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ABSTRACT

A technique based on remote measurements of surface temperature in connection to fires
is presented. Pulsed ultraviolet laser radiation at 266 nm and 7 ns duration was used to
excite a thermographic phosphor, Mg,FGeOgs: Mn, which was adapted on the surface of
the investigated material. The laser-induced emission from the phosphor was recorded. A
calibration of the phosphorescence lifetime and spectral properties against temperature
allowed surface temperature measurements between 25°C and 500°C. The method was
tested and compared with thermocouple measurements on burning materials such as low-
density fiberboards and polymethylmetacrylate.
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INTRODUCTION

In fire modeling, the calculation of surface temperature both before and after ignition is
one of the most important tasks. As the surface is the border between the gas phase and
the solid phase, the heat balance between the solid and the gas determines the surface
temperature. If the surface temperature is correctly determined, both the direction and the
size of the heat flow at the boundary can be calculated. The measurement of surface
temperature enables the knowledge of when a product will ignite and how much heat
release that will be generated when it is burning since that is a function of the heat flow.
In addition one can estimate how much heat that is lost from the gas in the room to the
surrounding construction and contributes to the thermal radiation, which determines the
risk for flashover and flame spread.

In order to obtain a good prediction of the ignition and flame spread, surface
temperatures are often measured during fire tests [1]. Based on these measurements,
further analyses can be performed determining, e.g. The heat flux to the wall, the thermal
properties of the solids, pyrolysis temperatures, emissivities and heat of vaporisation.

Since the surface temperature is so important for the calculations, it is crucial that the
estimate of the surface temperature is as correct as possible. The most common ways to
determine the surface temperature are either to measure the surface temperature with
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thermocouples or to calculate the surface temperature using known thermal properties of
the solid. As the thermal properties normally are heavily temperature dependent and often
have been determined using thermocouples, the surface temperature estimation may have
a poor accuracy (constitute uncertainties in the order of 100°C). This can explain the very
different ignition temperatures reported for similar experiments [2].

TRADITIONAL SURFACE TEMPERATURE MEASUREMENT

Surface temperatures are normally measured by using probe techniques, most often
thermocouples [3]. Thermocouples are cheap and cover a width range of temperatures,
which makes them suitable to many applications.

For certain applications thermocouples have, however, some drawbacks. Thermocouples
always indicate their own temperature and not the surface temperature. It is therefore
necessary to use the thermocouple in such a way that the difference in temperatures
between the surface of the object and the thermocouple is as small as possible [1, 4, 5].
This is normally achieved by using thin fragile thermocouples applied to the object with a
technique that ensures that the thermocouple is in contact with the object surface [6, 7],
or by deriving the surface temperature from calculations of ignition or flame spread [8,
9].

For a thermocouple in a gas the radiative and convective parts of the heat balance are
competing whereas on a surface the conductive heat transfer is dominating. Since the
temperature gradient close to the surface is very strong for products subjected to flames,
it is very important that the thermocouples used for measuring the surface temperature
are positioned correctly. With temperature gradients on the order of 50 K/mm both in the
solid material and in the boundary layer, it is obvious that the results are very sensitive to
the mounting technique.

Thermocouples might also influence the flow field and the temperature field around
them. However, this is for many applications not a considerable problem if high accuracy
is not required. For a product that is pyrolysing, melting, cracking or burning, the position
of the thermocouple related to the surface may change leading to problems due to
correctly defining the position of the thermocouple [8].

IR-METHODS

There are also other methods for temperature measurements that are non-intrusive e.g.
those using pyrometers that measure the blackbody radiation from the surface. This
method is good for many purposes but has problems dealing with varying emissivity and
radiation from flames interfering with the surface radiation. To minimise these problems
with flame emission, Urbas and Parker [6] used a narrow band IR-detector to measure
blackbody emission in the wavelength region 8-12 pm. The method showed good
agreement with thermocouple measurements. However, measurements of blackbody
radiation in luminous flames will always yield unknown errors since the surface
emissivity and interfering radiation from flames in the studied wavelength regions are not
known. As an example the blackbody radiation from a flame with a temperature of 1200
K and an emissivity of 0.015 in front of a 600 K wall surface will produce an error in the
order of 10 K of the thermal radiation in 8-12 um band. This is in agreement with the
calculations done by Arakawa/Saito/Gruver [10] that according to Urbas and Parker [6 ]
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correspond to a flame of about 2 cm thickness on a polymethylmethacrylate (PMMA)
surface.

THE PHOSPHORESCENCE TECHNIQUE

In recent years a new technique has been developed for remote measurements of surface
temperature. It is used in scientific and industrial applications of surface thermometry to
complicated geometries, e.g., rotor engines [11], turbine engines [12], and also in
medicine. Other quantities, relevant to the scientific and engineering community such as
heat flux through a surface have also been investigated [13,14].

During the last years, as the applications of phosphor have expanded, some attempts have
been made in combustion environment [16]. A useful review article [15] could be a good
assistance as an introduction to the subject of phosphor thermometry.

A phosphor becomes highly fluorescent or phosphorescent when it is excited by a
appropriate source, e.g. an electron beam or ultraviolet radiation. Typically the emission
is in the visible region and has a lifetime of the order 10 s. The phosphor consists of a
host material and a doping agent from which the light is emitted. A large number of
different phosphors are produced today covering a large band of temperatures from
cryogenic temperatures up to 1400-1600°C or higher making them suitable to many
applications. Each selected phosphor is very sensitive in a specific range of temperature
exhibiting an accuracy of the order 1-5°C.

Thermographic phosphors have normally been used for hard non-combustible materials
such as steel or concrete. For those surfaces the phosphor can be applied to the surface,
and only a very thin layer is required which also ensures that the phosphor layer does not
influence the flow.

The phosphorescence method described in this article has many advantages that makes it

interesting for fire testing.

e The method is non-intrusive which allows non-disturbed gas movements close to the

surface.

It has a fast response to thermal changes.

The method is fast. There can be many measurements done every second.

The accuracy is good. Measurements can be made with an accuracy of less than 5°C.

The signal is based on relative values of the readout so that absolute calibrations are

not needed

e The laser-induced phosphorescence is of short duration, fractions of a second. This
makes it possible to use a gating procedure to reduce background emission.

EXPERIMENTAL WORK

In order to correlate the phosphorescence to temperature, a series of calibration
measurements were performed. Fig. 1 shows the set-up of a calibration measurement
using a laser for excitation, fibers for guiding light, filters for increasing signal to
background ratio, and detectors for acquiring the phosphorescence emission.

The phosphor material used was Mg,FGeOg:Mn, Mn being the activator. The maximum

efficiency has been specified for a Mn: Ge mole fraction of 4:1. In the experiments low

laser intensity, 50 uJ, was enough to obtain phosphorescence. A power dependence test
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on the intensity of the emission did not show any noticeable variation of the phosphor
lifetime while varying the laser power between 50 pJ and I mJ.

The phosphor was excited by the fourth harmonics 266 nm of a Nd: YAG laser with
pulse duration of about 7 ns and a repetition rate of 10 Hz. The laser light was focused
into a fiber with a diameter of 0.7 mm and transmitted to the phosphor in the test cell at
the other end of the fiber. The subsequent emission was collected by two other fibers,
which individually supplied a spectrograph connected to an intensified charged coupled,

~ Fiber

Fig.1  Calibration set-up using a spectrograph, ICCD, laser, PMT,
thermocouple and the test cell.

device (ICCD), and a photomultiplier tube (PMT), for spectrally and temporally resolved
measurements respectively.

The test measurements were done inside a cell used for the calibration. A rod of the same
material as the cell (inox) was coated at one end with a mixture (50: 50)% of the phos-
phor and a ceramic cement (cerastil-c) to a thickness of approximately 200 pum. The rod
was inserted into the cylindrical chamber of the cell, which had one small input port for
the laser beam and two output ports for the emission. The radiation was guided by quartz
fibers (@=0.7mm). A calibrated thermocouple with an accuracy of +1°C was used to
measure the temperature close to the phosphor inside the cell. The temperature of the
wall of the cylinder could be changed between room temperature and 800°C using
heating wires.
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Two techniques for calibrating the collected emission based on temporally [15] and
spectrally resolved measurements were used. Fig. 2 shows the temporally resolved
detection where the lifetime was measured at different temperatures. The lifetime
decreased when the temperature was increased.

The decay curves showed a sharp peak followed by an exponential decay. An iterative
curve fitting procedure was used to extract the lifetime and thus the temperature. Fig. 3
shows the resulting lifetime calibration for the selected phosphor. For a temperature
range between 400-500°C, the quenching rate increased. Therefore the intensity and
lifetime decreased drastically with temperature exhibiting higher phosphor sensitivity to
temperature variation and thereby higher measurement accuracy. The selected phosphor
was therefore considered for measurements of surface temperature of burning materials.
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Fig. 2  Phosphorescence decays measured at different temperatures. The
lifetime becomes shorter when the temperature increases.

In well-controlled experiments the temperature was then obtained from the measured
lifetime and the previously performed calibrations.

The spectrally resolved technique [17, 18] is based on monitoring the emission versus
wavelength. A typical spectrum of Mg,FGeOs: Mn with a dispersion of 0.7 nm is shown
in Fig. 4 where the emission covers the range 590 - 730 nm. At high temperature, the
non-radiative deexcitation rate (transfer of energy without light emission) dominated by
thermal relaxation (transfer of energy into lattice vibrations) increased. The non-radiative
deecitation rate is strongly dependent on temperature resulting in a decrease of emission
efficiency and shortening of the emission decay time at high temperature, although not at
the same rate for the different emitted wavelength. The advantage of this technique is that
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the ratio between the two apparent peak intensities of the phosphor is only dependent on
temperature. Following a UV excitation the emission signal, S;, can be represented by:

Sj = CjTeNj(T)Tj | (1)

Where C; is the detection efficiency for the jm transition T, is the camera exposure time,
Nj(T) is the temperature dependent quantum efficiency for the ju transition, 1 is the

optical filter transmission and | is the intensity of the laser beam. By rationing the signal
for the two different transitions, the resulting value is only dependent on temperature as:

Sjva_  Nju(l)
Sj Nj(T)

Where K is a constant. Fig. 3 also shows the peak-to-peak ratio for different temperatures
up to 550°C. As the non-radiative rate increases when increasing temperature, the signal
to background decreases. The precision of temperature determination in the case of the
ratio technique is found to be 5-10 °C while the lifetime technique showed a higher
precision of 1-5 °C.
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Fig. 3

Temperature (°C)

Calibration of temperature against the lifetime and spectral intensity

ratio of the phosphorescence. The left axis shows the lifetime versus

temperature on a logarithmic scale for two different calibrations days.
The right axis the relative intensity ratio of the peaks of the spectrally
resolved emission against temperature.
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Fig.4  Spectral profiles of the phosphorescence emission of MgsFGeOs:Mn
at different temperatures, The intensity is normalised in order to
illustrate the temperature sensitivity of the atomic line at 631nm.

FLAME SPREAD EXPERIMENT

Our intention was to use the thermographic phosphors on combustible materials during
heat-up, and also during combustion, which may introduce some additional problems. To
enable measurements during combustion, the phosphor has to be applied not only to the
surface but also further into the material. The idea is that when the product is burning,
and the surface material is consumed new phosphor will appear from inside.

In the tests, a small hole, (¢ = 1 mm), was drilled in the solid and then filled with the
phosphor to a density close to that of the material. No cement or similar substance was
used. Earlier pre-tests on a wood/glue/phosphor mixture-filled hole showed good
performance at the beginning of the test but did, however, not burn as a standard wooden
board.

Small-scale experiments were carried out where the flame spread on a vertical surface, (5
cm wide, 12 cm high and 1 cm thick) was studied see Fig. 5. The board was wet by
heptane or ethanol at the bottom and then ignited. Convection and radiation from the
flame heated the board. The laser light was directed onto the phosphor filled hole, which
was positioned on the centerline about 25 mm from the top end. A high temperature
resistant quartz fiber mounted close to the measured surface was used to transmit the
emitted signal to a photomultiplier detector. The optical fiber works well as a light guide
in harsh environment and could be easily protected if high flame temperatures (more than
1000 °C) is suspected. The phosphorescence signal was stored on the computer for
subsequent processing. The spectral and the temporal methods are relatively dependent
on the signal intensity and therefore don’t extensively suffer from background emission
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although a high signal to background ratio is usually preferred. In this measurement only
temporal based method was used where phosphorescence signal decay was analyzed to
extract lifetime and per-consequent temperature information.

A measurement test was done on a non-combustible board where a comparison was made
between the phosphor technique and results from a thermocouple. The effect of different
fuels e.g. flame luminosity on the acquisition data, was also investigated by testing two
fuels, alcohol and heptane. The flames from heptane released more soot and heat
radiation than the alcohol. The luminous sooty flame from heptane caused a decrease in
the signal to noise ratio. Even though the signal to background ratio could be improved
using optical filters it was decided to use only the alcohol in the following measurements.
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Fig.5  The experimental setup: The laser beam is pointing at the phosphor
spot on the combustible surface. After excitation the phosphor emission
is measured by a photomultiplier connected to a fast oscilloscope for
signal digitizing and storage.

LOW DENSITY FIBER BOARD

Two tests were done on identical low-density fiberboards. This product was a good
material for our test measurements because it produced only small amounts of soot and
burned homogeneously and well controlled during combustion. The dimensions of the
test material were as given above. The phosphor was introduced into a depth of 5 mm ina
hole of 1-mm diameter to maintain the phosphor present while the material was burning.
The one millimeter hole diameter was kept small to avoid interaction between the
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phosphor and chemical reactions occurring during combustion. The test results are
shown in Fig. 6. A rapid increase in temperature during the burning process was seen
during the first seconds after ignition. In both tests temperature leveled out at around
400°C, which was the highest temperature reached at the surface. The only difference
between the two tests was the velocity of the burning process caused by the different
ignition conditions.
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Fig. 6  Two tests on identical low-density fiber boards are showed.
Measurements of surface temperature of 450°C were reached during
the burning process initiated by an ethanol fuel.

PMMA

The surface temperature was also measured on PMMA using both phosphorescence and a
thermocouple. A pool of burning alcohol ignited the PMMA, the use of this fuel is
helpful for monitoring the ignition process of the material because it is has a modest heat
release compared to heptane. The results are shown in Fig. 7 where the signal recorded is
plotted versus time from the moment of ignition of the pool. A surface temperature
between 380 and 400°C was measured during the burning phase. PMMA ignition
temperature could be seen around 275°C, about 810 seconds after the ignition of the pool.
This does very well agree with other measurements [19, 20].
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PMMA surface temperature during combustion
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Fig. 7 The development of PMMA surface temperature versus time from
ignition of the heat source(ethanol). Results from measurements with
thermographic phosphors and thermocouples are compared. The
ignition temperature of PMMA is at about 270 deg C.

CONCLUSION AND FUTURE WORK

Surface temperatures were measured at the surface of the burning medium using
thermographic phosphors. Ignition time and surface temperature at that moment were
measured during the combustion when an alcoholic fuel was used for heating the sample

The demonstrated thermographic-phosphor technique has shown to be effective under
non-sooting conditions. Interference by soot generated emission should be avoided to
improve the signal to noise ratio, e.g. by studying the fluorescence from the phosphors on
a short exposure time or using a phosphor that emits in the UV region.

This technique will be extended to two-dimensional measurements of temperature in non-
sooty environment. Further studies will also be done to improve the application of the
substance onto the sample.
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