N

N

Computational Fluid Dynamics Simulation of Chromia
Volatilization and Gas-Phase Evolution during Oxidation of
Chromia-Forming Alloy: Cross-Linked Influence of Local Gas
Velocity and Confined Geometries

Sharvan Kumar, Hugues Vergnes, Brigitte Caussat, Aurélie Vande Put

» To cite this version:

Sharvan Kumar, Hugues Vergnes, Brigitte Caussat, Aurélie Vande Put. Computational Fluid Dynamics Simu-
lation of Chromia Volatilization and Gas-Phase Evolution during Oxidation of Chromia-Forming Alloy: Cross-
Linked Influence of Local Gas Velocity and Confined Geometries. High Temperature Corrosion of Materials,
2025, 102 (4), pp.22. <10.1007/511085-025-10343-5). <hal-05171923)

HAL Id: hal-05171923
https://hal.science/hal-05171923v1

Submitted on 22 Jul 2025

HAL is a multi-disciplinary open access archive L’archive ouverte pluridisciplinaire HAL, est des-

for the deposit and dissemination of scientific re-
search documents, whether they are published or not.
The documents may come from teaching and research
institutions in France or abroad, or from public or pri-
vate research centers.

tinée au dépot et a la diffusion de documents scien-
tifiques de niveau recherche, publiés ou non, émanant
des établissements d’enseignement et de recherche
francais ou étrangers, des laboratoires publics ou
privés.

Au‘to'flizﬁtion
HAL Authorization


https://hal.science/hal-05171923v1
https://about.hal.science/hal-authorisation-v1/
https://about.hal.science/hal-authorisation-v1/
https://hal.archives-ouvertes.fr

10

11

12

13
14

15
16
17
18
19
20
21
22

23

24
25

Computational Fluid Dynamics simulation of chromia volatilization and gas phase
evolution during oxidation of chromia forming alloy: cross-linked influence of local gas
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Abstract

An experimentally validated and self-standing CFD (Computational Fluid Dynamics) model was used to analyse
chromia volatilization under high velocity conditions close to industrial applications range, in wet air and pure O3
environment at 800 and 900°C. A rig of complex geometry with several lined-up samples was designed. The
simulations revealed the combined and non-trivial influences of gas phase enrichment from upstream samples,
local gas velocity and ratio between sample surface and corresponding free volume for gas flow. The CFD results
also validated the often-used analytical approach for single sample planar geometries. For more complex
situations, the CFD route is necessary.

Keywords: CFD simulation, Chromia forming alloys, Surface/Volume ratio, Chromia volatilization, High
temperature oxidation.
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1. Introduction

High temperature metallic alloys generally rely on the formation of a protective oxide layer such as chromia or
alumina to maintain a good resistance to high temperature oxidation. The stability of these oxides is a function,
among others, of the environment and temperature of exposure. Depending on the temperature and the gas phase
composition, gaseous species (such as water vapor, oxygen, chlorine...) can react with the oxide layer to form
volatile species [1-7]. This leads to a thinning of the protective scale, an acceleration of the oxidation kinetics and
ultimately this speeds up the alloy end of life. In case of chromia forming alloys, significant volatilization occurs
over 1000 °C in oxidizing environments characterized by a high oxygen partial pressure [8] and over 600 °C in
oxidizing and H,O-rich atmospheres [9-12]. The reaction between chromia and an oxidizing and H2O-rich
environment results in the formation of various volatile species such as CrO2(OH);, CrO(OH),, CrO,0H, CrO,
CrO,, CrOg, ... [3]. From all, in oxidizing and H»O-rich environments, CrO»(OH); is the dominant species and
forms according to reaction R1 provided below, as it has been well documented in the literature [13-15]. In oxygen
enriched and dry environments, the prominent species to form is CrO3 (according to reaction R2), mainly above
1000 °C as previously mentioned [5]. The study of Berthod shows that CrOs; could appear in industrial air
environment in the temperature range of 1000-1300 °C [8]. In industrial applications such as turbine blades, solid
oxyfuel cells, jet engines, super critical boilers components (reheater, header and main steam tubes), presence of
water vapor is inevitable [15-18]. Accelerated Cr loss by reactions R1 and R2 from the oxide scale can create an
acute problem for components with thin sections [19] and for lifetime prediction, leading to safety issues.

~C1305 + H,0 +20, = Cr0,(0H), (9) (R1)
3
%C7'203 + 102(‘9) = CT‘03(9) (RZ)

Volatilization of chromia occurs simultaneously with the growth of the oxide scale. Tedmon first modeled the
kinetics of chromium volatilization using the Wagner theory [20] by adding a negative term for scale thinning due
to volatilization of compact Cr,03[21] as follows:

dx _kp
=5k 1)
where x is the thickness (cm), ¢ is time (s), k,, is the parabolic rate constant (cm?s™) and k, is the volatilization
rate (cm.s™). Initially, the mass gain variation related to the chromia growth is high compared to the mass loss of
chromia due to volatilization. Then, the rate of oxide growth decreases as the oxide scale thickens until a critical
thickness is reached (whose value depends on both kinetics of oxide growth and volatilization). Then, the mass
loss is only a function of the volatilization rate. This behavior is called para linear and is often observed in chromia
forming alloys in H,O and O rich environment [17,21,22]. Kinetics of species volatilization depends on
composition of the alloy [23-25] and gas phase [10,26], gas velocity [9,27], time and exposure temperature [6,9].

Based on reaction R1, the higher the oxygen and H2O partial pressures are, the larger the amount of volatilized
Cr,0s. Indeed, high oxygen and water vapor partial pressures favor CrO2(OH), formation [11]. However, there
exists an optimum HO/O; ratio at which the volatilization rate is maximum, as explained in [28]. In dry
environments, the higher the oxygen partial pressure is, the larger is the amount of volatilized Cr,03, according to
R2.

The effect of temperature (500-800 °C) and gas velocity (0.02-13 cm/s) on chromia volatilization was studied in
dry Oz and O,+40 vol. % H,0 by Asteman et al. on 304 L stainless steel [9]. They showed an increase in chromia
volatilization at higher temperatures and gas velocities, leading to an early breakaway of the oxide scale. Similar
observation was also made by Huczkowski et al. on alloy 625 exposed to wet air at temperatures ranging from 900
to 1000 °C [27]. Chromium content in the alloy also influences the components’ lifetime. Higher chromium
containing alloys are somewhat less sensitive to chromia volatilization because at higher temperatures, chromium
can easily diffuse toward the surface, which prevents significant Cr depletion below the oxide scale and then
breakaway, as shown by Asteman et al. for Fe-based alloys [25].

For 30 years, theoretical studies were conducted to better understand the complex interactions between the alloy
surface composition and morphology, the environmental characteristics (gas temperature, composition, velocity)
and the volatilization rate [1,6,9-12,23,25,29]. To calculate the volatilization rates, a common assumption is to
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assume that volatility is limited by the transport of the volatile species through a boundary layer in the gas phase
and not by the chromia scale formation [15].

A first theoretical approach was proposed by Young and Pint in 2006 [1]. It was based on empirical correlations
and analytical equations of mass transfer in flowing conditions, to estimate average volatilization rates around one
sample. They analytically calculated the mass transfer coefficient for CrO,(OH); into flowing air-10% H.O or
steam for alloy 709 using empirical correlations. The calculated coefficient predicted correctly the overall rate of
Cr loss as measured experimentally for one sample. Two years later, Holcomb used a similar approach to calculate
the volatilization rates of chromia on Haynes 230, IN 625 and 304 L alloys exposed to a flowing mixture of air +
(38% and 37 in vol.%) water at different gas velocities at 760 °C and compared with the experimental volatilization
rates [15]. Similar analytical calculations were accompanied by experimental results by Huczkowski et al.[27] ,
Huang et al.[30] and Thublaor et al. [31] on In625 alloy, a NiCr coating and a 430 stainless steel coated by Mn-
Co and Mn-Co-Cu oxides respectively. However, in all these studies, to calculate volatilization rates by Fick’s
law, the partial pressure of volatilizing species far away from the sample surface was assumed equal to zero. This
hypothesis neglects the effect of gas phase enrichment by volatilizing species on volatilization rates. In 2009,
Holcomb considered this effect for a hypothetical supercritical stream pipe under high pressure steam and showed
with the help of analytical calculations that the enrichment of volatile species in the gas phase could reduce the
volatilization rate by 80% in the conditions tested [16].

A second approach developed more recently consists in using Computational Fluid Dynamics (CFD) simulation
tools to calculate local gas velocity and temperature distributions inside oxidation rigs of sapphire or SiC
specimens [32-34]. Most of these studies [32,34] used the gas velocities obtained by CFD as input parameters for
the empirical correlations of mass transfer to estimate average oxide recessions. Jacobson et al. [35] applied a
different approach by estimating the volatile O, and SiO mass fluxes from the Hertz Knudsen Langmuir equation
and the equilibrium vapor pressures of the volatile species, to obtain by CFD the local profiles of O, and SiO molar
fraction around one SiO2 coupon under laminar flow at 1650 °C. From these results and by using empirical
correlations, they calculated local mass transfer coefficients and oxide recessions. However, once again the effect
of local enrichment of the environment by volatile species on volatilization rate was not considered.

Experimental work by Asteman et al. (1999) [11] provided early qualitative evidence of vapor-phase accumulation
effect on volatilization during high-temperature oxidation. In their study on 304L stainless steel at 600 °C in
0,+10%H>0, they observed volatilization of chromium as CrO2(OH)(g), and always larger mass losses for
upstream samples compared to downstream samples. This behavior was attributed to the accumulation of volatile
species downstream, which they proposed could reduce the local driving force for further evaporation. Although
they did not explicitly model species transport or quantify volatilization rates, their observations qualitatively
captured the flow-dependent limitation of chromia volatilization. In our group, Oger et al. [22] experimentally
showed the effect of gas phase enrichment by volatile species on volatilization rates, by testing three In625 coupons
along a tubular horizontal rig at 900 °C under 74%N,-18.5%0,-7.5%H20 (vol%) environment: the volatilization
rate decreased from the inlet to the outlet positions of the samples in the test bench. They succeeded in predicting
this behaviour by CFD calculation in a self-standing way. They indeed calculated the local profiles of gaseous
species concentration inside the rig and of volatilization rate at each point of the coupons surface at 900 °C under
laminar flow of O2/N2/H20 vapor. By using CFD, they showed that enrichment in CrO2(OH); of the gaseous
environment resulting from the volatilization reaction of upstream samples causes decrease in the volatilization
rate of downstream samples. The model predictions were validated by comparing the experimentally deduced and
the CFD calculated volatilization constants for the three coupons.

In the study of Oger et al. [22], the inlet gas velocity was in the range of few cm/s, i.e. several orders of magnitude
lower compared to those existing in most industrial conditions [36,37]. As previously mentioned, it has been shown
experimentally that the volatilization rate increases with the inlet gas velocity [27,38]. Moreover, the sample
geometry studied by Oger et al. was rather simple, as three disks of In625 in series were placed in line along the
symmetry axis of the horizontal tubular rig. However, industrial parts like turbine blades or heat exchanger tubes
have complex shapes, involving variable local gas velocities with potential recirculation loops and variable gas
volumes in contact with the alloy surface, that could influence the local volatilization rates.

This is why, in the present work, a virtual oxidation rig with complex geometry has been simulated, allowing to
reach local gas velocities up to 17 m/s at 900 °C around the sample surface. Such high velocities are close to those
found in some industrial applications [36,37]. The objective is to understand the effect of local gas velocity,
temperature and inlet gas composition on chromia volatilization using the experimentally validated CFD model
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developed by our group [22]. Simulations were made in wet air (74% N2+18.5% O»+7.5% H,0 in vol%) and pure
O environments at 800 and 900 °C. By this numerical study, the understanding of the effect of various hidden
factors on volatilization which are difficult to evidence experimentally was refined.

Outlet
(a) Vo

Inserts

|

Outlet

(b) ,:::;‘: .

Sample  yertical vz

Fig. 1: 3D representation of (a) the whole rig with the inserts in yellow and zoom of the free volumes for gas flow
around one sample (b) the samples position inside the rig and zoom around one sample to illustrate the various
planes of work.
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2. Method
2.1 Rig Design and sample arrangement

The volatilization phenomenon was simulated in a horizontal tubular rig represented by a 3D geometrical domain,
as shown in Fig. 1a. The tube has a length of 91 cm and an inlet diameter of 1.9 cm. The gas inlet and outlet zones
are constituted of small tubes of 6 cm in length and 0.48 cm in internal diameter. To reach high gas velocities, two
inserts in quartz were placed all along the rig length, one on top of the samples and one below, as shown in the
zoom of Fig. 1a. The hollow areas correspond to the regions open for gas flow around one sample. It is important
to note that around each sample, the gaseous phase was divided into four separate volumes, as represented by the
blue arrows in the zoom of Fig. 1a. In the regions between 2 samples, the flow converges in one open volume.
With this configuration, the gas average velocity reached ~9 m/s at 900 °C around the sides of samples (close to
the industrial application range) with a 5 slm inlet flow rate. To reproduce a sample arrangement during an
oxidation test, 18 samples of chromia-forming alloys were placed horizontally inside the rig 23 cm from the rig
inlet and separated from each other with a 1 cm distance, as illustrated in Fig. 1b. Samples were rectangular with
25.4 x 12.7 x 3.2 mm? dimensions. The zoom of Fig. 1b shows a magnified view of one sample to illustrate the
two symmetry planes (XZ and YZ planes) and the vertical XY plane used to plot the simulation results.

Since the volume is symmetrical (along the YZ and ZX planes), only a quarter of the whole rig was simulated in
3D, as depicted in Fig. 2a. The sample arrangement is represented along the vertical YZ and horizontal XZ
symmetry planes. Blue arrows illustrate the gas flow around the samples and in the free volume between the
samples. A front view of the whole rig around one sample is provided in Fig. 2b, showing the cross-section of the
inserts and the 4 volumes open for gas flow, two in contact with the top/bottom of the sample and the other two in
contact with the sides of the sample. A magnified view of the rectangular region surrounded by a red dotted
rectangle on Fig. 2b is given in Fig. 2c, showing a front view of the geometrical domain simulated by exploiting
the two symmetry planes. The blue regions correspond to the two free volumes for gas flow around one sample.

(a)

Vertical YZ Symmetry Plane

Sample

Horizontal XZ Symmetry Plane

Front View
(C) Vertical YZ

Symmetry Plane Gas Insert
N y

(b)

Gas

Sample and inserts arrangementin Rig

Fig. 2: (a) Magnified 3D view of a quarter of the rig along the YZ and XZ symmetry planes represented in green,
(b) Cross section views (along the vertical XY plane) of the rig around one sample and (c) of a quarter of the rig
(with a sample and 2 free volumes open for gas flow).

2.2 Model description

A CFD model was developed to simulate the transport phenomena existing in the gas phase and the formation of
the CrO»(OH), and CrOs volatile species, according to reactions R1 and R2. The numerical simulations were run
using the computer design software, mesh generator and CFD code FLUENT ANSYS® 2022. This code is a
pressure-based, implicit Reynolds Averaged Navier Stokes solver employing a cell-centred finite volume scheme
with second-order spatial accuracy. It is based on the discretization of the geometrical domain in elemental control

~Horizontal X2
Symmetry Plane
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volumes. These control volumes can be shaped as hexahedral, triangular, tetrahedral or hybrid meshes. The local
gas velocity and temperature profiles are calculated by solving the mass conservation, momentum conservation,
and thermal energy balance equations in each of the meshes. Solving the species conservation equations allow to
calculate the local distribution of species molar fraction and the local volatilization rates. To simplify the
calculations, several assumptions were made, such as steady-state conditions, laminar flow (Re < 1000), ideal gas,
and incompressible gas flow thanks to low Mach number < 0.04 in the rig.

The FLUENT database was used to calculate the physical properties of Oz, N2 and H20 considering the gas kinetic
theory using the Lennard-Jones parameters, i.e. the collision diameter (o) and the characteristic energy of
interaction (¢). The data for CrO2(OH,) and CrO3; were unavailable This is why, the values of [ and [ were taken
equal to those used by Young and Pint [1] for CrO2(OHy), as performed in the study of Oger et al. [22]. For CrOs,
the values used by Liu et al. [39] were considered (6= 4.5A and s/k = 294.6, k being the Boltzmann’s constant).

A 3D geometrical domain of 3,875,154 hexahedral cells were created representing only a quarter of the setup, as
previously explained. Mesh refinement around the surface of the samples was made with a mesh size of 300 pm.
Since two different gas volumes existed in contact with the sample surface, two symmetry planes (horizontal XZ
and vertical YZ, as shown in Fig. 1b) were used to visualize the calculated results. The following boundary
conditions were made:

* A mass flow rate of 5 sim (standard litres per minute) was imposed at the gas inlet. The gas temperature
at the inlet and outlet was fixed to 25 °C. All the species mass fractions were imposed according to the
composition of the inlet gas.

*  Aclassical no slip condition was applied to all solid surfaces: sample surface, insert surface and rig wall.
An isothermal zone was assumed for the rig wall between 6 cm and 97 cm from the rig inlet either at 800
or at 900 °C, as detailed in Table 1. Sample surfaces were supposed to be also isothermal and at the same
temperature as the walls. The small inlet and outlet tubes were assumed to be at 25 °C, and a linear thermal
evolution was supposed between the rig extremities and the central isothermal zone.

*  The mass flow density of each species (except N2) on the sample surface was calculated from the
volatilization rates detailed below, using the stoichiometric coefficients of Reactions 1 and 2. The mass
flow density was fixed to zero on the other surfaces, all considered as inert.

* A pressure outlet boundary condition was applied at the exit of the rig. The total pressure was fixed at
atmospheric pressure (101,325 Pa). Zero diffusion flow was applied to other gas phase variables at the
exit.

A user-defined function (UDF) was implemented into FLUENT to quantify the two volatilization reactions R1
and R2, which were considered as surface reactions. The calculation was made assuming that the sample surface
was composed of only Cr,0s, i.e. the chromia activity ac,,03 Was set equal to 1. It means that the chromia scale
formation was not supposed to be a rate-limiting step (it was observed for Cr,Os-forming alloys that a chromia
scale rapidly forms and covers the entire sample surface [28]). It is important to mention that the presence of Mn
and Ti in significant amounts in the alloys could lead to spinel formation on the top of the oxide layer, which could
reduce acr,03 in the oxide layer and then the volatilization rate. However, it is worth noting that the effect of the
chromia activity on volatilization is out of the scope of the present study. Once the volatile species form on the
surface, diffusion through the gaseous phase was assumed to be the rate-limiting step. Therefore, the rate of
volatilization was assumed to be equal to the diffusive flux of volatile species leaving the sample surface. The
Fick’s law (Equation 2) was used to calculate the flux density of each volatilizing species [22].

Jv = 5 (P§ — ) )

Where J, is the flux density (mol.m?s?) of the volatile species (V= CrO2(OH) or CrQs), Dy is the diffusion
coefficient (m?.s) of the volatile species in the gas mixture, & (m) is the characteristic length used by FLUENT to
calculate the diffusive flux, R is the gas constant (m2.atm.mol*.K™), T is the temperature (K), P5 and P;° are the
partial pressures of volatile species (atm) respectively just above the sample surface and at a distance & from the
sample surface. The partial pressure Py close to the sample surface was assumed to be equal to its equilibrium
partial pressure calculated by Equations 3 and 4 for CrO,(OH), and CrOg; respectively:

Y 3/, AGP
PCrOZ(OH)z = acr§O3PH20POz exp (_ R_;) (3)
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PCrO3 = ac{~§03poz/4exp(_ ARLTZ) (4)
In the above equations, ac., o, is the chromia activity (considered equal to 1), Py,, and Py, are the partial pressures
of H,0 and O respectively (atm). AG? and AG? are the standard Gibbs energies of Reactions 1 and 2 respectively
(3.molY). AG? was taken equal to 106 kJ at 900 °C and 102 kJ at 800 °C per mole of CrO2(OH), using the
thermodynamic calculations of Opila et al. [14]. For Reaction 2, standard Gibbs energy values were calculated
using Equation 5, which was estimated using thermodynamic data given by Mittal et al. [40]:

AGY = 265. 725 — 0.0525T (5)

AG? is in kJ per mole of CrOs and T in K. In Equation 2, Jv and P;° are unknown parameters. The implementation
of Equation 2 (one for CrO2(OH), and one for CrO3) in a UDF, avoids any fitting of parameters, because FLUENT
adjusts all the unknown values during its iterative procedure till convergence.

Table 1: Dimensions of the rig and respective wall temperatures

Inlet tube wall Tubular furnace Outlet tube
Length (cm) 6 91 6
Diameter (cm) 0.48 1.9 0.48
Temperature (°C) 25 800 or 900 25

3. Results and Discussion

The simulations were carried out at 800 and 900°C with pure oxygen and 74%N2-18.5%0,-7.5%H,0 (vol%)
environments considering a flow rate of 5 sim. By analysing the whole results obtained, it was found that at 900°C
in wet environment (74% N»+18.5% O,+7.5% HO in vol.), the samples suffer the highest volatilization. Hence,
results for this condition are presented in detail below. The key results about the influence of temperature and
environment are then provided, before comparing volatilization rates obtained analytically and by CFD. The most
important results of simulations at 800 °C are given in supplementary information (Fig. SI.1-SI.6).

(a)
Temperature (K)

3.00e+02 3.87e+02 4.75e+02 5.62e+02 6.49e+02 7.36e+02 8.24e+02 9.11e+02 9.98e+02 1.09e+03 1.17e+03

Vertical YZ Symmetry Plane

" Furnace -~
wall

Fig. 3: Local temperature profile of the gaseous phase along (a) the vertical YZ plane and (b) the horizontal XZ
plane at 900°C in 74% N»+18.5% O,+7.5%H,0 environment.
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3.1 Temperature profile

Fig. 3a-b show the local temperature profiles of the gaseous phase along the YZ vertical and XZ horizontal
symmetry planes respectively. Contours show a blue region depicting a lower temperature zone in both symmetry
planes near the inlet of furnace. This is due to the inlet gas temperature fixed at 25°C, which results in the formation
on a non-isothermal zone (27-723°C) of 23 cm in length from the inlet. The thermal profile is logically hotter near
the furnace wall and presents a parabolic shape, characteristic of convective heat transfer existing in laminar flow.
After this region, an isothermal zone (900°C) is observed up to the end of the furnace length that englobes all the
samples.

3.2 Velocity Distribution

Fig.s 4a-d show the gas velocity profiles along the two symmetry planes. The highest velocity is observed in the
outlet tube of the furnace (26 m/s), corresponding to hot gas flow in a zone of reduced cross-section area (Fig. S7).
For the first three samples, the gas velocity profile is not fully established due to the presence of the inserts and
samples modifying the gas flowing zones (Fig.s 4a-b). The velocity profile is fully established after the third
sample (Fig. S8).

Fig. 4c provides a magnified view of the velocity profile along the vertical YZ symmetry plane around the 8™ and
the 9™ samples from the inlet in the zone, where the velocity profile is fully established. The maximum velocity
for the scale was set to 4.0 m/s to visualize the velocity variation around one sample. The gas velocity is the highest
in the small free volume between the insert and the top of the sample surface (YZ plane); it is the lowest in the
free volume between two samples because of the larger cross-sectional area open for the flow. Recirculation loops
can be seen in the vector representation of gas velocity at the rear end of each sample. The gas velocity profile

( ) Vertical YZ Symmetry Plane
a

velocity magnitude m/s

Insert B 200 -

Wall\ 0.00e+00 500e-01 1.00e+00 1.50e+00 2.00e+00 2.50e+00 3.00e+00 3.50e+00 4.00e+00 4.50e+00 5.00e+00

=y
Xz ~
Plane Sample 1 Sample 2

Insert Vector Representation of Velocity

Sample 3

Sample 1

(b) Horizontal XZ Symmetry Plane

Velocity magnitude m/s

YZ 0.00e+00 2.66e+00 5.32e+00 7.98e+00 1.06e+01 1.33e+01 1.60e+01 1.86e+01 2.13e+01 2.39e+01 2.66e+01
plane

=)
Furnace—~ Sample 1 Sample 2
wall
YZ, Vector Representation of Velocity

Furnace —~ Sample 1 Sample 2 Sample 3
wall
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(C) Vertical YZ Symmetry Plane

Velocity magnitude m/s

Insert

Wall 0.00e+00 4.00e-01 8.00e-01 1.20e+00 1.60e+00 2.00e+00 2.40e+00 2.80e+00 3.20e+00 3.60e+00 4.00e+00

Plané Sample 8 Sample 9

Plane Sample 8 Sample 9

(d) Horizontal XZ Symmetry Plane

Velocity magnitude m/s

0.00e+00 2.66e+00 5.32e+00 7.98e+00 1.06e+01 1.33e+01 1.60e+01 1.86e+01 2.13e+01 2.39e+01 2.66e+01
Yz
plane
=3
Furnace—~ sample 8 . . Sample 9
wall Vector Representation of Velocity
vz 0.00e+00 4.00e-01 8.00e-01 1.20e+00 1.60e+00 2.00e+00 2.40e+00 2.80e+00 3.20e+00 3.60e+00 4.00e+00
plane e =
- 3 —
-~ Sample 8 Sample 9

Fig. 4: Gas velocity distribution in (a,c) YZ and (b,d) XZ planes for an isothermal zone at 900 °C in
74%N,+18.5%0,+7.5%H,0 environment.

appears parabolic in all zones where flow is established, corresponding to a classical laminar flow. The maximum
local gas velocity at the top of the sample's surface is close to 4 m/s.

Fig. 4d shows the gas velocity profile around the 8™ and the 9™ samples along the horizontal XZ symmetry plane.
A high velocity zone is visible in the free volume on the sides of the samples; in the larger volume between two
samples, the gas velocity is again logically lower. The maximum local gas velocity at the sides of the sample
surface is around 17 m/s. Local gas velocity at the side of the samples is four times higher than at the top surface.
A small part of the gas flow enters the free volume between samples due to the enlargement of the free section
area, as seen in the vector representation of the gas velocity profile. The impact of this enlarged gas flow with the
corner of the following sample produces recirculation loops of low gas velocity in the large volume. It is then clear
that around each sample surface, low and high gas velocity regions are present due to differences in cross-sectional
areas open for gas flow.

To have a better insight of this complex hydrodynamic behavior, Fig. 5a provides a 3D view of the gas velocity
profiles around several samples (8, 9 and 10) which are represented in grey. Vertical XY cross-sectional planes
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were created to visualize the gas velocity variation in the free volume between two samples and around one sample
side (Fig. 5b-c). The shaded region shows the position of the insert. Mass flow rates were calculated on several
vertical cross-sectional planes along the furnace length, demonstrating the mass conservation in the simulations.
Surface average gas velocities on these vertical planes were calculated by considering the mass flow rate divided
by the gas density and area of the plane. The average gas velocity in the free volume between the samples is around
4 m/s (Fig. 5b). Around one sample, Fig. 5¢ shows that two separate gas velocity regions are formed. On the
vertical plane at the top (named as Rectangle) and at the side (named as Rest) of the sample surface, the average
gas velocity was around 2 and 10 m/s, respectively. As the Rectangular and Rest section areas are close to 9 and
22 mm?, respectively, the corresponding mass flow rates are of 3.40x10° and 2.6x10°° kg/s, respectively. This
means that 88 wt.% of the total gas flow passes through the Rest region, thanks to the larger surface area open for
gas flow. From the CFD simulation results, it was easy to calculate the Reynold number (Re) in these regions,
considering their respective hydraulic diameter. The Re number for Rest and Rectangle is 261 and 22, respectively,
confirming the laminar flow in both regions. In the following, it will be shown that the amount of gas volume
interacting with the respective sample surface will influence the local evolution of the volatile species.

Velocity magnitude m/s

(a) T TS

00e+00 2.66e+00 532e+00 7.98e+00 1.06e+01 1.33e+01 1.60e+01 186e+01 2.13e+01 2.40e+01 2.66e+01
2.59x10° kg/s

Mass flow rate and average velocity
Inlet: 2.59x105 kg/s
Oulet: 2.59x10° kg/s

Sample
2.59x10°kg/s
YZ plane

Rest
10.4m/s

Rectangle —
4 m/s\ s 2.2m/s

(b) (c)

Fig. 5: (a) 3D view and mass flow rate calculation at 900 °C, Velocity distribution along XY vertical planes (b)
in the free volume, (c) in the side gas volume around the sample in 74% N,+18.5 % O,+7.5%H,0 environment.

Sample 10

3.3 Gas Phase Evolution

Fig.s 6a-d detail the molar fraction profiles of the CrO3; and CrO,(OH). species along the two-symmetry planes.
In Fig. 6a, the CrO3 molar fraction evolution along the vertical YZ symmetry plane is zoomed around the first two
samples. It increases along the length of the first sample and reaches values close to the equilibrium (2.28x10-19)
in the free volume just after the second sample. Zoom around the last two samples (17" and 18™) shows complete
CrQg saturation of the gaseous phase. It can be seen in Fig. 6b that the evolution of the CrO,(OH), molar fraction
along the vertical YZ symmetry plane follows a similar trend as CrOs i.e. molar fraction values quickly reach
equilibrium (3.74x107) in the gaseous phase around the second sample. This saturation is due to the low gas
velocity existing in the free volume between samples, leading to a poor removal of the volatile species. However,
the molar fraction values for CrO,(OH); are three orders higher than those of CrO3 everywhere in the gas phase of
the rig from the first sample. This result agrees with the fact that CrO»(OH). is the predominant species in water
rich oxidizing environments.

Fig.s 6¢c-d provide the CrOz and CrO»(OH), molar fraction profiles along the horizontal symmetry XZ plane.
Zooming around the first two samples indicates that even if gradients appeared close to the sample surface, the
core of the Rest zone where the gas velocity is high, remains poorly concentrated. On the contrary, the free volume
between the first two samples where the gas velocity is low, is rapidly saturated. Zoom around the last two samples
(17" and 18™) shows higher molar fractions of volatile species in the Rest zone, but it is still not fully saturated.
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(a) Vertical YZ Symmetry Plane

Cr0; Mole Fraction Mole fraction profile of CrO, along the vertical symmetry YZ plane
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(b)

Cr0, (OH), Mole Fraction  Mole fraction profile of CrOz(OH)lanng the vertical symmetry YZ plane

0.00e+00 3.74e-08 7.47e-08 1.12e-07 149e-07 187e-07 224e-07 2.62e-07 299-07 336e-07 3.74e-07
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=p
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(c) Horizontal XZ Symmetry Plane
\
CrO; Mole Fraction Mole fraction profile of CrO;along the horizontal symmetry XZ plane

0.00e+00 2.28e-11 4.56e-11 6.84e-11 9.12e-11  1.14e-10 137e-10 1.60e-10 1.82e-10 2.05e-10 2.28e-10
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wall Sample 17 Sample 18
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(d)

Horizontal XZ Symmetry Plane

Mole fraction profile of Cr0,(0H)3anng the horizontal symmetry XZ plane | .
0.00e+00 374e-08 7.47e-08 1.12e-07 149e-07 187e-07 224e-07 262e-07 299e-07 336e-07 3.74e-07

Furnace &
wall

Sample 18

Sample 1 Sample 2 Sample 17

Fig. 6: Mole Fraction profiles of CrO3; and CrO2(OH)zalong (a, b) vertical YZ, and (c, d) horizontal XY symmetry
planes at 900 °C in 74% N2+18.5% O,+7.5% H,0 environment.

These whole results demonstrate that gaseous phase enrichment with volatile species is a complex function of the
local gas velocity and of the ratio between the sample surface area S and the corresponding free volume V for gas
flow (S/V ratio). As previously said, close to the samples' top/bottom surface, the average gas velocity on the
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1 vertical XY plane (Rectangle) was around 2 m/s for an open cross-sectional area of 9 mm?, resulting in a lower

2 volume of incoming flow passing through it.

3 Theratio of volume of gas interacting to the top surface area is 1:1 mm (the surface to volume ratio was calculated

4 by considering the top/side surface area of a sample and the respective gas volume interacting to it). For this zone,

5 a lower gas velocity and a smaller volume of interaction resulted in an easier and quicker enrichment of volatile

6 species in the gaseous phase. However, close to the sides’ surface of the samples, the average velocity was around

7 10 m/s (Rest), for an open cross-sectional area of 22 mm? and a corresponding S/V ratio of 1:5 mm-*. The higher

8  velocity and larger volume of interaction resulted in lower enrichment in volatile species of the gas phase along

9  the horizontal XZ symmetry plane.
10 3.4 Local volatilization rates
11 Performing CFD calculations allows to visualizing volatilization rates locally on each sample, which is not possible
12 by experimental studies. Fig. 7a-b detail the local volatilization rates on the first three samples due to CrOs and
13 CrO2(0OH), formation. The shaded regions show the position of the insert in both figures. The inhomogeneity of
14  volatilization rates around one sample can be easily seen. Fig. 7a shows the volatilization rate of Cr,O3 due to the
15 formation of CrQOg3 (reaction R2). On top/bottom surfaces of the first sample, it reaches a maximum value on the
16 leading edge. When moving along the sample surface, it drastically decreases. For the next two samples,
17 volatilization rates on the top/bottom surfaces are close to zero, which is expected since the gas is saturated in
18  volatile species, as shown in Fig. 6. However, the sides of the sample are more prone to volatilization, in agreement
19 with the mole fraction profiles of the volatile species previously discussed. The volatilization rate is the highest on
20 the side surface of the first sample. On the side of the second and third samples, it decreases but it is 6 and 13 times
21 higher than at the top/bottom surfaces of the respective samples.
22

Volatilization rate of Cr,0;due to CrO3 formation (kg/(m?2.s))
0.00e+00 251e-12 502e-12 7. 53e 12 1.00e-11 126e-11 151e-11 1.76e-11 201e-11 226e-11 251e-11
(a)
23
Volatilization rate of Cr,0;due to CrOz(OH)2 formation (kg/(m?2.s))
0.00e+00 6.00e-09 1.20e-08 1 80e 08 240e-08 3.00e-08 360e-08 4.20e-08 4.80e-08 540e-08 6.00e-08
b
(b) g
, 2
Insert %
% o
a0

24

25 Fig. 7: Evolution of the volatilization rate of Cr,O3 on the first three samples at 900 °C due to (a) CrO3 formation,
26 (b) CrO2(OH), formation in 74% N2+18.5% O,+7.5%H,0 environment.
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Overall, the volatilization rate decreases for consecutive samples. The front edge of the side of the second sample
shows lower volatilization rates, because of the enriched gaseous phase with volatile species interacting with it
(Fig. SI 9b). The top edge of sides of second sample also shows higher volatilization because the gaseous phase is
less enriched around the edges (Fig. SI 9d). These heterogeneities in volatilization rate for the second sample are
due to non-established gas velocity profiles (Fig.s S9a & c). Front edges (shown by black arrows in Fig. 7a and b)
from third samples are prone to volatilization because the impacting gas flow previously described (Fig. 4b) leads
to a lower thickness of diffusion layer and then to an easier removal of volatile species.

Fig. 7b shows the local volatilization rates of Cr,03 due to the formation of CrO2(OH); (reaction R1) on the first
three samples. The local inhomogeneities of volatilization rates on each sample are similar to those observed for
CrOs. However, the volatilization rate of Cr,O3 due to the formation of CrO,(OH); is three orders higher than the
one due to the formation of CrOs. The local inhomogeneities of volatilization rates have the same origins as those
of the volatile species molar fractions, i.e. the differences in local gas velocity and gas volume in contact with each
surface of individual samples. Such inhomogeneities in local volatilization rates on a given substrate have been
recently demonstrated experimentally by Duthoit et al. [41].

For the top/bottom samples’ surfaces, the gas velocity and volume of flow interacting with the surface are lower
(Rectangle zone). Volatile species forming due to the interaction of the top surface to incoming flow, enriches the
gaseous phase. This enrichment restricts the volatilization reactions (R1 and R2) on the top/bottom of the surface.
It is clear now that the enrichment of the gaseous phase with volatile species depends on the local velocity of the
gaseous phase. The lower the gas velocity, the larger the diffusion boundary layer, so the lower the mass flux and
the more difficult the removal of volatilizing species. The other important parameter is the S/V ratio: as the cross-
sectional area open for gas flow is lower, the gaseous volume interacting with the surface is also lower. Smaller
interacting volumes around the sample surface require lesser amount of volatilizing species to get saturated,
explaining why volatilization rates are lower for the top/bottom surfaces of the samples. This could be called
“confinement effect”. On the other hand, the sides of the samples are exposed to a larger interacting volume of gas
flow and to high gas velocity (Rest zone). Enrichment till saturation of volatile species in larger volumes is
difficult, and the high gas velocity in this region results in a continuous removal of volatile species.

1.5x10° . | . , : , . , . I
(a) — —CrO,(OH), (Top Surface)
CrO,(OH), (Side Surface)
YZ Symmetry P — —CrO;(Top Surface)
1.2x10°% Z | CrO; (Side Surface)
_
= =
E Sample™™ n
% 9.0x10¢ XZ Symmetry E
£ Plane =
T E
Q o
Q 6.0x10° Gas Flow G
O
3.0x10° 4
L L‘ L L L L |
% L—q
[ | 1 1
oot M —— . . I | .
03 05 0.7
Position (m)
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Fig. 8: Volatilization rates vs postion of the samples at (a) 900 °C, (b) 800 °C in in 74% N2+18.5% O,+7.5% H,0
environment and (c) 800°C in pure O, (volatilization rates were plotted along the pink (YZ symmetry plane) and
orange (XZ symmetry plane) lines in the insets around the sample).

To have a complete overview, Fig. 8a-c show the local volatilization rates vs position of the samples along the rig
at 800 and 900 °C in the wet air and pure O, environment. They were plotted along two lines corresponding to the
intersection between the symmetry planes and the sample surface (yellow line for the top and orange line for the
side of the sample, as shown in inset of Fig. 8a-c). Each crest represents the volatilization rate on the surface of
individual samples (side/top). It appears clearly on Fig. 8a that at 900°C, the volatilization rate of Cr,O3 due to the
formation of CrO,(OH), (left y-axis) is three orders higher than the one due to the formation of CrOs (right y-axis),
as already observed on Fig. 7. For consecutive samples, the volatilization rates decrease rapidly, irrespective of
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the species and interaction volume. Volatilization rates on samples' top/bottom surface (vertical YZ symmetry)
decrease rapidly after the first sample. They reach very low values after the second sample for both species, due
to the confinement effect. However, higher volatilization rates, irrespective of species, were observed on the side
surface of the samples (horizontal XZ symmetry planes), in agreement with Fig. 7 results. Considering one sample,
the volatilization rates are systematically the highest at the leading-edge and they decrease when moving along the
sample length, irrespective of the volatile species.

Overall, the volatilization rates for the side of the second sample are lower than those of the third sample. It was
attributed to the lower local velocity around the side of second sample, as already shown in Fig. 4b. This overview
highlights the non-trivial and combined influences of (i) the presence of multiple samples, (ii) the local gas velocity
surrounding them and (iii) the confinement or S/V ratio effect on the volatilization phenomena.

These results also confirm that gas velocity is a key parameter affecting volatilization. A higher gas velocity
reduces the diffusion boundary layer thickness and favours the removal of volatile species, which increases the
volatilization rate. At the same time, it promotes dilution of these species in the gas phase, lowering their partial
pressure far from the surface and increasing the driving force for further volatilization. The final effect is the result
of the balance between these mechanisms and the confinement effect previously explained. This is captured in the
CFD model, which calculates the local gas velocity and gaseous species concentration profiles in the whole rig.

3.5 Effect of Temperature on Volatilization

To analyze the effect of temperature on volatilization rates of Cr,O3 due to CrOs; and CrO,(OH), formation, a
simulation was performed at 800 °C (Fig. 8b), to be compared to the one at 900 °C in 74% N2+18.5% O,+7.5%
H20 (vol%) environment (Fig. 8a). Similar trends for volatilization rates at 800 °C were observed than for samples
exposed at 900 °C. However, overall volatilization rates were twice lower for samples maintained at 800 °C than
those for samples at 900 °C. This result is logical since the equilibrium partial pressures of the two volatile species
increase with temperature. Four times enhancement in Cr loss was shown experimentally by Spotorno et al. [9]
for an increase in temperature from 650 to 850 °C for AISI 441 stainless steel. Similar observations were also
made for 304L steel in the temperature range of 500-800 °C by Asteman et al [6], chromia volatilization was
highest at 800 °C.

3.6 Effect of atmosphere on volatilization

A simulation was made at 800 °C in pure Oz, to be compared to that in wet air at 800 °C. Fig. 8¢ shows the
corresponding volatilization rates. The trends are similar as those observed for samples exposed at 800 and 900
°C in a wet air environment. However, the volatilization rates due to CrO3 formation in a pure O, atmosphere are
3.5 times higher than those observed on samples exposed to a wet air environment at 800 °C. This is attributed to
the higher partial pressure of O, in a pure Oz atmosphere than in a wet air environment, leading to a higher
concentration of CrOg3 as expected by reaction R2.

3.7 Analytical calculation and comparison of volatilization rates

In the previous sections, the influence of the local gas velocity and of the S/V ratio on the volatilization rates of
CrO,(OH); and CrOs has been thoroughly analysed thanks to the results obtained by CFD. To complete the study,
classical analytical expressions allowing to estimate overall volatilization rates were utilized [27,35]. As discussed
by Jacobson et al. [35], the two approaches (CFD and analytical calculations) can hardly be compared, as they are
very different in essence. For the analytical route, standard empirical correlations for mass transport from a flat
plate are often used under isothermal conditions, allowing to obtain quite easily average volatilization rates. This
approach cannot represent the phenomena existing around complex part shapes nor the impact of multiple samples.
On the other hand, the CFD approach is much heavier to implement, as it involves 2D or 3D meshing of the rigs
and the coupled resolution of the momentum, heat and mass transfer equations with the appropriate boundary
conditions, considering the volatilization kinetics. However, CFD is the only way to get a complete picture of mass
loss due to volatilization in flowing gas, as it allows to visualize the local profiles of gas velocity, temperature,
volatile species molar fraction and volatilization rate, even in non-isothermal conditions and/or around single or
multiple parts of complex shapes.

In the present work, for the first time, a comparison between average volatilization rates deduced from analytical
and CFD calculations in different atmospheres and temperatures was made. Due to analytical approach limitation,
only the first coupon of the rig was considered.

For the analytical approach, the mass flux density was calculated as follows, classically considering Py° = 0 (partial
pressure of volatilizing species in upstream free gas):
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The empirical correlation to estimate mass transfer coefficients (h,) at a flat plate interface volatilizing in a flowing
gas in laminar conditions is described in various text books [42]. The average mass transfer coefficient (h, in m/s)

over a coupon of length L is given by:
h, (L) = 0.664(Re)*5(Sc)033 % @
with Re = ’ﬁ?ﬂ (8)
and Sc = - U ©)

vPoo

Where Re and Sc are the Reynolds and Schmidt dimensionless numbers, respectively, the characteristic length L
(m) being the length of the plate. v, (m/s) and p., (kg/m?3) are respectively the velocity and density of the gas in
the free stream and n (Pa.s) is the dynamic viscosity of the flowing gas at the temperature T (K). Gas phase
diffusivity (D,) of a binary system was calculated using the Chapman-Enskog correlation [1].

Table 2: Comparison of average volatilization rates calculated analytically and by CFD for the first coupon in
different atmospheres and temperatures.

Analytical CFD simulated
Flow Rate=5 sIm volatilization rate volatilization rate
(kg/m?s) (kg/m?3s)

Environment: H20 (7.5%) +02 (18.5%) +N2 (74%); Volatilization due to CrO2(OH)2; 900 °C

YZ Symmetry Plane
(Top Surface)

3.85x10®

3.68x10®

XZ Symmetry Plane
(Side Surface)

5.97x10®

6.64x10®

Environmen

t: H20 (7.5%) +02 (18.5%) +N2 (74%); Volatilization due to CrOs; 900 °C

YZ Symmetry Plane
(Top Surface)

2.05x10!

2.12x10 1

XZ Symmetry Plane
(Side Surface)

3.18x101!

3.33x10

Environment: H20 (7.5%) +02 (18.5%) +N2 (74%); Volatilization due to CrO2(OH)2; 800 °C

YZ Symmetry Plane
(Top Surface)

2.26x10®

2.24x10®

XZ Symmetry Plane
(Side Surface)

3.46x10®

3.85x10®

Environmen

t: H20 (7.5%) +0O2 (18.5%) +N2 (74%); Volatilization due to CrOs; 800 °C

YZ Symmetry Plane
(Top Surface)

1.58x101?

1.67x1012

XZ Symmetry Plane
(Side Surface)

2.42x101?

2.48x101?

Environment: 100% O2; Volatilization due to CrOs; 800 °C

YZ Symmetry Plane
(Top Surface)

5.28x101?

5.91x1012

XZ Symmetry Plane

8.0x1012

(Side Surface)

8.18x1012

Table 2 shows a comparison of the average volatilization rates obtained from CFD simulation and using the above
analytical expressions at 900 and 800 °C under humid atmosphere and at 800°C under pure O». As the volatilization
rates were the highest for the first sample of the rig in all cases, analytical calculations were made considering the
velocity around the first coupon. As already explained, this is also the only coupon for which the analytical
calculations can be made, since they cannot consider any gas phase enrichment due to upstream samples. Since
incoming flow splits into two volumes around the sample, volatilization rates were calculated analytically
considering surfaces exposed to either the top or the side of the samples. It is important to note that the velocity
Vo, in each volume was determined using FLUENT, because it was difficult to determine analytically this splitting
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of gas flow. The gas velocities in the free stream were determined as integral mean values on the vertical cross-
sectional plane (XY) around the first sample (in Rectangle and Rest areas). The volatilization rates obtained by
CFD were averaged on the surfaces exposed to the gas flow passing through either the Rectangle zone (sample
top) or the Rest region (sample side).

For the various studied cases in Table 2, the volatilization rates obtained from analytical expressions agree well
with the average values deduced from the CFD simulations. This means that this analytical approach can be used
confidently for configurations involving isothermal conditions, planar part geometries and only one sample. For
more complex situations, the CFD route is mandatory. In particular, under laboratory-scale configurations where
gas velocities are low, the diffusion boundary layer can become significantly thicker and reach the rig wall. Under
these conditions, classical mass transfer models for flow over an open planar surface become inadequate, as the
boundary layer may impinge upon the one corresponding to the heated wall, modifying the flow and species
distribution. Naess et al. [43] illustrated this effect in their study of liquid silicon oxidation at 1500 °C, where a
bulk gas velocity of 0.047 m.s ! inside a tube with an inner diameter of 5.2 cm resulted in significant deviation
between analytical predictions and experimental results. The observed critical oxygen partial pressure for the
transition from active to passive oxidation was between 2x1073 and 5x107% atm, whereas theoretical estimates
based on viscous flow regime mass transfer predicted a value of 8.6x1072 atm—nearly twice the experimental
result. They attributed this discrepancy to reduced geometry effect in the tubular furnace, where the boundary layer
thickness was non-negligible relative to the tube diameter. The authors concluded that only CFD simulations,
capable of capturing wall interactions and realistic velocity profiles, could reproduce the experimental
volatilization behavior under such conditions.

4. Conclusions

In this work, the local gas phase evolution and volatilization rates existing in a virtual rig of oxidation of chromia
forming alloys were simulated at 800 and 900°C in pure O and in O2/N2/H>O atmospheres using a self-standing
CFD model already validated experimentally. A complex design involving multiple samples in series associated
to tubular inserts allowed to separate the gas flow into two channels, to reach local gas velocities up to 17 m/s,
close to industrial practices. This design also permitted to create different ratios between the sample surface S and
the corresponding free volume for gas flow V that revealed to have a marked effect on the volatilization rates.
The numerous results obtained revealed the combined and non-trivial influences of the gas phase enrichment from
upstream samples, the local gas velocity and the S/V ratio. In particular, lower volatilization rates were observed
for the sample surfaces exposed to low local gas velocities and a small volume of free gas due to rapid gas phase
saturation related to a confinement effect, while sample areas exposed to high local gas velocities and a large
volume of free gas were subjected to higher volatilization rates. In addition, the volatilization linked to the
upstream samples contributed to saturate the gas phase surrounding the downstream samples, by such cancelling
the volatilization rate for the most confined zones. The effects of temperature and of the O, concentration in the
environment were also quantified on the local profiles of CrO,(OH); and CrOs volatile species mole fraction and
Cr,0s volatilization rate.

Moreover, by comparing overall volatilization rates analytically calculated with averaged ones deduced from the
CFD results, this works demonstrates that the analytical approach can be used trustfully for simple configurations
i.e. isothermal conditions and planar single sample. For more complex situations, the CFD route is mandatory.
Regarding industrial pieces of complex shape like airplane turbine blades or heat exchanger pipes, it is clear that
more or less intense zones of volatilization and oxidation exist, depending on the local gas velocity and
confinement effect that could be predicted and even mitigated by this CFD approach. As a perspective of this
work, a combined experimental and numerical CFD study is in progress on the oxidation of chromia forming alloy
samples of complex shape.
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