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1

Executive summary

11

1.2

Scope of the deliverable

Numerical simulation of subsonic 97%C0O,+3%N, plasma flow in IPG-4 discharge channel
by Alpha code for the test conditions realized by the IPG-4 plasmatron with the segmented
channel and sonic cylindrical nozzle.

Numerical simulation of 97%C0,+3%N, subsonic equilibrium reacting jet flow over
euromodel by Beta code for the four IPG-4 test regimes to provide the set of dimensionless
parameters that are necessary as the input data for Gamma code.

Numerical simulation of subsonic ICP flow in IPG-4 discharge channel (Alpha) and the
equilibrium dissociated jet flow over euromodel (Beta) for pure CO, working gas to compare
with the corresponding results for 97%CO,+3%N, flow and estimate the influence of 3%N,
addition to the gas mixture.

Numerical simulations of 5-species (CO,, O,, CO, O, C) nonequilibrium boundary layer flow
with finite thickness to determine heat flux envelopes for the test conditions realized by the
IPG-4 facility with CO, working gas.

Validation of the novel model of surface catalysis, and determination of recombination
coefficients ywo and ywco for stainless steel and quartz using the novel model of catalytic
recombination of O-atoms and CO-molecules on surface.

Results

Subsonic ICP flow parameters in IPG-4 segmented discharge channel with conical nozzle
are calculated by Alpha code on the basis of Navier-Stokes and simplified Maxwell
equations for the four IPG-4 test regimes realized for 97%CO,+3%N, working gas
according test matrix.

Parameters of 97%C0O,+3%N, equilibrium reacting subsonic jet flow over euromodel are
calculated by Beta code on the basis of Navier-Stokes equations for the same IPG-4 test
conditions.

The complete set of the dimensionless parameters is determined by Beta code computation
results to be used as input data for Gamma code. These parameters characterize the
boundary layer thickness, flow velocity and vorticity at the external edge of boundary layer
in front of the testing model.

Numerical simulations of both ICP flow in discharge channel and subsonic jet flow over
euromodel are performed for pure CO, working gas to compare with corresponding results
obtained for 97%CO,+3%N, flow. Comparison of the results revealed negligible influence of
3%N, addition on the main flow parameters and molar concentrations at the boundary layer
external edge in front of the model.

One-dimensional 5-species (CO,, O,, CO, O, C) flow in nonequilibrium dissociated
boundary layer with finite thickness near the model stagnation point was calculated by
Gamma code to determine heat flux envelopes for the IPG-4 test regimes with CO, working
gas. The calculations were made for the standard and the novel model of surface catalysis
for O-atoms and CO-molecules recombination proposed in [34].
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F. Comparison of calculations performed by the standard and the novel model of surface
catalysis for the case ywo = ywco= yw Shows that heat flux values q,, (Tw, yw) calculated by
the novel model (within its application limits) are always higher than corresponding values
calculated by the standard model. Consequently, values of the efficient recombination
coefficient y,, obtained with the novel model will be lower.

G. Partial heat flux envelopes are calculated by the novel model with different recombination
coefficients ywo and ywco, When one of the two coefficients is fixed, while the other is
variable. For this two-parameter case, measured heat flux value to a testing material could
be reproduced by Gamma computations with different pairs of (ywo, Ywco). TO determine the
unique solution, one can specify a fixed value for y,o, €.9. with use of appropriate literature
data.

H. CO recombination coefficients y.,co are determined by the novel model for quartz and
stainless steel for the four test regimes with use of the following fixed values of y,o taken
from [37], [38]: ywo =2e-3 for quartz and vy,.c =2.6e-3 for steel. Comparison of the effective
recombination coefficient y, =ywo = Ywco Obtained previously [34] by the standard model with
the newly obtained catalytic efficiencies y,o and y.co is presented. Value of y,co is always
lower (or equal) than the corresponding fixed value of y,0; both y,o and yuco are lower than
the corresponding effective recombination coefficient vy,. So, the effective parameter v,
provides probably the upper bound for the surface recombination coefficients y,0 and yuco.

1.3 Specific highlights

CFD simulation of plasmas and reacting gas flows and heat transfer for the IPG-4 plasmatron
subsonic test conditions is the indispensable part of investigation of the catalytic properties of
testing materials. Specific feature of IPM approach is the use of 1-D Gamma code coupled with
appropriate experimental measurements to determine effective recombination coefficients together
with rebuilding free stream parameters in facility. CFD calculations ICP and reacting gas flow fields
by Alpha and Beta codes provide the set of dimensionless parameters to be used as input data for
Gamma code. These dimensionless parameters are conservative, i.e. they slightly depend on
plasmatron test conditions (pressure and RF-generator power).

1.4 Forms of integration within the work package and with other WPs

D7.11 is directly connected with D5.4 and D6.4. Results obtained in D7.11 are necessary to
calculate heat flux envelopes and to determine effective recombination coefficients y,o and yuco at
the surface of testing materials that should be one of valuable results of the SACOMAR Project.

1.5 Problem areas

Numerical simulation revealed the limitation on the use of the novel model: input data for
calculation (e.g. pressure, enthalpy, recombination coefficients) have to ensure sufficient
concentration of oxygen atoms Co in gas flow at the wall to provide the possibility of surface
recombination for CO molecules defined by the corresponding recombination efficiency yyco. When
this condition is not provided, negative values of Co appear in boundary layer computation to
manifest inapplicability of the novel model for current regime and computation parameters (Ty, Yw).

2 Introduction

Inductively coupled plasma flow is one of the important objects of numerical simulation from
viewpoint of different applications and studying physical processes. A modern direction of the
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induction plasma application is the simulation of dissociated gas flow thermochemical action on the
thermal protection materials (TPMs) surfaces at the conditions of hypersonic re-entry flight [1-7].
IPM Plasma Laboratory has developed the program package for the complete numerical simulation
of subsonic plasma flow (air, nitrogen, oxygen, carbon dioxide, argon) in the induction plasmatron
and determination of surface catalycity of testing materials. This integral program package includes
the codes Alpha, Beta and Gamma.

IPM approach is based on the fact that the whole flow in the induction plasmatron can be
subdivided into three regions:

1) plasma flow within the discharge channel;

2) exhaust jet flow over a testing model in test chamber;

3) boundary layer in front of the model stagnation point.

Flow in each of the three regions has its own specific features:

¢ influence of radio frequency (RF) electromagnetic field is very important only in the first region;
o exhaust jet flow in front of the model is close to LTE when pressure is not too low;

e boundary layer in front of the model stagnation point is relatively thin and is essentially
nonequilibrium (or frozen).

According to this subdivision, three different codes are used to calculate plasma flows within these
three regions. The first two codes (Alpha and Beta) assume plasma flow to be under LTE
conditions; the third code Gamma treats the boundary layer flow as chemically non-equilibrium with
account for surface catalytic reactions.

Codes Alpha and Beta have been developed to calculate subsonic laminar equilibrium plasma
flows in the discharge channel of induction plasmatron (Alpha) and in the exhaust jet flow over the
testing model (Beta). Axial symmetry is assumed in both cases; cylindrical coordinate system is
used to write the governing equations. Alpha is based on numerical solution of Navier-Stokes
equations coupled with simplified Maxwell equations for RF electromagnetic field. Beta is based on
numerical solution of Navier-Stokes equations. All the codes have been developed for geometry
and experimental conditions of IPG-4 plasmatron.

The codes Alpha, Beta and Gamma provide the complete program package to determine:

e subsonic plasma flow parameters within the discharge channel including the exit section
parameters (Alpha);

o jet flow parameters in plasmatron test chamber, in particular in the core of exhaust jet flow from
the channel exit section to front face of the model, including dimensionless parameters at the
external edge of boundary layer in front of the model to characterize flow vorticity and boundary
layer thickness (Beta);

¢ heat flux to the model stagnation point or efficiency of surface recombination for testing
material sample by the measured heat flux and surface temperature (Gamma). Also, Gamma
code is used to rebuild flow enthalpy h. through the measured heat flux q.s to water-cooled
calorimeter with silver surface (CO, flow) or copper surface (air flow). Here h. is the flow
enthalpy at the jet axis at the external boundary layer edge, qus is the heat flux measured to the
standard high catalytic material; detailed description of the enthalpy rebuilding technique was
presented in our previous SACOMAR report D5.4 [8].

Specific feature of IPM approach is the following. In result of Alpha and Beta codes solution,
gualitative information on flow field pattern and temperature, enthalpy and velocity levels is
obtained. But the main result provided by Alpha and Beta codes is the set of dimensionless
parameters to characterize the boundary layer thickness, velocity, velocity gradient and flow
vorticity at the external edge of boundary layer at the flow axis. These dimensionless parameters
are necessary for the solution of boundary layer equations with account for finite layer thickness
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with Gamma code. Actually, they are the interface between the first two codes and Gamma code.
The key results - calculation of heat flux envelopes and determination of TPM surface
recombination rates - are obtained with use of Gamma code coupled with experimental data on
heat flux, surface temperature, and dynamic pressure. In the case when the direct measurement of
flow enthalpy he is not available or is not accurate enough, the rebuilding of h, is made also with
use of Gamma code coupled with the necessary experimental data.

In the past years the code-to-code validations were made between Alpha code and CFD codes
developed in the von Karman Institute for Fluid Dynamics (VKI) in Belgium [9,10], and in the
Moscow Institute for Physics and Technology MIPT [11]. Comparison of Alpha & Beta codes
calculations with CFD code developed in the Institute of Mechanics of the Lomonosov Moscow
State University (IM MSU) was made in framework of INTAS-CNES project 03-53-5117 [12]. Note
that IM MSU code was developed for both thermal and chemical nonequilibrium flow. The
mentioned code-to-code comparisons were made for the cases of pure argon, air and CO, plasma
flows in IPG-4 plasmatron, with use of simple geometry of discharge channel — cylindrical quartz
tube without conic nozzle. The comparison of our calculation results obtained by Alpha and Beta
codes with IPM experimental data for flow enthalpy and temperature for air and CO, working gases
was made [13-15]. In total, comparisons of Alpha & Beta codes with CFD calculations of different
scientific groups and with the experimental data showed the good accuracy of Alpha & Beta codes
in the range of their applicability: pressure above 40-50 hPa, temperature below 8000 K.

Code-to-code validation between Gamma code and the code developed in the VKI showed a good
(low enthalpy) and reasonable (high enthalpy) agreement between heat flux envelopes calculated
for the dissociated CO, flow for the Mars entry conditions [16].

Below the detailed description is presented for Alpha, Beta and Gamma codes, including the
problem formulation, boundary conditions, numerical solution techniques and some computation
results for the four SACOMAR test regimes.

3 Numerical simulation of subsonic flow and electromagnetic field in IPG-4
discharge channel

Description of numerical simulation of subsonic flow and electromagnetic field in the discharge
channel of IPG-4 plasmatron (realized in Alpha code) is subdivided into three parts:
1) gasdynamics - problem formulation for the Navier-Stokes equations; 2) electrodynamics -
formulation of simplified Maxwell equations to calculate tangential component of the RF electric
field amplitude; 3) numerical solution techniques used to solve Navier-Stokes and simplified
Maxwell equations, and computation results for the four SACOMAR test regimes.

3.1 Gasdynamics

Alpha code was modified to calculate inductively coupled plasma flow within the segmented
plasmatron discharge channel — the first computational region (see Fig.1). Note that the discharge
channel itself (or torch) for IPG-4 plasmatron is 80-mm diameter quartz tube with inductor coil over
it. The quartz tube passes into the water-cooling conical nozzle and short (80 mm) cylinder of 40
mm diameter (Fig. 1). This additional section was developed to provide the low enthalpy regimes.
Gas is injected into the channel through the annular inlet slot adjacent to the wall; thickness of the
slot is 2 mm. To provide the axial symmetry of the problem, the inductor colil is treated as five
separate turns with the same current in each of them. Inductor turns are represented as thin
equidistant rings perpendicular to the symmetry axis. Subsonic plasma flow in the discharge
channel is assumed to be stationary, laminar and axisymmetric one with swirling in azimuthal
direction. The flow is assumed to be under equilibrium conditions (both local thermal and chemical
equilibrium is assumed); radiative processes are supposed to be negligible.
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Figure 1. Schematic of IPG-4 discharge channel (first computational region).

The full Navier-Stokes equations written in the cylindrical coordinate system are used to simulate
inductively coupled plasma (ICP) flow in the discharge channel. We assume that Navier-Stokes
equations are time-averaged with respect to RF oscillations of the inductor current.

The resulting governing equations are two-dimensional Navier-Stokes equations with account for
three velocity components - axial, radial and tangential component due to the flow spinning,
together with energy equation written for the total gas enthalpy.

Continuity equation:
0 10
—(pu)+——/(rpv) =0
az(p) rar(p) (1)

Axial momentum equation:

0 10 0 2 |[ou 1lorv
—(puu) +——(rpuv) =——| P + — | [+
a(p ) r8(p ) az( 3[ rar}

(2)
+22 u&_u +1 0 +FZ
oz\ oz ror
Radial momentum equation:
0 10 0 2 |ou 1lorv
—(puv) +——(rpw)=——| P+—py| —+ +
oz PU o (TPW) 8r( 3“[52 rar}
o (v _aul) 2d( ov) 2w  pw’ 3)
+— | —+—||+— m—|——+—+F
oz oz or ror or r r
Tangential momentum equation:
o ow) 10 OW) pvw W 0O
—(puw +—— r =— +-—|rp— | —————(r
(p ) (rpvw) ( 82) rar(uarj r rzar(“) (4)

Energy equation:

oh) 1o( ru oh
2 oun) +=< _ H
(p )+ (r =% (Preﬁ 8ZJ+r6r(Preﬁ ar] o8 (5)

Here: z and r are the axial and radial coordinates; u, v, w — the axial, radial and tangential velocity
components; P, p, h, u - the pressure, density, enthalpy and viscosity of equilibrium gas mixture,
Pre# is the effective Prandtl number.

These equations include time-averaged source terms corresponding to RF electromagnetic field
influence: F,, F, are axial and radial components of the Lorentz force; Q; is Joule heat production.
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These source terms are expressed via Eg - tangential component of the complex amplitude of
vortical electric field:

c OE, Y c 1 OrEy c
F,=——ReJE,|i—2| {, F.=——=-Re<E,|i ot =—E,E;
© 20 {9( azj} " 2or {e( 6rj} Qs =5 5% 6)
here Re means the real part of a complex value, asterisk is the conjugation sign for a complex

value, o - the circular frequency of monochromatic electric field, o - the plasma electrical
conductivity.

Boundary conditions for the gasdynamic equations:

o All the necessary flow parameters including velocity tangential component (to provide the flow
spinning) are specified at the discharge channel entry section. These specified parameters are the
following:

poUp =G / As., here G - specified gas flow rate,
Ag, - area of the annular inlet slot with the thickness 2 mm;
Vo=0;
To —the temperature of the injecting gas at the annular inlet slot (T, = 300 K);
P, — the static pressure specified at inflow section at the symmetry axis;
8o = 45° — the swirl angle of the injecting gas at the inlet slot, % =19(0,);
0

(here subscript "0" refers to gas parameters at the channel inlet section).

e Zero values for the velocity components are specified at all rigid surfaces - quartz tube wall, wall
of the second section of the channel with the conic nozzle; face of the gas injector interface at the
channel inlet section:

Uy = V= Wy, = 0; here subscript "w" refers to any rigid wall;

¢ Symmetry conditions are applied at the channel axis:

. au _oh 3
v(z,0) =w(z,0) =0; 5(2,0)_5(2,0)_0 7

¢ Soft conditions are applied at the channel exit section (outlet) z = Z¢, i.e. the unknown functions
are extrapolating outside the calculation region:

ow oh
—(z.,00=—1(z2.,0)=0
az(c) az(c)

o Definite values of temperature are specified at all rigid surfaces:

ou ov
E(Zc’o) ZE(ZWO) = (8)

¢ T=Tw - the specified value of wall temperature at the inlet face wall,
¢ T=Twq, -the specified value of the quartz wall temperature;

¢ T=Twc, - the specified value of the wall temperature of the second section of the channel with
the conical nozzle.

In calculations for the specified SACOMAR test regimes we used common assumption that
Twir=Two=Twc=Tw=300 K. Actual values of Ty and Twq are higher, but our previous numerical
investigations showed that the influence of higher values of Ty, and Twg is essential only in a
small regions adjacent to the corresponding surfaces and does not effect the flow parameters at
the discharge channel exit section.
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3.2 Electrodynamics
Suppose that RF oscillating inductor current is composed of a single Fourier mode and it produces
a monochromatic electric field with complex amplitude:
E(t,z,r)=E(z,r)-exp(—imt), H(t,z,r)=H(z,r)- exp(—icot) (9)

here ® = 2xnf - the circular frequency, f — the frequency of the inductor current, t — the time. Here
we use complex values of E and H amplitudes.

The following common assumptions are used:
e plasma is quasi-neutral;
e plasma magnetic permeability pu =1;

e plasma dielectric constant does not depend on the electromagnetic field and so does not
depend on z andr;

¢ the displacement current is negligible;

e inductor colil is represented by a series of parallel current-carrying rings to provide the axial
symmetry for the problem; the rings are assumed to be infinitely thin; a single coil current with
the same amplitude and phase angle is assumed to oscillate through each of coil rings.

Following Boulos [17], we use also the assumption: OE,/0z << 0E,/0r, that leads (with account
for symmetry conditions) to quasi-one-dimensional approximation of Maxwell equations [18-20]:

d(ld _ i
W(FW(rEe) )— _IO‘)MOGEG (10)

E, =0, E =0, iopH,=19(E

Z r (OMO z rdr( 9)

Here E,, E,, Eq are axial, radial and tangential components of the electric field amplitude; H, is axial
component of the magnetic field amplitude, o is the magnetic constant (vacuum permeability).
Equation (10) together with appropriate boundary conditions (11-12) (see below) is used in our
method to determine electromagnetic field amplitudes Eq and H,.

The obtained quasi-1D approximation is essential simplification for the problem, it leads to
boundary value problem for the ordinary differential equation (10) to determine complex amplitude
of the electric field Eq(z, r); z coordinate is only a parameter in this equation, E; depends on z
owing to the boundary conditions. In this approximation the axial component of the Lorentz force F,
equals to zero.

Note that for the equilibrium plasma it's electric conductivity ¢ = o (P,T), so o (P,T) serves here as
interface between the gasdynamic and electrodynamic subsystems of the governing equations.

Boundary conditions for the equation (10) are the symmetry condition at the axis

Eq(z,0)=0 (11)
and the following condition at the discharge channel wall:
o 1d .
r= Rc : ?a(rEe): I(DIJ'OH sz(Z) (12)

here Rc is the channel radius (Rc =40 mm within the quartz tube, than it is decreases to 20 mm
after the conic nozzle), Hzwo is the amplitude of the magnetic field axial component at the channel
wall produced only by the inductor current outside the plasma flow.

It is important to note that the comparison of accurate electrodynamic model results [21] (the full
two-dimensional Maxwell equations were solved on a far field domain) with our results obtained
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with use of the quasi-1D model (10-12) demonstrated a good accuracy of this simplified model in
wide range of operating frequency and pressure. Differences of a few percent between the results
were observed in the inlet region and at the mid-coil position; practically no differences were
observed at the torch outlet. The comparison was made for the IPG-4 plasma torch geometry and
reported in details in [9].

3.3 Numerical solution technique and computation results for the test regimes
Alpha solves finite-difference approximations to the governing equations.

Navier-Stokes equations solution technique is based on the control volumes method and SIMPLE
algorithm of Patankar and Spalding with use of the staggered grid [22-23]. Convective terms are
approximated by the finite differences with the first order accuracy. Some necessary modifications
of the Patankar & Spalding method were made to provide the convergence of iterations for a
complicated ICP flow with large vortices. In particular, the unknown functions are determined with
use of additional under-relaxation procedure to increase stability of the solution technique [20]. The
strong convergence of iterations should be provided: normally we require basic flow parameters to
be converged up to 1e-9.

Non-uniform rectangular computation grid can be used both in axial and radial directions. The grid
is condensed in radial direction near the torch wall; the grid is condensed in axial direction near the
torch inlet section and within the inductor region. Sometimes, the uniform grid in both directions is
used in case of large numbers of grid points in axial and radial directions.

Thomas algorithm ("sweep" algorithm) for 3-diagonal matrix equations with use of complex
variables is applied to solve the boundary value problem for the equation (10) to obtain the
complex value of the electric field amplitude Eg.

Value of the inductor current is determined in process of iterations by the prescribed value of
power input in plasma Ng. As to a value of N, itself, it should be specified by both the measured

value of anode power Ny, and the plasmatron efficiency mnex obtained from special experimental
measurements: Ny = Nesr * Nap .

The necessary thermodynamic and transport properties are determined simultaneously in the
process of numerical solution for each grid point by the interpolation procedure across the
previously calculated tables. These tables for equilibrium 97%CO,+3%N, (or pure CO,) gas
mixture properties have been calculated in advance as functions of pressure and temperature
(see below, chapter 5). This approach provides rather accurate values for plasma transport
coefficients with minimum increase in CPU time.

Computation results for 97%C0O,+3%N, and pure CO, plasma flows in IPG-4 discharge channel for
the four specified SACOMAR test regimes (Table 1) are presented in the Figs. 2-7.

Table 1: Test regimes realized in IPG-4 facility (IPM).

P,hPa | Ngp kKW | Ny kW | Zm, mm | he MJ/kg
80 40.4 20.28 40 14.0
80 34.0 16.45 40 8.8
40 35.0 17.05 72 14.4
40 35.0 17.05 122 9.5

The geometry of the first section of the discharge channel is the following: 80 mm diameter cylinder
(quartz tube) with 406 mm length; Z;,q = 205 mm is the distance from the entry section to the first
turn of inductor; Li,g = 130 mm is the length of inductor coil; Ding = 120 mm is the diameter of
inductor coil. The second section of the discharge channel is the sonic cylindrical nozzle with 30°
half angle and short cylinder (80 mm length) after it. The total length of the two-section discharge
channel is 521 mm.
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The IPG-4 inductor current frequency f = 1.76 MHz.

The uniform rectangular computation grid of 162*82 points was used for the four SACOMAR test
regimes (i.e. 163 points are used in radial direction for the whole channel region due to the axial
symmetry). The CPU time for Alpha code run is about 40-50 minutes for AMD Athlon X2 Dual Core
PC, 3.8 GHz, about 30000 iterations is done, the basic flow parameters are converged to 1le-9.

Isolines of the dimensionless stream function and isotherms in IPG-4 discharge channel for the
three test regimes with 97%CO,+3%N, working gas are shown in Figs. 2-4. Isolines of the
dimensionless stream function are shown in top parts of the figures (a) to visualize the complicated
structure of ICP vortical flow: secondary vortex is formed near the inlet section, and large primary
vortex (with negative values of stream function f) is formed between the secondary vortex and the
inductor region. Values of the dimensionless stream function f are shown on isolines; note that the
dimensionless stream function f(z, r) reaches its maximum value f=1 at the torch wall.

The plasma temperature fields (isotherms) are shown in the bottom parts of the figures (b).
Temperature values for isotherms are given in K. The maximum of temperature is located within
the inductor region close to the symmetry axis, it is shown by red dots or small spots.

The corresponding streamlines and isotherms calculated for pure CO, flow are not shown because
they are practically identical to the results for 97%CO,+3%N, flow.

o O O O O

o o O O O
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3000 AA‘QEQK\‘\
700g
2000
-40 : : : 7‘7”/// ;
0 100 200 300 400 500

O O O O O Z, mm

Figure 2. Isolines of stream function (a) and isotherms (b) in IPG-4 discharge
channel, 97%C0O,+3%N, flow, P=80 hPa, Ny=20.28 kW.
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Figure 3: Isolines of stream function (a) and isotherms (b) in IPG-4 discharge
channel, 97%C0O,+3%N, flow, P=80 hPa, Ny=16.45 kW.
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Figure 4. Isolines of stream function (a) and isotherms (b) in IPG-4 discharge
channel, 97%C0O,+3%N, flow, P=40 hPa, Np=17.05 kW.
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Radial profiles of calculated plasma parameters in the discharge channel exit section are shown in
Figs. 5-7: axial velocity u(Zc, r) - Fig. 5; enthalpy h(Zc, r) - Fig. 6, and temperature T(Zc, r) - Fig. 7.
Here Z.=521 mm is the channel length. The colored curves are the results obtained for
97%CO,+3%N, flow for SACOMAR test regimes, black dash curves are the results for the same
regimes for pure CO, flow.

Blue curves with circles are the results for IPG-4 regime P=40 hPa, N,=17.05 kW,
red curves with triangles: P=80 hPa, N,=20.28 kW;
magenta curves with squares: P=80 hPa, N,=16.45 kW.

It is clear that the discrepancy between the results obtained for 97%C0O,+3%N, and pure CO,
flows is negligible: the maximum difference is about 1% and 2% for velocity and temperature
profiles, but the enthalpy profiles are practically identical.
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Figure 5: Radial velocity profiles at the discharge channel exit section.

Colored curves are velocity at the jet axis for 97%C0O,+3%N, flow, black dash curves are similar
results for pure CO, flow. Blue curves with circles: P=40 hPa, N,=17.05 kW; red curves with
triangles: P=80 hPa, N,=20.28 kW; magenta curves with squares: P=80 hPa, N,=16.45 kW.
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Figure 6: Radial enthalpy profiles at the discharge channel exit section.

Colored curves are enthalpy at the jet axis for 97%C0O,+3%N, flow, black dash curves are similar
results for pure CO, flow. Blue curves with circles: P=40 hPa, N,=17.05 kW; red curves with
triangles: P=80 hPa, N,=20.28 kW; magenta curves with squares: P=80 hPa, N,=16.45 kW.
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Figure 7: Radial temperature profiles at the discharge channel exit section.

Colored curves are temperature at the jet axis for 97%CO,+3%N, flow, black dash curves are
similar results for pure CO, flow. Blue curves with circles: P=40 hPa, Np=17.05 kW; red curves
with triangles: P=80 hPa, N,=20.28 kW; magenta curves with squares: P=80 hPa, N,=16.45 kW.
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4 Numerical simulation of subsonic jet flow over testing model

4.1 Gasdynamics

Beta code is developed to calculate the dissociated gas flow in the second computational region,
i.e. to calculate the subsonic exhaust jet flow over testing model in IPG-4 test chamber after the
discharge channel exit section (Fig. 8).

Test chamber
(2-nd region)

Discharge channel
(1-st region)

TW EF

i A
N 7

Ly

Figure 8: Schematic of IPG-4 test chamber and model (the second computational
region).

Subsonic jet flow over the testing model in test chamber is assumed to be stationary, laminar and
axisymmetric one with no account for swirl in azimuthal direction; we assume that influence of
azimuthal swirling is negligible outside the discharge channel due to the large diameter of the
chamber. The exhaust jet flow over the model is assumed to be under thermal and chemical
equilibrium conditions, and radiative processes are supposed to be negligible.

We assume that the model flowed over in the test chamber is the long cylinder with the blunted
front face (e.g. the standard 50-mm diameter ESA model with rounded edges) or with the flat front
face.

Influence of RF electromagnetic field is assumed to be negligible outside the discharge channel, so
the equations presented below do not have source terms corresponding to Lorentz force and Joule
heat production.

The full Navier-Stokes equations written in the cylindrical coordinate system are used to simulate
the exhaust jet flow. These governing equations are two-dimensional ones with account for two
velocity components — axial and radial, together with energy equation written for the total gas
enthalpy. These equations can be easily obtained from the equations (1) - (5) presented in the
previous chapter 3 under the condition that Lorentz force and Joule heat production are negligible
in the second region outside the discharge channel.
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Boundary conditions for the Navier-Stokes equations in the second region are the following:

¢ All the necessary flow parameters should be specified at the discharge channel outlet section
as the inflow parameters for the exhaust jet flow in the test chamber.

These parameters - uc(r); P¢(r), he(r); pe (r) — should be calculated in advance by Alpha code; here
subscript "c" refers to gas parameters at the channel exit section. Radial velocity component
calculated by Alpha code is assumed to be equal to zero at the channel exit section.

Due to the difference between the first computation grid used within the discharge channel (Alpha
code) and the grid used within the second region (Beta code), the inflow parameters for Beta code
are determined by interpolation procedure across the corresponding flow parameters calculated
previously by Alpha code at the channel exit section - Alpha results are remapped from the first
grid onto the second grid.

e Zero values for the velocity components are specified at all rigid surfaces:

Uy = Vi = 0; here subscript "w" refers to any rigid wall;

o Definite values of temperature are specified at all rigid surfaces (test chamber side wall;
interface between the discharge channel outlet section and the test chamber; model surface):

Tw = Twvc - temperature of the test chamber side wall;

Tw=Twer - temperature of the entry face wall (the wall between discharge channel exit
section and test chamber side wall;

Tw=Twwmop - temperature of the model surface.

e Symmetry conditions are applied at the channel axis:

ou oh _
v(z,0) =0, E(Z,O) = E(Z,O) =0;

e "Soft" outlet conditions are applied at the exit section of the second computation region z = Ly,
i.e. the unknown functions are extrapolating outside the calculation region:

ou ov ch
—(L,,0)==—(L,,0)=—(L,,0)=0
az(v ) az( ) 62( )

Note that influence of the temperature boundary conditions (values of Twvc, Twer, Twmop) On the
flow parameters in the core of the jet in front of the model is quite small. For example, change of
the cool wall boundary condition Ty gr = 300 K by the adiabatic entry face wall condition

ar _0
0z

z=0 (entry face wall)

will lead to essential changes in flow field in the whole test chamber, except the region in question -
the core of the jet in front of the model. Also, influence of other temperature conditions (Twvc,
Tw wmop) On the plasma jet in front of the model is quite small. But, plasma parameters in this small
region in the core of the jet in front of the model are the most important result of Beta code.
Therefore, the standard temperature boundary conditions

Twve = Twer = Twmoo =300 K
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can be used to run Beta code with no loss of accuracy for the main results - plasma parameters in
the core of the jet in front of testing model, including the dimensionless parameters at the boundary
layer external edge to be used further as the input data for Gamma code.

Also, influence of the test chamber diameter and it's length on the main Beta results (plasma
parameters in the core of the jet in front of testing model) is quite small, provided that Dy >> Dy
and Ly > Dy. Here L, and D, — length and diameter of the second computation region (they can be
treated as “effective” values of the test chamber length and diameter); Zm — distance from the
model to the torch exit; Ry and Dy — radius and diameter of the testing model (Fig. 8).

Note that if the testing model is placed too close to the discharge channel exit section (Zm< Ry),
the results of Alpha & Beta calculations could be not accurate. Separate calculation of the flows in
the first and second regions is possible only if Zm is greater than R, and R¢. Otherwise, both first
and second regions should be calculated by a special single code as the single computation region
(or as the two coupled regions). On the other hand, Zm should not be too large, because the
turbulence effects should be accounted at large distances along the jet.

4.2 Numerical solution technique and computation results

The same solution technique as for Alpha code is used here to solve Navier-Stokes equations. It is
based on the control volumes method and SIMPLE algorithm of Patankar and Spalding with use of
the staggered grid [22-23]. Unknown functions are determined with use of under-relaxation
procedure to increase a stability of the solution technique.

The necessary thermodynamic and transport properties are determined simultaneously in the
process of numerical simulation for each grid point by the interpolation procedure across the
previously calculated tables, just the same as for the Alpha code; details are given below in
chapter 5.

Nonuniform rectangular grid spacing is used both in axial and radial directions. Computation grid is
condensed in axial direction near the front surface of the model to provide sufficient number of grid
points in the distance between the torch exit and the model, and especially within the boundary
layer in front of the model.

The grid is condensed in radial direction near the symmetry axis (i.e. in the core of the jet) and also
near the side wall of the model.

To provide a possibility to change easily the position of the model Zm, the chamber diameter D,
and length Ly, the special algorithm was developed in Beta code to fit the computation grid to the
changed geometry, i.e. to construct a nonuniform mesh adaptive to the model position and
chamber dimensions.

Note that the Patankar & Spalding method with use of “soft” boundary conditions at the outlet
boundary could be applied efficiently only if the length of the computation region is greater than its
diameter. So, the following condition must be fulfilled to provide accuracy of the method: Ly > Dy,.
Actually, the condition Ly > 1.5 * Dy is used in Beta code to increase the efficient chamber length,
if necessary.

IPG-4 test chamber geometry is specified as follows: Z, = 1200 mm; Dy = 800 mm.

Standard temperature boundary conditions were used: Twvc = Twer = Twmop = 300 K.

Euromodel geometry is as follows: diameter D,, = 50 mm; radius for edge rounding Ry, = 11 mm.
The model position Zm is 40mm for P=80 hPa test regimes, Zm varies from 72 to 122 mm for
P=40 hPa test regimes.

Nonuniform computation grid of 103 points was used in radial direction, and from 103 to 113 points
was used in axial direction for different Zm values.
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Computational grid in the part of computation region - in the core of the jet in front of the model is
shown in Fig. 9 for the case of Zm=40 mm.
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r

'60() | 50  z,mm

Figure 9: Computational grid in the core of the jet in front of euromodel for
Zm=40 mm.

CPU time for Beta run is about 30 minutes, about 30000 iterations are done, the basic flow
parameters are converged to 1e-9.

Computation results for subsonic exhaust jet flow over euromodel in IPG-4 test chamber are
presented in Figs. 10-13 (streamlines and isotherms) and Figs. 14-18 (axial distribution of flow
parameters from the channel exit section to the model). The Beta calculations were made for the
same SACOMAR test regimes shown above in Table 1; the previously obtained results at the
channel exit section (Alpha) are used as inflow data for Beta calculations.

Normalized stream function contours (a) and isotherms (b) for the jet flow over euromodel for the
four SACOMAR test regimes with 97%C0O,+3%N, flow are shown in Figs. 10-13. The results are
presented not for the whole computation region but only for the core of the jet in front of the model.
The position of the inlet, i.e. the discharge channel exit section diameter (40 mm) is shown by red
lines at the left of the computational region.

The streamlines and isotherms calculated for the pure CO, flow are not shown because they are
practically identical to that for 97%CO,+3%N, flow.
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Figure 10: Streamlines (a) and isotherms (b) in the exhaust 97%CO,+3%N,
subsonic jet flow over euromodel, P=80 hPa, Ny=20.28 kW, Zm=40mm.
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Figure 11: Streamlines (a) and isotherms (b) in the exhaust 97%CO,+3%N,
subsonic jet flow over euromodel, P=80 hPa, Ny=16.45 kW, Zm=40mm.




SACOMAR Deliverable No. D7.11 Numerical simulation of IPG-4 experiments - Page 21 of 53

60

r 1.2 1'6/
| -

40

b)

—aqs¥

0 50 100 2”ﬁm 150

Figure 12: Streamlines (a) and isotherms (b) in the exhaust 97%CO,+3%N,
subsonic jet flow over euromodel, P=40 hPa, Ny=17.05 kW, Zm=72mm.
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Figure 13: Streamlines (a) and isotherms (b) in the exhaust 97%CO,+3%N,
subsonic jet flow over euromodel, P=40 hPa, Np=17.05 kW, Zm=122mm.
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Axial distributions of calculated plasma parameters from the torch exit to the model front surface
are shown in Figs. 14-16: axial velocity u(z,0) [m/s] (Fig. 14), enthalpy h(z,0) [MJ/kg] (Fig. 15) and
temperature T(z,0) [K] (Fig. 16). The notations on that Figures are analogous to that used in
Chapter 3. The colored curves are the results obtained for 97%CO,+3%N, flow for SACOMAR test
regimes (Table 1), black dash curves are the results for the same regimes for pure CO, flow.

Analogous to the results at the channel exit section, one can see the difference between axial
distributions calculated for 97%C0O,+3%N, and for pure CO, flow: maximum difference is about 1-
2% for velocity and temperature profiles, and the enthalpy profiles are practically identical.

Figs. 17-18 show the dimensionless axial flow velocity u(z,0)/ u(0,0) and enthalpy h(z,0)/ h(0,0) for
97%CO0,+3%N, flow for SACOMAR test regimes. It is clear that the dimensionless parameters are
more conservative: the dependence of dimensionless velocity on plasmatron power (N,=16.45 and
20.28 kW at P=80 hPa) is less than for the dimensional velocity. The dimensionless enthalpy
results fall on the same line in the "free jet" region outside the boundary layer for corresponding
Zm. On the other side, the dimensionless velocity axial distributions show the evident dependency
on pressure for P=40 and 80 hPa. The corresponding results calculated for pure CO, flow are not
shown in Figs. 17-18 because the dimensionless values are practically identical to the ones for
97%C0O,+3%N, flow.

Figs. 19 (a-d) show mole fractions X(i) of 8 components for equilibrium gas mixture (O, CO, O,, Ny,
CO;, NO, N, C) calculated with Beta code along the jet axis, from the channel exit section to the
outer edge of the boundary layer at the model, for the four test regimes. The mole fractions are
presented in logarithmic scale. One can see that the mixture along the axis (outside the boundary
layer near the model) consists mainly of the two leading components - O atoms and CO molecules.
The concentrations of N2, NO, N components are about 1% or less, so the influence of 3%N,
addition to the working gas is really negligible.
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100 120
Velocity at the jet axis from the channel exit section to the model.

Colored curves are velocity at the jet axis for 97%CO,+3%N, flow, black dash curves are the
velocity for pure CO, flow. Blue curves & circles: P=40 hPa, Zm=122mm, green curves & stars:
P=40hPa, Zm=72mm; red curves & triangles: P=80 hPa, N,=20.28 kW; magenta curves &
squares: P=80 hPa, N,=16.45 kW.
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Figure 15: Enthalpy at the jet axis from the channel exit section to the model.

Colored curves are enthalpy at the jet axis for 97%CO,+3%N, flow, black dash curves are the
enthalpy for pure CO, flow. Blue curves & circles: P=40 hPa, Zm=122mm; green curves & stars:

P=40hPa, Zm=72mm; red curves & triangles: P=80 hPa, N,=20.28 kW; magenta curves &
squares: P=80 hPa, N,=16.45 kW.
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Colored curves are temperature at the jet axis for 97%C0O,+3%N, flow, black dash curves are the
temperature for pure CO, flow. Blue curves & circles: P=40 hPa, Zm=122mm; green curves &

stars: P=40hPa, Zm=72mm; red curves & triangles: P=80 hPa, N,=20.28 kW; magenta curves &
squares: P=80 hPa, N,=16.45 kW.
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Figure 16: Temperature at the jet axis from the channel exit section to the model.
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Figure 17: Dimensionless velocity along jet axis from channel exit section to the
model.

Blue curves & circles: P=40 hPa, Zm=122mm; green curves & stars: P=40hPa, Zm=72mm; red
curves & triangles: P=80 hPa, N,=20.28 kW; magenta curves & squares: P=80 hPa, N,=16.45 kW.
All results presented here are for 97%CO,+3%N, flows.
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Figure 18: Dimensionless enthalpy along jet axis from channel exit section to the
model.

Blue curves & circles: P=40 hPa, Zm=122mm; green curves & stars: P=40hPa, Zm=72mm; red
curves & triangles: P=80 hPa, N,=20.28 kW; magenta curves & squares: P=80 hPa, N,=16.45 kW.
All results presented here are for 97%CO,+3%N, flows.
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Figure 19:

Mole fractions along the jet axis for the four test regimes.
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The flow patterns in the discharge channel and plasma parameters at the channel exit section
(Alpha results), distributions of jet flow parameters and gas mixture concentrations along the jet
axis (Beta results) are valuable for apriori estimations that could be made before the experimental
runs, and for analysis of high enthalpy jet parameters for the experimental conditions after the
tests. But the accuracy of the dimensional flow parameters obtained from the CFD simulation could
be not high due to the different reasons: the restrictions of the physical model used (LTE and
laminar flow assumptions, absence of gas radiation, etc), use of simplified geometry of the inductor
and test chamber, the inaccuracy of experimental data for N,, and the plasmatron efficiency
Np/Ngap, and some other reasons. For these reasons, the Beta code result for one of the key
parameters - the jet flow enthalpy h, - in general could be less accurate than the enthalpy rebuilt by
Gamma code on the basis of the experimental measurements for heat flux gys to high catalytic
material (silver for CO, flow) and dynamic pressure Pgyn.

In frameworks of IPM approach, the main result of Beta calculations is the set of dimensionless
parameters that characterize the boundary layer thickness and flow vorticity in front of the model
stagnation point. These dimensionless parameters are the necessary input data for the Gamma
code. In fact they serve as the interface between the first stage of humerical simulation (Alpha and
Beta codes) and the second stage (Gamma code). And final results such as the rebuilt enthalpy he,
heat flux envelopes, recombination efficiency y are obtained with use of Gamma code coupled with
the corresponding experimental data.

The set of dimensionless parameters is defined by the jet flow parameters calculated with Beta
code as follows:

Boundary layer thickness A=8/R,
Dimensionless parameters at the jet axis at the boundary layer external edge:

e

{— V—] - velocity at the boundary layer external edge V. related to the reference velocity Vs;
S
— Rm

Uy = v, - dimensionless velocity gradient;
V, Lox J,

ou , _— : .
Rm(—lj - second velocity derivative to determine the flow vorticity at the boundary layer
e

%y

external edge.

Here x and V, are the coordinate along the model surface and the corresponding velocity
component, u; is the velocity gradient near the get axis (these notations are used below in chapter
6 in the boundary layer equations):

u, =u,(x )—Rma\/X
1 =Y V. X

Use IS the velocity gradient at the jet axis (x=0) at the boundary layer external edge (y=ye).

Note that the dimensionless parameters in question are very conservative in comparison with
dimensional ones. Our previous numerical investigations [24] for air working gas showed that the
dimensionless parameters change only in 3-6% when pressure is varied from 50 to 500 hPa,
plasmatron power Ny is varied from 12 to 36 kW, air flow rate G is varied from 2 to 5 g/s, on
conditions that the plasmatron geometry is constant, including the geometry of the discharge
channel, test chamber, testing model and the distance Zm from the channel exit section to the
model.
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5 Calculation of thermodynamic and transport properties of equilibrium plasmas

To calculate Navier-Stokes and Maxwell equations for Alpha code, and Navier-Stokes equations
for Beta code, a set of thermodynamic and transport properties is necessary. These properties,
including viscosity, thermal conductivity, electrical conductivity, can be calculated in advance for
the case of chemical equilibrium mixture as functions of pressure and temperature.

We use here the standard assumptions:

o elementary composition of equilibrium mixture is constant (concentrations of chemical
elements are constant); plasma is quasi neutral, Cc" = 0;

o effects of non-ideal gas and plasma are not accounted,;
¢ high frequency electromagnetic field does not influence the transport properties.

Special program package SoVA has been developed for calculation of chemical composition and
transport properties of equilibrium multicomponent air and CO, plasma. In particular, transport
properties of CO,+N, plasma for the conditions of the test regimes were calculated by SoVA.

SoVA program package consists of the following two modules.

5.1 Calculation of chemical composition and thermodynamic properties

The first module was developed to calculate chemical composition of equilibrium CO, and air
mixture of N=22 components produced by L=5 chemical elements (including the electron “e”):

O, N, C, Ar, e, O, N;, CO,, NO, CO,
O*, N, C*, Ar, O, Ny, CO,", NO', CO*, O™, N*, C™.
This module provides calculations for the range of pressure and temperature: 0.001 < P <10 atm;

300 < T <20000 K, for "pure" gases (e.g. oxygen, nitrogen), and for gas mixtures such as air,
CO, and CO,+N, mixture.

Input data for this module are: pressure P, temperature T, mass fractions of chemical elements
Ci'=Cjo" (j=O, N, C, Ar) that generate a mixture.

Output data are:

e equilibrium mole fractions x;,

e species molar enthalpies h; (i=1,...N),

e heat capacities under constant pressure C; (i=1,...N),

e mixture molecular weight m,

e density p,

e specific enthalpy of a mixture h,

¢ specific heat capacity of a mixture under constant pressure C,,

e reactions heat capacity C, calculated by the precise formula [25],

o effective (or total) heat capacity under constant pressure Cyer = C, + Cp, for equilibrium gas
mixture.

To calculate equilibrium reaction rate constants K, and heat production Q,, enthalpies h; and heat
capacities Cp; of species (i=1, ..., N), we use the approximations for the reduced Gibbs energy
®(T) [26]. Here "r" is a reaction index, r=1, ..., R, R=N-L is the number of independent reactions
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in the mixture. Additional approximations for O,, N,, CO, were developed for the low temperatures
T<1000 K to calculate species heat capacities and enthalpies with higher accuracy. Additional
approximations were used also for the second ions.

5.2 Calculation of transport coefficients

The second module was developed to calculate transport properties of multicomponent dissociated
and partially ionized gas mixture, for the same pressure and temperature ranges as given above in
5.1.

Input data for the second module are: pressure, temperature and chemical composition of the
mixture calculated by the first module.

Output data are transport coefficients for multicomponent gas mixture:
e viscosity u(&);

e translational thermal conductivity Ay(C);

¢ thermal conductivity due to molecules internal energy transfer A;y;
e electrical conductivity o(C);

e thermodiffusion ratios Kv(£) (i=1, ...N);

e ‘'resistance coefficients" for multicomponent diffusion Ax(C) (i, k=1, ...N) used in the precise
formula for Ar(C) [27];

e thermal conductivity due to equilibrium chemical reactions Ar(C) ;
o effective thermal conductivity Ae(C) = A(Q) + Aine + Ar(E);
o effective Prandtl number Pres = Cperr 1(8) / Aer(C);

Here ¢ is the order of approximation by Sonine polynomials, i.e. number of terms in Sonine
polynomial expansions of Boltzmann equation solution that provide convergence in Chapman-
Enskog method, A is the “true” thermal conductivity corresponding to the following formula for the
full heat flux [28]:

N K J N
Jo=—A  VT+KTY S04 % hy,
=L Xi Mmoo il

Where J; is the mass diffusion flux for i-th species, k is the Boltzmann constant.

Calculations are made by the precise formulas of Chapman-Enskog method [28]. To calculate
transport coefficients for neutral gases, the first non-zero approximation (=1 for viscosity, =2 for
thermal conductivity) is rather accurate, but for ionized gas mixture this approximation can lead to
error, up to ~50% error for air at T>15000 K when degree of ionization is high [27]. Therefore, our
calculations for CO,+N, plasma have been made with (=2 for viscosity, (=4 for other transport
coefficients to provide high accuracy.

The formula from [28] used to calculate A(C), =4, is presented below as an example:

0 Xs 0 0 11 12 13
75 kn Xr :rle :SZ 1.: qrs qrs qrs
o ds Tl detfg] = 0 g of

21
31 32 33
q rs qrs qrs

4y 2 27
= detfo] |0 aF qZ o

31 32 33
0 q rs qrs qrs
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Here q’rnsp— square matrixes of N x N order, their elements are expressed by the linear

combinations of the collision integrals f® [29], det|q|— determinant of the order of 3N x

3N. Some details of the calculation technique and results obtained for air plasma had been
presented in [27]. Note that the exploited formulas [28] for transport properties are essentially more
convenient for calculations than the classic formulae [29-30] of Chapman-Enskog method,
because the formulae from [29-30] are more complicated and they use the higher order
determinants: NCxNC instead of N(C-1)xN(C-1).

To calculate transport coefficients, the collision integrals Qi(j"s) (T) are necessary. They are

determined on the basis of the best available data on collision cross sections for various pairs of
particles according to the recommendations [31].

As an example, calculated 97%C0,+3%N, and pure CO, plasma transport coefficients are
presented in Figs. 20, 21: effective thermal conductivity A [W/(m=K)] and electrical conductivity
o [100/(Ohm=m)]. Calculations are made by SoVA code at P=80 hPa with account for higher
approximations, &=4. The results obtained for 97%CO,+3%N, and pure CO, plasmas are
practically identical for the viscosity and effective thermal conductivity. The electrical conductivity o
is also practically identical for 97%C0O,+3%N, and pure CO, plasmas in the high temperature
range T > 5000 - 6000 K. The essential difference in ¢ at lower T is explained by the relatively low
ionization potential of NO, but this difference does not affect the plasma parameters at the
discharge channel exit section because of the low values of ¢ (6<0.01/Ohm/m) at lower T.

Tables of the necessary thermodynamic and transport properties for chemically equilibrium
97%CO0,+3%N, and pure CO, mixtures have been calculated with use of SoVA code to apply in
Alpha and Beta codes.
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Figure 20: Effective thermal conductivity for 97%C0O,+3%N, and pure CO, at
P=80 hPa.
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Figure 21: Electrical conductivity for 97%CO0O,+3%N, and pure CO, plasma at
P=80 hPa.
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6 Calculation of boundary layer equations, determination of surface
recombination efficiency

Problem formulation for the boundary layer equations with account for nonequilibrium chemical
gas-phase reactions, finite thickness of the layer and flow vorticity at its external edge has been
presented in our previous SACOMAR report [8], but for completeness we formulate here this
problem with some additional details.

Numerical solution of the boundary layer equations is realized in Gamma code.

In spite of simplicity of Gamma code (it is based on 1D boundary equations), it is used exactly to
provide the main results such as the rebuilt enthalpy he, heat flux envelopes, effective
recombination coefficient y. The reason is that Gamma code was developed so to be coupled with
rather accurate experimental data, especially with the heat flux measurements.

The main features of IPM approach in calculation of the boundary layer equations and
determination of the effective recombination coefficients for materials testing in dissociated CO,
flow are the following [32].

¢ The flow enthalpy is rebuilt by the measured heat flux q,s to the water-cooled calorimeter with
oxidized silver surface, along with the rebuilding of reference velocity Vs by the Py, measured by
Pitot tube. The details were presented in [8].

¢ The subsonic dissociated CO, jet flow is assumed to be equilibrium at the boundary layer
external edge in front of the model, though the bulk boundary layer flow is under chemical non-
equilibrium. This assumption helps to determine the species mass fractions C;. at the boundary
layer external edge by the known values of pressure P and enthalpy he. Temperature T, is
calculated along with enthalpy h, from the flow equilibrium condition in the process of h, rebuilding.

¢ The set of dimensionless parameters obtained previously with use of Beta code is used to
provide the necessary input data for Gamma code in order to account for the boundary layer
thickness and jet flow vorticity at the boundary layer external edge.

+ Gas phase reaction rates are necessary to obtain the solution of nonequilibrium boundary layer
equations. These rates are taken from [33].

¢ Appropriate model for catalytic surface recombination reactions should be used to provide
boundary conditions for species diffusion mass flux at the model surface. The standard model of
surface catalysis with use of the single effective parameter vy, for all recombination reactions was
used in IPM calculations [32]. This model was described in our previous SACOMAR report [34].
Also, the novel model was proposed in [34] with account for the EXOMARS entry conditions.

¢ Heat flux envelope g.=0qu(Tw, Yw) is calculated with use of Gamma code on the basis of the
above mentioned data and models.

+ Value of vy, for a testing material can be determined from the condition that the calculated heat
flux is equal the measured one at the prescribed experimental conditions.

In application to the specified IPG-4 test regimes with 97%C0,+3%N, flow, the above mentioned
estimations are taken into account:

¢ maximum molar fractions of N, and N at the boundary layer external edge are about 1%, molar
fractions of NO and other N-containing components are much lower;

o the difference of temperature and enthalpy calculated by Beta code for pure CO, and
97%CO,+3%N, is about a few percents for different positions along the flow axis, e.g. at the
discharge channel exit section and at the boundary layer external edge.
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So, to simplify the problem formulation for the nonequilibrium boundary layer equations, we do not
account for 3%N,. Below the problem formulation is presented for the case of dissociated CO,
mixture that consists of the 5 components: molecules CO,, O,, CO and atoms O and C.

In the next paragraphs the mathematical model of the nonequilibrium boundary layer equations is
presented in dimensional and dimensionless forms. Further on, boundary conditions for the
species diffusion flux at the wall are written for both the standard and the new surface catalysis
models. Finally, numerical solution technique and computation results are presented.

Note that the third region (boundary layer at the symmetry axis in front of the model stagnation
point) is essentially different from the first and second computational regions. So, some notations
used in this chapter are different from the ones used before (i.e. the notations for coordinates and
velocity components).

6.1 Model of flow and heat transfer in nonequilibrium boundary layer with finite
thickness

Stationary axisymmetric laminar flow of dissociated gas mixture in the nonequilibrium boundary
layer flow near the blunted model is considered. Cylindrical coordinate system (x, y) associated
with the model flat face surface is shown in Fig. 22.

/
(

\

N
d

Figure 22: Schematic of jet flow and boundary layer near the model front face (the
third computational region).

Flow in the boundary layer (it's thickness is 8~R,, Re™?) in the vicinity of the symmetry axis is

governed with accuracy of O(Re™?) by the following set of equations.
Equation of continuity:

%(va X)+ %(va y): 0
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Momentum equation (x-component):

v Ny, oy Ma_ dPX)

i 9,9
oy Py dx oy oy

Energy equation written through the temperature:

dT dT _d CpdT 2
pV de ZJ|Cp| dy dy Pr dy .Zh|W|

Diffusion equations for mass concentrations of CO, C and O (i=3,4,5)

dCi d 1 dCj

PVydy Tdysej dy

y y Scj dy
Here x and y are the coordinates related to the model surface, along and normal to the surface; V,
and V, are the corresponding velocity components.

Equation of state:

5 .
P=p_AT, 1_3 G

Conditions of mass conservation and conservation of chemical elements O and C are used to
close the problem formulation.

The following gas-phase chemical reactions proceed in the dissociated CO, boundary layer flow:
CO,+M & CO+0+M
CO,+0 <« CO+0,
CO+M & C +0+M
0, +M & O +0+M
CO+0 « C+ 0O,
(M =CO0O,, 0, CO, C,0)
The data on rate constants for the gas-phase reactions were taken from [33].
Heat flux rate to the model stagnation point is determined by the formula:

g =- Cp#) dT [ u dCoh%_ p dCcohoCO_L dCch
" Pr), & \Sco), dy Scco )y, dY Scc )y, dY

Here hJ, h3,, hg are standard specific enthalpies of formation of O, CO, C.

6.2 Dimensionless governing equations

Stream function (X, y) is determined by the relations:
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oy _ oy
=— —~ =xpV
ox XpVy: 5 PVx

Dimensionless variables and parameters are determined as follows:

X’:X/Rm’ y’:y/Rm’ u:Vx/VSX’ V:_Vy/VS
p'=plpe, T'=T/Te, C'p=Cp/Cp, C'p;=Cp;/Cp, K =rlpe

Here R, is the model radius, Vs is the reference velocity. All upper primes are omitted in further
formulas. The new independent variable is determined:

y
n=2pdy

0
Also, the dimensionless stream function f(n) is determined:
P(x,y) =0.5R; pV.x* F(n,), F(n)=pV
Here gas parameters at the external edge of boundary layer are denoted by index "e".

Then the additional dimensionless variables are introduced - the dimensionless velocity gradient u,
stream function f and independent variable n:

u
u=—=>, f= F n=nln,, 0<n<1
ule nle 1e’
§uixy) R Ve Ly y)=Raf e
P TRYIEY o e SRR YIS A
r Reu, _PVR,
n.=2[pdy n,=n, 2Reu == A=y, =5IR
0 e

Finally a system of ordinary differential equations for boundary layer flow at the axis of symmetry
(x=0) can be written with use of previously determined dimensionless variables:

dfyQu)_ ¢du_ 1., 1ta, o _df (13)
dnl dn dn 2 2p dn

IC, S 3
df % dT # 3 (1C + —di) TS, = 0 (14)
dT] PI’ d -1 n i=1
df 1 d& +f£+w 0, i=0, CO, C (15)
dnl Sc, dn dn

The coefficients in these equations are determined as follows:

1 V. R (éu

2 2
n. dn pre V, ug oy

Here o, is the parameter to account for the external flow vorticity, C, and C, are the specific heats
of i-th species and gas mixture, Pr is the mixture Prandtl number, Sc; is the Schmidt number of i-th
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species, h; is the enthalpy of i-th species, W; is the source term for i-th species production in the
gas-phase reactions.

Additional equations to close the system are:
LIRNE h= Zslcihi
p m: i-1 '
Boundary conditions at external edge of boundary layer (n=1) are:
u=T=1, C = Ci
Boundary conditions at the surface (n=0) are:
u=f=y=0, T=T,/T,

Boundary conditions at the surface for dimensionless diffusion fluxes will be determined below.

To provide data for boundary conditions and for the coefficients of the boundary layer equations,
the following input data are used:

e Pressure P, reference velocity Vs, flow temperature T, and species concentrations C;. at the
boundary layer external edge.

¢ The set of dimensionless parameters calculated in advance by Beta code.

6.3 Models of catalytic surface recombination reactions

Standard model of surface catalysis

Boundary conditions at the surface for diffusion fluxes for the standard model of surface catalysis
(Goulard’s type) are the following (dimensional form).

—Jco = PKicoCeo (16)
—Jo =pPKyoCo (17)
—Jc =pKyeCe (18)

Here J; is the diffusion mass flux for i-th species, all parameters here refer to the flow at the
surface, the index "w" is omitted. Note that the catalytic recombination of C atoms gives a small
input to the total heat flux for the specified IPG-4 test conditions due to the very small
concentration of C atoms in boundary layer. So, the third condition (for J.) is formal one, actually
we can use

J.=0 (29)
instead of (18), and the effective value y,, describes the effective surface recombination of O atoms
and CO molecules.

Here the reactions of surface recombination of O and C atoms and CO molecules are assumed to
be of the first order. The catalytic recombination rates K,; are expressed through the effective
recombination coefficients yy;:

KWi - 2 YWi RATW (20)
2=y V2mm,
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The key assumption of the standard model is the use of effective coefficient vy,, to describe in total
the effect of all catalytic reactions: yw = Ywo = Ywco = Ywc. In this way we introduce the average
efficiency of recombination vy,,. The reason for this simplification is that we have only one measured
parameter gy to rebuild the surface catalycity.

To close the problem formulation, it is necessary to use the additional boundary condition of O
atoms balance on the surface:

2m m
Jg +—2J . +—2J . +J,=0 21
0, m co, m co o} (21)

co, co

Two-parameter model of surface catalysis based on Eley-Rideal mechanism

The previous single-parameter model is modified according [35] on the bases of the theory of
Langmuir ideal adsorbing layer for Eley-Rideal mechanism, which dominates on cold walls. Then
we have boundary conditions with the two recombination rates Kyo and Kyco as follows [34]:

m
—Jo =pKyoCo + _opchoCco (22)
Meo
—Jco =PKucoCeo (23)
J.=0 (24)

and equation (21) is used also to close the problem formulation. Here again all parameters refer to
the flow at the surface, the index "w" is omitted.

In this new two-parameter model, when the catalytic recombination rate K,o depends only on
surface temperature, it can be taken from the literature data for pure atomic oxygen recombination
and in that case the second recombination rate K,co can be rebuilt from heat flux measurements in
CO; plasma flows.

The catalytic recombination rates K0, Kuco can be expressed through the effective recombination
coefficients w0, ywco by the same equation (20).

6.4 Numerical solution technique and computation results

The Gamma code was developed to realize numerical solution of the dimensionless
nonequilibrium boundary layer equations along the flow axis from the boundary layer external edge
to the model surface with account for finite layer thickness at low Re and surface catalycity. It
provides the rebuilding of flow enthalpy he at the external boundary layer edge and calculation of
heat flux g (Tw, yw) in the model stagnation point as function of both the surface temperature T,
and effective recombination coefficient y,, (heat flux envelope).

Finite difference scheme [36] is used to solve the one-dimensional boundary value problem for the
governing equations (13)-(15). This scheme provides the 4-th order of approximation by n
coordinate and good monotonous properties. The system of equations (13)-(15) together with
equation of state and other additional algebraic equations is solved by cascade iterations. The
under-relaxation technigue is used to provide the convergence. This numerical method provides
calculations up to P=1 atm, i.e. up to near-equilibrium regimes.

Normally about 20 grid points are used across the boundary layer to provide 1% accuracy. Test
calculations with variable number of grid points NK, up to NK=300, prove fast convergence and
accuracy of solution.

It takes a few seconds to rebuild the flow enthalpy and calculate the heat flux envelope for one
typical IPG-4 regime by GAMMA code.
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Below the Figs. 23-26 present comparison of heat flux envelopes calculated by the standard model
(16)-(18) and the novel model (22)-(24) of surface recombination for the specified IPG-4 test
regimes (Table 1). The novel model (22)-(24) is the two parameter one, but for the comparison
here we used assumption v, = ywo = Yuco in the novel model. Even for this case the novel model
differs from the standard one due to the extra "non-diagonal” term in (22).

In addition, the extra regime with higher plasmatron power (Na,=45 kW) and enthalpy
(he=17.5 MJ/kg) was calculated just to demonstrate the novel model of surface recombination at
higher enthalpy. This IPG-4 regime was actually realized at the stage of enthalpy rebuilding and
determination of the test regimes with h values specified by SACOMAR test matrix, see [8]. Heat
flux envelopes for both the standard and the novel model of surface recombination for the extra
regime P=80 hPa, N,,=45 kW are presented in Fig. 27.

The notations for the Figs. 23-27:

1) Boundary curves:

¢ upper red dash-dotted curve denotes the heat flux to fully catalytic wall,
¢ lower blue dash-dotted curve denotes the heat flux to non-catalytic wall,

¢ bottom cyan dash-dotted curve denotes the heat flux to non-catalytic wall calculated for the
frozen flow (without gas-phase reactions).

2) Internal curves:
¢ solid curves with stars denote the heat flux calculated by the novel model (22)-(24),

¢ dash curves denote the heat flux calculated by the standard model (16)-(18).

Note that the boundary curves actually are not related with the standard or the novel model,
because they present the results obtained with the corresponding limit cases:

¢ The model of fully catalytic wall can be expressed with the boundary conditions at the wall
Cwo = Cwco=Cuc =0 (25)

In fact calculations by the standard model (16)-(18) for the case y, =1 provide the results
practically identical to the ones obtained with (25) boundary conditions.

¢ The case of non-catalytic wall can be expressed with the boundary conditions at the wall
Jwo = Jwco = Jwc =0 (26)

Obviously calculations by the standard or by the novel models with y, =0 provide the results
identical to the ones obtained with (26).

Numerical investigation and analysis of physical meaning of the novel model of surface
recombination (22)-(24) revealed that the use of this model is limiting by the following condition:
concentration of oxygen atoms in gas flow at the wall should be high enough to provide the
possibility of surface recombination for the CO molecules defined by the corresponding
recombination efficiency ywco (or by the recombination rate Kwco). This limiting condition is related
with extra "non-diagonal” term in (22). When concentration of O atoms in boundary layer is low and
the formulated condition is not provided, the model (22)-(24) is not applicable. In numerical
calculations the inapplicability of the model is manifested in negative concentration of O atoms that
appears in one point or in a few grid points near the wall.

Limits of application of the novel model are determined first of all by the test conditions - flow
enthalpy h. and pressure P, and also by the value of y,, and sometimes even by the surface
temperature T,,: see Fig. 26, the heat flux curve qy (Tw, y»=0.01) calculated by the novel model is
started at T,=800 K, because calculations by the novel model for T,=300+700 K showed the
appearance of negative Co values at the wall.
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In numerical calculations we determined the applicability condition for the novel model as the
absence of negative concentrations Co in boundary layer flow.

Calculations for the four IPG-4 test conditions (see Table 1) revealed the following upper limits
YwLimit fOr the novel model:

P=80 hPa, N;,=40.4 KW, Zm=40 mm: YwLimit #0.01
P=80 hPa, N,,=34.0 kW, Zm=40 mm: YwLimit #0.0032
P=40 hPa, N,=35.0 kW, Zm=72 mm: YwLimit #0.032

P=40 hPa, N;,=35.0 KW, Zm=122 mm: Ywiimit 0.01

Calculation for the extra regime with higher plasmatron power and flow enthalpy, P=80 hPa,
Nap=45 kW, h=17.5 MJ/kg (Fig. 27), revealed no limitations for the novel model, because
concentration of O atoms in the boundary layer is high enough for this case.

Remember that in these calculations we used equal values v, = ywo = Yuco in the novel model just
to compare it with the standard one.

In Figs. 23-27 the heat flux values q. (Tw, yw) calculated by the novel model for yyiimit >yw>0 are
always higher than that calculated by the standard model. Consequently, values of recombination
coefficient y,, and recombination rate K,y obtained with the novel model will be lower. The difference
is appreciable for values of y,, far from the limiting ones (0 and 1), and decreases when v,, values
are close to the limits (Fig. 27).
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Figure 23: Heat flux envelopes for standard and novel surface catalysis models for
test regime: P=80 hPa, N;p=40.4 KW.
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Figure 24: Heat flux envelopes for standard and novel surface catalysis models for
test regime: P=80 hPa, Nap=34 kW.
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Figure 25: Heat flux envelopes for standard and novel surface catalysis models for
test regime: P=40 hPa, Zm=72 mm.
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Figure 26: Heat flux envelopes for standard and novel surface catalysis models for
test regime: P=40 hPa, Zm=122 mm.
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Figure 27: Heat flux envelopes for standard and novel surface catalysis models for
extra regime: P=80 hPa, N5p=45 kW, he=17.5 MJ/Kg.
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Alternative case of calculation by the novel model of surface recombination is presented below in
Figs. 28-29. Here the two parameters yyoand y.co are different. In fact, Figs. 28-29 present partial
heat flux envelopes calculated by the novel model under the condition of fixed value of y,co and
variable y,o (Fig. 28), and fixed value of y,0 and variable yco (Fig. 29). The dash curves in these
figures show the ordinary heat flux envelopes calculated by the standard model with yy, = Ywo = Ywco-
Both Figs. 28 and 29 are calculated for the test regime P=80 hPa, N.,=40.4 kW, h.=14 MJ/Kg.
Each figure consists of the two plots (a, b) with different values (le-2 and le-3) of the fixed
recombination coefficient for the novel model calculation.

Calculation results obtained by the novel model are presented in the limits of its application. In
particular, the curve for y,co=3.2e-2 is started at T,=1100 K in Figs. 29 (a, b), because the novel
model is not applicable at lower T,,.

Notations in Figs. 28-29:

solid black curves with colored stars - calculations by the novel model; variable recombination
coefficient (ywo in Figs. 28 (a,b) and y.co in Fig. 29 (a,b)) is shown to the right of corresponding
curve outside the plot field:;

dash colored curves are the results obtained by the standard model; values of y,, are shown at
corresponding curves in the field of plot;

the rest notations are the same as in Figs. 23-26.

It is clear from Figs. 28-29 that measured heat flux value to a testing material could be reproduced
by Gamma computations in framework of the novel model with different pairs of (ywo, Ywco), i.€. the
solution is not unique. To determine the unique solution, one can specify a fixed value of y,o, €.0.
to use the appropriate literature data (if any).




SACOMAR Deliverable No. D7.11 Numerical simulation of IPG-4 experiments - Page 47 of 53

:\ ~ \_ T~ — 01
b Osop T——————a1

60- S~ - T le2
:\\\ =~ 4 - le-2= - - = - le-3
40+ ~~?_\_\ == 3263 |
20 G -~"""““‘-—~-~_
W/cm?
. Tw, K
300 600 900 1200 1500 1800 2100
A
140 -\\g-\_

— 2

Two
0.1
3.2e-2
le-2
' 1e-3

. Tw, K
300 600 900 1200 1500 1800 2100

Figure 28: Heat flux envelopes for standard and novel catalysis models. Fixed
Ywco =1e-2 (a) and 1e-3 (b) in the novel model.
Dash colored curves - standard model, vy, = ywo = Twco IS Shown at the curves in the field of the plot.

Black solid with stars - novel model with fixed y,co. Variable y,0 is shown to the right of curves.
P=80 hPa, N,,=40.4 KW, h.=14 MJ/Kg.
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Figure 29: Heat flux envelopes for standard and novel catalysis models. Fixed
Ywo =1e-2 (a) and 1e-3 (b) in the novel model.
Dash colored curves - standard model, vy, = ywo = Twco IS shown at the curves in the field of the plot.

Black solid with stars - novel model with fixed y,,0. Variable y,co is shown to the right of curves.
P=80 hPa, N,,=40.4 kW, h.=14 MJ/Kg.
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To demonstrate capabilities of the novel model, we specify below oxygen recombination coefficient
Ywo according to literature data and determine CO recombination coefficient y,co for the four test
regimes for quartz and steel surfaces.

Value of y,o for quartz surface is assumed to be 2e-3 for all the test regimes, according to IPM
previous data obtained in IPG-4 pure oxygen tests [37]. Analysis of literature data on y,o was
presented in our previous report, see Fig. 17 in [34]. According to that analysis, ywo could vary from
2e-4 to 2e-2 for the surface temperature range T,, =500 - 1000 K, depending on experimental
conditions, material and surface quality, and probably depending on experimental and theoretical
uncertainties. The value of y,0=2e-3 is close to IPM data [37] obtained for pure oxygen flow at
P=100 hPa, plasmatron power N.,=45 kW, enthalpy h. =20 MJ/kg, and this value lays in the
middle of the range of whole experimental data presented in Fig. 17 in [34].

Value of y,,o for stainless steel is taken from [38]. In this work y,0 = 2.6e-3 was obtained from the
experiments in pure oxygen flow.

With use of the above mentioned fixed values of y,o for quartz and stainless steel surfaces, the
second parameter yuco is calculated by the novel model for the four test regimes. The results are
presented in the Table 2. Value of y,co is hot determined for stainless steel for the single case
P =80 hPa, N, = 34 KW, T, = 300 K, because for this case the novel model is not applicable at
Two = 2.6e-3, yuco = 7€-3 and the relatively high heat flux 66 W/cm? could not be reached in
computations.

The determined values of y,co are greater than y,o for both quartz and steel surfaces, with the
exception of the single case P = 40 hPa, Zm=122 mm when y,0 = ywco = 2e-3 for quartz.

To estimate the difference between catalycity parameters determined previously in [34] by the
standard model and the newly determined parameters (ywo, Ywco), the last column in the Table 2
presents the old data for y, = ywo = ywco from [34]. It is clear that for all test regimes the newly

determined parameters (ywo, Ywco) are lower than the appropriate effective catalycity parameter v,,
determined by the standard model, both for quartz and steel. However, the difference is not

severe, the maximum ratio of y,, to each of the two parameters (ywo, Ywco) iS about factor of 4.

As a conclusion from this comparison, we can propose that the effective recombination coefficient
vw Calculated by the standard model provides the upper bound for catalycity parameters ywo, Ywco
calculated by the novel model.

Table 2: CO surface recombination coefficient determined by the novel
catalysis model.

P Nap | ZmM teStin_g Tw Qw Ywo Ywco Yw = Ywo = Ywco
hPa | kW | mm | material | K | W/cm? | specified by | determined determined
literature by novel previously by
data model standard model
quartz | 755 70 2e-3 6.0e-3 7.84e-3
80 |40.4 | 40
steel 300 93 2.6e-3 6.1e-3 8.48e-3
quartz | 600 45 2e-3 3e-3 4.97e-3
80 |34.0| 40
steel | 300 66 2.6e-3 n/a 1.07e-2
40 |35.0]| 72| quartz | 606 46 2e-3 5e-3 5.71e-3
steel 300 72 2.6e-3 9e-3 1.13e-2
40 |35.0| 122 | quartz |500| 30 2e-3 2e-3 3.42e-3

steel 300 45 2.6e-3 7e-3 8.77e-3
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7 Conclusions

Subsonic ICP flow parameters in IPG-4 segmented discharge channel with conical nozzle are
calculated by Alpha code on the basis of Navier-Stokes and simplified Maxwell equations for the
four IPG-4 test regimes realized for 97%CO,+3%N, working gas according test matrix.

Parameters of 97%CO,+3%N, equilibrium reacting subsonic jet flow over euromodel are
calculated by Beta code on the basis of Navier-Stokes equations for the same IPG-4 test
conditions.

The complete set of the dimensionless parameters is determined by Beta code computation results
to be used as input data for Gamma code. These parameters characterize the boundary layer
thickness, flow velocity and vorticity at the external edge of boundary layer in front of the testing
model.

Numerical simulations of both ICP flow in discharge channel and subsonic jet flow over euromodel
are performed for pure CO, working gas to compare with corresponding results obtained for
97%CO,+3%N, flow. Comparison of the results revealed negligible influence of 3%N, addition on
the main flow parameters and molar concentrations at the boundary layer external edge in front of
the model.

One-dimensional 5-species (CO,, O,, CO, O, C) flow in nonequilibrium dissociated boundary layer
with finite thickness near the model stagnation point was calculated by Gamma code to determine
heat flux envelopes for the IPG-4 test regimes with CO, working gas. The calculations were made
for the standard and the novel model of surface catalysis for O-atoms and CO-molecules
recombination proposed in [34].

Numerical simulation revealed the limitation on the use of the novel model: input data for
calculation (e.g. pressure, enthalpy, recombination coefficients yuo0, ywco) have to ensure sufficient
concentration of oxygen atoms Co in gas flow at the wall to provide the possibility of surface
recombination for CO molecules defined by the corresponding recombination efficiency yyco. When
this condition is not provided, negative values of Co appear in boundary layer computation to
manifest inapplicability of the novel model for current regime and computation parameters (Ty, Yw).

Comparison of calculations performed by the standard and the novel model of surface catalysis for
the case ywo = ywco= Yw Shows that heat flux values g, (Tw, yw) calculated by the novel model
(within its application limits) are always higher than corresponding values calculated by the
standard model. Consequently, values of the efficient recombination coefficient vy, obtained with
the novel model will be lower.

Partial heat flux envelopes are calculated by the novel model with different recombination
coefficients ywo and ywco, When one of the two coefficients is fixed, while the other is variable. For
this two-parameter case, measured heat flux value to a testing material could be reproduced by
Gamma computations with different pairs of (ywo, ywco). TO determine the unique solution, one can
specify a fixed value for y,0, €.9. with use of appropriate literature data.

CO recombination coefficients y,co are determined by the novel model for quartz and stainless
steel for the four test regimes with use of the following fixed values of y,o taken from [37], [38]:
Ywo =2e-3 for quartz and 7y, =2.6e-3 for steel. Comparison of the effective recombination
coefficient v, =ywo = ywco Obtained previously [34] by the standard model with the newly obtained
catalytic efficiencies ywo and yuco is presented. Value of y,co is always lower (or equal) than the
corresponding fixed value of vy,0; both y,o and y.co are lower than the corresponding effective
recombination coefficient y,. So, the effective parameter y,, provides probably the upper bound for
the surface recombination coefficients .0 and yuco.
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