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ABSTRACT

The test facility SANA was installed at the Research Centre Jiilich to research on the heat
transport mechanisms inside the core of a high temperature gas cooled reactor (HTGR). The
test facility consists of a heated pebble bed inside a furnace to simulate the thermal conditions
of such a HTGR-core. The experiment demonstrates the possibility to design a non-melting
HTGR, even in case of a failure of all heatsinks.

From 1994 to 1996 over 50 steady state tests were carried out. In these experiments all the
main parameters of a pebble bed are variated, as pebble material, pebble diameter, gas, heating
power and geometry. Due to the wide range of these variations, data base can be used for
program validation as for general research on porous media. The data sets of these experiments
are presented in this report, including all necessary data for an integral program validation.



Data Sets of the SANA Experiment 1994-1996

By B. Stocker, H. F. Niefien

Forschungszentrum Jiilich
Institute for Safety Research and Reactor Technology

1 Introduction

In the case of an incident with loss of cooling and
at the same time pressure loss, which can be re-
garded as hypothetical, the layout and design of
the pebble-bed high temperature reactor (fig. 1)
reaches that the afterheat decay can be carried out
of the reactor. The hereby occuring temperatures
are so low, that they neither lead to a higher re-
lease of fission products nor to a damage of the
reactor structures. This could be thinkable for
common reactor types. The heat transport bases
on the at every time available mechanisms as heat
transfer, heat radiation and natural convection.
Active mechanisms are not necessary for the after
heat removal.

1.1 The development of the HTR in the
Federal Republic of Germany

The development of the helium-cooled High
Temperature Reactor started in the Federal Re-
public of Germany with the ,,Arbeitsgemeinschaft
Versuchs-Reaktor (AVR)* located in the area of
the Research Centre Jiilich. At the beginning of
HTR’s development stood the reaching of a high
thermodynamical efficiency of the secondary
steam cycle and the supply of process heat on a
high temperature level. With the Thorium-High-

Reacior core

Suriace covis

geneior

Fig. 1: Schematic plan of a high tempera-
ture gas cooled reactor



Temperature Reactor (THTR) in Hamm Uentrop with an electrical power of 300 MW and
corresponding 750 MWy, the concept of an HTR for power production was realized in an in-
dustrial scale technical successfully. Non-technical reasons were decisive for the failing of the
THTR, but here we will not take them into consideration. After that the smaller HTR-module
with 200 MW, designed by Interatom became more important because of its safety character-
istics.

1.2 Description of an HTR at the example of the HTR-Module

The reactor core consists of cylindrical filling of the spherical fuel elements . In normal opera-
tion the helium flows through the reactor core under 60 bar. In the steam generator the helium
is cooled down from 700 °C to 250 °C. On the secondary side heat conditions (530 °C, 180
bar) are produced as in conventional power plants. For the THTR a steam cycle identical to a
coal power plant of the same size situated in the vicinity could be used.

The blower for circulating the cooling gas is situated at the upper end of the steam generator
and equalizes a pressure loss of 1,3 bar. It is surrounded by a separate steel pressure vessel and
connected with the reactor core by a coaxial duct. This shows by its slender type of construc-
tion a height/radius-ratio of approx. 3.1 (height h 0 9,5 m, radius D = 3,0 m) deriving from the
previous reactor concepts. This ratio results of an optimization of the heat conducting surface
in the case of an incident and neutron loss by leakage under normal operation.

Coated particle in
graphite mairix

Layer structure of a
coated particle
Siliconcarbide
Buffer
Pyrocarbon
Fuel kernel

Fig. 2: Fuel element of the HTGR

The reactor core contains approx. 375 000 fuel elements, each with a diameter of 5 cm. Fig. 2
shows the spherical fuel element, a graphite ball, and the embedded ,coated particles®. The
particles are embedded in a graphite matrix. About 10 000 until 20 000 of these particles are in
one fuel element. The graphite matrix serves for the moderation of the fast neutrons and is high
temperature resistant. Over that graphite has a high specific heat capacity and is able, in the



case of an incident to absorb enormous heat capacities by storing. The reactor core is sur-
rounded by a graphite reflector. In this reflector six reflector rods are provided for the adjust-
ment and hot gas shut-down, for the cold shut-down 18 reflector boreholes are filled with ab-
sorber balls. Furthermore, the reactor pressure vessel is protected by the reflector against em-
brittlement by fast neutrons.

The charging of fuel elements is made from bottom to top. By multiple running through
(MEDUL) the fuel elements pass approx. 15 times through the core before reaching the final
burn-up of 80 000 MWd/t. Completely burnt-up fuel elements are discharged daily from the
reactor and are stored in an intermediate disposal vessel. The same number of fresh fuel ele-
ments are charged every day to the reactor with the aid of the charging equipment corre-
sponding to the produced thermal power.

1.3 The inherent safety behaviour of an HTR

Since the revised version of the German Atomic Law in 1994 the company who runs the reac-
tor has to ensure that even in case of heaviest incidents the consequences for the reactor facil-
ity remain limited. For the HTR this demand is taken into account by four stability criteria:

1. Nuclear stability

2. Thermal stability

3. Chemical stability
4. Mechanical stability

In the further report only the thermal stability (3.) is explained, since this is the one which is
analysed in the SANA experiment.

1.4 Thermal stability

The decay heat has to be removed at any time from the reactor. If all active cooling and emer-
gency cooling systems fail, the occuring heat has to be removed self-acting from the reactor.
The reason for this is that no inadmissible temperatures in the fuel elements occur which could
lead to a damage of the fuel elements or of the fission products.

A key problem of the reactor safety is the guarantee of a reliable removal of the decay heat,
which can be released after the break-off of the chain reaction by decay of the fission products.
An easy mathematical description of this time-dependent power release delivers the formula-
tion after Way-Wigner /1/:

B, = B, -00622- (10 - (1, + ™)

From this results that immediately after the shut-down of the reactor about 7 % of the thermal
power are released. After one hour the fraction of the decay heat is between one and two per-
centage. The aim of the modern HTR-concepts is, to keep the power density in full load op-
eration (HTR-Module; 3 MW,/m’) so low, that the arising decay heat can be released over

3



circuits, radiation and natural convection to the surroundings. Here no unreliable temperatures
should appear, which could lead to an essential fission product release. This can be realized in
the HTR before a failure happens because of its heat storing amounts of graphite in the core
and reflector region and because of the low fission product and structure temperatures com-
pared to the temperature limit of 1 600 °C. The design and layout of an HTR ensure in the case
of a failure or incident by natural convection that the maximum temperature does not exceed
1600 °C in the fuel elements.

Rt Tt
Po
6%
TO ]

1%|-———— FI' Fuel Element

| Temperature

i > ¥ 1 >

0 1h t 0 1h 30h t

Fig. 3: After being shut down, a reactor produces the after heat Py (left)
1. Thermal instable reactor: After the failure of all heat sinks the temperature of the
fuel increases to the melting point Ty, the core starts melting
2. Thermal stable reactor: Self-acting after heat removal limits the maximum fuel
temperature Tg™

2 The experiment SANA

As described in the introduction, the high temperature reactor offers the possibility of a suit-
able design and dimensions to master heaviest accidents. The produced decay heat is removed
safely from the reactor core. The heat transport is based on at any time available mechanisms:
heat conduction, heat radiation and natural convection. To confirm this striking safety quality,
the considerable heat technical parameters of the self-acting after-heat removal are examined in
the experiment SANA (fig. 4), /2/. The tasks of the experiment are:

® Measurement of time dependent three-dimensional temperature distribution.

® Determination of effective heat conductivity as a function of the temperatures in
the core structures.

® Evaluation of permitted heat flux densities at different boundary conditions.
® Provision of data sets for the program validation (THERMIX / DIREKT, TINTE).

® Statements concerning natural convection phenomena.



2.1 Structure of the pilot plant

For the examinations in the context of the SANA experiments a bed of graphite pebbles in ¢y-
lindrical arrangement is selected. The part of the core of the pebble bed reactor has a diameter
of 1,5 m as well as a height of Im. Approximately 9500 graphite pebbles with a diameter of
6 cm in irregular arrangement find space in the volume of 1,77 ',

The heat production is carried out in at maximum 4 electrical resistance heating elements
which are ordered vertically in the bed. The installed maximum power of 50 kW facilitates a
maximum power density of 28 kW/nr'. That means 0,93 % of the full power transferred to the
module reactor and corresponds to a time of 3 h to 4 h after admission of the depressurisation
accident. To guarantee a considerable radial heat flux, insulation systems limit the bed at the
top and the bottom. A schematic plan of the test facility is shown in fig. 5.

Fig. 4: Photo of the test facility

Thermocouples, which are used for the recording of the temperature profiles, are distributed
over the test stand. To prevent corrosion at the graphite installations, the plant is operated
among inert gas atmosphere. The heating element connections get cooled with water. The
power supply is carried out from the three phase mains. The data acquisition system and the

control of the experiments can occur with a personal computer {fig. 6).



SANA main data

Maximum bed temperature 1600 °C
Installed electrical power 50 kW
Diameter of the pebble bed 1,5m
Height of the pebble bed 1,0m
Complete height 32m
Pebble diameter 60 mm

Fig. 5: Schematic plan of the test facility SANA



2.2 Data acquisition system and computer

The thermocouples are connected to a 60 channel hybrid recorder which has a built-in com-
parison point. The thermoelectric characteristics for a number of common combinations,
among this type N and type W, is integrated in the device. It is able to convert the measured
thermoelectric voltages to °C and to show them on the display and the built-in printer. For the
MoRe elements at first only the recording of the thermoelectric voltage is carried out in the
hybrid recorder. A PT100 resistance element is used as an external comparison point tem-
perature. The maximum scanning rate of the recorder lies at 2 seconds. A further hybrid re-
corder with 30 channels is available to scan the analogue exits of the gas analysis devices as
well as the actual value outputs of the thyristor. This recorder works with a maximum scanning
rate of 30 channels in 6 seconds.

The recorders are equipped with a paralle] IEEE-488 interface to enable the both direction data
exchange and over this with a personal computer which has also an IEC bus interface. The
measured data received by the computer can be saved on the built-in hard disk. A serial inter-
face (RS 232) connects the computer with the power giver. The computer can be used for
controlling of the heating facilities with it. The imbedding of the measurement hardware into
the test stand is represented in fig. 3.

Control Unit

I

l

{

i Computer
' .

|

Keyboard |
L e e e — — e d

Fig. 6: Flow sheet of electrical power and data



3 Benchmark data

Tests were executed with one or four heating elements in over 22000 hours. Nitrogen
(representative for air), helium and argon are used as inert gases. To accomplish the highest
temperature region ( above of 1200 °C ), an insulation is brought in between the vessel wall
and the pebble bed at a part of the tests. The influence of natural convection explains the more
distinctive vertical arrangement in the temperature layers at the tests with nitrogen in compari-
son with those with helium. Both, stationary and non steady tests were executed .

The bed is heated by an electrical resistance heater. The heating is executed by a graphite tube
with 32 mm outside diameter and attached centrally in the bed. A protection tube of 141mm
outside diameter protects the heating tube against the direct touch with the pebbles. The heat-
ing element is lasted at the top and the bottom by the connection electrodes, which are also
made from graphite. Because of their clearly larger crossways cut area (diameters 80 mm) and
therefore clearly lower resistance, only a low heat production has to be removed there. This, by
the connection electrodes passed on heat flux, is removed by a water-cooling installed into the
cover hoods of the connection electrodes.

To reach this goal the heat flux is removed mainly radial from the bed, it became insulated
above and below with different materials (fig. 7). The upper insulation passes CERACHEM-
Blanket material from a 400 mm thick layer (data see 5.2). The lower insulation is, because it
carries the weight of the bed, built of several layers with various stability and heat conducting
properties. These layers are from top to the bottom:

(1) Fire light brick RI 30 B,
‘ .“. comp:ny Savoie Feuerfest

.Yé‘“*.v6i. O) ® (fireproof), 128 mm thick;

v
P4

GAL L
A é‘
()

oo

)
Q&
n
o

E: (2) CERAFORM 1000,

\H company Gossler 75 mm thick;

3 (3) CERAFORM 100,

t, - company Gossler 75 mm thick;

i/ N (4 THERMOSIL 1100,

N7~ l:§.§§\"3‘:‘:':q,:‘$ \§\\:§ \ company Gossler 50 mm thick;

gﬁgﬁk&s@ DN (5) THERMOSIL 1000, o
SN -.4‘5‘:g,&§i company Gossler 25 mm thick;
L6 (6) GOSSLEROC GMP 150,

company Gossler 50 mm thick;

Fig. 7: Bottom insulation of the test facility



The whole arrangement is put in a steel vessel which is provided with a touch protective bar-
rier on the outside to avoid injuries by the hot surface. An inert gas atmosphere, either helium,
nitrogen or argon, protects the inside graphite materials against corrosion reactions.
The resistance heater is provided with electrical power by the 380V 50 Hz three phase mains.
The power is settled about a communication capable thyristor powergiver. The voltage is re-
duced by a transformer behind the thyristor. At most the current on the secondary side has a
value of 1220A. Coated thermocouples of type N (DIN IEC 584) are used for the measuring
of the temperature-profiles within the test facility. An example for the arrangement of the
thermocouples is shown in the figure.
In addition were measured:

® The pressure in the test stand,

e The pressure in the bottle of gas bundles and in the gas inlet line,

® The gas mass flow,

e The composition of the waste gas,

e Temperatures and flow of the cooling water
A large portion of these measured data was taken and saved by a computer continuously.

3.1 Material data

3.1.1 Pebbles
The tests which are presented in the following chapters are carried out by using a central heat-
ing element with 3 types of pebbles:

e electric graphite (60 mm graphite pebbles)
o matrix graphite (30 mm graphite pebbles)

¢ ALOj; (60 mm aluminium oxide pebbles)

The data of these materials has been estimated by experiments. They are shown in tables 1-3.

Table 1: Material data of eleciric graphite Sigri AL 2-500 (60 mm graphite pebbles)

Measurement 3|| Measurement 4|

Temperature { Density Heat conduc- Density Heat conduc-

[°C] [g/cm’] tivity W/mK] | [g/em’] | tivity [W/mK]
100 1,673 152,3 1,665 158,2
200 1,673 126,0 1,665 1279
300 1,673 112,8 1,665 105,1
400 1,673 94,9 1,665 94,1
500 1,673 78,9 1,665 82,7
600 1,673 71,2 1,665 74,1
700 1,673 68,1 1,665 68,7
800 1,673 60,5 1,665 62,6
900 1,673 58,0 1,665 57,6
1000 1,673 55,4 1,665 -




Table 2: Material data matrix graphite (30 mm pebbles)

Measurement 1

Temperature |  Density Heat conduc-

[°C] [g/em’®] | tivity [W/m K]
19 1,632 68,2
96 1,632 64,9
208 1,632 58,2
326 1,632 53,2
405 1,632 50,8
499 1,632 47,7
618 1,632 44,7
726 1,632 41,9
797 1,632 40,4
898 1,632 38,1
987 1,632 36,8
1082 1,632 34,7
1204 1,632 33,4
1301 1,632 32,5

Table 3: Material data Al,Os (65 mm aluminium oxide pebbles)

Probe 1 Probe2

Temperature |  Density Heat conduc- | Temperature  Density Heat conduc-

[°C] [g/em’] tivity [W/m K] [°C] [¢/cm’] tivity [W/m K]
20 3,637 14,6 22 3,637 14,7
103 3,637 12,3 101 3,637 12,4
199 3,637 10,2 199 3,637 10,2
304 3,637 8,7 306 3,637 8,9
409 3,637 7,7 412 3,637 7,8
497 3,637 7,1 497 3,637 7,1
597 3,637 6,6 597 3,637 6,7
700 3,637 6,2 701 3,637 6,3
795 3,637 5,7 797 3,637 5,8
902 3,637 5,4 904 3,637 5,4
1004 3,637 5,1 1004 3,637 5,2
1106 3,637 4,9 1111 3,637 5,0
1203 3,637 4,7 1207 3,637 4,9
1302 3,637 4,4 1306 3,637 4,6
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3.1.2 Insulation
The heat conductivity data of the fibre insulation modules at the top are represented in air by
the formula:
CERACHEM - Blanket; Fa. Gossler:
Aop =0,0984 —-2,02- 107 .0 +4,1-107 - 92 +107'0 .93,

For the bottom insulation the thermal conductivity in air is represented by the following for-
mulas:
Light fire brick RI 30 B; Savoie Feuerfest:

Ay =0,396+2,46-10 9+2,5-107 +1070.9%;

CERAFORM 1000 and CERABORD 100; Gossler:
=0,0437+7,1-10°-9+5-10%. 9% +7-10™" -9

7\‘IU2,3

THERMOSIL 1100; Gossler:
Ay =0,0803+4-107 -9 +7.107 - 9%;

THERMOSIL 1000; Gossler:
Ays = 0,041+ 4,5-107° . 9+1,1.107 - 9* +5,5-107" 9%

GOSSLEROC GMP 100; Gossler:
Aws =0,058+107% -0 +4-107 . 9%;
NOTE: Following KFA-experiments the values for the fibre insulation (layer (6) at the bot-

tom and at the top-insulation) are in helium-atmosphere three times higher than those
in air!!!

The amount of heat, which is produced in the heating rod and the connection electrodes are
calculated by an estimation of the electrical resistances of heating rod, connection electrodes,
transformer and conductors. These values are verified by comparison with the measured elec-

trical currents and displayed in the data sets.

11



4 The Data Sets

4.1 Data for the stationary tests with long heating element, 60 mm graphite

pebbles

The following experimental results are shown:

1. Helium 5, 10, 20, 25, 30, 35 kW nominal heating power 60 mm pebble diameter

2. Nitrogen 5, 10, 20, 25, 30, 35 kW nominal heating power 60 mm pebble diameter

; ,/ 91
i
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' b
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t > \ (!
(XXXXXXXILLN] ; [0 900080001
P66z 63 64 65 66 67| 68
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00000000004 :
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I51 1562 53 54 85 56 &7 8
"\hododododod
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1
080000060601 INI60900050001
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Fig. 8: Schematic plan (left) and arrangement of the thermocouples (right)
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Temperatures:  [Radius [ém]—> 65 10 22 3 46 58 70 | 75,6
Height [cm]¥ ’
140
Gas and
power data:
Date 19.11.95
Prominal kW 5,00]
Phreating element kw 4,34
Pelektrode kw 0,34
CO2 Vol. % 0,01 20
02 Vol. % 0,71] ERarreans 7 i3 i Vessel surface
Tambiem °C 24,9
T dewpoi °C
dewpoint -48,4 1200 [ ]
e TOP
Cooling water: ™ e Miciclle
Top o 900 wneffiben Bottom f |
Tinlet °C 14,2 ;
Toutlet °C 17,7 § 600
Throughput Vh 155 [
[
Bottom g.
Tinlet °C 14,6 2 300
Toutlet °C 18,1
Throughput Vh 155 0 . : o
0 20 60 80

40
Radius/cm =

Temperatures: Radius fcm]~> | 6,5 10 22 34 46 58 70 75,6
Height [cm]¥
140
Gas and 113 69
power data: 97 110
91 124
Date 26.10.95 50 130
Prominal kw 1 0,00l o] 105
Pheating etement kW 8,91 3 89
Pelektrode kw 0,62 -13 62
COq Vol. % 0,02 40 20
O2 Vol. % 0,25 er pebbie i Vessel surface
Tambient °C 23,0
Tdewpoint °C -44 [
1200 Top
Cooling water: » i Midclle
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Throughput vh 140 g
Bottom g-
Tinlet °C 16,2 8 300
Toutlet °C 20,9
Throughput I/h 140 0
0 20 60 80

40
Radius/cm =

Fig. 9: Stationary tests with long heating element, 60 mm graphite pebbles, helium
5 kW (top) and 10 kW (bottom) nominal heating power
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Temperatures:  |Radiusfem]> | 6,5 10 22 34 46 58 70 | 75,6
Height fcm]¥/
140
Gas and
power data:
Date 16.11 .95|
Prominat kW 20,00
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02 Vol. % 2,05
Tambient °C 27,0 '
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1200 a—Top
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Tinlet °C 16,5 ;
 Toutiet °C 246 3 600 -
Throughput Vh 155 g
Bottom g-
Tintet °C 16,7 '2 300
Toutlet °C 26,4
Throughput Uh 155 0
20 40 60 80
Radius/cm =
Temperatures:  [Radius[cm> | 6,56 10 22 34 46 58 70 | 75,6
Height [cm]¥
140
Gas and
power data:
Date 30.10.95
Pnominal kW 25,04
Pheating element kw 22,74
Petextrode kW 1,43]
CO2 Vol. % 0,23] 23
02 Vol. % 0,27 Proféctingtube : Vessel surface
Tambient °C 27,2
Tdewpoint °C -40{ 1200 [ ]
b~ TOP
Cooling water: A @ Middle
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Tinlet °C 16,8 Py
Toutlet °C 27 é 600
Throughput Ilh 155 o
Bottom é’-
Tintet °C 17,2 g 300
Toutlet °C 26,0
Throughput UVh 155 0
0 20 40 60 80
Radius/cm -
Fig. 10: Stationary tests with long heating element, 60 mm graphite pebbles, helium

20 kW (top) and 25 kW (bottom) nominal heating power
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Temperatures:  {Radiusfem]> | 6,5 10 22 34 46 58 70 | 756
Height fem]¥ ’
Gas and
power data:
Date 06.11.95
Prominat kw 30,10]
Pheating element kw 27,42
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0 20 60 80
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Gas and
power data:
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Pnominal kW 35,02
Pheating element kw 32,02
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Qg2 Vol. % 0,25 Pt Vessel surface
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Toutlet °C 27,8
Throughput ih 160 0

0 20 60 80

40
Radius/cm =

Fig. 11: Stationary tests with long heating element, 60 mm graphite pebbles, helium
30 kW (top) and 35 kW (bottom) nominal heating power
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Temperatures:

Gas and
power data:
Date 23.11.95
Prominas kW 5,05
Phea'.ing element kW 4,34
Petextrode kw 0,34
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Fig. 12:
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Stationary tests with long heating element, 60 mm graphite pebbles, nitrogen
5 kW (top) and 10 kW (bottom) nominal heating power

16



Temperatures: Radius [em}> | 6,5 10 22 34 46 58 70 |} 75,6
Height [cm]¥ ,

Gas and

power data:

Date 27.11.95
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Top o 900 - ~ngliBottom | |
Tinlet °C 1 6!6 ;
Toutlet °C 25 5
= 600

Throughput I/h 185 g

Bottom g
Tlnlet °C 16:8 l,“_’ 300
Toutlet °C 24,0
Throughput Ih 185 0

0 20 60 80

40
Radius/cm =

Fig.13:  Stationary tests with long heating element, 60 mm graphite pebbles, nitrogen
20 kW (top) and 25 kW (bottom) nominal heating power
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Temperatures:  [Radusfem]> | 6,56 10 22 34 46 58 70 | 75,6
Height [cmjV
Gas and
power data:
Date 19.10.95
Prominal kw 30,02
P heating element kw 27,42
Pelektrode kW 1 :65
CO2 Vol. % 0,58
Oz Vol. % -0,08] BT essel surface
Tambient °C 26,2
Tewpoint °C -43,5} 1200 | |
—fe=—TOP
Cooling water: 0 @ Middle
Top o 900 i Bottom | |
Tiniet °C 16,5 3 “‘%\’\
Toutet “c | 254 £ so0 Ly
Throughput Uh 190 g ‘K%\QA{
Bottom 2 \ﬂ\\w
Tintet °C 16,2 ° 300
Toutiet °C 25,0
Throughput I/h 190 0
0 20 40 60
Radius/cm =
Temperatures:  [Radiusfem]> | 6,5 10 22 34 46 58 70 | 756
Height [cm]V
Gas and
power data:
Date 30.11.95
Prominal kw 34,99
Pheating element kw 32,02
Petextrode kw 1,94
CO2 Vol. % 0,53
O2 Vol. % 0,03,
Tambient °C 26,0'
T dewpoint C -46,5 1200 I "]
. i TOp
Cooling water: * o Middle
Top [$) 800 R -
et T | 134 S - Bottom
Toutlet °C 25,8 5 600
Throughput Yh 160 ®
Bottom 2 \ﬁ»\\%
et T | 143 £ 300
Toutlet °c | 284 =
Throughput Ilh 160
= 0
0 20 40 60 80
Radius/cm -
Fig. 14:

Stationary tests with long heating element, 60 mm graphite pebbles, nitrogen
30 kW (top) and 35 kW (bottom) nominal heating power

18



4.2 Data for the stationary tests with short heating element on the top side,
60 mm graphite pebbles

1. Helium 5, 10, 20, 25 kW nominal heating power

2. Nitrogen 5, 10, 20, 25 kW nominal heating power

9

83 g7 88

b T 3%

73 75 7 78
2\

68

(60900050008

61162 63 64 65 €6 67

51 152 54 85 86 5,7’)8

41142 43 44 45 46 47| 48

)960.0000000] 10090099000
33 35 a7 | 38
AN L N

23 26 27 28

Fig.15:  Schematic plan (left) and arrangement of the thermocouples (right)
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Temperatures:

Gas and

power data:

Date 24.01.95

Pnominal kw 4,99i

Pheating element | KW 3,7

Petextrode kw 0,86

CO: Vol. % -0,01

Oz Vol.% | 999,99|

Tambient °C 26,0

Tdewpoint °C -21 ,5

Cooling water:

Top
Tinlet °C 11 ,2
Toutlet °C 15,9
Throughput Ih 145
Bottom
Tinlet °C 1 2,0
Toutlet °C 1 4,1
Throughput h 145
Temperatures:

Gas and

power data:

Date 11.01.96
Pnominat kw 10,04
P heating element kw 7,84
Petekirode kw 1,5
CO2 Vol. % -0,01
IOz Vol. % 2
Tambient °c 24,6
Tdewpoint °C -14,6
Cooling water:

Top
Tintet °C 12,3
Toutlet °C 19,2
Throughput Ith 190
Bottom

Tintet °C 13,1
Toutlet °C 17,3
Throughput Ilh 190
Fig. 16:

Stationary tests with short heating element on the top side, 60 mm graphite
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140
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97
91
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1200
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40
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Temperatures:  [Radusfoml> | 6,5 10 22 34 46 58 70 | 756
Height [em]\ ’
Gas and
power data:
Date 18.01.96
Pnominal kw 20,05
Pheating element kw 16,1 7
Pelektrode kW 2,78
COs2 Vol. % 0,55
O2 Vol. % | -999,99]
Tambient °C 24,2 }
Taewpoint °C 47,6} 1200 —a—Top
A .
Cooling water: 900 \ Middle |
9 \ i Bottom
Top P
Tinlet °C 11,7 5 600 x | .
Toutiet °C 21,8 E e \
Throughput ith 155 2 Eﬁw\
Bottom £ 300 L - —
Tinlet °C 12:4 = %
Toutlet °C 19,3
Throughput h 155 Y
0 20 40 60 80
Radius/cm =
Temperatures: Radius femj~> | 6,5 10 22 34 46 58 70 | 75,6
Height [cmj\d
140
Gas and
power data:
Date 15.01.96
Prominal kW 25,001
Pheating element kw 20,34
Petextrode kW 3,43
CO2 Vol. % -0,01
X Vol.% | 2,04| =
Tambient °C 24,3
Tdewpoint °C -1 4,1 |
1200 a— Top
Cooling water: » \ i Middlle
Top o 900 \ wipe Bottom § |
Tintet °C 77 ; \_
Tcutlet °C 20v3 § 600
Throughput Ith 150 g = N
Bottom _ g- w
Tintet C 8,7 o 300
Tout!el °C 17,4
Throughput I’h 150 0
0. 20 40 60 80
Radius/cm ->
Fig. 17:  Stationary tests with short heating element on the top side, 60 mm graphite

pebbles, helium, 20 kW (top) and 25 kW (bottom) nominal heating power
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Temperatures:  JRadiusfem]> | 6,5 10 22 34 46 58 .70 | 756
Height [cm]d
140
Gas and 113
power data: 97
Date 21.12.96 23
Pnominal kW 5,00 9
Pheating element kW 3,7 3
Petextrode kW 0,86} -13
COz Vol. % 0 40 149 31
02 Vol. % RS I proteciing fub
Tambient °C 28,3
TdeWpoint °C "14’1 1200 I Top ___ |
Cooling water: 0 3 Middle
Top o 900 e Bottom ||
Tin!et °C 1 1 x8 ;
Toutlet °C 16 § 600
Throughput I/ 165 g
Bottom g \\
Tinet °C 124 ¢ 300 ]
Toutlet °C 14,3 - % .
Throughput h 165 0 = e
0 20 40 60 80
Radius/cm =
Temperatures: Radius [cm]-> | 6,5 10 22 34 46 58 70 | 75,6
Height [cm]¥d
140
Gas and
power data:
Date 11.12.95
Pnominal kw 1 0,02
Pheating element kw 7,84
Petextrode kw 1,5 68
CO2 Vol.% | - -0,01 37
o)) Vol. % AN Wl Protecting tube | Vessel surface
Tambient °C 28,2
T dewpol °C -
dewpoint 14,1 1200 }
== TOp
Cooling water: 0 & Middle
Top © 900 ~fff=Bottom ||
Tinlet °C 14,8 °
Toutlet °C 22,5 5 600 \
Throughput ifh 130 ® AN
Bottom 8 \\ *\_‘\
Titet C | 15,6 5 300 —t
oo s [ \‘.\“M ———
Toutiet 19,5 ;...,
Throu_g_;hput i 130 0 ”‘“““:m
0 20 40 60 80
Radius/cm -
Fig. 18:

Stationary tests with short heating element on the top side, 60 mm graphite

pebbles, nitrogen, 5 kW (top) and 10 kW (bottom) nominal heating power
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Temperatures:  [Radiusfemi> [ 65 10 22 84 46 58 70 | 756
Height fcr]V
140
Gas and 113
power data:
Date 18.12.95
Prominal kW 20,00
Pheating element kw 16,17
Petexirode kw 2,78
CO2 Vol. % 0,36, 48
Oz Vol. % RV I Protectinig tube” Vessel surface
Tambtent °C 28,0
Taewpol °C
dewpoint -49 1200 | H
. =i~ TOP
Cooling water: » e Middle
Top o 800 weff Bottom ||
Tinlet °C 13,5 5
Toutlet °C 22,7 3 600
Throughput h 160 ©
Bottom 2
, 5 £ A
Tintet C 13,6 @ 300 -
o = el
Toutlet C 19,2 % *-——-A-M
Throughput I/h 160 0
0 20 40 60 80
Radius/cm <
Temperatures: Radius [cm]-> | 6,5 10 22 34 46 58 70 75,6
Height [cm]¥
140 57 68
Gas and 113 0! 130
power data: 97 246
91 04 265
Date 14.12.96 50 . 214
Prominal kw 24,99| 9 08 134
Pheating element kw 20:34 3 106
Petextrode kw 3,43] -13 71
CO2 Vol. % 0,38 40
02 Vol. % 0,05| Err e Vessel surface
Tambient °C 284
Tdewpoint °C ‘501§] n I __|
1200 e Top
Cooling water: * g Middle
Top o 900 - N i Bottom § |
T C | 12,9 3 \\
Toutlet °C 23,9 3 600
Throughput | Uh | 165 5 \
Bottom g- k \
Tlnlet OC 1 4,1 ie 300 oot BB wooo -
Tou“e' °C 20,2 W
Throughput th 165 0
0 20 40 60 80
Radius/cm =
Fig.19:  Stationary tests with short heating element on the top side, 60 mm graphite

pebbles, nitrogen, 20 kW (top) and 25 kW (bottom) nominal heating power
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4.3 Data for the stationary tests with short heating element on the bottom
side, 60 mm graphite pebbles

1. Helium 5, 10, 20, 25 kW nominal heating power
2. Nitrogen 5, 10, 20, 25 kW nominal heating power

i Jgi
t
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i
7
! B a
i
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i
i 83 87| 88
: 4 1Y%
i 73 75 7| 78
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[}
: N
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100000000000 :
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-

&52 §35455§ss7/-;s
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i

100000000000 I
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141142 43 44 45 46 47| 48
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)9.9.000000601 N (0.09.0.0.0.9.00.91

1
: 33 35 a7 | 38
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! 23 25 27 | 28
!
¥ Ny N
! 13 17
]
H
L]
1
1
1]

Fig. 20: Schematic plan (left) and arrangement of the thermocouples (right)
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Temperatures: Radius [cm]> 6,5 10 29 34 46 58 70 75.6
Height fcm]d
140
Gas and 113
power data:
Date 12.02.96
Pnominal kw 4,994
Phealing element kw 3 ,7
Petextrode kw 0,86
CO2 Vol. % -0,02
Oz Vol. % LR IR rotecting tube
Tambient °C 24,5
Tdewpoi °C -
dewpoint 16,5 1200 |
. =k~ ToOp
Cooling water: * — Middle
Top o 900 g Bottom | |
Tintet °C 12,6 %
TouUet °C 15,8 5 600
Throughput Vh 145 s
QD
Bottom g-
Tinlet °C 13,0 2 300
Toutiet °C 17,3 &n@,
Throughput vh 145 0 ® i
0 40 60 80
Radius/cm =
Temperatures: [Radus[cml> | 6,5 10 22 34 46 58 70 | 756
Height [cm]¥ ’
140
Gas and 113
power data:
Date 01.02.96}
Prominat kW 10,01
Pheating element kW 7,84
Petekirode kW 1,5
CO2 Vol. % -0,02
jo2 Vol. % 2,01
Tambiant °C 26,3
Tdewpolm °C -1 9,5 i
1200 — TOp
Cooling water: O —a—Middle
Top o 900 ~g~~Bottom | |
Tinlet °C 9,4 °
Touﬂet °C 14»2 :_,5 600
Throughput Ih 150 g
Bottom g-
Tinlet °C 10,0 9 300 -
Toutiet °C 16,9
Throughput Il 150 0
0 40 60 80
Radius/cm 2>
Fig.21:  Stationary tests with short heating element on the bottom side, 60 mm graphite

pebbles, helium, 5 kW (top) an

d 10 kW (bottom) nominal heating power
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Temperatures: Radius[cml> | 6,5 10 22 34 46 58 70 | 75,6
Height [cm]\
Gas and
power data:
Date 08.02.96
Prominal kW 20,01
Pheating element kW 16,17
Petextrode kW 2,78}
CO2 Vol. % -0,02
02 Vol.% | 999,99 essel surface
Tambient °C 24,3 I
Tdewpoim °C -21
1200 .
e TOD
Cooling water: » B i@ Middle
Top o 200 g Bottom | |
Tirtet T | 114 3 \
Toutlet °C 184 § 600 =
Throughput I 150 g oy |
Bottom g-
Tintet °C 12,0 l.q_a 300
Toutlet °C 23,0
Throughput I/h 150 0
0 20 40 60 80
Radius/cm =
Temperatures: Radius [em}-> | 6,5 10 22 34 46 58 70 | 75,6
Height femj¥d
140
Gas and 113
power data:
Date 05.02.96| :
Pnominal kW 25,00
Pheaﬁng element kw 20,34
P elektrode kW 3,43
CO2 Vol. % 0,43
|02 Vol.% | -999,00| TS
Tambient °C 27,7
Tdewpoint °C "40,5 1200 |
= TOp
Cooling water: » @ Middlle
900 |
Top _ o ~ i Bottom
Tintet C 10,3 3
Toutlet °C 19,2 5 600
Throughput Ih 160 ® ey |
Bottom 2 ey
Tinet C | 11,2 S 300
Touttet °C | 245 =
Throughput i/ 160
- 0
0 20 40 60 80
Radius/cm =
Fig, 22:

Stationary tests with short heating element on the bottom side, 60 mm graphite

pebbles, helium, 20 kW (top) and 25 kW (bottom) nominal heating power
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pebbles, nitrogen, 5 kW (top) and 10 kW (bottom) nominal heating power

Temperatures: Radius [cm}-> | 6,5 10 22 34 46 58 70 | 75,6
Height femjd ’
Gas and
power data:
Date 04.03.96
Prominat kw 5,01
Pheating element kW 3,7
Pelektrode kw 0,86|
CO: Vol. % -0,02
O2 Vol. % R Bl Protecting tibe
T ambient °C 22,2
Tdewpoim °C -1 8! 1200 |
) g TOp
Cooling water: * e Middle
Top o 900 el Bottom ||
Tintet °C 12,5 Py
Toutlet °C 15,6 S 600
Throughput Vh 140 [
Bottom e
Tinlet °C 12,2 g 300
Toutlet °C 16,7 =
Throughput Uh 140 0
0
Temperatures: Radius [cm]=> | 6,5 10 22 34 46 58 70 75,6
Height [cm]¥ '
140
Gas and 113
power data:
Date 20.02.96
P nominal kw 10,01
Pheating element kW 7,84
Pelektrode kW 1 ,5
CO2 Vol. % 0
o)) Vol. % 2,00] E Ty
T amblent °C 26,8
Tdewpoint °C -1 6!1 1200 i
g TOP
Cooling water: ™ —a—Middle
Top © 900 ~ggBottom | |
Tinlet °C 11 ®
Touttet °C 15,9 § 600
Throughput Ith 140 g
Bottom g—
Tintet °C 11,9 2 300
Toutiet °C 17,9 %
Throughput Ifh 140 0
0 20 40 60 80
Radius/cm =
Fig. 23: ~ Stationary tests with short heating element on the bottom side, 60 mm graphite
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Temperatures: Radius [cm]> | 6,5 10 22 34 46 58 70 | 75,6
Height [cm]¥
140
Gas and 113 107
power data: 97 :12 ?g
91
Date 27.02.96 50 197
Prominal kw 20,07 9 146
Pheating element kw 1 6, 17| 3 117
Pelextrode kW 2,78 -13 75
CO:z Vol. % 0,33 -40
0> Vol.% | -999,99] P
Tambient °C 27,5 |
Tdewpoim °C ‘48,1 __ |
1200 Top
Cooling water: ™ i Middle
Top o 900 i Bottom | |
Tinet °C 10,5 P
Toutlet °C 17,7 3 600 -
Throughput ih 155 g
Bottom 2. \
Tintet T 12 § 300 n
Toutlet C 22,0
Throughput Vh 155 0
0 40 60 80
Radius/cm =
Temperatures:  IRadiusfcm]> | 6,5 10 22 34 46 58 70 | 756
Height [cm]¥
140
Gas and
power data:
Date 23.02.96
Pnominal kW 24,96
Pheating element kw 20,34
Pelektrode kW 3,43'
COz Vol. % 0,19
O2 Vol. % | -999,99
Tambient °C 30,4
Tdewpoint C -45,5 1200 - [
. ~—&—Top
Cooling water: N &~ Middle
Top (3] 900 ]
S g Bottom
Tintet °C 11,2 ;
Toutiet °C 20,1 5 600
Throughput Vn 145 ®
Bottom 3 ‘\@\"
Titet T [ 124 S 300 y
Toutlet °C 25,3 =
Throughput I/h 145 0
0 . 40 60 80
Radius/cm =
Fig. 24:

Stationary. tests with short heating element on the bottom side, 60 mm graphite
pebbles, nitrogen, 20 kW (top) and 25 kW (bottom) nominal heating power
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4.4 Data for the stationary tests with short heating element on the bottom
side and a gas plenum above the pebble bed, 60 mm graphite pebbles

Nitrogen 5, 10 kW nominal heating power

138

Fig.25:  Schematic plan (left) and arrangement of the thermocouples (right)
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Temperatures: [Radusfem}> | 6,5 10 22 34 46 58 70 | 756
Height fcm]¥
140
Gas and
power data:
Daie 17.09.95
Prominat kW 5,01
Pheating element | KW 7,84
Petextrode kW 1,5
CO:z Vol. % 0,04
o% Vol. % -0,01
Tambient °G 25:4 |
Tdewpoint °C '39:5
1200 e— Top
Cooling water: * g Middle
Top © 900 g Bottom | |
Tinet °C 19,2 ;
Toutlet °C 22,2 § 600
Throughput I/h 190 g
Bottom g—
Tinlet °C 19,0 kS 300
Toutlet °C 23,6
Throu_ghput h 190 0
0
Radius/cm =
Temperatures: Radius fem}> [ 6,5 10 22 34 46 58 70 | 75,6
Height {em]\
Gas and
power data:
Date 17.09.95
Pnominal kw 9,98
Pheating element kw 7,84
Pelextrode kw 1,5
CO2 Vol. % 0,14
102 Vol. % -0,06
Tambient °C 23,2
T dewpoi °C
dewpoint -40 1200 [ ]
—k—TOp
Cooling water: 1t & Middle
Top o 900 il Bottom [ |
Tinlet °C 18,4 ;
Toutle: °C 22,6 § 600
Throughput I/h 190 o
Bottom qé-
Tintet °C 18,1 2 300
Touttet °C 25,4 m
Throughput I/h 190 0 xm
0 20 40 60 80
Radius/cm >
Fig. 26:

Stationary tests with short heating element on the bottom side, 60 mm graphite
pebbles, gas plenum above the pebble bed, nitrogen,
20 kW (top) and 25 kW (bottom) nominal heating power
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4.5 Data for the stationary tests with long heating element, 30 mm graphite
pebbles

In the following some results are presented for benchmark calculations:
1. Helium 5, 10, 15, 20, 25, 30 kW nominal heating power 30mm pebble diameter
2. Nitrogen 5, 10, 15, 20, 25, 30 kW nominal heating power 30mm pebble diameter
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Fig.27:  Schematic plan (left) and arrangement of the thermocouples (right)
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Temperatures:  |Radiusfem}> [ 85 115 22 34 46 58 70 | 756
Height fcm]V
140
Gas and
power data:
Date 11.04.96
Pnominal kw 5s04
Pheaﬁng element kw 4:34
Pelektrode kw 0:34
CO» Vol. % -0,01
O2 Vol. % 2,08] pPrErETTma
Tamblent °C 25,5
Tdewpoint °C -1 3:6I l —
1200 &— TOp
Cooling water: * ~8—Middle
Top o 900 ~g—Bottom [ |
Tinlet °C 15:2 ;
Toutlet °C 19,5 5 600
Throughput Ih 100 g
Bottom g—
Tintet °C 15,9 R 300
Toutiet °C 19,5
Throughput h 100 0
0 20 40 60 80
Radius/cm =
Temperatures: Radiusfem}> | 85 11,5 22 34 46 58 70 | 75,6
Height [cm]\
140
Gas and
power data:
Date 18.04.96
Prominal kw 10,00}
Pheating element kw 8a91
Pelextrode kW 0,62
CO» Vol. % -0,01
O2 Vol. % 2,08} inner pebble layer
Tambient °C 26,5
Tdewpoint °C -1 5,1 1200 | .
= TOp
Cooling water: » @ Mididle
Top © 900 g Bottom ||
Tintet °C 18,9 P
Toutlet °C 28,3 5 600
Throughput I 110 ®
Bottom 8
Tt C | 196 § 300
Toutiet °C 26,7 N @
Throughput Ih 110 0
0 20 40 60 80
Radius/cm <
Fig.28:  Stationary tests with long heating element, 30 mm graphite pebbles, helium,

5 kW (top) and 10 kW (bottom) nominal heating power
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Temperatures: Radiusfem}> { 8,5 11,6 22 34 46 58 70 | 75,6
Height [cmjd '
140
Gas and 113
power data:
Date 15.04.96
Prominal kw 1 5,05
Pheating element kw 13,51
Pelektrode kW 0,9
CO2 Vol. % -0,01
O2 Vol. % 2,09]
Tambent °C 27,2
Tdewpoint C -1 6,1 1200 | H
e TOP
Cooling water: * i Middle
Top o 900 i Bottom ||
Tintet °C 20,3 ;
Toutlet °C 34,5 5 600
Throughput Vh 90 B
Bottom é’.
Tinlet °C 21,2 o 300
Toutlet °C 32,1
Throughput Vh 90 0
0 20 40 60 80
Radius/cm =
Temperatures:  [Radusfoml> | 8,5 115 22 34 46 58 70 | 756
Height fcmjV
140
Gas and
power data:
Date 25.04.96
Pnominal kW 20,02
Pheating element kw 1 8: 12
Pelektrode kW 1 . 17
J002 Vol. % 0,58
O2 Vol. % 0,07] PR ey
Tamblent °C 25,5
Teewpoint °C ‘46,61 1200 | |
~—k—Top
Cooling water: O e Middle
Top © 900 1 g Bottom | |
Tintet °C 16,6 P
Toutlet °C 30;2 S
Throughput | Vh | 115 ‘g’ 600
Bottom g- N
Tintet °C 17,5 ’9 300 i
Toutet °C 28,8
Throughput Il 115 0
0 20 40 60 80
Radius/cm =
Fig. 29: Stationary tests with long heating element, 30 mm graphite pebbles, helium,

15 kW (top) and 20 kW (bottom) nominal heating power
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Temperatures: Radius[cm]> | 8,56 11,5 22 34 46 58 70 75,6
Height [cm]V¥
140
Gas and 113
power data: 98,5
Date 25.04.96 210
Promina kw 25,04 9
Pheating element kw 22,74 1 ,5
Peteitrode kW 1 :43i -13
CO2 Vol. % 0,36| 20
02 Vol. % 0,09] . BT
Tambient °C 33,0
Tdewpoint °C -36,3 | N
1200 ——Top
Cooling water: * ~ g Middle
Top © 900 - g Bottom ||
Tinlet °C 19,5 ;
Toutlet °C 36:4 :?: 600
Throughput h 120 g
Bottom g-
Tinlet °C 20,2 2 300
Toutiet °C 33,1
Throughput h 120 0
0 20 40 60 80
Radius/cm =
Temperatures:  [Radiuscm]> | 8,5 11,5 22 34 46 58 70 | 75,6
Height [cm]J
140
Gas and
power data:
Date 29.04.96!
Pnominal kW 30,01
Pheating element kw 27,42
Pelektrode kw 1 ,65
COs2 Vol. % 0,38
Oz Vol. % 0,09 FEET T : Vessel surface
Tambient °C 30,0
Tdewpoim °C -38,5 |
1200 —
——k—TOp
Cooling water: A e Mididlle
s i Bottom
Tinlet °C 17,2 ° :
Toullet °C 36,6 S 600
Throughput i/h 145 ®
Bottom s
Tinet C | 182 5 300
Toutlet °C 33,1 =
Throughput Ilh 145 0
0 20 40 60 80
Radius/cm =
Fig. 30: Stationary tests with long heating element, 30 mm graphite pebbles, helium,

25 kW (top) and 30 kW (bottom) nominal heating power
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Temperatures:  [Radus em> | 8,6 11,56 22 34 46 58 70 | 756
Height [em]& ’
140
Gas and
power data:
Date 08.04.96
Prominal kW 5,04
Phreating element kw 4,34
Pelektrode kw 0,34
CO» Vol, % -0,01
O2 Vol. % | Bl ininer pebble layer” { Vessel surface
Tambient °C 26,7
Tdewpoint °C -14,1 1200 [ ]
—e—TOP
Cooling water: 0 =@ Middle
Top o 900 g Bottom ||
Tinlet °C 15 °
Touttet °C 20 5 600
Throughput Vh 140 s
—— [9]
Bottom g.
Tinlet °C 16,0 e 300
Toutlet °C 19,0
Throughput Ifh 140 0 :m
0 .20 40 60 80
Radius/cm -
Temperatures: Radius[cml> | 8,5 11,6 22 34 46 58 70 75,6
Height [cm]¥
140
Gas and
power data:
Date 22.03.96
Prominal kw 9,99]
Pheating element kw 8,91
Pelextrode kw 0,62
CO2 Vol. % 0,18
Oz Vol. % -0, PTGl rerblened - o Insuatic
Tambient °C 27,3
Tdewpoint °C '29,5 1200 | .
= TOP
Cooling water: 0 @ Middle
Top o 900 g Bottom | |
Tinlet °C 14,9 ;
Touuet °C 20,3 § 600
Throughput Uh 165 g ™~
Bottom 2 B\\
T T | 14,6 § 300 N
Toutiet G | 19,5 M%
T hroughput Ih 165 0
(4] 20 40 60 80
Radius/cm =
Fig.31:  Stationary tests with long heating element, 30 mm graphite pebbles, nitrogen,

5 kW (top) and 10 kW (bottom) nominal heating power
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Dateiname: |Temperaturen: Radiusfem}> | 85 11,6 22 34 46 58 70 | 75,6
sn150113 Hshe fcm]¥
140
MeBgas- und 113
Leistungsdaten :
Datum 29.03.96
Panitto kw 15,01
PHeizelement kw 13 ,51
PeEiextrode kW O,QJ
CO2 Vol. % 0,29| 45
Oz Vol. % | -999,99 Ofenoberfliche
TUmgebung Y 29,8
TTaupunkt °C -42 1200 |
= Oben
Kiihiwasser: * @ Mitte
Deckel o %00 \ ~g—Unten
TEintritt °C 13,8 T
T Austrit °C | 222 2 600 -
Durchsatz m | 130 § \‘\
Boden £
Tt *C | 145 & 300
Taustit c | 222 \ﬁ\‘\x
Durchsatz Vh 130 0
0 20 40 60 80
Radius/cm =
Temperatures:  [Radus[em> | 8,5 11,6 22 34 46 58 70 | 75,6
Height [cm]{
140
Gas and 113
power data: 98,5
Date 25.03.96 91 213
50 205
Prominal kw 20,04 9
Pheating etement kW 18,12 1,5
Peiextrode kW 1,17 13
CQO2 Vol. % -40 51
02 Vol.% | 999,99] Vessel surface
Tambient °C 28,1
T, i °C -
dewpaint 1 4’6 1200 | —
k= TOp
Cooling water: A \ o— Middle
_ Top E— o 900 “ﬁi,: il Bottom |
inlet ’ ;
Touttet °C 25,8 § 600 "ﬁ\\
Throughput | Vh | 140 o x
Bottom ;& \I\\—*
Tintet °C 16,3 12 300 1
Toutlet °C 25,7
Throughput Ih 140 6
20 40 60 80
Radius/cm <
Fig. 32:

Stationary tests with long heating element, 30 mm graphite pebbles, nitrogen,
15 kW (top) and 20 kW (bottom) nominal heating power
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Temperatures:  |Radius[cm]> [ 85 11,5 22 34 46 58 70 | 756
Height [cmj¥ '
140
Gas and 113
power data:
Date 02.04.96|
Prominal kW 25,00]
Pheating element kw 22,74
Peiektrode kW 1 :43
CO2 Vol. % 0,47
O2 Vol. % | -999,99] P
Tambient °C 29,1
Tdewpoim °C -37, 1200 |
=== TOp
Cooling water: * g Middle
Top o 900 g~ Bottom | |
Tinlet °C 12,5 ;
Toutlet °C 24,6 S 600
Throughput | Uh 135 5
Bottom dg’-
Tinlet °C 13,9 2 300
Toutlet °C 24,7
Throughput I/h 135 0
0 20 40 60 80
Radius/cm =
Temperatures:  [Radus em> | 8,56 11,56 22 34 46 58 70 | 756
Height [cm]¥
140
Gas and 113
power data: 98,5
Date 03.05.96 gg)
Prominal kw 30,03
Pheating element kW 27,42
Petektrode kW 1,65
COz Vol.% | 0,34
Oz Vol.% | 0,01
Tamblent °C 30,5
Tdewpolnt °C -42’1 1200 - l —
B\\ ~—k—Top
Cooling water: 0 e Middle
Top © 900 g Bottom | |
Tinlet °C 16,8 ;
Toutlet °C 36,8 5
Throughput Ih 115 g 800
Bottom g-
Tinlet °C 17,9 '2 300
Toutlet °C 32,4
Throughput h 115 o
0 20 40 60 80
Radius/cm ->
Fig.33:  Stationary tests with long heating element, 30 mm graphite pebbles, nitrogen,

25 kW (top) and 30 kW (bottom) nominal heating power
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4.6 Data for the stationary tests with long heating element, 65 mm aluminium
oxide pebbles (Al03)

In the following some results are presented for benchmark calculations:
1. Helium 5, 10, 15, 20, 25, 30 kW nominal heating power
2. Nitrogen 5, 10, 15, 20, 25, 30 kW nominal heating power

: 191
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j /93 i
1
|
]
| 83 5 87| s8
i i \
E 73 AN
fecosecscecos il
i N
| 616263 64 65 66 67| 68
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CRROURCIY | ot 258 3 5 o 3 s
)0000000 o1
00000000000l
focescscsceoll
Yoscescsccss
i
OO | 41 42 45 as 45 46 47| 48
m 1
200000000001 00960096066
| 33 35 ar| 8
! AN T AN
H 23 25 27 28
!
| N AN
! 13 17
l
¥
1
H
1

Fig.34:  Schematic plan (left) and arrangement of the thermocouples (right)
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Temperatures: Radius em]> | 10 16 22 34 46 58 70 | 75,6
Height [em]V ’
140
Gas and
power data:
Date 08.07.96F
Pnominal kw 4,96
Pheating element kW 4,33
Pelextrode kw 0,34
CO2 Vol. % 4] |
Oz Vol. % inrer pebblelayer .
Tambient °C 25,3
Tdewpoim C "42,5 1200 |
= TOD
Cooling water: T e Middle
Top o 900 i~ Bottom ||
Tinlet °C 19,3 ;
Toutlet °C 24.6 § 600
Throughput Ih 120 o}
Bottom é’.
Tinlet °C 19,9 kS 300
Toul!et °C 23,7
Throughput i 120 0
20 40 60 80
Radius/cm =
Temperatures: [FTadius omi> | 10 16 22 34 46 58 70 | 756
Height [cmj¥
140
Gas and
power data:
Date 01.07.96
Prominal kW 9,97
Pheating element kW 8,91
Petextrode kW 0,62
CO2 Vol. % -0,02
(o)) Vol. % irner pebble layer Vessel surface
T amblent °C 27,7
Taewpoint °C -37,5 1200 |
e TOP
°°;>lin9 0 o Middle
water: 900 ]
6]
Top < wofill Bottom
Tictet °c [ 186 £
Toutlet °C 27 '§ 600 \
Throughput h 120 g ﬁ\&\\
Bottom g 300 N.:kq
Tintet °C 19,5 L - m
Toutlet °C 25,8
Throughput h 120 0
0 20 40 60 80
Radius/cm >
Fig. 35: Stationary tests with long heating element, 65 mm aluminijum oxide pebbles,

helium, 5 kW (top) and 10 kW (bottom) nominal heating power
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Temperatures: Radius em}=> | 10 16 22 34 46 58 70 | 75,6
Height [cm]J
140
Gas and 113
power data: 97
Date 53.07.95 28
Pnominal kw 15,00 9
Pheating element kw 1 3:51 3
Petektrode kKW O:QF -13
CO2 Vol. % -0,02 40
0> Vol. % Vessel surface
Tambient °C 36,6
Tdewpoint °C -38,5 |
1200 A—Top
Cooling water: » g Middle
Top o 900 weipe Bottom ||
Tirlet °C 21,9 P \
Toute c | 34,1 5 600 5\&
Throughput /h 110 a‘!;
Bottom g-
Tintet °C 22,8 19 300
Toutlet °C 32,4
Throughput Vh 110 0
0 20 60 80
Radius/cm =
Temperatures:  [Radiusfem]> | 10 16 22 34 46 58 70 | 75,6
Height [cmj¥
140
Gas and
power data:
Date 25.06.96
Prominal kW 19,99}
Pheating element kW 18,12
Pelextrode kW 1,17
CO2 Vol. % 0,02
O2 Vol. % 0] B
Tambient °C 23,7
Tdewpoint °C d 1200 l .
——k—TOp
Cooling water: N i Middle
Top o 900 i Bottom | |
Tinlet °C 19,6 E
Touse e 2 600
Throughput i/ 115 g Y
Bottom g. N
Tintet °C 20,6 o 300 \5»%
Toutlet °C 32,0
Throughput Ith 115 o
0 20 40 60 80
Radius/cm =
Fig. 36:

Stationary tests with long heating element, 65 mm aluminium oxide pebbles,
helium, 15 kW (top) and 20 kW (bottom) nominal heating power
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Temperatures: Radius [em]-> | 10 16 22 34 46 58 70 | 75,6
Height [cm]V ’
140
Gas and 113
power data: 97
Date 21.06.96] 2(1;
Prominal kW 25,00 9
Pheating element kw 22,74 3
Pelextrode kW 1,43 -13
CO2 Vol. % 0,02 40
O2 Vol. % 0 br pebb : 100 2
Tambient °C ~23,0
Tdewpoint °C -38,5 1200 | ]
) we—TOP
Cooling water: ¢ e Middile
Top © 900 ~igiBottom | |
Tintet °C 19,3 B
Toutlet °C 33,8 s 600
Throughput | Uh | 120 ©
Bottom ‘é’.
Tinlet °C 20,0 3 300
Toutlet °C 33,0 =
Throughput I/h 120 0
0 20 40 60 80
Radius/cm =
Temperatures: Radius [cm]-> 10 16 22 34 46 58 70 75,6
Height [cm}V
Gas and
power data:
Date 12.07.96
Pnominat kW 30,00
Pheating element kw 27,42
Pelektrode kw 1,65
CO2 Vol. % 0,01 71
Oz Vol. % 0 Vessel surface
Tamblent °C 33,0
T °C -
dewpoint 34 1200 |
= TOp
Cooling water: » - Middle
Top ' o 900 el Bottom | |
Tintet °C 20,8 °
Tout!et . °C 40,8 :5_- 600 Poey
Throughput il 110 g
Bottom g-
Tinlet °C 21,9 8 300
Toutlet °C 40»2
Throughput Vh 110 0
20 40 60 80
Radius/cm =
Fig.37:  Stationary tests with long heating element, 65 mm aluminium oxide pebbles,

helium, 25 kW (top) and 30 kW (bottom) nominal heating power
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Temperatures: Radius [em]=> | 10 16 22 34 46 58 70 | 75,6
Height [cm]¥
Gas and
power data:
Date 03.06.96|
Pnominal kw 5,02
Pheating element kW 4;33
Pelektrode kW 0v34
CO2 Vol. % 0
402 Vol. %
Tamblem °C 27,0 |
Tdewpoim °C -29,5
1200 g— Top
Cooling water: » ~—&—Middle
Top © 900 i Bottom ||
Tinlet °C 17,6 ;
Toutet °C | 228 5 600
Throu_grhput Vh 105 g
Bottom g- e;
Tintet °C 18,4 © 300 A
Touttet | 21,8 a e %
Throughput Irh 105 0 S oo |
0 20 40 60 80
Radius/cm =
Temperatures: Radius [em}=> | 10 16 22 34 46 58 70 | 75,6
Height [cm]¥
140
Gas and
power data:
Date 10.06.96
Prominat kw 1 0,01
Pheating element kW 8,91
Pelextrode kW 0,62
CO2 Vol. % -0,02
O2 Vol. % {nner pebble layer:. Vessel surface
Tambient °C 33,2
Tewpoint ¢ 29| 1200 | ]
= TOP
Cooling water: t ~— @ Middle
Top o 900 e Bottom | ]
Tinlet °C 21 77 ;
Toutlet °C 33,3 :?: 600 k
Throughput Ih 85 g \\—
Bottom g— B
Tinlet °C 22,8 @ 300
Toe © | 200 . ﬁ“mmmw&%
Throughput Vh 85 o
20 40 60 80
Radius/cm -
Fig. 38:

Stationary tests with long heating element, 65 mm aluminium oxide pebbles,
nitrogen, 5 kW (top) and 10 kW (bottom) nominal heating power
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Temperatures:  [Radusfem}> | 10 16 22 34 46 58 70 | 756
Height [cm]< ’
140
Gas and
power data:
Date 20.07.96
Prominal kW 15100
Pheaﬁng element kW 13,51
Petextrode kKW 0,9
CO2 Vol. % -0,02 48
02 Vol. % innerpebblelayer | Vessel surface
Tambient °C 36,1
T dewpoi °C -
dewpoint 39,5 1200 |
- ey TOp
Cooling water: ™ 000 e Middlle
Top [&] T
b s BOttOM
Tinet T | 21,6 S \
Toutlet °C 33 5 600 -
Throughput Vh 110 ® '§:>“i\
Bottom qé- \\\k
Tintet °C 22,6 @ 300 R
Toutlet °C 30,3 - MM
Throughput Vh 110 0 L
0 20 40 60 80
Radius/cm =
Temperatures:  [Radusfem> | 10 16 22 34 46 58 70 | 756
Height [cm]¥
140
Gas and
power data:
Date 14.06.96}
Prominal kW 20,01
Pheating element kW 18,12
Pelextrode kw 1,17
COs VolL% | 0,02 46
Oz Vol. % 3} [ e penble layer  Vessel surface
Tambient °C 26,5
Tdewpoint °C "34,5 1200 | -
—de—TOp
Cooling water: ™ ~@—Middle
Top o 900 i Bottom ||
Tinlet °C 20 ; \\
Toutlet °C 31,7 5 ®
Throughput Ih 115 g 000 \R\\\\
Q.
: Bottom _ g . B, gy
Tintet C 20,9 2 300 < = .
Touttet °C 28,8 WW
Throughput I/h 115 0
0 20 40 60 80
Radius/cm =>
Fig. 39: Stationary tests with long heating element, 65 mm aluminium oxide pebbles,
H1g. OF: g g p

nitrogen, 15 kW (top) and 20 kW (bottom) nominal heating power
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Temperatures: Radiusfcm]=> | 10 16 22 34 46 58 70 | 75,6
Height [cm]V
140
Gas and 113
power data:
Date 20.06.96}
Pnominal kW 25,00
Pheaﬁng element kw 22,74
Pelextrode kW 1,43
CO2 Vol. % 0,02 53
Oz Vol. % (V) Bl :nvier pebbie layer' Vessel surface
Tambient °C 294 T
Tdewpoint °C '36,5 .
1200 \\ Top
Cooling water: * . @ Middle
Top © 900 \\ ~g~Bottom ||
Tintet °C 22 P \ \
Toutlet °C 36,1 § 600 3
Throughput Vh 115 g \..
Bottom g- \
Tinlet °C 22:9 !9 300 M
Toutiet °C 33,4 W
Throughput Uh 116 0
0 20 40 60 80
Radius/cm =
Temperatures: Radius femj> | 10 16 22 34 46 58 70 | 75,6
Height [cm]¥
140
Gas and
power data:
Date 16.07.96
Pnominal kW 30,00
Pheating element kw 27,42
Petettrode kW 1,65 6
CO2 Vol. % 0,01 59
Oz Vol. % 0 Vessel surface
Tambient °C 30,9
. °C -
Tdewpomt 40,5 1200 ( “\ I
k= TOp
Cooling water: t \ e Middle
Top © 900 - | % S — W
Tinlet °C 20,7 ;
Toutlet °C 39 5 \ e, -
Throughput h 110 g 600 \ T—g
Bottom o
Tintet iC | 215 § 300 e,
Toute c | 37,0 *-"“‘\,
Throughput Ilh 110 0
0 20 40 60 80
Radius/cm =
Fig.40:  Stationary tests with long heating element, 65 mm aluminium oxide pebbles,

nitrogen, 25 kW (top) and 30 kW (bottom) nominal heating power
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