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ABSTRACT 

Thermal recombiners are installed in many nuclear power plants to 
prevent late hydrogen deflagrations during a design basis 
accident (DBA); experimental tests guarantee DBA operation. A 
code has been made to simulate the steady-state operation of the 
FIAT recombiner. The recombining rate, calculated with the code 
for a gas mixture typical of severe accidents. is higher than the 
highest value obtained in the DBA. experimental tests. This result 
is encouraging for the use of thermal recombiners even in severe 
accidents, but the recombiner capability and stability should be 
verified through experimental tests. 

1.0 INTRODUCTION 

In a loss of coolant accident (LOCA) in a water-cooled nuclear 
power plant, some amounts of hydrogen, even considerable, can be 
produced and released together with steam into the safety 
containment. Hydrogen is produced very fast by a metal-water 
reaction when, at the beginning of the accident, zirconium and 
steel at a high temperature come in contact with steam. Other 
slower reactions producing hydrogen are water radiolysis and 
aluminium corrosion. 

The gas mixture composition in the containment depends on the 
containment free volume and gas mixing rate, as well as on the 
amount of hydrogen released. If the molar fractions of hydrogen 
and oxygen exceed the respective flammability limits, 4-5% for H, 
and 5-6% for O,, a very small ignition source can cause the rapid 
propagation of a combustion wave [ I ]  . A subsequent rise in 
pressure or even shock waves can damage the containment 
structure. A high steam concentration increases the flammability 
limits. Generally, the gas mixture is never flammable when steam 
concentration is more than 50-60% in volume. 

To prevent hydrogen explosions in the safety containment, the 
reactants could be recombined in a controlled manner to 



counterbalance the reactant production rate before flammability 
is reached. Among the various types of recombiners that are on 
the market or that have been proposed, thermal recombiners 
installed outside the containment can be well controlled and 
easily replaced with backup units. 

In pre- or post-inerted containments, a thermal recombiner can 
eliminate the oxygen produced by radiolysis to keep oxygen below 
its flammability limit in any accident. 

Thermal recombiners for large non-inerted containments were 
designed so that only one unit is needed to keep hydrogen below 
its flammability limit during a design basis accident (DBA) . In 
this case, the hydrogen generated by metal-water reaction is 
limited, because of the drop in temperature due to the emergency 
core cooling systems, and flammability would be reached after a 
few days, when hydrogen is slowly produced by water radiolysis 
and aluminium corrosion. 

In a severe accident, the gas mixture becomes flammable early, 
when the hydrogen production rate is still great. Generally, in 
this type of accident, an impractical number of thermal 
recombiners would be needed to prevent combustion , but a non- 
excessive number could mitigate the combustion overpressure by 
reducing the reactant concentrations. Therefore, it is important 
to assess the performance of the recombiner in a severe accident, 
when hydrogen and steam concentrations are higher than in a DBA. 

2.0 THE FIAT-CIEI THERMAL RECOMBINER 

The thermal recombiner constructed by FIAT-CIEI [4], on a 
Rockwell design [5], is installed outside the nuclear reactor 
safety containment and may be easily transported, so it can also 
be used as a backup hydrogen or oxygen control system. 

The gas is sucked from the containment, pre-heated by electrical 
heaters, sent to a chamber (an insulated cylinder with vertical 
axis) where the combustion takes place and, after cooling, 
brought again into the containment (Fig. 1). 

Actual design pressure is 415 kPa gauge [4]. Actual maximum 
operating temperature of the inlet gas is 355 K due to the 
working limit of the blower motor [4], but it could be increased. 
In the reaction chamber, the outlet gas temperature reaches the 
steady state in 1-2 hours and is kept close to a pre-fixed value 
of 988 K by a special control system that regulates the 
electrical power of the radiant elements. The chamber design 

* In some severe accident, a very high concentration of steam could 
inert the containmemt atmosphere long enough to allow a 
non-excessive number of recombiners to reduce the concentration 
below its flammability limit before steam condensation [2, 31. 



t e m p e r a t u r e  i s  1050 K .  Between t h e  i n l e t  and t h e  o u t l e t  g a s  i n  
t h e  r e a c t i o n  chamber, t h e  r ise i n  t e m p e r a t u r e  i s  p r o p o r t i o n a l  t o  
t h e  d r o p  i n  t h e  molar  f r a c t i o n  of hydrogen: 60-70 K f o r  each  % .  
Flammable mix tu r e s  w i t h  Ho c o n c e n t r a t i o n s  up t o  10% i n  volume 
canno t  be i g n i t e d  by  t h e  combustion i n  t h e  r e a c t i o n  chamber, 
because  no f l a s h b a c k  i s  p o s s i b l e  below t h i s  c o n c e n t r a t i o n  w h i l e  
t h e  blower i s  working [ 6 ]  . 

Acceptance  t es t s  a r e  c a r r i e d  o u t  under  t h e  same i n l e t  g a s  
c o n d i t i o n s  a s  t h o s e  i n  t h e  containment atmosphere when t h e  
recombiner  o p e r a t e s  due  t o  de s ign  b a s i s  LOCAs. I n  t h e s e  tes ts ,  
t h e  hydrogen c o n c e n t r a t i o n  i n  t h e  o u t l e t  g a s  f low i s  below 0 . 1 %  
i n  volume (Tab. 1) . 

Table  1 
Range of I n l e t  Gas Condi t ions  t h a t  Guarantee 

O u t l e t  Hydrogen Molar F r a c t i o n  B e l o w  0 . 1 % .  

P r e s s u r e  (kPa) 

Temperature (K) 

Flow r a t e  ( s T P ~ ~ / ~ )  

Humidity ( % )  

Mixture  composi t ion  
( %  i n  v o l . )  

hydrogen 
oxygen 
n i t r o g e n  

wa t e r  d rops  

Min . Max. 

I n  s e v e r e  a c c i d e n t s ,  some d e v i c e s  cou ld  modify t h e  p h y s i c a l  and 
chemica l  p r o p e r t i e s  of  t h e  ga s  sucked from t h e  containment,  s o  
t h e  g a s  i n l e t  i n  t h e  r e a c t i o n  chamber i s  t h e  same a s  i n  
a c c e p t a n c e  tes ts :  
- a r e c i r c u l a t i o n  l oop  might d i l u t e  t h e  g a s  mixture ,  sucked from 

t h e  conta inment ,  w i t h  t h e  o u t l e t  b u r n t  g a s  [ 6 ] ;  
- a  wa t e r  d rop  s e p a r a t o r  o r  a  steam condenser  might be i n s t a l l e d  

on t h e  s u c t i o n  l i n e .  

However, b e f o r e  u s i n g  t h i s  recombiner i n  s e v e r e  a c c i d e n t s ,  
working c h a r a c t e r i s t i c s  of  t h e  recombiner shou ld  a l s o  be a s s e s s e d  
unde r  c o n d i t i o n s  d i f f e r i n g  from t h o s e  of  t h e  accep tance  tes ts  t o  
e n s u r e  s a f e t y  and /or  t o  de s ign  s u i t a b l e  r e c i r c u l a t i o n  and 
condensa t i on  sys tems .  



A computer code was created i) to determine whether an expensive 
experimental program should be carried out in order to 
investigate the whole range of the recombiner performances and 
ii) to identify the most suitable test conditions. In order to 
simulate the steady operation of the combustion chamber, the 
mutual influence among chemical, thermal and fluid dynamic 
quantities was studied and outlined in mathematical terms. 

3.0 MODEL OF REACTION KINETICS 

The reaction between hydrogen and oxygen is a chain-branching 
process that moves from the starting reactants to the final 
products through a series of consecutive, competitive and 
opposite reactions [7-121. Unstable intermediate chemical 
species, sometimes very reactive (like atoms or radicals), 
partake in the different reactions and are either destroyed or 
created so that the chain is sustained independent of the 
reaction which started the process. The overall reaction rate 
depends on the concentration of these intermediate species during 
the evolution of the chemical transformation. In some reactions 
of the combustion process, more radicals are formed than react. 
Two regimes can be identified: an wexplosivew one and a "non- 
explosivew one. In the non-explosive regime, the concentration of 
an intermediate species reaches a steady state, based on the 
concentrations of the "stablew reactants. 

Experimentally found T, P conditions that separate non-explosive 
from explosive regions form a reversed S-curve [8] for each Hy-O2 
composition of an unburnt mixture. For each pressure, a 
temperature exists above which the mixture is explosive, and 
within a certain range of temperatures three different values for 
the explosive limit pressure exist. The working pressures of the 
reconbiner are certainly higher than the lower limit of 
explosion. Hence, the reaction model must be able to explain the 
second and the third explosion limits. 

Among the large number of reactions that are considered for the 
hydrogen-oxygen system, those chosen for the combustion mechanism 
in the recombiner are: 

initiation 

propagation 

branching 



branching 

branching 

prop.-term. 

propagation 

termination 

destruction H + 1/2 H2 
m i l  

destruction 

OH - 1/2 H20 + 1/4 O2 destruction 
wall 

1/2 H20 + 3/4 0, destruction 
Ho2 W J  

destruction 

Each single rate of wall destruction was assumed proportional to 
the concentration of the intermediate species, with an unknown 
proportionality constant [ 8 ] .  This constant was the same for all 
(kdi = kd) since it essentially depends on the convective 
transport mechanism which is the same for all the chemical 
species. kd is a parameter still to be determined through best 
fit analysis of experimental and computational data. 

The semi-empirical relationships suggested by Baulch et al. [13] 
and recently confirmed [14], were used to express the other rate 
constants, kit as a function of gas temperature within the 
reaction volume. 

In the combustion chamber of the recombiner, the regime of the 
reaction should be non-explosive, as the operating experience 
suggests; so, the local hydrogen burning rate, rf, is an 
exclusive function of kd, temperature and the H2, 02, N2, H20 



c o n c e n t r a t i o n s .  The b u r n i n g  r a t e  i n c r e a s e s  a s  t h e  t e m p e r a t u r e  and 
d e f i c i e n c y  r e a c t a n t  c o n c e n t r a t i o n  i n c r e a s e  and kd d e c r e a s e s .  

I n t r o d u c i n g  o t h e r  r e a c t i o n s  i n t o  t h e  combustion mechanism can 
l e a d  t o  p h y s i c a l l y  unaccep t ab l e  r e s u l t s  ( f o r  example, n e g a t i v e  
c o n c e n t r a t i o n s  o f  i n t e r m e d i a t e  s p e c i e s )  o r  more t h a n  one 
a c c e p t a b l e  v a l u e  f o r  t h e  burn ing  r a t e  [15] . 
I n  conc lu s ion ,  w e  chose  t h e  most complete  r e a c t i o n  mechanism 
among t h o s e  w i t h  congruen t  phys ica l -chemica l  hypo theses  and a  
s u r e ,  un ivoca l  s o l u t i o n .  

4.0 CHEMICAL REACTOR MODEL 

Once t h e  r e l a t i o n s h i p  t h a t  l i n k s  t h e  l o c a l  bu rn ing  r a t e  t o  
thermodynamic co -o rd ina t e s  has  been found,  t h e  d i s t r i b u t i o n  of  
t h e s e  co -o rd ina t e s  i n  t h e  r e a c t i o n  volume must be specified.  I n  
o t h e r  words, t h e  most s u i t a b l e  chemical  r e a c t o r  model must be 
chosen .  

4 . 1  I d e a l  Chemical Reac to r s  

A c o n s t a n t  volume chamber i s  cons ide r ed ,  which i s  t h e r m a l l y  
i n s u l a t e d  from t h e  su r r ound ings  and h a s  an  i n l e t  and o u t l e t  d u c t .  
The m i x t u r e  o f  chemical  r e a c t a n t s  i s  l e t  i n  w i t h  a  c o n s t a n t  mass 
f low r a t e  and a  g i v e n  t empe ra tu r e  and p r e s s u r e .  The exo thermic  
r e a c t i o n  t a k e s  p l a c e  i n  t h e  chamber and t h e  p r e s s u r e  i s  uniform 
i n  t h e  sys tem.  

I f  t h e  i n l e t  f l u i d  i s  n o t  mixed w i th  t h e  c o n t e n t  of  t h e  chamber 
" p l u g - f l o w u  r e a c t o r ) ,  t h e  convers ion  o f  r e a c t a n t s  i n t o  p r o d u c t s  
a l o n g  w i t h  the  f l u i d  t empe ra tu r e  v a r y  c o n t i n u o u s l y  w i t h i n  the  
r e a c t o r .  

On t h e  c o n t r a r y ,  i f  t h e  chamber geometry can a s s u r e  an  
i n s t a n t a n e o u s  mixing o f  t h e  i n l e t  f low w i t h  t h e  c o n t e n t  of  t h e  
r e a c t o r  ( p e r f e c t l y  "mixed-floww o r  " s t i r r e d "  r e a c t o r ) ,  t h e  
t e m p e r a t u r e  and t h e  c o n c e n t r a t i o n  w i l l  be uniform th roughout  t h e  
whole volume and, t h u s ,  t h e  o u t l e t  g a s  w i l l  have t h e  same 
thermodynamic c o n d i t i o n s  a s  t h e  mix tu r e  i n s i d e  the  chamber. 

Both r e a c t o r  models can b e  mathemat ica l ly  s o l v e d  b y  mass and 
energy  b a l a n c e s ,  once  t h e  i n l e t  c o n d i t i o n s  and t h e  r e a c t i o n  
k i n e t i c s  are known [ 1 6 ,  171 and t h e  p r e s s u r e  i s  assumed uniform:  

plug-flow react or 



stirred reactor 

F o r  a  perfec t ly-mixed-f low r e a c t o r ,  one o r  t h r e e  s o l u t i o n s  t o  t h e  
sys tem of  e q u a t i o n s  may be found, depending on t h e  boundary 
c o n d i t i o n s :  
- i n  one ca se ,  t h e  s o l u t i o n  d e f i n e s  a  s t a b l e  o p e r a t i o n  and may 

co r r e spond  t o  a  " r e a c t o r  o u t "  ( r e l a t i v e l y  low i n l e t  t e m p e r a t u r e  
and r e l a t i v e l y  h i g h  f l ow- ra t eho lume  r a t i o )  o r  t o  a  h i g h  d e g r e e  
o f  r e a c t a n t  convers ion  ( r e l a t i v e l y  h i g h  i n l e t  t empe ra tu r e  o r  
r e l a t i v e l y  low f low-rate/volume r a t i o )  ; 

- i n  t h e  o t h e r  c a s e ,  o n l y  one s o l u t i o n  cor responds  t o  an 
e f f e c t i v e  s t a b l e  r e a c t i o n  r a t e  : t h e  one t h a t  i nvo lve s  t h e  
h i g h e s t  degree  of  r e a c t a n t  convers ion  and t h e  h i g h e s t  o u t l e t  
t empe ra tu r e  [16, 17 ,  181 . Only f o r  t h e s e  v a l u e s  would an 
i n f i n i t e s i m a l  i n c r e a s e  i n  convers ion  cause  a n e g a t i v e  feedback,  
because  t h e  consequent  r i s e  i n  o u t l e t  t empe ra tu r e  would 
i n c r e a s e  t h e  energy removed by t h e  ga s  f low more t h a n  t h e  
energy  r e l e a s e d  by t h e  r e a c t i o n  [ 1 7 ] .  

I n s t a b i l i t y  cannot  e x i s t  i n  t h e  plug-flow r e a c t o r ,  s i n c e  t h e  
r e a c t i o n  r a t e  does  n o t  depend on t h e  o u t l e t  c o n d i t i o n s .  

4 . 2  Rea l  Reac to r  Model 

I n  a  r e a l  r e a c t o r ,  t h e  mix of  e n t e r i n g  f l u i d  w i th  t h e  f l u i d  
p r e s e n t  i n s i d e  t h e  r e a c t o r  i s  n e i t h e r  e n t i r e l y  ab sen t  ( l i k e  i n  
t h e  plug-flow r e a c t o r )  no r  e v e r  complete ( l i k e  i n  t h e  s t i rred 
r e a c t o r )  . 

An i n c r e a s e  of  mixing t e n d s  t o  homogenize a l l  t h e  pa ramete r s ,  
b o t h  p h y s i c a l  and chemical ,  and make them c l o s e r  t o  t h e  o u t l e t  
c o n d i t i o n s .  When mixing i n c r e a s e s ,  t h e  t empe ra tu r e  rise t e n d s  t o  
i n c r e a s e  t h e  bu rn ing  ra te  b u t  t h e  r e a c t a n t  c o n c e n t r a t i o n  d rop  
t e n d s  t o  d e c r e a s e  it. 

Expe r i ence  shows t h a t  t h e  r e a c t i o n  r a t e  can exceed a l l  
p r e d i c t i o n s  because  t h e  t empera tu re  i s  g e n e r a l l y  more uniform 
t h a n  t h e  chemical  composi t ion  ( " s eg rega t i on"  phenomenon) 
[16,  191. 

To a s s e s s  t h e  recombiner burn ing  r a t e ,  t h e  model need n o t  
describe e x a c t l y  t h e  a c t u a l  d i s t r i b u t i o n s  o f  chemical  and 
p h y s i c a l  q u a n t i t i e s  i n  t h e  r e a c t o r .  

* The o t h e r  s o l u t i o n s  cor respond  t o  a  r e a c t o r  o u t  and t o  an 
u n s t a b l e  o p e r a t i o n .  



To s i m u l a t e  t h e  r e a c t i o n  volume of  t h e  recombiner ,  a  p lug-f low 
r e a c t o r  model w i t h  a  r e c i r c u l a t i o n  l o o p  was chosen.  A f r a c t i o n  of  
t h e  o u t l e t  g a s  i s  r e c i r c u l a t e d  and p e r f e c t l y  mixed w i t h  t h e  i n l e t  
g a s  b e f o r e  e n t e r i n g  t h e  r e a c t o r  a g a i n .  The i n t e r m e d i a t e  
s i t u a t i o n s  between plug-flow and perfec t ly-mixed-f low are covered  
by v a r y i n g  t h e  r e c i r c u l a t e d  f r a c t i o n  o f  t h e  f low r a t e ,  R I C I N ,  
from 0 t o  1. 

The kd v a l u e  (AKD i n  t h e  code)  de te rmined  t h rough  best f i t  
a n a l y s i s  of  expe r imen t a l  and computa t iona l  d a t a  w i l l  be a f f e c t e d  
by t h e  d i f f e r e n c e  between t h e  temperature-chemical  compos i t ion  
c o u p l i n g  of  t h e  r e a c t o r  model and t h e  real  c a s e .  The c l o s e r  t o  
r e a l i t y  the  r e a c t o r  scheme is ,  t h e  c l o s e r  kd w i l l  be t o  t h e  
o r i g i n a l  p h y s i c a l  v a l u e  and t h e  less deformed w i l l  be t h e  
chemical  k i n e t i c s .  Th i s  demons t ra tes  t h a t  R I C I N  i s  needed t o  
reduce  t h e  d i f f e r e n c e  between r e a c t o r  model and a c t u a l  r e a c t o r .  

A plug-flow r e a c t o r  w i t h  a  r e c i r c u l a t i o n  l o o p  shows s t a b i l i t y  
problems s i m i l a r  t h o s e  of  a  s t i rred r e a c t o r ,  because  i n l e t  g a s  i s  
a f f e c t e d  by o u t l e t  g a s .  The r e a c t i o n  r a t e  a t  any p o i n t  of  t h e  
p a r t i a l l y  mixed a c t u a l  r e a c t o r  i s  a f f e c t e d  by t h e  ups t ream and 
downstream c o n d i t i o n s  i n  a  way t h a t  c e r t a i n l y  d i f fe r s  from t h e  
" r e c y c l e "  plug-flow r e a c t o r .  Even i f  t h e  model can p r o v i d e  t h e  
a c t u a l  bu rn ing  r a t e ,  it cannot  be used  t o  judge a c t u a l  s t a b i l i t y ,  
b u t  t h e  r e a l  r e a c t o r  i s  more l i k e l y  t o  be s t a b l e  i f  t h e  model i s  
s t a b l e .  

THERMOHYDRAULI C MODEL 

T h e  b u r n i n g  r a t e  depends on t h e  r e a c t o r  t he rmohydrau l i c s  and, i n  
t u r n ,  f l u i d  p r e s s u r e ,  t empe ra tu r e  and v e l o c i t y  d i s t r i b u t i o n s  i n  
t h e  combustion chamber a r e  determined by the  chemical  r e a c t i o n  
r a t e  and t h e  combustion h e a t .  

The t he rmohydrau l i c  model d e s c r i b e s  how, i n  t h e  s e c t i o n s  t h a t  
d i v i d e  t h e  combustion chamber i n t o  zones  ( F i g .  2 ) ,  t h e  
t he rmohydrau l i c  q u a n t i t i e s  depend on the  deg ree  o f  o v e r a l l  
r e a c t a n t  convers ion ,  H,  and on t h e  i n l e t  o r  o u t l e t  g a s  
c o n d i t i o n s .  

U n t i l  now expe r imen t a l  tests  have on ly  been aimed a t  a s s e s s i n g  
t h e  conve r s ion  d e g r e e  of  t h e  combustion chamber a s  o u t l e t  g a s  
t empe ra tu r e ,  feed f low and gas  mix tu re  composi t ion  v a r y .  
P r e s s u r e ,  t e m p e r a t u r e  and g a s  speed have n o t  y e t  been measured i n  
t he  v a r i o u s  chamber s e c t i o n s ,  so  t h e  i r r e v e r s i b i l i t y  pa r ame te r s  
( f o r  example, f r i c t i o n  f a c t o r s )  cannot  be a s s e s s e d .  

To compensate f o r  t h e  mi s s ing  i n fo rma t ion ,  a  series of  c o n d i t i o n s  
were deduced by q u a l i t a t i v e  c o n s i d e r a t i o n s  about  t h e  a c t u a l  
behav iour  of t h e  i n n e r  the rmohydrau l i cs .  The problem was s o l v e d  
by mass, energy  and momentum ba l ances  between t h e  downstream and 
upst ream s e c t i o n s  o f  each  chamber zone.  



We assumed the following: 
- ideal gas (validity of ideal gas equation of state, specific 
heat capacities dependent only on temperature); 

- adiabatic system, because it is thermally insulated and placed 
in an electrically heated environment; 

- reaction volume restricted to a zone of the combustion chamber 
(Fig. 2) ; 

- no friction along the walls; 
- the same pressure in all the sections at the same axial 
position in the combustion chamber scheme 

The fluid conditions at the combustion chamber outlet were then 
linked to the recombiner outlet conditions (sections E and SC, 
Figs. 1 and 2) through a simulation of the return pipe made under 
the following hypotheses: 
- constant heat capacity of the gas; 
- pressure drop in the pipe due to friction alone with an 
estimated constant friction factor (very turbulent flow); 

- subdivision of the pipe into ten parts: in each one, 
temperature is constant and equal to the average temperature as 
calculated assuming a linear variation of temperature along the 
pipe. 

The equation system can be solved with a trial and error method, 
starting from a guess value of (Tp - Tee.). 

6.0 THE CODE TREE 

To assess the performances of the combustion chamber, semi- 
empirical relationships that link the unknown parameters AKD and 
RICIN with quantities which influence the mixing in the reaction 
volume must be included in the mathematical model. These 
relationships may be found by comparing model predictions with 
experimental data. For this purpose, the code TREE (Thermal 
Recombiner Efficiency Evaluation) was made so that for each 
experimental test and for each value of RICIN given in input, it 
gives the value that AKD must assume to obtain the experimental 
degree of overall conversion. For each experimental test, an iso- 

a conversion curve can be drawn in the (RICIN, AKD) plane. The 
wider the range of thermohydraulic situations experimentally 
investigated, the greater the possibility to determine how the 

rn trend of the iso-conversion curves changes as a function of the 
quantities which characterize the process. 

m * The code for the various experimental tests (see 
further on) yielded a difference of a few hundredths 
degrees between T2 ( = Tn) and Tr. The chosen model 
should be equal to those based on the hypothesis 
Tp = Tu instead of T2 = Tu or Pn = PF. 



A v a i l a b l e  Exper imenta l  Data 

FIAT-CIEI c a r r i e d  o u t  s i x  t es t s  t o  v e r i f y  t h e  s t e a d y  s t a t e  
behav iou r  of  t h e  recombiner  f o r  l i m i t e d  v a r i a t i o n s  o f  t h e  f e e d  
g a s  composi t ion  (w i thou t  s team) and of  t h e  c o n t r o l  pa r ame te r s  
2 0 1 .  The number o f  tests and t h e  r ange  o f  i n v e s t i g a t e d  
the rmohydrau l i c  s i t u a t i o n s  a r e  ve ry  l i m i t e d  and u n c e r t a i n t i e s  
abou t  measurements e x i s t ,  a s  shown i n  Table 2 f o r  t h e  
measurements o f  t h e  o u t l e t  vo lume t r i c  c o n c e n t r a t i o n .  

Table  2 
FIAT Exper imenta l  Data 

INLET 1 OUTLET 

JA 1 '224 
mol / s  % v o l .  

H2 
% v o l .  

By comparing t h e  expe r imen t a l  d a t a  o f  t es ts  F l ,  F2, F5 and F6 
w i t h  t h e  same feed f low r a t e  (110 STP m3/h),  w e  f i n d  t h a t  when 
t h e  i n l e t  c o n c e n t r a t i o n  of  t h e  d e f i c i e n c y  r e a c t a n t  (hydrogen) 
i n c r e a s e s ,  s o  does  t h e  degree of o v e r a l l  conve r s ion  and t h e  
bu rn ing  ra te .  A s l i g h t  v a r i a t i o n  i n  t h e  t e m p e r a t u r e  a t  t h e  
combustion chamber o u t l e t  does  n o t  modify t h i s  t r e n d .  

When w e  compare expe r imen t a l  d a t a  of  t e s t s  F3, F4 and F5 w e  f i n d  
t h a t  under  a lmos t  t h e  same feed chemical  composi t ion ,  a  f low rate  
i n c r e a s e  (129 STP m 3 / h )  o r  dec r ea se  ( 8 5  STP m3/h) w i t h  respect t o  
t h e  v a l u e  o f  1 1 0  STP m3/h l e a d s  t o  a d e c r e a s e  i n  t h e  degree  of  
o v e r a l l  conve r s ion .  Th i s  i s  no t  coun t e rba l anced  i n  t h e  l a t t e r  
c a s e  by a  s l i g h t  i n c r e a s e  i n  t empe ra tu r e  a t  t h e  combustion 
chamber o u t l e t .  Th i s  f a c t  (measurement e r r o r s  excep t ed )  
demons t r a t e s  t h a t  a n  i n t e r m e d i a t e  v a l u e  o f  f low i s  op t ima l ,  a t  
l e a s t  i n  t h e  range o f  exper imenta l  c o n d i t i o n s  w e  examined. The 
e f f e c t  o f  t he  f low r a t e  i n c r e a s e  may be due t o  t h e  d e c r e a s e  i n  
permanence t i m e  of  t h e  g a s  i n  t h e  r e a c t o r  and t o  t h e  i n c r e a s e  i n  
r a d i c a l  d e s t r u c t i o n .  The e f f e c t  of  t h e  f low r a t e  d e c r e a s e  may be 
due t o  t h e  dominant e f f e c t  of  a d e c r e a s e  i n  t h e  average  
t e m p e r a t u r e  i n  t h e  r e a c t o r  ( f o r  t h e  dec r ea sed  mixing) n o t  
coun t e rba l anced  by t h e  l imi ted  i n c r e a s e  o f  t h e  o u t l e t  
t empe ra tu r e .  





Table 3 

Results of the Code TRL-: for the F I A T  Tests 

1 Variables 
TESTS 



c o n c e n t r a t i o n  and a  r e l a t i v e l y  h i g h  t e m p e r a t u r e .  
- The s l o p e s  of  t h e  c u r v e s  become steeper above a  c e r t a i n  

t empe ra tu r e  of  t h e  g a s  e n t e r i n g  t h e  plug-flow r e a c t o r  
( 9 4 0  K [15]), because  t h e  r a t e s  of  t h e  p ropaga t i on  r e a c t i o n s  
t e n d  t o  r i se  much faster  t h a n  a t  lower t e m p e r a t u r e s .  

By comparing t h e  cu rve s ,  w e  obse rve  t h a t :  
- I n  t h e  expe r imen t a l  tes ts  F l ,  F2, F5, F6, a l t h o u g h t h e  f l u i d  

dynamic regime i s  the same i n  t h e  r e a c t i o n  volumes , t h e  
c u r v e s  s h i f t  towards  lower v a l u e s  of  AKD when t h e  d i f f e r e n c e  i n  
t h e  c o n c e n t r a t i o n s  of  t h e  d e f i c i e n c y  r e a c t a n t  between t h e  i n l e t  
and t h e  o u t l e t  i s  g r e a t e r .  I n  t h i s  c a s e ,  t h e  " s eg rega t i on"  
e f f e c t  shou ld  be g r e a t e r .  

- Fol lowing a  lower mixing,  caused by a  lower  f low r a t e ,  t h e  
cu rve  F3 s h i f t s  towards  lower RICIN v a l u e s  t h a n  t h e  cu rve  F5, 
which ha s  t h e  same f e e d  mix tu re  compos i t ion .  

- Fol lowing a  g r e a t e r  d e s t r u c t i o n  r a t e  of  r a d i c a l s ,  caused by  a  
g r e a t e r  f low r a t e ,  t h e  cu rve  F4 s h i f t s  towards  h i g h e r  AKD 
v a l u e s  t h a n  t h e  cu rve  F5, which ha s  t h e  same f e e d  mix tu re  
compos i t ion .  

7 . 0  DEGREE OF CONVERSION 
IN SEVERE ACCIDENT STEADY-STATE OPERATION 

From t h e  a n a l y s i s  of  t h e  i so -convers ion  c u r v e s  F l ,  F2, F5, F6, a  
p r o c e d u r e  was d e v i s e d  t o  p r e d i c t  t h e  convers ion  degree  f o r  new 
o p e r a t i n g  c o n d i t i o n s ,  u n l i k e  t h e  expe r imen t a l  ones f o r  t h e  g a s  
chemica l  compos i t ions  a t  t h e  r e a c t i o n  volume i n l e t .  

W e  assumed t h a t :  
- a n  woptimumw v a l u e  o f  RICIN c h a r a c t e r i z e s  e n t i r e l y  t h e  r e a c t i o n  

volume f l u i d  dynamics; 
- t h e  AKD va lue ,  which must be u t i l i z e d  i n  TREE wi th  t h e  

"optimum" RICIN v a l u e ,  i s  an e x c l u s i v e  f u n c t i o n  of  t h e  
d i f f e r e n c e  i n  d e f i c i e n c y  r e a c t a n t  c o n c e n t r a t i o n  a t  t h e  r e a c t i o n  
volume i n l e t  and o u t l e t ,  even when t h e  feed gas  mix tu re  h a s  a  
h i g h  pe r cen t age  of  s team.  

W e  e s t i m a t e d  t h e  recombining c a p a b i l i t y  when t h e  feed g a s  m i x t u r e  
h a s  a  h i g h  hydrogen c o n c e n t r a t i o n  and enough steam t o  make t h e  
m i x t u r e  p r a c t i c a l l y  non-flammable. The new o p e r a t i n g  c o n d i t i o n  
h a s  t h e  same f l u i d  dynamic regime i n  t h e  r e a c t i o n  volume and t h e  
same woptimumn RICIN v a l u e  a s  t h e  tests  F l ,  F2, F5, F6. The 
recombiner  feed flow was h i g h e r  t h a n  t h e  one used i n  t h e  above 
ment ioned FIAT tes ts  t o  o b t a i n  n e a r l y  t h e  same va lue  of t h e  
Reynolds number (abou t  5 l o 3 )  a t  t h e  r e a c t i o n  volume o u t l e t .  

* To compare q u a l i t a t i v e l y  t h e  l e v e l s  of  r e a c t o r  t u r b u l e n c e  and 
mixing i n  two tests, t h e  r a t i o  between t h e  r e s p e c t i v e  
Reynolds numbers, computed a t  t h e  r e a c t i o n  volume o u t l e t ,  was 
t a k e n  a s  a  r e f e r e n c e .  



The considered mixture has the following characteristics: 

feed flow: 137 STP m3/h, 

feed mixture composition: % H, = 10, 
% air = 40, 
% steam = 50, 

reaction volume 
outlet temperature: 

containment pressure: 
(within the limits of the 
DBA recombiner operation) 

containment temperature: 365 K. 
(saturation temperature) 

These conditions might occur in a severe accident 
- in the full-pressure containment of a pressurized water reactor 
of Western design (PWR) or Russian design (WWER 1000), after an 
early venting of incondensable gases; 

- in the room where the reactor vessel of a Western BWR or a 
Russian pressurized water reactor WWER-440/213 [2] is placed, 
after part of the incondensable gases has been discharged into 
the downstream rooms of a pressure suppression system. 

-n For each RICIN value, the values K, = - computed for the 
-J 

experimental tests were plotted as a function of 

, as well as the K values which were computed 

with TREE for the new mixture by assuming different degrees of 
overall conversion. In this way, two different curves, the former 
"semi-empirical" and the latter "theoreticalw, can be drawn 
(Fig. 4). Their intersection point on the theoretical curve 
determines the H value which, for the new mixture and for the 
pre-fixed RICIN value, satisfies the experimentally found link 
between AKD and the difference in deficiency reactant 
concentration at the reaction volume inlet and outlet. 

The pairs of K and Y values were plotted for RICIN values between 
0.1 and 0.9 (the reaction volume is neither a plug-flow reactor 
nor a perfectly mixed flow reactor). Figure 4 shows these plots 
for RICIN = 0.5. 

Table 4 shows the values of the thermohydraulic quantities in the 
combustion chamber which were calculated for different assumed H 
values. 



T a b l e  4 

R e s u l t s  o f  t h e  C o d e  TREE f o r  t h e  N e w  Mixture 

1 V a r i a b l e s  ASSUMED CONVERSION DEGREE 

0 . 2  0 . 3  0 . 4  0 . 5  0 . 6  0 . 7  



The "optimumw R I C I N  v a l u e  i s  n o t  known, b u t  t h e  d i f f e r e n t  H 
va lue s ,  when e v a l u a t e d  f o r  t h e  d i f f e r e n t  R I C I N  v a l u e s ,  d e f i n e  an  
H r ange  where t h e  best e s t i m a t e  of  t h e  conve r s ion  d e g r e e  shou ld  
f a l l .  The o v e r a l l  conve r s ion  degree  s h o u l d  be i n c l u d e d  i n  t h e  
range 0 . 5  - 0 . 6  and t h e  o v e r a l l  bu rn ing  r a t e  shou ld  be 
0.085 - 0.102 mol /s ,  h i g h e r  t h a n  0 . 0 6 8  mol /s ,  t h e  maximum 
e x p e r i m e n t a l l y  found v a l u e  which co r r e sponds  t o  a  hydrogen-a i r  
m i x t u r e  w i t h  5% f u e l  [15] . 

STABILITY ANALYSIS 

Cons ider  a  r e a c t o r  w i t h  known i n l e t  c o n d i t i o n s .  

For  an  assumed v a l u e  of  t h e  o v e r a l l  conve r s ion  degree ,  H f ,  and 
f o r  0  S R I C I N  < I ,  TREE c a l c u l a t e s  t h e  AKD* v a l u e s  by u t i l i z i n g  
t h e  b a l a n c e  e q u a t i o n s  of  

f o r  R I C I N  = 0  and A K D f h  

r e a c t o r .  

TREE a l s o  c a l c u l a t e s  AKD' 
by u t i l i z i n g  t h e  b a l a n c e  

A K D f h  may be e q u a l  t o  o r  

a  plug-flow r e a c t o r .  A K D f p f  i s  t h e  v a l u e  

l i m  AKD' i s  t h e  v a l u e  f o r  a  s t i r red 
KLCIN- 1 

sr f o r  a  s t a b l e  o p e r a t i o n  a t  R I C I N  = 1 
equa t i ons  of  a  s t i r r ed  r e a c t o r .  

less  t h a n  A K D r s r .  If AKDrlm i s  less t h a n  
AKD';~,  a s table  s t i r red r e a c t o r  must have  a  H'I > H' convers ion  
deg ree  f o r  AKD = AKDtlm.  There fore ,  AKDfim i d e n t i f i e s  an u n s t a b l e  
o p e r a t i o n  o f  t h e  s t i r red r e a c t o r  f o r  H = H r  (Chap. 4 . 1 ) .  

W e  w i l l  show t h a t  a  " r e c y c l e "  plug-flow r e a c t o r  may on ly  be  
u n s t a b l e  f o r  H = H' i f  AKDf < AKDt --. 

L e t  u s  suppose  AKD' lA < AKDr sr. 
W e  can  f i n d a  conve r s ion  degree  >* s o  t h a t H f  < H* < H" and 
AKD 1m = AKD sr.  The r e l a t i v e  *AKD and AKD v a l u e s  w i l l  
be: AKD g. > AKDt because  H < H" and AKD < A K D t p f  
because  H > Ht . There fore ,  t h e  AKDt v s  . RI~FIN cu rve  
c a l c u l a t e d  f o r  H' i n t e r s e c t s  t h e  s i m i l a r  cu rve  c a l c u l a t e d  f o r  
H . The i n t e r s e c t i o n  p o i n t  i d e n t i f i e s  a  r e c y c l e  plug-flow 
r e a c t o r  t h a t  s a t i s f i e s  two d i f f e r e n t  convers ion  deg ree s .  The 
lower  v a l u e ,  H f ,  co r responds  t o  an  u n s t a b l e  o p e r a t i o n .  The 
r e a s o n i n g  may be r e p e a t e d  f o r  s e v e r a l  H v a l u e s  and r e c y c l e  
p l u g  f low r e a c t o r s .  

L e t  u s  now suppose  AKDr 1m = AKD' sr .  
The AKD' v s .  R I C I N  curve  does n o t  i n t e r s e c t  o t h e r  cu rve s  
which, f o r  d i f f e r e n t  assumed convers ion  degrees, i d e n t i f y  
s t a b l e  s o l u t i o n s  f o r  R I C I N  = 1, because  f o r  each  R I C I N  va lue ,  
lower  AKD v a l u e s  must correspond t o  h i g h e r  convers ion  d e g r e e s .  
Every p o i n t  o f  t h e  AKD* vs. R I C I N  cu rve  cor responds  t o  a  
s t a b l e  s t e a d y  o p e r a t i o n  of  a  r e c y c l e  plug-flow r e a c t o r .  



F o r  t h e  examined mix tu r e ,  w e  showed t h a t  AKDf im = AKDf sr on ly  f o r  
HI > 0 . 9  [ 1 5 ] .  A r e c y c l e  plug-flow r e a c t o r  w i t h  a  convers ion  
d e g r e e  i n  the  range  0 . 5  - 0 . 6  might t h e r e f o r e  be u n s t a b l e .  

But ,  
- o n l y  t h e  s t e a d y - s t a t e  o p e r a t i o n  o f  t h e  r e a l  r e a c t o r  can be 

s i m u l a t e d  by a  plug-flow wi th  a  f i c t i t i o u s  r e c i r c u l a t i o n  loop ;  
- dynamic behav iour  o f  t h e  r e a l  r e a c t o r  cou ld  be bet ter  

schemat ized  by (2n + 1) plug-flow r e a c t o r s  w i th  t h e  f i c t i t i o u s  
r e c i r c u l a t i o n  l oops  which a r e  shown i n  F i g u r e  5; 

- t h e r e  i s  a  r e a l  r e c i r c u l a t i o n  loop  i n  t h e  combustion chamber 
from s e c t i o n  2 t o  s e c t i o n  1, th rough  F and G (F ig .  2 ) ;  

- t h e  recombiner c o n t r o l  sys tem r e g u l a t e s  t h e  ga s  feed f low 
and Tn. 

F o r  a l l  t h e s e  r ea sons ,  t h e  i n s t a b i l i t y  of  t h e  r e c y c l e  plug-flow 
r e a c t o r ,  which s i m u l a t e s  t h e  s t e a d y - s t a t e  behav iour  of  t h e  r e a l  
r e a c t o r ,  does  n o t  n e c e s s a r i l y  i nvo lve  a  n e g a t i v e  judgement abou t  
t h e  dynamic s t a b i l i t y  of  t h e  r e a l  recombiner,  b u t  it does s u g g e s t  
t h e  need f o r  an expe r imen t a l  v e r i f i c a t i o n .  

9 . 0  CONCLUSIONS 

The combustion chamber of  a  hydrogen-oxygen t he rma l  recombiner 
was o r i g i n a l l y  de s igned  t o  p roce s s  t h e  atmosphere of  t h e  s a f e t y  
con ta inment  of  a  water-cooled n u c l e a r  r e a c t o r  i n  a de s ign  b a s i s  
a c c i d e n t .  The computer code TREE s i m u l a t e s  t h e  s t e a d y  s t a t e  
o p e r a t i o n  of  t h e  combustion chamber and i s  based  on an a n a l y s i s  
o f  i t s  p h y s i c a l  and chemical  phenomena. The volume where t h e  
c o n t r o l l e d  combustion t a k e s  p l a c e  ha s  been schemat ized w i t h  a  
plug-flow r e a c t o r  and a  f i c t i t i o u s  r e c i r c u l a t i o n  l oop .  Two 
p a r a m e t e r s  i n  t h e  code depend on t h e  mixing between unburnt  and 
b u r n t  g a s e s  i n  t h e  r e a c t i o n  volume. The dependence o f  t h e s e  two 
p a r a m e t e r s  on t h e  f e e d  c o n d i t i o n s  must be deduced th rough  
e x p e r i m e n t a l  tes ts .  

S i n c e  t he  i n fo rma t ion  o b t a i n e d  from t h e  tes ts  i s  c u r r e n t l y  v e r y  
l imi ted ,  a t  p r e s e n t  the  code may be used  t o  e s t i m a t e  working 
s i t u a t i o n s  t h a t  d i f f e r  from t h e  exper imenta l  ones on ly  i n  t e r m s  
o f  chemical  composi t ion  of  t h e  i n l e t  m ix tu r e .  

The code r e s u l t s  show t h a t  burn ing  r a t e s  h i g h e r  t h a n  t h o s e  from 
s t a n d a r d  tests a r e  a l s o  p o s s i b l e  when nonflammable mix tu r e s  
c o n t a i n  hydrogen and s team c o n c e n t r a t i o n s  h i g h e r  t h a n  t h e  
recombiner  t e s t  v a l u e s .  

Under these working c o n d i t i o n s ,  a " r e c y c l e v  plug-flow r e a c t o r  
might  be u n s t a b l e .  So, a l t hough  t h e  i n s t a b i l i t y  of  a  model which 
s i m u l a t e s  on ly  t h e  s t e a d y  s t a t e  o p e r a t i o n  does  n o t  n e c e s s a r i l y  
i n v o l v e  t h e  i n s t a b i l i t y  of  t h e  r e a l  recombiner,  an expe r imen t a l  
r e s e a r c h  program shou ld  be c a r r i e d  ou t  t o  v e r i f y  whether  doub t s  
conce rn ing  i n s t a b i l i t y  a r e  g roundless  and whether  t h e  
t h e o r e t i c a l l y  e s t i m a t e d  burn ing  r a t e s  a r e  c o r r e c t .  P r e s s u r e ,  



t e m p e r a t u r e  and c o n c e n t r a t i o n  shou ld  be measured i n s i d e  t h e  
combustion chamber. TREE w i l l  be u s e f u l  i n  programming t e s t  
c o n d i t i o n s  and e x p l a i n i n g  r e s u l t s .  The new tests,  i n  t u r n ,  w i l l  
h e l p  improve t h e  s i m u l a t i o n  code and e n a b l e  it t o  estimate t h e  
recombiner performance under  any o p e r a t i v e  c o n d i t i o n .  

U n t i l  t h e  r e s u l t s  o f  t h i s  r e s e a r c h  program become a v a i l a b l e ,  an 
e x t e r n a l  r e c i r c u l a t i o n  l oop  cou ld  be added t o  t h e  combustion 
chamber i n  o r d e r  t o  c o n t r o l  t h e  i n l e t  g a s  compos i t ion  d u r i n g  
a c c i d e n t s  more s e v e r e  t h a n  a  d e s i g n  b a s i s  a c c i d e n t .  

SYMBOLS 

paramete r  f o r  t h e  r a d i c a l  w a l l  d e s t r u c t i o n  v e l o c i t y .  
molar  h e a t  c a p a c i t y  of  t h e  g a s  a t  c o n s t a n t  p r e s s u r e .  
o v e r a l l  conve r s ion  degree  i n  t h e  combustion chamber: molar  
r a t i o  between t h e  d e f i c i e n c y  r e a c t a n t  b u r n t  i n  t h e  t i m e  
u n i t  and t h e  i n l e t  f low r a t e  o f  the  d e f i c i e n c y  r e a c t a n t .  
molar  f low rate of  t h e  g a s .  
r e a c t i o n  v e l o c i t y  c o n s t a n t .  
c o n s t a n t  of  w a l l  d e s t r u c t i o n  v e l o c i t y  f o r  t h e  u n s t a b l e  
chemical  species. 

AKD 
CP 
H 

any atom o r  molecule  t h a t  does  n o t  t a k e  p a r t  i n  t h e  
chemica l  r e a c t i o n  d i r e c t l y  b u t  makes t h e  p roduc t  f o rma t ion  
p o s s i b l e  by removing t h e  e x c e s s  ene rgy .  
p r e s s u r e .  
molar  b u r n i n g  r a t e  of t h e  d e f i c i e n c y  r e a c t a n t  per u n i t  of  
r e a c t o r  volume. 
r a t i o  between t h e  f i c t i t i o u s  r e c i r c u l a t i o n  f low 
t h e  f low r a t e  a t  t h e  plug-flow r e a c t o r  o u t l e t .  
t e m p e r a t u r e .  
r e a c t o r  volume. 
molar  f r a c t i o n .  

RICIN r a t e  and 

h e a t  of  combustion p e r  mole of  d e f i c i e n c y  r e a c t a n t .  
conve r s ion  degree i n  a  s e c t i o n  o f  t h e  r e a c t o r .  

S u b s c r i p t s  

AMB r e l a t i v e  t o  t h e  recombiner i n l e t  and o u t l e t  c o n d i t i o n s  
( F i g s .  1 and 2)  . 

f r e l a t i v e  t o  t h e  d e f i c i e n c y  r e a c t a n t .  
Fl r e l a t i v e  t o  t h e  Fl exper imenta l  t e s t .  
i r e l a t i v e  t o  t h e  g e n e r i c  chemical  component o r  t o  t h e  

g e n e r i c  r e a c t i o n  i n  t h e  gaseous  phase .  
i n  r e a c t o r  i n l e t .  



3 
1m 
out 
P f 
sr 
v 

A, E, 
F, G, 

relative to the generic recombiner working condition. 
limit. 
reactor outlet. 
plug-flow reactor. 
stable stirred reactor. 
virtual. 
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Figure 1. FIAT-CIEI Thermal Recombiner. 
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Figure 2. Combustion Chamber Scheme. 



0.8 1 
RICIN 

Figure 3. Pairs AKD-RICIN that Satisfy 
Experimental Conversion Degrees 
in the Code TREE. 



Figure 4. Graphic Evaluation of 
the Conversion Degree. 
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Figure 5. Dynamic Scheme of the Reactor. 






