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Abstract

A novel approach is described that determines the thermal behavior and decomposition of multiphase solid and liquid substances,
such as chemical wastes, fuels, aerosol particles, and propellants through rapid and controlled heating with laser radiation. The laser-
driven thermal reactor (LDTR) was developed to provide near temporally resolved determination of substance thermophysical proper-
ties and chemical reaction characteristics over a wide range of temperatures (up to 2000 K), heating rates (up to several hundreds of
degrees per second), gas pressures, and ambient environments. Described is the experimental arrangement and supporting theory that
is used to determine substance thermophysical and chemical behavior. Examples of the application of this technique are given for dif-
ferent substances, namely, a simulant multicomponent organic chemical waste, nitromethane, and activated carbon.
Published by Elsevier Ltd.
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1. Introduction

Optimization and efficient operation of different high-
temperature processes, such as the energy generation from
conventional and renewable fuels, and thermal treatment
of wastes and propellants, can benefit from in situ, tempo-
rally resolved thermal characterization (i.e., thermophysi-
cal properties, chemical reaction mechanisms, and
chemical kinetic rates) of these substances. Determination
of the thermal properties of substances, whether gas,
liquid, solid, or a combination of phases is available with
conventional techniques such as thermal optical analysis,
thermogravimetric analysis, differential scanning calorime-
try, and others. To illustrate their application to substance
thermal heating, the differential scanning calorimeter is
appropriate for relatively small size samples (<20 mg),
low temperatures (<800 K), and low heating rates (a few
degrees per minute) [1]. Thus, the technique is appropriate

for modeling thermal processes initiated by relatively low
energy events under near steady-state conditions.

Energetic wastes are composed of a complex multiphase
mixture of organics, solvents, additives, and a variety of
other inorganic substances [1]. Determination of the poten-
tial for release of such wastes to the environment, as caused
by a rapid release of chemical energy, is a difficult and com-
plex problem. Such a release can be caused by several fac-
tors, such as a thermally accelerating runaway reaction,
and/or high-energy initiator (e.g., lightning or fire). How
such waste mixtures behave and react during exposure to
a high-energy initiator, and what are the chemical reaction
byproducts, can be of great concern. The behavior of these
substances can be dependent on many parameters, includ-
ing the substance physical and chemical properties, as well
as the properties of the surrounding environment. The
screening tool used presently to determine the potential
of a waste for such a reaction is the differential scanning
calorimeter (DSC). The DSC and other conventional ther-
mal analysis techniques are appropriate for temperature
levels up to 1000 K and heating rates up to 1 K/s.
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However, we have found (from unpublished results) that
conventional techniques can fail to detect important chem-
ical processes and phenomena, and sample thermal charac-
teristics because of the lack of temporal resolution during
substance decomposition when heated to higher tempera-
tures. As an example, sodium nitrate (NaNO3) and sodium
nitrite (NaNO2) chemically decompose at relatively slow
heating rates of 5 K/min at 550 K and 590 K, respectively,
however, at higher heating rates the rapid temperature rise
may lead to an explosion at 810 K [2]. Because of the lower
heating rates, DSC provides thermal information at the
higher temperatures of interest after consumption of reac-
tants, and therefore, may not be representative of the sam-
ple thermal behavior at actual process conditions. Thus,
high heating rates must be used to reach higher tempera-
tures before the occurrence of significant substance decom-
position and chemical reactions. High-energy initiators
produce heating rates of several tens to hundreds of degrees
per second and temperatures in excess of 1300 K. The rapid
attainment of high temperatures to initiate and diagnose
such reactions is achievable by using laser-heating
techniques.

Laser-heating techniques, in general, have become pop-
ular as diagnostics for a variety of parameters in many
applications. Examples include photoacoustic spectros-
copy, which has been used to measure the absorption
characteristics of aerosols [3–6]. The technique uses a
modulated light source to heat a substance in a resonance
cavity, which in turn, transfers heat to the surrounding
air. The periodic heating of the air results in the formation
of periodic pressure fluctuations, creating an acoustic sig-
nal that is then detected [7]. The technique measures the
integrated, line-of-sight absorption from the ensemble of
particles in the cavity. Although low-power light sources
are used for certain applications, pulsed Nd:YAG laser
heating has been used with nanosecond pulses and thus
one area of concern is the effect of the laser pulse on parti-
cle heating [4]. Several techniques exist that use high heat-
ing rates to determine substance properties. For example,
two techniques are laser breakdown spectroscopy (LIBS)
and laser induced incandescence (LII). In LIBS, a focused
pulsed Nd:YAG laser is used to rapidly heat substances (in
particular, metals) and form a high temperature micro-
plasma (on the order of 10,000 K) [8]. During rapid cooling

Nomenclature

A sample geometric cross-sectional area
C calibration constant (usually in the range of 1.0

to 1.5)
cp specific heat
d sample diameter
dc characteristic path length through the sample
(dT/dt)D temperature decay
(dT/dt)R temperature rise
(dT/dt)R1, (dT/dt)R2 sample-temperature derivatives
E exponential coefficient in units of absolute tem-

perature
Ea activation energy
F(T,T0) heat transfer term
DH enthalpy
I intensity of the laser beam that heats the sample
k imaginary part of the complex refractive index;

coverage factor
ka Arrhenius expression
k0, q0 pre-exponential coefficients
‘ characteristic distance of the thermal loss from

the sample surface
m sample total initial mass
mc mass of the reactive portion of the sample
n sample number
q(T) specific heat release rate due to chemical reac-

tion
qc sample thermal loss by conduction
qr thermal loss by radiation
qtc conductive thermal loss through the thermocou-

ple wire

Q total specific heat release (or absorption)
R universal gas constant (8.314 J K�1 mol�1)
R1(Tr) rate at which heat is transferred from the reactor

at temperature Tr

R2(T) rate of heat loss from the sample and substrate
s standard deviation
t time
t1/2 characteristic time for the temperature to rise to

half of its maximum value
T sample/substrate temperature
Tg gas temperature
Tmax and T0 steady-state sample temperatures defined in

Fig. 4a
Tr reactor temperature
T1, T2 sample temperatures
uc combined standard uncertainty
x sample thickness

Greek symbols

a sample absorption coefficient
ad(T) thermal diffusivity
b(T) absorptivity
e(T) emissivity
j(T) thermal conductivity
k wavelength
q density
r Stefan–Boltzmann constant (5.67 � 10�8 W

m�2 K�4)
s temperature-dependent relaxation time
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of the sample, radiation is emitted and a spectrometer is
used to determine the sample composition. Issues include
the effect of the excessive heating on changing the sub-
stance properties [9], and plasma decay rates vary for differ-
ent species so LIBS must be optimized for each species [10].
In LII, a pulsed Nd:YAG laser is used to heat particles to
the carbon vaporization temperature (�4000 K) [10]. Using
the thermal energy balance equation and knowledge of the
temperature decay time after heating, one can determine
the soot primary particle size and volume fraction [11].
Longer decay times are indicative of larger particle sizes
[12]. One issue is the effect of laser heating on soot particle
morphology and the size distribution [12].

Conventional thermal analysis techniques are designed
to measure a selected thermal or chemical property in a
nominally near steady-state thermal environment. There
is no single conventional technique available that provides
thermophysical properties, and information on chemical
kinetic rates and reactions. This article describes the appli-
cation of a thermal-heating technique, referred to as the
laser-driven thermal reactor (LDTR), to different solid,
liquid, and gaseous substances in oxidative and pyrolytic
environments. The LDTR technique measures the total
thermal response (i.e., due to both substance thermal and
chemical heat release). The technique is used to provide
quantitative information on thermophysical (e.g., heat
capacity, thermal conductivity, emissivity, and absorptiv-
ity) and chemical processes (i.e., exothermic and endother-
mic reactions), sequence of reactions, and rate constants
for multicomponent and multiphase substances. Recently,
the technique was used to determine the absorption coeffi-
cient of carbonaceous-based substances, i.e., clean quartz
filters, filters contaminated with laboratory air particles
and combustion-generated soot, and disk- and sphere-
shaped activated carbon pellets at different sample temper-
atures, inert gas environments, and gas pressures [13]. It
was also found that the gas environment and pressure
had negligible effect on the sample absorptivity, but sub-
stance shape and mass played an important role in determi-

nation of the absorptivity. This article presents the overall
experimental and theoretical details, as well as examples
that demonstrate the technique under different thermal
and physical conditions.

2. Experimental arrangement

The laser-driven thermal reactor consists of a sphere-
shaped reactor mounted within a vacuum chamber, along
with integrated optical, gas supply, and computer-con-
trolled data acquisition subsystems, see Fig. 1. At the
center of the reactor, the sample material rests on a ther-
mocouple. The reactor assembly is heated from opposing
sides by an infrared laser to achieve nearly uniform sample
temperature. The vacuum chamber allows for control of
the environment (e.g., humidity, gas pressure, gas composi-
tion) that surrounds the sample. The change in sample and
reactor temperature with time is recorded by the data
acquisition system and this information is then processed
for the specified thermophysical information of interest.
Additional information on the substance chemistry can
be obtained from extractive sampling of the reaction gases,
and introduction of these gases into a gas chromatography/
mass spectroscopy system.

The reactor is a small copper-foil sphere (with an outer
diameter of 18.2 ± 0.1 mm1 and thickness of 0.14 mm)
within which a sample is placed at the sphere center, see
Fig. 2. Experiments were carried out to select a reactor
diameter and thickness that ensured adequate thermal con-
duction through the copper material and at the same time

1 Estimation of the measurement uncertainty for this study is deter-
mined from statistical analysis of a series of replicated measurements
(referred to a Type A evaluation of uncertainty), and from means other
than statistical analysis (referred to Type B evaluation of uncertainty) [14].
The Type A uncertainty is calculated as kuc, where k is the coverage factor
and uc is the combined standard uncertainty. The value for uc is estimated
statistically by sn�1/2, where s is the standard deviation of the mean and n

is the number of samples. For n = 50, k = 2.01, representing a level of
confidence of 95%.
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Fig. 1. Schematic of the control, optical, and gas systems of the LDTR.
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maintained the high heating rates (which would be reduced
if the foil was too thick). Different material thicknesses
(40–200 lm) and sphere diameters (12–25 mm) were exam-
ined by monitoring the temperature rise with time on the
copper inner surface and at the center of the reactor. After
softening a piece of copper, the reactor is fabricated by
pressing the copper into a stainless steel ball-shaped form,
which results in a hemisphere. Two pieces are made and
spot-welded together. The untreated copper foil is mallea-
ble, however, after being formed into a sphere the material
is fairly rigid and does not deform easily. An opening is cut
in the top of the sphere (diameter of �7.2 mm) to place the
sample and another opening is made in the bottom (diam-
eter of �4.0 mm) to introduce a four-passage ceramic tube
that supports the wires and exposed beads (junctions) of
two thermocouples. At the center of the reactor, the sample
rests on thermocouple-wire extensions (0.025 mm in diam-
eter) protruding from near the bead of one K-type fine-wire
thermocouple (0.025 mm in diameter, unsheathed), i.e.,
‘sample’ thermocouple, see insert in Fig. 2. If needed, a
disk-shaped substrate (of copper or nickel with a diameter
of approximately 5 mm and thickness of 0.14 mm) is used
to support the sample on the extensions. The reactor inner
wall is in contact with the second thermocouple (i.e., ‘reac-
tor’ thermocouple), which is bent from the central ceramic
tube (i.e., through the bottom port of the reactor) to the
reactor inner wall surface and is flush with the wall at a ver-
tical distance of approximately 4.5 mm from the bottom of
the sphere. The thermocouples were fabricated in-house
using spot-welding technology. The bead diameter for both
thermocouples was 0.025 mm. A resistively heated ceramic

tube (with a 9 mm outer diameter and 40 mm long) was
fabricated to calibrate in the same environment the ther-
mocouples against similar commercially available K-type
thermocouples. The thermocouple readings were not cor-
rected for radiation effects. The thermocouple time
response was estimated to be 0.05 s to reach 63.2% of an
instantaneous temperature change. The expanded uncer-
tainty for the temperature was 7 K, including the Type B
uncertainty of 3.1 K. The temperature from each thermo-
couple is recorded by the data acquisition system at a rate
of 10 samples per second. The reactor and substrate are
placed prior to use in a small nonsooting methanol flame
under ambient conditions to generate a copper oxide layer,
which reduces laser beam scattering effects off of their sur-
faces, as well as reactivity and heat transfer effects due to
formation of the oxide layer during experiments.

The reactor is positioned in the center of a 5 L vacuum
chamber with five viewing ports and a manually operated
linear traverse to enable reactor accessibility (see Fig. 1).
The top of the chamber provides access to the reactor
and is sealed with an o-ring. Each viewing port includes a
vacuum-sealed 76 mm diameter quartz window, which is
suitable for transmission of laser beams to the reactor.
The source of the laser beams is a 250 W multi-mode, con-
tinuous-wave Nd:YAG laser, operating at a wavelength of
1.064 lm. The infrared laser beam heats the reactor from
opposing sides using concomitant optics to direct the beam
to the reactor, as shown in Figs. 1 and 2. Digital control of
the laser intensity by means of the laser arc lamp current
allows for programming of the desired steady-state temper-
ature and heating rate by the data acquisition system.
Different temperature regimes can be interrogated by
changing the laser fluence. Some advantages of using laser
heating over other heating methods, such as electrical resis-
tance heating, include higher heating rates, direct reactor
heating to the sample to eliminate convective heating of
the surrounding gases, and measurement of the total ther-
mal loss (including both thermal and chemical contribu-
tions) with direct sample heating.

One mode of thermal analysis involves heating the reac-
tor in this manner at two different laser fluences (referred to
as the ‘heating-rate’ approach). Chemical kinetic parame-
ters (i.e., endothermic and exothermic rate constants) of
the chemical processes are deduced from this approach
from time-resolved temperature measurements of the sam-
ple and reactor. Another mode of thermal analysis involves
direct laser heating of the sample from a third diverted
beam (through a chamber side port and off a mirror inside
the chamber) down through the opening in the top of the
reactor (see Fig. 2), which is referred to as the ‘direct-heat-
ing’ approach. The diverted beam power has been mea-
sured inside the vacuum chamber with a power meter to
be less than 3% of the total incident power. This approach
decouples experimentally the effects of chemical heat
release, and convective and radiative heat losses to obtain
thermophysical properties (e.g., emissivity and absorptiv-
ity). Although the two approaches are equivalent [15],
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Fig. 2. Schematic of the LDTR reactor sphere. The reactor diameter is
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couple located in the center of the reactor.
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and were confirmed experimentally, there are advantages
to using one approach over the other, as will be discussed.

Substances that can be analyzed include solids, liquids,
and various multiphase and multicomponent inhomoge-
neous substances. The laser beam is expanded with a lens
to about the diameter of the sphere (checked qualitatively
with an infrared beam display plate) to reduce the temper-
ature variation over the reactor surface. The thermal con-
ductivity of the copper sphere is assumed to help smooth
out effects due to non-uniformity of the multi-mode laser
beam intensity. The sample is heated via radiative trans-
port from the inside surface of the reactor sphere. The high
thermal conductivity of the copper sphere, and radiation
heat transfer between the interior sphere surface and the
sample within the sphere, results in a nearly uniform sam-
ple temperature. This uniformity in sample temperature
depends on the relative dimensions of the sample and reac-
tor sphere, laser beam width, and reactor thermal conduc-
tivity. Measurements using a rake of commercially
available fine-wire thermocouples found that the gas tem-
perature was uniform to within the thermocouple uncer-
tainty for a volume with dimensions of about 10 mm
diameter by 5 mm height near the center of the sphere.
Thus, millimeter-sized sample is kept to within these
dimensions [15]. The effects of temperature on thermal con-
ductivity and specific heat of copper (e.g., the values at
298 K and 1000 K are 4.01 W cm�1 K�1 and 3.52 W
cm�1 K�1, and 0.385 J g�1 K�1 and 0.451 J g�1 K�1,
respectively [16]), are taken into account when necessary.
Heating rates on the order of several hundred K/s can be
achieved, depending on the maximum achievable laser
power and time response of the thermocouple. The appara-
tus can analyze (within the above-mentioned measurement
volume) sample masses from a few milligrams up to a few
grams. The surrounding environment can handle a variety
of gas compositions (e.g., oxidizing, humid, inert, mix-
tures), and gas gauge pressures (ranging between 10 Pa
and 505 kPa). In this study, only inert gases were used
(to prevent oxidation of volatile matter and other reactions
on the sample surface) for chamber gauge pressures of
5.1 kPa, 15.2 kPa, and 50.7 kPa.

As an example of the LDTR performance, we compared
the time required to heat and measure the temperature of a
simulant high-level organic waste (performance assessment
standard PAS 94), using both the LDTR and a DSC
[17,18]. The characteristic time to complete a measurement
with the LDTR was 10.6 s while the DSC required 6600 s
to reach 825 K, thus the LDTR heating rate was approxi-
mately 50 K/s, while that of the DSC was 0.08 K/s [18].
Also, the LDTR was able to reach a temperature of over
2000 K, which at the same heating rate took about 34.1 s.
The effect of heating rate on identifying substance decom-
position is exemplified in Fig. 3, which presents the temper-
ature difference between the sample and reactor (i.e., T–Tr

where T is the sample temperature and Tr is the reactor
temperature) with respect to time of activated carbon pel-
lets for three different heating rates. The results indicate

that as the system heats up to the operating temperature
of about 400 K at 3 K/s two peaks form preferentially with
time, with the earlier peak attributed to vaporization of
volatile matter and the second peak attributed to decompo-
sition of the carbon. Although not examined, the DSC
would not be expected to resolve the earlier peak at the
operating temperature because of its relatively low heating
rate. At the higher heating rate of 15 K/s, with the sample
heated to about 600 K, essentially one peak is formed,
which is attributed to decomposition of all volatile compo-
nents of the activated carbon at the operating temperature.
Thus, this result demonstrates how the heating rate can be
adjusted to reveal different thermal and chemical reaction
phenomena.

3. Theoretical considerations

3.1. Thermal energy balance

The theoretical model is based on a representation of the
heating process associated with the above-mentioned
experimental arrangement for a given temperature and
wavelength. The following thermal energy balance governs
the heating process:

cpmdT =dt ¼ R1ðT rÞ � R2ðT Þ
¼ IAbðT ; kÞ � F ðT ; T 0Þ þ mcqðT Þ ð1Þ

where the time rate of change of internal energy is given by
the term on the left side of Eq. (1), R1(Tr) is the rate at
which heat is transferred from the reactor at temperature
Tr to the sample and substrate (corresponding to the first
term on the right side of the equation), and R2(T) is the rate
of heat loss from the sample and substrate (corresponding
to the second and third terms on the right side of the
equation), T is the sample/substrate temperature, cp is the

Fig. 3. Variation of the difference in temperature between the reactor and
sample with time of activated carbon pellets at three different heating
rates.
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sample specific heat, m is the sample total initial mass, and
t is time. The sample specific heat and mass (and other tem-
perature-dependent properties, if part of the analysis) are
dependent on temperature and thus adjusted according to
the experimental conditions. The change in mass during
thermal heating and chemical reaction is considered and
accounted for in the determination of the energy release
by weighing the sample initially and after heating. The first
term on the right side of Eq. (1) is the laser energy absorbed
by the sample [11], where I is the intensity of the laser beam
that heats the sample, A is the sample geometric cross-sec-
tional area, b(T,k) is the absorptivity of the sample at tem-
perature T and laser wavelength k. The absorptivity is
defined as b(T,k) = adc = 4pkdc/k [19], where a is the sam-
ple absorption coefficient, and dc is a characteristic path
length through the sample, and k is the imaginary part of
the complex refractive index. The heat transfer term
F(T,T0) depends on the sample shape and represents the
sample thermal losses due to conduction through the gas-
eous medium, conduction through the temperature sensor
wires, and radiation (the main mode of heat transfer). Con-
vection is assumed to be negligible inside the reactor due to
its small size and the low gas pressure, i.e., the Nusselt
number will be small. The parameter T0 is the sample tem-
perature at steady-state (see Fig. 4a). Heat transfer due to
chemical reaction is given by the last term of Eq. (1), and is

included if the substance is chemically reactive. The param-
eter mc is the mass of the reactive portion of the sample
(determined by weighing the sample before and after the
experiment, and assuming that only the nonreactive por-
tion of the sample remains upon completion of the experi-
ment), and q(T) is the specific heat release rate due to
chemical reaction [20].

3.2. Heating regimes and approaches to analysis

Eq. (1) enables prediction of the different LDTR heating
regimes, as illustrated by the numbered segments of the
heating curve shown in Fig. 4a, and determination of the
substance thermophysical properties. The different regimes
of the heating curve are represented by the (1) temperature
rise (laser heating and an increase in the sample tempera-
ture), (2) steady-state (for which there is no longer a change
in temperature with time), and (3) decay (for which the
incident laser beam intensity is zero and the sample temper-
ature decreases). Specifically, the three regimes (assuming
no chemical reactions) can be expressed by

Temperature rise : cpmðdT =dtÞR¼ IAbðT ;kÞ�F ðT ;T 0Þ ð2Þ
Steady-state : IAbðT ;kÞ¼ F ðT ;T 0Þ ð3Þ
Temperature decay : cpmðdT =dtÞD¼�F ðT ;T 0Þ ð4Þ

The aforementioned heating-rate approach is repre-
sented by the first two regimes (i.e., the initial temperature
rise and steady-state heating, resulting from laser heating
of the reactor) and is denoted by 1 in Fig. 4a. For the
direct-heating approach, the initial regimes of heating are
not analyzed (as given by segment 1 in Fig. 4a), but the
sample is directly heated by a third beam to produce a
slight rise in temperature after reaching the steady-state
temperature, as indicated by segments 2 (temperature rise),
3 (steady-state), and 4 (temperature decay) in Fig. 4a.
Thus, Eqs. (2)–(4) are used to describe segments 2–4 in
Fig. 4a, respectively.

These two approaches have been shown to produce
equivalent results [15] and thus provide a means of system
self-validation. This self-validation is carried out by deter-
mining F(T,T0) as given by Eq. (4), which can be rewritten
after separation of variables and integration to have an
exponential form [21]. Thus, for an exponentially decaying
function, the sample temperature is given by

T � T 0 ¼ ðT max � T 0Þeð�t=sÞ ð5Þ

where Tmax and T0 are the steady-state sample tempera-
tures defined in Fig. 4a, and s is the temperature-dependent
relaxation time. Taking the derivative of Eq. (5) with re-
spect to time, it can be shown that

dT=dt ¼ �ðT � T 0Þ=s ð6Þ

and

F ðT ; T 0Þ ¼ cðT � T 0Þ ð7Þ
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heating and (b) heating-rate approaches.
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where c � cpm/s. For the heating-rate approach, an analyt-
ical expression can be derived for s knowing that for a con-
stant reactor temperature, the sample temperature will vary
according to Eq. (6), viz.,

Heating-rate approach:

sðT Þ ¼ T 2 � T 1

dT
dt

� �
1
� dT

dt

� �
2

ð8Þ

where T1 and T2 are the sample temperatures at time t for
the two different laser fluences. For the direct-heating ap-
proach, an analytical expression can be derived for s know-
ing that for a constant reactor temperature, the sample
temperature will vary according to Eq. (5), viz.,

Direct-heating approach:

sðT Þ ¼ t

ln
T max � T 0

T � T 0

ð9Þ

Thus, the heat transfer parameter c should be the same
at a given sample steady-state temperature regardless of the
measurement approach. A comparison of results using
both approaches is presented in Fig. 5, which presents
the variation of the inverse relaxation time with sample
temperature for both heating approaches using nitrometh-
ane. A linear fit through the data is also presented for the
direct-heating approach. The figure indicates that the data
for both approaches agree to within 15% of the linear fit.

By varying the operating condition of the LDTR, one
can reformulate Eqs. (2)–(4) to provide accurate determi-
nation of different thermophysical properties. As an exam-
ple, the heating-rate approach can be used to determine
substance reactivity by measuring the total energy released
during heating of the substance at different laser fluences.
The analysis is based on solving Eq. (2) for F(T,T0) along

with determining the sample temperature and rate of tem-
perature change at two different heating rates. To deter-
mine the sample temperature obtained at the two
different heating rates, the reactor temperature must
remain unchanged. To accomplish this, a reactor tempera-
ture (Tr) is chosen and the sample temperatures (T1 and
T2), as well as the corresponding sample temperature deriv-
atives (dT/dt)R1 and (dT/dt)R2, are obtained by extrapola-
tion to the appropriate curves, as illustrated in Fig. 4b. For
example, the sample and reactor temperatures are recorded
for two runs at two different laser fluences, and a common
value of Tr is chosen for which there is sufficient sensitivity
to determine the above-mentioned derivatives. For the first
run and chosen value of Tr, the sample temperature T1 and
derivative (dT/dt)R1 are determined that corresponds to the
same time when the chosen value of Tr was attained during
the run. The sample temperature T2 and derivative (dT/
dt)R2 for the second run are then determined for the chosen
value of Tr in a similar manner as for the first run.

An example of the use of the direct-heating approach
(see Fig. 4a) and manipulation of the aforementioned ther-
mal balance equations for absorptivity, b(T,k), is to first
determine the internal energy rate term on the left side of
Eq. (2) by using the measured heating rate during the tem-
perature rise, (dT/dt)R. The mass of the sample is measured
with a precision balance prior to placement on the reactor
substrate (and checked again after the measurement to
look for any appreciable change in mass). The term
F(T,T0) in Eq. (4) is then determined by using the
measured heating rate during the temperature decay,
(dT/dt)D. When the sample heating rate is negligible during
the laser pulse (i.e., at the steady-state temperature), it then
follows that b(T,k) at the laser wavelength can be deter-
mined by measuring the steady-state temperature at the
specified illumination power (see Eq. (3)). This procedure
can be repeated at different laser fluences. Eq. (2) can then
be used to check for consistency. As stated earlier, it fol-
lows that the absorption coefficient can be determined once
b(T,k) is known.

4. Results and discussion

To demonstrate the application of the LDTR, experi-
ments were carried out with a simulant hazardous organic
waste PAS 94 [1], and nitromethane. Heating rates were
measured for different substances, and chemical kinetics
information was obtained at various temperatures and
heating rates. Analyses were carried out to better under-
stand processes associated with the substance thermal
behavior, i.e., exothermic and endothermic, for which the
endothermic behavior could be attributed to water vapori-
zation, melting, and/or thermal decomposition. These
studies demonstrate the variety of substances that may be
analyzed and the importance of detecting accelerated rates
of heat release that may lead to uncontrolled chemical
reactions.
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Fig. 5. Variation of inverse relaxation time with sample temperature for
both heating approaches using nitromethane.
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4.1. Simulant high-level organic waste PAS 94

The total heating value and heat release rate of waste
exothermal processes can act as a means to characterize
the tendency for uncontrolled reactions (e.g., thermally
explosive reactions). As an example, the LDTR and a
DSC (at heat rates up to 5 K/min) were used to study the
behavior of PAS 94, a simulant organic solid waste
[17,18]. This simulant consisted of over 24 different com-
pounds including organics, solvents, sodium nitrate,
sodium nitrite, additives, and inorganics, see Table 1. There
was no appreciable mass change in the PAS 94 sample dur-
ing the experiments. Results were compared between
untreated waste and sample pre-dried in a vacuum oven
at room temperature for two days. LDTR measurements
were carried out at different heating rates and steady-state
sample temperatures. DSC results with untreated sample
(see Fig. 6a) indicated that at temperatures between
300 K and 450 K there was a strong endotherm of about
731 J/g, and an exotherm at 500–650 K of about 654 J/g;
the net energy absorbed was 71 J/g (the dashed lines repre-
sent the peak/valley baseline). At a temperature of 730–
780 K, the instrument detected an exotherm of about
5.8 J/g. The results with sample pre-drying (see Fig. 6b)
caused the exothermal energy release at 500–650 K to
decrease from 654 J/g to 359 J/g. The endotherm at 300–
450 K decreased significantly from 731 J/g to 76 J/g and
the exotherm at 730–780 K increased from 5.8 J/g to

84 J/g. As a result, the net energy release increased to
367 J/g, which was attributed to a decrease in evaporation
of water.

Using the heating-rate approach, the variation of sam-
ple temperature with time without and with pre-drying of
the PAS 94 waste are presented in Fig. 7a and b, respec-
tively. The figure presents heating curves for both the base-
line (i.e., heating of the substrate without sample) and
sample (i.e., sample with the substrate). The arrows indi-
cate the presence of an accelerated rate of heat release at
about 25 s. The dashed line is a curve fit to the data prior
to the accelerated heat release at 25 s to indicate how the
data might evolve at higher sample temperatures if the pro-
cess remained endothermic. The energy released (exother-
mic) or absorbed (endothermic) by the sample with time
is function of the temperature difference between the sam-
ple and baseline, as presented in Fig. 8 for the untreated
and pre-dried simulant waste PAS 94, respectively. One
can solve Eq. (1) using the temperature difference given
in Fig. 8 to obtain the specific heat release rate due to
chemical reaction, q(T) (with q(T) < 0 representing an
endotherm and q(T) > 0 representing an exotherm).

Table 1
Chemical composition of the simulant organic waste PAS 94

No. Compound Percent weight

1 NaOH 31.48
2 NaNO2 7.39
3 NaC2H3O3 sodium glycolate 7.10
4 Na3HEDTA 5.57
5 Na4EDTA 3.41
6 Na3citrate � H2O 1.94
7 Na2C4H4O6 � H2O sodium tartrate 0.54
8 Na D2EHP 0.70
9 Tributyl phosphate 0.35
10 NPH (C12H26) 3.75
11 Fe(NO3)3 � 6H2O 4.58
12 Cr(NO3)2 � 9H2O 0.08
13 Ni(NO3)2 � 6H2O 0.12
14 Ca(NO3)2 � H2O 0.22
15 Mn(NO3)2 0.05
16 Na2SiO3 � 9H2O 0.14
17 NaNO3 15.40
18 Pb(NO3)2 0.41
19 Zr(citrate) 0.01
20 Na2SO4 8.72
21 Na3PO4 � 12H2O 0.48
22 NaAlO2 � 0.21NaOH � 1.33H2O 1.24
23 NaF 0.00
24 H2O 6.30

Total 100.00

PAS – performance assessment standard; HEDTA – hydroxyethyl ethy-
lenediamine triacetic acid; EDTA – ethylenediamine tetraacetic acid;
D2EHP – di-2-ethylhexyl phthalate; NPH – normal paraffin hydrocarbon.

Fig. 6. Thermal-heating process by the differential scanning calorimeter
for the (a) untreated and (b) pre-dried simulant waste PAS 94. The dashed
lines represent the peak/valley baseline.
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Comparing the results in Fig. 8 with Fig. 7, one can deduce
for the untreated waste that the process was endothermic
between 440 K and 735 K and exothermic between 735 K
and 910 K, while for the pre-dried sample the process
was exothermic between 350 K and 880 K. Fig. 9 presents
the variation in specific heat release rate with respect to
sample temperature for (a) endothermic (for the untreated
waste between 440 K and 630 K), (b) exothermic (for the
pre-dried waste between 375 K and 500 K), and (c) exo-
thermic processes (for both the untreated and pre-dried
wastes between 735 K and 910 K), respectively. Note that
the ordinate is presented as a natural (base e) logarithmic
scale. The chamber pressure was set at 101 kPa in air for
the untreated waste, and at 8.1 kPa in argon for the pre-
dried waste. Note that thermal convection was found to
be independent of the pressure up to 150 kPa [15], thus
the different chamber pressures were assumed to have neg-
ligible effect on the results. The sample specific heat release

rate (for both endothermic and exothermic processes) is
assumed to be represented by the following Arrhenius-type
expression:

qðT Þ ¼ q0 expð�E=T Þ ð10Þ

where q0 is a pre-exponential coefficient, and E is an expo-
nential coefficient in units of absolute temperature. The
time integral of the differential specific heat release rate,
which provides the total specific heat release (or absorp-
tion), is then expressed by

Q ¼
Z

qðT Þdt: ð11Þ

One can determine the values of the co-efficients by
curve fitting the data presented in Fig. 9 using Eq. (10),
and the results are presented in Fig. 9. The sample thermal
behavior can then be described by applying Eqs. (10) and
(11) to the above-mentioned temperature regimes of the
thermal heating process.

The results for the untreated sample indicate that endo-
thermic processes dominate in the early stage of heating,

Fig. 7. Variation of the sample temperature with time for the (a) untreated
and (b) pre-dried simulant waste PAS 94. Measurements for the untreated
waste (mass of 14 mg) were carried out at in air at 101.3 kPa, and the pre-
dried waste (mass of 14.6 mg) was in argon at 8.1 kPa. The arrows indicate
the presence of an accelerated rate of heat release. The dashed line is a
curve fit to indicate how the data might evolve if the process remained
endothermic.

Fig. 8. Variation of the temperature difference between the sample and
baseline with time for the (a) untreated and (b) pre-dried simulant waste
PAS 94.
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i.e., in the sample temperature range of 440–630 K (where
the heating curve for the sample is below the baseline in
Fig. 7a), and exothermic processes dominate in the sample
temperature range of 735–910 K (where the heating curve
is above the baseline in Fig. 7a and b) [17,18]. Presumably,
the accelerated rate of heat release at 25 s (see Fig. 7a) is
attributed to completion of the endothermic process and
initiation of the exothermic process. Thus, assuming a
two-stage process, one finds that for the untreated sample,
the total endothermic specific heat release for the lower
temperature range (defined as Stage A, see Fig. 9a) was
�1.2 kJ/g. The total exothermic specific heat release for
the higher temperature range (defined as Stage B, see
Fig. 9c) was 2.9 kJ/g. The total heating value of the
untreated sample (i.e., endotherm and exotherm together)
was 1.7 kJ/g. In the case of the pre-dried sample, heating
was exothermic and not endothermic at the lower sample
temperatures (from 375 K to 500 K). For this Stage A,
the total exothermic specific heat release was 0.6 kJ/g,
and for Stage B the exothermic heat release was 1.2 kJ/g.
The total heating value of the pre-dried sample was
1.8 kJ/g. Although the reaction characteristics of these
two exothermal processes are different, as substantiated
by the different thermal behavior for the untreated and
pre-dried samples, the overall kinetics (i.e., thermal energy
release) appear to be similar. These results were verified in
both oxidizing (air) and in inert gas (argon) environments.
These results suggest that the thermal release characteris-
tics of PAS 94 waste may not depend on combustion of
organics in oxygen.

As mentioned earlier, sodium nitrite (with a melting
point of 557 K [16]) and sodium nitrate (melting point of
580 K) are significant components of the PAS 94 waste
(having a combined mixture weight of 22.8% of the total
waste, see Table 1). Thus, the thermal behavior was also
determined for these two compounds using both a DSC
and the LDTR (data for both not presented for brevity).
The DSC (with a heating rate of 5 K/min) results for
sodium nitrite indicated the presence of a relatively small
endotherm at approximately 450 K, which was attributed
to melting of sodium nitrite, and another stronger endo-
therm between 550 K and 600 K, which was attributed to
thermal decomposition. Measurements with the LDTR
were carried out in argon and air at 101 kPa at heating
rates between 30 K/s and 40 K/s. The results indicated
the presence of an endotherm at 350 K (attributed to water
vaporization) and a stronger endotherm at 550–650 K
(attributed to melting and thermal decomposition of
sodium nitrite), with Q = �1325 J/g. The latter endotherm
had a linear relationship for the specific heat release rate of
q(T) = (1087 ± 171) � (2.1 ± 0.3)T. An exothermic behav-
ior was present at 650–750 K. The behavior for sodium
nitrate was slightly exothermic at 400–650 K, and endo-
thermic at 750–1000 K. The endotherm also had a linear
relationship for the specific heat release rate of
q(T) = (832 ± 79) � (1.2 ± 0.1)T. One possible explanation
for the specific heat release rate being linear for sodium

Fig. 9. Variation of the specific heat release rate with sample temperature
for (a) lower temperature results obtained from the untreated sample, (b)
lower temperature results obtained from the pre-dried sample, and (c)
higher temperature results from both the untreated and pre-dried PAS 94
simulant waste. Note that the ordinate is presented as a natural (base e)
logarithmic scale. Also, the ordinate of Fig. 9a is the negative of that for
Fig. 9b and c.
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nitrite and sodium nitrate, as opposed to the exponential
relationship for the PAS 94 waste may be that the PAS
94 waste is preferentially decomposed due to the large
number of components in the mixture.

4.2. Nitro-compounds in activated carbon

The thermal decomposition was investigated for acti-
vated carbon (AC) doped with drops of liquid nitromethane
(assayed at 99.4%) and compared with data obtained for
nitrobenzene- and nitrocumene-doped AC from another
study [22–24]. The AC was weighed before being doped
with the nitro-compound and after in order to monitor
the change in mass. LDTR temperature profiles are pre-
sented in Fig. 10 for three different laser fluences. The
dashed and solid curves correspond to the activated carbon
without nitromethane (baseline case), and with nitrometh-
ane, respectively. The average heating rate in Run A, was
7 K/s and in Run C was 50 K/s. The thermal decomposition
of nitromethane-doped AC was quicker (by a factor of
about 3) for Run C than for Run A because of the quicker
temperature rise during the exothermal process. During
each run, the mass of the nitro-compounds was completely
consumed while little change was noted in the activated car-
bon mass.

Following the aforementioned analysis for determining
the sample specific heat release rate (see Eq. (10)), one
can derive an expression (as provided in Fig. 11) for q(T)
for the sample temperature range of 400 K 6 T 6 950 K.
Again, the ordinate in Fig. 11 is given as a natural logarith-
mic scale so as to simplify the determination of the coeffi-
cients in Eq. (10). An exponential fit is also presented
through the data for the current experiment results. The
figure indicates that the data for Run A (from Ref. [15])
and current experiment (Runs B and C) agree to within
33% of the fit (the data for the current experiment agree
within 26%). Taking into account the variation of the mass

of nitromethane, the total specific heat release of the
decomposed nitromethane-doped AC was Q = 6.0 ±
0.5 kJ/g (Q = 6.1 ± 1.0 kJ/g was obtained from an earlier
study [15,25]). One can then determine the energy released
from the dissociation of nitromethane using the change in
enthalpies (DH) available in the literature [26] for various
possible reaction mechanisms, as summarized in Table 2.
A comparison of the literature values (by calculating Q

from DH and species molecular weights) with measure-
ments of the total specific heat release indicated that the
third and fifth listed mechanisms had values of Q closest
to the measured values and therefore were considered the
most likely processes. Comparison of the common byprod-
ucts between these two processes indicated that heat
released in the decomposition of nitromethane was associ-
ated partially with the formation of carbon dioxide, as well
as water and nitrogen.

For these experiments, the amount of absorbed nitro-
methane varied from 0.05 kg to 0.2 kg nitromethane per
kg of carbon. Prior to the experiments, the samples were
placed in the LDTR chamber containing a nitrogen atmo-
sphere at a pressure of 5 kPa for 3–4 min in order to min-
imize evaporation effects. To account for this effect on the
initial mass, a series of experiments were carried out to cal-
ibrate the temporal change in mass of nitromethane-doped
AC at different pressures and temperatures of the sur-
rounding environment. Similar experiments were also con-
ducted with nitrobenzene- and nitrocumene-doped AC.
The characteristic sample temperatures and the heating
times were negligibly different for the three multiphase sub-
stances. A decomposition rate constant for each substance
was determined using the Arrhenius expression
ka = k0exp(�Ea/RT), where k0 is a pre-exponential coeffi-
cient, and Ea is the activation energy, and R is the universal
gas constant (8.314 J K�1 mol�1), for which values are pre-
sented in Table 3. Also presented in Table 3 is the total

Fig. 10. Variation of sample temperature with time for nitromethane for
three different heating rates.

Fig. 11. Variation of the specific heat release rate with sample temperature
for nitromethane. Note that the ordinate is presented as a natural (base e)
logarithmic scale.
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specific heat release measured during decomposition of
each substance [17]. Because of the relatively low process
temperatures and that the experiments were performed in
inert gas media, the decomposition of activated carbon
was considered to be negligible. Dissociation of between
the nitro and methyl groups during nitromethane decom-
position appeared to contribute to the total released
energy, since the value of Q in Table 3 for nitromethane-
doped AC is approximately three times larger than for
nitrobenzene- and nitrocumene-doped AC. The decompo-
sition rate constant and total specific heat release were sim-
ilar for both nitrobenzene- and nitrocumene-doped AC (to
within the uncertainty of the experiment) over the investi-
gated temperature range. Thus, the decomposition mecha-
nism was similar for these two nitro-compounds.
Evidently, dissociation is controlled by the bond between
the nitro group and benzene ring (see Table 3). The exis-
tence of the (CH3)2CH group in nitrocumene did not
appear to manifest itself in the chemical process.

4.3. Thermophysical parameters of solids

Determination of a substance thermophysical properties
such as sample specific heat, cp, thermal conductivity, j(T),
absorptivity, b(T), and emissivity, e(T) [15,24] can be
accomplished for different substances by the direct-heating

approach and solving Eqs. (2)–(4) along with the sample
thermal diffusivity, ad(T):

adðT Þ � jðT Þ=ðqcpÞ ¼ Cx2=ðp2t1=2Þ ð12Þ

where q is the sample density. The term on the right is de-
rived from the definition of the Fourier number [21,27]
where x is the sample thickness, C is a calibration constant
(usually in the range of 1.0–1.5), and t1/2 is the time for the
temperature to rise to half of its maximum value, i.e., the
time associated with (Tmax � T0)/2, see Fig. 4a. For solids,
the term F(T,T0) can be rewritten using Eq. (4) as an ana-
lytical expression, such as that derived for disk-shaped
samples [15,24]:

F ðT ; T 0Þ ¼ cpm
ðT � T 0Þ

s
¼ qc þ qr þ qtc

¼ pd
2

2

8
jgðT gÞðT � T gÞ

d 1� d
p‘

� � þ eðk; T ÞrðT 4 � T 4
gÞ

" #
þ qtc

ð13aÞ

or sphere-shaped samples:

F ðT ; T 0Þ ¼ pd2 2
jgðT gÞðT � T gÞ

d
þ eðk; T ÞrðT 4 � T 4

gÞ
� �

þ qtc

ð13bÞ

where d is the sample diameter, jg(Tg) is the gas thermal
conductivity, Tg is the gas temperature, ‘ is the character-
istic distance of the thermal loss from the sample surface,
e(k,T) is the emissivity, and r is the Stefan–Boltzmann con-
stant (5.67 � 10�8W � m�2 � K�4). The first term on the
right hand side of the equation represents the sample ther-
mal loss by conduction (qc) through the gaseous medium
(using Fourier’s rate equation), the second term describes
the thermal loss by radiation (qr), and the third term (qtc)
is the conductive thermal loss through the thermocouple
wire and radiative losses through the openings in the reac-
tor. An estimate of the value of the last term is of the order
1–2% of the total thermal loss [15]. Eq. (13) is derived
knowing the sample surface area for the particular shape,

Table 3
Parameters for determining the decomposition rate constant of activated carbon (AC) doped with different nitro-compounds

Composition
(nitro-compound doped AC)

Formula Structure k0 � 10�23

(m3/s)
Ea/R
(K)

T

(K)
ka � 10�18@T = 400 K
(m3/s)

QMeasured

(kJ/g)

Nitromethane CH3NO2 CH3–NO2 2.5 ± 1.2 4800 ± 500 350 to 525 1.5 6.0 ± 0.5

Nitrobenzene C6H5NO2 7.0 ± 3.0 4700 ± 400 370 to 520 5.5 2.3 ± 0.3

Nitrocumene C8H11NO2 1.1 ± 0.2 4000 ± 300 370 to 520 5.0 2.1 ± 0.4

k0 is the pre-exponential coefficient, Ea is the activation energy, R is the universal gas constant, and T is the absolute temperature for the Arrhenius
expression.
Averaging was carried out for all of the experimental data [15,25].

Table 2
Thermodynamics of the thermal decay of nitromethane (CH3NO2): Q is
the total specific heat release

Possible reaction mechanisms (QCalculated)
(kJ/g)

QMeasured

(kJ/g)

CH3NO2 ) CO2 þ 3
5 H2 þ 1

2 N2 4.6 6.0 ± 0.5
(6.1 ± 1.0a)CH3NO2 ) COþH2Oþ 1

4 H2 þ 1
2 N2 3.7

CH3NO2 ) 1
4 CO2 þ 3

4 Cþ 3
2 H2Oþ 1

2 N2 5.7
CH3NO2 ) 1

2 COþ 1
2 Cþ 3

2 H2Oþ 1
2 N2 5.2

CH3NO2 ) 5
8 CO2 þ 3

4 H2Oþ 3
8 CH4 þ 1

2 N2 5.6
CH3NO2 þ 1

4 C ) 2COþ 3
4 CH4 þ 1

2 N2 2.7
CH3NO2 þ 2C ) 1

2 C2H6 þ 2COþ 1
2 N2 2.4

a Results from an earlier study [15,25].
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and integration of the general steady-state heat conduction
equation with the appropriate boundary conditions [28].
Experiments were carried out to determine the thermal
conduction through the surrounding medium (i.e., evaluat-
ing the first term of Eq. (13a)) with the aforementioned
disk-shaped substrate for variety of chamber gases and
pressures (results not reported). At a given chamber gas
pressure, the thermal loss by conduction was found to in-
crease by a factor of 25–30 when the chamber gas was
changed from Xe to He. On the other hand, the thermal
loss by conduction was nearly eliminated when working
under vacuum (i.e., at 1 kPa).

Sample absorptivity, which is equivalent to the spectral
emissivity when the substance is in an enclosure and in ther-
mal equilibrium at the laser wavelength [19], was deter-
mined using the direct-heating method during steady-state
heating (i.e., Eq. (3) is solved for b at the laser wavelength
of 1.06 lm) for a disk-shaped copper oxide substrate with-
out sample and for disk-shaped activated carbon pellets
(sieve sizes between 1.4 mm and 3.4 mm) at different sample
temperatures. There was no appreciable mass change in the
CuO or activated carbon during the experiments. The total
hemispherical emissivity was determined during the temper-
ature decay (see Eq. (4)) without laser heating, and using
Eq. (13a). Table 4 presents the total and spectral emissivity
at different sample temperatures for both of these sub-
stances [29]. No assumptions regarding the spectral nature
of the substance emissivity were made (i.e., black body, gray
body or non-gray body). The expanded uncertainty was
estimated to be 10–15%. The temperature limit for these
experiments was influenced by the melting temperature of
CuO, and by the thermal decomposition of organic sub-
stances within the activated carbon. The specific heat of
copper oxide and graphitic carbon [16] at the steady-state
sample temperature are also listed in Table 4. The results
indicated that the total emissivity was significantly different
for the two samples, while the spectral emissivity was simi-
lar at lower sample temperatures but the difference grew as
sample temperature increased. Jones et al. [30] carried out
spectral-directional emittance measurements for copper
oxide flat polished plates using a radiometric, direct-emis-
sion measurement method. The measurements were carried
out over different polar angles (0–84� from the surface nor-
mal), wavelengths (1.5–8 lm), and surface temperatures
(673–973 K). Comparing results for the spectral emissivity
of CuO, our results appear to be somewhat lower at emis-
sion normal to the surface; however, the results are in better
agreement when a different polar angle is considered.

5. Summary

The experimental arrangement, operation, and support-
ing theory were presented for a laser-driven thermal reactor
that can provide temporally resolved information on
substance thermophysical and chemical behavior. The
technique can provide information on substance decompo-
sition, explosion potential, thermophysical properties,
chemical kinetics, and chemical reaction byproducts.
Examples of the operation of the LDTR were given for
simulant organic chemical waste PAS 94, nitromethane,
and activated carbon to demonstrate some of the technique
capabilities. Results for the specific heat release rate of the
simulant organic waste PAS 94 showed that the decompo-
sition was composed of both an initial endothermic stage
followed by an exothermic stage. Results for nitrometh-
ane-doped activated carbon indicated that its decomposi-
tion is associated partially with the formation of carbon
dioxide, water, and nitrogen. Results for the emissivity of
copper oxide and activated carbon were compared and
were similar for lower sample temperatures at the laser
wavelength.
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