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Geometry and materials of GoOHTGR and
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Oxidation rate of nuclear graphites
Informations about RBMK reactors

Deformation and cracking of graphite blocks




TERESA core+reflector-
based on the GEMINI reactor

Colors: red-helium, bronze
and pink and white and
light blue -graphite NBG-
17, blue-steel S508, yelow-
steel 800H.




Fuel blocks — cross section
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Fuel block - longitudinal section

Colors: red-helium,
green- graphite NBG-17,
bronze — fuel,

Yelow - BP rods

Fuel rods —

graphite NBG-17 +TRISO
Packing 15%

TRISO diameter 460um.

Project is based on the GENINI
reactor




Safety technology

* Purpose: Inhibition of graphite component
oxidation during accident

 Method : Development of nuclear grade fine
grained isotropic graphite

e Results: Dense and few internal pores. Impurity
which catalyzes the oxidation (burning) is
extremely low.

e Oxidation-retardant (flame-retardant) even if the

High Temperature Gas-coolled Reactor,

Safe and Eco-friendly Nuclear Reactor with
Meltdown-proof design
Japan Atomic Energy Agency (JAEA
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Comparison of NBG-18, NBG-17, IG-110 and IG-11 oxidation kinetics in )
air*® e

Jo Jo Lee * ", Tushar K. Ghosh °, Sudarshan K. Loyalka "

? Qak Ridge National Laboratory, Oak Ridge, TN, USA
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ARTICLE INFO ABSTRACT

Article history: The oxidation rates of several nuclear-grade graphites, NBG-18, NBG-17, IG-110 and IG-11, were measured
Received 30 August 2017 in air using thermogravimetry. Kinetic parameters and oxidation behavior for each grade were compared
Received in revised form by coke type, filler grain size and microstructure. The thickness of the oxidized layer for each grade was
iiclzg::?; ; l;\lil\)r]e;ber 2017 determined !)y layer peel.ing an.d direc.t density measurements. The results for NBG-17 and IG-11 were
Available online 14 December 2017 comp.a.red.WIt_h those avallabl.e in the lltfarature and our recently reported rt?sglts for NBG-ls and IG_—]lO
oxidation in air. The finer-grained graphites IG-110 and IG-11 were more oxidized than medium-grained
NBG-18 and NBG-17 because of deeper oxidant penetration, higher porosity and higher probability of
available active sites. Variation in experimental conditions also had a marked effect on the reported
kinetic parameters by several studies. Kinetic parameters such as activation energy and transition

temperature were sensitive to air flow rates as well as sample size and geometry.
© 2017 Elsevier B.V. All rights reserved.
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Fig. 1. Comparison of the oxidation rates of NBG-18, NBG-17, IG-110 and IG-11 in medical air, average of two trials.
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Effect of temperature on graphite oxidation behavior
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Abstract

The temperature dependence of oxidation behavior for the graphite IG-11, used in the HTR-10, was investigated by thermo-
gravimetric analysis in the temperature range of 400-1200 °C. The oxidant was dry air (water content <2 ppm) with a flow rate
of 20 ml/min. The oxidation time was 4 h. The oxidation results exhibited three regimes: in the 400-600 °C range, the activation
energy was 158.56 kJ/mol and oxidation was controlled by chemical reaction; in the 600—800 °C range, the activation energy was
72.01 kJ/mol and oxidation kinetics were controlled by in-pore diffusion; when the temperature was over 800 °C, the activation
energy was very low and oxidation was controlled by the boundary layer. Due to CO production, the oxidation rate increased
at high temperatures. The effect of burn-off on activation energy was also investigated. In the 600-800 °C range, the activation
energy decreased with burn-off. Results of low temperature tests were very dispersible because the oxidation behavior at low
temperatures is sensitive to inhomogeneous distribution of any impurity, and some impurities can catalyse graphite oxidation.
© 2003 Elsevier B.V. All rights reserved.
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Fig. 1. Graphite oxidation extents at different oxidation tempera-
tures.
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Fig. 3. Variation of oxidation rate with oxidation time at different
temperatures.

Fig. 6. Graphite oxidation at 1500 °C.
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Fig. 6. The results of the measured oxidation rate for IG-110, IG-430, NBG-17 and
NBG-18 graphite samples at various temperatures, showing pitch-based graphite
(1G-430, NBG-17 and NBG-18) perform significantly better than that of petroleum-
based graphite (IG-110) at 700-800 °C. All the oxidation rates for IG and NBG grade
graphite converge at 1000 °C. However, open porosity at surface of materials results
in the difference in oxidation rate at 1100 °C.
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Fig. 11. The figure shows that oxidation rate is proportional to surface to volume
ratio at 1000 °C, 2 L/min dry air. The result indicates that each unit graphite volume
which contains more surface area for oxidation at boundary layer controlled regime
results in higher oxidation rate.

Outer layer of TRISO —pyrolytic
Surface/Volume=250 [cm-1]
Oxidatation rate =15[g*cm-2h-1
Oxidation time =1.8]s] for IG-430




Graphite oxidation

* The results showed that the sleeve became
21.1% thinner in 5 h and that the fuel pellets
lost 22% of their weight in 1 h.

* These experimental results show the concern
of air oxidation on TRISO fuel particles over
several hours, under the stated experimental




Extraordinary events

Unpredictable events that could destroy the cooling system
and lead air to the reactor core

 Deliberate human action

- war
- terroristic attack (WTC)

* Failures of machines and devices
- planes
- rockets




Schematic plan view of core layout, =
Chernobyl RBMK reactor No. 4. (Quantity of
each rod type in parenthesis):

. startup neutron sources (12)

. control rods (167)

|:| short control rods from below reactor (32)
. automatic control rods (12)

. pressure tubes with fuel rods (1661)

The numbers in the image indicate the
position of the respective control rods
(insertion depth in centimetres) at 01:22:30am
[191 78 seconds before the reactor exploded.
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Boccranosaenue rpadgurosoii kiaaku na JIADC
Hara: 22/12/2014
Tema: AToMHas SHepreTHKa

Venex-2014. B aneape JIASC evigena 1-it 6ok ¢ goccmanosienHotl
epaghumoegoii K1aoxoii Ha NOIHYIO MOUJHOCHb

B.H.1leperyna, nupexrop Jlennnrpaackon ADC

N3-3a  npoctos nepporo sHeprodnoka JlennHrpajckoii ADC KoHiepH
«Pocrneproatom» B 2012 1. Hemomomyumsn mopsaka8-10 wmupa  pyo.
- BBIPYUKH, a Takke Hepocuutaics 30- 40 mipa pyO. 3aeMHBIX CPeJICTB Ha
WHBECTHUIMH (upeKTop 1o ctpaterun «Pocsneproaroma» [Tapen HmatoB). Beero B Poccun
nocrpoeHo 11 peakropo Tuna PBMK, Ha Hux npuxoautcs npumepHo 40% BbIpaOOTKH
Bcero KoHilepHa. [[puunHOM 53TOTO KpH3HUCa cTallo MpexkJAeBpeMeHHOe cTapeHHe rpadura,
BBISIBJICHHOE Ha mepBoM  »HeproOioke JleHunrpajackoi ADC B Hawane 2012 1. He
YIUBUTETHHO, YTO TIOUCK TEXHHUYECKOTO perieHus 3Toil mpobremsl ctan mist ['K «Pocatom»
3aauei Neo 1.




Hanpasnenre npornba TK

Yauarss
Puc.16 Mexanusm popmonsMeHeHHst rpa)UTOBBIX KOJIOHH

Hecdopmauma KONOHH PackpbiTve TpewmH

1 e

Puc.la Mexanusm Jiedopmaiiiu KOJIOHH U PacKpbITUS TPEIUH

npuobpetaer
6o4ykoobpa3Hyto popmy ¢ HonbLIMM
AMaMEeTPOM MO LEHTPY, a CBEPXY U
CHU3Y

N3-3a pedopmaumnn 'K morno
NPOM30UTU 3aK/IMHMBAHNE
TENN0BbIAENAOWNX 3/IEMEHTOB
(TB3J1oB) U cTep»KHEN aBapUNHOM
3aWMUThI.


http://www.proatom.ru/modules.php?name=News&file=print&sid=5746

PacnyxaHue rpadura

B 2011 roay ovyepegHoe obcneaoBaHUe COCTOSHMA peaKkTopa
nepsoro sHeprobaoKa JIASC BbIABMNO

NCKPUBNEHUE TPAaPUTOBOU KNaaKKM, BbI3BaHHOE pagmaLMOHHbIM
pacnyxaHmem rpaduta n ero nocaeayoumnm
pactpeckusaHunem.28l B 2012 roay, Ha 37-m roay aKcnayataumm,
peaKkTop 6bln OCTAaHOB/IEH B CBA3M C AOCTUNKEHNEM NpPeaebHbIX
BE/INYMH CMELLEHUA KnaaKku. B teyenme 1,5 net 6b11m HangeHobl
TEXHOJIOrMYecKne peweHmna, N03BOANBLLUNE YMEHbLUUTb
Aepopmauynio Knagku

KOMMNEHCUPYIOLWLUX paciyXaHue n CI)OpMOVI3M€H€HM€ 2

B 2013 roay peaktop BHOBb Obln 3anyLweH, ogHaKo



https://ru.wikipedia.org/wiki/%D0%9B%D0%90%D0%AD%D0%A1
https://ru.wikipedia.org/wiki/%D0%A0%D0%B5%D0%B0%D0%BA%D1%82%D0%BE%D1%80_%D0%B1%D0%BE%D0%BB%D1%8C%D1%88%D0%BE%D0%B9_%D0%BC%D0%BE%D1%89%D0%BD%D0%BE%D1%81%D1%82%D0%B8_%D0%BA%D0%B0%D0%BD%D0%B0%D0%BB%D1%8C%D0%BD%D1%8B%D0%B9
https://ru.wikipedia.org/wiki/%D0%A0%D0%B5%D0%B0%D0%BA%D1%82%D0%BE%D1%80_%D0%B1%D0%BE%D0%BB%D1%8C%D1%88%D0%BE%D0%B9_%D0%BC%D0%BE%D1%89%D0%BD%D0%BE%D1%81%D1%82%D0%B8_%D0%BA%D0%B0%D0%BD%D0%B0%D0%BB%D1%8C%D0%BD%D1%8B%D0%B9
http://www.proatom.ru/modules.php?name=News&file=print&sid=5746

PacnyxaHue rpadura

* 13-3a NpocToA nNepBoro sHeprob10Ka
NleHnHrpagckon ASC KoHuepH
«PocaHeproatom» B 2012 r. Heaonoay4un
nopaaka 8-10 mapg py6.(300 min USD)
BbIPY4YKU, a TakKe Hepgocuyutanca 30- 40 mnpa

py6. (1mld USD) 3aemHbIx cpeacTB Ha
NHBECTULUMU

Llenb pabot no BPX - goctukeHune (TK)




a
s
2
@
<
-
=
=
]
c
=
s
@
e
o
o
2
Q

X Piuto 300°C 4x10 n/em”s
©BR-2 300-650°C 3x10 n/cm®s

x Plute
s Calder Hall

ACalder Hali
140-330°C

-\.'IC)'zn/cml S
|

05 1.0 1.5x10°°
Fast neutron dose n/cm® (DNE)

ec =0.23 oy/Eo + /Eo(l-exp(-4v])

where o (MPa)is the stress, y is the dose
[n/cm2] (fluence) and Eo is the static
Young's modulus prior to irradiation

Young’s modulus[GPa]: graphite 4.1-27,
Berylium-288, SiC-90-137,


https://en.wikipedia.org/wiki/Stress_(physics)

stress temperaut. 2 C)
8 &

o (MPa)

(=2

neutron flux density 087x 10“ncm’s'

neutron flux.density 2.46 x10“ncm’s'

$
L
-

—
(=]

Foeastic strain

S
.S
o
v
a
B

08
06
04
02

0

4 5 ms 2
neutron fluence (10" n.cm “ DNE)

Fig. 11.

Creep strain record of experiment R-135 (from Ref. 21; fluence values revised)



How to choose a new moderator?

e Low value of oxidation rate
* Not toxical
e Low atomic mass number

* Low value of cross section for neutron absorption
* Melting point (solid state, liquid)
* Young’s modulus

- high value - solid state

- low value — gravel, sand

V4
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Fig. 4. Oxidation kinetics of CVD SiC and CVD Si;N, in 1 atm
oxygen at 1300°C as determined by thermogravimetry.




Conclusion

* Graphite has the following properties
- Relatively high rate of graphite oxidation in high temperature (burn)
- Deformations- swelling, creeping and cracking of graphite blocks

Graphite limits :
- Safety of reactor

- Economic rationale connected with long-term renovation and
maintenance

Nuclear graphite research has been carried out for 80 years

A graphite-free HTGR project should be made in NCBJ (e.g. Dual Fluid or Gas Fluid)







Main problems of RBMK reactor

e Positive reactivity coefficient (void reactivity)

* Relatively high rate of graphite oxidation in
nigh temperature (burn)

* Deformations, Swelling and craking of graphite

 Limited economic rationale connected with
long-term renovation and maintenance




