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This study proposes a new high-irradiation ignition test method for studying the py-
rolysis and ignition of solid combustibles under extreme scenarios (> 0.1 MW/m?).
The irradiation system that generates a 10 cm octagonal spot of dynamic irradia-
tion with a peak flux of 1.25 MW/m? and 95% uniformity, and a chamber with well-
controlled ambient conditions and advanced diagnostics coupled with a multi-
physical parameter measurement system. A verification test was conducted on cor-
rugated cardboard using the proposed test method, resulting in high-quality out-
comes with lower coefficients of variation compared to previous test methods. This
improved approach provides a better procedure for testing and understanding the
ignition threshold of combustible materials and laying the foundation for the de-
velopment of advanced models of material pyrolysis and ignition processes under
high irradiation.
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Introduction

The pyrolysis and ignition thresholds of solid combustibles are key parameters for
both the fire assessment and protection, showing important application prospects in the military,
national defense, industry, and other fields. While traditional fire tests have provided insight
into pyrolysis and ignition characteristics under medium levels of irradiation flux of kW/m?[1,
2], extreme scenarios including strong explosions [3, 4], directed-energy weapons [5], propel-
lant fires [6], arcs [7], and meteorite impacts [8], can reach irradiation levels of MW/m?, Un-
derstanding the response of solid combustibles under high dynamic irradiation is challenging
due to method and equipment limitations. Milosavljevic et al. [9] reported that the chemical
reaction rate of the material under high irradiation is extremely sensitive to the heating rate.
Moreover, high irradiation alters the ignition mechanism from diffusion-controlled to ablation-
controlled, rendering traditional models and empirical approaches inapplicable [10]. Therefore,
a high-irradiation ignition test and diagnosis method is necessary to enhance our comprehension
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of pyrolysis and ignition characteristics under such high irradiations, thereby mitigating fire
hazards.

Pioneer experiments since the 1950’s have provided insight into ignition mechanisms
under small-scale high irradiations. Martin [10] established the framework for such tests, with
a peak heat flux of 1 MW/m? and a 2.3 cm spot size. While Lopatina et al. [11] used xenon
lamps to generate high irradiation with 4 MW/m? and an 87% uniformity in light intensity.
Other researchers proposed alternative methods, including Kashiwagi et al. [12, 13] investi-
gated the orientation effect of sample orientation on ignition of oak and PMMA using a 2.5 cm
Gaussian CO; laser spot with fluxes of 0.2 MW/m?, and the investigation was further advanced
via numerical calculations [14] and experiments [15], with a smaller Gaussian spot size of 0.5
cm but a higher central flux up to 2.05 MW/m?2. Additionally, Nakamura et al. [16] reported
slightly a higher flux of 0.213 MW/m? with 0.77 cm spot size in experimental studies for space
environments. Wang et al. [17] focused sunlight to a 0.15 cm spot with fluxes of 0.78 MW/m?
to investigate the smoldering ignition of tissue paper. These methods have advanced our under-
standing of material behavior under high irradiations. However, small-scale tests may overes-
timate the ignition threshold due to large convective heat losses and gas dilution effects [18],
while spot sizes of 0.5-5 cm are insufficient for anisotropic fuels with characteristic lengths of
centimeters, such as natural wood sample with centimeter-level alternating grains and aniso-
tropic properties.

Recently, Brown has utilized concentrated solar energy to generate irradiation spots
of 5 cm and 1 m diameters. Although the peak irradiation can reach 1 MW/m?, the distribution
of the irradiation is Gaussian, indicating relatively poor uniformity. However, the tests con-
ducted in open-air conditions led to uncertainties in ignition threshold due to uncontrollable
ambient conditions and difficulties in identifying critical images from optical cameras [19].
Thus, there is a knowledge gap that needs to be addressed by developing advanced test methods
to accurately investigate ignition using high-quality irradiation and repeatable conditions.

To optimize the spatiotemporal distribution of irradiation, reduce the uncertainties
from the uncontrollable ambient conditions, and to obtain higher accuracy results in more as-
pects, a new high-irradiation ignition test and diagnosis method with the peak flux of 1.25
MW/m? and the spot size of 10 cm were proposed here. A high-power laser was applied as the
radiation source, and the intermediate-scale irradiation intensity was homogenized. The test
chamber with controllable ambient conditions was incorporated with an integrated diagnostics
system capable of measuring multiple parameters. The verification test on corrugated cardboard
was conducted using dynamic high irradiation. Our work will advance the development and
verification of advanced pyrolysis and ignition calculation models.

Systems and method
High heat flux irradiation system

Irradiation system design and structure

We established a high-fidelity irradiation system with a self-developed solid-state la-
ser, which has high electro-optical conversion efficiency over 55%, higher than fiber (~30%)
and YAG (~15%) based ones. In addition, the peak wavelength and its full width at half maxi-
mum were 935 nm and 5 nm, respectively, with relative spectral power following Lorentzian
distributions. A computer program was developed to control both the power supply the laser
and the trigger. The compact irradiation system, fig, 1, includes a stacked laser diode bar array
module (>22 kW), cylindrical lenses, and an octagonal dielectric waveguide for beam
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homogenization. The waveguide structure was fully enclosed and water-cooled to reduce ther-
mal effects and exclude external pollutants and light pollution. The output from the beam-ho-
mogenizing system was imaged, expanded, and ultimately formed a uniform high-irradiation
spot at a predetermined position of 2 m on the sample surface.

- 0.90m .
High power laser diode stacks Beam expanding system

' L T
Bl § [

I I
Coupled system Beam-homogenizing system

Figure 1. Schematic diagram of the high irradiation system

High irradiation characterization

The light path shown in fig. 2 was constructed to characterize the high-irradiation spot
in terms of shape, size, uniformity, intensity, and temporal profile. A laser beam profiler (36 x
36 mm), power meter (500 W), Si photodiode (400-1700 nm), a standard diffuse reflector, os-
cilloscope, and two wedged mirrors were used to capture and measure these parameters. Results
showed that the irradiation system formed a regular octagonal spot with an inscribed circle
diameter of 10 cm at the specified sample location, exhibiting 95% uniformity, fig. 3, and a
peak irradiation of 1.25 MW/m?2,

Figure 2. Schematic diagram of Figure 3. Spatial profile of the irradiated spot;
the light path for the irradiation (a) shape and size and (b) irradiation uniformity
parameters measurement

Dynamic waveform design

To simulate the complex irradiation in extreme scenarios such as strong explosion [3],
precise dynamic irradiation is required. To fit the temporal profile of the strong explosion irra-
diance, a multi-level ladder waveform was designed, and a program-editing software was
adopted. The generated fitting irradiance and fluence curves in red showed excellent stability
over 95%, with a relative error of about 6% when compared to the measured strong explosion
curves in black, as shown in fig. 4.
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Multi-function test chamber system

A semi-closed multi-function test cham-
ber, shaped like an octagonal prism with 2 m
width and height, with schematic diagram in fig.
5, was constructed to maintain accurate and con-
trollable ambient conditions during testing. The
chamber has several air inlets and an exhaust
pipe with a filter to facilitate emission of gas
products and smoke after tests. Optical observa-
tions were made through quartz glass windows
and infrared imagery through sapphire glass win-
dow (over 90% transmission in 2-4.5 um). The
laser beam passed through a coated glass win-
dow and vertically irradiated the sample in the
geometric center of the chamber. Temperature
control accuracy of 1°C and humidity control ac-
curacy of 5% were achieved by atmosphere mon-
itoring and controlling.
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Figure 4. Comparison of temporal profiles of
explosion irradiance and fluence between [26]
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Figure 5. Schematic diagram of
the multi-function test chamber

Figure 6. A top-view layout of
the experimental set-up

under irradiation

Diagnostics

To monitor the pyrolysis and ignition characteristics, a diagnostic system was estab-
lished to measure various physical parameters. This system includes high-speed optical pho-
tography and infrared thermal imaging, as well as in-situ measurement of dynamic mass loss,
as illustrated in fig. 6. These devices were triggered synchronously by a computer program that
also controlled the irradiation system. More information on the equipment can be found below.

High-speed optical photography
Accurately measuring key parameters such as pyrolysis and ignition delay times and
flame sustainability is crucial. However, the time to trigger pyrolysis and ignition is only 0.1-
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10 seconds under high irradiation, leading to possible obscure of the framelet (the sign of igni-
tion) by moving opaque pyrolysis gases, and consequently misjudgment of delay time based on
a single view [18]. To address this, three high-speed optical cameras (100 fps) were employed
to synchronously record the test process from rear-front-side views, while deploying filters and
LED to avoid interference and overexposure. Backlighting was used to capture gas emission
from the sample surface for pyrolysis initiation determination.
High-speed infrared imagery

Quintiere [20] approximated the temperature of the pyrolysis gases as the sample sur-
face temperature. Therefore, a high-speed infrared camera (100 fps) was used to record the
infrared spectral response of the sample surface. The camera had a 50 mm lens and a spectral
band in the 3-5 pum, calibrated from 133 °C to 1500 °C, along with a sapphire glass. The tem-
perature of the sample’s surface was calculated based on its emissivity, target distance, and
other parameters using post-processing software. The distance between the infrared camera and
the sample plane was 1.67 m. The chronometer error was less than 0.01 seconds, and the tem-
perature error was -1.88 °C, validated with a blackbody at 597.8 °C.

High time resolution electronic balance system

The mass loss of solid combustibles is a reliable indicator of the heat released during
pyrolysis, ignition, and combustion. The concentration of pyrolysis gases is also reflected in
mass loss. Additionally, the ignition delay time could be linked to a critical mass flux leaving
the exposed sample surface. Therefore, it is necessary to measure the dynamic mass loss of the
solid combustibles during testing. For this purpose, a high-precision electronic balance
(AXA30002, Asone) with a high-time resolution was used to measure the dynamic mass during
tests. The data was transmitted to the computer in real-time through the RS-232 communication
interface at a sampling rate of 10 Hz. To prevent damage to the electronic balance, an insulation
board was placed on it to isolate the heat from the burning sample.

Verification test

Sample, test conditions and procedures

To verify the reliability and accuracy of the test system, corrugated cardboard, a com-
mon combustible in urban areas, was chosen for the verification test. Its properties resemble
those of the cellulose used in previous studies [18], enabling a comparison of experimental
results. The corrugated cardboard had a sandwich structure with two outer layers and a middle
layer of corrugated medium, and measured 10 cm x 10 cm x 3 cm, with an emissivity of 0.95
[21, 22]. The temporal profile of applied high dynamic irradiations was shown in fig. 4, with
peak values 0.40-1.25 MW/m?, The test was conducted in a windless environment at a temper-
ature of 20 +1 °C and relative humidity of 60 +5%, with the air inlets and outlet devices closed,
and the ambient pressure at 95 +1 kPa. The sample was mounted on a frame on the electronic
balance.

During the test, the observation continued even the irradiation was ended, to identify
if flaming ignition sustains. After the test, the air inlets and outlet devices were opened, and the
gas products and the smoke were extracted from the chamber into an exhaust pipe with a filter
until the atmosphere including temperature, humidity and proportion of oxygen were all re-
stored. To ensure experimental repeatability, all the tests were repeated three times. The ac-
quired data were further processed to obtain the average value p, the standard deviation o, and
the coefficient of variation, CV = o/
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Test results

Fire phenomena and pyrolysis & ignition delay times

Figure 7 illustrates the fire phenomena of corrugated cardboard under 0.4 MW/m?
dynamic irradiation, arranged from left to right by rear-front-side camera images. The initial
frame where the unfiltered laser spot was visible in the rear view determined the zero time. The
cardboard underwent a standard evolution process of water evaporation, pyrolysis, flaming ig-
nition, and decay. From figs. 7(a) and 7(b), water evaporation caused a slight color change on
the exposed area, and the cardboard began to bend due to thermal stress. As compared from
figs. 7(b) and 7(c), pyrolysis led to gas ejection from the exposed area and the corrugated me-
dium holes, forming premixed combustible gases. At the same time, the exposed area was oxi-
dized due to the high temperature, and glowing spots could be observed. Then, as shown in figs.
7(d) and 7(e), ignition of combustible gases caused a strong fire plume and solid residues to
crack, bulge and spall. As the dynamic flux gradually reduced to zero, the flame length de-
creased, but the corrugated cardboard continued to burn until all combustible ingredients were
consumed.

Figure 7. Fire phenomena of corrugated cardboard under
0.4 MW/m? dynamic irradiation

The pyrolysis delay time, tyyr, and ignition delay time, tig, are determined by observing
the emission of translucent smoke and first flame appearance, respectively, as shown in figs.
7(b) and 7(d). Figure 8 summarize the results, which show a low CV of less than 18%. The high
repeatability of the irradiation system and controlled environmental conditions in the chamber
contributed to negligible diagnostic errors. However, the main source of error was the repeata-
bility of the corrugated cardboard.

Irradiated surface temperature

The high-speed infrared camera recorded spatial-temporal temperature distribution on
the irradiated area of the corrugated cardboard under high irradiation. Figure 9 shows the infra-
red frames under 0.4 MW/m? condition. These frames correspond to the images moment in fig.
7, except for the first frame, which captures the moment when the temperature first exceeds the
lower limit of the measurement range (130-1500 °C).

This produced curves of the mean temperature profiles of the irradiated area from
30000 pixels, as displayed in fig. 10(a). The average temperature rise rate was approximately
400 °C per seconds within the first second. The ignition temperature [20], summarized in fig.
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Figure 8. Threshold map for the corrugated card-
board test

Ignition temperature [°C]

8, was determined by calculating the maxi-
mum temperatures, Temp., at the gas phase
ignition moment in fig. 7(d) and the preced-
ing moment (0.01 seconds before).

Dynamic mass loss curve

The electronic balance system recorded
the dynamic mass loss curve of the corrugated
cardboard under 0.4 MW/m? dynamic irradia-
tion, fig. 10(b). The time resolution was 0.1 ms,
which allowed for a high temporal resolution
to effectively track the continuous and rapid
change process of the mass. This data is cru-
cial in understanding the relationship between
the mass-loss rate over time and studying the
dynamic radiation attenuation effects of the
pyrolysis volatiles on ignition.
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Figure 9. Infrared images derived from the corrugated cardboard test with
(a)-(f) corresponding to time 0.40-0.60-1.30-1.42-1.70-6.97 seconds
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General conclusion

The irradiation experiments were conducted under dynamic fluxes ranging 0.40-1.25
MW/m? at 10 cm scale with 95% uniformity. The material responses, delay times, surface tem-
perature and mass flux were recorded with high-speed optical and infrared cameras, and high
time resolution balance. The multi-function test chamber system maintained controlled ambient
conditions, ensuring the reliability of the collected data. This new high-irradiation ignition test
method demonstrates its potential for evaluating the pyrolysis and ignition characteristics of
solid combustibles under intermediate-scale high irradiations.

Discussion

Ignition mechanism of corrugated cardboard under high heat flux

The flaming ignition occurred in the pyrolysis plume above the irradiation region, as
shown in figs. 7(c)~7(d). Flaming ignition requires the fuel-oxygen ratio to be within flammable
limits [23] and the temperature was sufficiently high to initiate and accelerate gas phase chem-
ical reactions [13]. While the emitted gas was assumed to have the same temperature as the
irradiated area [20], which was measured 580-640 °C before ignition. It is inferred that the
plume was heated to a temperature high enough for auto-ignition before being transported out
of the radiation region. However, the local fuel gas concentration in front of the irradiated sur-
face was too rich to be ignited. This mechanism indicates that mixing time play an important
role in high heat flux ignition of solid combustibles.

The absorption of radiation by pyrolysis gases are recognized a primary cause of au-
toignition [24]. However, when radiation is directed downwards onto a vertical orientation sam-
ple, the attenuation of irradiation is only 10-20% [13], whereas it is 75-80% in horizontal ori-
entation [12]. Unlike previous experiments with CO; lasers, the infrared irradiation used in this
study has a shorter wavelength. This could result in a higher scattering/absorption ratio of py-
rolysis gases. Therefore, the absorption of radiation by a thinner layer of pyrolysis gases, fig. 7,
in this study may be relatively insignificant.

High heat flux irradiation loading technique.

Table 1 compares the high irradiation loading technology reported by Sandia National
Laboratory (SNL), Tomsk State University (TSU), and this work. Despite using a lower irradi-
ation level (one third to half of SNL [18] and TSU [25]), this work achieved better performance
due to a larger spot size and higher uniformity. The spot diameter in this work is twice that of
SNL and five times that of TSU, minimizing scale effects of convective heat losses, heat diffu-
sion, and material heterogeneity. The 95% spot uniformity surpasses SNL's Gaussian distribu-
tion [26] and TSU's 87% [27], making it closer to real scenarios. Additionally, the temporal
profile in this work is more flexible and can accommodate complex profiles of extreme scenar-
ios, such as strong explosions.

Table 1. Comparison of the different high irradiation loading technologies

Peak flux Spot shape and size . .
[MWm?] [cm] Uniformity Exposure profile
SNL [18, 28] 2.3 Circle 5 Gaussian distribution |Asymmetric trapezoidal wave|
TSU [25, 27] 4 Circle 2 87% Trapezoidal wave
This work 1.25 Octagon 10 95% Any complex profiles
can be generated
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Test environment and loading condition of the control technique

The SNL field test using sunlight encountered numerous uncertainties that were dif-
ficult to measure [18]. The irradiation was heavily influenced by factors such as reflective pan-
els, sunlight angle, and weather conditions, and testing was only feasible at noon on a sunny
day without strong winds, while the irradiation calibrations are also needed before and after
each test, leading to complex procedures and reduced operational efficiency. Additionally, there
were also uncontrollable environmental variables, including wind speed and direction, with CV
up to 60% and 30%, respectively. Therefore, airflow led to dilution of pyrolysis gas, resulting
in random ignition times [29], and humidity affected the ignition delay time by altering the
material's moisture content and thermal conductivity [30]. In contrast, in this work, irradiation
tests are conducted in a semi-closed multi-functional chamber that allows for control of the
ambient temperature, humidity, wind direction, and speed, irrespective of weather conditions.
With the stable irradiation performance generated by laser, there is no frequent need to calibrate
the irradiation parameters, resulting in improved operational efficiency.

Diagnostics for key parameters of the irradiation effects

In SNL tests, the intense scattering of high solar irradiation led to overexposure of
optical cameras and hindered the identification of crucial phenomena [26]. while adding more
cameras with filters provided limited improvement [28]. Mass measurements in these tests only
recorded the total mass loss before and after the experiment [18]. In contrast, this study em-
ployed selective filtering of near-infrared irradiation and supplementary LED light to provide
clear observation of fuel surface and plume boundary, fig. 6. Moreover, calibrated surface tem-
perature data from the high-speed infrared camera was used to evaluate the behavior of solid
combustibles under high irradiation.

The surface temperature is important in evaluating solid combustible behavior. Fig-
ures 7(c)-7(e) shows the plume thickness increases with height, which matches the description
of flaming ignition [31]. The effect of the plume on infrared thermometry could be negligible
in this study, with only a minimal difference between the upper and lower halves of the exposed
area, based on further data analysis. This is because the particulates in pyrolysis aerosols of
carbonous materials are 30 nm-2 um [32, 33], which are smaller enough to allow 3-5 um infra-
red radiation to pass through them without significant scatter based on the diffraction theory,
as confirmed in figs. 10(a)-10(d). The initial flame in fig. 10(d) was visible due to the emission
of energy at 4.3 um from hot CO; [34], which is within the infrared camera's spectral range.
Both pyrolysis and flame plumes were not optically thick enough to cause significant radiation
absorption or emission radiation since their thickness did not exceed 0.05 m in this study.

Improved acquisition programs led to a time resolution of 0.1 seconds for measuring
mass loss, which allowed for the calculation of critical mass loss rate. Optical images were
needed to identify spalling solid residues to avoid inaccurate mass flux predictions. In summary,
the use of diagnostics integrated with multi-physical parameter measurement is essential for
understanding the phenomenon and validating model predictions.

Comparison of the coefficient of variation of key result data

Brown et al. [18] found the CV of cellulose pyrolysis and ignition delay time to be
30.83% and 20.70%, respectively. However, the CV of corrugated cardboard (also a cellulose
material) tested in this study were lower, ranging from 1.43% to 17.87% and from 0.77% to
10.60%, respectively, fig. 8. These results demonstrate better repeatability and accuracy than
those reported by SNL, indicating that the proposed method offers superior control of ambient
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conditions and improved diagnostics through multi-parameter data acquisition. Thus, the pro-
posed method provides more reliable results for subsequent research on fire behavior and igni-
tion threshold.

Conclusion

This work presents a new method for high-irradiation ignition testing to characterize
the pyrolysis and ignition behavior of solid combustibles under extreme heat flux. The main
findings are as follows.

e A new high-irradiation system with a peak heat flux of 1.25 MW/m?, a diameter of 10 cm
and a uniformity of up to 95% was developed, featuring a multi-level ladder waveform that
emulates the dynamic temporal profile of irradiance.

o A multi-functional test chamber system was built to accurately control environmental vari-
ables, while multi-physical parameter diagnostics were employed to measure the pyrolysis
and ignition delay time, temporal-spatial temperature distribution, and mass loss over time
of corrugated cardboard.

¢ The proposed method shows better performance than similar test methods in terms of high-
irradiation system quality, controlled ambient conditions, and accurate parameters measure-
ments, with lower coefficients of variation for delay times.

This advanced method provides reliable and accurate results that can be used to de-
velop and verify pyrolysis and ignition calculation models for solid combustibles under high
heat flux conditions.
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