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a b s t r a c t

In flame temperature measurements by a thermocouple, it is usually assumed that, due to its small size,
the thermocouple produces negligible perturbations of the flame structure. Our studies show, however,
that this assumption may be incorrect. The temperature of a premixed atmospheric methane/oxygen/
argon flame measured by several thermocouples was found to be systematically higher than the theoret-
ical temperature at small distances from the burner (in the region with a high temperature gradient). The
external flow of the flame over a thermocouple was simulated using the full set of unsteady Navier–Stokes
equations to explain the discrepancy between experimental and theoretical data. An approximate allow-
ance for the heat release due to chemical reactions was made by adding a source term to the energy equa-
tion to provide a given temperature distribution in the unperturbed isobaric flame. The observed
discrepancy was found to be related to deceleration of the flow in the vicinity of the thermocouple, result-
ing in additional heat release due to chemical reactions in the flow. In addition, significant additional heat-
ing of the thermocouple was observed, when it was placed in the zone with maximum concentrations of H
and OH radicals.

� 2011 The Combustion Institute. Published by Elsevier Inc. All rights reserved.

1. Introduction

Thermocouple measurements of flame temperature profiles are
widely used in experimental studies of flame structure. Flame
temperature profiles allow one to evaluate the heat release in
various flame zones and identify key reactions in combustion
processes [1,2]. Measured temperature profiles are usually used
for combustion modeling [3]; consequently measuring a flame’s
thermal structure with appropriate accuracy is one of the most
important problems in combustion research [4]. The present paper
analyzes the results of thermocouple temperature measurements
near the burner. We are not aware of studies using optical methods
of measuring the temperature of an atmospheric pressure flame at a
distance of about 0.2 mm from the burner. At such small distances,
microthermocouples are used. Flame temperature is usually mea-
sured with thermocouples of two different cross-sectional shapes
(circular and rectangular or ribbon). Ribbon thermocouples are
used to study the flame structure of condensed systems. Such ther-
mocouples are made by squashing circular thermocouples, and the
width of a ribbon thermocouple is 10–20 times its thickness. A

detailed analysis of thermocouple measurements in flames has
been given before [4–7]. Ribbon thermocouples are believed to pro-
vide improved resolution [4,8]. Radiation heat loss from thermo-
couples have been considered in a number of papers [5,9,10].
Experimental errors due to heat gain or heat loss from the thermo-
couple junction to its supports are difficult to estimate because
these shoulders and the junction have different temperatures.
These issues have been studied in detail by Zenin [4,11] and Heitor
and Moreira [12].

It is known that to determine the actual temperature, one
should take into account factors related to heat transfer between
the thermocouple and its surroundings and the thermocouple’s
emissivity [10]. It is usually believed that uncertainty in thermo-
couple readings is only due to uncertainties associated with the
transport properties of the gases surrounding the thermocouple
and the intrinsic properties of the thermocouple as a temperature
sensor, such as its shape, material, emissivity, etc. However, there
may be additional sources of uncertainty in thermocouple read-
ings, which are not reported in the literature.

In our current investigations the temperature profiles in a one-
dimensional burner-stabilized premixed flame of CH4 + O2 + Ar at
atmospheric pressure were measured by a thermocouple and cal-
culated using the PREMIX code [13] from the CHEMKIN II package.
The measured temperatures near the surface of the burner (at
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distances �0.1–0.5 mm) were systematically overestimated in
comparison with the calculated ones, that may be attributed to
thermocouple-induced gas-dynamic perturbations of the flow. A
qualitative explanation of this may be as follows: because the
gas flow is decelerated in front of the thermocouple, the velocity
field near the thermocouple is subjected to perturbations. In the re-
gion with a high temperature gradient near the burner or near e.g.
a solid propellant’s burning surface, perturbations of the velocity
field can lead to perturbations of the initial temperature field of
the flame, as reflected by thermocouple readings.

The literature contains no quantitative studies of a perturbation
by a thermocouple of the flow structure in a gaseous flame, in
which a thermocouple is placed. It has been assumed that due to
the small size of a thermocouple, any perturbations of the flame
structure produced by the thermocouple are negligible. The only
paper dealing with this subject is that of Fristrom and Westenberg
[1], who noted that the thermocouple locally perturbs the flame’s
velocity profile and, actually, reflects the temperature downstream
of the thermocouple. The perturbation was estimated to be about
4–5 thermocouple junction diameters. Bahlawane et al. [14] mea-
sured the temperature profile in a low-pressure ethylene flame
using a thermocouple and optical techniques. From the data pre-
sented in Fig. 10b of [14], one can see that the measurements of
temperature by the thermocouple are slightly higher than the opti-
cal measurements, where in the temperature gradient is apprecia-
ble. This overestimation may be due to the effect studied below,
but it was not discussed previously [14].

This paper presents an experimental and numerical study of fal-
sifications of temperatures caused by flow around thermocouples
of various shapes, when placed in the region of high temperature
gradients in a methane flame. The possible influence of radical
recombination on the thermocouple’s surface on the thermocouple
measurements [10] is estimated. The problem of correcting per-
turbed temperature profiles requires special consideration. The re-
sults obtained are used to analyze the validity of employing
thermocouples in studies of the thermal structure of flames of gas-
eous and condensed [15] systems.

2. Experimental technique

We studied the temperature along a one-dimensional, pre-
mixed flame of methane + oxygen + argon (CH4/O2/Ar – 6/15/
79 vol.%) stabilized on a flat burner at atmospheric pressure
(Fig. 1). The flame studied is far from the limit of unstable combus-
tion. This flame is very reproducible, in contrast to, for example,

flames from condensed-system. During the experiment, the surface
temperature of the water-cooled burner was kept at 368 K using a
thermostat. The burner top was a porous brass disk 16 mm in
diameter and 5 mm high. It was made of sintered spheres
�0.1 mm in diameter. The relative porosity of the burner disk
was �40%. The flow rate of the unburned mixture was 25 cm3/s
under standard conditions. Flow rates of the gas components of
the unburned mixture were set to within ±1% by mass flow con-
trollers (MKS Instruments Inc., Model 1259C). Reactant flow rates
at the exit from the mass flow controllers were calibrated using a
drum-type gas flow meter (Trommel–Gaszähler TG 05) to confirm
the claimed accuracy. The burner was mounted on a translation
stage so that it could be moved vertically relative to the fixed ther-
mocouple with a positioning accuracy of 0.01 mm. The shoulders
of all thermocouples were parallel to the surface of the burner. In
the case of ribbon thermocouples, the broad part of the thermocou-
ple was parallel to the burner. The distance between the burner
and thermocouple was measured as that from the burner to the
center of the thermocouple.

Temperature profiles were measured using three types of Pt/
Pt + 10%Rh thermocouples coated with a thin layer of SiO2

(�2–3 lm) to prevent catalytic processes. The process of coating
the thermocouples with a thin SiO2 film was carried out in two
steps. In the first step, a loose layer of SiO2 from a spirit lamp flame
was deposited on the thermocouple. In the second step, the depos-
ited layer was sintered in a burner flame at the melting point of
quartz. As a result, the thermocouple was covered with a thin layer
of SiO2 melt. The resulting coating was stable in the investigated
flame. The stability of the coating is confirmed by the fact that in
flame temperature measurements with the same thermocouple in
several experiments, the thermocouple showed the same tempera-
ture values. It is known that in the case of destruction of the coating,
the measured temperature continuously increases and the thermo-
couple is gradually destroyed. In our work, the thermocouple re-
mained unchanged after the completion of all experiments. An
uncoated thermocouple placed in the flame burned out almost
instantaneously. One of the thermocouples (TC1) had a circular
cross section with a diameter of�24 lm. The other two thermocou-
ples had rectangular cross sections, and their dimensions were 10 �
110 lm (TC2) and 20 � 125 lm (TC3), including the layer of coat-
ing. The length of the thermocouple’s shoulders was �10 mm. This
corresponds to length-to-diameter ratios above 400, which [4,12]
provides minimum conduction errors and indicates that heat loss
by conduction to the supports are negligible. The thermocouple
junction was placed near the center of the flame. A stretching de-
vice, shown in Fig. 1, for the lead wires of the thermocouple [16],
provided parallel alignment of the thermocouple relative to the
top of the burner. In addition, the stretching device prevented
deformation of ribbon thermocouples in a flame. During tempera-
ture measurements, the distance between the thermocouple junc-
tion and the burner was controlled using a cathetometer with as
accuracy of up to 0.01 mm. The error of the thermocouple measure-
ments was within ±30 R. Experimental uncertainty is determined
from the scatter from 4 to 5 repeated measurements of a tempera-
ture profile.

3. Numerical simulation of the flow

The external planar flow field over a thermocouple inserted in
the flow at some distance from the burner was simulated using
the full set of unsteady Navier–Stokes equations. A finite-differ-
ence representation of the governing equations was made on a
staggered grid, which facilitated the development of an effective
algorithm for simulating viscous flows [17]. An approximate allow-
ance for the heat release due to chemical reactions was made by

Fig. 1. A thermocouple in a flame above the burner. 1 – the burner surface, 2 –
termocouple, 3 – a spring-loaded device which extends the thermocouple and
compensates the thermocouple extension due to heating in the flame, 4–0.2 mm
diameter leads to the thermocouple.
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adding a source term (Q) to the energy equation to provide a given
temperature distribution in the unperturbed isobaric flame, i.e.,
with no thermocouple in the flame. Numerous test simulations
confirm that the solution of the finite-difference relations is equiv-
alent to the solution of the governing differential equations.

The simulations were performed for the flow of the burner-sta-
bilized premixed methane–oxygen–argon flame (initial composi-
tion 6%CH4 + 15%O2 + 79%Ar) studied in our experiments. The
combustible gas mixture was assumed to be a single-component
perfect gas with a molecular weight of 37.32 kg/kmole and a spe-
cific heat ratio j = 1.5747 calculated from the parameters of the
real gas mixture at the burner surface. The temperature depen-
dence of the dynamic viscosity l of the gas was described by the
Lennard–Jones (6–12) potential with parameters r = 3.418 Å and
e/k = 124 K typical of argon [18]. Since the main component of
the mixture is argon, the Prandtl number (Pr ¼ lCp=k, Cp ¼
jR=ðj� 1Þ is specific heat at constant pressure, R is the gas con-
stant, k is the thermal conductivity) was set to that for argon, i.e.,
Pr ¼ 2=3. For the numerical solution, the density q, pressure p,
and temperature T were normalized by the corresponding param-
eters at the burner (denoted below by the lower subscript 0), and
the transverse (u) and longitudinal (w) velocity components were
normalized by the speed of sound, c0 = 359.3 m/s. The spatial vari-
ables x and y were conveniently expressed in mm.

The above-mentioned source term (Q) in the energy equation
was obtained from the following relation representing the
condition for steady solution of energy equation, written in non-
dimensional form:

@T
@t
¼ Q conv þ Qvis þ Q ¼ 0; ð1Þ

where the convective terms in the energy equation are denoted by
Q conv and the viscous terms by Qvis. The finite-difference represen-
tation of relation (1) for one-dimensional flow was performed on
the same staggered grid for the axial coordinate as in two-dimen-
sional calculations below, with the source term being defined at
the center of the cell. The temperature distribution in the flow
was set in accordance with the results of simulating the undis-
turbed flame flow with the CHEMKIN PREMIX code [13]. The distri-
butions of the density and axial velocity in relation (1) were found
from the continuity equation 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 dependence of
QðxÞ have a sharp maximum at x = 0.5 mm, which reflects heat re-
lease in the unperturbed methane flame under the conditions con-
sidered. Together with the approach using spatially fixed sources
QðxÞ, we employed another source term, namely, QðTÞ, which pro-
vides a more detailed description of the non-linear interaction
between chemical and gas dynamical processes. Due to the depen-
dence T(x, y), the source term QðTÞ also depends on x and y. The
unperturbed flame is well reproduced by both of these approaches.

The dependence of QðTÞ is given in Fig. 2. Small values of Q at
low temperatures (near the burner) reflect the predominant effect
of thermal conductivity on the temperature profile in this region of
the flame front. To convert the source term on the right side of the
energy equation to dimensional form (in units of power/volume),
the values shown in Fig. 2 should be multiplied by (e0c0qðTÞ=h0),
where e0 = RT0/(j � 1) is the specific internal energy at the burner
surface, qðTÞ is the dimensional density in the undisturbed flame,
and h0 ¼ 1 mm is the used unit of linear variables. Thus, at
T = 1465 K, where the source term reaches the maximum non-
dimensional value of 0.03676 (see Fig. 2), the corresponding
dimensional value is 0.0159 W/m3.

The simulation domain was a rectangle with dimensions of
2.4 mm in the longitudinal direction (x) and 1.5 mm in the trans-
verse direction (y) with mesh sizes of the grid dx = dy = 2.5 lm.
Boundary conditions for the flow were specified as follows. At
the burner’s surface (left boundary), the conditions for all quanti-
ties were imposed based on the solution for the unperturbed iso-
baric flame obtained using PREMIX code [13] for the mixture
considered (T = 368 K, w = 15.68 cm/s, u = 0). At the right boundary,
both velocity components and temperature were specified by
interpolation from internal points of the domain, and the pressure
on this surface was prescribed to be constant (isobaric flame). In
the plane of symmetry (lower boundary through the middle of
the thermocouple), the transverse velocity and the transverse
derivatives of the longitudinal velocity and temperature were set
equal to zero. In order to avoid problems with boundary conditions
at the upper boundary, the latter was also treated as a plane of
symmetry, which is equivalent to assuming that we have an infi-
nite row of thermocouples placed at the same distance from the
burner. The step of this row, i.e., the distance between the middle
points of neighboring thermocouples, was chosen to be large en-
ough to minimize the distortion of the flow field caused by this
assumption. At the surface of the thermocouple, the normal veloc-
ity component was set equal to zero and the tangential velocity
component was specified with the velocity slip taken into account
[17], although the slip is very small under the conditions used.

Estimates showed that, due to the high conductivity of the
metallic thermocouple, the temperature change within the ther-
mocouple could be neglected and the temperature was therefore
assumed to be uniformly distributed over the thermocouple’s sur-
face. This surface temperature was determined from assuming the
heat flux to the surface from the gas is equal to the radiative heat
flux from the surface for the assumed value of the emissivity e (for
e = 0, the surface is under adiabatic conditions). At each computa-
tional time step, the thermocouple’s temperature was iteratively
calculated to satisfy the above condition. It should be noted that
the approach described here gives a temperature for the thermo-
couple, which can be directly compared with measurements, with-
out applying semi-empirical corrections for radiation loss.

The steady flow fields for the complete set of values for the
determining parameters (the value of e, the model for the source
term Q, the distance of the thermocouple from the burner) were
calculated for ribbon thermocouple TC3, and these calculation re-
sults will be discussed in detail below. Some values were calcu-
lated for thermocouples TC1 and TC2. The main features of the
perturbed flow due to the thermocouple’s presence were found
to be qualitatively similar for all the thermocouples considered.

Fig. 2. Source term QðTÞ in non-dimensional form for the energy Eq. (1). For the
conversion of the source term to a dimensional form (in power/volume), see the
text.
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4. Results and discussion

A methane flame was chosen for this study because the mech-
anism of chemical reactions in this flame is fairly well known. The
temperature profile in the flame can be predicted with appropriate
accuracy using the GRI 3.0 mechanism [19] for methane oxidation
and the PREMIX code. This mechanism reproduces a large number
of various measurements, including data on the burning velocity
and structure of methane flames.

Figure 3 shows the unperturbed temperature profile Tup calcu-
lated using the PREMIX code (curve 1) and the results of four tem-
perature profile measurements in the methane flame using
thermocouple TC3 (curve 2), without a correction for radiation.
We could not measure the temperature at distances from the bur-
ner surface smaller than 0.1 mm. Moreover, there is the problem of
flame-front formation by a burner in the form of a porous disc,
which requires a separate investigation.

In the temperature range from approximately 800 to 1100 K,
the measured temperatures are higher than the unperturbed flame
temperature, despite heat loss due to radiation. The data scatter for
TC3 (as well as for TC1 and TC2) was approximately ±10 lm on the
x axis and ± (15–20 K) on the T axis.

Smoothed temperature profiles obtained by the three types of
thermocouple with a correction for radiation applied are presented
in Fig. 4. The correction for heat loss due to radiation was calcu-
lated by the formula [9] for the case of a circular thermocouple,
with the equivalent diameter of the ribbon thermocouple deter-
mined as the ratio of the thermocouple cross-sectional perimeter
to p [20]. The temperature dependence of the emissivity e of the
thermocouple coated with SiO2 was taken into account. For fused
quartz, this dependence [21] can be approximated by

eðTÞ ¼ 0:163297þ 0:766332=ð1þ expððT

� 583:467752Þ=146:53391ÞÞ0:317496 ð2Þ

with the temperature T expressed in K. This relation was deter-
mined by approximating experimental data in the temperature
range from 300 to 1700 K.

At distances of about 0.2–0.4 mm from the burner, where the
temperature varies from 800 to 1300 K, the measured tempera-
tures exceed the unperturbed ones: at a distance of 0.3 mm, the ex-
cess is about 125 K. This excess is greater than the measurement

errors. Similar effects were observed in all the experiments
performed.

For a more detailed analysis of the measured temperature pro-
files, Fig. 5 shows the difference between the thermocouple read-
ings corrected for radiation loss and the unperturbed flame
temperature (DT ¼ TTCi � Tup) for all thermocouples TCi (i = 1–3).
As can be seen from Fig. 5 (curves 1–3), the temperature elevation
(DT) profiles have two maxima, the first of which is at 0.2 mm from
the burner and has DT � 125–150 K. The second elevation, with a
maximum value of 40–100 K is at 0.9 mm from the burner. We as-
sume that the first temperature maximum is related to the gas
deceleration near the thermocouple and the presence of a temper-
ature gradient in the flame. This assumption will be confirmed be-
low by numerical simulation.

The second maximum temperature rise is presumably related to
catalytically-induced heating due to the recombination of radicals
on the thermocouple. Fig. 5 also shows concentration profiles of H
and OH radicals in the unperturbed flame calculated using the PRE-
MIX code [13]. It can be seen that the positions of the H and OH
concentration maxima are in good agreement with the position
of the second maximum of the temperature elevation. The effect
of radical recombination on the thermocouple was quantitatively

Fig. 3. Temperature profiles in the methane flame. 1: Tup (unperturbed flame,
PREMIX), 2: raw measurements: TTC3 profiles without a correction for radiative heat
loss.

Fig. 4. Temperature profiles in the methane flame. Curves 1–3: smoothed exper-
imental temperature profiles with correction for radiation heat loss, 1 – TTC1, 2 –
TTC2, 3 – TTC3. Curve 4 – Tup. The fragment on the right shows in more detail the
excess of the measured temperature over the temperature of the unperturbed
flame.

Fig. 5. Thermocouple-measured temperature elevation above the unperturbed
flame temperature (curves 1–3), 1 – (TTC1 � Tup), 2 – (TTC2 � Tup), 3 – (TTC3 � Tup). H
and OH are radical concentration profiles in the unperturbed flame.
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estimated as follows. The number of radical collisions (N) per unit
thermocouple surface per unit time was calculated from the H and
OH concentration profiles. The heat flux to the thermocouple was
obtained using the known values of heat release (H�) in a single
recombination event on the surface. A similar approach to account-
ing for heat release on the thermocouple due to the recombination
of H radicals on this surface has been described before [5]. The heat
flux data were transformed to temperature data by the procedure
used above to calculate the radiative correction [9]:

DT ¼ Tc � Tg ¼ ½1:24d3=4KNH�ðl=qwÞ1=4�=k ð3Þ

where Tc is the temperature of the thermocouple junction, Tg is the
gas temperature, d is the thermocouple’s diameter, and R is the
probability of radical recombination. The temperature dependen-
cies of k and l were the same as those used in simulating the gas
flow. The results were as follows: in order that the observed second
maximum temperature rise (see Fig. 5) may be explained by radical
recombination, the probability of recombination per collision must
be in the range from 10�3 to 10�2, which seems quite realistic [22]
for the anti-catalytic SiO2 used. It is interesting to note that the
probability of radical recombination on a purely metallic thermo-
couple surface is close to unity [5]. The negative values in curves
1–3 at large distances are due to the approximate allowance for
the radiation correction and do not affect the conclusions.

Figure 6 shows numerical temperature profiles predicted by the
model with the source term in the form QðTÞ and QðxÞ for ribbon
thermocouple TC3 with e = 0 and the temperature profile in the
unperturbed flame Tup. These data demonstrate that under net
conditions, i.e., without energy loss due to radiation, the thermo-
couple is significantly overheated to above the unperturbed tem-
perature. The profiles illustrate the nature and magnitude of the
effect predicted by the model of perturbed flow around a thermo-
couple placed in the flame front.

For a more detailed analysis of thermocouple-induced temper-
ature perturbations, Fig. 7 shows the deviation of the experimental
and numerical temperature profiles for ribbon thermocouple TC3
from the unperturbed data (DT ¼ T � Tup). The simulation data
for the models with Q(T) and Q(x) agree qualitatively with each
other, although there is a noticeable quantitative difference be-
tween them for both e = 0 (curves 1 and 2) and e = e(T) (curves 3
and 4). For e = 0, the maximum overestimation of the temperature
by the thermocouple is �100 K for the model with Q(T) and 70 K
for the model with Q(x) at x � 0.3–0.4 mm. The data for e = e(T)

are negative almost everywhere in the flame region except at small
distances from the burner (60.3 mm) due to radiation heat loss
from the thermocouple. The experimental data (curve 5) are in
qualitative agreement with simulation results. The reason for the
significant overestimation of the experimental values at small dis-
tances from the burner is not clear. The non-monotonic nature of
the experimental profile with the local maximum at x � 0.8–
0.9 mm can be attributed to the additional heating of the thermo-
couple due to the catalytic recombination of H and OH radicals
discussed above (see Fig. 5). In view of this effect, the analysis of
curves 3–5 in Fig. 7 leads to the conclusion that the real emissivity
e of the thermocouple coated with SiO2 should be slightly higher
than that used in this study from Eq. (2), at least in the high-tem-
perature range (T > 1200 K).

Since the difference (T(e = 0) � T(e)) can be treated as the exact
value of the correction factor for heat loss due to radiation for the
numerical experiment performed, the simulation allows one to test
existing semi-empirical approaches to the correction of the results
of thermocouple measurements in flames. In Fig. 8, the corre-
sponding data for the models with QðTÞ (curve 1) and with QðxÞ
(curve 2) are compared with the two approaches recommended
by Kaskan [9] and used above (curve 3) and in [20] (curve 4). As
can be seen from Fig. 8, the existing semi-empirical data are in
good agreement with each other. Despite some differences be-
tween the results predicted by the models treating the source term

Fig. 6. Unperturbed (curve 1) and numerical (curves 2 and 3) temperature profiles
for thermocouple TC3: 1 – Tup; 2 – Q(T), e = 0; 3 – Q(x), e = 0 (solid line).

Fig. 7. Deviation of numerical (curves 1–4) and experimental (curve 5) temperature
profiles from unperturbed data (1 � Q(T), e = 0; 2 – Q(x), e = 0; 3 – Q(T), e = e(T); 4 –
Q(x), e = e(T)).

Fig. 8. Numerical (curves 1 and 2), and semi-empirical (curves 3 and 4) data for
heat loss from thermocouple TC3 due to radiation (1 – model with Q(T), 2 – model
with Q(x), 3 – [9], 4 – [20]).
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as QðTÞ or QðxÞ, whose causes require further investigation, both of
these models lead to smaller correction factors, indicating more in-
tense heat transfer between the thermocouple and chemically
non-equilibrium reactive flow compared to the same process in
chemically inert flow usually used in heat transfer experiments
[9,20].

Figures 9–11 show the fields of streamlines, longitudinal veloc-
ity and isotherm, respectively, obtained for the case of flow around
thermocouple TC3 and the region occupied by the thermocouple
body whose center is at a distance x = 400 lm from the burner
for the model with QðTÞ and e = 0. This position of the thermocou-
ple corresponds to the flame zone with the most significant pertur-
bations of the temperature profile by the thermocouple (see curve
1 in Fig. 7). The flow direction in Figs. 9–11 is from left to right.

As can be seen from Fig. 9, which shows the streamlines, the
flow is a typical laminar flow around an obstacle (thermocouple).
This is not surprising since the Reynolds number determined from
the unperturbed flow parameters and the thermocouple width is
about 0.4. In the unperturbed flow, i.e., in the absence of a thermo-
couple, the streamlines are a set of straight lines parallel to the
abscissa.

An analysis of the longitudinal velocity field (Fig. 10) shows that
at y = 0 the velocity of the flow directed to the central part of the
thermocouple, containing the thermocouple junction, decreases
from �20 cm/s (x � 200 lm) to nearly zero as the thermocouple
is approached, and downstream of the thermocouple, it increases
slowly. One can see that at a distance of �200 lm behind the ther-
mocouple, the flow velocity is about 26 cm/s. This value is much
lower than the velocity in the unperturbed flame at a distance
x = 400 lm from the burner (�60 cm/s). Thus, the region of distor-
tion of the longitudinal velocity field is about 250 lm in front of
and behind the thermocouple. The dimension of the perturbed re-
gion (�500 lm) is more than 20 times larger than the thermocou-
ple thickness and is almost half the width of the flame considered.

Thus, the thermocouple forms a deceleration zone in the gas
flow and, at the same time, it reflects the temperature inside this
perturbed region. Since the thermocouple is placed in the gas flow
with intense heat release due to chemical reactions, the flow decel-
eration by the thermocouple leads to additional heat release and,
hence, to distortion of the field of isotherms (see Fig. 11) at the
thermocouple. As a result, the temperature at the thermocouple
is higher than the unperturbed flame temperature and, conse-
quently, the thermocouple readings overestimate unperturbed
temperature values. For the methane flame considered, this over-
estimation depends on the thermocouple’s shape and position
and is limited to a value of about 100 K (see Figs. 7 and 11). For
flames with higher pressure and higher gas velocities, such as
flames of condensed systems [15], this effect should be even more
significant although the perturbation of such flames by thermocou-
ples requires special consideration.

5. Conclusions

The results can be summarized as follows:

1. The temperature profiles in the methane flame, as measured by
thermocouples and corrected for radiation loss, were found to
be consistently higher than those calculated by CHEMKIN in
the unperturbed flame, where the temperature gradient was
high and in the region with maximum concentrations of the
radicals H and OH.

2. The model developed for a perturbed flow around a thermocou-
ple in a flame, based on the Navier–Stokes equations with a
source term added to the energy equation, showed that where

Fig. 9. Streamlines picture for flow around thermocouple TC3 predicted by the
model with Q(T) and e = 0.

Fig. 11. Field of isotherms (K) for flow around thermocouple TC3 for the same
conditions as in Fig. 9.

Fig. 10. Longitudinal velocity field (cm/s) for flow around thermocouple TC3 for the
same conditions as in Fig. 9.
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the temperature gradient was large, the observed effect may be
caused by a deceleration of the flow just before the thermocou-
ple, resulting in an additional heat flux to the thermocouple,
due to chemical reactions.

3. The estimations show that, in the region with maximum con-
centrations of H and OH radicals, the observed effect can be
attributed to the catalytic recombination of these flame radicals
on the thermocouple, in spite of the fact that the thermocouple
is coated with an anti-catalytic layer of SiO2.

4. The model developed for perturbed flow around a thermocou-
ple predicts more intense heat transfer between the thermo-
couple and chemically non-equilibrium reacting flow than in
a similar situation for a chemically inert flow.

5. These flow perturbations due to thermocouples seem to be impor-
tant and should be taken into account when interpreting mea-
surements of temperature along a flame using a thermocouple.
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