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6.1 A Comparative Study on the Effective Thermal Conductivity of a Single

Size Beryllium Pebble Bed

A. Abou-Sena, A. Ying, and M. Abdou
Mechanical and Aerospace Engineering Department, UCLA, Los Angeles, CA 90095

Solid breeder blankets generally use beryllium-helium pebble beds to ensure
sufficient tritium breeding. The data of the effective thermal conductivity, kff of
beryllium pebble beds is important to the design of fusion blankets. It serves as a
database for benchniarking the models of pebble beds. The objective of this paper is to
review and compare the available data (obtained by several studies) of the effective
thermal conductivity of beryllium pebble beds in order to address the current status of
these data. Two comparisons are presented: one for the data of kff versus bed mean
temperature and the second one for the data of kff versus external applied pressures. The
data (kff versus bed temperature) reported by Enoeda et al. [1], Dalle Donne et al. 7,
and UCLA, have a similar particle size and packing fraction. Despite their similarity, the
standard deviation values of their data are around 32%. Also, the data of the effective
thermal conductivity as a function of mechanical pressure have standard deviation values
of -50%. From the presented comparisons, significant discrepancies among the available
data of kff of the beryllium pebble beds were observed. These discrepancies. may be
attributed to the apparent differences among available studies, such as experiment
technique, packing fraction, particle characteristics, bed dimensions, and temperature
range and gradient across the bed.

1. Introduction
Pebble (particle) beds have been proposed for solid breeders and neutron

multiplier materials in many of the fusion blanket designs. The helium cooled pebble bed
blanket, proposed by the European Community for the demonstration reactor (DEMO), is
based on ceramic breeder pebble beds and beryllium pebble beds. Also, pebble beds have
been suggested for solid breeders and neutron multipliers in the blanket design of ITER
(International Thermonuclear Experimental Reactor). The thermal behavior of the
beryllium pebble bed (blanket subsystem) affects the overall performance of the blanket
because the effective then-nal conductivity of beryllium pebble beds affects the rate of
heat transfer throughout the blanket. The final goal is to control the blanket's thermal
profile by controlling the effective thermal properties of pebble beds. Knowledge of the
effective thermal conductivity of pebble beds is important to the design and analysis of
the fusion blankets. The effective thermal properties of beryllium pebble beds serve as a
database for the blanket design and the theoretical models. Over the last three decades,
several experimental and modeling studies have been carried out to study the effective
thermal properties of pebble beds. In the following section, previous studies on the
effective then-nal conductivity of beryllium pebble beds are reviewed.
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2. Studies on the Effective Conductivity of Beryllium Pebble Beds
Over the last two decades, several experimental studies have been performed to

study the effective thermal conductivity of beryllium (Be) pebble beds. In the following

paragraphs, some of these experimental studies are summarized.

2.1 M. Enoeda et al. 1994)

In 1994, M. Enoeda et al. [1] experimentally studied the effective conductivity of

lithium oxide and beryllium sphere packed beds. Bed mean temperature ranged from 130

to 320'C and helium was used as a cover gas. For the beryllium pebble beds, the

effective conductivity, kff, was expressed as follows:

For Imm diameter(PF= 56%): kff (W/m.K) = 156 +3.25xlO-'T('C).

For 2mm diameter (PF 6 %): kff (W/m.K = 243 + 2.15x I - TQ.

For 3mm diameter (PF 64%): kff (W/m.K = 257 I.45xI 0-3 Tq.

2.2 T. Kujrasawa et al. 1995)
T. Kurasawa et al. 2 studied the effective conductivity of a beryllium bed as a

function of the bed mean temperature (up to 450'Q. Beryllium spheres, having diameters

of 1 2 and 3mm, were used with a packing fraction of 60%. Helium at a pressure of

O.INMa was used as a stagnant environment. The experiments were performed using a

cylindrical cell whose diameter is 100mm. The test cell was cooled by a water tube at the

center and heated from outside by an infrared image furnace. The experimental results

were correlated to the bed mean temperature as follows:
I O)X 03 TC).

For Imm. Be sphere: kff (W/m.'C = 1.57±0.03) + 2.02±0.
0-3 T C).

For 2mm Be sphere: kff (W/m.'C = 1.67±0.04) + (2.42±0.12)x I

For mm Be sphere: kff (W/m.'C = 2.18±0.06) + (1.73±0.20)x IO-' ("C).

2.3 Tehranian & Abdou 1995)
In 1995, Tehranian and Abdou 3] investigated the effect of external pressure on

the effective properties of particle beds. A series of experiments were conducted to

measure the effective then-nal conductivity and interface conductance of beryllium,
aluminum, and lithium zirconate particle beds as a function of external pressure.

Beryllium spheres, having a diameter of 2mm, were used. With helium at 700, 400, and

200 Torr, increasing the pressure from to 122 MPa increased the kff of the beryllium

pebble bed by a factor of -2 224, and 244 respectively.

2.4 M. Dalle Donne et al. 1997)
M. Dalle Donne et al. 4 experimentally investigated the effective thermal

conductivity and heat transfer coefficient of a binary bed of Be pebbles. A binary Be bed

was formed by pebbles of two different sizes 2 ± 0.3mm and 0.1-0.2mm in diameter).

The resulting packing factor of the binary bed was 80.8%. The effective conductivity of

the Be binary bed was measured at different temperatures ranged from 130 to 600'C. The

effective conductivity was expressed as a function of bed average temperature as follows:

kff (W/m.K = 731451 100652 x 10-4 x T, Q.
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2.5 M. Enoeda et al. 1998)

The study presented by M. Enoeda et al. [5] was dedicated to measure the

effective conductivity of U20 and Be pebble beds using the hot wire method. Single size

Be (0.6mm & PF=60.3%) and (Imm & PF=62.4%) beds were used. The bed temperature

ranged from 420 to 570'C. For Be (Imm 62.4%), the effective conductivity increased

from 226 W/m.K (at 420'C) to 293 W/m.K (at 570'C). For Be (0.6mm 60.3%), the

effective conductivity increased from 182 W/m.K (at 420'C) to 242 W/m.K (at 520'C).

2.6 J. Reimann et al. 2000)

Measurements of the effective conductivity (as a function of temperature, stress

and strain) of Be pebble beds were presented by J. Reimann et al. 6 using the hot wire

method. In these experiments, bed temperature, pressure and strain were simultaneously

measured. The experiments were carried out with Imm. and 2mm. Be pebbles at

maximum pressures of 6 MPa and temperatures up to 485'C. Results showed that the

effective conductivity increases significantly with increasing stress and strain.

2.7 M. Dalle Donne et al. 2000)

Experimental investigation on the thermal and mechanical behavior of single size

Be pebble bed was presented by Dalle Donne et al. 7]. For a Be bed with 2mm. pebbles,

PF 63%, and in a temperature range of 1 00 T 6OO'C, the'effective conductivity as

a function of temperature was expressed as:

kff (W/m.K = 2499 207 x IO-' x T'C ± IO%

For a Be bed with 2mm pebbles, PF = 60%, and in a temperature range of 100 T 

6OO'C, the effective conductivity as a function of temperature was given as follows:

kff (W/m.K = 1823 2053 x 10-3 x TOC ± 10%

When the Be bed (2mm. pebbles and PF 63%) was compressed, the effective

conductivity as a function of pressure was given by:

kff (W/m.K = 228 0.180 x P(bar) ± IO% for 22 P(bar) 46.

2.8 M. Dalle Donne et al. 2000)

A binary bed of large (2±0.3mm) and small (0.1-0.2mm) beryllium pebbles was

investigated by M. Dalle Donne et al. [8] to measure the effective conductivity and heat

transfer coefficient to the containing walls. The resulting packing factor of the binary bed

was 82.5% and the temperature ranged from 100'C to 600'C. The experimental values of

the effective thermal conductivity, kff, were correlated with the bed average temperature,

T, by the following equation:

kff (W/m.K = 6016 12 x IO-' T, (-Q.

2.9 G. Piazza et al. 2002)

G. Piazza et al. 9 studied the effective thermal conductivity of a Be pebble bed

as a function of compression loads, in the range of 0-6MPa, at two temperatures (2500C

and 350'C) A bed with pebbles of Imm diameter and a packing fraction of 62% was

used. The beryllium pebbles were contained in a cylindrical steel cavity with 100mm.
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diameter and 50mm height. The effective conductivity was expressed as a function of the

strain, e, as follows.

For T =2 5 O'C: kff (W/m.K) = - .82 1 8 (_ %)2 + 10.93 (e %) 21775.

For T =350'C: kff (W/m.K = 1.9407 (E %)2 + 10.637 (E %) + 23199.

Table I presents a summary of the available studies (reviewed in the previous

paragraphs) on the effective thennal conductivity of beryllium pebble beds. It should be

noted that the ma ority (8 of IO) of the available studies did not report uncertainty

analysis, which is meaningful in these kinds of experimental studies.

Table 1: Summary of the available experimental studies on beryllium pebble beds

Study presented by Experiment kff vs kff Vs Be size Packing Error
Technique Temperature Pressure Fraction Analysis

Radial heat flow lmm, 56%,
M. Enoeda et al. (infrared electric 130-320C N/A 2mm, 61%, Not

(1994) [1] furnace heating) & 3mm. & 64% reported

T. Kurasawa et al. Radial heat flow Imm, Not
('infrared image 130-450C N/A 2mm, 60%

(1995) 2] furnace heating) & 3mm. reported

Tehranian & Abdou Axial heat flow N/A 0-1.22 Wa 2mm 63% Reported
(1995) 3]

M. Dalle Donne et al. Radial heat flow 2mm Not
(1997) 4] (center heating) 130-600C N/A + 80.8% reported

0. 1-0.2mm

M. Enoeda et al. Hot wire method 420-570C N/A 0.6mm 60.3% Not
(1998) [5] & lmm & 62.4% reported

J. Reirnann et al. Hot wire method 25, 180, 375 0-6 Wa Imm 63% Not
(2000) 6] & 475C & 2mm, reported

M. Dalle Donne et al. Radial heat flow 100-600C 0.22-4.6 a 2mm 60% Not
(2000) 7] (center heating) & 63%. reported

M. Dalle Donne et al. Radial heat flow 2mm Not
(2000) [8] (center heating) 100-600C N/A + 82.5% reported

0. 1-0.2min

G. Piazza et al. Guarded hot plate 250 350C 0-6 Wa Imm 62% Not
(2002) 9] method reported

UCLA Axial heat flow 130-420C 0-2 Wa 2mm 60.6% Reported
(2003)
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3. UCLA Experimental Apparatus
Figure I shows a schematic drawing of the experimental apparatus, used to

conduct the experiments at UCLA. The design is based on the axial heat flow method

where the heat flows from one end of the bed to the other end in the axial direction.

Thermal simulations using ANSYS (finite element code) were carried out to study

temperature distribution inside the bed. Also, ANSYS was used to detennine the region

where there was a one-dimensional heat transfer inside the bed in order to ensure that the

thermocouples' probes are located in that region. The effect of lateral heat loss was

neglected by restricting temperature measurements inside the one-dimensional heat flow

region. The Be pebbles were contained in a cylindrical container (SS-316) with a 0mm.

height, 101.6mm ID and 108mm OD. Two groups of thermocouples were inserted inside

the bed at two different azimuthal angles. Each group had six then-nocouples uniformly

distributed along the axial direction. A copper heating block was attached to the bed's top

to uniformly transfer the heat from the heater (800-W) to the bed. The heat flux was

measured using a heat flux meter, which consists of SS-316 disc and two columns of
thermocouples. The then-nocouples were located, at regular distances, in the heat flux

meter to measure temperatures at specific points. Since the experiments were performed

at high temperatures, a thermal fluid (Paratherm-NF) was used to serve as a coolant.

Multi-layered insulation was wrapped around the bed, heater, and heat flux meter to

minimize te heat loss. The bed was placed inside of a bell jar, in order to control the

cover gas type and pressure. A hydraulic press was connected to the bed to provide the

required pressure. The test article was placed inside a glove box to provide safe handling

of Be. Figure 2 shows a schematic drawing of the Be handling facility at UCLA. The

details of the experimental apparatus are presented in a previous work [IO].

Insulation Top Plate of
Hydraulic Press

Heating Block Heater

SS316 Cylinder Thermocouple

Be Pebble Insulation

Thermal Break SiC Disc

Heat Flux Meter

Bell Jar
Cooling Block

Figure 1: Schematic drawing of the experimental apparatus.
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1 Pebble Bed 3 7 Gas Cyhnder

2 Bell Jar 8 Data Auistion System

3 Glove Box 9 Glove Port

4 Hydraulic Press 10 Entry Window

Mechanical P-np 11 Computer

6 Coolant ystern 12 Pressure Gauge

10 I

0

7

4 68

Figure 2 Schematic drawing of the beryllium handling facility (glove box)

4. Results and Discussion
4.1 Effective Conductivity versus Bed Temperature

A series of experiments were carried out at UCLA to study the effective

conductivity of a Be pebble bed as a function of bed mean temperature. Helium (at

atmospheric pressure) was used as a cover gas and bed mean temperature ranged from

130 to 420'C. The bed was single size (2mm diameter pebbles) with a packing fraction of

60.6%. Steady state temperature measurements, which define the temperature distribution

across the bed, were used to calculate the bed effective conductivity assuming one-

dimensional heat conduction. At steady state, the effective thermal conductivity, kff, was

calculated using Fourier's law of heat conduction:

kff = q (Ax/ AT)

Where q " is the heat flux, Ax is the distance between thermocouples and AT is

temperature gradient. The temperatures across the bed gave a linear temperature profile

with different temperature ranges. Figure 3 shows the effective conductivity of a Be-He

pebble bed as a function of bed mean temperature (from 130 to 420'C). Also, in Figure 3,

uncertainties in the effective conductivity are given in terms of error bars. The effective

conductivity increased from 229 to 3 W/m.K with the increase of bed mean temperature

from 130 to 420'C. In other words, effective conductivity increased by a factor of 131

with this temperature range. From the experimental results, the effective conductivity can

be correlated as a function of bed mean temperature, T, as follows:

kff (W/m.K = 00022 T,('C)+ 1988

With temperature increase, the thermal conductivity of Be decreases and the thermal

conductivity of He increases. Therefore, with a Be-He bed the resulting effect is a small

increase in the bed's effective conductivity with the increase of temperature. Due to
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uncertainties in the heat flux, temperatures, and distance between thermocouples, the

effective conductivity was subjected to uncertainties as well. Regardless of the technique

used to measure kff, uncertainty is always present with all involved measurements. The

uncertainties in the experimental results were estimated and a detailed uncertainty

analysis was performed. The uncertainty in kff varied from ±7.2% (at T=420' to

±2 5 % (at T =130-C). The uncertainty in kff decreased as the effective conductivity

increased because, for high effective conductivity, the uncertainty in the heat flux (which

is the major contributor to uncertainty in kff) is lower. Uncertainty analysis should be

cons'dered when reporting the experimental values of the effective thermal conductivity

of beryllium pebble beds.

4.5 -
0 2mrn Be in He

4.0 -
PF 60.6%

3.5

3.0

-Z 2.5

2.0

t; 1.0
keff 0.0022 T 1988

0. - R2 = 09577

0.0
100 150 200 250 300 350 400 450

Bed mean temperature (C)

Figure 3 The effective thermal conductivity as a function of the bed mean temperature

Several studies have been carried out to investigate the effective conductivity of

Be pebble beds. Also, many models have been presented over the years to predict the

effective conductivity of pebble beds. The Schlunder, Zehner, and Bauer (SZB) model

[II], and Slavin et al. model 12] were chosen for the purpose of comparison with the

experimental data. The available data (previous studies and current UCLA) on the kf of

the Be pebble bed as a function of temperature were compared. This comparison, shown

in Figure 4 also included model predictions of kff by the SZB and Slavin et al. models.

All the experimental values and model predictions of kff have similar behavior as they

increase with the increase of bed mean temperature. A discrepancy among the available

data can be observed. The results, reported by Enoeda et al. [1] (2mm & PF=61%), Dalle

Donne et al. 7 (2mm & PF=60%) and UCLA (2mm & PF=60.6%) have a similar

particle size and packing fraction. Despite the similarity, the standard deviation values of

the kff values of the three studies are around 32% (see Figure 5). The discrepancy may be

attributed to a wide range of independent parameters affecting kff, such as experimental
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procedures and technique, pebble size and characteristics, packing fraction, temperature

range and gradient across the bed, and bed dimensions.

4.0 - 0 UCLA (60.6%,2mm)

3.5 * Reimann (I mm, no strain) 61

A Reimann (2mm, no strain) 613.0
E Pi27za (62%,I mm, no strain) 9]

2 .5 . .. ............I 7----- ------ ------ -........................ ........ ......

------ Dalle Donne (60%,2mm) 7]
'Zi ........................... ......... .............. ....... .........................................................=01 2.0 .... ........ IPOA� ............. .... Dalle Donne (63%,2mm) 7)

A0 A Enoeda (56%,I mm) I0 1.5
Enoeda (61%,2mm) 1]

1 .0 . .. ........ ..... ............. .. ....................................... ......... ................ ... ........................... .. ............. .......... ... ...

Enoeda (64%,3nim) 1]
0.5 SZB mod. (60%,2mm) [I 1]

0.0 Slavin mod.(60%,2mm) [ 1 2]

100 150 200 250 300 350 400 450 500

Bed temperawre (C)

Figure 4 Comparison of the available data on the effective conductivity of Be pebble beds.

4.0

3.5 T

3.0

2.5 - . .... ..3 7
2 .0 . ......... . ........ - ................ .....................................................................................7----------------------- T

0
1.5 0 UCLA 60.6% 2mm)

1.0 ...... ..... ... .............. ........... O A verage

Dalle Donne (60%,2mm) 7]
0 .5 . ........ .... ................................. ......... ------------- --------------

Enoeda (61%,2mm) 11
0.0

100 150 200 250 300 350 400 450

Bed temperature (C)

Figure 5: The effective conductivity versus bed temperature (comparison of similar studies).
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4.2 Effective Conductivity versus Mechanical Pressure
A series of experiments were conducted to study the effect of mechanical

pressures on the effective conductivity of a Be pebble bed. The mechanical pressure

varied from 04 to 20 MN and helium was used as a cover gas. As shown in Figure 6,

the effective conductivity values are plotted versus pressure at four bed mean

temperatures (100, 180, 270, and 350'C). When the pebble bed was compressed with 2

NIPa at these temperatures, the effective conductivity increased by factors of 253 230,

2.18, and 211 respectively, compared to those with no pressure. When the pebble bed is

compressed, the pebbles are rearranged into denser packing, leading to a small increase in

the bed packing fraction. Also, the elastic and plastic deformations of the pebbles

increase their contact area. All these changes work to increase the effective conductivity,

in particular, because the thermal conductivity of beryllium is much higher than that of

helium. The uncertainties in the kff values are p resented in Appendix A.

6.5
6.0 - 2mm Be in He

PF=60 .6%
� .5 ... .... ...

5. - 044�'011> 4.5

4.0 -

3.5 - OTm=100C

3.0 MTrn = 80 C
2.5 . .......................... ......... .................. ................................................. ............. .......

2.0 --------------- .... .. .......... ... ........... .. .... ......... ........ ......... .................... 0 Trn = 3 0 C

1.5
0.0 0 5 1.0 1.5 2.0 2.5

External applied pressure Wa)

Figure 6 Effect of mechanical pressure on the effective thermal conductivity.

The current UCLA data on the effective then-nal conductivity versus pressure

were compared with the available data obtained by previous studies as shown in Figure 7.

Regarding the comparison here, the calculations proved that the standard deviation values

are about 50%. It was observed that there exists a discrepancy among the data of the

effective thermal conductivity as a function of mechanical pressure. The pressure values

and corresponding values of the effective thermal conductivity of beryllium pebble beds

are influenced by some parameters; such as compression technique, initial packing,

pebble characteristics, fraction of pressure transmitted to the bed, friction forces at the

walls, and ratio of bed height to diameter. All or some of these parameters contribute to

the discrepancy exist among the various experimental results. It is worth mentioning that

this comparison does not include some previous studies (e.g. Reimann et al. 6], Piazza et

al. 9 which reported data on the effective thermal conductivity of beryllium pebble

beds as a function of strain.
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0.0 0.5 1.0 1.5 2.0 2.5

External applied pressure (MPa)

Figure 7 Comparison of the available data on kff of Be pebble bed versus pressure.

4.3 Effect of Mechanical Pressure on Contact Area
Some experiments were conducted to study the effect of pressure on the effective

conductivity of a Be pebble bed with vacuum at 100'C. Figure shows kff of a Be

pebble bed, versus pressure, with both helium and vacuum as a stagnant environment Be

pebbles of 2mm diameter were used and the packing fraction was 60.6%. The effective

conductivity with vacuum increases significantly with the increase of pressure. A

pressure of 0.8MPa was enough to increase the kff to 3W/m.K at Tm=100'C, this value

was previously obtained at Tm=420'C with helium. Also a pressure of 2NWa increased

the kff to 4.4W/m.K at Tn,=100'C, while the corresponding value with helium and no

pressure was 2.17W/m.K. In general, the heat flow through the pebble bed has three

components; namely molecular conduction and radiation through the gas, conduction

through the pebble, and solid-solid conduction. The gaseous conduction is considered the

dominant heat flow path inside the pebble bed. A previous study [10] showed that the

effective conductivity with He is larger than that with vacuum by a factor of 6 Therefore

the cover gas has a significant impact on the effective conductivity (this is true with no

compression). However, when the pebble bed is compressed, the solid-solid conductance

has a larger contribution to the heat transfer. Also, the ratio of solid to gas conductivity

plays an important role in heat flow mechanism across the bed. When this ratio is high,

contact area characteristics have a significant impact on the effective conductivity. This is

because the heat tends to follow the path of least thermal resistance in the solid region

focusing at contact area between pebbles. Figure shows that, despite vacuum, the

effective conductivity significantly increases when the bed is compressed. Specifically,

the effective conductivity is 0.39W/m.K at zero pressure, and increases from 125 to 44

W/m.K with increasing pressure from 04 to 2NWa. In addition, at the same pressures, the
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effective thermal conductivity values with helium are larger than those with vacuum by

values ranging from 09 to 138 W/m.K.

6.0 -

5.5 - - acuum

5 .0 H e liu m ...... ....... .. ...... ............ .... .......... ....... .. ..... .......... .... ........ .... ............

4.5

4.0

3.5

3.0

2.5

2.0
..... ..................... ............................. ............. ................ ............................... .. .........

1.5 2min Be

1.0 PF = 60.6%
Trn = 100C

0.5

0.0 t

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0 2.2 2.4

Mechanical pressure (MPa)

Figure 8: Effective conductivity versus mechanical pressure with helium and vacuum

5. Conclusions
The available data of the effective thermal conductivity, kff, of beryllium pebble

beds were reviewed and summarized in this study. For comparison, the recent UCLA

data on the ff of a beryllium pebble bed as a function of temperature and external

pressure were presented. The recent UCLA data showed that, for a single-size (2mm.

diameter) Be pebble bed with a packing fraction of 60.6% and He at the atmospheric

pressure, kff increased from 229 to 3 W/m.K with the increase of bed mean temperature

from 130 to 420'C. Also, the kff of a Be-He pebble bed as a function of external applied

pressure (from 04 to 20 MPa) was measured at four bed mean temperatures (100, 180,

270, and 350'C). When the bed was compressed with 2NVa at these temperatures, the kff

increased by factors of 253 230 218, and 211 respectively compared to those with no

pressure. Also, with vacuum (instead of He), the kff significantly increased when the bed

was compressed. A pressure of MPa increased the kff to 4.4W/m.K at I O'C, while the

corresponding value with He and zero pressure was 2.17W/m.K.

The available data (previous studies current UCLA) on the kff of a beryllium

pebble bed were compared. Although the results (kff versus bed temperature) presented

by Enoeda et al. [1], Dalle Donne et al. 7 and UCLA, have a similar particle size and

packing fraction, the standard deviation values of their data were around 32%. In addition,

the data of kff as a function of mechanical pressure had standard deviation values of

-50%. This study concludes that there appears to be a large discrepancy among the

available data on the effective thermal conductivity of beryllium pebble beds. This

discrepancy may be attributed to a wide range of independent parameters; namely
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experiment technique, pebble characteristics, packing fraction, temperature range and

gradient across the bed, and bed dimensions. Therefore, it seems necessary to agree on an

optimized experimental apparatus for future studies. In addition, the majority (8 of 10 of

the previous studies did not report uncertainty analysis, which is meaningful in these

kinds of experimental studies. Reporting uncertainty in kff values is important because it

helps to evaluate the usefulness of techniques and the validity of results in each study.

Further experimental efforts may be required to obtain a more accurate and complete

database of the effective then-nal conductivity of beryllium pebble beds in order to

increase confidence in the Be pebble bed performance.
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Appendix A

Figures 9 10 I and 12 show the uncertainties in ff of Be-He bed with

pressures (at T, 100, 180, 270, and 350'C respectively). For T=IOO'C, uncertainty in

kff ranges from ±21% (at P=2MPa) to ±33.5% (at P=0.4MPa), and for T,=180'C,

uncertainty ranges from ±10.2% (at P=2.16MPa) to ±15% (at P=0.4MPa). While for

T,=270'C, uncertainty varies from ±7.3% (at P2MPa) to ±9% (at P=0.4mpa) and for

T,=350'C, uncertainty varies from ±6% (at P=2.16MPa) to ±7% (at P=0.4NWa). It was
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observed that the uncertainty decreases wth increasing pressure because for higher

values of bed conductivity, due to external pressure, heat flux through the bed increases

and therefore the uncertainty decreases. This is because higher bed effective conductivity

results in hiaher heat flux and therefore larger temperature gradients across the heat flux

meter.
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Figure 9 Uncertainty in effective conductivity of Figure I : Uncertainty in effective conductivity of
Be/He bed with pressure (T,= 1 OT) Be/He bed with pressure (T,,=270'C)
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Figure IO: Uncertainty in effective conductivity of Figure 12: Uncertainty in effective conductivity of
B effle bed with pressure (T,= I 8O'Q Be/He bed with pressure (T =350'C)
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