thermal con-
ductivity of beryllium tends to:decrease exponentially
with. increpsing temperature: within the temperature

- range of interest (shown as part of Fig. 32), which lim-

its the range of allowable wall loading. .

The resuits are shown in Fig. 30. Note that any un-
certainty in the parameters affecting the ceramic
breeder temperature would effectively reduce the al-
lowable wall load range shown in the figure. For a
minimum well load of 1.2 MW/m?, the required beryl-
lium region thickness is ~4.2 cm, with a correspond-
ing maximum allowable wall load of 2.4 MW/m?2, A
maximum 'wall load of 1.2 MW/m? is allowable for a
beryllium region thickness of ~8.6 cm, and the corre-
sponding minimum allowable wall load is 0.62 MW/
m?2. A thickness of ~5.3 cm would enable accommo-
dation of a reasonable wall load range of 1 to 2 MW/
m?. Thus, the passive accommodation of power vari-
ation in this case tends to be lower than in the pure he-
lium gap case. -

V.B.2. Berpdlium Sintered Block with Metallic Felt

One of the advantages of placing a felt at the be-
ryllium-clddding interface is the possible provision of
& means o£ active control based on the variation of the
thermal canductivity of the felt region with gas pres-
sure. The éffect of gas pressure on the thermal conduc--
tivity of the felt was estimated by applying the thermal
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Neutron Wall Load (MW/m?2)

Assumptions

Twater = 343K
hoontace = 2000 W/mZ.K

Allowable solid breeder temperature
Tonin = 673K
Torax = 1273K

For 1.2 MW/m? wall load
ATce = 100K
qég = 0.1 MWim?2
ag, = 3 MW/m?
ATgym = 30K

e e
_ . 8.5
Beryllium Sintered Block Region Thickness (cm)

e p—p——pe—p—
0.5 2.5 45

v 1 L)
86

Y
108

Fig. 30. Range of allowable wall loads based on the ceramic breeder .tember-éture limits as a function of the thickness. of
the beryllium sintered block region between the ceramic breeder and water coolant. '

- conductivity model of Kunii and Smith? for porous

material to the felt case, A simple rectangular config-
uration was assumed for the felt fibers, and the gas
characteristic distance was estimated.as. a function of

the porosity for an assumed fiber diameter:of 8 um -

~ and used to calculate the interstitial gas.conductivity as
a function of pressure in the model. For a Type 316
stainless steel felt and helium, the effective thermal
conductivity of the felt at 1 atm is ~2.7 W/m K for a
felt porosity of 15% and 1.3 W/m K for a felt poros-
ity of 40%. The ratio of felt thermal conductivity at
1 atm to felt thermal conductivity at 0.1 atm is esti-
mated at ~1.6 for a felt porosity of 15% and at ~1.7
for a felt-porosity of 40%.

The extent of active thermal control provided by
the felt is dependent on its initial temperature drop and,
thus, on its thickness. The felt could be positioned at
either or both beryllium-cladding interfaces. Placing
the felt at the high-temperature interface would mini-

mize the beryllium temperature, which is desirable for -

swelling considerations. However, placing the felt at the
low-temperature interface would maximize the heat
flux through the felt and, consequently, the active ther-
mal control provided by control of the felt thermal re-
sistance, The latter case is assumed in the example
calculation for the thermal control provided by the felt.
The contact conductance at the high-temperature be-
ryllium-cladding interface is still assumed to be 2000
W/m?-K, and the other assumptions used in the pre-
vious calculations are maintained for consistency.
Figure 31 shows the active control provided by the
felt as a function of the felt thickness for a case where
the beryllium sintered block thickness without the felt
is 5.3 cm (see Fig. 30). The controllability is calculated
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from the ratio of felt thermal conductivity at 1 atm to

that at 0,] atm and is used to estimate the lower limit

of allowable wall loading while the maximum allowable

-wall load is kept at 2.MW/m?,

Including a felt at the beryllium-cladding interface

~can provide significant active control, lowering the

allowable wall loading from 1 MW/m? for the case
without the felt to ~0.7 MW/m? for a case with a felt
thickness of 2 mm. The corresponding beryllium sin-

~ tered block thickness is 2.2 ¢m, a substantial reduction

from the priginal 5.3-cm thickness without the felt.

V.B.3. Beryllium Packed Bed

Figure 32 shows the effective thermal conductiv-
ity k¢ of & single-size and a binary beryllium-helium

. packed bed at 1 atm.as a function of temperature based

on calculations from the model described in Sec. IV.A.
Also-shcm{n are the helium and beryllium thermal con-
ductivities. As noted ¢arlier, the beryllium thermal con-
ductivity gecreases with temperature, while the helium
thermal conductivity increases, resulting in a slight in-
crease in eéffective thermal conductivity with tempera-
ture for both packed beds, which was incorporated in
the example calculation described in this section.
Re‘c‘:exjt data and modeling analyses discussed in
Secs. III and IV.A have confirmed the sharp effect of
gas composition changes and pressure on the K.y

' of a beryllium-helium packed bed. For example, chang-

ing from N, to helium would increase the Ky of a
beryllium-helium packed bed by up to a factor of 3.

~ However, for blanket-application, irradiation and com-

patibility effects would substantially limit the choice of
available gases, and gas composition changes could sig-
nificantly increase the complexities of the purge system.
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Fig. 31. Minimum allowable wall load as a function-of Type 316 stainless steel felt thickness for the case where the sintered
block thickness without'the felt is 5.3 cmi(see Fig. 30) and the ma:bmum allowable wall load is kept at 2 MW/m?.
The corresponding beryllium sintered block thickness to provide/the required thermal resistance is also shown.

For these reasons, gas pressure adjustment might.be

more attractive for blanket application.

Changing the helium pressure from ~0.1t0 ~1 atm
would increase the beryllium-helium packed-bed &gy
by up to a factor of 2. This'wasusedin the example cal-
culations presented here. These calculations are similar
to the previous ones for the helium gap with additional

. Equations similar to Egs. (1

assumptions of a binary bed and a packed-bed wall
conducta%ce set at 1000 W/m? . K, corresponding to a
conservative value of h,,r,/k, of ~2.2 (see Table III).

4, (15, and (16) but with
the hellum average temperature-and thermal conduc-
tivity replaced by those of the beryilium-helium packed
bed were used. Additional terms for the temperature

1000

100

Pui‘l atm

~«fi== Beryllium (0.85 TD}

wergre Binary Be/He
«s@+= Single-size Be/He
~=~¢~=Helium

For Be/Me Packed Beds:

10

1

Binary
1.3 mm + 0.2 mm, Porosity = 0.18,

Foontact = 0

Single Size

Thermal Conductivity (W/m-K)

I BRUURT Sl

o

s a Iaids |

1 mm, Porosity = 0.37

Yoontaot = 0
Roughness = 5 um

@0 600 800
 Temperature (°C)

01, 200

1000 1200

Fig. 32. Thermal conductivity of beryllium, helium, and single-size and bﬁnhry beryllium-helium packed beds (neglecting

radiation) as a function of temperature.
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drops at the two packed-bed-wall interfaces were also
included. The active control was calculated by increas-
ing the temperature drop across the beryllium bed region
thickness by the k. controllability factor of 2 in the
calculation of f,. The results are shown in Fig. 33 in
terms of the allowable neutron wall load range as a
function of the beryllium packed-bed region thickness,
based on both passive and active thermal control. .
In this case, the bedthickniess is 1 mm for a minimum
. allowable wall load of 1.2 MW/m?, with a correspond-

ing maximum value of 3 MW/m?2, A bed thickness of

~2.2 cm results in a maximum wall load of 1.2 MW/
m?, with a corresponding minimum value of ~0.3 MW/
m2. As compared with the results-for the sintered
block form, shown in Fig. 30, the packed-bed form
seems to offer a wider allowable wall loading range,
relevant to ITER. For example, for a packed-bed thick-
ness of 1 ¢cm, the passive wall load range is ~0.82 to
2.0 MW/m?2, while active control enables operation at

a lower wall load of 0.58 MW/m?2, Note that the allow-

able neutron wall load range would appreciably in-
crease if the wall conductance were higher than the
assumed value of 1000 W/m?-K. Also note that the re-
gion thickness is limited by the size of the beryllium par-
ticles. For the binary bed considered, at 400°C from
Fig. 32, kyy/ky is ~24. From Fig. 21, for a porosity of
0.18, 5/fr, is conservatively ~6. Thus, for a bed thick-
ness of 2.2 ¢cm and a particle diameter of 1.3 mm, the
bed-to-interface thermal resistance ratio f is-5.6. This
is reasonable, and the overall region thermal resistance
would then be mostly governed by the bed thermal re-
sistance. Different particle sizes or requirement for the
[ ratio could significantly change the desirable bed

thickness and should be considered carefully for design
application.,

~ VI. CONCLUSIONS

Thermal control is an important issue for ceramic
breeder bl‘tankets since the breeder needs to operate
within its temperature window for the tritium release
and inventory to be acceptable. A thermal control
region is applicable not only to situations where the
coolant can be run at low temperature, such as for the
ITER bas¢ blanket, but-also to ITER test module and
power reactor situations, where it would allow for ce-
ramic bn.etder operation over a wide range of power
densities in space and time. -

‘VI.A. cnnalﬁslons. from Experimental and Modeling Studies

control of céramic breeder blankets were performed.
The experiments consisted of the determination of the
thermal behavior of metallic packed beds to simulate
beryllium jbeds that could be used in ceramic breeder
fusion reactor blankets. Data were presented for a range
of heliumjand N, gas pressures, for several single-size
and binary beds of aluminum, and for a number of dif-
ferent porosities. In parallel, a two-dimensional model
was. developed for estimating. k.. Its capabilities in-
clude accounting for single-size and binary beds, finite
contact area, surface roughness, and pressure effect

through ges conduction in the Smolukovski regime.

1t was caﬁbrated from experimental data found in the

literature land then used to analyze the experimental

-Expe;;imental and modeling studies of thermal

Passive Control
B Active Controt

kot (1 atmikos (0.1 atm) = 2

_

Neutron Wall Load (MW/m?)
N .

Kerr (1 8tm, 623K) = 6.3 Wim-K

" Assumptions

i Twater = 343 K

- hy = 1000 Wim?.K

' Allowable ceramic breeder T, = 673K

i Allowable ceramic braader T, = 1273K

- For 1.2 MW/m?2 wall load
ATCB = 100K
qég = 0.1 MW/m?
Qi = 2.5 MW/m?
ATmm = 30K

Binary 1.3 + 0.2 mm bed
packing fraction = 0.82

L] L L) I L] L) LJ I L L) L) l . L) L] L] ‘ L L
02 10 18 28 34
Beryllium _Packed Bed Thickness (om)

L
4.2

50

Fig. 33. Range of allowable wall loads based on the ceramic breeder temperature limits.as a function of the thickness of
the beryllium packed-bed region between the ceramic breeder and water coolant.
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results. In addition, modeling studies were carried.out
for beryllium packed-bed wall conductance and beryl-
lium sintered block-stainless steel contact resistance;

From the results, the following observations can be .

made:

1. The effective thermal conductivity of the packed
beds shows substantial variation with gas pressure—
as much as a factor of 3 in some cases. Results from
the model indicate that the maximum pressure control-
lability of k. for a single-size bed (based on the ratio
of ker at 2 atm to Koy at 0.2 atm) is obtained with a
ks/kg ratio of ~400 to 500, This is an important result
since thls k;/k, ratio corresponds to that of beryllium-
helium, which indicates the potentlal of active control
of a beryllium-helium bed for ceramlc breeder blanket
application.

2. The k. also varies~substantially‘ with gas com-
position change, up to a factor of 3 when changing
from N to helium. :

- 3. The kg for packed beds is very sensitive to the
packing fraction based on experimental results. In ad-

dition, factors such as the contact area, surface char-

actenstxcs, and oxide layer can significantly affect &yr.

It is believed that a combination of these factors s re- -

sponsible for thetendency -of the experimental results

‘to be lower than those from the literature for single-size .
packed beds with different:materials:but with-about.::.
the same k,/k, ratio and-for aluminum-helium:beds at ..

1 atm, However, trends such as the variation of k.
with pressure and gas composition are similar. It ap-
pears.then that for blanket application, experimental
measurements must be done with prototypical materi-
als under prototypical packing techniques and operat-
ing conditions.

4, In most experimental cases, the wall temperature
jump is relatively small compared with the temperature
difference across the bed. The relative effect is small-
est in single-size beds with smaller particles. The vari-
ation of wall conductance with pressure is small or
nonexistent, suggesting that the wall region is domi-

-nated by conduction through the solid particle contact
points or gas in the continuum regime.

5. A lower bound expression for the wall conduc-

tance of beds with hlgh ks/ky ratios was presented.
Based on this express1on, for given values of k,/k
and k.s/k,, a conservative estimate of ratio of the beé
thickness to particle size can be obtained as a function
of desired values of bed-to-interface thermal resistances.
For design application, this would help in choosing par-
ticle sizes and bed dimensions in order for the overall
thermal behavior to be governed by the bed-and not the
interfaces and their associated uncertainties.

6. The thermal conductance at a beryllium-stain-
less steel cladding interface was analyzed based on the
models of Lemczyk and Yovanovich and of Shlykov

FUSION TECHNOLOGY  VOL.23

MAY 1993

Raffray et al. - THERMAL CONTROL
et al. Both models showed that the total conductance
increases with decreasing roughness and with increas-
ing P./H . However, the differences in the prediction,
particularly at higher values of P,/H,y, can be quite
high, up to a factor of 3 for a roughness of ~1 um. As
a limiting case, assuming that contact always occurs,
the desir ble material roughness can be estimated based
on maintaining the contact conductance as a small frac-
tion of tHe total beryllium reglon conductance, For ex-
ample, fe)r a 3-¢cm beryllium region, assuming pure gas

_conduct%nce within the roughness as a lower Iimit es-

timate of the contact conductance and assuming that
the contact resistance must remain within 10% of the
total regipn resistance, one obtains a maximum rough-
ness value of the order of 10 um.

7. Tﬂe' effect of beryllium block deflection occur-
ring for thermal stress relief was assessed. The results
indicate that beryllium block deflection can substan-
tially reduce the interfacial conductance to an extent
dependent on the size of the deflection, the contact

: pressure,1and the roughness, For example, the total in-

terfacial conductance can be reduced by up to 80%

-when the border deflection increases from 0 to 50 um.,

Such efffts can be accounted for in the desxgn if prop-
erly charpcterized..

8. These observations indicate the importance of
adequately predicting the contact conductance as a
function of different parameters, such:as the tempera-

‘ture, roughness, and contact pressure. The large varia-

tion between the predictions by the two models.discussed -

- earlier it:;lioates that such characterization needs to be

done experimentally using the prototypical materials
for which an experimentally based modél could then be
developed for blanket analysis application.

'VI.E Gond usions from Assessment of Thermal

'cont_‘ ol Mechanisms

In light of these results, an assessment of the ther-
mal control mechanisms applicable to ceramic breeder
blanket designs was performed. The assessment was
based-on:example calculations for ITER-like operating
conditions. Although the absolute controllability of the
ceramic breeder would change for different assump-
tions t’veiar.ding the ceramic breeder material, power

densities, and coolant type and temperature, it is be-
lieved that the comparative assessment of the different
mechanisms would still apply. Four cases were consid-

asintered block helium region with a metallic felt at the
berylhu -cladding lnterface. and a beryllium packed-

bed regn}

ered: a ?flium gap, a sintered block beryllium region,

A helium gap is attractive because of the s1mphc-
ity of the design, and it provndes for a reasonable wall
load range, 0.55 to 2 MW/m? for the example case
considered (excluding the effect of thermal radiation).
However, the gap size required is small, ~1.5 mm in
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this case, leading to the concern of maintaining close
tolerances during manufacture and operation. Radia-
tion can significantly increase the range of allowalqle
wall loads up to a factor of ~2 depending on tl.le emis-
sivity of the surface. The calculations also indicate
limited possibilities for active thermal control for the
helium gap, particularly for lower coolant pressure
cases.

Beryllium in sintered block form has a high ther-
mal conductivity, which results in a thick beryllium
layer. This tends to minimize the number of layers but
can result in a large amount of beryllium, which is
costly. The range of allowabie wall load tends to be
smaller than in the helium gap case because, in contrast
to helium, the beryllium thermal conductivity decreases
with temperature. For the example case, a beryllium re-
gion thickness of 5.3 ¢m provides an allowable wall

‘load range of 1 to 2 MW/m?2. .

Placing a felt at the beryllium-cladding interface
provides the advantages of potentially better contact
conductance predictability, accommodation of beryl-
lium swelling and therinal expansion, and the possibil-

ity of active thermal control through-gas pressure -

adjustment. For the example considered, for a felt
thickness of 2 mm at the low-temperature beryilium-
cladding interface, the allowable wall load range is 0.7
to 2 MW/m?2, and the beryilium sintered block thick-
ness is reduced to 2.2 ¢m. Issues relate mainly to the
performance of the felt in an irradiation environment.

Beryltium in packed-bed form offers the-advan--

tages of active control through gas pressure adjust-

ment and minimum use of beryllium based on itslower

‘thermal conductivity. However, this might lead to a
higher number of layers in the design. For the binary
packed bed considered, the ratio. of kgy at 1 atm to &gy

at 0.1 atm is ~2, This provides substantial additional

flexibility for power variation accommodation through
active thermal control. For the example case, a packed-
bed thickness of I cm results in an aliowable wall load
tange of 0.58 to 2 MW/m?. For ITER test module ap-
plication and for power reactor application, active ther-
mal control is very appealing because of the increased
flexibility provided in allowing for ceramic breeder
blanket operation-over a wide range of power levels.
In addition, for ITER test module application, -active
control would allow for testing at different breeder tem-
perature levels for a given power level.

NOMENCLATURE

Aye = unit cell area

a = beryllium block dimension

d = diameter | '

E = Young’s modulus _

f = ratio of bed to interface thermal resistances
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== ratio of maximum to reference wall load

f max k

Sontn = ratio of minimum to reference wall load

Hyy = effective material microhardness

h, . = packed-bed wall conductance

Kn = Knudsen number for a gap

k = thermal conductivity

Kegr = packed-bed effective thermal conductivity

Ky = effective thermal conductivity near wall

L = heated length of test section :

Ly = local distance between large particles of
binary bed beyond which fine particles do
not fit (see Fig. 13)

Nu = Nusselt number

P = pressure

P, = contact pressure

Py = neutron wall load

Pr = Prandtl number

Q = power to the heater

q '= heat flow |

q” - 1= heat flux

q” .= heat generation per unit volume

(R /R j= fraction of interfacial area over which

roughness occurs

Re ‘= Reynolds number
r = radius
e = unit cell length of &y model
ry = unit cell width for kg model
Sp .= ultimate tensile strength of material
T == temperature
T = bulk temperature nearest to inner wall fol-
lowing bed temperature distribution
T, = temperature at lower boundary of unit celi
T ‘= temperature at upper boundary of unit
' cell o
lgap = nominal gap thickness
X - == wall region thickness
Greek
o = thermal accommeodation coefficient for
gas

= thickness of thermal control region
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& - = local characteristic length
8 = roughness
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2 = ratio of specific heat at constant pressure
_ to specific heat at constant volume for gas

A = gas mean free path

v = Poisson’s ratio _

] = angular. direction in cylindrical coordinate

expression _

o = effective jump distance

Subscripts

{ave) = average

Be = beryllium

CB = ceramic breeder

c = contact

(con) = continuum regime

e = extrapolated- - - -

f = film

g = gas

He = helium

i = inner annular surface -

o = outer annular surface

b == particle

r = roughness

s = solid

st = steel

std = standard

tot = total

uc = unit cell

w = wall

) = initial

0} = final

= porosity volume fraction
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_ : o tributions to the effective thermal conductivity modelin .
AT = temperature difference sintered block interface resistance analysis, felt 3alculation§,
ATy = temperature difference across bed - and packed-bed experiment, respectively.

. - : This work was performed under U.S. Department of
AT, = difference between wall temperature and.  Energy contract DE-FG03-88ER$2150.
packed-bed extrapolated temperature at : '
-the wall : .

AV/V = volumetri¢ expansion of beryllium block REFERENCES
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