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Prior work has shown that thin filament pyrometry (TFP) is a powerful approach for making highly
precise, spatially and temporally resolved line measurements of temperature in time-varying laminar dif-
fusion flames. The technique has been previously used to map out temperature distributions as a function
of phase angle for acoustically locked flickering diffusion flames with two different levels of forcing. During
these measurements two small errors in the temperature measurements have been identified for certain
heights and phases. The first error source is shown to be due to the limited time response of the TFP to
a rapidly changing temperature field by comparing temperatures determined by TFP with line measure-
ments using Rayleigh light scattering (RLS). The TFP measurements yield lower temperature readings
when the flame front is moving at its fastest rate, but the RLS measurements show that these lower
temperatures are an artifact which is attributed to the finite time response of TFP. The second source of
error occurs for a limited number of cases in which soot is thermophoretically deposited on the filament
and is not subsequently burned off. The soot modifies both the emissivity of the filament surface and, for
large amounts of deposition, its diameter. These modifications lead to lower measured filament tempera-
tures for low levels of soot deposition and to increasing measured temperatures as the soot builds up.

Approaches are suggested for identifying the presence of these errors and minimizing their effects.

Introduction

The use of thin-filament pyrometry (TFP) for
measuring flame temperatures with high spatial and
temporal resolution was pioneered by Vilimpoc et
al. [1]. The theory and development of the technique
are discussed in several publications [2-5]. All of
these investigations recorded light emission along a
B-SiC fiber stretched through a flame by scanning
an image of the fiber across a single photodetector.
A B-SiC filament acts as a gray body, and the emis-
sion intensity can be related to the filament tem-
perature and, hence, to the temperature of the sur-
rounding gases. The TFP approach is subject to
limitations, including the need to correct for radia-
tive losses and the finite heat-transfer rate from the
gas to the fiber. Earlier papers on the technique [1-
5] should be consulted for details.

Recently, Pitts extended the TFP measurements
by replacing the single detector with a cooled, two-
dimensional CCD array [6]. A major advantage of
this approach is that temperature data can be ob-
tained in the presence of background luminosity
from soot, but the ability to make rapid real-time

measurements is lost. The approach was demon-
strated by recording phase-resolved line measure-
ments of temperature for an acoustically forced,
time-varying laminar methane-air diffusion flame
that had been previously investigated using a wide
variety of optical techniques [7-13]. TFP measure-
ments were possible over a 1200-2100 K range hav-
ing a spatial resolution of 100 gm, a temporal reso-
lution of =~1.5 ms, and a precision on the order of
1.5 K for high flame temperatures [6]. Even though
the precision was exceptionally high (=0.1% at 2000
K), the accuracy was not nearly as well defined due
to uncertainties associated with radiation losses.
Since the detailed information required for radiation
corrections was not available, an approach was util-
ized in which the strongest emission from the fila-
ment in a steady laminar flame was assigned a value
of 2000 K based on thermocouple measurements
[14], and temperatures for other locations were cal-
culated from the observed intensities relative to this
value. The results were referred to as measured fil-
ament temperatures (MFTs) to emphasize the fact
that they were uncorrected for radiative heat trans-
fer. Even though the resulting temperatures were
approximate, radial profiles recorded 7 mm above
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FiG. 1. The experimental configuration used for Ray-
leigh light scattering measurements of maximum tempera-
tures in time-varying diffusion flames is shown.

the burner in the steady calibration flame were in
excellent agreement with independent radiation-
corrected thermocouple data obtained in an identi-
cal flame [14].

TFP has subsequently been used to mag out MFT
radial profiles as a function of height and phase for
two different time-varying flames. The results of
these mappings will be published elsewhere [15].
These temperature data have been used by Skaggs
and Miller along with infrared diode absorption
measurements to improve quantitative measure-
ments of CO concentrations as a function of height
and phase in the same flames [16]. During the full
TFP mappings, two unusual behaviors were ob-
served in the radial MFT profiles, namely, reduced
maximum MFTs for certain flame phases at locations
near the burner exit and apparently nonphysical lo-
calized variations of temperature for a limited num-
ber of phases and heights above the burner. The re-
sults presented here show that these behaviors are
due to time-response limitations of TFP and soot
deposition on the filament, respectively.

Experimental Approach

The experimental system for TFP measurements
[6] and the bumer [7] are described in detail else-
where; only brief descriptions are provided here.
The coannular burner consists of an 11-mm-diam-
eter fuel tube (“UHP”-grade methane, 77.8 mmvs)
surrounded by a 102-mm-diameter airflow (79.0
mm/s). The fuel tube is attached to a plenum con-
taining a loudspeaker that is used to modulate the
fuel velocity and thus lock the flame flicker fre-
quency at 10 Hz. The entire burner is mounted on
a vertical stage to position the flame relative to the
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p-SiC filament. The fuel-flow forcing is character-
ized by the peak-to-peak amplitude of the sine-wave
voltage applied to the speaker. Two forcing condi-
tions, moderate (0.75 V) and strong (1.5 V), were
used.

The TFP experimental system is identical to that
reported previously [6]. A 115-mm length of nomi-
nally 15-um-diameter -SiC fiber was stretched hor-
izontally through the burner centerline, and emis-
sion from the fiber was imaged by a cooled CCD
camera. A combination of the camera’s electronic
shutter and a mechanical chopper created an effec-
tive shutter time of 1.5 ms. Time-delay pulse gen-
erators triggered by a laser beam passing through the
shutter opening provided triggers for the camera and
the digital waveform generator used to apply the 10-
Hz sine wave to the speaker. Radial TFP profiles
were recorded for both flame-forcing conditions at
heights ranging from 5 to 110 mm in steps of 5 mm.
The TFP was calibrated, and MFTs were deter-
mined from the images as described previously [6].

The first step in the analysis of the line images is
to integrate the intensity measured across the fila-
ment for each column of vertical pixels of the CCD
camera and to subtract any background radiation.
The integrated intensities are converted to tempera-
tures on a pixel-by-pixel basis using a look-up table
that relates the observed emission intensity to the
measured filament temperature. This table is ob-
tained by integrating the product of gray-body emis-
sion curves as a function of temperature and the
spectral sensitivity curve for the silicon CCD array.
A calibration point is necessary and is obtained by
assigning the highest emission intensity observed
along the fiber in the steady laminar flame at a height
of 7 mm a temperature of 2000 K [14].

Rayleigh light scattering (RLS) measurements
were also used to characterize temperature varia-
tions in regions of the time-varying flames where
soot was not present. Figure 1 shows the experi-
mental arrangement. The 100-m] frequency-dou-
bled output of a pulsed Nd+¥YAG laser at 532 nm
was used to induce Rayleigh scattering along the fo-
cused laser beam (=100 gm diameter). Scattered
light was imaged and recorded by a gated (50 ns)
intensified CCD camera to eliminate background
flame emission. The laser was operated at 10 Hz and
generated an electronic voltage pulse that provided
central timing for the experiment.

Results

Variations of Maximum MFTs with Phase

Figure 2 shows two-dimensional images of the
time-varying flames, recorded using a combination
of OH laser-induced fluorescence and Mie scatter-
ing from soot, as a function of phase angle relative
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FiG. 2. Two-dimensional images of laser-induced OH fluorescence and soot Mie scattering are shown as a function of
relative phase for moderately (left) and strongly (right) forced methane-air diffusion flames. The incident laser radiation
at 283.55 nm excites the Q)(8) line of the A2X « X217, (1,0) band of OH, and OH fluorescence and soot scattering are
detected simultaneously [7,8]. The outer diffuse regions are due to OH, and the dark inner regions are due to soot.
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Fi1G. 3. Maximum MFTs and their radial locations are
plotted as functions of relative phase angle for a time-vary-
ing methane-air diffusion flame with strong forcing (1.5
V). The filament is located 5 mm above the burner.

to an arbitrary zero phase for both applied sine-wave
voltages [8]. The images demonstrate the strong ef-
fects that acoustic forcing has on the flame shape and

hase behavior. In the earlier MFT measurements
for the 0.75-V time-varying diffusion flame, distinct
variations in the maximum MFT and its location with
phase were observed at 7 mm above the burner [6].
Figures 3 and 4 show similar results at heights of 5
mm above the burner for both the 1.5- and 0.75-V
flames. Such variations were found for both flames
at heights below the location of flame clip off (see
Fig. 2). An important question is whether the MFT
variations represent actual changes in flame tem-
perature with phase or whether they are the result
of an artifact of the TFP technique. RLS measure-
ments are used to address this point.

RLS intensities along the laser beam were ob-
tained by averaging 100 line images for a given flame
phase. The measured RLS intensity, Ip, for a mixture
of gases containing M species, can be written as [17]
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F1G. 4. Maximum MFTs and their radial locations are
plotted as functions of relative phase angle for a time-vary-
ing methane-air diffusion flame with moderate forcing
(0.75 V). The filament is located 5 mm above the burner.

M

Iz = KNE aX; 1)
where K is a term that incorporates several experi-
mental parameters including laser power, observa-
tion volume, lens collection efficiencies, and detec-
tor quantum yield; N is the total number of
molecular species in the observation volume; 0; is
the RLS cross section for species f; and X, is the mole
fraction of species j. When the summation term in
equation 1 is a constant, the RLS signal is directly
proportional to the total number density in the ob-
servation volume and therefore inversely propor-
tional to temperature. For this case, calibration of
the RSL intensity for a known temperature allows
varying temperatures to be determined.

For premixed combustion systems, the total RLS
cross section is expected to vary little with the degree
of reaction, and properly normalized RLS measure-
ments can be used for accurate temperature deter-
minations [18]. Unfortunately, the same is not true
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FIG. 5. Measured radial temperature profiles obtained
using TFP and RLS are compared for the steady laminar
methane-air diffusion flame at a height of 7 mm above the
burner. Both approaches are calibrated assuming a maxi-
mum temperature of 2000 K, and the RLS-based mea-
surements assume a constant total RLS cross section.
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F1G. 6. Maximum temperatures measured 5 mm above
the burner by Rayleigh light scattering and their radial lo-
cations as functions of relative phase angle are shown for
a time-varying methane-air diffusion flame with strong
forcing (1.50 V). The original data have been symmetrized
to reduce noise.

for diffusion flames burning in air unless the un-
reacted fuel and air have the same RLS total cross
sections. In general, the total RLS cross section will
vary with mixture fraction. A constant total cross sec-
tion only occurs when the fuel has been carefully
chosen to match the RLS cross section for air [18].
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Methane has an RLS cross section 2.34 times greater
than air [17].

Kelman and Masri [19] have used computations
of laminar counterflow methane—air diffusion flames
to calculate the RLS intensity variation with mixture
fraction. Their results show that assuming a constant
RLS cross section {e.g., equal to o,;,) leads to large
errors over much of the mixture fraction range. For-
tunately, Kelman and Masri’s calculations also indi-
cate that the variation of the total RLS cross section
is relatively mild over the mixture fraction range
where the highest temperatures are expected and
that even when the highest temperature measured
by RLS assuming a constant total RLS cross section
is subject to error, the maximum still occurs for the
same mixture fraction as the true temperature. In
fact, these calculations indicate that by calibrating
the RLS signal using a known temperature in the
high-temperature flame zone, it should be possible
to accurately determine the highest flame tempera-
ture and its location. Because the primary interest is
the behavior of the highest temperature region of
the flame, the RLS intensity from room-temperature
air was used as a reference and the minimum ob-
served intensity at a height of 7 mm above the
burner in the steady laminar flame was assumed to
correspond to 2000 K, that is, the same assumption
used to calibrate the TFP. This allows maximum
flame temperatures and their positions along the ra-
dial direction to be obtained in the time-varying
flames with the assumption of a constant total RLS
cross section.

Based on Kelman and Masri’s analysis, assuming a
constant RLS cross section should lead to increasing
errors on both the lean (overestimate) and rich (un-
derestimate) sides of the highest temperature loca-
tion. On the rich side, the error is expected to be
several hundred degrees by the time the tempera-
ture has dropped to 1200 K. Figure 5 compares ra-
dial temperature profiles determined using both the
TFP and RLS approaches for a height of 7 mm in
the steady base flame. The results show the expected
behaviors based on the foregoing discussion. The
highest temperatures as well as their radial positions
observed using calibrated RLS agree well with those
using TFP. On the lean (outer) sides of the flame
sheets, the two sets of measurements are in reason-
able agreement, while on the rich (inner) sides, the
RLS measurements fall well below the TFP tem-
peratures. Based on Fig. 5, it is concluded that RLS
can be used to record maximum flame temperatures
and their locations in the time-varying flames.

Figure 6 shows maximum temperatures as deter-
mined from RLS measurements and their radial lo-
cations as a function of phase at a height of 5 mm
for the 1.5-V flame. Comparison of Figs. 3 and 6
indicates that the locations of the temperature max-
imum and their magnitudes for MFTs and the RLS
results agree well, except for those phases where the
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FIG. 7. Radial MFT profiles 20 mm above the burner
for a moderately forced (0.75 V) flickering flame. MFTs
from ~1.0 to 2.7 mm from the centerline are perturbed
by soot deposition. Phases shown: 80% ®), 90% (m), 0%
(A). See Fig. 2.

MFTs show a decrease. There is somewhat more
scatter in the RLS data than for the TFP results, but
it is clear that the RLS-based temperatures are con-
stant within the experimental uncertainty (average
peak temperature for the 10 phases is 1975 K, with
an rms of =+ 10 K). The sharp drops in temperature,
~90 K for the 1.5-V flame (Fig. 3) and ~25 K for
the 0.75-V flame (Fig. 4), observed for certain phases
in the TFP measurements are considerably larger
than the uncertainty in the RLS measurements, thus
indicating that the decreases are not real and must
be an experimental artifact of the TFP technique.

Effects of Localized Soot Deposition

In the earlier TFP report, no effects of soot dep-
osition on the filament were discussed (however, see
reply to Professor Takahashi's question) in the time-
varying flames, despite the fact that MFTs were
measured at locations where soot volume fractions
up to 1.8 X 106 existed [6]. This was not true for
afl) of the current measurements. Figure 7 shows ex-
amples of MFT data where nonphysical MFT vari-
ations, that is, sharp discontinuities in the smooth
profiles, are present. In severe cases, thickening of
the emission image was observed, which s attributed
to thermophoretic deposition of soot [20,21] on the
filament.

Soot deposition effects for the flickering flames
were only present for certain heights (10-25 mm for
the 0.75-V flame; 10 mm for the 1.5-V flame) and
radial positions at rich locations on the inside of the
flame where the filament was never exposed to the
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highest flame temperatures. The radial positions of
the MFT perturbations moved toward the flame
center with increasing height for the 0.75-V flame.
For both flames, the perturbations increased with
the time that the filament remained at a given height
above the burner. As can be seen in Fig. 7, the pres-
ence of soot deposition can result in either higher or
lower MFTs (increases or decreases in measured in-
tensity). Decreases in intensity were generally asso-
ciated with small perturbations and short measure-
ment times at a given height. As the soot was
deposited for longer periods, higher MFTs than ex-
pected were observed, which grew with time.

Discussion

The results show that systematic errors can occur
in TFP measurements in time-varying flames in ad-
dition to those due to disregard of radiation losses.
The first of these is decreased MFTs with radial
flame movements along the filament, which the RLS
results indicate are not due to actual changes in the
maximum flame temperature. Comparisons of the

hases where the drops in maximum MFTs oceur
and the radial locations of the maxima indicate that
the dips are primarily associated with the most rapid
outward movements of the flame sheet and that the
MFT perturbations increase with the rate of flame-
sheet movement. These observations suggest that
the reduced MFTs are the result of the finite time
response of the TFP to a gas-temperature change.

As the flame sheet first approaches a given fila-
ment location, the local temperature begins to in-
crease. If the inverse of the rate of temperature in-
crease exceeds the filament response time constant,
the rise in filament temperature will lag the true gas
temperature. Once the region of maximum flame
temperature passes, the filament begins to cool, and,
if the steady-state MFT maximum has not been at-
tained, the result is the observation of a lower max-
imum MFT. Note that the dip in temperature is
larger for the 1.5-V case than for the 0.75-V case
{compare Figs. 3 and 4) as expected because the 1.5-
V flame moves over a wider radial extent, and the
highest temperature flame region therefore passes
over the filament at a higher speed.

An interesting result is that the largest effects are
observed when the flame moves oufward into air as
opposed to inward flame movement. One reason for
this is that the spatial temperature gradients on the
air side of the flame are sharper, as can be seen in
Fig. 5 of Ref. [6], and the temperature changes are
faster as the flame moves outward with a given ve-
locity. Furthermore, there is likely to be at least
some preheating of the inside central regions of
the flame so that temperature changes on the fuel
side of the flame with inward movement are smaller.
Another aspect that plays a role is the different
molecular compositions on the two sides of the
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high-temperature flame zone. Heat transfer to the
filament depends on the thermal conductivity and
kinematic viscosity of these gases. Both of these
properties favor more efficient heat transfer and a
shorter filament response time on the fuel side, thus
allowing the filament to follow gas-temperature
changes more rapidly.

Soot deposition on surfaces in a flame is expected
to occur whenever soot is present. Perhaps it is sur-
prising that TFP soot deposition effects are only ob-
served for limited locations and phases. In our ear-
lier work, the absence of soot deposition in

soot-laden regions was attributed to soot being re-
neatedlv denasited and burned off as the flame zone

peatecly cepOostHeC and DUiea Ol as Ve LA 220

moved across the filament during each cycle. Soot
deposition in the current experiments is observed
only on the rich edges of the fluctuating flames when
there is limited heating of the core region. For these
cases, soot deposited during the brie%jperiods when
the rich flame edge is located closest to the center-
line is never exposed to the high temperatures and
reactive gases (i.e., OH radicals) necessary to oxidize
the soot. As a result, soot continues to accumulate
slowly at these positions. It is significant that soot
deposition perturbations were found to continue to
increase as long as a particular measurement height
was studied.

The experimental results show that deposited soot
can either increase or decrease the radiative emis-
sion from the filament. This observation is likely the
result of competing effects. The measured f-5iC
emissivity is 0.88 [1], which is somewhat lower than
the value (~0.95) for soot [22]. Therefore, a thin
layer of soot deposited on the filament is expected
to increase the surface emissivity and hence the ra-
diative heat loss from the filament surface. If the
temperature of the filament remained constant, the
emission intensity would increase. However, due to
the increase in radiation, the temperature of the fil-
ament decreases due to the increased heat-loss rate.
The strong temperature dependence for radiation
means that the latter effect is likely to dominate,
leading to lower emission intensities. Thus, for very
thin layers of deposited soot, a drop in MFT should
be observed. This effect should be particularly pro-
nounced at high temperatures, where radiative heat-
loss effects are high.

As soot continues to deposit on the filament over
time, the surface area can grow significantly. A sim-
ple heat-transfer analysis that assumes a balance be-
tween convective and radiative heat transfer indi-
cates that the radiative flux from the filament
decreases with diameter with a dependence on di-
ameter of one or less, with the dependence decreas-
ing with increasing diameter. On the other hand, the
total radiative emission per unit length is propor-
tional to the available surface area and thus increases
linearly with diameter. Therefore, as the diameter
increases, one expects that the integrated radiation
intensity per unit length ultimately increases, which
will be interpreted as a higher MFT.

LAMINAR DIFFUSION FLAMES

Both effects are evident in Fig. 7. Lower tem-
peratures than expected are observed most clearly
near the lean edges of the perturbations that are evi-
dent in the radial profiles. These regions correspond
to regions of low soot volume fractions and slow soot
deposition on the filament. Here the principal effect
of soot deposition is to increase the filament emis-
sivity and lower the MFT. Near the centers of the
perturbed regions, the soot concentrations will be
higher, and much higher deposition rates take place.
At such locations, the local diameter of the fiber can
increase significantly, leading to the observed rises
in the MFT. Obviously, these effects are time de-
pendent. For short total deposition times, one would
expect to see decreases in MFTs at positions corre-
sponding to high soot concentrations and very little
effect in regions of lower soot concentration.

In a recent paper describing the use of thermo-
phoretic deposition of soot onto a thermocouple for
simultaneous measurement of temperature and soot
volume fraction, McNeally et al. [23] have observed
similar effects to those described here. When a ther-
mocouple was rapidly inserted into a sooting location
in hydrocarbon flames, the measured thermocouple
temperature began to decrease after quickly attain-
ing a maximum. Two distinct time behaviors were
observed. The first was attributed to an increasing
surface emissivity as the thermocouple was coated
with a thin soot layer and the second to an increase
in the effective diameter of the thermocouple as soot
accumulated. It is interesting to note that these ef-
fects occurred over periods of seconds. Such times
are consistent with the much longer periods ob-
served in the current experiments because the flame
movement substantially decreases the time available
for soot deposition on the filament.

Final Comments

The effects of the finite time required for heat
transfer to the f-SiC filament and soot deposition
are certainly potential problems for interpreting
TFP measurements. However, it must be kept in
mind that the reason it is possible to observe these
relatively small effects (on the order of 100 K or less)
is the large signal-to-noise ratio available in the mea-
surements. Highly precise, meaningful measure-
ments are possible in the absence of these effects,
and once they are better characterized, it should be
possible to correct MFTs when they are present. It
may also be possible to design experiments to min-
imize their influence. As an example, the time avail-
able for soot deposition can be limited by operating
for a given flame condition for short time periods.

It is interesting to speculate how the high sensi-
tivity of TFP along with the effects discussed here
can be used for flame characterization. For instance,
the decreases in MFTs with outward flame move-
ment could be utilized to determine the filament
time response under actual experimental conditions.
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It should also be possible to make a variety of
measurements concerning flame-generated soot.
Variations in MFTs could be used to estimate the
emissivity of deposited soot and to monitor deposi-
tion on and removal of soot from a filament. The
latter measurement could provide detailed insights
into the oxidation processes of in-flame soot.
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COMMENTS

Larry Rahn, Sandia National Laboratories, USA. Can
you tell us the size of the effect on your temperature cali-
bration due to varying convective velocities?

Author’s Reply. This question actually addresses the
need to correct for radiative heat losses to the surroundings
when TFP temperature measurements are recorded in
high-temperature flame zones. We recognize the need for
such corrections as emphasized by use of the “measured
filament temperature (MFT)” to report results. The differ-
ence between the MFT and the surrounding gas tempera-
ture results from a balance between the convective heat
transfer to the filament and the radiative losses. Estimation
of these differences requires knowledge of a number of
system parameters including probe diameter and surface
emissivity and surrounding gas thermal conductivity, ki-
nematic viscosity, and velocity. We have yet to attempt such
corrections due to uncertainties associated with each of
these properties as well as the appropriate expression to
use to characterize the convective heat transfer. To mini-
mize the need for such corrections, the TFP was calibrated
at a single high temperature.

The velocity dependence results from variations in con-
vective heat transfer from the hot gas to the filament. Vary-
ing velocities in the current experiments are due to the
acceleration of the fluid by buoyancy forces arising from
local heating due to combustion. Velocities are expected to
increase from very low values near the burner exit to values
on the order of 3 m/s near the flame tip [1]. The most rapid
increase is near the burner exit, with velocities higher than
0.5 m/s being reached within 7 mm of the exit. The de-
pendence of convective heat transfer on flow velocity is
relatively weak and is expected to have an exponent be-
tween 0.4 and 0.5 [2], thus contributing a maximum po-
tential variation of around 2.5 to the temperature correc-
tion for different positions covering much of the flame. The
factor could be somewhat larger very near the bumner exit.
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