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ABSTRACT

The simple model for natural circulation is implemented into PBR_SIM to provide air inlet velocity
from the containment air space. For the friction and form loss only the pebble region is considered
conservatively modeling laminar flow through a packed bed. For the chemical reaction model of
PBR_SIM the oxidation rate is determined as the minimum value of three mechanisms estimated at
each time step: oxygen mass flow rate entering the bottom of the reflector, oxidation rate by kinetics,
and oxygen mass flow rate arriving at the graphite surface by diffusion. Oxygen mass flux arriving at
the graphite surface by diffusion is estimated based on energy-mass analogy. Two types of exothermic
chemical reaction are considered: (C + zO, 2> xCO + yCO, ) and (2CO + O, & 2CO,,. The
heterogeneous and homogeneous chemical reaction rates by kinetics are determined by INEEL and
Bruno correlations, respectively.

The instantaneous depressurization accident of MPBR is simulated using PBR_SIM with chemical
model. The air inlet velocity isinitially rapidly dropped within 10 hr and reaches a saturation value of
about 1.5cm/s. The oxidation rate by the diffusion process becomes lower than that by the chemical
kinetics above 600K. The maximum pebble bed temperatures without and with chemical reaction
reach the peak values of 1560 and 1617 °C at 80 hr and 92 hr, respectively. As the averaged
temperatures in the bottom reflector and the pebble bed regions increase with time, (C+1/20,->CO)
reaction becomes dominant over (C+0O,->CQ,) reaction. Also, the CO generated by (C+1/20,->CO)
reaction will be consumed by (2CO+0,->2CQO,) reaction and the energy homogeneously generated by
this CO depletion reaction becomes dominant over the heterogeneous reaction.



1. Natural Circulation Model of PBR_SIM

The simple model for natural circulation is implemented into PBR_SIM to provide air inlet velocity
from the containment air space. For the friction and form loss only the pebble region is considered
conservatively. For the friction and form loss in the pebble region the following Blake-Kozeny
eguation is used, modeling laminar flow through a packed bed:

Dp, =H " (150/d? )(1- €)?/ €My, Vi
where H, d, e: height of pebble bed, diameter of a pebble bed, porosity
Mot » Vi - ViSCOSity and velocity of gas mixture at averaged temperature in the pebble
bed region
This correlation is used instead of the more complicated correlation because of its no requirement of
iteration. The buoyancy driving force is expressed as follows:

PPy = (I coia = T noy)9H
where r I o - averaged gas densitiesin the cold and hot sides

cold ?

The average air velocity is calculated balancing the above two pressure drop:

Vay TC(F g = T pot) [ My

where C = g/[(150(1- e) /(d7e®)]
It can be noted that the average gas velocity only depends on the ratio of the density difference to the
gas viscosity, which increase with an increase in the hot side temperature given the cold side
temperature.

In case of the rupture of stand pipe and hot gas duct, the cold temperature in the air gap region is
conservatively determined, taking arithmetical average between the average temperature in the top
reflector and the containment sink temperature, 100 °C. It means that the gas mixture with the top
reflector temperature is exiting the ruptured stand pipe and will be cooled down up to the containment
sink temperature before it reaches the bottom of the air gap region. In case of rupture of hot and cold
gas ducts, the cold temperature in the annular region of the reactor vessel is conservatively determined,
taking arithmetical average between the top reflector temperature and the reactor vessel temperature.
Also, it means that the gas mixture with the top reflector temperature is entering the annular region
and will be cooled down up to the reactor vessel temperature.

It is assumed that only air will enter the broken ducts and all the oxygen in the air will be consumed in
the bottom reflector. Also, no heat removal by convection of gas mixture and endothermic reaction of
(2C,0,) will be credited. Therefore, the results produced by PBR_SIM are expected to be very

conservative.
Thetotal air flow rate entering the reactor vessel through the hot gas duct is estimated as

Waiin = (I'V) airin Atpesile

al



where v, =V, (r 4 /T, ) arinlet velocity(m/s), where air inlet density is determined at

20C
Arpane(m?) : flow areain the pebble bed region estimated with the assumption that its

permesbility is the same asits porosity
Note that the averaged velocity of the gas mixture does not depend on the height of the pebble bed but
totally depends on the ratio of the density difference to the viscaosity. Both of the ratios of the density
difference and the viscosity increase with the averaged pebble bed temperature. While the inlet
velocity scaled at 20°C decreases for 400K in the cold side, those for both of 500K and 600K in the
cold side increase at the lower averaged pebble bed temperature but decrease at the higher temperature
as shown in Fig.1. Also, the air velocity is highly and mildly sensitive to the temperatures in the cold
side and the hot side, respectively.
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Fig.1. Airinlet velocity scaled at 20 °C

2. Chemical Reaction Model of PBR_SIM
The following heterogeneous reactions between the graphite and gas are considered:

C+2z0,~> xCO +yCO,:

C+0,> CO,: DH* =394 kImol (exothermic)
C+1/20,> CO: DH ™ =111 k¥mol (exothermic)
C+CO,~> 2CO: DH ™ =-172 kJmol (endothermic)
C+H,0> CO+H,: DHG"® =-118.5 k¥mol (endothermic)

The homogeneous reaction in the gas mixture considered is as follows:



2CO +0, > 2C0O,: DH 3> =565.98 kImol (exothermic)
Here, two exothermic chemical reactions (C, O2) and (CO, O2) are considered.

The oxidation rate is determined as the minimum value of three ones estimated at each time step:
oxygen mass flow rate entering the bottom of the reflector, oxidation rate by kinetics, and oxygen
mass flow rate arriving at the graphite surface by diffusion.

Oxygen mass flux arriving at the graphite surface by diffusion is estimated based on energy-mass
analogy. According to the analogy the Sherwood number is defined as

Sh=k,D /D, = Nu(Sc/Pr)*?
where k., D, D,: mass transfer coefficient, characteristic diameter, diffusion coefficient between
mixture and CO.,.

D,, = (0.00143T ") { pM 3 *[Si° + Sip°1%}
M, =2/(1/M, +1/M})
S.ar S, : diffusion volume (19.7 for air and 26.9 for CO,)

p, T: temperature and pressure in the gas mixture

va’

For laminar flow in the pipe the following asymptotical Nu for constant wall temperature is used:

Nu=3.657
The oxygen mass flux arriving at the graphite surface, G, is estimated as

Gy =(M /Mg))r K,

where M ,M 0, o," molecular weights of C and O,, and density of O,

The oxygen mass flow rate arriving at the total interfacial surface becomes

W = AG,
where A, : interface area between the graphite wall and the gas mixture
The volumetric mass flow rate is estimated as

G- =z*G,A IV
where V: volume of bottom reflector
Here, zisdefined in the (C, O,) chemical reaction of (C + zO, > xCO + yCQO, ).

The chemical reaction rate by kineticsis described as

e o, (kg/m?s) = K, exp(- E, /T)(p,, / 20900)
where K, E;: 0.2475 and 5710 for T<1273K, and 0.0156 and 2260 for 2073K>T>1273K, in
which are determined by INEEL correlation
R: universal gas law constant=8314J/(kg-mole* K)=8.314* 10*kJ/g-moleK



Po, : OXygen partial pressure whose valuein the fresh air is 20900Pa.

The mass depletion rate and production rates of O,, CO, and CO, per unit graphite volume (kg/m®s)
are estimated as

G- ==z, o (Mo, /Mc)* (A V)

The depletion rate of oxygen is controlled by chemical kinetics, diffusion process, and the supply of
oxygen:

Q():z_oz =-mi n(rc_o2 CaM o, Wi fo2 /Vg ’th_oz)

Then, the new mass production rates of CO, and CO are estimated with the above depletion rate of
oxygen:

Go-% = GS-% (y/ (Mo /Mo,)
GE-% =- G5 (x/ ) (Mo, I Mo,)

Here, the production ratio of CO to CO, (A=x/y) in the chemical reaction of (C, O2) is correlated as
follows:

A = 7943exp(- 78.3/(RT)) =7943exp(-9417.8/T)

Then, the following relations can be obtained:

z=0.5(A+2)/(A+1), x=A/(A+1), y=1/(A+1)
The fraction of CO produced rapidly increases with the graphite temperature around 1050K as shown
inFig.2.
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Fig. 2. Chemical reaction: C+z02->xCO+yCO2



With the fraction of O,, z, the O, dissipation rates with the graphite temperature is estimated by the
chemical kinetics and the diffusion process. In both cases the oxygen pressure in the air is used as that
in the bottom reflector and its diameter is 2cm. As shown in Fig.3, the oxidation rate by the diffusion
process becomes lower than that by the chemical kinetics around 600K. The oxidation rate by the
diffusion process is insensitive to the graphite temperature because of the reduction of z with the
graphite temperature.
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Fig. 3: Oxidation rate vs. graphite temperature for kinetics and diffusion process

The reaction rate of the CO combustion is taken from Bruno:

dCeo /dt =- ey 0o, CCOCé/ZZCﬁIZZO
where C.;: mole concentration(mole/m®) of i-component gas estimated as
C=r, /M =rw, /M,
w, =r . /r : massfraction of i-component gas
r: mixture density
The mole concentration of steam is expressed as

Cy,0 =0.0054C .

where C: mixture concentration
It is known that gas phase oxidation of CO requires OH radicals which are produced at the graphite
wall from H,0O and attack the CO molecules. As a result, the presence of water increases the catalytic
oxidation rate of CO. However, as H,O itself is consumed by chemical reaction between it and
graphite, the reaction rate of the CO combustion will be largely reduced due to a decrease in the
concentration of H,O.



Here, the reaction rate, leog is described as

leo.o, =1.3* 10" exp(- 15155.2/T).
The dissipation rate of CO is expressed as

GCCOO—02 =(dCqp /dt)M o
szo_oz = O.SGS)O—O2 (M o, M)
Gf(:_oz =- G;:Oo_oz (M co, M)

The total dissipation rates and the production rates of O,, CO, and CO, per unit graphite volume
become

_(C_O co_o
Q?)Z - C\bZ ’ + %2 ’

_~C_O co_o
Gbo2 = G{:o_2 2+ 0, ’
Go = G55 + G0

The whole graphite region is needed to be divided into two regions: bottom reflector region and pebble
bed region. The general mass balance of each gas species in the bottom reflector and the pebble bed
region becomes

(M gi+l - M ;)/Dt :ngin - ngout + Ggivb

-2>r Sfl =r Si + Dt(vvgiin - ngout)/vgi +DiG,V, /Vgi

where subscript, gi: i-component gas species
M, I 4 massand density of i-component gas speciesin each region

Wiiine Waiowr: Mass flow rates of i-component gas species at the inlet and outlet of each
region

G, : mass generation rate of i-component gas species per graphite volume in each
region

V, : gasvolume in each region

The concentration of the i-component gas speciesis obtained as

Cgizrgi/Mi

The density and concentration of the gas mixture are also obtained as

r :é. I’gi’C:éCgi
For the continuity of oxygen with the assumption that the velocity of each i-component species is the
same as the mixture velocity, we have

r gzl =r 82 + Dt Wo i - Woon) Vg + DIG,,
where W, =W, ;" fo inthe bottom reflector region



Wozout =r OzvoutAf

For the continuity of CO,

r 251 =r goz + Dt(vvcozin - Wcozout)/ Vgi + Dtc'bozvb / Vgi
where W, =W,

airin

" feo, inthe bottom reflector region
Weo,out = I co, Vour At

For the continuity of CO

r 251 =1 & + DtWeoin = Weons)/ V, + DGV, / \

where W, =W,;,;,~ fo in the bottom reflector region
Weoott =T co Vou Ar

The pressure of an i-gas speciesis estimated as

P, =RT(r;/M;)
where T: volume-averaged graphite temperature in each region
It is assumed that the pressure of mixture in the reactor vessdl is the same as the atmospheric pressure:

Pam = Pn, ¥ Po, ¥ Pco, ¥ Peo = RTé (ri /M)
where R: universal gas law constant=8314 J/(kg-mole*K)
Then, the partia pressure and density of nitrogen are estimated as

Pn, = Pam = (Po, * Pco, * Pco) = Pam - RT[(r /M) +(r /M) o +(r /M), ]
Fn, = (Py,My,)(RT)

Asthe continuity of mixtureis expressed as
N (VAR VAR VAVARS s 7- R AVALVAR

we have the velocity at the top of the bottom reflector as

Vou ={Whin +Vg[(r " - 1 ™) /Dt +é. GiVo H(r o Ar)

3. Simulation of Rupture of Coaxial Ductsby PBR_SIM with chemical model

The instantaneous depressurization accident, in which shutdown and complete depressurization at the
start of accident take place, is smulated using PBR_SIM with chemical model. The averaged pebble
bed temperature and averaged annular passage temperature are initially rapidly increased as shown in
Fig. 4.

Asaresult, the air inlet velocity isinitialy rapidly dropped within 10 hr and reaches a saturation value
of about 1.5cm/s as shown in Fig. 5.
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Fig. 5. Air inlet velocity scaled at 20 °C

Asthe air ingress starts, the concentration of oxygen in the bottom reflector rapidly increases and, as a
result, the chemical generation rates in the bottom reflector and the pebble bed regions rapidly increase
as shown in Fig. 6. Then, they reach the saturation values in the same way as the air flow rate entering
the bottom reflector does. The chemical energy generation rate in the bottom reflector is much higher
than that in the pebble bed region. Up to 200hr the decay heat is dominant over the total chemical
generation rate.

The total masses of oxygen depleted in the bottom reflector and the pebble bed region are almost
linearly increased with time. With the confinement volume of 3,000m? all oxygen will be depleted



within 6hrs.

Three cases are investigated: the original model for graphite oxidation rates, INEEL correlation for
graphite oxidation rate with the axial conduction-radiation energy transfer, INEEL correlation for
graphite oxidation rate without the axial conduction-radiation energy transfer. INEEL correlation gives
the highest oxygen consumption rate in the bottom reflector. Therefore, it produces the highest
temperature increase in the bottom reflector as shownin Fig. 7.
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Fig. 6. Comparison between decay heat and chemical heat generation rates
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However, the model dealing with the axial energy transfer of conduction and radiation in the bottom
reflector region plays a more important role in the temperature in the bottom reflector region than the
model related to the graphite oxidation. However, in the pebble bed region the trend becomes reverse:
the maximum pebble bed temperature with the INEEL correlation is a little lower than that with the
diffusion-limited model as shown in Fig.8 because the INEEL model drives more oxygen in the
bottom reflector to be consumed and less one to be available for graphite oxidation in the pebble bed
region. Also, the effect of the inclusion of the axial model in the bottom reflector on the maximum
pebble bed temperature is very small because most of oxygen is consumed in the bottom reflector. In
the pebble bed region the mole fraction of oxygen is very small as shown in Fig. 9.
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Conclusions

The simple model for natural circulation and chemical reaction model are implemented into PBR_SIM
to analyze the depressurization accident of MPBR. The air inlet velocity is initially rapidly dropped
within 10 hr and reaches a saturation value of about 1.5cm/s. The diffusion process above the graphite
temperature of 600K limits the oxidation rate. The maximum pebble bed temperatures without and
with chemical reaction reach the peak values of 1560 and 1617 °C at 80 hr and 92 hr, respectively. As
the averaged temperatures in the bottom reflector and the pebble bed regions increase with time,
(C+1/20,->CO) reaction becomes dominant over (C+0O,->CQO,) reaction. Also, the CO generated by
(C+1/20,->CO) reaction will be consumed by (2CO+0,->2C0O,) reaction and the energy
homogeneously generated by this CO depletion reaction becomes dominant over the heterogeneous
reaction.

Refer ences

T. Takeda & M. Hishida, “Studies on Molecular Diffusion and Natura Convection in a
Multicomponent Gas System,” Int. J. Mass Transfer, Vol.39, No.3, pp. 527-536, 1996

H. Kawakami, “Air Oxidation Behavior of Carbon and Graphite Materials for HTGR,” TANSO 124,
26-33, 1986

C. Bruno, P. M. Walsh, D. Santavicca, F. V. Bracco, “High Temperature Catalytic Combustion of CO-
0O,-N,, Ar, He, CO,-H,0 Mixtures of Platinum,” Int. J. Heat Mass Transfer, Vol.26, No.8, pp1109-1120,
1983

R. Bird, W. Stewart, E. Lightfoot, Transport Phenomena, John Wiley & Sons, 1960

M.H.O’Brien, B.J. Merill, S.IN. Ugaki, “Combustion Testing and Thermal Modelling of Proposed CIT
Graphite Tile Materials,” EGG-FSP-8255, Sep. 1988



	분과별 논제 및 발표자

