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Abstract

A simple and compact temperature and soot volume fraction diagnostic technique based on ratio
pyrometry has been studied. Two different consumer digital single lens reflex cameras were evaluated
for use as pyrometers. The incandescence from soot and a SiC filament was imaged at the three wave-
lengths of each camera’s color filter array (CFA). After characterization of the detector’s signal response
curves, temperatures were calculated by two-color ratio pyrometry using a lookup table approach. A SiC
filament with known emissivity was shown to provide an absolute light intensity calibration, which further
allows the soot volume fraction to be determined. Measurements were carried out on four different flames
with varying levels of soot loading. The filament-derived gas temperature and soot temperature measure-
ments have been compared with computational results and overall good agreement has been shown. Soot
volume fraction measurements have been compared with previous LII results, with excellent agreement for
both cameras tested.
! 2010 The Combustion Institute. Published by Elsevier Inc. All rights reserved.
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1. Introduction

Knowledge of temperatures and soot concentra-
tions can prove valuable in understanding the pro-
cesses responsible for soot production. Optical
pyrometry has proven to be a practical measurement
technique that can provide the temperature and con-
centration of soot particles in a flame by sampling
the incandescence of soot that has been heated to

flame temperatures [1–6]. In regions where soot is
not present, gas temperatures have been inferred
from pyrometry of thin filaments inserted into a
flame [7–11]. Prior pyrometry methods have incor-
porated a variety of detection methods ranging from
single photodetectors to scientific-grade imagers.
Recently, Maun et al. [7] provided an overview of
imaging systems used for pyrometry measurements
and further showed that a consumer-grade digital
camera could provide results for thin filament
pyrometry (TFP). In their work, the total intensity
of light was measured with the camera and corre-
lated to thermocouple temperature measurements.

In the work described here, a color digital cam-
era is also utilized, but the ratio of two colors is
used to determine the temperature of both soot
and a SiC fiber inserted into nonsooting regions

1540-7489/$ - see front matter ! 2010 The Combustion Institute. Published by Elsevier Inc. All rights reserved.
doi:10.1016/j.proci.2010.05.006

* Corresponding author. Address: Department of
Mechanical Engineering, Yale University, P.O. Box
208284, New Haven, CT 06520-8284, USA. Fax: +1
203 432 6775.

E-mail address: marshall.long@yale.edu (M.B.
Long).

Available online at www.sciencedirect.com

Proceedings of the Combustion Institute 33 (2011) 743–750

www.elsevier.com/locate/proci

Proceedings
of the

Combustion
Institute

http://dx.doi.org/10.1016/j.proci.2010.05.006
mailto:marshall.long@yale.edu%20
http://dx.doi.org/10.1016/j.proci.2010.05.006


of a coflow diffusion flame. Incandescence from
the soot and the fiber is imaged at the three wave-
lengths of the camera’s color filter array (CFA)
and the temperature is calculated using two-color
ratio pyrometry [1–3]. It is further demonstrated
that the image of the filament can provide an
absolute intensity calibration, which allows calcu-
lation of the soot volume fraction.

2. Camera characterization

Over the last several years, a number of digital
single lens reflex (DSLR) cameras have been intro-
duced, with a steady increase in performance fac-
tors such as resolution, dynamic range, and
sensitivity. The possibility of using these detectors
for quantitative measurements is attractive from
the standpoint of cost, but their suitability for such
an application is not a given, since consumer digital
cameras are not designed for use as scientific detec-
tors. To establish the reliability of the cameras for
quantitative work, the performance of two cameras
was investigated under controlled conditions. It is
important to avoid some of the built-in image pro-
cessing algorithms that are appropriate for snap-
shots, but could invalidate the assumption that
the signal can be related linearly to light intensity.
Fortunately, many consumer digital cameras have
the ability to record images in “raw” mode, which
minimizes the internal processing of the informa-
tion read from the camera chip.

Two representative cameras from recent genera-
tions of consumer DSLRs are considered here – the
Nikon D70 and Nikon D90. Each offers the neces-
sary manual user control of settings and 12-bit raw
data format at a reasonable price. The D70 is based
on a CCD detector (23.7 mm ! 15.6 mm) with 6.1
million (effective) pixels (2014 ! 3040). The D90
utilizes a CMOS sensor (23.6 mm ! 15.8 mm) with
12.9 million pixels (2868 ! 4352). All image
enhancement options, such as sharpness, contrast,
color, and saturation, were set to either “normal”
or “none,” as applicable, in order to ensure shot-
to-shot consistency. The ISO number was set to
200 (the lowest standard setting). A white balance
of “direct sunlight,” was selected, but this setting
simply specifies a set of color balance multipliers
that were not used in processing the image data.

Files were saved in the camera’s “NEF” format,
which is a 12-bit lossless compressed raw format.
Although used by many camera manufacturers as
a designation for unprocessed images, raw is not a
standardized format (unlike TIF, JPG, etc.). Conse-
quently, some careful examination of the resulting
image is necessary to ensure consistent reconstruc-
tion of the underlying intensity data. To facilitate a
more transparent analysis, the open-source image-
processing software OMA [12] was used to capture
images, transfer them to the computer, and perform

subsequent processing. Decoding of the Nikon-spe-
cific data format is done within the OMA program
using a publicly available software library [13].

It was verified that the signal detected by the
D70 in all three channels decreased linearly with
attenuation and increased linearly with exposure,
up to the point where the channels saturate (see
Supplementary data). The signal is seen to
increase linearly with increasing exposure time
up to the point of saturation. A line fit to the data
in the linear region results in an R2 value that is
greater than 0.999 for all three color channels.
Within the linear region, the signal ratio between
the different color channels exhibits a standard
deviation of 1% across all data triplets. Similar
results were obtained using the D90. In the follow-
ing, the cameras were operated in this linear
regime.

The pyrometry experiments described below
require characterization of the spectral response
of the detector/CFA system, which is not available
from the manufacturer. To provide this data, the
spectrum of an illumination source was imaged
onto a ground glass diffuser (DG20-1500) using
an imaging spectrograph (Jobin Yvon CP200), with
a 200 groove/mm grating and a 0.05 mm entrance
slit. The dispersed spectrum was imaged onto each
digital camera through a Nikkor 50 mm f/1.4 lens.
The data were separated into three images corre-
sponding to the red, green, and blue (RGB) chan-
nels of the CFA. Spectral scaling was determined
by imaging the 404.7, 435.8, 546 and 578.2 nm lines
from a mercury vapor lamp. Normalization for the
spectrum of the illumination source and optical
throughput of the spectrograph was obtained by
imaging the spectrum with a scientific camera
(Cooke Sensicam with SuperVGA sensor), whose
typical spectral response has been tabulated by
the manufacturer. The illumination source (Fiber-
Lite Series 180) was observed to be stable, giving
no noticeable variation over time. All components
used were fixed in position, with the lens aperture
set to f/2. Only the camera body was changed for
different trials. The spectral response of the Nikon
D70 and D90 were measured with a BG-7 filter in
the setup in order to provide better balance between
the red, green, and blue intensities that are encoun-
tered in the pyrometry experiments. Figure 1 shows
the measured spectral response for the D70 and
D90. The RGB channels from both cameras show
similar characteristics – significant spectral overlap
between channels, with a shape not accurately rep-
resented by a single Gaussian curve.

To further characterize the detectors, an inde-
pendent blackbody calibration was performed.
Both the D70 and D90 recorded images of a black-
body source (Pegasus R, Model 970) at tempera-
tures ranging from 800 to 1200 "C, in increments
of 50 "C. Data from these calibrations are pre-
sented in the next section.
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3. Ratio pyrometry background

The intensity of radiation emitted by a material
at wavelength k, is dependent on the material’s
emissivity e(k) and the temperature T according
to Planck’s law:

Iðk; T Þ ¼ eðkÞ 2phc2

k5 ehc=kkT % 1ð Þ
ð1Þ

where c is the speed of light, h is Planck’s con-
stant, and k is the Boltzmann constant. The mea-
sured signal, SF, detected through a color filter in
a time interval s is the intensity of radiation inte-
grated over the detection wavelengths:

SF ¼ ð2phc2Þs
Z k2

k1

eðkÞgðkÞ
k5 ehc=kkT % 1ð Þ

dk ð2Þ

where g(k) accounts for the efficiency of the detec-
tor, the combined lens and filter transmittance, as
well as a geometric factor. k1 and k2 are the low
and high limits of the filter bandwidth, which are
approximately 400 and 700 nm. In conventional ra-
tio pyrometry applications, the filter bandwidths at
two central wavelengths are selected to be narrow
compared with the spacing between two filters. This
approach, outlined by Levendis et al. [1], takes a
signal ratio at two spectral bands, and uses the finite
filter widths and mean multipliers for each filter at
the central wavelengths to simplify Eq. (2). The re-
sult is an implicit temperature equation that can be
solved iteratively for a measured signal ratio using a
calibration that characterizes the detection system.
In this approach, the filters are described only by a
single mean wavelength and a spectral width.

The assumption of narrowband detection fil-
ters made to derive the implicit temperature equa-
tion, however, is not valid for the CFAs on the
color digital cameras being considered here (see
Fig. 1). Clearly the filter functions are broad and
relatively complex and thus the Planck function

varies significantly within each of the three spec-
tral detection windows of the CFA. In previous
work [14–16] it was shown that the effect of the
variation in the Planck function over a broad
spectral window could be overcome by calculating
a new effective filter wavelength for each iteration
of the temperature equation. Alternatively, it is
possible to evaluate Eq. (2) without making
approximations of the filter profiles. In this
approach, the signal ratio is derived directly from
Eq. (2) to be

SF 1

SF 2

¼
R

gF 1
ðkÞ eðkÞ

k5 ½expðhc=kkT Þ % 1'%1dk
R

gF 2
ðkÞ eðkÞ

k5 ½expðhc=kkT Þ % 1'%1dk
ð3Þ

for filters F1 and F2, where gF1
(k) and gF2

(k) are the
respective transmission efficiencies for each color
channel as a function of wavelength. The ratio
can be calculated by evaluating the integrals in
Eq. (3) numerically based on the characteristics of
the detection system for a range of input tempera-
tures. Assuming the signal ratio is single valued
over the temperature range of interest, this lookup
table can be used to determine temperatures based
on the ratio of two colors. A camera with three sep-
arate filters will provide three ratios, all of which
can be used in determining the most likely final
temperature.

Figure 2 shows three signal ratios as a function of
temperature for the D90 camera. Solid lines corre-
spond to the ratios calculated for a blackbody source
using Eq. (3) and the measured camera response
shown in Fig. 1. Individual dots show the results of
the blackbody calibration, and dashed lines show
the expected signal ratio for soot. The agreement
between the measured blackbody ratios and the
ratios calculated from the measured spectral curves
are improved by small modifications (<5%) to the
RGB scaling parameters and these are included in
the ratios shown in Fig. 2 as well as in the response
shown in Fig. 1. To generate the soot lookup table,
the emissivity of soot is assumed to vary with
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k%1.38. This is based on the wavelength dependence
of the refractive index measured by Chang and
Charalampopoulos [17] together with the expression
for emissivity as a function of refractive index from
Ref. [2]. As the emissivity of the SiC fiber does not
vary with wavelength in the visible region of the
spectrum (e = 0.88) [7], the emissivity terms in Eq.
(3) cancel, and the blackbody lookup table can be
used. A similar set of lookup tables was generated
for the D70 and is shown in the Supplementary
data.

4. Thin filament temperature measurement

Following the detector characterization, data
were taken in sooting, axisymmetric, laminar ethyl-
ene diffusion flames, with varying degrees of fuel
dilution by nitrogen. The burner consists of a
0.4 cm inner diameter vertical tube, surrounded by
a 7.4 cm coflow. Flames with different fuel mixtures
were studied with ethylene concentrations of 32%,
40%, 60%, and 80%, by volume. For all flames, the
fuel velocity at the burner surface had a parabolic
profile and the air coflow was plug flow, both with
an average velocity of 35 cm/s. This configuration
has been studied previously as part of an ongoing

experimental and computational collaboration
[18]. A description of the computations used here
for the temperature and soot volume fraction com-
parisons is included in the Supplementary data.

The flames were imaged through the BG-7 filter
at f/16 with an 85 mm focal length lens, offset from
the camera body with an extension ring. The lens
configuration was chosen to approximate parallel
ray collection, which is a necessary assumption
for the Abel inversion required for the soot pyrom-
etry described in the next section [19,20]. The fila-
ment, with a length of (7 cm and diameter of
15 lm as measured with an optical microscope,
was attached with tape to metal rods and placed
horizontally in the flame. Measurements were made
at 30.0, 39.0, 59.6 and 83.9 mm above the center of
the burner for the 32%, 40%, 60% and 80% flames,
respectively. These locations were well beyond the
sooty region to avoid interference from soot
emission.

For each filament temperature measurement,
two NEF images, with and without the filament
above the flame, were obtained. The one without
the filament served as background and was sub-
tracted pixel by pixel. With a perfect imaging sys-
tem, the image of the fiber on the detector would
be smaller than the width of one pixel (by factors
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Fig. 3. Filament temperature Tf, filament-derived gas temperature Tg (both measured with the D90) and calculated gas
temperature Tc from four nitrogen-diluted ethylene flames.
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of 4.4 and 3.2 for the D70 and D90, respectively,
after 2 ! 2 binning) but aberrations in the imaging
system resulted in the fiber image being spread
over several pixels. A region surrounding the fila-
ment is selected to include all RGB pixels contain-
ing filament radiation and the intensities are
integrated along the axial direction in this region.
Dividing the RGB integrated intensities by each
other yielded three ratios, and three consistent
temperatures were obtained from the ratios by
applying the appropriate blackbody lookup table
(Fig. 2). The maximum variation of the tempera-
tures obtained from the three ratios is (20 K,
while the average temperature is almost the same
with the temperature lookup by the B/R ratio,

with a maximum difference around 3 K. Figure 3
shows the filament temperatures above each of
the four flames as measured by the D90 camera
(in all the following results, the D70 measurements
are included in the Supplementary data). The fluc-
tuations along the profile come from the imperfec-
tion of the filament and variation of pixels.
Because of the rapid drop-off in intensity at lower
temperatures, filament temperatures lower than
(1400 K became dominated by noise. It should
be noted that when a new filament was positioned
above the flame, the RGB intensity and derived
temperatures were not stable for several minutes.
After aging for (3 min, the filament temperatures
and RGB signals reach a stable state.
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Fig. 4. Measured (top) and calculated (bottom) soot temperatures from four nitrogen-diluted ethylene flames with fuel
concentrations (from left to right) of 32%, 40%, 60% and 80% C2H4.
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The filament is heated by convective heat trans-
fer from the surrounding hot gases and cooled by
radiation transfer with the ambient environment
and axial heat conduction along the filament.
Therefore the filament temperature is always lower
than the gas phase temperature and a correction
process is needed to obtain gas temperature. The
corrections are dependent on gas properties, veloc-
ity, composition, and temperature. The computa-
tions for the four N2 diluted flames showed that
N2 occupies more than 70% volume downstream
at the filament position. Therefore, gas properties
used here can be based on pure N2, for simplicity,
without losing too much accuracy. The correction
procedure followed the analysis of Maun et al. [7]
with details given in the Supplementary data.

As shown in Fig. 3, Tf is the filament tempera-
ture, Tg is the derived gas phase temperature while
Tc is the computational result. The derived gas

temperature is in good agreement with the compu-
tational results for the 32% and 40% flames. For
the higher fuel concentration flames, the com-
puted temperature is seen to be higher than the
measured temperatures. This difference may be
attributed to less radiation loss in the computa-
tions, since the computational results predict a
lower soot volume fraction than is measured.

5. Soot temperature and volume fraction in four
sooting laminar flames

Soot temperature measurements were performed
in the same setup as the filament temperature mea-
surement. Each flame image was separated into
three RGB images and then converted to radial pro-
files using an Abel inversion. Prior to the Abel inver-
sion, the image of the full flame must be divided into
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Fig. 5. Soot volume fraction measured using pyrometry (top) and LII (bottom) from four nitrogen-diluted ethylene
flames with fuel concentrations (from left to right) of 32%, 40%, 60% and 80% C2H4.
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a half image, with the symmetry axis on one side of
the half image. Best results were obtained by consid-
ering each radial slice of the image (i.e., one row of
pixels), finding the centroid of the row, and folding
the intensities about that centroid. This makes use
of both halves of the image, resulting in less noise
in the final Abel-inverted profile, and eliminates
any need for manual cropping of the image. Divid-
ing the radial profiles by each other to determine
the measured signal ratios and applying the soot
lookup table gives three soot temperature profiles,
with a maximum variation of(30 K. The final tem-
perature is an average of the three. Figure 4 (top)
shows the measured soot temperatures from each
of the flames obtained with the D90. As might be
expected, the peak temperature decreases as the fuel
concentration increases, due to increased soot load-
ing and resultant radiative heat loss. Since soot
pyrometry can only measure temperature where
soot is present, the calculated temperature profiles
shown in Fig. 4 (bottom) have been cropped to show
only those regions where soot was calculated to be
nonzero. While the computational model gives a
somewhat different prediction of the sooting region,
(which in turn results in a different shape of the
cropped temperature profile) the same general
trends are seen in both measurement and computa-
tion, with peak temperatures decreasing as the soot
loading increases.

Once the soot temperature is known, the soot
volume fraction, fv, can be determined if an abso-
lute intensity calibration is available for the specific
optical configuration used. Following the formula-
tion of Cignoli et al. [3] this can be expressed as

fv ¼ %
kS

KextL
ln 1% eLðk; T LÞ

sS

sL

SSk

SLk

!

! exp % hc
kkS

1

T L
% 1

T S

" #$ %&
ð4Þ

where kS is the effective filter wavelength at the soot
temperature, Kext is the dimensionless extinction
coefficient, L is the absorption length (the dimen-
sion of one binned pixel), eðk; T LÞ is the emissivity
of the calibration source, and s, Sk, T are detector
parameters, signal intensity and temperature,
respectively, with subscripts L and S corresponding
to the calibrated light source and soot, respectively.
Kext was taken as 8.6 here, which is consistent with
values given by Krishnan et al. [21], and matches
the value used in the LII experiment that the soot
volume fraction results are compared against [18].
The effective filter wavelength, kS, is the wavelength
at the maximum value of the product of the camera
filter response (see Fig. 1) and the Planck blackbody
intensity evaluated at the particular soot
temperature.

A blackbody calibration source or other cali-
brated light source can be used for calibration, as
long as the optical configuration is not changed.
A more convenient source of absolute intensity cal-

ibration, however, is available from the image of
the filament discussed above. As long as the emis-
sivity is known, this measurement provides a tem-
perature (higher than that available from
common blackbody sources) and an absolute
RGB light intensity correlation. This has the
advantage of being simple to implement, since the
filament and soot measurements are performed in
the same experimental configurations and the geo-
metric factors therefore cancel. The ratio of optical
parameters sS

sL
simply accounts for any difference in

exposure times and the ratio of the length imaged
onto a pixel to the filament diameter.

Figure 5 (top) shows the soot volume fraction
measurements obtained in the four flames using
the D90 and Fig. 5 (bottom) shows the soot vol-
ume fraction measured in the same flames using
laser-induced incandescence (LII) and reported
previously [18]. Agreement between the two mea-
surement techniques is very good. It should be
noted that, as with the LII results shown in
Fig. 5, self-absorption is not considered. For the
most highly sooting flames, this could affect the
results. Incorporating the absorption into the
algorithm could help improve the measurement
accuracy for flames with higher soot loading.
However, this approach is more mathematically
complicated and is beyond the scope of this work.

6. Conclusions

Two consumer DSLRs, (one based on a CCD
detector, the other with a CMOS sensor) have been
characterized and were found to work well for ratio
pyrometry of SiC fibers and soot. The spectral
response of each detector was characterized, which
allows the generation of lookup tables relating the
three color ratios from the detector’s RGB filters
to the temperature of the fiber or soot. Use of a
BG-7 color glass filter equalized the intensity in
the three channels. Four C2H4 flames with varying
levels of N2 dilution were studied and results for the
temperature obtained with the two detectors
showed good agreement with each other as well as
reasonable agreement with recent calculations.
The SiC fiber image was shown to be useful as an
absolute intensity calibration, which then allows
the determination of the soot volume fraction from
the ratio pyrometry measurements. Results from
both detectors were in excellent agreement with
those obtained in previous studies using LII.
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