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A study is made of the external flow of an atmospheric-pressure burner-stabilised
methane-oxygen-argon flame near an axisymmetric conical sampling probe with an
orifice at the centre of the cone tip. The flow is simulated by solving the full set
of unsteady Navier-Stokes equations using a recently developed original algorithm.
Heat release due to chemical reactions is approximately described by a source term in
the energy equation which provides a given temperature distribution in the unperturbed
isobaric flame. On the probe orifice surface, the axial gas velocity is assumed to be equal
to the local velocity of sound. A qualitative understanding of the nature and magnitude
of the perturbing effects of the probe on the flame is obtained by comparing the steady
flow near the probe and the unperturbed flame. Probe-induced distortions in the flame
mixture composition are simulated by calculating concentration distributions of some
species (CH4, CO2, H2O, and O2) in the flow field from the diffusion equation for binary
gas mixtures (CH4 – Ar, CO2 – Ar, etc.) in a linear formulation. The effect of chemical
reactions is approximately described by a source term in the diffusion equation which
provides given concentration distributions in the unperturbed flame. The developed
approach based on spatially fixed sources of energy and species concentrations provides
more realistic simulations of probe-induced perturbations of the flame structure than
the approaches described in the literature. The data demonstrating the nature of the
probe-perturbed flame under conditions close to real ones were obtained for the first
time.

Keywords: mass-spectrometry sampling; simulation; flame structure; perturbation; shift

Nomenclature

c0 speed of sound on burner surface
ci mass fraction of species i (i = 1, 2)
d diameter of the probe orifice
D12 binary diffusion coefficient
dy mesh size in radial direction
dz mesh size in axial direction
e specific internal energy
h0 unit used for linear variables
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2 P.A. Skovorodko et al.

G gas flow rate
kT thermal diffusion ratio
m mean molecular weight of binary mixture
mi molecular weight of species i (i = 1, 2)
n number density
p pressure
Pr Prandtl number
QT source term for energy equation
Qc source term for diffusion equation
R gas constant
Re Reynolds number
Sc Schmidt number
t time
T temperature
u radial component of the total velocity
w axial component of the total velocity
y radial coordinate
z axial coordinate
z0 distance from the burner to the probe

Greek

α probe sampling factor
δ shift of concentration profiles
ε, σ parameters of the Lennard-Jones (6–12) potential
εT emissivity
κ specific heat ratio
λ heat conductivity
μ dynamic viscosity
μ′ bulk viscosity
ν parameter determining the flow with plane or axial types of symmetry
ρ mass density
ϕ equivalence ratio

Subscript

0 parameters on burner surface

Symbols

∼ over a symbol denotes dimensionless variables

1. Introduction

Mass spectrometric sampling is one of the most important methods of flame diagnostics.
Two types of sampling apparatus are used to study the flame structure. The sample is
transported to the ion source in the form of (1) a molecular flow using a microprobe – a
cone with an opening angle of 5–20 degrees and an inlet orifice of 5–20 μm, and (2) a
molecular beam using a “sonic” probe with a cone angle equal to, or greater than, 40 degrees
and an inlet orifice of 20–300 μm and a skimmer. Microprobes have high spatial resolution
and disturb the flame only slightly, but radicals and unstable species, including vapour,
can recombine. Molecular beam mass-spectrometer (MBMS) sampling allows detection of
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Combustion Theory and Modelling 3

radicals and other unstable species but disturbs the flame more significantly and, therefore,
has lower spatial resolution than the microprobe sampling technique.

To interpret the sampling measurements correctly, an analysis of the probe-induced
perturbations is needed. The distortions caused by the probe can be divided into internal
and external ones, the latter being gas dynamic and thermal. The probe acts as a sink for
matter and heat and causes distortions of temperature and species concentration profiles.
This results in distortions of lines of equal temperature and concentration in the flame flow
field, which are planar one-dimensional in the absence of the probe.

The probe sampling factor α seems to be one of the important characteristics of gas
dynamic interaction between the probe and the flame. It is defined as

α = 4G/πd2ρ0w0, (1)

where G is the gas flow rate through the probe orifice with diameter d and ρ0 and w0 are
the density and velocity of undisturbed flow at the burner surface.

The thermal interaction between the flame and the probe surface affects the chemical
processes in the flame and the sample composition. Thus, they should be taken into account
in interpreting the results obtained by probe sampling.

In the literature, there are many simplified theoretical approaches [1–7] to account for
probe-induced perturbations of the flame structure, when interpreting the results obtained
by probe sampling. However, an accurate solution of the problem is not available because
of its complexity.

The velocity field and streamlines near the probe orifice were first calculated by Rosen
[1] for a disk sink model. Various aspects of the probe effects in flames were considered in
a series of papers by Hayhurst et al. [2–4], Dubinin et al. [5], and Smith [6]. Yi and Knuth
[7] solved the gas dynamic problem of determining the distribution of flow parameters
near the sink orifice of a conical probe under the assumption of inviscid flow and using a
solution of the problem of a point sink in an incompressible fluid with corrections made for
compressibility effects. The concentration evolution was treated as a self-diffusion process
in a binary gas mixture. Comparing concentration profiles obtained with and without the
probe, they established that these profiles can be characterised by the apparent shift δ given
by the relation δ/d = 0.19(Re Sc)1/2, where Re is the Reynolds number, determined by the
gas parameters in the plane of the probe orifice and the orifice diameter d, and Sc is the
Schmidt number. The gas streamline pattern near the probe tip has been demonstrated in a
number of papers [3, 4, 8]. The main feature of the flow is the direction of the streamlines
bounded by the stagnation line to the probe orifice.

Along with theoretical predictions, there has been a review [9] and many experimental
studies of the problem discussed here. The influence of the external diameter of the “sonic”
probe tip (0.5–2 mm) and the cone angle on the O2 concentration profile in an atmospheric
methane/oxygen flame was studied experimentally by Yoon and Knuth [10]. The effect of a
“sonic” probe on the temperature field in a low-pressure flame was investigated by Hartlieb
et al. using laser-induced-fluorescence of OH and NO [11]. In the vicinity of the nozzle
tip, the decrease of temperature due to the nozzle cooling effect was observed. The thermal
effect of a probe on a flame as a function of the cone angle of the probe was examined by
Biordi et al. [12]. They measured temperature profiles in methane/oxygen/argon flames at
∼0.04 atm using Pt-Pt 10% Rh thermocouples directly in front of the probe tip at a distance
equal to two orifice diameters. An average decrease of 200 K in gas temperature was
observed for probes with cone angles of up to 64◦. Moreover, a probe with a cone angle of 78◦

was found to disturb the flame structure significantly. Comparison of temperature profiles
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4 P.A. Skovorodko et al.

with and without the probe in 40 torr CH3 OH/air flame is shown in [13]. Struckmeier
et al. [14] present a huge amount of experimental work on probe perturbations, with
particular attention given to the effect of cooling the flame with the probe located at various
positions from the burner surface. Earlier [15], it was shown that at sampling of flame by
a microprobe, a shift of methane concentration profile with regard to the profile measured
by optical method is observed.

The profiles of OH mole fraction measured by mass-spectrometry and absorption
spectroscopy methods are presented in [16]. Probe effects in flame and heat transfer between
the probe and the flame were studied by Emel‘yanov et al. [17]. They considered a probe
with geometry close to the real one and determined the coefficients of heat transfer between
the probe and flame using experimental data. There are several methods for measuring
temperature profiles in flames: thermocouple, spectroscopic, and two other methods in
which the sampling probe is used as a temperature measuring device. These methods are
the pneumatic probe technique [18], which was employed by Kaiser et al. [19] and Nogueira
et al. [20], and the time-of-flight technique [10, 21]. In the pneumatic probe technique, the
choked flow relation for the gas flow rate through the probe orifice is used.

In addition to the shift of concentration profiles and cooling of the gas entering the
probe, a sample of a flame is changed during its passage through boundary layers (on
the high pressure side of the sampling cone), i.e. on its way to the narrowest part of
the sampling orifice [22]. Burdett and Hayhurst measured this “boundary layer cooling”
and found how it depended on the diameter of the sampling hole. That study indicated
that in sampling a flame, ideally one must always make measurements with orifices of
different diameters. Such information reveals whether the perturbations are primarily
in the boundary layers or in the supersonic expansion [23]. However, it seems that this
problem cannot be solved by simply changing the orifice diameter. The effect of the probe
walls should be taken into account when using a microprobe with a molecular flow, and
in the case of “sonic” probe and MBMS, the effect of the boundary layer of the probe
on the chemical composition of the sample is much weaker. Next, there are perturbations
in the supersonic expansion inside the sampling cone, which have been studied in detail
by Hayhurst and Telford [24]. In the present paper, however, we restrict ourselves to the
processes that occur with a sample before it enters the orifice of the sampling cone. In
a further model we plan to include the internal part of the probe tract in the simulation
domain.

The correction of the thermal perturbation of the probe consists of measuring the
“perturbed” temperature profile with a microthermocouple whose junction is placed at
about two diameters of the probe orifice in front of the sampling tip [25–27] or perturbed
temperature profiles were obtained using the choked probe technique [14, 20]. One of
the main objectives of flame structure studies is to establish the mechanism of chemical
reactions by comparing experimental and simulation results. An interesting approach to
achieve this objective in spite of flame perturbations by the probe was used in [28]. In this
work, experimental species concentration profiles were compared with those calculated
with the PREMIX code using a detailed chemical kinetic mechanism and the “perturbed”
temperature profile measured with a thermocouple positioned at a certain distance from
the probe tip. A similar approach was employed in [29, 30], where perturbed temperature
profiles were obtained using the choked probe technique.

In [31], the following approach was used to account for the influence of the probe on
the flame. In comparing experimental and simulation results, which is necessary for the
validation of the mechanism, one must take into account the thermal and gas-dynamic
perturbations of the flame by the probe. Gas-dynamic perturbations were considered using
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Combustion Theory and Modelling 5

the semi-empirical relation

δ = 0.37d
√

α (2)

obtained in [15]. Thermal perturbations were taken into account in the modelling by using
the temperature profile obtained with a thermocouple placed in front of the probe, at
a distance of 0.2 mm (or 2.5 d) from its end. When the results of the experiment and
simulation were compared, the experimental profiles were shifted a distance δ upstream,
allowing a correct comparison between the experiment and simulation. This procedure was
also used in [32, 33]. In [33], δ was defined as δ = 0.2d

√
α.

The results of papers [28–33] reflect the close internal relationship between local
temperature and mixture composition in the flame flow perturbed by the probe, although
the range of applicability of these approaches is not completely clear.

Generally, the theoretical approaches used in the literature to evaluate the gas dynamic
effects of the probe are highly simplified. As a rule, these approaches are based on ap-
proximating the flow field near the probe by incompressible fluid flow without due regard
to the particular probe geometry. This study represents the first attempt to model the real
interaction between a probe (of a specific shape and size used specifically in flame probing
experiments) with a real flame (with a description of the basic parameters of the flame).
The data demonstrating the nature of the probe-perturbed flame under conditions close to
real ones were obtained for the first time.

2. Experimental

A premixed laminar CH4/O2/Ar (lean, 0.06/0.15/0.79, equivalence ratio ϕ = 0.8) flame
was stabilised at a flow rate of 25 cm3/s on a Botha–Spalding burner 16 mm in diameter
at a pressure of 1 atm (735–762 torr) and an unburned-gas temperature of about 368 K.
The burner surface was a brass disc with holes 0.5 mm in diameter. The burner was moved
along its axis to provide sampling by a fixed probe. The Pt-Pt 10% Rh thermocouple
used in flame temperature measurements was made from welded 0.02 mm diameter wires
and covered by a thin layer of SiO2 to prevent catalytic recombination of radicals on
the surface. Spatial profiles of CH4 and H2O were measured by MBMS. The molecular-
beam setup based on an MS-7302 quadrupole mass-spectrometer was described in detail
previously [34, 35]. The measurements were performed using a quartz sonic probe with a
tip orifice diameter of 80 μm, an inner cone angle of 40◦, an outer cone angle of 51◦, and
a tip diameter of 240 μm (wall thickness near the tip of 80 μm). The conical part of the
probe from the tip to the base of the cone was 20 mm long. A skimmer with a 0.6 mm
orifice was at a distance of 20 mm from the probe orifice. Figure 1 shows a scaled diagram
of the burner surface, the probe at 0.8 mm from the burner, and the skimmer. Temperatures
of the probe tip and the cone walls at various distances from the tip were measured by the
thermocouple. The error of the thermocouple measurements was within ±30 K.

Figure 2 shows measured temperatures of the probe tip and two points on the cone
wall as a function of the distance between the burner and the thermocouple position. The
measurements were performed using a Pt-Pt 10% Rh thermocouple 20 μm in diameter
coated with SiO2. The thermocouple was attached to the probe at one of three points by the
way of its tension, then the burner was moved relative to the probe. In this case, the distance
between the tip of the probe and the surface of the burner varied in the range from 0.1
to 3.5 mm. For comparison, this figure also gives a temperature profile in the unperturbed
flame, i.e. in the absence of the probe in the flame, calculated with the PREMIX code [36]
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6 P.A. Skovorodko et al.

Figure 1. Diagrammatic representation of the surface of burner, probe, and skimmer, drawn on
scales 1 and 2. The dimensions of the openings and tip of probe are given in millimetres.

from the Chemkin II package [37] using the GRI 3.0 mechanism for methane oxidation
[38]. As can be seen from these data, the width of the flame front is about 1 mm, and
the difference in temperature between the unperturbed flame and the probe wall reaches
350–600 K.

3. Gas dynamic structure of the flow

The flow between the burner and the axisymmetric probe in the flow was simulated using
the full set of unsteady Navier-Stokes equations. For an approximate consideration of the
heat release due to the chemical reactions, a source term QT is added to the energy equation
to provide the given temperature distribution in the planar, undisturbed, isobaric flame, i.e.
in the absence of the probe in the flame.

Figure 2. Temperatures measured at the probe tip (curve 1) and at two points on the cone wall
(curves 2 and 3) as a function of the distance between the burner and the thermocouple position. The
temperature profile in the unperturbed flame (in the absence of the probe in the flame, curve 4) is
shown for comparison.
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Combustion Theory and Modelling 7

The main features of the recently developed original algorithm used to solve the Navier-
Stokes equations are described below.

3.1 The governing equations

The governing system of equations for two-dimensional flow with plane (ν = 0) or axial
(ν = 1, y and z are the radial and axial coordinates, respectively) types of symmetry have
the usual form and include the continuity equation

Dρ

Dt
+ ρ · div �v = 0, (3)

the two momentum equations

ρ
Du

Dt
+ ∂p

∂y
= ∂τyy

∂y
+ ν

τyy − τθθ

y
+ ∂τyz

∂z
, (4)

ρ
Dw

Dt
+ ∂p

∂z
= ∂τzy

∂y
+ ν

τzy

y
+ ∂τzz

∂z
, (5)

and the energy equation

ρ
De

Dt
+ p · div �v = −∂qy

∂y
− ν

qy

y
− ∂qz

∂z
+ � + QT , (6)

where

D

Dt
= ∂

∂t
+ u

∂

∂y
+ w

∂

∂z
,

div �v = ∂u

∂y
+ ν

u

y
+ ∂w

∂z
,

� = τyy

∂u

∂y
+ ντθθ

u

y
+ τzz

∂w

∂z
+ τ 2

zy

μ
,

τyy = 2μ
∂u

∂y
+

(
μ′ − 2

3
μ

)
· div �v,

τzz = 2μ
∂w

∂z
+

(
μ′ − 2

3
μ

)
· div �v,

τθθ = 2μν
u

y
+

(
μ′ − 2

3
μ

)
· div �v,

τyz = τzy = μ ·
(

∂u

∂z
+ ∂w

∂y

)
,

qy = −λ
∂T

∂y
, qz = −λ

∂T

∂z
.

Here u and w are the radial and axial components of the total velocity, ρ is the density,
p is the pressure, T is the temperature, e is the specific internal energy, μ is the dynamic
viscosity, μ′ is the bulk viscosity, and λ is the heat conductivity. The source term mentioned
above, QT , in Equation (6) is described below in Section 3.4. To close the system of
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8 P.A. Skovorodko et al.

Equations (3)–(6), the following relations are used assuming the gas to be perfect:

p = ρ · R · T .

e = 1

κ − 1
· R · T ,

where R is the gas constant and κ is the specific heat ratio.

3.2 Finite-difference scheme

The main features of the finite-difference scheme used are as follows:

i) Finite-difference approximation of the governing equations is performed on a staggered
grid, where pressure, density, temperature, and the transport coefficients are defined at
the centre of the cell, while the velocity components are defined at the middle of the
corresponding boundaries of the cell.

ii) The finite-difference equations are solved implicitly using the well-known method of
splitting into physical processes and spatial variables [39]. At each fractional step, the
standard tridiagonal matrix algorithm is applied.

iii) The continuity equation is approximated according to the scheme providing conserva-
tion of variables, when a steady solution is obtained (or when the equations are resolved
explicitly).

iv) The centred approximation of difference operators provides second-order accuracy
over the spatial variables on the uniform grid.

v) The algorithm is characterised by low implicit artificial viscosity, which significantly
extends the range of Reynolds numbers available for modelling.

The staggered grid was proposed before [40] and is widely used for simulating in-
compressible flows. Our experience shows, however, that this grid is also preferred for
simulating highly compressible flows [41, 42].

3.3 Simulation domain and boundary conditions

The existing version of the algorithm operates with a uniform rectangular grid with mesh
sizes dy and dz in radial and axial directions, respectively. The simulation domain consists
of a number of straight lines parallel or perpendicular to the axis and one line with arbitrary
inclination to the axis. The cells in the vicinity of this line have a triangular or trapezoidal
shape; this necessitates some modification of the finite-difference relations used here to
provide second-order accuracy of the scheme.

A diagram of the simulation domain for a distance between the probe tip and the burner
z0 = 0.8 mm is presented in Figure 3. The solid boundaries are shown by solid lines, and
the permeable inlet and outlet boundaries by dotted lines. This domain corresponds to
the shape of the sampling probe used in our experiments. The distance from the burner
to the probe, z0, was varied from 0.2 to 0.8 mm, and the axial length of the conical
part of the probe was always 2 mm while the radial size of the domain was 1.5 mm. At
the burner surface (line 1–7) the conditions for all the variables were defined based on the
solution for the unperturbed isobaric flame obtained by the PREMIX code for the mixture
considered (temperature T = 368K, axial velocity w = 15.68 cm/s, radial velocity u = 0).
At the solid boundaries (lines 3–4–5–6), the normal velocity component was set equal to
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Combustion Theory and Modelling 9

Figure 3. Diagram of the simulation domain. The distance between points 2 and 3 is the radius of the
probe orifice, 3–4 tip of the probe, 4–5 external generatrix of the cone wall, 3–8 internal generatrix of
the cone wall, z-axis – centreline of the probe through the centre of the probe orifice, y-axis – surface
of the burner. Note that the internal part of the probe tract is not included in the simulation domain
(see text).

zero, and the tangential component and the temperature were specified taking into account
the velocity slip and temperature jump [42], although under the conditions used, the slip
effects are insignificant. The temperature distribution over the probe surface was set based on
thermocouple measurements. Figure 2 illustrates the results of these measurements for three
points on the probe’s surface, which were used for linear interpolation and extrapolation
of temperature along the conical probe. There is no need to prescribe the pressure p or the
density ρ at the solid boundaries. The conditions at the probe’s orifice (lines 2–3, Figure 3)
were obtained by extrapolation from internal points of the domain for all variables, except
for the axial velocity, which was assumed to be equal to the local sound velocity. This
assumption allows one not to consider the internal flow inside the probe, although it may
lead to some inaccuracy in the flow description (the estimated discharge coefficient of the
gas flow rate through the probe is about 0.9 and not 1 as is assumed). At the upper permeable
boundary (line 7–6), an attempt was made to specify all the variables by extrapolation from
the interior. The simulations show, however, that to obtain a stable solution for the highly
subsonic flow considered, it is necessary to specify the pressure at this boundary [42]. The
latter condition is equivalent to the presence of mass sources or sinks here. On the axis of
symmetry (line 1–2), the radial velocity and the radial derivatives of the axial velocity and
temperature were set equal to zero.

The mesh size dy in the radial direction was 2.5 μm; thus, the number of cells was 16
over the radius of the probe orifice, 48 over the radius of the probe tip and 600 over the
radius of the domain. The mesh size dz in the axial direction was slightly different from
dy and was about 2.62 μm. This value is due to the ratio between dy and dz in the case
considered, where the simulation domain contains a line with an arbitrary inclination to the
axis (see Figure 3) [41, 42].

3.4 The source term for the energy equation

The simulations were performed for the burner-stabilised premixed flame studied in the
experiments. The combustible gas mixture was assumed to be a single-component perfect
gas with a molecular weight of 37.32 kg/kmol and a specific heat ratio κ = 1.5747 calculated
from the real parameters of the flame at the burner surface. The temperature dependence
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10 P.A. Skovorodko et al.

of the dynamic viscosity μ of the gas was described by the Lennard-Jones (6–12) potential
with parameters σ = 3.418 Å and ε/k = 124 K typical of argon [43]. Since the main
component of the mixture is argon, the value of the Prandtl number (Pr = μCp/λ) was
assumed to be the same as for a monatomic gas, i.e., Pr = 2/3. The effect of bulk viscosity
was neglected (μ′ = 0).

For the numerical solution, the variables ρ, p, T , u, and w were normalised by the corre-
sponding parameters at the burner surface (below denoted by the subscript 0), including the
speed of sound c0 = 359.3 m/s. The spatial variables y and z were conveniently expressed
in mm.

As was mentioned above, to approximately account for the heat release due to chemical
reactions, we added a source term, QT , to the energy equation. To identify the main features
of sampling, it proved necessary to assume a two-dimensional problem could be treated
by assuming a source term only depends on z. This approach can be amended later. Thus
QT (z) provides the given temperature distribution in the undisturbed isobaric flame, i.e.
in the absence of the probe in the flame. This term was obtained from the following relation
representing the condition for steady solution of energy equation, Equation (6), written in
non-dimensional form:

∂T̃

∂t̃
= Q̃T,conv + Q̃T,vis + Q̃T = 0, (7)

where the convective terms in the energy equation, Equation (6), are schematically denoted
by Q̃T,conv, the viscous terms are denoted by Q̃T,vis, and the ∼ over a symbol is used
to denote dimensionless variables. The finite-difference representation of relation (7) for
one-dimensional flow was performed on the same staggered grid for the axial coordinate
as in two-dimensional calculations below, with the source term being defined at the centre
of the cell. The temperature distribution in the flow was set in accordance with the results
of simulating the undisturbed flame flow with the Chemkin PREMIX code [36]. This
distribution is shown in Figure 2. The distributions of the density and axial velocity in
relation (7) were found from the continuity equation, Equation (3), and the equation of
state, assuming the pressure to be constant and equal to 760 torr. For the source term to
be consistent with the flow model considered, we neglected small changes in the mean
molecular weight, occurring in the real undisturbed flame due to chemical reactions.

The obtained axial dependence of Q̃T (z) is illustrated in Figure 4. Positive values reflect
heating by exothermic chemical reactions, occurring in the oxidation of CH4, as discussed
below. The visible oscillations, which have a negligibly small effect on the results, are
due to some inaccuracy in the approximation of the temperature distribution. To convert the
shown non-dimensional source term Q̃T (z) to the term QT (z) entering the right side of the
energy equation, Equation (6), in dimensional form (in units of power/volume), the values
shown in Figure 4 should be multiplied by (e0c0ρ(z)/h0), where h0 = 1 mm is the unit used
for linear variables, and ρ(z) is the dimensional density in the undisturbed flame. Thus, at
z = 0.523 mm, where the source term Q̃T reaches its maximum non-dimensional value of
0.03676 (see Figure 4), the corresponding dimensional value is QT = 0.0159 W/m3. The
small values of Q̃T at z ≤ 0.2 mm reflect the predominant effect of thermal conduction on
the temperature profile in this region of the flame front. In a two-dimensional test simulation
of the flow with the source term in the case of no probe present in the flow field, purely
planar one-dimensional flow was obtained with a good representation of the temperature
distribution in the undisturbed flame. It is assumed, therefore, that the flow field conditions
near the probe are similar to those in the real flame.
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Combustion Theory and Modelling 11

Figure 4. Source term in non-dimensional form for the energy equation obtained from relation (7)
for a flame of methane. For the conversion of the source term on the right side of the energy equation,
Equation (6), to dimensional form (in power/volume), see the text.

3.5 Numerical procedure and test simulations

The simulations were performed for four burner-to-probe distances (z0): 0.2, 0.4, 0.6, and
0.8 mm. The initial distribution of the parameters in the simulation domain was assumed
to be the same as in the undisturbed flame. In the presence of the probe, this distribution
is violated due to the presence of solid surfaces in the flow field, the suction of gas at the
probe’s inlet, and heat transfer between the gas and the probe. As a result, the flow begins
to change, and after some time, it reaches a steady state.

The sizes of the computational domain indicated above and the mesh sizes dz and dr
were chosen after a series of test calculations and seem to be close to optimal. Thus, when
the mesh sizes dz and dr were increased by a factor of two (compared to the base case) and,
accordingly, 8 cells fell on the radius of the probe orifice, there was a significant, ∼10%
increase in the gas flow rate through the probe, due to increasing density near the edge of
the orifice because of the insufficiently accurate description of the flow field characterised
by the presence of large gradients of the parameters in this region of the flow. On the flow
axis, which is of particular interest from the standpoint of comparison with experiment, the
difference in flow parameters was much smaller and did not exceed 2%. When the mesh
sizes dz and dr were decreased by a factor of 1.5 and 24 cells fell on the radius of the
probe orifice, a small, ∼ 2% reduction in the gas flow rate through the probe was observed
and the change of the parameters on the flow axis did not exceed 1%. Therefore, we may
conclude that the obtained numerical solution of the finite-difference equations provides
quite an appropriate solution to the initial differential equations.

The results of some test calculations of the gas flows made by the developed algorithm
have been reported earlier [41, 42]. In paper [44] the developed model was used for numer-
ical simulation of thermocouple-induced perturbations of the methane flame structure.

4. Results

Figure 5 illustrates the streamline pattern for z0 = 0.8 mm. The flow rates indicated in the
figure are expressed as the sampling factor α (see Equation (1)), where G is the flow rate
between the given streamline and the centreline. It is evident that the probe produces strong
disturbances of the flame’s flow field. At some distance from the probe tip (∼0.52 mm), a
stagnation point is formed on the surface of the probe cone, which is typical of the flow
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12 P.A. Skovorodko et al.

Figure 5. Streamline pattern for z0 = 0.8 mm. Numbers on the line correspond to the values of the
sampling factor α. The stagnation line abuts the probe wall at 0.52 mm from its tip.

considered [2, 6, 7]. In this case, part of the gas flowing through the orifice comes from
the boundary layer. It is estimated that for the relative position of the skimmer and probe
orifice used in the study, the gas flow rate entering the skimmer reaches ∼1/600 of the gas
flow rate through the probe. The radius of the corresponding streamtube in the plane of the
probe orifice is ∼1.6 μm, which excludes any significant influence of the boundary-layer
gas entering the probe on this axial flow region.

The field of isotherms for z0 = 0.8 mm is illustrated in Figure 6, which also shows
strong disturbances of the flame flow field. The cooling effect at the flow’s periphery by the
cone is quite pronounced. In the near centreline region, a marked downstream shift of the
isotherms takes place.

The axial distribution of the flow parameters for z0 = 0.8 mm is illustrated in Figure 7.
The temperature distribution in the unperturbed flow is given for comparison. The axial
velocity (w) increases monotonically from the value at the burner’s surface to the sonic
value at the inlet orifice. The pressure (p) remains almost constant over most of the distance
to the probe tip, except in the vicinity of the tip (∼0.05 mm), where the pressure decreases
by a factor of about two due to suction by the probe. As a result of this pressure behaviour,
the temperature and density profiles are almost inverse to each other (n is the number
density). The increase in the temperature (T) with increasing z is significantly lower than

Figure 6. Field of isotherms for z0 = 0.8 mm. Temperature is in degrees K.
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Combustion Theory and Modelling 13

Figure 7. Axial distribution of parameters for z0 = 0.8 mm. The temperature (T), pressure (p),
and number density (n) are normalised by the corresponding parameters on the burner surface (T0,
p0, n0), and the axial velocity (w) is normalised to the speed of sound in the gas on the burner
surface (c0).

that in the unperturbed flame, in spite of the effect of the source term. This is due to the
flow accelerating, which considerably reduces the residence time of the gas in the region
of a heat source of given intensity. In the vicinity of the probe’s orifice, the temperature
even decreases due to rapid acceleration of the transonic flow. The axial distributions of the
parameters for the other distances z0 are similar to those discussed above.

The radial distribution of the parameters at z0 = 0.8 mm in the plane of the orifice is
illustrated in Figure 8. The results are shown for the meshes nearest to the tip. For the axial
velocity, these points correspond exactly to the plane of the tip, and the other quantities are
shown at a distance dz/2 from the plane of the tip.

In the range of radii corresponding to the position of the orifice (y ≤ 0.04 mm), the radial
velocity is negative, which reflects suction by the probe. In the vicinity of the orifice edge,
both the axial and radial velocities are close to the speed of sound. The temperature increases
with radius due to the weakening of the suction by the probe. In the range 0.04 mm <

y < 0.12 mm, corresponding to the surface of the probe’s tip, the gas temperature is almost
constant and equal to the surface temperature, while for y > 0.12 mm, there is a slight
increase in the temperature to its value in the undisturbed flow. For y ≤ 0.04 mm, the axial
velocity is exactly sonic due to the boundary conditions used, and hence it reflects the

Figure 8. Radial distribution of flow parameters in the plane of the probe tip for z0 = 0.8 mm.
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14 P.A. Skovorodko et al.

Figure 9. Temperature profiles in the methane flame without the probe and in the presence of
the probe on its axis: 1 and 2 – without the probe, 1 – calculation using PREMIX (solid line),
2 – thermocouple measurements (◦ – measurements, dotted line – smoothed curved through the
measured points), 3 and 4 – temperature at 0.2 mm from the probe tip (3 – profile measured by the
thermocouple, • – measurements, dotted line – smoothed curve, 4 – profile calculated by the model,
triangles – calculated points, dashed line – smoothed curve), 5 – profile calculated by the choked
probe technique (squares – calculated points, solid line – smoothed curve).

behaviour of the temperature. In the range 0.04 mm < y < 0.12 mm, the axial velocity
is zero, and for y > 0.12 mm, it has small negative values due to inverse flow here (see
Figure 5). The pressure is almost constant for all radii except in the range y ≤ 0.04 mm,
where it decreases by about a factor of 2. Due to the equation of state, the radial dependence
of density is a consequence of the dependencies on temperature and pressure. The radial
distributions of the parameters for the other distances, z0, are similar to those discussed
above.

Figure 9 shows temperature profiles obtained numerically and experimentally. The
unperturbed profile (1) was calculated using the PREMIX code (the same as shown in
Figure 2), and the profile (2) was measured using a thermocouple without a sampling probe
in the flow (smoothed temperature profiles obtained by the thermocouples with a radiation
correction applied). The correction for heat losses due to radiation was calculated by the
formula proposed [45] for a circular thermocouple, with an equivalent diameter of the
ribbon thermocouple determined as the ratio of the thermocouple cross-sectional perimeter
to π [46]. The temperature dependence of the emissivity εT of the thermocouple coated with
SiO2 was taken into account. For fused quartz, this dependence [47] can be approximated
by the formula

εT (T ) = 0.163297 + 0.766332/(1 + exp((T − 583.467752)/146.53391))0.317496

where the temperature T is in Kelvin. This relation was determined by approximating the
measurements obtained in the temperature range of 300 to 1700 K.

The calculated and measured data are in satisfactory agreement, although there is a
noticeable difference between them. The profile (3) was measured by a thermocouple
directly in front of the probe at a distance of 0.2 mm from the tip; the profile (4) represents
the calculated temperature on the flow’s centreline, with the probe orifice located at the
distances, z0. One can see that both the calculated and measured perturbed profiles are
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Combustion Theory and Modelling 15

0.2–0.3 mm downstream of the unperturbed temperature distribution. The calculated and
measured profiles are quite similar, suggesting that the model adequately describes the main
features of the flow. The profile (5) represents the temperature obtained from calculated
values of α by isentropic relations for critical flow through a de Laval nozzle. These data
can be treated as the temperature “measured” by the choked probe. This profile is also in
good agreement with the thermocouple measurements, indicating some similarity between
the approaches used previously [14, 20, 29, 30] and [25–28, 31–33] to take into account
the effect of probe-induced flame perturbations on concentrations of various species.

5. Distribution of concentrations

The obtained gas dynamic structure of the flow near the probe under conditions similar
to those in a real perturbed flame was used to evaluate the probe-induced perturbations
of species concentrations – the most important problem from an experimental point of
view. Since the main component of the investigated flame is chemically neutral argon, the
evolution of the concentration of some flame species in the flow field was simulated using
the diffusion equation:

ρ
∂c1

∂t
+ ρu

∂c1

∂y
+ ρw

∂c1

∂z
= − 1

yν

∂

∂y

(
yνJ1y

) − ∂

∂z
J1z + Qc, (8)

for binary gas mixtures of these species with argon (species 2) for plane (ν = 0) or axisym-
metric (ν = 1) flow. Here c1 is the mass fraction of species 1 and Equation (8) is only for
a non-reacting mixture. The effect of chemical reactions was approximately described by
a source term, Qc, which provided a given species concentration distribution in the unper-
turbed flame, i.e. in the absence of the probe in the flame. The diffusion fluxes, J1y and J1z,
include the concentration, pressure, and thermal diffusion terms and are expressed as

J1y = −ρD12

[
∂c1

∂y
+ m2 − m1

m
c1(1 − c1)

∂ ln p

∂y
+ m1m2

m2
kT

∂ ln T

∂y

]
,

J1z = −ρD12

[
∂c1

∂z
+ m2 − m1

m
c1(1 − c1)

∂ ln p

∂z
+ m1m2

m2
kT

∂ ln T

∂z

]
,

where D12 is the binary diffusion coefficient, m1 and m2 are the molecular weights of
species 1 and 2, m is the mean molecular weight, and kT is the thermal diffusion ratio.

The diffusion equation was solved using the same staggered grid and finite-difference
scheme as in the gas dynamic simulation, with the concentration being determined at the
centre of the cell. The problem was treated in a linear formulation, i.e., neglecting the effect
of diffusion on the flow field parameters. Four flame species were considered: CH4, CO2,
H2O, and O2, although this approach can be used to analyse the evolution of concentrations
of any flame species. The source term, Qc, depended only on z and was obtained in the same
way as the source term for the energy equation described above, i.e. from the following
relation representing the condition for steady solution of the diffusion equation, Equation
(8), written in non-dimensional form:

∂c1

∂t̃
= Q̃c,conv + Q̃c,diff + Q̃c = 0, (9)
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16 P.A. Skovorodko et al.

Figure 10. Distributions of species concentrations in undisturbed flame.

where the convective contribution to the rate in the diffusion equation, Equation (8), is
denoted by Q̃c,conv and the diffusion rate – by Q̃c,diff. Finite-difference representation of
relation (9) for one-dimensional flow was performed on the same staggered grid for the axial
coordinate as in the two-dimensional calculations, with the values of the source term being
defined at the centre of the cell. The distributions of temperature, density, and axial velocity
in the flow were specified in the same manner as in Section 3.4 during the calculations of
the source term for the energy equation. The distribution of molar concentrations of the
species considered was set in accordance with the results of simulation of the undisturbed
flame flow by PREMIX code [36]. These distributions are illustrated in Figure 10 (it should
be noted that within the framework of the approach used here, all other components of the
flame are replaced by argon molecules).

The temperature dependence of the diffusion coefficients ρD12 for the investigated
mixtures was described by the Lennard-Jones (6–12) potential [43] with parameters
σ = 3.746 Å, ε/k = 141.4 K for CH4, σ = 3.763 Å, ε/k = 244 K for CO2, σ = 2.605
Å, and ε/k = 572.4 K for H2O and σ = 3.458 Å, and ε/k = 107.4 K for O2 using the
conventional combination rules for describing the interaction between unlike molecules
[43]. The contributions of pressure and thermal diffusion to the concentration distribution
in the flow field were found to be small. The results presented below were thus obtained
taking into account only concentration diffusion.

The obtained axial dependencies of Q̃c(z) for the species considered are shown in
Figure 11; positive values are observed for the combustion products CO2 and H2O, and
negative values for the reagents CH4 and O2. To obtain the source term on the right side
of the diffusion equation, Equation (8), in units of mass per unit time per unit volume,
the values shown in Figure 11 should be multiplied by (c0ρ(z)/h0), where h0 = 1 mm is
the unit used for linear variables and ρ(z) is the dimensional density in the undisturbed
flame. The small values of Q̃c at z ≤ 0.2 mm are indicative of the predominantly diffusive
nature of this region of the flame front.

The boundary conditions for the diffusion equation were specified as follows. At the
burner surface (line 1–7, see Figure 3), the concentration was set equal to that in the
unperturbed flame. At the solid boundaries (lines 3–4–5), no diffusional flux was assumed
since the consideration is limited to stable components of the flame that do not react with the
surface of the probe. If the model is extended to radicals such as H and OH, the boundary
conditions must be revised to account for the possible quenching of radicals on the surface
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Combustion Theory and Modelling 17

Figure 11. Source terms in non-dimensional form for the diffusion equation obtained from relation
(9) for the flame components considered. For the conversion of the source term on the right side of
the diffusion equation, Equation (8), to dimensional form (in mass/(time · volume)) see the text.

of the probe. In a simple formulation by introducing the probability of radical loss upon
collision with the probe surface, we modelled the perturbations of H and OH radicals and
the corresponding results will be published in a special paper.

On the probe near the orifice (line 2–3) and at the upper permeable boundary (line 7–6),
the concentration was specified by extrapolation from the interior. On the axis of symmetry
(line 1–2), the radial derivative of the concentration was set equal to zero. Finally, at the
solid boundary (line 5–6), the concentration was assumed to be equal to that behind the
unperturbed flame front.

Figure 12 shows axial distributions of the mole fraction of methane. For all values of z0,
the decrease in CH4 with z is significantly less than that in the unperturbed flame, in spite of
the effect of the source term, which is negative (see Figure 11). This is caused by the flow
accelerating, which considerably reduces the residence time of the gas in the region, where
Q̃c has a particular value. The concentrations at the centre of the inlet orifice are of greatest
interest from an experimental point of view; they are shifted downstream of the position

Figure 12. Axial distributions of methane mole fraction in the perturbed flow (dashed lines) for
various positions of the probe in the flame. The unperturbed profile is also shown for comparison.
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18 P.A. Skovorodko et al.

Figure 13. Similarity between the methane mole fraction and the temperature on the centreline of
the perturbed flow for different positions of the probe in the flame.

of the same concentrations in the unperturbed flame. A comparison of these distributions
with the axial temperature distribution (see Figure 7) shows their qualitative similarity,
reflecting the well-known similarity between heat- and mass-transfer. The degree of this
similarity is illustrated in Figure 13, where the mole fraction of methane on the axis of
symmetry is plotted against the local temperature for the four cases considered. An analysis
of these data reveals an important feature of the flame perturbed by the sampling probe:
the relation between local concentrations and temperatures on the centreline of perturbed
flame is close to that in the unperturbed flame. This rule is violated only in the close vicinity
of the orifice, in which there is a rapid decrease in temperature due to huge acceleration
of transonic flow (see Figure 7). These results allow one to explain the good agreement
between the measured and calculated concentrations obtained before [28–33]. The axial
concentration distributions for the other species considered have the same features as shown
in Figures 12 and 13.

The undisturbed flame is planar and one-dimensional; therefore, no transverse gradients
of parameters should affect the concentration distribution. As was mentioned above, the flow
near the probe’s tip is characterised by strong radial gradients of parameters (see Figure 8).
In this respect, it is interesting to clarify the effect of the radial diffusional flux on the
concentration distribution flow field. It is impossible to solve this problem experimentally,
but it can be solved numerically neglecting the quantity J1y in Equation (8).

Figure 14 illustrates the axial distributions of the mole fraction of CO2 for z0 =
0.8 mm, as obtained with and without accounting for the radial diffusion flux. The signifi-
cant effect of J1y on the axial concentration distribution is evident – the CO2 concentration
is almost constant in the model with J1y = 0 (curve 3) that differs significantly from the
undisturbed profile (curve 1) which reveals the concentration rise due to chemical reactions.
The curve 2 obtained with accounting for both components of diffusion fluxes lies much
higher than the curve 3, though this curve is still lower than undisturbed one. A similar con-
clusion concerning the significant effect of J1y on the axial concentration distribution can
be derived from the radial concentration distributions in the plane of the inlet shown in Fig-
ure 15 for the same regime as in Figure 14. The highly non-uniform transverse distribution
of concentration, caused by the different evolution of the parameters along the streamlines
for J1y = 0 is significantly smoothed if the radial diffusion is taken into account.
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Combustion Theory and Modelling 19

Figure 14. Effect of radial diffusion on the axial concentration profile of CO2 for z0 = 0.8 mm (1 –
unperturbed profile, 2 – with this effect taken into account, 3 – neglecting this effect).

In view of the conservative nature of the pressure in the axial distribution of parameters
illustrated above (see Figure 8), at the beginning of this study, we hoped to simulate the
mixture’s composition on the axis of the real flame using the PREMIX code [36] (operating
with isobaric conditions) by specifying the streamtube’s area on the flow axis. In this case,
it would have been possible to calculate the perturbed concentrations in the vicinity of the
probe’s tip in the exact quasi-one-dimensional formulation. However, because of the strong
effect of radial diffusion considered above, the idea makes no sense.

As can be seen from Figure 8, the difference between the perturbed and unperturbed
concentrations at the same distance from the burner have a different sign at the centreline
and at the periphery of the flow. This feature of the radial concentration distribution in the
plane of the inlet was observed for all the regimes considered. It is due to the different
evolution of the parameters along different streamlines and the reverse flow along the
cone’s surface near the tip of the probe (see Figure 5), resulting in sampling of the gas both

Figure 15. Effect of radial diffusion on the radial concentration profile of CO2 in the plane of the
probe tip for z0 = 0.8 mm (1 – unperturbed profile, 2 – with this effect taken into account, 3 –
neglecting this effect).
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20 P.A. Skovorodko et al.

Figure 16. Various axial profiles of CH4 and H2O concentrations. For H2O, three profiles are
presented: the profile calculated for the undisturbed flame (H2O undisturbed), the profile calculated
using the model for four positions of the probe (H2O calc.), and probe measurements (H2O exp.)
(filled points and smoothed curve). For methane, four profiles are presented: the profile calculated for
the undisturbed flame (CH4 undist.); the profile calculated using the model for four positions of the
probe (CH4 calc.); probe measurements (CH4 exp.) (shown by circles and the solid line is smoothed
curve); and the profile calculated by the PREMIX code from a temperature profile measured by the
thermocouple in front of the probe tip at 0.2 mm from the tip (CH4 Chemkin, perturbed) (dotted
curve).

downstream and upstream of the probe [20]. A similar relationship between disturbed and
undisturbed concentrations was found before [7], where the evolution of concentration was
treated as self-diffusion in a simpler gas dynamic model of the flow.

A comparison of the calculated and measured concentration profiles of CH4 and H2O
is presented in Figure 16, where the calculations correspond to the concentrations at the
centre of the orifice. As can be seen from Figure 16, both the measured and calculated
profiles are shifted downstream relative to the unperturbed ones, with the shift for the
experimental profiles being about twice that for the calculated ones (the shift is the difference
between the axial coordinates corresponding to the same concentration in the perturbed and
unperturbed flames). Figure 16 also shows the profile of CH4 (denoted as “CH4 Chemkin,
perturbed”) calculated with the PREMIX code based on a temperature profile measured by
a thermocouple in front of the probe (curve 3 in Figure 9), i.e., following the approach used
before [28, 31–33]. These data are in a good agreement with the measurement results.

The values of the shift (δ) are summarised in Figure 17. The predictions of the ap-
proximate model [7] are also given for comparison. The dashed line (δ = z0) shows the
maximum possible shift for a given distance, z0. The systematic underestimation noted
earlier of calculated data may be attributed to the non-linear effect of flow perturbations on
the kinetics of chemical reactions. This effect cannot be taken into account in the developed
model with spatially fixed sources of energy and concentrations.
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Figure 17. Shift (δ) of species concentration profiles relative to unperturbed ones. The shifts obtained
from probe measurements of profiles are denoted by (exp.), those calculated for the model – by (calc.),
and the shift denoted as model [7] is the shift calculated by the formula of Yi and Knuth [7]. The
dotted line (δ = z0) corresponds to the maximum possible shift for the given distance from the probe
to the burner surface.

The approximate relation for the shift available in the literature [7] can be used only for
rough estimates. This relation predicts a decrease in the shift with increasing z0, which is
opposite to the results of measurements. Moreover, at small distances z0, the corresponding
predictions (δ > z0) have no physical meaning.

6. Conclusions

The main results can be summarised as follows:

1. A numerical model for the flow near the sampling probe, taking into account the
effects of chemical reactions, was developed using the Navier–Stokes equations,
completed by source terms for the energy and diffusion equations.

2. The model developed for the perturbed flame predicts a downstream shift of the
main flow characteristics (temperature on the flow centreline, gas flow rate through
the orifice, concentrations at the centre of the probe) relative to the characteristics
of the unperturbed flame.

3. Temperature profiles in the unperturbed and perturbed flames were measured using
a thermocouple. Measured temperatures in the perturbed flow are in satisfactory
agreement with the calculated temperature on the flow centreline at the thermocou-
ple’s location (0.2 mm upstream of the tip), indicating that the model adequately
describes the main features of the flow studied.

4. Concentration profiles of the main stable species in the flame were measured using
the MBMS technique. The absolute value shift for these profiles (relative to the
unperturbed profiles) increases with increasing distance between the probe and
the burner; this is in agreement with the modelling, although the measured shifts
are about twice the calculated values. The underestimation of shifts by the model
may be attributed to the non-linear effect of flow perturbations on the kinetics of
chemical reactions, which cannot be described in the model with spatially fixed
sources of energy and concentrations.
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5. The concentration profile for CH4 calculated by the PREMIX code, based on
the temperature profile measured by a thermocouple in front of the probe, i.e.,
following the approach used previously [28, 31–33], is in fairly good agreement
with the MBMS data. However, the range of applicability of this approach needs
further research.

6. The temperature deduced from the calculated values of the gas flow rate through
the probe by the relation for the choked probe is in good agreement with the
results of thermocouple measurements, indicating some similarity between the
approaches used before [14, 20, 29, 30] and [28, 31–33] to take into account
the effect of probe-induced perturbations on concentration profiles.

7. The relation between local concentrations and temperatures along the centreline
of the perturbed flame is close to that in the unperturbed flame. This explains the
good agreement between measured and calculated concentrations in the widely
used approach to validating detailed reaction mechanisms, in which measured
temperature profiles in perturbed flames were used for modelling [28–33].

8. The known feature of the transverse concentration distribution in the plane of the
probe [7], where the difference between the perturbed and unperturbed concentra-
tions at the same distance from the burner has different signs at the centreline and
at the periphery of the flow is well reproduced by the model.

9. The simulations have revealed a significant effect of radial diffusion on the dis-
tribution of concentrations in the plane of the orifice. The effect of pressure- and
thermal diffusion on the concentration distribution is relatively small.

10. The approximate relation for the shift available in the literature [7] can be used
only for rough estimates.

In the further development of the flow model, instead of introducing spatially fixed
source terms into energy and diffusion equations we are planning to use a simple model
for chemical kinetics such as Zel’dovich’s model or a Global Kinetics approach. This will
provide a description of the non-linear effect of gas dynamic perturbations on chemical
kinetics, which appears to be the main reason for the observed disagreement between the
modelling predictions and experimental results.
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