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ABSTRACT

Tests and examinations of HTGR fuel elements performed recen-

tly at I.V.Kurchatov AEI have been directed to solve the

following problems:

- determination of correspondence of the operability charac-

teristics of fuel elements and coated particles from different lots

to requirements to be imposed on VGM and VG-4OO designs being deve-

loped;

- comparison of the characteristics of fuel elements manufac-

tured using two different technologies of matrix graphite (KPD and

GSP) ' as well as coated particles of various designs and material

composition;

- investigation of fuel element operability under se-

vere accident conditions;

- investigation of processes occuring in fuel element and coa-

ted particle, resulting in formation of defects and release of

GPP; construction of physical models of fuel element behaviour in

the reactor on this basis.

'KPD -carbonization under pressure

GSP -graphite bounded with pyrocarbon
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Tests and investigations were performed for fuel elements ma-

nufactured using the KPD and GSP technologies. For solving the abo-

ve problems the experimental basis and methods described mainly in

/1,2/ were used.

The present paper is a short review of works covering these

problems, with main emphasis being made on description and analysis

of fuel element and coated particle tests under non-nominal accident

and severe accident conditions. Such tests are of specific inte-

rest. While tests for confirming operability under nominal condi-

tions are necessary for justification of the design characteristics

and must be supported by sufficient statistics, test for severe

conditions have at least two objectives:

1) estimation of the limits of fuel element operability depen-

ding on the basing affecting factors (temperature, burnup,etc.);

2) getting the data for studying processes resulting in loss

of operability; on the basis of these data physical models of fuel

element operability and accident sequence in the reactor unit may

be constructed and verified.

The experiments presented herein are the first stage of such

investigations on determination of influence of the following ef-

fects on fuel elements: elevated temperature, increased burnup,

neutron pulse and high oxidation.

I. Reactor tests and estimation of fuel element and coated

particle operability under routine conditions.

Table 1 and 2 present the main parameters characterizing con-

ditions of fuel element operation in VGM and VG-400 reactors and

conditions under which the reactor tests were carried out. It is

seen that the test conditions are essentially close to the routi-

ne conditions and in part of some parameters in a number of tests
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they were more severe; these tests are described in detail in next

sections. For providing the required power levels in fuel elements

and coated particles, enrichment (and loading) of uranium in speci-

men tested was much higher than in normal ones. In the process of

2?eactor tests samples of gas from the channels were taken constant-

ly to control GPP release during the tests and determine the moment

of coated particle depressurization.

After the normal burnup (6-10% Pima for VG-400and VGM reactors)

was reached in tests of KVG ' 1,2,4, and 5 channels of the PG-100

loop and Kashtan 2,3,4 channels no significant rise in GFP relea-

se was observed as compared with the initial level which had been

determined by weak irradiation of each fuel element installed into

the channels.

In Udar channels groups of fuel elements (10 pcs) were tested

in thermal cycles simulating transition regimes in reactor startup

and shutdown. Measurements of GPP releases in the course of the

tests and post-irradiation material-testing examinations of fuel

elements and coated particles revealed that thermal fatigue proces-

ses in coated particle coatings and in matrix graphite do not ca-

use damages affecting the fuel element operability.

The test results obtained show that fuel elements tested which

were manufactured by different technologies and subject to pre-

liminary rejection using the weak irradiation method meet the re-

quirements imposed on the fuel elements for VGM and VG-400 reac-

tors.

2. Tests of fuel elements up to high burnups and their examination

Tests of fuel elements up to burnups exceeding the design va-

lues were carried out in the ampoule channels Kashtan 2,3, and 4.

The conditions of fuel element tests and fission product releases
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measured separatly for each fuel element are shown in Table 3. The

values of relative leakage listed in the table corresponding to

the range of its variations during the tests, some constancy (inc-

rease in time dependence) was observed for fuel elements with high

burnups ( £* 15%) in the Kashtan-3 channel.

Measurements of fission product releases showed that even at

burnups exceeding by 2 to 4 times the design values fission product

releases, though increasing comparing with the initial level, do

not indicate destruction of a significant number of coated particles

(CP). Even at a bumup of 41%» for example, the leakage level is

equivalent to destruction of 1-2 coated particles. It should be poi-

nted out that the Udar and Kashtan tests were accompanied by a sig-

nificant number of thermal cycle so that their total number

exceeds that of the normal thermal cycles for VGM reactor.

The post-reactor examinations included determination of distri-

bution of caesium activity over the fuel element. For most fuel ele-

ments the test results revealed no accumulation of caesium in the fuel

element graphite cladding which is indicative of the absence of sig-

nificant damages of the SiC layer in coated particles. Only for

some fuel elements, manufactured at the early development stages

and tested in Kashtan-2 channel and having GFP leakage exceeding >

5.10 , accumulation ofcaesium in the fuel element graphite clad-

ding was observed which evidences destruction of microfuel protec-

tive coatings.

Therefore, as far as the burnup factor is concerned, the fuel

elements of experimental lots can be considered to possess a sig-

nificant margin of operability.
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3. Test and investigations of fuel elements and coated

particles at high thermal effects.

3.1. During the long-term reactor tests of fuel elements in

KVG-2 channel of PG loop, when a burnup of up to 4% Pima was reached,

an accidental situation occured with depressurization of the heli-

um loop, helium pressure drop and failure forced circulation with

the heat density remaining at the same level.

Change in the main parameters of this experiment is shown in

Pig.1. The temperature of the fuel elements in the center of the

fuel assembly increased up to 175O°C for 20 min. after reduction

caused by helium escape from the loop. Then by the emergency pro-

tection signal the reactor was shutdown, the loop was filled with

helium and the gas flow was restored. After the test conditions

were restored GPP release did not increase and remained at the

same level for 7500 hrs more when a burnup of 17% Pima was reached.

3*2. Prior to performance of the tests in Kashtan-4 channel

one fuel element (KPD technology) was heated up to 25OO°C in the

furnace (fuel element No.1). Subsequent tests under irradiation up

to a burnup of 17% at 115O-75O°C showed that inspite of a high

thermal effect and, as a result, an increased initial release of

GPP («1.10"*5) the fuel element remained leak-tight.

3.3. The neutron pulse was applied to the fuel element tested

subsequently in Kashtan-4 (fuel element No.2) and coated particles

subsequently annealed in the Osa facility at 1000-1050<>C, with

GPP release measured. The pulse for the fuel element was 4*10 ^
2 13 2 '

n/cm , and for coated particles it was (2-10).10 n/cm

( &V =(1-2).10*""b, reactor GMra). The number of pulses for diffe-

rent group of coated particles was different. The energies in the

pulses were such that in the adiabatic approximation in accordance

E-ll



6.

with the calculation the kernels of coated particles were melted.

Measurement of GPP releases from the fuel element tested in the

Kashtan channel up to a burnup of 20% at 115O-7OO°C showed that

their value is at the level of release from fuel elements which had

been not subject to the pulse effect.

Test for leak-tightness of coated particles in the Osa faci-

lity revealed that coated particles subjected to the effect of sin-

gle pulses remained leak-tight while with the number of pulses 5-10

GFP release began to increase which is indicative of appearance

of defects. It should be pointed out that the pulse effect was

applied to unirradiated fuel; a similar effect to irradiated fuel

may have a more significant result.

4« Tests of fuel elements in high exidation

These tests were carried out in KVG-3 channel of PG-100 loop.

The coolant had increased content of COp and the nottest fuel ele-

ments were subjected to significant corrosion»of great interest was

comparison of the experimental data on losses of the fuel element

mass with the corrosion estimates as well as determination of the

effect of increased corrosion on the fuel element state and incre-

ase of the activity in the helium loop.

4.1• Calculated estimates of fuel element corrosion.

The initial data for the corrosion analysis were temperature

regimes of fuel element performance in the channel, obtained by

calculations of measured temperature and flow of helium at the chan-

nel outlet as well as constantly measured impurity concentrations

in the coolant (Table 4). The C02 concentration in the coolant was

measured after termination of the experiment in the cold loop

and was found to be equal to ^lOOCKrpm.
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The U n A concentrations in the course of tests can be estima-

ted by calculations as equilibrium by the CO +H20sC02+H2 reaction;

because of a weak dependence of the equilibrium constant on the

temperature the loop nonisothermality will weakly affect these es-

timates of U~n . The U n n estimates obtained amount to hundreds

of vpm in most regimes, i.e. they are close to the value obtained

in measurements after completion of the experiment.

The corrosion rate of the graphite fuel element resulting from

its interaction with oxidizing components of C02 and H20 by the

reactions C + C02 = 2C0 and C + HgO « CO + 3HU is characterized by

specific (per unit surface area) mol flows j c o and $„ 0 absorbed

by the fuel element surface. For calculation of these flows an

expression was used obtained for corrosion of a porous body in the

flow of gas with a reacting gas component with allowance for mass-

exchange both in the body itself and in the boundary layer, the

typical dependences of the graphite corrosion kinetics in C02 and

Hr>0 were used with allowance for the effect of inhibiting compo-

nents .

Corrosion losses of the mass of each fuel element were calcula-

ted as: ?

In addition to the equilibrium estimate of ULn another estimate

can be obtained from assumption that C02 entered the loop from

the purification system as a result of partial escape through the

zeolite filter. In this case the balance equation can be written

for C02 and CO for the helium loop with allowance for reacting gra-

phite and the purification system where CO is oxidized to C02 in

the copper oxide block and should be absorbed in the zeolite filter.
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The graphite reactivities relative to HgO and COp were calcu-

lated taking into account temperature distribution over the fuel

elements. Solving the set of equations we found Vco » 1400vpm.

For calculated estimates of fuel element mass losses it was

assumed that Ynn =1000 vpm, which corresponds to measurements at

the end of the experiment and lies between the estimates of

in terms of equilibrium and the model with esacape through the fil-

ter. The results are listed in Table 5 along with the measured mass

losses. Taking into account that the error in the calculation es-

timates of the fuel element temperatures and concentrations are

high during the experiment ihe correspondence of the calculated and ex-

perimental data can be considered reasonable, except for fuel

elements No. 13, 14 where the measured mass losses included signi-

ficant spalling of graphite.

4.2. Reactor material testing studies.

Corrosion occured in a wide range from appearance of roughness

on the fuel elements subjected to low temperatures to change in the

fuel element shape with destruction of not only the fuel element

graphite cladding but also partial destruction of the fuel element

kernel (for fuel elements at the maximum temperatures, Fig»2)» In

the last case coated particles from the destructed part of the

fuel element entered the helium flow and then were partially des-

troyed in the loop, which resulted in increase in its activity.

Essentially non-uniform destruction of the fuel element over its

surface should be pointed out, that was likely to be caused not on-

ly by corrosion. An essential factor which resulted in appearance

of craters on the opposite sides of the fuel element and in a la-

rge loss of the mass (fuel elements No. 13,14), seemed to be me-

chanical interactions with the fuel elements over and under the

destroyed fuel element.

ifOO
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It should be pointed out that open porosity of the GSP-type

fuel elements did not practically change with a mass loss as low

as 2%, while at higher mass losses it increased by 2-5% equally in

the outer and inner fuel element cladding layers. For the KPD-type

fuel elements a loss in the weight exceeding 5% at a surface tempe-

rature higher than 800°C increase in open porosity was mainly obser-

ved in the outer layer and reached 7%; in the inner layer the open po-

rosity did not practically change i.eo corrosion was of the surface

character.

4,3. Changes in the loop activity during the tests.

Pig.4 shows change in the activity at the final stage of tests

on the intermediate cooler at the outlet of hot gas, on the charcoal

filter of the purification system and in the hall of the loop equi-

pment. It should be noted that reduction in the maximum gas tempera-

ture by 14O°C by increasing the flow rate (after 10.11) did not re-

sult in any decrease of the activity, which supports the suppositi-

on on predominantly mechanical destruction of coated particles.

Conclusion

JPurther reactor tests and examinations of coated particles and

fuel elements should be carried out taking into account the fol-

lowing:

1. In view of some adopted changes in the technology of fuel

element and coated particle manufacturing their operability under

nominal conditions has to be checked and confirmed.

2. Tests under severe conditions have to be directed to sys-

tematic studies of fuel element and coated particle performance

under accidental conditions in the reactor units and to obtaining the

data permitting physical and mathematical models of their behavior

to be constructed.
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3. A detailed analysis of the methods for measurements of

GPP releases, employed in different reactor units and compari-

son of the results obtained have to be carried out.
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Reactor Tests of Fuel Elements
TABLE I

Parameter
Reactor

VG-4OO

Pluence (E 0.18 jg_jg
MeV) 1o2On/cm2

Burnup,% Pima

Max.temp erature
of fuel element
on

8-8

500-1240

\>
Helium tempera- 350+950
ture (inlet-out-
let),*^
Fuel power, KW 0,1+4

Total number
thermal cycles ^ U

VGM

30

8+10

700+1400

300+950

0,5+2,1

50

KVG-1

8+23

5,5+13

440+930

300+600

0,5+2,4

120

Loop Channels (PG-1OO)

KVG-2

6+14

6,6+18

600+1080

400+800

1,3+2,6

100

KVG-3

1+2,2

1,5+5,4

640+1350

400+920

0,9+5,2

10

KVG-4

7+17

4,2+10

500+900

400+850

0,5+1,4

90

KVG-5

2+6i)

3,2+8,4

800+1270

400+900

1,0+4,8

30

Ampoule channels

Kashtan-3

4,2+5,7

22+41

600+1200

0,4+1,3

120

Kashtan-4

2,5+4,1*)

14+20

700+1340

0,4+1

70

Udar-2

0,1

I

400+800

1200

Udar-3

0,1

I

700+1200

730

Test are being continued
Range of thermal oycles

Reactor Test of Coated Particles
TABLE 2

Parameter
Ampoule channels without removal of GPP

Karat-2 Karat-3 Karat-4 Karat~5
Pluonce (E 0.18 7.5 - 10 20 10-20 7.5-17
MeV) i020n/cm2

Burnup (% Plma) 2.4 - 14 7-17 7-H.5 0.14 -24
Temperature,°C 1300 -1700 800-1600 1130-1380 880 -1600

Ampoule channel with GPP removed

Mikrat-2
2.7-7.6*

5 -11
860-1100

'Test are being continued
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TABLE 3

Reactor Tests of Fuel-Element in Kashtan-3,4
Channels

t i

Chan- £
n e l of fu-

el
element

K-3 I

2

3

4

5

6

K-4 I

2

3

4

5

6

U-235

GSP

GSP

KPD

GSP

KPD

KPD

KPD

GSP

KPD

KPD

KPD

KPD

Temperature
of kernel*)

°C

10004-680

11004-660

10004-600

12004-600 ••

11004-570

11504-600

11504-750

11504-700

12004-800

13404-750

12004-700

13404-750

Burnup,

21,7

28,4

39,4

33,0

41,0

18,9

17

20

14

15,6

15,2

15 .

Relative
GFP

I . I 0 % 3 .

3.I0"?4-I.

I.I0~64-8.

7.I0"74-7.

5.I0~74-4.

2.I0~64-9.

5.I0"64-6.

4.I0"64-5.

3.I0~64-3.

3.I0~64-2.

4.I0"644.

4.I0"6^3.

leakage of

IO"5

IO"5

I0~5

IO"5

I0" 4

IO"5

IO"5

IO"5

I0~5

io-5

IO"5

IO"5

Note

I

2

3

Range of temperature variations during the tests is shown

Note 1:Depressurization of coated particle 1-2

Note 2: Prior to test fuel element was subheated up to 25OO°C

Note 3: Prior to test fuel element received an impulse of

4.1014 ̂  -
cm
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TABLE 4
KVG-3 Channel Regimes

Date

11.10.84

17.10.84
22.10.84

29.10.84

10.11.84

15.11.84

16.11.84

19.11.84

TBe
°C

800
810

870

880

890

750
750
750

GHe
g/s

58
53
49
42

35
58

57
58

Go

g/s

4.4
6.8

6.9
6.8
7.0

6.9
6,8

6.7

UC0

vpm

7.0
5.2
5.7

15.2
34.8

5.6
5.7
4.3

H2
vpm

0.27
0.03

0.04
0.02
0.01

0.21

0.03

0.14

v
vpm

0.4
2.2

2.0

2.5
6.0

1.6
1.5

10.1

UC02 (equal)

vpm

10

358
228

1480

342
372

TABLE 5
Losses of Fuel Element Masses in KVG-3 Channel

Fuel ele-Type of Temperature ' Calculated loss Measured loss of mass,g
ment fuel °C of mass,g
number element

624 • 1,9-10"^ 3,3-IcrJ

608 8,5-10~4 S^-ICT1

719 I,MO"1 8,0-KT1

779 7,0-I0"1 2,05

833 3,7 4,22

810 2,0 3,12

846 5,2 17,19
870 9,3 17,11
850 5,8 . 12,27
890 14,5 . 32,22
890 14,3 12,76
950 41,6 61,32
920 25,4 79,36
910 21,7 25,67
910 21,7 20,59
920 25,4 24,5

*)'For maximum regime
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4.
5.
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8.

9.
10.

11.
12.

13.
14.
15.
16.
17.

GSP

GSP'
GSP
GSP
GSP
GSP
GSP
GSP
KPD.

KPD
KPD
GSP
GSP

GSP
KPD
KPD
KPD



FIGURE CAPTIONS

Pig.1. Change in the parameters of KVG-2 loop channel during

accidental depressurization of the helium loop:

P kg/cm - pressure

C, g/s - gas flow rate

N, MW - reactor power

T shield, °C - shield temperature

T fuel elem, °C - maximum temperature of the fuel elements.

T gas, °C - temperature of gas at the channel outlet

Is + - beginning of gas removal from the loop

T g - operation of the emergency protection and make-up

of the loop with gas

Ifo - beginning of reactor power rise.

Pig.2. Appearance of fuel elements after removing them form KVG-3

channel*

1 - fuel element No. 5

2. fuel element No, 14.

Pig,3. Section of a coated particle protruding from the matrix

and interacting with gas flow.

Pig.4. Radiation situation in equipment elements and in the PG-100

loop room at the last stage of experiment with KVG-3 loop.

1 - in room accomodating the technological equipment

2 - on carbon filter

3 - on intermediate cooler.
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