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From the point of view for establishing and upgrading the techmology
basis of HTGRs, the 2nd Technical Meeting on High Temperature Gas-cooled
Reactors (HTGRs) was held on March 11 and 12, in Tokai Research Establish-
ment in order to review the present status and the results of Research
and Development (R&D) of HIGRs, to discuss on the items of R&D which
should be promoted more positively in the future and themn, to help in
determining the strategy of development of high temperature engineering
and examination in JAERI.

At the 2nd Technical Meeting, which followed the lst Technical Meet-
ing held in February 1990 in Tokai Research Establishment, expectations
to the High Temperature Engineering Test Reactor {HTTR), possible contri-
butions of the HTGRs to the preservation of the global environment and
the prospect of HIGRs were especially discussed, focusing on the R&D of
Safety, high temperature components and process heat utilization by the
experts from JAERI as well as universities, national institutes, indus-

tries and so on.

# Members of Executive Committee of the 2nd Meeting on HTGRs:
S. SAITO (Chairman), E. YAMASHITA, H. YASUDA, M. SEKI, H. NAKAJIMA,
K. FUKUDA, T. ISOMAE, H. SHIMOMURA, M. ETOH, S. SHIMIZU, I. KIKUCHI,
Y. SUDO
Secretariat: Department of HTTR Project, Oarai Research Establishment

K. YOSHIDA, K. OHMORI, H. MATSUMOTO



JAERI—M 92—090

This proceedings summarizes the papers presented in the oral sessions
and materials exhibited in the poster session at the meeting and will be

variable as key materials for promoting the R&D on HIGRs from now on.
Keywords: HTTR, HTGR, High Temperature Engineering and Examination,

Associated R&D, Safety, High Temperature Components, Process

Heat Utilization, Preservation of Global Environment
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Table 2 Criteria of the safety evaluation for the HTTR.

(B RT2BETL |
EFELRTRBER{ENEC o Th. FORBEBELELINILEET WIATEE
WWERCTE IR AR NEIRS V., FAFhOBESIIEUTI oI eyt
TAREMET. ROEBUVTH S,

a. WHSSIEEIL. 1600CEHMx T b,

b, EFFRHEMEANTF)IhNZEAG. 1REHRROSREHEESD

DLIBLTTE R L.

¢. BEFFBRHEHTAN Y OBEED. KOEREARVI L,

(a) JHFIFEIHAES. 1REREET. 2 174 Cr-IMofENTE &

i ET 5 MEr 500°C
(b) 1RMEKSHBEHEL T, —AFF A P RAF VL AR

REET 5 W 600°C
(¢) HMHTI/VET. v ILEMEREHESLSE

EHEHT 5P 9g0*C

7235, 08 81 SRER OO LR BR 5102 09 IR ER 9 0 SRR IR IR0 4 WORNC 3 7 B B HELR
BARRBHANOMERSMHERRET S LD IRRERCE ST IAHIRAR
SHARERELL. 2.500CeEARVE &, 1 T3,

BEUVLTHESIL L » THAENEFFERIINE > Thy FLDEEOEEN
ML &, RUBSHBILLIMBEIAOREENA R LR SRVWESESLRER
WHT S REEORNMES TSI LY T 2 XML, ROEBEVTE 3,

a. FORRERIBBICELII R, D20 +RRGHMTETH S &,

b. BFFEGBHEANITFIMNZENDNL. IRAHHE 2NV TLE
oDy ) 2RE 1 XAHRBEOEEEAEADL.2{EUT LU, )
KGEHIF L 2AN D LBHB QD VIS TR N2 2HIR
TERWI L,

c. BFFRHBENND YY) OB KOER2EX RV E.

(a) FEFFENES 1XBREREFT. 2 174 Cr-MofANTE %

ERYSER 550°C
(b) 1RMEKSGHESEHREET. £ —XAF A P RATF VL AN
R EET 5 E 650TC
(c) FRIBTIRBET. vy LEFANGEER:
R2HERET SEW 1000C -
d. BFFERBEBNAIT)LLH»IENE. EFFRHEE AV V7V OK
RIEAEALUTTSS L.

e. FAOAIIHL. FLORHBBERILDOVAIEEA RV L,

fed. MISTIRER O MR BB AT RIS O M BIRR M A RN 3 3 S Yl A 1L,
TR BEAHAETU CRELVRVL I &) T 5.0 BEIITIIMRHRA L
HEZOMEMEHR IO IRARLELEE>TVWAIETHY. TORDICLER
WEUEREM M ONEE MERMERA) KRUTTED S, 5. RHERY
— TR OBEE X ESmE LS 5 &, XITHAIRE KA O TRBIIRG 588
HERERHTOY 7 OBEFEHHERIER. BHRFEE RO DIRE

SHEFEELEsRWILE.




JAERI—M 92—090

Table 3(1) Safety evaluation results of the HTIR
(Anticipated operational transients).
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5. Safety Demonstration Tests of AVR

Peter POHL

AVR GmbH / JAERI

1. Introduction

Modern small-sized high temperature gas-cooled reactors (HTGR's) can
rely completely on their passive safety characteristics if their cooling
fails. Even in the worst case accident temperatures remain below lay-out

levels for both fuel and structural materials.

The AVR experimental reactor in Juelich, Germany, which can be seen as
the ancestor of modern small-sized HTGR's, unites many of their typical
characteristics, and experiments concerning cocoling defects formed an

important part in the AVR's experimental program.

The AVR with a rated power of 46MW;; and a coolant outlet temperature of
950°C used sphere-shaped fuel elements that were cycled during reactor

operation (for further details see [1]). The reactor was operated from 1967

until 1988.

2. Early Cooling-Malfunction Tests

The first tests simulating a defect in forced cooling of the reactor
were already performed in the early 1970's. These tests, at that time called
"Vierstabklemmversuch”, consisted of stopping the primary circulators at full
power operation. At the same time the control rods were not inserted; thus,

the failure of the shut-down equipment was also simulated.

Because of the negative temperature coefficient of reactivity the
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interruption of the forced cooling led to an immediate shut-down. With the
control rods remaining withdrawn, the reactor became recritical again after
temperatures in the core had fallen and the Xe poisoning, which in the first

about 10 hours contributes to the subcriticality, was deminishing.

Fig. 1 shows the course of the last test of that kind in 1975. As for

the temperatures, it can be stated that

- temperatures in the core center rise quickly but also quickly reach a
maximum. This can be read from the temperature course of a reflector nose at

core midheight. The thermocouples there are nearest to the core center.

- further to the outside temperatures move slower as a temperature measured on

the inner surface of the side reflector indicates.

- temperatures in the upper parts of the core show an immediate decrease for
which the temperature course in the top of a reflector nose gives an

example,

- temperatures in the lower parts of the core show a long-term steady in-
crease before they reach their maximum., This is presented by the course

of a bottom reflector temperature in Fig. 1.

Thus, these early tests showed already all the characteristics of the below

discussed LOCA simulation tests.

In the 1975 test {Fig. 1) the reactor regéined criticality 23.5 hours
after accident dnitiation, But without forced convection the power level
remains very low compared to the rated power. So, from these experiments too
it became obvious that the reactor power very closely follows the demand set

up by a given coolant flow,

3. Loss—-of-Coolant Simulation Tests

When in the last years of AVR operation more weight was put on
experiments rather than power operation demonstration, and an AVR experimental

program was created an experiment concerning the loss-of-coolant accident
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(LOCA) was also considered. Carrying out a real LOCA, however, turned out to
be impracticable because a voluntary quick depressurization is impossible.
Thus, the decisjon was taken to try to simulate a LOCA with a depressurized
reactor following a normal shut-down simulating both operational temperatures

and the decay heat function that follows a normal shut-down by fission power.

3.1 Pretests and Preparations

Preparations began in 1986 and cencerned at first the heatup procedure,
the measurement of small reactor power, and the decay heat simulation. Later,

safety conciderations in the licensing process had to be made.

(1) Heatup Procedure

The first try to heat the reactor without operating the primary circuit
failed. Although temperatures in the center core can easily be increased to
operational values this is not the case for the reflector and carbon brick
structures, and the temperature profile produced is very different from that

at power operation. (It is in fact strongly related to that following a LOCA.)

A better way of heatup was found by just normal reactor operation'buf at
depressurized conditions. At about 97 of the rated pressure and rated coolant
flow about 9% of the rated power 1is produced. Table 1 gives a comparison of
various core temperatures that were achieved within 3 days at 4Mi, in a Jan,
'87 pretest and typical temperatures at full power operation. The advantage of
this heatup method is that a similar temperature distribution as in normal
operation is created with maximum temperatures in the upper outer core
regions. Due to the fact that the steam generator (SG) throughput camnot be
set to. 97 of its rated value {minimum 367%) the SG coolant ocutlet temperature
practically took the SG feedwater temperature which is Timited to 1359°C. This
caused that all parts in contact with the cold coolant stabilized at

temperatures that were 50 to 100K lower than in power operation.
(2) Small Reactor Power Measurement
By measuring the SG power and making an overall heat balance during the

M4 heatup test, it was found that the neutron flux signal was still pro-

portional to the reactor power. This led to the assumption that with the
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control rods rather withdrawn and the core at high temperatures this is also
true for lower power levels, and that the reactor power during the decay heat

simulation can be read from the neutron detectors without any correction.

(3) Simulation of Decay Power

In the pretests it was found that the course of the decay power can
easily be tracked by fission power adjusting the control rods particularly

when it is done in a stepwise approximation.
(4) Temperature Limits, Control Rod Protection

In the Ticensing procedure 1imit temperatures were fixed for the various
reactor structures that were in most cases identical to their design temp-
eratures, e.g. 325°C for the inner reactor vessel. As precalculations already
indicated and as was found in the later tests, temperatures remafned well be-

Tow the 1imits with the exception of the control rods.

It was fixed that the control rods should not exceed their design
temperature of 700°C. Nevertheless, in the event of a scram occurring during a
test that temperature would be exceeded. In fact, the protection of the con-
trol rods turned out to be the major problem for the LOCA simulation tests. In

what way the problem was finally overcome is summarized in chapter 3.4.
(5) Insertion of Temperature Monitor Elements

For the tests in Oct. 1988 temperature monitor elements were introduced
into the core to measure the maximum core center temperatures during LOCA sim-
ulation. These elements are graphite spheres of-the size of fuel elements that
contain 20 small melting wires of different melting points in quartz capsules.
The design of the monitor elements and the wire data are presented in Fig. 2
and Table 2. After 110 monitor elements had been loaded the pebble bed was
cycled. Fig. 3 shows their final positions. The Towest elements lay about 25cm
above the core center. A deeper position was not suitable because a comprom-
ize had to be found between fuel cycling, that leads to a reactivity increase,

and reactor burn-down for control rod protection (see 3.4).

After loading the monitor elements the reactor was operated at low temp-

eratures in order not to predetermine their mefting pattern.
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3.2 Main Test and Results

Among the 4 LOCA simulation tests that were carried out in May and Oct.
1988 the ‘Oct. 14 test is the most significant and also the one to which the

monitor results belong. Therefore, this test shall be looked at in more de-

tail.

The LOCA simulation was initiated by switching off the circulators. Fig.
4 shows the simulation of the decay heat course taking into account the real

decay heat that was still present.

Fig. 5 presents the temperature development at various important points

of the reactor structure.

_ The first temperature monitor elements that were discharged in Jan. 1989
all showed the same melting pattern with 5 wires still intact. Fig. 6 presents
a typical X-ray phbto. Thus, the maximum temperatures these first elements
have experienced must have been in the range of 1070 to 1090°C (Table 2), and
from this it can be assumed that the.maximum core temperature during the LOCA

simulation did not exceed 1090°C,

3.3 Evaluation of Tests

(1) Heat Flow Pattern

The main temperature transients and heat flows that occur during a LOCA
can be read from the experimental results in Fig. 5 and the isothermal lines
in Fig. 7 that are the result of model calculation. In the course of a LOCA
the position of the core temperature maximum, which initially Ties in the
upper part of the outer core shifts to the core center while at the same time
the high-core temperatures spread over a much larger part of the core than
they occupied before. This avoids high peak temperatures (monitor results) and
it shows that particularly the lower parts of the core, which are initially

rather cold, form an important longer-term intermediate heat storage before

— 47A
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the heat is finally dissipated to the outside. This heat dissipation mainly
works in an upward direction to the SG while the radial heat dissipation is

comparably small (see reactor shroud and inner vessel temperatures in Fig. 5).

The fast temperature decrease of the upper core region is partly due to
natural He convection that formes out between the core surface and the comp—
arably cold SG whose operaticon had to be continued during the LOCA simula-
tion. A significant He convection through the core does not form. This became
already ciear in the two May tests which were carried out one time with closed
main coolant valves and another time with these valves left open showing prac-

tically the same temperature results.

(2) Steam Generator Influence

In connection with the fact that the SG had to be operated during the
tests and that it dissipated large amounts of heat, it was feared that the
test results obtained might be of little value for other HTGR's. However, as
is shown in Fig. 8, the targe amounts of heat dissipated from the SG comprised
initially only its own stored heat and that of the core ceiling structure.
Only later when all core temperatures were already declining did the 5G take

practically all the heat that the core produced.

(3) Comparison to Calculated Results

Detailed model analyses of the Oct, 14 test have been carried out at
different places [2,3], that shall not be further disdussed here, Generally,
the temperature maxima show good agreement with measurements whereas the

temperature courses show deviations.
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3.4 Problem: Control Rod Temperature

The problem of protecting the control rods from overheating consisted of

two parts:
a) Assuring that the rod temperatures would not exceed 700°C during the tests.

b) Assuring that in case of a scram temperatures remained below damaging

Tevels.,

The first was mainly achieved by reducing the core reactivity before the
tests so that the rods were nearly fully withdrawn in the moment of highest
reactivity demand, and by this way keeping the rods as much withdrawn as pos-
sible. Fig. 9 shows to what degree this was achieved in the May tests, Never-
theless, these tests had to be terminated earlier than was desired because a
method of inferring rod temperatures from calculated temperature profiles and
measured reflector temperatures indicated that the rods would approach the
700°C Tlimit. (By inserting about 0.5 bars of nitrogen into the inner vesse]l

the second May test could be prolonged for about 9 hours. )

Later it turned out that this rod temperature inferring method had been
too conservative and was therefore modified for the Oct. tests which then

could be extended to the desired length.

As for the scram problem, it was found in a thermal stress analysis for
the rods that they could bear a temperature of 500°C for a short time without

beeing damaged.

To proof that rod temperatures would not exceed 900°C required extensive
model calculations including a 3-dimensional core and a 2-dimensional rod
‘model [2]. It turned out that the worst case with rod temperatures of about

850°C happens with a scram shortly after accident initiation.

To cocl the rods in case of a scram, it was foreseen to turn on the
circulators, which was also the procedure for voluntary termination of the

experiment.

_49 —
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4. Conclusions

The early tests of interrupting the coolant flow and particularly the
later 1988 tests, that simulated the worst case, i.e. a rapid depressuriza-
tion, demonstrated impressively the safety properties incorporated in small
HTGR's. The loss-of-coolant accident, which in LWR's must not occur, turns out

for a small HTGR to be just an operational disturbance rather than an acci-

dent.

Furthermore, the LOCA test offered a bulk of data that were used and can
be used in future to verify model calculations. But these tests also put for-
ward the idea to directly introduce a LOCA test into the licensing program of
a small HTGR. '
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Table } Comparison of steady-state conditions for 4-MW heatup
with full-power operation

(Temperatures are in degrees Celsius.)

Full-Power Operation
Pretest 4-MW
Measurement Position Heatup 950°C? g1g°C* 775°C*

Reflector nose (average),” core midheight 588 594 526 501
Side reflector, core midheight

Inner 607 689 . 592 559

Middle 593 688 635 587

Quter 583 684 631 585
Bottom reflector 211 278 ' 283 288
Inner vessel, core midheight 186 238 251 253

2Average gas outlet temperature.

"Of the three intact midheight nose temperature measurements, different values are iridicated due to an asymmetric
temperature distribution in the core whose cause has not been clarified. It is assumed to be produced by different flow
through boreholes in the graphite noses. :

Table 2 Composition and liquidus temperature
of melt wires in temperature monitor

elements.
Liquidus
Metal Alloy Temperature

Sample | Components | Composition (°C)
1 Al/Fe 99.2/0.8 655
2 Ag/Cu/ln 60/27/713 700
3 Ag/Cu 72/28 780
4 Ag/Cu/Pd 68.4/26.6/5 810
5 Ag/Au/Cu 20/60/20 840
6 Ag/Cu 47/53 878
7 Ag/Cu/Pd 52/28/20 900
8 Ag/Cu 35/65 920
9 Ag/Cu/Pd 54/21/25 940
10 Silver 100 960
11 Au/Cu 46/54 982
12 Ag/Pd 95/5 1000
13 Au/Cu 33.5/66.5 1020
14 Au/Cu 25/75 1050
15 Au/Cu 10.5/89.5 1072
16 Cu/Pd §2/18 1088
17 Cu/Ni 90/10 1120
18 Cu/Ni 84/16 1150
19 Ag/Pd/Mn 64/33/3 1200
20 Pd/Cu 70/30 1280
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Fig. 2 Temperature monitor element.
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Fig. 6 X-ray photo of temperature monitor element.
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8. HTR Fuel Experiments Under Accident Conditions

Heinz Nabielek

KFA Juelich

1. Introduction

Small high temperature reactors (HTRg) are designed such that maxi-
mum fuel temperatures in accidents remain below 1600°C without active
control mechanisms[1]. This temperature limit is based on thermohy-
draulic calculations and the temperature limiting features have been
demonstrated by experiments using the Jiilich AVR reactor[2]. At the
same time, experiments have been started to determine the makimum temper-
ature where modern HTR fuel retains all fission products of radiological
significance. The data discussed below show that it is indeed possible
to obtain fission product retention at the temperature maximum with
available coated particles.

The coated particle consists of a 0.5 mm diameter fuel kermel and
several coating layers. First, a porous buffer layer to provide the
free volume for fission gases and sacrificial material to stop fission
fragments. This is followed - in the TRISO particle - by three highly
dense layers of pyrocarbon (PyC), silicon carbide and pyrocarbomn. Both
PyC and SiC retain fission gases completely and $iC provides the ulti-
mate barrier to volatile fission products. These three dense layers
constitute an effective pressure vessel due to the high strength of 5iC
and the prestressing effects of PyC during irradiation. Typical parti-
cle data are given in Table l. Older fuel particles of the BISO type
(e.g. THIR fuel) have only one thick pyrocarbon coating layer.

Spherical fuel elements of 60 mm diameter, as used in AVR and THTR,
have been subjected to irradiation and heating tests in the demonstra-
tion programme. They have an outer fuel free zone of 5 mm thickness and
a fuel zone with a low particle packing fraction[3].

The 1600°C temperature limit in the MODUL reactor is achieved by a
core design with a thermal power of 200 MW and a low power density, 3
MW/m3. In the tall and slim core, the heat is transported away in the

case of a loss of coolant accident by passive means, i.e. by radiation



JAERI—M 92—090

Table 1 Characterization of coated U0, fuel particles

Coating batch No. EU0 2308 HT 232-245 EUC 2309
Irradition tests HFR-K3 AVR HFR-P4/2
FRJZ-K13
SL-P1
HFR-P4/1,3

Kernel diameter
{um) 497 500 497
Uranium enrichment 9.82% 9.827% 9.82%

Coating thickness

(um)
Buffer layer 94 93 93
Inner PyC layer 41 38 37
SiC layer 36 35 51
Quter PyC layer 40 40 38

Particle diameter

(um) 919 912 922

2000
1800 - f Accident simulation tests

5,3‘ 1600

o 1400 -

5

E 1200 + MODUL, max. fuel element

a 1000 - temperature in hypothetical

5 and design basis accident

}-

s

o

(]
1

Reactor operation
temperature

T T T T T
0 100 200 300 400 5C0

Time (hours)

Fig. 1 Temperature evolution during a loss-of-coolant
accident of a small HIR, and in the heating
tests with irradiated fuel elements.
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and conduction through the walls. Also, this reactor design places very
modest requirements on fuel and graﬁhite during‘normal operations. Ir-
radiation temperatures are 700-900°C, the target burnup is 9% FIMA and
the accumulated fluence of fast neutroms is 2.1 x 1025 m™2, The maximum
fuel temperature during uncontrolled core heatup is 1150°C in a pressur-
ized system. For a complete loss of coolant, a nominal maximum tempera-
ture of 1520°C is attained in a small portion of the corel[4]. When all
calculational uncertainties are added up in a conservative manner, the
peak core temperature may rise to just above 1600°C in. 30 h (see Fig.
1). Accident simulation tests reported here are conducted at constant
1600, 1700 and 1800°C for much longer times to determine the performance

margins of the fuel system.

2. Experimental Procedures

Accident simulation tests have been performed since the mid-seventies
both in this laboratory and elsewhere[5] in which KFA has concentrated
on heating complete spherical fuel elements. An early experimental pro-
gramme consisted of heatup ramp tests with (Th,U)0, BISO fuel up to
2500°C[6]. This programme was followed by work with fuel elements con-
taining (Th,U)0» TRISO and UO, TRISO particles[7,8] which is still going

Oon.

2.1 Heating Tests

The equipment éonsists of a heating furnace located in a gastight
box in the hot cell. The furnace is connected to a helium loop working
at a slight overpressure with blowers and filters outside the shielded
area (HTRs have a helium pressure between ! and 7 MPa during normal
operations; the atmospheric pressure in the heating tests is representa-
tive of the loss of coolant accident). To simulate the slow heatup
characteristic of HTRs and for experimental considerations, the following
30 h procedure (Fig. 2) was establshed prior to each test: (i) measure-
ment of 85Kr release at room temperature as a qualitative indication of
the state of the fuel; (ii) heating at 300°C for 5 h to clean the helium
circuit and to remove moisture from graphite components; (iii) simulation
of operating temperatures at 1050/1250°C for equilibration of fuel and

fission products; (iv) heatup to target temperature at a rate of 47°C/h.
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Outside the hot cell box are noble gas traps which contain charcoal
cooled by liquid nitrogen. In these, the activity of 85Kr is monitored
with NaI(T1l) detectors which gemerate the release curves during the heat-
ing test. To enable measurements of metallic fission products, a water-
cooled finger Intrudes into the heating furnace, which can be removed to
exchange the condensation plate without interruption of the heating test
(Fig. 3). The activity of the plate is measured in a different labora~
tory with low level background[8]. In the case of large releases (> 1%
of the sphere inventory), the 137¢s and !3%Cs loss can alseo be determined

by comparing gammaspectrometric measurements of the sphere before and .

after the heating test.

2.2 Fuel Samples

Eleven spherical fuel elements and 8 fuel compacts containing modern
TRISO-coated fuel have been heated. Coated particles and fuel bodies
were manufactured at HOBEG in 1981 with less than 5 X 105 siC layer
defect fraction and less than 1 x 107° heavy metal contamination frac-
tion. Pertinent data for the low-enriched UO; particles are given in
Table 1. Four spheres each were irradiated in the High Flux Reactor
Petten in test HFR-K3 and four spheres in the Jiilich Dido reactor in
FRJ2-K13. Beginning in July 1982, 24000 low-enriched TRISO spheres went
into the AVR core[9]. The cylindrical compacts were manufactured from
spherical fuel elements with a fuel zome of only 20 mm diameter to be
inserted into three HFR-P4 experiments and one SiloE& experiment in
Grenoble. The irradiation experiment HFR-P4/2 used particles with a 51

pm thick silicon carbide layer.

2000
/———— 1800°C
'g 1500} 1600°C
< 1250°C 47°C/h
5 1050°G /0.8 h
< 1000
]
a
E
2 500
0
- max. 500 h——r—+

Fig. 2 Details of temperature profile
in standardized heating tests.
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fission gas release and the release of long-lived metallic fission prod-
ucts is that no irradiation induced particle failure occurred in all of
the irradiation tests with modern TRISO fuel.

As part of the postirradiation examinations, spheres and compacts
were selected for the accident condition heating programme. The combina-
tion of fast neutronm fluence/heavy metal burnup values of the selected
samples shows that the irradiation conditions of the MODUL are covered

well by the heating tests performed so far (Fig. 4).

3. Results and Discussion

The objective of the present series of accident simulation tests 1is
to obtain fission product release data during heating tests at constant
temperature. All results for modern UOy TRISO fuels in the temperature
range 1600-1800°C are summarized in Tables 2 and 3. A second series of
tests will be performed later where the simulation of normal operating
and accident conditions will follow more closely the scenarios projected

for the MODUL reactor.

3,1 TFission Product Release and Distribution at 1600 to 1800°C

The gas release data from spheres during heating tests are shown in
Fig. 5. The measured isotope is 85Kr which has been shown previously to
give the same release as 133%¢ and 13lI[8]. As expected, release in-
creases with heating temperature and duration. All 1600°C release re-
sults remain below the level of onme particle failure (6 x 10~° fraction
for 16400 particles) as long as the burnup is below ~ 10% FIMA. A case
of one particle failing with a complete breach of the coating can be
observed in the 1700°C release curve shown in Fig. 5a. With a 50% kernel
retention of krypton at 1700°C, the fractional release from the sphere is
3 x 10°. The 2100°C release curves in Fig. 5a have been obtained with
the graphite furnace which does not have a cold finger installed[7].

Fuel compacts irradiated to burnup/fluence combinations significant-
ly beyond the maximum MODUL conditions show higher gas release during the
post irradiation heating (Fig. 5b), indicating failure or deterioration
of the coating. With 1600 particles per compact, the level of one parti-
cle failure is 6 x 10~%. TFig. 5c demonstrates thét gas release remains

negligibly small for the first 50 h up to 1800°C, but increases later

——— 62 —
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Table 2 Results of accident simulation tests
with irradiated spherical fuel elements.

Fractional release

Fuel clement Irradiation Heating test

burmup era . 33 137

(% FIMA) ;l‘:g;; ture (I}));:rauon Kr Cs
AVR T1/22 35 1600 500 ax10~7 2%10°°
HFR-K3/1 7.5 1600 500 2x107¢ 1x10™*
FRJ-K13/2 8.0 1600 160 %1077 4x10°3
AVR 82/20 B.6 1600 100 2x1077 6x107*
AVR 82/9 8.9 1600 500 5%10°7 8x107¢
AVR 74/11 6.2 1700 185 Ix1073 8x10”?
FRJ-K13/4 7.6 1600 138 I%1077 3x107¢

1800 100 7x1073 1x10°2

HFR-K3/3 10.6 1800 100 7x10"* 6x107?
AVR 76/18 7.1 1800 200 1x10°* 5%10°?
AVR 74/10 5.5 1800 50 2x107? 1x10™!
AVR 70/33 1.6 1800 175 2x1073 2x107?

Table 3 Results of accident simulation tests at 1600-1800°C
with irradiated fuel compacts

T

Fuel compact Irradiation conditions Heating Lest Fractional release
Burnup Fast fluence Ire. temp Temperature Duration YKe ies
(% FIMA) (10¥ m~% °C) (*C) (h}
HFR-P4/3/7 13.9 1.5 1075 1600 304 1x10"?% 4x107?
HFR-P4/1/8 1383 72 940 1600 304 5x107* 2x107?
HFR-P4,/2/8 13.8 732 945 1600 304 3x10°3 1%x10°?
HFR-P4/1/12 11.1 5.5 940 1600 304 5x1077 Ix10™*
SL-P1/6 10.7 6.7 300 1600 304 7%1077 axi0~*
SL-P1/10 10.3 6.0 800 1700 304 9x107%  6x107?
SL-P1,/9 10.7 63 " 800 1700 304 4x10~* 1x10”!
HFR-P4/3/12 12.0 5.5 1075 1800 279 1x107? 5x10°°

when heating temperatures are = 1700°C.

The shape of the release curves can be explained by two phenomena:

- Deterioration of the SiC layer results in permeability to fission

products, but the remaining intact outer pyrocarbon layer delays the

release of krypton.
- On rare occasions a burst of gas release can be observed which is due

to pressure induced complete coating failure.
Several fission product isotopes are shown in Figs. 6 and 9 indicating

the release sequence Ag/Cs/Kr which is observed in all heating tests,

even those extending to 2500°CL[7]. 13%cg and 137Cs exhibit an identical

release behaviour, as expected. 905y is always retained in spheres to a

higher degree than 137¢s,

110mAg is an activated fission product isotope present in very low
quantities due to the low fission yield. Therefore, it plays no role in

safety considerations. It is, however, the only radionuclide which

diffuses through intact silicon carbide during irradiation at 1200°C[r103.
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There, silver release from the sphere can reach 1% of the sphere inven-~
tory. During heating at 1600 to 1800°C, 110mag release values between 2
and 100% have been observed.

Caesium is the main indicator of SiC deterioration or failure.

The sphere release is further delayed by retention in matrix graphite.
Strontium follows a similar pattern, but remains in the fuel sphere to
a much higher degree than caesium. Krypton is always released later
than caesium because of the additional holdup in the pyrocarbon layer.
In particles without an outer pyrocarbon layer, krypton is released
simultaneously with caesium[7].

Sphere 1 of the irradiation experiment HFR-K3 was irradiated hotter
than most other fules. Therefore, particles had already released some
llomAg into the matrix graphite during irradiation. In the subsequent
heating test at 1600°C, silver in the matrix graphite is released from
the sphere indicating an in-reactor release level of 2% (Fig. 6). Only
during the later portion of the 500 h heating test can further increase
in release be observed. Caesium, krypton and strontium releases remain
extremely low during the first 200 h. This demonstrates that this fuel
element had no initial coating defects, a low manufacturing contamination
level, no in-pile coating failure and no particle failure during the
initial phases of the heating test. The deconsolidation of the sphere,
however, shows that by the end of the 500 h heating, certain amounts of
Cs and Sr had been released from the particles, but had been strongly
retained in the sphere. The ceramographic sections through a number of
particles make a small degradation of the SiC layer visible (bottom
photographs in Fig. 11).

The concentration of fission products in the matrix graphite (i.e.
outside particles) along a cylinder through the centre of sphere HFR-K3/1
is shown to the right of Fig. 6. With 905+ being immobile in graphite,
its radial profile represents the release from particles. 110mpg and
137cs show radial diffusion profiles through the sphere consistent with
their release curves.

The contrast in caesium behaviour between an MTR-irradiated and an
AVR-irradiated sphere is shown in Fig. 7. During irradiation in AVR for
ca 480 full power days, caesium in the AVR primary circuit {from old
contaminated fuel) is diffusing into the sphere matrix from the outside,
and is then released during the heating test. Typically, this appears

as a fractional release of 2 x 10-5 for low burnup spheres and 6 x 10-5
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for high burnup spheres with their longer irradiation times {1250 full
power days in the case of AVR 82/20). HFR-K3/1 is a much cleaner sphere
with low initial release. After 500 h, caesium release and the profile
through the sphere is higher owing to the burnup and fluence making the
SiC permeable. Of particular interest is the fact that the average
particle release is 1.2 x 10~3 (Table 4), while the sphere release is
1.1 x 10~% indicating an extremely high retention in the matrix.

Figure 8 shows the 1600-1800°C caesium release curves from the fuel
compacts irradiated to conditions beyond the design values in comparison
to sphere results at 1600°C, which remain below the level of release of
one particle inventory. Release from compacts with modest irradiation
conditions also stays at this low level.

Sphere 3 of HFR-K3 was heated at 1800°C, first for 25 h and later
for 75 h. Fission product release curves and profiles through the sphere
are shown in Fig. 9. With 7 x 10~% for krypton and 6 x 10-%? for caesium,
the fractional release remains significantly below expected levels under
these conditions. At 1800°C, the influence of irradiation conditions is
less pronounced than at 1600°C. This is shown by the caesium release
results listed in Table 2 and caesium profiles shown in the right-hand
diagram of Fig. 9.

All caesium release curves from the spheres are combined in Fig. 10
as a function of heating times up to 500 h. The early part of the 1600°C
curves is dominated by AVR spheres which release caesium picked up in the
AVR core. In fuel element AVR 74/11, the caesium inventory from 5 to 10
particles has been released into the matrix graphite during the 1700°C
heating test to yield a final sphere release fraction of 8 X 10-3,

Sphere FRJ2-K13/4 had first been heated for 138 h at 1600°C and subse-
quently for 100 h at 1800°C. Caesium release results are shown as if
these were two independent heating tests.

Farlier work[11,12] has shown that TRISO particles are more effec—
tive than BISO particles in retaining caesium at 1600°C. Due to experi-
mental limitations at that time, the demonstrated improvement was of the
order of one magnitude. The results presented here, when compared to
-the data from BISO particles, show an improvement by five orders of
magnitude. Even at 1800°C, caesium retention 1s as good or better than

previously assumed for 1600°C.
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Fig. 3 Cross section of collapse
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Fig. 1 Principle of high-temperature electrolysis.
(Reverse reaction of solid oxide fuel cell)
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Fig. 2 TFree energy change in reaction of Hy0=H,+1/20,.
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Fig. 4 Schematic drawing of test section.
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Fig. 5 Schematic drawing of electrolysis tube (unit: mm) .

Photo. 1 Electrolysis tube.
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Fig. 7 Relationship between applied voltage and
electric resistance of electrolysis tube.
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Fig. 8 Relationship between input power and
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by electrolysis tube.
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. CH3OH +H
-CHz2 - + H20 CO +2H

— 233 —



JAERI—M 92—090

Steam Reforming

Application Synthesis Gas , NHs , CH30H , H2

Hz Production

Ratio of H2 from H2C

Q
CHs + 2H20 L COz + 4H2 2/4=0.50

Q
C2Hs + 4H20 L 2C0O2 + 7H2 4/7=0.57

N
- CH2- + 2H20 CO: + 3H2 2/3=0.67

N
C + 2H0 CO2 + 2H: 2/2=1.00

Applicable Petrochemical Processes

- Capacity Preference
[T e e
Candidates @& Ammonia

(® Methanol
@ Ethylene

- Steamn Reforming @ Thermal Cracking

Catalytic Non Catalytic
Conversion to short residence time higher temp.
Equilibrium high heat flux

v

longer residence
time acceptable
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Temperature and Energy Requirement
in Typical Petrochemical Processes

React. Temp HTR (Mwt )

Ammonia from Naphtha 800 °C 265 for 500000 tfy
( Steam Reforming )

Methanol from Naphtha 850 °C 195 for 300000 t/y
( Steam Reforming )

Ethylene from Naphtha 880 °C 390 for 400000ty
( Thermal Cracking ) ‘ '

Styrene Monomer from 500°C" 10 for 50000t/
Benzene + Ethylene .

- * DATA SOURCE
IAEA Technical Committee Meeting , Oct.1986
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Safety Demonstration Tests of AVR

Peter POHL
AVR CmbH/JAER]

Already in the early 1970°s tests were carried out with the AVR experimental high
temperathre pebble bed reactor that consisted of interrupting the coolant flow by
stopping the circulators at power operation. At the same time the control rods were kept
withdrawn to study recriticality behaviour.

In 1988 a further step was taken. The reactor Was brought to conditions which are
present if a quick less of coolant occurs. After normal shut-down and depressurization,
both operational temperatures and the decay heat function that follows a full power
shut-down were simulated by fission power.

The tests show that the maximum accident temperature in the core remains considerably

lower than the maximum operational temperature. This is due to a temperature
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displacement from the top of outer core to the core center during the accident with
higher temperatures spreading over large parts of the core.
The major problem to overcome in these tests was the protection of the control rods

from overheating.

HTR Fuel Experiments Under Accident Conditions

Heinz Nabielek

KFA Juelich

[rradiated spherical fuel elements containing 16,400 coated UQ. particles each were
heated at temperatures between 1,600 and 1, 800°C and the fission product release was
measured, The demonstrated fission product retention at 1,600°C establishes the basis
for the design of small modular HTRs which inherently limit the temperature to 1, 600°C
by passive means. In addition to this demonstration, the fest data show that modern
TRISO fuels provide an ample performance margin:release normally sets in at [, 800°C;
this occurs at 1, 600°C only with fuels irradiated under conditions which significantly

exceed current reactor design requirements.
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