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Zusammenfassung 
 

Modellierung der Wechselwirkung zwischen Borkarbid und Dampf oder Luft bei 
hohen Temperaturen. 
 

Die Oxidation von Borkarbid in Wasserdampf bzw. Luft wurde in den letzten Jahren am 
Institut für Materialforschung des Forschungszentrum Karlsruhe intensiv untersucht. Es steht 
nun ein umfangreicher Datensatz für die Modellierung zur Verfügung. 

In diesem Bericht wird ein Modell zur Beschreibung der experimentellen Ergebnisse 
vorgeschlagen, das auf der Diffusion von Sauerstoff durch eine oberflächliche flüssige 
Boroxidschicht sowie der Reaktion zwischen B2O3 und Dampf unter Bildung flüchtiger 
Reaktionsprodukte basiert. Mit diesem Modell kann sowohl die Oxidation von B4C in Dampf 
als auch in Luft beschrieben werden. Die Oxidationskinetik ist dabei abhängig von 
Temperatur und Dampfpartialdruck. 

Der Einfluss der Porosität der B4C Proben wurde untersucht. 

Da die Lösung der Diffusionsgleichungen viel Rechenzeit benötigt, wurde außerdem eine 
vereinfachte Korrelation vorgeschlagen, die in SFD Codes eingebaut werden kann. 

Mit dem entwickelten Modell konnten verschiedene isotherme und transiente Experimente in 
der BOX-Anlage sowie thermogravimetrische Tests unter verschiedenen Atmosphären 
erfolgreich nachgerechnet werden. 
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Abstract 

The oxidation of boron carbide in steam or air was recently extensively studied especially in 
Forschungszentrum Karlsruhe, Institut für Materialforschung. An important data set is 
available for the interaction modelling.  

An oxygen diffusion model through the superficial liquid boron oxide formed on the boron 
carbide external surface associated to a superficial reaction between the liquid boron oxide 
and steam is proposed to simulate the experimental kinetics from BOX rig and 
thermogravimetric tests on the interaction between steam and boron carbide at a 
temperature range 800°C to 1400°C. The oxygen diffusion model will be also useful to 
simulate interaction between boron carbide and Ar+O2 (air simulation) atmosphere when the 
steam pressure becomes zero.  

From the analysis of BOX rig experimental kinetics of non-condensable (H2, CO2, CO and 
CH4) gases we propose an oxygen diffusion model through the liquid boron oxide and a 
�steam/liquid boron oxide� superficial reaction that generates condensable (boric acids) and 
non-condensable gases in two interfaces, the interfaces �gas/liquid boron oxide� and �liquid 
boron oxide/boron carbide�. The superficial reaction is dependent on temperature and steam 
pressure. A specific analysis is devoted to samples with porosity in comparison to samples 
without or with very low porosity.  

As the calculation of diffusion equation involves extra computing time, we propose a 
simplified equation particularly useful for big codes. 

We prove that the proposed model is able to simulate the H2, CO2, CO and CH4 generation in 
the case of BOX rig tests under Ar+Steam atmosphere during different experimental 
conditions like isothermal tests, transient temperature tests and transient steam pressure 
tests or in the case of thermogravimetric experiments under Ar+Steam and under Ar+O2 
atmosphere in different isothermal conditions. The model is also able to calculate the 
quantity of total condensable gases but for the moment it is not possible to check with any 
experimental result.  
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1. Introduction 
The objective of the present investigation is to propose a simple model to simulate the 
interaction between Boron Carbide, B4C, with Ar+H2O (Steam) or Ar+O2 atmosphere at high 
temperature. Two experiments have recently been performed in IMF-I and IMF-III at FZK, the 
BOX rig test [1] and the Thermogravimetric test [2] respectively. These two experiences are 
the most recent. The BOX rig test was especially innovative because it gives us the 
possibility to analyse the evolution of each non-condensable gas from the sample. Some of 
the Safety Analysis Codes has limited simulations for B4C oxidation and H2 prediction. 
However, not all of them calculate the CO and CO2 production able to affect the volatile 
fission products chemistry in the circuits∗. 

Two models have recently been proposed to describe this interaction. The first one, IBRAE 
model [3] §4.2, proposes a surface reaction kinetics and mass transport in the gas phase 
near the sample as a rate determining process, we will later consider this hypothesis that is 
the model bases in §0 where we show that this assumption is not correct under the BOX rig 
experimental conditions. The second one (FZK BORCA model) [3] §4.1 is a semi-empirical 
model where different diffusion processes contribute to the formation of oxide films on B4C. It 
appears that the rate determining process is the gaseous species, especially boric acid by 
Ar/steam fluid and it proves, as the first model does, that the flow conditions in the coolant 
channel are decisive for the oxidation rate. Our consideration on §0 is also applicable to this 
second model. A third treatment is essentially an analysis and evaluation of the 
thermogravimetric results [3] but it does not include BOX rig analysis. We are in coincidence 
with the comments in thermogravimetry except when flow rate is considered as an important 
variable. 

The aim of the present study is to propose a new model on oxidation of B4C during the 
interaction with steam and air reflecting the new mentioned experiments and to give a model 
able to explain the kinetics of each non-condensable gas at constant and variable steam 
pressure. It is also able to simulate simultaneously temperature transient or both temperature 
transient and steam pressure transient. 

Up to now simple and rapid calculations are commonly used in Safety Analysis Codes, in 
despite of the errors introduced especially in quench process. Therefore, we will propose a 
correlation for the B4C oxidation in steam. 

2. Overview of experiments 

The BOX Rig [1] consists, Fig.1, in a reaction chamber where is placed the sample of B4C 
over a support of Y2O3 able to be heated up to 1700°C under different atmospheres. Argon is 
commonly used with a flow rate of 50 l/h plus steam up to 70 g/h. Three types of B4C pellet 
samples were tested named FRA (FRAMATOME), COD (CODEX), ESK and ESK powder. 
Details of geometry, weight, density, surface, volume, specific surface porosity and supplier 
are given in reference [1] Table 2 and the list of impurities in Table 3. The gas supply system 
consists of two gas flow controllers, one liquid flow controller and a so-called controlled 

                                                 
∗ B. Adroguer et al. �Synthesis on plant calculation (D35), Final COLOSS report: Part 2�. SAM-COLOSS-P080. 
IRSN/DRS/SEMAR 03/30. June 2003. 
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evaporator mixer unit (CEM). The off-gas analysis was performed by a quadrupole mass 
spectrometer. 

The essential results of isothermal experiments on B4C oxidation in the BOX rig are 
summarised in Table A2, ref. [1]. It consists of 39 tests distributed: 25 FRA, 8 ESK, 4 COD 
and 2 ESK powder samples. The temperature range was in general from 800°C to 1400°C at 
steps of 200°C. Four FRA sample exceptions: two at 900°C and two at 1100°C. The steam 
injection was of 3 and 30 g/h with a carrier Ar gas of 50 l/h. 

H2 Ar H O2 Mixer

H O2

ArH2

Water storage

Controlled
evaporator

mixer

Control center

Furnace

Liquid flow 
controller

Mass spectrometer

Gas flow 
controllers

Computer System

Sample

 

Fig. 1: BOX Rig for the investigation of the oxidation kinetics of B4C, after ref. [1]. 

Three experiments were performed with one gas variable injection rate and the others 
constants: Ar 10-100 ln/h, steam 5-70 g/h and H2 0-90 ln/h. The sample support was 
improved during the first tests. For quantitative analysis is better to choose the test 
performed with the �New sample support�. The quantitative record of each non-condensable 
gas as a function of time is possible thanks to this innovative method.  

 
Fig. 2: Schematic view of TG unit with gas supply. 
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3. Summary of Chemical Reactions 

The previous and the recent experimental results (BOX, TG) show that the B2O3(l) is a liquid 
protective layer formed from the oxidation of B4C(s) during the interaction with pure oxygen 
and with steam. In the first case the TG result produces a parabolic kinetics and in the 
second case an important generation of H2 (g) accompanied of CO2 (g), CO (g), CH4 (g), 
H3BO3 (g), HBO2 (g) is measured and B2O3 (l) is detected over the surface of the B4C(s) 
according to the following reactions: 

B4C + 7H2O(g) → 2B2O3(l) + CO(g) + 7H2(g) (1) 

B4C + 8H2O(g) → 2B2O3(l) + CO2(g) + 8H2(g) (2) 

B4C + 6H2O(g) → 2B2O3(l) + CH4(g) + 4H2(g) (3) 

and 

B2O3 (l) → B2O3 (g) direct evaporation at high temperatures: T>1400°C (4) 

B2O3(l) + 3H2O(g) → 2H3BO3(g) at low temperature: 800°C<T<1500°C (5) 

B2O3(l) +H2O(g) → 2HBO2(g) at low temperature: 800°C<T<1500°C (6) 

The interaction between B4C and steam produces four non-condensable gases H2, CO, CO2 
and CH4 and B2O3 liquid on the B4C surface, eq. (1) to (3). The reaction between B2O3 and 
steam generates two condensable gases, boric acids eq. (5) and (6) and also direct 
evaporation at high temperature eq. (4). The B4C reacts also with Ar+O2 (to simulate the air) 
to form B2O3 liquid on the B4C surface and two non-condensable gases CO and CO2. 

The thermo-chemical equilibrium calculations were performed in ref. [1] §6 of 1 B4C and 10 
H2O as a function of temperature using the equiTherm 5.0 software at the built-in Barin 
database for pure substances. It shows that for the temperature range of BOX rig and TG 
test, 800°C to 1400°C, the four non condensable gases have constant behaviour, 7 mole for 
H2, 1 mole for CO, between 0.3 and 0.1 mole for CO2 and a significant CH4 production is only 
obtained at low temperatures (<700°C) outside of BOX rig and TG temperature test. The CH4 

production is interesting because of its potential influence on the iodine fission products 
chemistry. The CH4 could be generated at low temperature by the interaction of CO and CO2 
with water, and then the production of these two non-condensable gases becomes also 
important∗. 

In order to propose a simple model to simulate the interaction between B4C and steam or air 
we will start to analyse the BOX Rig experimental results. We will later try to apply the model 
with some parameters already defined in the BOX Rig to the TG test results in steam and air 
simulated by Ar+O2. 

                                                 
∗ B. Adroguer et al. �Synthesis on plant calculation (D35), Final COLOSS report: Part 2�. SAM-COLOSS-P080. 
IRSN/DRS/SEMAR 03/30. June 2003. 
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4. Analysis of BOX Rig Experimental Results. 

4.1 The different behaviour of the species generated as a function of time. 

4.1.1 The non condensable gases  

We intend to analyse the BOX results obtained at constant temperature to elucidate in what 
interface each species are generated. The Fig. 3 and Fig. 4 show the rate of H2(g) in 
comparison with the rates of  CO(g), CO2(g) and CH4(g). It is clear from these Figures that 
H2, CO and CH4 have a similar behaviour as a function of time. In the case of 800°C and 
1000°C and for steam at 3 and 30 g/h this behaviour is evident because the three mentioned 
molecules have a peak for small times, an then, they have a tendency to stabilise. On the 
contrary the CO2 has no peak, growing continuously from the beginning of the experiment up 
to the end, showing also a tendency to stabilise for longer times.  

In the experiments at 1200°C and 1400°C and steam at 3 g/h these characteristics persist 
but it is not clear for 1200°C and 1400°C and steam at 30 g/h. 
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Fig. 3: BOX Rig results of FRAMATOM (FRA) samples at different temperatures: 800°C, 

1000°C, 1200°C and 1400°C. At low steam partial pressure, 3 g/h. In the left Y: H2 
rate, l/h and in the right Y: CO, CO2 and CH4 rate in l/h as a function of time in 
seconds. The M number corresponds to BOX rig experimental denomination [1]. 
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Fig. 4: BOX Rig results of FRAMATOM (FRA) samples at different temperatures: 800°C, 
1000°C, 1200°C and 1400°C. At steam partial pressure, 30 g/h. In the left Y: H2 rate, 
l/h and in the right Y: CO, CO2 and CH4 rate in l/h as a function of time in seconds. 
The M number corresponds to BOX rig experimental denomination [1]. 
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To show that this is still valid, we consider the total gas detected involving Carbon:  
CO+CO2+CH4 and we represent the percent of each component as a function of time, Fig. 5 
The tendency showed in the previous analysis persists in these experiments; the CO has in 
all the cases a peak at the beginning of the kinetics. On the contrary, the CO2 has no peak 
and grows from low values at the start up to stabilise in a value for longer times like CO.  

As CH4 has very low values, a representation in logarithmic scale to evaluate its behaviour, 
Fig. 6, is necessary. 
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Fig. 5: BOX Rig results of FRAMATOM (FRA) samples at different temperatures: 1200°C 
and 1400°C. At steam partial pressure, 3 g/h and 30 g/h. Percent of CO, CO2 and 
CH4 as a function of time in seconds. The M number corresponds to BOX rig 
experimental denomination [1]. 

 

0 500 1000 1500 2000
0,01

0,1

1

10

100
%

 o
f C

O
, C

O
2 a

nd
 C

H
4

time, s

1400°C, 3 g/h, M20313, FRA

 % CO
 % CO2
 % CH4

0 500 1000 1500 2000

1

10

100

 
%

 o
f C

O
, C

O
2 a

nd
 C

H
4

time, s

1200°C, 3 g/h, M20306, FRA

 % CO
 % CO

2
 % CH

4

 

 

 

 

0 500 1000 1500 2000

0,1

1

10

100
1400°C, 30 g/h, M10611, FRA

%
 o

f C
O

, C
O

2 a
nd

 C
H

4

time, s

 % CO
 % CO2
 % CH4

0 500 1000 1500 2000

1

10

100
1200°C, 30 g/h, M00825, FRA

time, s

%
 o

f C
O

, C
O

2 a
nd

 C
H

4

 % CO
 % CO2
 % CH4

Fig. 6: BOX Rig results of FRAMATOM (FRA) samples at different temperatures: 1200°C 
and 1400°C. At steam partial pressure, 3 g/h and 30 g/h. Decimal logarithms of 
percent of CO, CO2 and CH4 as a function of time in seconds. The M number 
corresponds to BOX rig experimental denomination [1]. 

 

In Fig.6 CH4 has similar comportment to CO and H2 as we showed before and different to 
CO2. 

We conclude that H2, CO and CH4 are generated in a similar way or place during the reaction 
and different to CO2. 
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4.1.2 The condensable gases 

The condensable gases were also measured by the MS[1]. The condensable gases detected 
 44, H3

10BO3 mass 61, H3
11BO3 mass 62 and a signal in 

mass 45 were not identified. Fig 7
were: H10BO2 mass 43, H11BO2 mass

 shows as an example two temperatures at steam 30 g/h of 

Fig. 7: Comparison of MS results of 
and high te
experimental denomination [1]. 

condensable gases with the percents of non-condensable gases that contains Carbon. At 
low temperatures the condensable gases has the same behaviour than CO2 but at high 
temperatures the H11BO2 (amu 44) presents a peak in surface. 
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A similar behaviour is observed in Fig. 8 in the case of an identical comparison for steam at 3

e fact that CO
 

g/h. Th  all 
ondensable gases could induce us to think that the conclusion of the precedent paragraph 

Fig. 8: Comparison of MS results of 
and high temperature and steam 3 g/h. The noise is co
level. The M number corresponds to BOX
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4.2 The dependence on gas dynamic conditions 

 the BOX rig test experiments [1] it has been pointed out that the support sp
 

uring ecimen 
as an important influence on the results. �The pellets showed an axially non homogeneous 

oxidation due to the non homogeneous steam flow along the specimen. This was solved by 
w, showed in Fig. 3

D
h

sawing off the wall of the alumina boat direct to the steam flo �, reference 
n t ce on gas dynamic conditions, [1]. I he recent final analysis report [3] §2.2, about dependen

appears the difference between two spectra, Fig. 4. �In the first test specimens were kept in a 
normal high board alumina boat in the reaction tube. The pellet showed an axially non-
homogeneous oxidation due to the non-homogeneous steam flow around the specimen. In 
the subsequent test the sample support was changed. As a result of this specimen support 
improvement, steam access to the pellet enhanced and hydrogen production rate increase 
more than two times�. 

We considered that this difference could be due to the fact that the sample surface exposed 
to the gas in the case of the alumina boat with the sawing wall is bigger than the sample 
surface exposed with an original alumina boat without the yttria disc separator. The reason is 
that the Ar has around twice density than the steam. At the beginning of the experiment the 
original alumina boat without the yttria disc separator is full of Ar, when the Ar+steam is 
introduced at 50 l/h the Ar present in the original alumina boat protects the sample and only 
the upper part of the sample reacts as was observed during the first experiments (Fig. 19 
ref.[1]). The upper part of the sample that was exposed was 0.44 cm over a total sample high 
of 1.4  cm in the case of original alumina boat support without the yttria disc separator, Fig. 9 
Only under geometrical considerations the 31% of the upper part of the sample will react in 
the first moment with steam, with matches with Fig. 19 ref. [1] in the case of 800°C and 
1200°C. The grey zone matches with about the 31% of the high part of the sample. This area 
has also a smaller diameter than the lower part of the sample. This gives us the possibility to 
explain this non-uniform reaction on the sample surface without the necessity to use the 
reference of the different speed of gases in the top of the sample with respect to the bottom. 

 

 
Fig. 9: In the upper part we show a section of the reaction tube with the alumina boat and the 

sample. In the lower part two sections, the left section shows the sample over the 
Yttria disc in a open alumina boat, the right section shows the section of a original 
alumina boat with a sample. 
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The test number 50, 70, 90 and 100 l/h 
and constant constant 
steam input of 30 g/h, sh

M10126 performed at variable Ar flow rate 50, 10, 30, 
 steam input of 30 g/h is compared with an experiment at 1200°C and 

owed in Fig. 10 a. 

a) 
 

order to produce a coincidence in the first 500s, 
al characteristics. The M number corresponds to 

difference of gas speed  
same experimental conditions, so they would be  
to difference in porosity and/or difference on con

In order to show a better comparison and to tra  
a similar result, we add, in Fig. 10

b) 

Fig.10: a) Comparison between two tests with steam flow of 30 g/h, both at 1200°C. The test 
M10606 with constant Ar flow 50 l/h and the test M10126 with variable Ar flow from 
10 to 100 l/h. b) We add 0.1 l/h in 
where the experiments have identic
BOX rig experimental denomination [1]. 

 

We observe that the differences between both experiments are not significant for the 
 proposed. During the first 500 seconds both experiences have the

 identical. The difference could be attributed
tamination inside the porosity. 

nsform the results of the first 500 seconds in
b,

0.0033 mole/(m2s) and the results  
100 l/h) has no important influence over hydro  

ults, Fig. 10

 0.1 l/h to the experiment M10126 that corresponds to 
move us to conclude that the different Ar speed (10 to

gen generation. The change produced in the
res b, could be attributed to perturbation produced on the gas input at the moment 

hen the gas flow changes, rather than to the speed of the Ar carrier, almost in the first 

the B4C
B2O3 in
carrier 

ressure and temperature but not on the speed of reactant atmosphere almost as used for 
speed during the experiments, Ar speed 10 to 100 l/h. This model will be presented in the 
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next paragraph. 

5. Proposed Model 

which limits the diffusion of oxygen through the liquid oxide layer. It is important to observe 
that some authors [4,5,6] mention, �The Boron and Carbon diffused through the liquid oxide 
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layer to be oxidized at the external oxide surface to contribute to the growth of oxide layer�. 
Nevertheless, this affirmation is not proved. Over the cleaning surface of B4C a rapid reaction 
occurs producing a peak of hydrogen due to a dissociation of H2O (Steam) on the surface of 
the B2O3(l) and the diffusion of oxygen through the oxide layer up to the interface 
B2O3(l)/B4C(s) to oxidize the B4C(s) and to form B2O3(l) and liberate the Carbon partially 
oxidized to CO in this interface. This sharp Hydrogen peak is shown in the most of the BOX 
tests like in Fig.3. We know from the equations 1-3 that C will form CO2, CO with the oxygen 
and CH4 with the Hydrogen produced as a consequence of steam dissociation at the external 
interface, gas/B2O3(l). 

It is clear from Fig.3 and Fig.4 that the H2 is the gas generated in a biggest quantity and has 
ts and a 

 and CH4 have similar characteristics. It is 
necessary to say that for 800°C (3 and 30 g/h) and 1400°C (3 g/h) the system is perturbed 

these general characteristics: a very important sharp peak when a reaction star
constant H2 production for longer times. CO

for the superficial porosity of the samples as was previously mentioned in the BOX Rig test 
[1]. 
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Fig.11: Schema for the Steam/B4C simulation model. 

At the Interface I1=Ar+H2O(Steam)/B2O3(l), we have the H2 generation due to 
dissociation of  Steam and the diffusion of Oxygen generated during this dissociation 
through B2O3(l) to oxidize the B4C at the interface I2= B2O3(l)/B4C.  
As a consequence of the oxidation of B4C in I2 with the oxygen arrived from I1 to form 
B2O3(l), Carbon is liberated, a part of them will form CO at I2 with the oxygen arriving 
from I1 and CH4 with some Hydrogen diffusing from I1 through B2O3(l) up to I2.  Some 
Carbon are dissolving in the B2O3(l) at I2. During the erosion of B2O3(l) at I1 the Carbon 
dissolving in it, oxidize to CO2. 
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We propose a dissociation of H2O on the surface of the B2O3(l) and the diffusion of oxygen 
and small quantity of Hydrogen through the oxide layer up to the internal interface 
B2O3(l)/B4C(s) to oxidize the B4C(s) generating CO(g) and CH4(g) and liberating C. Some 
part of Carbon dissolved in the B2O3(l) is oxidized when the steam reacts with B2O3(l)  at the 
external interface Ar+H2O(Steam)/B2O3(l).The Carbon is oxidized at CO2. In this way we are 
able to understand the different behaviour of these gaseous molecules during the reaction 
kinetics,§4.1.  

Under this hypothesis the Steam/B4C(s) interaction is schematically shown in Fig. 11. Then, 
we have H2 generated at the external interface but according to the necessary quantity of 
oxygen at the internal interface, I2. The CO and CH4 also generated at the internal interface, 
I2, and finally the CO2 at the external interface, I1. 

5.1 The model diffusion equations  

In order to have a constant generation of H2 with oxygen diffusion through a protected oxide, 
this oxide layer must keep constant for longer times, during steady state. This means the 
interfaces I1 and I2 will travel with the same speed. For short time at the beginning a transient 
must appear. 

We will propose the simplest model able to simulate the BOX Rig and the TG experimental 
results. 

In Fig.12 we have in the coordinates system A an oxide layer, B O (l), that grows as a 
conseq
oxidatio
know th
problem
oxide fo

 
Fig. 12: Schema for the B4C oxidation in a Ar+O2 atmosphere 
 

2 3

uence of oxidation of B4C. In principle we suppose that no expansion during the 
n happened, this means that one cm3 of B2O3 is formed in lieu of one cm3 of B4C. We 
at this is not the reality of our system but we accept it as a first approach to the 
. It will be then necessary to compensate according to the approximate density the 
rmed. 
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This approach to the problem is due to a la
system. In Fig. 12

ck of knowledge about the parameters of the 
 for example we are able to calculate C2 but the value of C1 that will give 

the oxygen gradient through the oxide layer is completely unknown as well as the oxygen 
diffusion coefficient in the oxide and the oxide layer thickness.   

The diffusion equations of the model proposed in Fig. 12 are: 

The diffusion equation in system A (ξ1 is fixed to the system A): 

)7(
2 t
CD C

∂
=∂ ∂2

x∂  
and the Stefan equation in system A: 

)8(2
2

2
dt

d
C

x
CD

x

ξ

ξ

=⎥⎦
⎤

∂
∂

−
=  

These equations represent the model under the approximation proposed for the oxidation of 
B C in Ar+O  atmosphere. 4 2

When we change the atmosphere to Ar+Steam the steam reacts with the B2O3(l), the Steam 
(H2O) dissociates at its surface or this surface is able to evaporate especially at high 
temperatures. This process reduces the thickness of oxide layer of B2O3(l) at speed v, where 
evaporation and reaction are included. This speed v is constant for any time and changes 
with temperature and partial pressure, v=v(T, ) as a hypothesis of the model. Then, in 
the system A,

OH2
p

 the new behaviour of the model proposed in Fig.12, is shown in Fig. 13 The 
interface that was placed at the origin moves at a constant speed v=x/t=d /dt, because T 
and  are constant. 

The interface,  will move according to the Stefan equation showed in Fig. 13

ξ1

OH2
p

ξ2  This interface 
will have an equilibrium position at a given distance from the interface . The equilibrium 
position is supposed to be . If the interface is displaced to the position  the slope 

is smaller than  then d /dt will decrease the speed, carrying the 
interface to the position . A similar reaction would happen if the interface is moved at the 

lace  the speed will increase, carrying the interface to the equilibrium position . 

 

Fig. 13: Schema of B4C oxidation in a Ar+Steam atmosphere in system A
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We propose to describe the system of Fig.13 from a coordinate system B fixed to the 
interface ξ1 or to the oxide layer. From the coordinate system B the oxide moves with speed 
-v, from interface to the interface ξ2 ξ1. The diffusion equations for the system B, Fig.14, are: 

 
Fig. 14:

C2

C1

 The same schema of Fig. 13 for the observer placed in the coordinate system B 

 
fixed to the oxide layer. 
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Stationary state in system B: 
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We are able to find the solution for the stationary state with the condition imposed for the 
model of -v, Fig. 14:

(11)0v;.
v 2 <

∂
=

∂ xx
D 2 ∂∂ CC

 
The solution is: 

)12()v-exp(. xC=
D1C

 
When , in the system B∞=∆== tx ξξ 2 , C must be equal to C2, then 

)13().
D
v-exp(.12 ∞=∆= tCC ξ

 

We are able to know the oxide layer thickness, that corresponds to the equilibrium position of 
I2 related to the moving I1, as a function of the oxygen diffusion coefficient, D, speed of the ξ1 
interface, v, concentration at the interfaces ξ1 and ξ2. 

B

x

v

A v

∞=ξ∆ t
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This analytical solution permits us to compare the oxide layer thickness with the one 
obtained by the numerical solution for longer times.  

The Stefan equation for a person standing in system B is the flux arriving at the interface ξ2 
just to compensate the speed of oxide travelling in the contrary sense: 

)15(00.. 2
2

<∨=∨+⎥⎦
⎤

∂
∂

−= C
x
CDFB

ξ  
v

dt
d 2 =
ξ

That is the Stefan equation on Fig. 13, for the stationary conditions . 

6. The Numerical Solution 

o know the behaviour of the proposed model as a function of different variables and to 

similar co eveloped [7(see appendix)] for this purpose.  

The numerical solution gives us the interface position I1 and I2 as function of time and the 
oxygen concentration profile as a function of time and position, when we give the C1, C2, 
D (T) and v(T,p) as input. 

The numerical solution allows to confirm the previous results, §5.1.  

 
Fig. 15: a) Example of hydrogen generation due to numerical calculation. b) The 

correspondent oxide layer thickness and comparison between numerical 
calculation and the value given by equation (14). 
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7. The Calculus of Different Model Parameters 

As a result of the solution of diffusion equation eq.(7) and Stefan equation eq.(8) we will 

rfaces (that could be 
functions of temperature): C1, C2, the diffusion coefficient as a function of temperature: D(T) 
and the erosion speed v, of I1 as a function of temperature and steam partial pressure: 
v=v(T, ) and other parameters that reflect the surface state. 

7.1 The value of C  

According to eqs. (1), (2) and (3) and the results of BOX Rig related to the percent of CO, 

ture and time, 
(see [1] § 5.2.5 Fig. 32

obtain the interface positions I1 and I2 as a function of time and the oxygen concentration 
profile for a given set of values, like the concentration at the inte

OH2
p

2

CO2 and CH4 we evaluate the average as a function of temperature and pressure and we 
establish: 85% for CO2, 14% for CO and 1% for CH4 as a general rule, because up to now, it 
is not possible to explain the behaviour of these gases as a function of tempera

 and [3] § 2.3 Fig. 5 and the respective comments).  

The equation (2) is the main equation because each mole of B4C generates: 85% of CO2, 6 

The molar mass of O:  = 15.999 g 

We don�t consider CH4 because is too small related with the other components. 

moles of O in the oxide and 14% of one mole of CO. Then: 

The molar mass of B4C: CB4
M  = 55.255 g 

OM

CB4
ρ (FRA) = 1.8 g/cm3 

CB4
ρ (ESK) = 2.34 g/cm3

C2(FRA)=(6.0+0.14). CB4
ρ (FRA). OM .103/ CB4

M , mg/cm3

C2(ESK)=(6.0+0.14). CB4
ρ (ESK). .103 , mg/cm3

C2(FRA) = 3200.0 mg/cm3        

SK) = 4160.1mg/cm3      

he necessary oxygen to oxidize the B4C plus the oxygen to oxidize the CO is similar to the 

the CO wi

he molar mass of B2O3 :  = 69.619 g 

le of B ccording to 

OM / CB4
M

C2(E

T
value we obtain if we calculate the necessary oxygen to form B2O3 plus the oxygen to oxidize 

th the hypothesis proposed of no oxide expansion: 

32OBMT

1 mo 4C = CBM  = 55.255 g     →    2 mole of B2O3= 2. OBM = 139.238 g a
4 32

the eq. (2), then: 
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1 CB4
M / CB4

ρ (FRA) = V(B4C(FRA)) = 30.697 cm3  

1 CB4
M / CB4

ρ (ESK) = V(B4C(ESK)) = 23.613 cm3  

2. / V(B4C(FRA)) = (from B4C(FRA)) = 4.536 g/cm3 due to non expansion 

2. / V(B4C(ESK)) = (from B4C(ESK)) = 5.897 g/cm3 due to non expansion 

32OBM
32OBρ

32 32

C

OBM OBρ

2(FRA) = 3. 
32OBρ (FRA). OM .103. / 

32OBM +0.14. CB4
ρ (FRA). OM . 103/ CB4

M , mg/cm3

C2(ESK) = 3. 
32OBρ (ESK). OM .103. / 

32OBM +0.14. CB4
ρ (ESK). OM . 103/ CB4

M , mg/cm3

C2(FRA) = 3200.2 mg/cm3

C2(ESK) = 4160.4 mg/cm3

 We ery low value, but it must be bigger than C2. 
Nevertheless the ∆C = C1-C2 is directly related with the D value. If we increase ∆C or 

eas lar quantity to obtain the same result and vice-versa.  

∆C =

7.3 fusion coefficient, D 

OX xpe has no importance except for the 
isothermal experiments under variable steam pressure that give us an upper value we will 

. On tra s ve the TG experiments because of 
its influence on the oxide layer thickness. 

2.47 10-4 e- 9513.8/T, cm2/s,   T in °K 

The exponential and pre-exponential values are those used during the calculation but they 

 fact that it has an influence on 
the behaviour of oxide layer thickness during steady state. With this value the oxide layer 

temperatures considered. We will return later in 
§7.8.  

7.2 The value of C1 

This value is unknown.  will try a v

ln(C1/C2) we must decr e D in a simi

 1.14 mg/cm3. 

The oxygen dif

In the case of the B  Rig e riment this value 

comment later, §9.1.3  the con ry, it i ry important in 

=)T(D=D 32OB
O

are not related with any physical reason.  

The low value used in the exponential factor is related with the

thickness becomes thin for the high and low 
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number corresponds to BOX rig experimental 

denomination [1]. 
 

The surface porosity was indicated [1] and [3] as the main factor for the extra hydrogen 

  
Fig. 16: The four cases in the FRA samples in which an initial peak of extra hydrogen

generation appears. The M 

7.4 The surface porosity 

production at the beginning of the reaction kinetics shown in the Fig.16. These four kinetics 
in FRA samples show these phenomena. In the case of low temperature, 800°C, for 3 and 
30 g/h of steam, the initial peak is very important and extended. Especially in the case of 
3 g/h the intensity of the peak is low; the effect is prolonged 3.5 times more than 30 g/h.  

For highest temperatures the effect only appears for low steam pressure, 3 g/h and becomes 
more important and with a special structure at 1400°C: an initial peak and later a second 
one. This is perhaps due to the surface porosity and the oxide layer thickness and also to a 
different process taking place as a function of temperature that will we mention in §7.5. Then, 
an important peak appears at low and at high temperatures and this could be related with the 
oxide layer thickness. We will return later to this point, §7.8. It is important to say that the 
model predicts a sharp peak at the beginning of the kinetics when the liquid oxide layer is 
very thin and grows very fast. 
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7.4.1 The possible consequences in the oxidation process  

y and the 
 extra hydrogen initial peak. 

As mentioned in the precedent paragraph the average size of the surface porosit
oxide layer thickness play an important role in the

 Growth of a very thin oxid
thickness (a number in the bottom of each picture) is a fraction of average size 

 

 Fig.17

 

Fig. 17: e layer during a reaction with steam. The oxide layer 

porosity. 

In  we show a possible growth of a very thin oxide layer. The oxide layer we propose 
5  porosity has about 50 units. We presume a liquid oxide has units of thickness and the

accumulation (see [→] in Fig. 17) at the bottom of the open porosity, that with the time will 
reduce the effective external surface at I1, but not the internal surface at I2.The accumulation 
could be produced by oxygen starvation in the porosity end and by the reduction of hydrogen 
production due to the increase of oxide layer. The necessary oxygen to oxidize the B4C will 
decrease according to the equation in Fig. 13, in the case that the interface I2 is in 
position +ξ2 . The accumulation of oxide will finally cover the external surface and show an 
external surface similar to the geometrical one. If the oxide accumulation is not achieved in 
all over the surface, the oxide layer will have the same thickness and the same effective 
surface at I1 and at I2. They are both bigger than the sample geometrical surface. 

In the case of oxide layer thickness grows more than the average size porosity the situation 
could be that of Fig. 18. 

The oxide layer we propose grows up to 81 units of thickness and the porosity has about 70 
units. In this case also the external surface at I1, will approach the sample geometrical 
surface and the internal surface at I2, seams to be equal or bigger than the surface at I2 

Fig. 17proposed in . 

2 5 5 5 5

70

2 5 5 5 52 5 5 5 5

7070
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70 8130
 

 
Fig. 18:

7.4.2 The influence on the steady state of FRA samples 

We must consider that the steam reaction with FRA samples has the particularity that the 

: Growth of a very thick oxide layer during a reaction with steam. The oxide layer 
thickness (a number in the bottom of each picture) is the same order of magnitude 
or bigger than the average size porosity. 

 

internal surface in I2, is, according to §7.4.1, always bigger than the possible external one in 
I1. Because we will take as a reference the set of experiments with the samples ESK in the 
determination of v(T). We must impose to the experience with bigger porosity like FRA an 
increase of the effective surface, particularly in the I2 interface. At the same time we must 
introduce a correction to simulate the initial hydrogen peak in the cases shown in Fig. 16. 

The correction we propose is the simple Gauss function: 

Csup= Csup0+Fsup.exp(-(t-t0)2/(σ)2) 

Shown in Fig. 19. 

The Csup0 ≥1, will be used to compensate the permanent surface bigger value at I2 in the case 
of FRA samples. This will be considered in the next paragraph. 
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Fig. 19: Generic Gauss function to reproduce the initial hydrogen peak. Csup0=1 
 

7.4.3 The different densities between FRA and ESK samples  

en 
necessar

2(FRA) = 3200.2 mg/cm3 < C2(ESK) = 4160.4 mg/cm3, from § 7.1. Then, our model will 
calculate kinetics of hydrogen in steady state: H (ESK) > H (FRA). If we observe the general 

It is evident from our model that in the case of FRA samples the quantity of oxyg
y to oxidize the B4C will be lower than in the case of ESK samples because: 

C
2 2

behaviour from BOX Rig experiment (see [1] § 5.2.5 Fig. 31) during steady state, the FRA 
samples generate more hydrogen than the ESK samples with some exceptions where the 
release rate can be considered almost equal.  

Fig. 20 shows an example of this type, the FRA sample generates more H2 than the ESK on 
the contrary the model simulation for FRA sample generates less H2 than the ESK sample. 

In our opinion, these observations reinforce the assertion in § 7.4.1. In the case of FRA 
samples the surface that corresponds to the I  interface is always bigger than the sample 

 quantity of H2 to be generated is 
defined according to our proposed model §5. 

This is the reason we need a correction in the case of FRA samples to approach the 
ts of BOX rig, a factor that considers a big surface at the interface I2 

regarding the geometrical surface and constant as a function of time, C . 
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2

geometrical surface. This is just the interface where the

experimental resul
sup0
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Fig. 20: Experimental results of FRA and ESK samples with the respective simulation model 
calculation at 1400°C, steam 30 g/h.  

ause they have the high density, the lower 
porosity and the surface exposed is nearer to the sample geometrical surface. The only 

al 
pressure. 

 
 
7.5 The erosion speed of interface I1 as a function of Temperature, v(T) 

The most perfect samples test to check the code and to calculate the v value as a function of 
temperature are the ESK samples test, bec

problem is that the mayor quantities of experimental results are obtained with the FRA 
samples, particularly those performed at constant temperatures and variable steam parti

We run the code with the parameters previously defined and v as input value and we obtain 
the best approach of the experimental results. In Fig.21 the case of ESK sample in steam at 
30 g/h=0.4273 bar for Ar 50 l/h and temperature 1000°C is plotted as an example. The 
hydrogen generated as a function of time during the ESK test was not as constant as we 

It is important to note that in ESK sample and for the calculation we use Csup=1 because 
Csup0=1 and Fsup=0, then no correction at all. The initial sharp peak is due to the transient 
between t=0s, (∆ξ=0) and the stationary state ~120s (∆ξ = cte). 
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expect. In order to be sure that our calculation always maximizes the hydrogen generated by 
the reaction, the determination of v value should be either in coincidence with the 
experimental results or above them.  
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Fig. 21:  (l) during 
 

perimental 
denomination [1]. 

he resu

temperatures on ESK samples on steam at 30 g/h, 

 Determination example of erosion speed, v, of external surface of B2O3
steady state formed over ESK sample. In the case of temperature: 1000°C, steam:
30 g/h, Ar carrier 50 l/h. The M number corresponds to BOX rig ex

 

lts are shown in Table 1. T

 Table 1: Determination of v for different 

Ar 50 l/h. 
Temperature, °C v, cm/s 

800 1.5 10-6

1000 2.8 10-6

1200 7.0 10-6

1400 2.4 10-5

 

The values in Table 1 are plotted in Fig. 22. The results of this plot show us that the reaction 
we study could be composed of several processes for this plot is not a straight line. Possibly 
the most simple hypothesis is to think that there are two processes, but this is very difficult to 
prove with the existing experimental results. Therefore we will try to do our best to describe 
the four experimental points. We propose an exponential parabolic for the high temperature 
and an exponential linear function for low temperature: 

12.67799-59983.29601/T+3.50938E+07/(Tv(T,p=0.4273)=e *T)      for   1000°C≤ T≤  1400°C                      (17) 
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v=2.8 10-6 cm/s

v(T,p=0.4273)=e-9.4373-4262.75236/T                            for     800°C ≤  T≤  1000°C                      (18) 
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gerate number of digit in the parameters is only to have the possibility to reproduce 
 result, particularly in the points coincident with the experimental temperatures. In 

 of transients we co

The exag
the same

e case nsider eq. (18) valid also for temperatures lower than 800°C. For 
an 1%, eq. (17) and (18) becomes: 

v(T,p=0.427)=e12.7-6.E+04/T+3.508E+07/(T*T)                    for   1000°C≤ T≤  1400°C                       (17�) 

v(T,p=0.427)=e-9.43 °C                       (18�) 

 

7.6 The erosion spe  interface I1 as a function of Temperature and 
Pressure, v(T,p) 
 

e have one experimental result that permits to know the behaviour of the reaction as a 
consequence of change of steam pressure due to the variation of steam flow rate and 

ximation the eq. (17) and (18) that 
defines v=v(T) for a partial pressure ar. We introduce the linear correction for v(T) 

ressure that must be, v(T)=0

                    fo

 

 

Fig. 22: Log (v) vs. 1/T, steam partial pressure: 0.4273 bar 

6,0 6,5 7,0 7,5 8,0 8,5 9,0 9,5
1E-6

1E-5
v,

 c
m

/s

1/T, 104/K

 v, values from Table I

1400 1300 1200 1100 1000 900 800

 Temperature, °C

 

th
error less th

-4.27E+03/T                                 for     800°C ≤  T≤  1000

ed of

W

constant Ar flow rate, the M10115. 

We run the code in order to know the better v, value for each partial steam pressure: 30, 5, 
10, 30, 50, and 70 g/h of steam injected in the system with an Ar flux of 50 l/h. The results 
could be represented by a straight line that passes very near zero for p=0 as a function of 
steam pressure. Then we consider as a good appro

 p=0.4273 b
for steam partial p  when p=0 bar as: 

v=v(T).p/p0.4273    r T≤  1400°C                                                                       (19) 
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7.7 
 

dealing with an oxidation process 
without erosion at the . The system we 
propose in 

The meaning of v=0 

It is important to note that when, v=0, because p=0, we are 
 interface I1, then, an oxidation in air or in Ar+O2

Fig. 12 is a typical schema that represents the oxygen profile during an 
in an oxidant atmosphere able to keep the concentration C1 constant

valid in our case is just of Fig. 12

oxidation 
 during all the time. 

When v=0 the schema . In the BOX
 oxygen atmosphere was not been performed, this condition 

2. The model proposed will simulate both types 
tween steam and Boron Carbide for steam pressure 0>psteam

will simulate the interaction with air (air ingress)
ch during a kinetics in steam or air to an inert atmosphere we must put C

=0 and the system will freeze. 

e layer thickness during steady stat
temperature and pressure 

 rig experiment this type 
of test in will be only useful for 
some TG test in Ar+O of test and also the 
interaction be <0.635 bar. When 
psteam=0 bar the model . In both cases if we 
need to swit 1=C2 
and psteam

7.8 The oxid e as a function of 

late the oxide layer thickness We are now able to apply the equation (14) to calcu
uring steady state for different values of temperature and pressure. d

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
=∞=∆ )(

2
1ln.

v
D

C
C

tξ
 

 

Where D=D(T), v = v(T,p) and C and C  constant in this case. Then in Fig. 231  2  we show ∆ξ  

particularly the activation energy, the oxide layer thickness has a similar behaviour (small 

the purposes because the high peaks due to surface porosity were attributed to a small oxide 
ickness, Fig. 23

t=∞

as a function of T and p. With the parameters selected for the diffusion coefficient, 

thickness) at the low and high temperatures considered in the experiments. This was one of 

th . 

Fig. 23: ∆ξt=∞ as a function of Temperature and Pressure. a) As a result from the equation 

 

a) b) 

(compressed oxide, density 5.9 g/cm3) b) After expansion, oxide density 1.8 g/cm3.  
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7.9 The calculation of hydrogen generated 

The hydrogen evaluation generated at any time must be according to the model proposed in 
§5 for a coordinate system in A: 

1) The hydrogen generated at the interface I1 due to the dissociation of H2O must 
provide the necessary oxygen to oxidize the B4C at the interface I2 in to B2O3: 

  
          H2(B2O3)  = 
 
 

2) The hydrogen generated due to C oxidation to form CO2 at the I1 interface: 

)20(1

1

0 Mt
CD

I∂
∂

−

(21)0.85.
M
ρ

.2.
dt

dξ
)(COH CBI

22
41=

CB4  
3) The hydrogen generated due to C oxidation to form CO at the I2 interface: 

(22).0.14
M
ρ

.
dt

dξ
(CO)H

CB

CBI
2

4

42=
 

This contribution to the hydrogen generation was already considered in the §7.1 
when we calculate the necessary oxygen to oxidize the B4C and the oxidation of CO 

oment the 
in the C2 value. Then this contribution is included in eq. (20). The values 0.85, 0.14 
and 0.01 are average values taken from the experimental results. For the m
temperature dependence is neglected because it is too small to be considered. 

4) The hydrogen necessary to hydrate the C to CH4 in I2: 

(23).0.01
M
ρ

.2.
dt

dξ
)(CHH

CB

CBI
42

4

42=
 

Then, the total hydrogen generated: 

(24))(CHH)(COH)O(BH(total)H 42223222 −+=  

Depending on the hypothesis about the surface
a Csup factor already defined in §7.4, or by other fa

 

 

 porosity these values could be multiplied by 
ctor according to the interface considered.  
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7.10 The calculation of CO 2, CO and CH4 

According to the model proposed in §5: 

(25).0.85
M

.
dt

CO
CB

CBI
2

4

41=
ρdξ

(26).0.14
Mdt CB4

ρ
.

dξ
CO CBI 42=

(27).0.01
M
ρ

.
dt

dξ
CH

CB

CBI
4

4

42=
 

Dep ltiplied by 
a factor Csup, already defined in §7.4, or by other factor according to the interface considered. 

 

7.1

The total weight of the sample as a function of time in system A

ending on the hypothesis about the surface porosity these values could be mu

1 Weight calculation of the sample 

, Fig. 13 is: 

If v=0: W =                   (28)

If v>0: 

To obt
position

 

8. Principal characteristics of the model proposed 

The model we propose must be able to simulate BOX rig experiments as well as TG ones. 
This paragraph is dedicated to show the influence of different model variables on the kinetics

8.1 Results type BOX rig 

test 
he initial peak is due to the acceleration of interface I2 to reach the equilibrium position at 
ny time. It is well known that during the parabolic kinetics, v=0, also the I2 interface has an 

infinite speed at t=0.  

v=0 CBIOBI 42322

W

ρ.ξ-ρ.ξ   

v>0= CBIOBII 423212
ρ.ξ-ρ).ξ-ξ(                 (29) 

ain the results in mg/cm2, 103 must multiply both equations, because the interface 
s are in cm and the densities in g/cm3. 

 
results.  

The different results in the BOX rig test show peaks at the beginning of the reaction with 
different characteristics, as we discussed previously §7.4. The purpose is now to show the 
influence of oxygen diffusion coefficient in this initial peak. 

8.1.1 Isothermal 
T
a
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 diffusion coefficients in the sharp initial H2 

the s e ase but the spee  the interface I1 has
 the system A

Fig. 24: Shows the influence of different oxygen
peak. 

 

This is am  c d must be bigger because  already the 
from coordinates fixed to speed v (if we consider , §5.1, Fig. 25 or Fig. 27c. On 

the con , fromtrary  coordinates fix to B, the speed will be wer than the parabo lo lic one, Fig. 
27b.  The influence of different D  values is shown in O Fig. 25. The D (800°C)=3.5 10  cm /s 
is a lower value than those used in 

O
-8 2

Fig. 25. Nevertheless a factor 103 is not able to produce 
an initial peak comparable with those showed in §7.4. It only grows up to 10 s (at 0.3 

ole/(m2s)) for a factor bigger than of 103 in DO. 

nfluence of different oxygen diffusion coefficients in the oxide. 
a) in the interface positions (System reference A

m

 

b) c) 
 
Fig. 25: Shows the i

), b) in the oxide layer 
thickness.  
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It is also important to observe in Fig. 25b, that during steady state I2
, both at speed v, independent of the value of DO. Then, in BOX

 has no influence on the H2 generation during steady state. 

 the parameter v determines the H2 production during stea

The different non condensable molecules intensities according to the model 

 non condensable gases according to the distribution
2, CO and CH4 present the typical peak in surface but the CO

constant, related to the interface at which this species is generated. 

 travels at the same 
speed than I1  rig isothermal 
test,  DO

The value of dy state in BOX rig 
isothermal test. 

 

8.1.2 
proposed 

If we consider all the  previously 
mentioned in §7.9, the H 2 is 

 

This behaviour Fig. 26

 

Fig. 26: Kinetics behaviour of each non-condensable gas as a function of time. 

, shows a difference relat
does not simulate the comportment of the species of §4.1. It  
formation depends on the Carbon concentratio  
interface I1 does not seem to be  

t is dissolved in the oxide. Then when the kinetics starts, the quantity of CO2 is very low 
2 

he 
oxide wil ant. 
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ed with the origin of the gaseous products. It 
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8.1.3 Results type TG 

In the case of TG results, the DO and v have an important influence on the oxide layer 
thickness and then in its kinetics. In Fig. 27 we show different TG simulations for a given DO 

bolic oxide layer thickness growth. If we change DO we will have different 
parabolic behaviours. When v>0 the parabolic behaviour is lost and from t=0 up to steady 
tate we have a transient approaching later a straight line where its slop reaches the speed 

v. From that moment the oxide layer thickness is constant, Fig. 27b

and different v. For v=0 we have a parabolic gain of weight, typical oxidation in air or Ar+O2 
and also a para

s
. 

Fig. 27c, shows the different speed at the beginning of the kinetics between similar samples 
-6

a) 

 
System reference A

and conditions except the atmosphere in Ar+O2 (air) v=0 and Ar+Steam v=5.10  cm/s>0. 
The sample into steam atmosphere, v>0, has always more interface speed then it generates 
a sharper hydrogen peak (dI2/dt) than a parabolic kinetics one, v=0. The bigger is the v 
value, sharper and higher is the hydrogen peak.   
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Fig. 27:: Simulation of possible TG results of ESK sample for different values of v and 

constant temperature. a) Weight vs. time b) The corresponding oxide layer 
thickness vs. time. c) Interface positions in the case of v=0cm/s and v=5. 10-6cm/s.
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Fig. 28 shows the influence of v in the case of FRA sample. In this case we introduce the 
factor CsupI like in eq (28) and (29) in the place of Csup defined: 

(30)dtCC
t

0
supsupI ∫=

 
The results are very similar to those obtained in the case of ESK samples (no porosity) but 
with extra weight at the beginning of the kinetics due to the accumulation of B2O3 liquid in the 
superficial sample porosity like we show schematically in Fig. 18. The eq. (30) shows that the 
extra oxide generated by the big surface porosity is kept in the sample during the kinetics. 

 

 
Fig. 28:

constant temperature. Oxidation in air (Ar+O2), v=0. 
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Fig. 29:  
to BOX rig 

 

e performed a similar treatment for FRA samples and steam of 3 g/h. Fig. 30

 

 

 Experimental and model results of FRA samples at different temperatures, constant
steam flux of 30 g/h and 50 l/h of Ar carrier. The M number corresponds 
experimental denomination [1]. 
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Fig. 30:: Experimental and model results of FRA samples at different temperatures, constant 
M number corresponds to BOX rig 

the FRA samples over the total hydrogen 
s a function of temperature, Fig. 31

steam flux of 3 g/h and 50 l/h of Ar carrier. The 
experimental denomination [1]. 

 

9.1.1.1 The initial peak in the FRA samples 

To evaluate the importance of initial peak in 
produced, we integrate the Csup and we plot it a . As we 

oduced at low temperature, 800°C and at high
In the case of steam 30 g/h the behaviour 

show previously the major influence is pr  
temperature 1400°C especially for 3 g/h of steam. 
is more constant as a function of temperature. 

Fig. 31: Hydrogen generated by the initial peak o
of steam. a) Calculation from experim
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Fig. 32: The time necessary to generate, during the steady state, the equivalent quantity of 

hy in FRA samples at constant temperature, 
for 3 and 30 g/h of steam. 

In Table 2 we will find the parameters used to si

Table 2: Parameters used in §9.1.1 necessary t

drogen produced during the initial peak 

 

The most important initial peak is produced at 800°C. 4.4h will be necessary during steady 
state at 800°C to generate a similar quantity of hydrogen. In this case it seems impossible to 
neglect the initial peak while calculating the hydrogen generated at 800°C, except for very 
long time experiment >4.4.h. 

9.1.1.2 The parameters that define the initial peak in FRA samples  

mulate the initial peak in FRA samples. 

o reproduce the initial peak in FRA samples 
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Fig.33:

Fig. 34:
 
In Fig. 33

 Parameters of Table 2 for steam 3 g/h as a function of temperature. 
 
 

 Parameters of Table 2 for steam 30 g/h as a function of temperature. 

 and Fig. 34, we represent the parameters of Table 2 as a function of temperature. 

The behaviour of t0 and σ are similar as a function of temperature, with high values for 800°C 
and 14 0°C in the c  steam 3 g/h and also hig ues for 80 or steam 3 The 
comportment of Sup. Fact. (3g/h) is very high f 0°C 
and low for 1400°C. In g/h it has the same growth h 
temperature, 1400°C  but it decreases 00°C. The values of Csup0 only 
between 1.4 and 2.0 and they are related with porosity therefore with the surface increased 
at I2 interface 

The parameters t0  are related with the permanence time of initial peak on FRA 
kinetics. We suppos t the oxide er thickness ring steady state, ξinf, is associated 
with these parameters. In Fig.35

0 ase of h val 0°C f 0g/h.
strongly dependent of temperature, or 80

 the case of 30  tendency from hig
, up to 1000°C  for 8  vary 

and σ
e tha  lay  du

 we show the behaviour as a function of temperature of 1/ξinf 
from Fig. 23b. It is possible to obser  similar be ur between  and t0 a The 

inner is the oxide layer the more the time will take the oxide to cover the surface with an 
approximately surface value near the one of the geometrical surface, Fig. 2

ve a havio  1/ξinf nd σ. 

7 and Fig. 18. 
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Fig. 35:: 1/ξinf
 
 

 vs. temperature, ξinf calculated from data of Fig. 23b. 

a)  b) 
 
Fig. 36: a) Similar calculation Fig. 35 but now 1/(∆ξinf.p/p0.427) vs. Temperature. b) The 

hydrogen generated by the initial peak. 
 

It is clear from these results that it does not exist a good correspondence in intensity of t0 and 
σ between 3 and 30 g/h. In Fig. 33 the values for 3 g/h are bigger than the values in Fig. 34 
for 30 g/h. On the contrary in Fig. 35 the values for 30 g/h are bigger than the 3 g/h. Fig. 36 
shows another approach corresponding better to the behaviour of Fig. 36b but more difficult 
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to interpret without a model. Nevertheless, the initial peak on FRA samples seems to be 
related with small boron oxide layer thickness. 
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9.1.2  

= 0 and 
Csup0=1. 

The ESK samples 

The ESK samples we simulate are: steam 30 g/h with Csup=1, because Sup. Fact. 
Fig. 37 show these simulations in comparison with the experimental test. 

A similar treatment we perform for ESK samples and steam of 3 g/h. Fig. 38 s
simulations in comparison with the experimental test. 

are also acceptable because the v values are the consequence of inte

how these 

The results rpolation 
by a straight line. 

 
ig. 37: Experimental and model results of ESK samples at different temperatures, constant 

steam flux of 30 g/h and 50 l/h of Ar carrier. The M number corresponds to BOX rig 

ue is important. In the kinetics case, Fig.39a

  

  

F

experimental denomination [1]. 
 

9.1.3 The pressure transients 

The steam pressure transients were performed at 1200°C and the hypothesis of steam 
pressure linearity in bar is confirmed. This is the only case in the BOX rig tests where the 
influence of the oxygen diffusion coefficient val , 
a factor two in the diffusion coefficient changes the approach to the steady state value, if we 

crease this value the steady state will be not reached during each period of 300s where the 
system is keeping at constant steam pressure. In Fig.39b as we show previously in §5.1, eq. 
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14, the value of the oxide layer thickness will increase the same factor than the diffusion 
coefficient. This also shows that the time to reach the steady state will increase too.  

 
Fig. 38: Experimental and model results of ESK samp

steam flux of 3 g/h and 50 l/h of Ar carrier. The 
experimental denomination [1]. 

 

Therefore, if we increase too much the diffusion  
the test will not be achieved. We will later sho
diffusion coefficient is too low the TG tests are  
alues for the diffusion coefficient. 

For thes
pressure chieved. In this case we do not use any superficial 
orrection neither for the initial peak nor for the permanent FRA samples in interface I2: the 

fit is acceptable. The reason is showed in Fig. 40
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e FRA samples no correction was necessary, perhaps because, like in the constant 
 tests, the steady state is not a

c
factor Csup0=1. Nevertheless the , the 

ntal results at similar conditions for the period (0s-600s) differences between two experime
are not in coincidence. This could be attributed to a different surface porosity or different 
degree of surface contamination. In the case of Fig. 39, compensate the factor, Csup0, defined 
previously. 
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a) b) 

Fig. 39: a) Experimental and model results of FRA samples at different temperatures, 
variable steam flux of 30, 10, 30, 50 and 70 g/h and 50 l/h of Ar carrier. Two 

ence. The M number corresponds 

 coefficients on the oxide layer size. The value 
inition in §7.3. 

diffusion coefficients were used to show its influ
to BOX rig experimental denomination [1]. 
b) Showing the influence of diffusion
of DO(1200°C)=3.8 10-7 cm2/s corresponds to def

 

 

 

The transients temperature BOX rig test 
Different transient temperature tests were performed in the BOX rig. The sample support that 
was later modified §0 was the most used. The only transient performed with the new support 

0 500 1000 1500 2000
0,0

0,1

0,2

0,3

0,4

0,5

0,6

Fig. 40: The FRA samples from 0s to 600s are under similar conditions of pressure and 
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was M10406, which during a cool-down phase suffered an off-gas pipe blocked. In Fig. 41, 
we simulate this transient with the model proposed.  

 

Fig. 41: The transient temperature test with a constant period (0s-1820s) at 800°C and heat 
up at 1500°C in 2100s, 110s at 1500°C and after cool down at the same speed. The 

During a co  1420°C. 

 

The model l hydrogen peak was 
simulated a appear in this simple 
model. This the liquid oxide like 
density or  surface, 
then the erosion speed 
between 0s and 100s  surface peak has a 
value of 0.036 mole/(m  peak contributes with 
4.7 mole/m2

 39

M number corresponds to BOX rig experimental denomination [1]. 
ol-down phase the BOX rig suffers an off-gas pipe blocked at

results for CO2, CO and CH4 are also plotted. The initia
s always but the peak at 890°C and 1085°C does not 
could be attributed to a change in the physical properties in 

viscosity that could influence the way to cover the irregular FRA samples
of the external surface. It is important to notice that the sharp peak 

generates 8.3 mole/m2. If we consider that the
2s), which is 3.6 mole/m2 of hydrogen, the sharp

. This peak is not considered in the calculations of Fig. 31b and does not appear 
in the expe  l/h of steam). The 
detection with the mass with an inner 
diameter of 6mm. 

9.3 T
 thermogravimetric (TG) tests was performed [2] to elucidate the different 

echanisms presented in the interaction between B C with oxygen and steam, always using 
 gas mixture was different than in the 

sensitive unit from the highly corrosive reaction products and humidity, and secondly a 
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reaction gas bubbling in a water bath at given temperature inlet near the reaction zone was 
added. We will now intend to simulate the TG test in Ar + Steam atmosphere with the same 
parameters determinate with the BOX rig experiments. 

9.3.1 

The TG analysis, 

The oxidation in Argon + Steam atmosphere 

Fig.42, shows the mass evolution of a dense (ESK) B4C pellet
Ar-Steam with flow rate 20 l/h and a partial pressure of about 100mbar H

authors mention, ��for long test duration, formation of a new B2O3 is constant an
the evaporation of B2O3. The reaction is governed by diffusion controlled oxid
parabolic kinetics and linear kinetics in evaporation�. We use the same model as before with 
the same constant determined by BOX rig simulation: v(T,p), DO, densities of bo
and boron carbide and C1 and C2, ∆C = C1-C2. In order to have a good agreemen

t was necessary to reduce the Steam partial pressure to a value of 27.3 mba
100 mbar mentioned for the authors. For short times the disagree
but the fact that the experimental results show an inflexion point before 
 the slope for longer times, induces us to think that the first

produced by a buoyancy effect in the balance during heat up phase.  

 during 
oxidation in 2O. The 

d equal to 
ation with 

ron oxide 
t with the 

experiment i r 
instead of ment is 
important, 
approaching  part could be 

 

m 
ls 

Argon + Oxygen atmosphere 
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a) b) 
 
Fig. 42: Model approach of the TG test at 1000°C of ESK sample in an Argon + Stea

atmosphere. a) Comparison with the experimental result [2] showing the principa
data used. b) The corresponding interfaces positions as a function of time.  

 

9.3.2 The oxidation in 

Fig.  shows a typical parabolic oxidation behaviour except for the first seconds where a 

-5

-4

-3

-1

0

2

possible buoyancy effect takes place. The model matches the experimental results but it was 
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A similar experiment was also performed in Argon + Oxygen atmosphere but in this case at 
1300°C. It seems that due to the high temperature the boron oxide changes some of its own 
characteristics like viscosity and the ability to keep added on the B4C as a uniform layer. 
Therefore, only a certain oxide liquid thickness is able to be added to the sample surface.  

 
ig. 43: Model approach of the TG test at 800°C of ESK sample in an Argon + 

Oxygen atmosphere. a) Comparison with the experimental result [2] 

as a function of time. 
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Fig. 44: Schematic representation of maximum liquid oxide layer over the surface of B4C. 

The excess of liquid oxide is collected by the support and it must be considered in 
the total weight of the sample.   

 

The excess of liquid oxide falls off as we show in Fig. 44, the total liquid oxide generated is 
measured by the balance. We don�t have any experimental information about the maximum 

B4CAr+O2

B2O3

B4CAr+O2

B2O3
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liquid oxide layer thickness able to stay on the surface. However this parameter is necessary 
to adjust the kinetic experimental result, Fig. 45. The model simulates in a satisfactory way 
the kinetics with a value of v=3.4 10-7 cm/s and a ∆C=2.4 mg/cm3 with an equilibrium liquid 
oxide layer thickness of about 10 µm in a non-expanded model. If we expand the B2O3 at 
1.8 g/cm3 the thickness is about 32.7 µm. 
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b)  
 
Fig. 45: Mo

showing the principals 
data used. f time. c) The 

 

original 
onclude that in the case of oxidation in Ar+O2 the oxygen diffusion coefficient must be 
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del approach of the TG test at 1300°C of ESK sample in an Argon + Oxygen 
atmosphere. a) Comparison with the experimental result [2] 

b) The corresponding interfaces positions as a function o
oxide layer thickness as a function of time. 

In these two last experiments we will have to increase ∆C that in the case of BOX rig 
simulations was always 1.14 to 1.54 and 2.4 mg/cm3 respectively. This means to keep the 

∆C=1.14 mg/cm3 and to increase a little the diffusion coefficient. This leads us to 
c
bigger than an oxidation in Ar+Steam but not lower. It gives a lower limit for the diffusion 
coefficient.  
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10. Reduced time calculation to simulate the interaction 
The previous experimental results and the modelling proposed about the interaction between 
Boron Carbide with Steam and Air show that the modelling approach of oxygen diffusion 
through the Boron Oxide formed on the surface of Boron Carbide is able to simulate the BOX 
rig experimental results and the Thermogravimetric test. It also shows that the calculation 
time was important to ph we will 
propose a f BOX rig 
experiments interaction between 
boron carbid

10.1  2 and CH4 

 gases generation 
at constant temperature or during temperature transients. Simultaneous steam pressure 
changes add the initial peaks particularly in the case of hydrogen.  

The main equation during steady state from the model proposed for the oxide layer thickness 
was eq. (14): 

 be implemented in accidents codes. In the next paragra
 simple equation able to reproduce the experimental results in the case o

 and for the generation of non-condensable gases during the 
e and steam. 

Reduced time equation for calculation of H2, CO, CO
generation during steady state 
We will give priority to obtain good results in the case of non-condensable

⎟⎟
⎠

⎞
⎜⎜
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=∞=∆ )(

2
1ln.
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tξ
 

whe
C  are the maximu

re D = D(T) and v=v(T).p/p0, where p0 is the reference considered p0=0.427 bar. C1 and 
m and the minimu

From eq. (24) we have the total hydrogen ne
hydrogen to oxidize CO was already considered 

H2(total)= H2(B2O3)+ H
Then, we will calculate each term in 

m oxygen concentration in Boron Oxide. 

cessary to oxidize B2O3, CO2 and CH4. The 
in the term H2(B2O3), see §7.1: 

2(CO2) - H2(CH4) 
the case of steady state, eq. (20): 

2

∞=
∂
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t0Ο
Ιx

C
Ο322 ∆ξM

∆CD(T).
Μ

1..-D)O(BH
1  

where ∆C= C1-C2. We approximate the derivative for the straight line between C1 and C2. 
This approximation does not introduce any important error because trough the previous 
results analysis we found in each case almost a straight line.  

rom eq. (21) and in steady state the speed of interface I  is equal to the speed of interface I  F 1 2
and equal to v: 

( ) .0.85
M
ρ

.pT,2.v)(COH
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rom eq. (23): F
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The total hydrogen generated due to the formation of B2O3, CO, CO2 and CH4 is: 

(31)).C/Mρ.1.68)/C/ln(CC/Mp).(v(T,(Total)H sup0CBCB21O2 44
+∆=
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From eq. (17�) and (18�) we know v(T,p0) 
.7-6.E+04/T+3.508E+07/(T*T)  v(T,p)=v(T,p0).p/p0= p/p0*e12                 for   1000°C≤ T≤  1400°C         

v(T,p)=v(T,p0).p/p0= p/p0*e-9.43-4.27E+03/T                                 for     800°C ≤  T≤  1000°C 

and CB4
ρ will change with the material, FRA or ESK and Csup0=1 for ESK and Csup0=1.4 or 2. 

for FRA material. 

In Fig. 46, we show a comparison between eq. (31) and the experimental results from 
reference [1] in case of ESK samples. 
 

 
Fig. 46: Comparison between experimental results and the steady state eq. (31) in case of 

ESK samples. 
 
In Fig. 47, we show experimental results from 

Fig. 47: Comparison between experimental results and the steady state eq. (31) in case of 
FRA samples, Csup0=1.4. 
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Because for some FRA samples we use Csup0=1.4 and for others Csup0=2, in Fig. 48, we show 
er 

cidents 
codes. 

 

Fig. 48: se of FRA samples, 
Csup0

e appl  to a transient temperature with Csup0=1.4 according to the previous 

a similar result for Csup0=2. In these calculations the model point values are generally bigg
than the experimental ones. This could be useful for conservative calculations in ac

0,12

0,14

Comparison between experimental results and eq. (31) in the ca
=2 during steady state. 

 
10.2 The calculation for H2 generation during temperature transients 

ied the eq. (31)W
results. The calculation for H2 generation during temperature transients, Fig. 49 shows this 
result. The shape of the resulting peak is similar to experimental test; at 1500°C give a value 
of 0.164 mole/(m2s) similar to diffusion model, Fig. 41. 

n X rig experimental denomination [1]. 
During a cool-down phase the BOX rig suffers an off-gas pipe blocked at 1420°C. 

6,0 6,5 7,0 7,5 8,0 8,5 9,0
0,00

0,02

0,04

0,06

0,08

0,10

104/T

H
2, 

m
ol

e/
(m

2 s)

Steady State Comparison
 0.069 bar, FRA Model eq.(31)
 0.427 bar, FRA Model eq.(31)
 0.069 bar, FRA Exp.
 0.427 bar, FRA Exp.

Csup0=2

1400 1300 1200 1100 1000 900 800
 Temperature, °C

 

 
Fig. 49 Transient temperature test with a constant period (0s-1820s) at 800°C and heat up at 

1500°C in 2100s, 110s at 1500°C and after cool down at the same speed. The M 
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 a) 
Fig. 50: Co s. 

a) The quan (eq.(31)) = 52.13 
mole/m 2, H2(eq.(31)) 

 
An off-gas s this also influences 
the hydrogen detection bation is 

etected. The result for Csub0=1.4 is acceptable. These results show that the approximation 
introduced is also good for this type of test where the oxide layer thickness changes 
simultaneously with the temperature and the steady state condition could never be reached.  

As we s re the diffusion model calculation, with the 
pproximated eq. (31), during a heat up from 800°C to 1200°C and cool down to 800°C, Fig. 

 b) 
mparison between Diffusion Model and eq. (31) for two types of transient

tity of H2 from 1800s is H2(Diff.) = 50.86 mole/m2, H2
2. b)The quantity of H2 from 1800s is H2(Diff.) = 176.54 mole/m

= 179.43 mole/m2. 

pipe blocked disturbed the experimental result and perhap
 at lower temperature. At approximately 1430°C a first pertur

d

olve the diffusion equation, we compa
a
50a, and a heat up from 800°C to 1500°C and cool down to 800°C, Fig. 50b, both at constant 
steam pressure. 

Low temperature has more influence on the gap between Diffusion Model and the eq. (31). 
Nevertheless, the quantity of hydrogen generated by the peak is equivalent within an error of 
2% for these temperature transient speeds. The evolution of the oxide thickness calculated 
with the diffusion model for the transient of Fig. 50b is showed in the Fig. 51. Nevertheless, 
the hydrogen generation is nearly constant up to this moment, Fig. 41. After 1812s the heat 
up starts an ilibrium at 
1400°C. During cool dow

d the oxide layer thickness reduces the size and rapidly arrives to equ
n the oxide layer thickness increases the size again. 

  

Fig. 51: Oxide layer thickness obtained with a diffusion model as a function of time for the 
transient of Fig. 50b. 
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Fig. 52: 
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The total hydrogen generated during a similar transient of Fig. 50b as a function of 
time. 
           Diffusion Model with initial peak parameters Fig. 41. 
           H2(t), eq. (31)  
           H2(t), eq. (31),+ 28. mole/(m2s) to compare with Diffusion Model. 

 
The calculation is performed with a compressed oxide. The variation of the oxide layer shows 
that it is not balanced. It is still growing when the temperature starts to increase at 1812s. 

Fig. 52, shows that the approximation of eq. (31) is good for the entire transients but fails 
because it does not include the initial peak. The initial peak is not yet modelled, because of 
the quantities of experimental points: four temperatures for each steam pressure, Fig. 29, are 
insufficient to understand its behaviour as a function of temperature. The difference of the 
two initial peaks under identical experimental conditions is perhaps due to the surface 
contamination at the beginning of the experiment. The surface cleaning becomes difficult as 
a consequence of the surface porosity [1,2]. Fig.53, shows a difference of 32%. 

 
Fig. 53:  

mber corresponds to BOX 
rig experime

 

Two initial hydrogen peaks measured under the same conditions and possibly with
different surface contamination in the porosity. The M nu

ntal denomination [1]. 
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It is important to notice that an error is introduced in each approximation as it happens 
orrelation in high tem

for 
ypical c perature oxidation of Zry. The approximation of eq. (31) is a 
orrelation for B4C oxidation in steam, because in this approximation the interaction with air 

is lost. Th

t
c

is correlation introduces errors observable in Fig. 50, more important at low 
model calculations is 

evident. A diffusion mo  only way to obtain 
reasonable 

temperature. The difference between the correlation and the diffusion 
del like this one was showed before; [8] is the

good results. The diffusion process showed in Fig. 50 could also be represented 
by a hysteres  vs. 1/T, which represents 

 curve to simulate any type of 
transients. mperature 

e 
case of Zry and eq. (31) for B or the big 
codes could o diffusion 
inertia) with 

is loop, if we consider the instantaneous correlation, ki

correctly the evolution of the system, instead of the correlation
Particularly, in the case of quench simulation process where the te

change is very quick, the error introduced by any correlation, Cathcart, Pawel�s law in th
4C, could be very important. An intermediate solution f

 be the use of previously calculated family of hysteresis loops (due t
different heat up and cool down speed, Fig. 54. Also in

ds: -100°C/s, -10°C/s, -2°C/s and 0°C/s from 
transients we change from one loop at constant speed transient to another one according to

neous temperature change. The correlation obtained from

 this figure we superpose 
different transient spee 1500°C. During the 

 
the instanta  equilibrium kinetic 

loop re evolution of the system. 

As an e

curve (0°C/s) could be far from the hysteresis loop (quench trajectory). This last hysteresis 
resents the real p

xample we show in Fig. 55a, applying to B4C/steam interaction, we execute the 
al solution of the diffusion proposed model for several constant cool down spnumeric eeds:    

-100°C/s, -10°C/s, -1°C/s and 0°C/s from temperature started at 1500°C to 800°C and after 
keeping constant at 800°C, for oxidation of B4C at a steam pressure of 0.427 bar, Fig. 55a. 

Fig. 54: uench. The 
diffusion system quench from high temperature A

 

 

 Schematic representation of a cool down hysteresis loop during q
 to low temperature B. The 

transients start at -100°C/s, changing to -10°C/s to -2°C/s and to 0°C/s (equilibrium 
correlation). 
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a) b) 

Fig. 55: a) Cool down hysteresis loop during quench for different constant cool down speed 
from �100°C/s to 0 °C/s (steady state correlation). Superposed the oxidation of B4C 
during a typical quench temperature vs. time, showed in b). 
b) Typical temperature vs. time during quenching:  -100°C/s from 1500°C to 1400°C,  
-10°C/s from 1400°C to 1200°C, -5°C/s from 1200°C to 1000°C, -1°C/s from 1000°C 
to 800°C and after 0°C/s at 800°C up to reach the equilibrium. 

 

If we superpose a typical B4C quench oxidation, under the same conditions, corresponding to 
a curve temperature vs. time showed in Fig. 55b, it is evident that due to diffusion inertia, it is 
not possible to use the steady state correlation without incurring in an important error 
especially in the case of quench where the temperature changes very quickly at high 
temperature. The distance between the correlation equation and the real system path 
(quench) in Fig. 55a, could be very important. We recommend the use of diffusion solution of 
the proposed model or in default, the alternative proposed. This means to create a previous 
diagram similar to the one in Fig. 55a, according to the quench transient plot to build the 
approximate system path. 

10.3 The calculation for H2 generation during pressure transients 
We will now perform a similar comparison in the case of pressure transient, Fig.56. The 
agreement is good and similar to those obtained in §9.1.3. In all the simulations presented 
with the eq. (31), the sharp peak does not appear at the beginning of the kinetics, as we 
expect, because the eq. (31) is only valid for steady state. 

The approximation is good under steady state conditions and if the system is keeping at 
constant temperature including pressure transients. During temperature transients the 
approximation will have some disagreements depending on the temperature speed and the 
temperature value. The total hydrogen generated is in good agreement, less than 2 % in the 
cases of Fig. 50. A complementary equation must be proposed to include in the calculations 
the contribution of the initial hydrogen peak to the total hydrogen generated during steady 
state. 
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Fig. 56: =1. 
 

As men shape 
and the  

s porosity. We will propose a calculation 

cover with liquid B2O3 the surface of the sample is 
the initial hydrogen peak is also  
Fig. 36

 Pressure transient, comparison between experimental result and eq. (31). Csup0

10.4  The initial hydrogen peak 

tioned before, the initial hydrogen peak is not yet modelled and the 
 intensity are perturbed by the contamination of the surface. It becomes

difficult to clean the surface because of it
based on our previous ideas. When the oxide layer is small, the time necessary to 

bigger and the signal intensity of 
 bigger. That is why we will use the approach of

, improved in order to adjust the values to those of Fig.36b. 
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The equation proposed for the initial hydrogen peak related with the oxide layer thickness is, 
Fig. 57: 

)8.11(*4 −=H

0  
∆ ∞=

−

p
p

t

peakInitial

ξ

It has approximately the form and the values of the Fig. 36b. To all the calculations of the 
initial hydrogen peak it is necessary to add the very sharp peak generated during the first 
seconds and which corresponds to 6 - 10 mole/m2. It clearly appears in Fig. 41, H2 calculated 
by the diffusion model. 

11. Discussion 

The analysis of the BOX rig experimental results shows that the evolution of each of the 
species has not the same behaviour. We assume that it is due to the different origins of each 
non-condensable species: the external surface of boron oxide or the interface between the 
boron oxide and the boron carbide. This allows us to propose an oxygen diffusion model 
through the boron oxide. However, several questions about an important number of 
hypotheses announced remain without any answer. New experimental results to confirm that 

ron carbide under 

 be interesting to know how the 
generation of CO
that the oxidation in Ar the same proposed 
model and e, under these new 
conditions (A mparison 
with Ar+Ste

From now on and lower limits like 
the oxygen diffusion  rig test but it is not 
justified yet.  on the oxide layer 
thickness du  now, only a 
simulation e for very 
shorts kinetics. 

e 
f correlation equations will introduce important errors in the calculation of oxide layer 

thickness and gases generated during the quench transients. The best solution is the use of 
nteraction problem or applied an intermediately 

hypothesis would be necessary. For example the oxidation of bo
Argon+Oxygen atmosphere (air simulation) would perhaps inform us about the Carbon 
behaviour in the boron oxide discussed in §4.1. It would also

2 and CO could be modified by the absence of water. The TG test shows 
gon + Oxygen is possible to be simulated with 

operating very small changes in only one variable. Therefor
rgon Oxygen) the CO2 and CO could also show different kinetics in co

am atmosphere. 

, this proposed model has several parameters with upper 
 coefficient or C1 that is constant for the whole BOX

 Of course DO and C1 have complementary incidence
ring steady state. The surface porosity has not a model up to

quation. Hydrogen generated during the initial peak is only important 

Quench process is always related with very rapid changes in temperature. Therefore the us
o

diffusion equations to solve the i
troubleshooting like we propose here, §10.2. 
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12. Conclusions 

The model proposed seems to be a good one to simulate both the BOX
 It consists in an oxide layer of liquid boron oxide that cont
e external oxide surface to the interface �boron 

he boron carbide together with a superficial reaction bet
For the Thermogravimetric test it is pe

Argon+Oxygen atmospheres when the steam pressure is zero, all in 
800°C to 1400°C. We show from the evolution analysis of non-conden

ses the different origins of each species. In the �steam/liquid boro
2 is generated from water dissociation with the necessary oxygen

ter diffusion in the liquid boron oxide the B4C and a part of C to CO in interface I
 oxide/ boron carbide�. The CO2 is also generated in interf

carbon dissolving in the liquid boron oxide. In the �liquid boron oxide/boron carbide� interface

 rig test and the 
Thermogravimetric test. rols the 
oxygen diffused from th oxide/boron carbide� 
to oxidize t ween the liquid boron 
oxide and steam or air. rformed in Argon+Steam and in 

a temperature range 
sable (H2, CO2, CO 

and CH4) ga n oxide� 
interface I1, the H  quantity 
to oxidize af 2 
�liquid boron ace I1 oxidizing the 

 
 the CO already mentioned and CH4 are generated. The superficial reaction in the interface 

vaporation. The 
uperficial reaction is dependent on temperature and steam pressure, but not on argon 

carrier speed in the range of 10 to 100 l/h. 

calculation of diffusion equation involves extra computing time we propose a 
simplified equation particularly useful for big codes in the case of interaction between boron 
carbide and steam during quench process. 

The proposed model is able to simulate the non condensable and the total condensable 
gases generation in the case of BOX rig test under Ar+Steam atmosphere during different 

se kinetics, Ar+Steam or Ar+O2, to inert atmosphere and the system 
will freeze some time later when the equilibrium will be reached.  

nts 

I2
�steam/liquid boron oxide� produces the boric acids and directs B2O3 e
s

As the 

experimental conditions like isothermal tests, transient temperature tests and transient steam 
pressure tests or in the case of thermogravimetric experiments under Ar+Steam and under 
Ar+O2 (air simulation) atmosphere in different isothermal conditions. It is also possible to 
switch during any of the
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