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SUMMARY
This paper, the first of two parts, describes a technique of measuring dynamic temperature fields on thin, porous textile
materials when exposed to a low energy, localized heat source. A methodology is outlined for studying the smoldering
process via measurement of surface temperature profiles using calibrated infrared (IR) thermography, a non-intrusive
technique for the measurement and analysis of a material’s surface temperature. This paper outlines the essential elements
necessary for proper use of IR thermography and provides a summary of thermal radiation theory, combined with computer
enhancement of the thermographs.
An advanced thermal imaging system couples non-contact infrared thermography with personal computer-based image
processing routines for the measurement of real-time temperature and heat flow patterns. The instrumental set-up descri bed
here facilitates instantaneous scanning, detection, and depiction of temperature variations and isotherms. Such a system
allows continuous, real-time or post-experiment processing and analysis of thermal images in color or gray scale, via
digitization followed by image enhancement. A typical protocol of computational techniques and image analysis steps are
described for obtaining thermographic data and to analyze growth of conditions leading to smolder initiation, typically in
a cellulosic fabric. This methodology can be employed for dynamic measurement of temperature and heat flow though porous
materials such as upholstery cover fabric, insulation material, protective clothing, etc.
extract

I NTRODUCTION
IR

thermography,

IR

non-contact temperature measurement technique, is capable of

signals

or

the IR

images.

a

producing analog and/or digital radiometric data (normally presented in the form of
an image) by mapping infrared radiation
for a given temperature range. The data
often calibrated to represent absolute
temperature and are mapped to an image
where gray scales are proportional to
temperature. Because IR thermography
determines the radiant energy emitted by
the target, it allows dynamic changes in
the thermal characteristics to be observed
and recorded. The system can also provide
are

time

quantitative thermal data from the

dependent representation of temperature

distribution in a defined target field. Standard
image processing and analysis techniques
can be employed to process, enhance, and

In

obtaining quantitative data, three steps
involved. Image acquisition refers to
the digitization of the analog signals produced by the camera. Image processing
refers to means of transforming a digital
image where extraction of useful data becomes
are

easier.

(Filtering

noise is

one

such pro-

cess.) Image analysis is the last step where
the extraction of numerical data pertinent
to user’s application, such as temperature
data from a thermal scene, is accomplished.

Image processing and analysis techniques
are employed in myriad scientific and industrial applications such as biomedical
and radiological diagnostics, nuclear physics,
remote sensing, microelectronics, robot107

vision and automation, and
forensic sciences’,2. By coupling IR thermography with image analysis, this technique has proven successful for detection
of hot spots, heat losses, and cracks in
materials and composite structures 3,4

ics, machine

is interested in
situations,
the
thermal
analyzing
changes in an oba
IR
scene).
ject (or
thermography provides a spatial distribution of temperature and related properties without the
physical contact necessary when using
thermocouples and thermistors. The simplicity of thermocouples makes them an
obvious choice in many applications. However, contact-based thermometric measurements are prone to several types of errors
including thermal expansion and structural inhomogeneity due to metallurgical
changes. The various error types associated with different measurement techniques
are described in detail by Nicholas and
Whites Unlike contact-based instrumentation that gives a point measurement,
the thermography process is broad field
and does not affect the measurement itself. Also, a rapid response time on the
order of 2 microseconds achieved through
infrared temperature sensors provide realtime profiles of a thermally dynamic systems. The advantages of an IR-based temIn many

one

perature measurement system are specially
useful in physically inaccessible, moving
or rotating, harsh, and corrosive environments 6,7

Originally developed as an air-borne sysmilitary and intelligence purposes 8
thermal imaging systems were given the
acronym FLIR for Forward Looking Infrared. However, any fast-framing thermal
imaging system that converts IR radiation
tem for

a visible spectrum is now referred to as
FLIR8. Over the past three decades, thermal imaging systems have found applications far beyond weapon sight systems.

to

With simultaneous developments in digital electronics, computer technology, and
infrared detectors, IR systems are now
being used for numerous research and industrial

applications9.

IR

thermography has bemajor diagnostic tool for nondestructive testing and evaluation in building evaluation 10.11, aerospace9, microeleccome

a

tronics12,

and medical researchl3. In fire

research, radiation measurement using ther-

mography have been made for evaluating
protective clothing performance 14 and analysis
of large-scale kerosene pool flamesl5. Saito
and Arakawa employed IR imaging for
measurement of
duced flow along

temperature in fire ina vertical corner wall16.

In this paper, a methodology is described
for the measurement of transient temperature
distributions due to smoldering ignition of
a porous textile material. The term ignition throughout the text refers to smoldering ignition. Smoldering combustion of
cellulosic materials such as cotton and
rayon textile cover fabrics plays a major
role in the initiation of furniture and bedding fires. The ignition commonly results
from exposure to a low energy, moving
heat source such as the fire cone of a lit
cigarette. Smoldering ignition in cellulosic materials has not been studied in detail owing to many variables. The complexity of the smoldering process stems
from the variety of physical and chemical
properties of both the substrate and the
ignition source, the ambient oxygen concentration, and their interaction. In response to the imposed heat flux distribution, the fabric surface temperature increases to its degradation point, resulting
in the formation of cellulosic char. An
exothermic reaction involving char oxidation releases sufficient energy to cause
material
further pyrolysis of the
and self-propagating smolder, provided
sufficient ambient oxygen is
available.
The measurement of a two-dimensional,
dynamic temperature field in the exposed
material is important for predicting the
growth of conditions leading to smolder-

ing ignition.
of this

experimental study

The

objectives

are

twofold: (a) to employ infrared ther-

mography
108

and

digital image processing

for improved measurement of a
two-dimensional temperature field and heat
flow patterns on the surface of a thin,
porous textile fabric when exposed to a
low energy, localized heat source; and (b)
to use these refined measurements to gain
better insight into the physics involved in
smoldering. The measurement of dynamic
temperature field on the surface of fabric
is particularly useful since essentially all
smoldering fires start through the cover
fabric before involving the entire substrate.
To this end, an infrared radiation measurement device is used for temperature
measurements. The instrumental arrangement
is predicated on the accuracy and repeatability of measurements accorded by infrared devices. In this paper, the essential
elements constituting infrared thermography are reviewed, and a methodology is
outlined for extracting quantitative thermal data using image-processing techniques.
Specific image-processing routines were
developed to facilitate derivation and depiction of temperature gradients from
thermal images. Instrumentation is used
for the measurement of a diverse temperature field on the top surface of a porous
textile material due to a radiant heat source
simulating a lit cigarette. Preliminary
experiments describe a simple case where
single layers of upholstery cover fabrics
were used for the smoldering study. Duck
fabrics chosen for this study have the same
chemical composition with only slight differences in their physical properties. The
premise is that if IR thermography can
reveal relative differences in temperature
patterns upon two fabrics of similar construction, it is very likely to elucidate differences
between materials with significantly difcharacteristics.
ferent

due to internal energy of the
material. The magnitude of internal agitation is directly linked to the material’s

techniques

INFRARED RADIATION PHYSICS

agitation

temperature. Consequently, temperature
of

object

is a function of its radiant
its
energy,
emittance, and the ambient
thermal conditions 17-19. This relationship
between the radiant energy (W~) and the
temperature (T, K) at a given wavelength
(X) is established by Planck’s Law:
an

where e(X) is the
ciency referred to

C~=3.74x
are

10-12 WgCM2 and

CZ

=

1.44 cm.K

constants.

Thermal

imaging systems do not. measure
temperature directly. The emitted energy
scaled to the target emissivity yields information about target temperature. If the
target is a blackbody, an ideal radiator
with unit emissivity, integration of the
above expression (Equation 1) over a specific bandwidth determines the total radiant power.

Summation of total radiant flux over a
broad bandwidth (when /...1 and X~ span
over 50 percent of the total radiated power)
is given by an approximate solution. This
solution, known as Stefan-Boltzmann law,
is a fourth order parabola given as:

where 6 5.67 x 10-8 W/M2
Boltzmann constant.
=

All objects emit IR radiation, which unlike
the visible spectrum (0.40 Jim to 0.75 Jim),
occupies a much broader bandwidth extending up to 1000 Jim. Infrared emission
from a surface, a form of electromagnetic
radiation, results from molecular and atomic

object’s radiating effiits emissivity, and

as

The

-K4,

the Stefan-

magnitude of the emitted radiation, a
of body temperature, depends on
the surface property known as emissivity
(c). Emissivity, which is the ratio of radimeasure

109-

ant flux from

real surface to the flux
a blackbody having the
emanating
same temperature, is measured on a scale
of 0 to 1. The emissivity of an object is a
function of its temperature, wavelength,
and the direction of measurement relative
to the surface. For any given material,
total emissivity is often measured normal
to its surface and integrated over all wavelengths. Total emissivity is the ratio of the
radiant energy emitted by the material (at
temperature T) and the energy radiated
from a blackbody at the same temperature, i.e., a measure of how efficiently a
body emits radiant energy. For an opaque
body (r=0), emissivity can be determined
indirectly through its reflectance (£+1+P= 1)
and thus e= I-p.
a

from

Various methods for direct measurement
of surface emissivity using blackbody and

specimen temperature calibration are discussed in the literature 20,2 1. For completediscussed below.
a simple method where the
spectral emissivity of a surface is measured using a calibrated thermometer such

ness, two methods

are

The first is

thermocouple. The emissivity setting
the radiation instrument is adjusted to
derive a temperature reading that matches
as a

when the surroundings are at a
much lower temperature compared to that
of the object. The surface emission is then
a function of the object temperature.

negligible

Infrared

Thermography

As noted earlier, IR thermography refers
to the technique of producing analog and/
or digital radiometric data in the form of
a black-and-white image where image gray
scales are proportional to temperature.
The radiance distribution in the transformed image is a time-based function of
the spatial irradiance from the object.
An IR imaging device converts the incident IR radiation to a video signal through
its optical system that collects, filters,
and focuses radiation onto an array of detector
elements that allow a spectrum of point
measurements. The detector array size depends
on the instrument hardware and the optical system for focusing emitted radiation
onto the sensor. For example, a typical
state-of-the-art IR camera can provide
256x256 and up to 512x512 point measurements using a mosaic of multi-element detectors.

on

that of the thermocouple. Another popular
approach calibrates the emissivity by using a blackbody (F-= 1) at exactly the same
temperature as the object. The emissivity
setting on the instrument is then corrected
so that object temperature matches the

blackbody (reference) temperature.
Note that for accurate measurement of
surface emissivity, the emittance from the
object should be its own radiation. However, the radiation from an object can be
affected by the material reflectance (p)
which is high for materials with low emissivity. In such a case, part of the energy
which is radiated from the surrounding
objects gets reflected from the material
surface. It is therefore difficult to distinguish between the reflected and emitted
components. For an opaque object (i=0),
the error induced by body reflectance is
-110-

There are the two major classes ofIR detectors:
thermal and photon detectors. The photon
type detectors respond much faster compared to the former19,22. Also known as
quantum detector, a photon detector is
more sensitive and its output for a specific
bandwidth depends on the number of energy photons absorbed. Typical IR systems
utilize photosensitive elements such as indium
antimony (InSb) and mercury cadmium
telluride (HgCdTe) detectors.
An

important consideration for potential
in IR thermography involves attenu-

error

ation of irradiance that occurs due to the
intervening environment between the object and the sensor. The attenuation of IR
energy emitted from a material surface
causes a systematic error in the measurement. The perturbation is due to absorption of radiation by the atmospheric gases
and scattering by the particles in the air.

of radiant energy
due to gases such as C02, 02 and H20 is,
however, minimal for certain spectral windows.
Most commercial IR scanning instruments
are designed to operate in the 3-5 Jim and
8-14 Jim spectral region for least atmospheric attenuation~. This is achieved by
selecting a photon detector that is sensitive to such wavelength intervals21,22.

Atmospheric absorption

where E. is the net IR radiation received
by detector elements of responsivity factor

Electrical output voltage is amplified and
processed for video display in real time,
updated at a frame rate comparable to
that of television (normally between 20
and 30 frames per second). Thermal images of the scene can be recorded continu-

Figure 1 delineates the thermal radiation
exchange between an object and the sen-

ously

or

directly

in

digi-

Digital Image Processing

selected wavelength band, e.g., 3-5 Jim,
is defined

video cassette

To obtain an IR image for the purposes of
radiometric measurements requires a sequence of steps. As indicated earlier, the
gray scales in an image displayed by IR
cameras are related to the object’s temperature. These images, however, need to
be calibrated and the signal-to-noise ratio
needs to be improved prior to the extraction of radiometric data. Most IR cameras
output calibrated radiometric data through
serial and/or parallel ports, where they
can be sampled by a computer. However,
the transfer rates are not sufficiently high
to allow filed and continuous data acquisition and measurement, but the images
can be easily stored and analyzed later.
The video images are stored in an analog
form and need to be digitized before any
measurements are possible. This is accomplished through a frame grabber where
the on-board analog to digital converters
transform the incoming video signal to a
digital form that can be stored and analyzed. The spatial resolution of most frame
grabbers exceed that of the IR detectors.
The camera used in this study was a Hughes
7300 Probeye IR camera that operates in
the 3-5 Jim range and provides a spatial
resolution of 256x200. The frame grabber
employed was a Coreco imaging card. Programs were developed for automatic timed
capture and storage of images, with enhanced resolution of 512x486 pixels.

The above equation forms the quantitative model for the net thermal flux exchange between the object and the sensor
which is indicative of target surface temperature. For any given IR system and a

signal I(To)

on

tal form.

elements of the IR detection system.
The output signal from this system, a function
of net emittance (En) detected by the sensors is given by total radiant flux (Eo)
emanating from the object surface of temperature To and radiation from the sensor
(ES) due to its temperature Ts, as defined
by Stefan’s law (Equation 3).
sor

the output

R(X).

by:

1. The Output Signal I(TO) as a Function of Thermal
Radiation Exchange between Object and the Detecting Sen-

Figure

is the smallest picture element.
The number of pixels in the image defines
A

sor.
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pixel

the spatial resolution of the image. The
numeric value assigned to each pixel corresponds to the average brightness of the
image area subtended by a pixel in the
thermal image and is directly proportional
to irradiance from the corresponding point
in the thermal scene. A low numeric pixel
value is therefore attributive of lower radiation
intensity in the original scene, i.e., a pixel
value represents the amplitude of the image
at that point. The range of values possible
for each pixel depend on the memory used
up by each pixel. In our system, one byte
(8 bits) is used to represent 256 gray scales.
A digital image consisting of a matrix of
NxN pixels often needs to be transformed
to remove noise and to convert it to a more
amenable form for analysis. The procedures employed fall under the heading of

image processing (see Figure 2). Collectively,
these operations facilitate the task of data
extraction. Several image processing algorithms applied for a diverse range of applications are discussed in literature23-34.
Typical image processing routines that were
applied for improving signal to noise ratio
are described here as follows.
Presence of noise is a common problem
that degrades image quality and subsequently the validity of data based on a
corrupt image. There are a variety of &dquo;noise&dquo;

IR image induced from
such as IR/video camera,
image transmission, digitization, drift, and
motion blur, etc. Image noise can be either

types present in

various

periodic or stochastic; a very common example of the latter being &dquo;snow&dquo; on a TV
screen. Image noise is usually represented
by pixels with much higher gray levels.
Other specific forms of noise include additive noise which occurs during image transmission over certain channels; multiplicative noise due to raster scan line degradation ; and impulsive noise due to individual
pixels of extremely bright or dark gray
levels. The latter closely resembles sprinkled
salt and pepper and therefore i.s also known
as &dquo;salt and pepper noise.&dquo;
For the removal of noise from IR images,
several steps can be undertaken. The first
and most important is that of frame averaging. This is normally accomplished by
the camera itself where several incoming
frames are averaged to reduce spikes and
transmission noise. This limits, however,
the frequency of sampling. Frame averaging can also be accomplished during digitization where multiple frames are acquired
in memory and subsequently averaged to
provide the final image.

Another

technique for suppressan operation known as
This
smoothing.
procedure involves avervalues
of individual pixels
aging intensity
in a specified image area. This averaging
or mean filter operation involves replacing the intensity value of a pixel by the
mean value of neighboring pixels in an
NxN neighborhood. For simplicity, consider a 3x3 area where pixels are referred

The

Principal Steps

in Infrared Thermal

Imaging

common

ing noise29,

to

Figure 2.
System.

an

sources

as

3z-33

is

shown below

Here, the intensity value of central pixel
PX is replaced by the average of all nine
pixels Po - P7. The same process is applied
to all pixels in the image to produce a
112-

mean

filtered

image.

The

operation

levels

the effect of high intensity pixels represented in noise. However, mean filtering
alone results in blurring of the edges or a
smearing effect wherever there is sharp
discontinuity in image intensity. Such loss
in sharpness of the edges may be especially detrimental when one is interested
in locating cracks or tracking a directional
pattern of hot spots.
For IR images where there are sudden
sharp transitions (spikes or impulses) present
in the image, the preferred method for
removing image noise is the median filter.
In this method, the processing algorithm
replaces the current pixel value with the
median brightness of pixels in the neighborhood. In the 3x3 example given above,
the brightness levels of 9 pixels are ranked
in order, and the fifth (the median) value
replaces the brightness level of the original central pixel. The idea being that median
value is not affected by the noisy spikes in
the intensity values of individual points.
This approach has the advantage of preserving edges of the image with small,
faint image parts remaining distinct. The
technique can be applied iteratively with
little blurring of the edges.
In practice, based on extensive prior experience with image analysis routines applied to such data, it is common to use a

sequential or step approach to smoothing
in order to eliminate noise. It is better to
use
or

combinations of

center-weighted

Following these steps, image analysis
methods are required to derive pertinent
data for temperature and its spatial distribution through the image. Numerical
treatment of digital images allows construction of higher level interpretations
through display of digital images as radiometric maps in relative or absolute radiant intensity of the object. Improved graphic
depiction of temperature gradients is possible through temperature contour plots
or isotherm maps35.

EXPERIMENTAL SET-UP FOR IR
THERMOGRAPHY
This section describes a set of experiments
using infrared imaging techniques for studying
smoldering ignition in thin, porous materials such as cover fabrics used in upholstery construction. Figure 2 outlines the
principal steps required for acquisition of
thermal images and digital processing for
extracting temperature distribution using
IR thermography. Figure 3 depicts the
instrumental set-up used in this study for

making thermographic measurements using an IR thermal vision system. Upholstery fabric specimen (10x15 cm2) held
horizontally in the specimen holder was
exposed to radiative energy from a glowing heater element for three minutes. The
entire assembly was enclosed in a chamber with natural draft condition. The sample

median and a mean
mean filter to obtain a
a

clearer portrait of temperature
in the image28,32.

gradients

Image calibration follows the removal of
calibration curve for the
temperature range used by the equipment
needs to be determined. The camera provides a gray bar outlining the correspondence between gray scale and temperature. The bar is used to extract the calibration curve and each image is then processed where the gray scales are adjusted
so that their value represents temperanoise where

ture.

a

Figure 3. A Schematic of the Experimental
sition and Processing of Thermal Images.
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Setup for Acqui-

holder

painted black using a high
temperature, blackbody paint of high absorptivity to limit any reflective radiation
from its surface to the object.
A radiant heating .element or ignitor was
selected to simulate a lit cigarette. After
extensive search a commercial, diesel engine glow plug that is both of comparable
dimensions and heat output to a lit cigarette was chosen. The ignitor (diameter 6
mm, heating element length 15 mm) was
held parallel to and flush against the surface of the fabric. Output from the heating
element was controlled using a variable
power supply regulator. In this study, the
ignitor was heated to yield a peak heat
flux of 7.5 W/cm2, corresponding to a range
of peak heat output from the burning coal
of high ignition propensity cigarettes exwas

amined in earlier studies3s.

The heat flux was measured with a Medtherm
(model GTW 7-32-485A) Schmidt-Boelter
heat flux gauge. The peak radiant heat
output from the heating element was found
to be consistent over a short term period
up to 20 minutes. Although the approximate time for which the heating element
is in contact with fabric surface is of the
order of 2 minutes, the possibility that
heat flux distribution incident on the fabric may change during this period was
considered. This was assessed by axial scans
of the heat output emitted along the length
of the heating element. The gauge was
mounted vertically on a positioning stand
with the sensor facing the bottom of the
heater element. Axial scans were carried
out along the heater le,ngth (15 mm) varying the gauge position in 2 mm increments.
The average peak value of the radiant flux
(7.5 W/cm2) was noted at the center of
heater element. Radiometric maps of thermal images at one minute intervals were
compared to test for sudden fluctuation in
the temperatures across the heating element. No drastic shift in heat flux distribution was observed; the average peak flux
varied by ±10 percent in the five trials

that

were

conducted.

The IR thermal vision system comprises a
commercial infrared scanner (Hughes Probeye
7300) and an image processor with an internal
RGB monitor to provide a continuous image of the thermal scene. The system is
connected to an external video monitor, a
video cassette recorder, and a power supply charger. The IR camera views the target object at right angles and in close proximity
to fill the instrument screen and minimize
the effect of atmospheric attenuation. The
IR scanner consists of a 30 element array
of mercury cadmium telluride detectors
with an electric cooling system. The IR
scanner has a spectral range of 3.2-5.6 Jim.
Each image frame consists of 512x480
lines with a time resolution of 30 scans per
second. The spatial resolution depends on
the field of view selected. Each pixel corresponds to a square dimension of 0.625
mm on the target field surface.
The IR

had been calibrated at a
of
600 °C. The calibration
temperature
is
temperature important because the output
signal from IR camera corresponds to the
temperature of the target field in terms of
the difference between the radiation intensity of the unknown surface and that of
a reference surface of known emissivity
and temperature. If the IR device has been
calibrated at a lower reference temperature, new calibration curves should be generated
using a near blackbody material at temperatures comparable to that of the actual
thermal scene.
camera

Emissivity of the thermal

scene is meacalibrated
sured using
thermocouple (type
K). The fabric surface temperature is not
easy to measure. For this calibration, a
fine thermocouple (0.05 mm, diameter) was
inserted into the yarn at the top layer of
the fabric. Approximately 3 mm length of
thermocouple wire was inserted parallel
to the fabric surface to ensure stable contact within the fabric. The surface temperature was measured at three different
positions using the thermocouple and the
emissivity setting on the IR instrument
adjusted to obtain a temperature that matched
a

114-

the

thermocouple reading.

The entire heating process is video-recorded
for later processing and extraction of temperature data. Video signals from the IR
camera are recorded continuously until
the ignitor causes the fabric to smolder in
a self-sustained manner.

MATERIALS
The material chosen for this preliminary
work was cotton duck, a densely woven
fabric with a canvas-like construction. The
firm construction of the fabric, due to the
close packing of the yarns, results in an
opaque material. Duck fabrics are made
using plain weave construction in a range
of areal density that spans from medium
weight 270-340 g/m2 (8-10 oz/yd2) to a heavier
construction 830 g/m2 (24 oz/yd2). These
fabrics are made with 100 percent cotton
fibers and generally available without any
chemical finishing. Duck fabrics are required as the standard fabric in a test
protocol developed by the National Institute of Standards and Technology (NIST)
for a proposed standard test method to
evaluate ignition propensity of cigarettes
in an upholstered seating mockup37. The
NIST study judged duck fabrics to be suitable for mockup ignition studies based on
their uniform surface properties, reproducibility, smolder proclivity, and weight
distribution representative of commercial
upholstery cover fabrics. However much
debate continues over the availability and

Table 1:

Nc:

Properties

validity of duck fabric as substitute for
real, commercially representative test fabric
for an ignition propensity test38,3s.
The physical properties of the two duck
fabrics examined in this study are summarized in Table 1. Previous studies have
confirmed the dominant influence of fabric weight (areal density) on ignition and
burning rate. Both duck fabrics have similar chemical composition. Several studies
have documented the presence and role of
alkali metal ions, specifically the potassium and sodium cations, in affecting the
smoldering propensity of cellulosic textiles40-42. The average potassium and sodium ionic contents of the two fabrics selected
for this study were determined to be in the
range of 5000-5500 parts per million, which
is higher than the noted threshold leve141,42
above which cotton fabrics are certain to
smolder.

RESULTS
Thermal images were digitized in gray scale
where after calibration, each gray level
corresponded to temperature. The first set
of 10 images were obtained at 2 second
intervals each, and subsequently image
frames were captured at a 30 second interval. The images were calibrated to reflect
true temperature values. This is because
intensity values in the original image represent a specific temperature range, i.e.,
from Tmin to Tma.- In this study, the temperature range was distributed over 250

of Duck Fabrics

English cotton yarn

size

WPC:

Warp yarn per cm
115

FPC:

Filling yarn per cm

degrees between 300 and 550 °C
spond with 256 levels of gray.

to

corre-

Image processing routines are applied to
edit and enhance images in order to derive
the required information. Each image was
first cropped to a suitable size representing the region of interest. This helps in
saving disk storage space and loading time
during processing. A median filter followed
by a mean filter was applied to remove
&dquo;noise&dquo; from the image. Figures 4-7 pro-

Figure 4. Original Image of the Smoldering Wave at 300
Seconds and the Frequency Distribution of Intensity Levels of.
Image Pixels.

contrast of the effectiveness of various smoothing operations for the removal
of extraneous noise. The diagrams depict

vide

a

the respective effect of a mean and a median
filter through the image of a smoldering
wave and its corresponding frequency distribution, which gives the gray scale distribution of all the pixels. Figure 5 details
the blurring effect due to average smoothing with the elimination of discontinuities,
both around the edges and within the image
of the smoldering char. This is because a
mean filter (when used by itself) averages
the intensity values of all the neighboring
pixels including noise. In contrast, a median filter (Figure 6) retains any inflections of intensity values of pixels within
the image, eliminating only those pixels
with uncharacteristically high intensity
values indicative of impulsive noise. A
median filter is therefore more useful since
the median value is generally associated
with a real feature of the image, and very
unlikely to be a noisy pixel.

Figure 5. Mean Smoothing Filter-- showing Frequency Distribution of Intensity Levels of Pixels with the Removal of Noise
and the Resultant Blurring of the Edges.
I

mean filter is used following median
smoothing to obtain a clearer portrait of
thermal gradients in the image. In this
routine, a center weighted mean filter 30 is

A

used. The combined effect of a median and
a mean filter in succession is illustrated
in Figure 7. The frequency data for each
discrete intensity level can be used for the
construction of a cumulatiue distribution

Figure 6. Median Smoothing Filter--Showing Frequency Distribution of Intensity Levels for the Image Processed with a
Median Filter with Little Effect on Edges.
In the next step, temperature data were
obtained from the statistical parameters
of frequency distribution for each image
frame. These parameters include the

gives the percentage
above a specific gray level and
which relates directly to temperature of
corresponding points in the thermal scene.

function
of pixels

curve

that
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,

from variabilities in fabric and the constituent yarn structures and are more
pronounced for coarser construction in case
of duck #6 (Table 1). The exact manner in
which these small constructional difference
yarn fineness, twist and number of
are manifest
ply, fabric thickness, etc.
in terms of char oxidation rate and the
consequent energy feedback has not been
determined.
--

--

Ohlemiller has enumerated the problems
in defining the fabric ignition temperature and criteria for its measuremen t36.
The ignition temperature of cotton, as determined by several researchers, lies between 400-450 °C. Visually, the smoldering ignition is marked by the appearance
of the glowing char which starts to smolder away from the heating element, causing a hole in the specimen.

7. Median and Mean Filter Showing the Combined
Effect of Two Filters on Frequency Distribution of Intensity
Levels with the Removal of Impulsive Noise.

Figure

--

maximum and the minimum temperature
points, mean and standard deviation, and

pixel frequencies

at

specified percentile

levels. The maximum temperature points
at the fabric surface of both duck fabrics
#6 (heavier) and #10 (lighter) are plotted
in Figures 8 and 9; Rl, R2 and R3 denote
the three replicates for each fabric. It is
clear that both fabrics undergo a rapid
increase in temperature and start to smolder within one to two minutes of exposure.
A steady temperature is maintained after
the external heat source had been turned
off. Temperature data for duck #10 show
a consistent pattern among the three replicates with all traces converging together.
However, data for duck #6 reveals a wider
scatter in the temperature values, suggesting greater non-uniformities in the fabric
properties. These non-uniformities result

The ignition delay time, a function of imposed
heat flux, is of the order of 8-10 seconds
for duck #10 and 30 seconds for duck #6,
the latter being the heavier-weight fabric.
The low value of ignition delay time can be
attributed primarily to the high heat flux
emitted by the heating element. Also, the
exothermic energy released due to oxidative pyrolysis of the cotton is much greater
than any endothermic requirements for
thermal degradation and heat losses from
the surface. This results in a rapid increase of temperature, a thermal run away
stage is reached, this stage is aided by the

Figure 9. Maximum Surface Temperature as a Function of
Time on Duck Fabric #6 Exposed to a Radiant Heat Flux of
7.5 W/cm2.

Figure 8. Maximum Surface Temperature as a Function of Time
Duck Fabric #10 Exposed to a Radiant Heat Flux of 7.5 W/

on

cm2.
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absence of any heat sink (for example,
foam padding) drawing heat away from
the underside of the fabric. Under very
simplistic conditions when the material is
homogeneous and isotropic, with no change
in thermophysical properties with temperature,
the time to ignition is inversely related to
fabric weight. Therefore, for comparative
purposes, the difference in surface temperature and time to ignition between the
two duck fabrics is indicative of the difference in fabric properties.
10 and 11 show the isotherm conthe surface of the two fabrics at
specified time intervals. The contour plots

Figures
tours

on

depict the surface temperature distribution on the duck fabrics at 90 sec (when
the glowing char begins to recede away
from the tip of the heating element), and
at 330 sec (when the external heat source
had been turned off). It was intended to
observe if the cellulosic char would continue to oxidize with enough exothermic
heat generation to continue smoldering in
a self-sustained manner; and if possible to
make an objective thermal comparison between
the two materials with marginal differences in fabric properties.
The isotherm

Figure

plots

were

obtained

10. Surface Isotherm Contours of Various

by

a

sequence of

steps involving

a

profile

trace

of the intensity values along the pixel lines.
Each linear profile trace gives the gray
scale values (temperature) of each pixel
point along that line. This step is repeated
along the entire width of the thermal image
to obtain a matrix of numbers representing the temperature values of all points in
the region of interest. A surface plot of
temperature values is obtained using this
array of numbers which are easily converted to gray scale, or pseudo-colored
temperature map, or isotherm contour plot
of the kind shown in Figures 10 and 11.
Areas under isotherm contours were calculated for these plots by counting the
number of pixels within the corresponding
image area. As noted earlier, the spatial
resolution of each pixel in the selected
field of view corresponds to a square dimension of 0.625 mm. Each pixel count
was then converted to a surface isotherm
area in square centimeters.
There are other techniques of creating such
radiometric maps showing the gradient
distribution of intensity values. By using

image thresholding at multiple intensity
(brightness) levels the image is converted
to a binary form. All pixels above the specific brightness level are changed to white

Temperatures at 90 Sec on
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a.

Duck Fabric #6 and b. Duck Fabric #10.

Figure

11. Surface Isotherm Contours of Various

Temperatures

(gray level 255) and those pixels below the
threshold value changed to zero (black)
producing a binary image and providing a
spatial isotherm trace corresponding to
the threshold intensity. These techniques
however require some degree of a priori
knowledge of brightness distribution in
the image, and introduce some level of
bias in the outcome43.
in the spatial distribution of
the flux is apparent. This is due partly to
the diffuse nature of the fabric surface
which allows randomly distributed air pockets
to control the oxidative reaction involving
cellulosic char. An interesting feature that
emerges from these plots is the difference
in area within specific temperature isotherms. Areas under the 450 OC and 500 °C
isotherms, given in the following section,
were calculated for these plots.

Irregularity

l0a and lOb depict the surface
isotherm contours at 90 sec for fabric #6
and #10. The two duck fabrics show equal
area enclosing the 450 and 500 °C isotherms. Cotton duck #6 depicted in Figure
l0a has an area of 1.16 cm2 and 0.76 cm22
at 450 and 500 °C isotherms respectively.
The lighter duck (Figure lOb) at same

Figures

at 330 Sec

on a.

Duck Fabric #6 and b. Duck Fabric #10.

an area 1.16 cm2
and 0.73 cm’. For both duck fabrics, the
char area enclosing the 450 °C isotherm at
90 sec suggest that there is a certain volume of fabric that should attain a minimum temperature for smoldering ignition
to occur, however the lighter duck #10
attains this temperature faster than does
the heavier duck #6 (see Figures 8-9).

isotherms levels encloses

lla and llb show the thermal
on fabrics duck #6 and #10 respectively at 330 seconds; i.e., absent any
further external radiation as the ignitor
was turned off at 300 sec. In both fabrics,
the smolder wave continues to propagate
with the aid of exothermic energy released
via char oxidation. However, the comparison of isotherm area at 500 OC brings out
a notable difference between the two fabrics. Lighter duck #10 (Figure 11b) has an
area of 2.29 cm2 compared to 1.5 cm2 shown
at duck #6, a difference of about 50 percent at same isotherm. An interesting feature of duck #6 (Figures l0a and lla) is
the presence of higher temperature still,
obvious from the 550 OC isotherm areas.
Further contour plots of these fabrics again
reveal consistent differences between the
isothermal areas at times up to 500 seconds.

Figures

contours

119-

CONCLUSIONS
A methodology has been presented for the
determination of temperature field on the
surface of porous textile material exposed
to a low energy, localized heat source. A
diesel glow plug or ignitor has been initially employed to simulate the behavior
of a lit cigarette. Infrared thermography,
coupled with PC-based image processing,
allows measurement of dynamic changes
in temperature distribution at the top surface
of the exposed textile material. Measurement of correct emissivity of the thermal
scene is critical for the accuracy of the
temperature data derived through IR thermography, and precautions should be taken
to prevent any ambient light reflection to
the target surface.
In summary, infrared thermography is a
useful technique for quantifying temperature profiles across the surface of a textile
material. The system described here allows determination of the size and spatial
geometry of isotherms that develop when
a fabric is exposed to an external heat
source. Measurement of temperature contours at various time intervals is helpful
in establishing the correspondence between
material properties and growth of conditions leading to smolder initiation. The
isothermal patterns obtained with this
technique are useful for discerning differences in burning characteristics of materials varying in physical and chemical

properties.
A

comprehensive
underway using a

set of experiments are
set of textile mate-

new

rials chosen to be representative of commercial upholstery fabrics. The experiments
are designed to assess the effect of fabric
physical and chemical properties on smolder ignition proclivity in the presence of a
lit cigarette. The overall objective is to
compare the measurement of temperature
fields afforded by IR thermography, and to
determine the smolder propensity and related
combustion properties of textiles exposed
to a low energy source. It is intended to

demonstrate the efficacy of using a diesel
glow plug to simulate a lit cigarette, and
eventually to compare the resultant experimental data with theoretical predictions of the temperature fields and material properties.
In order to focus on smoldering behavior
of fabrics and the effect of their proper-

ties, current experiments were conducted
with a single fabric layer without any backing
material. A future study is planned to include
composite constructions with the fabric
and an added layer of backing material
such as foam padding.
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Nomenclature
W
E
T
I
A

Radiant Energy, Watt/cm2
Total Radiant Power, Watt
Temperature, K
Output Signal, Volts
Surface Area

Greek Letters
X
p

Wavelength, Jim
Emissivity, dimensionless
Reflectance, dimensionless

T

Transmittance, dimensionless

o

Stefan-Boltzmann

e
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Constant, W/m2·K4

Subscripts
b

Blackbody

n

Net Radiation Flux

O
S

Object
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