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Abstract: Ignition of solid materials under convective and/or radiant heating often depends on
complex interactions between the solid and fluid phase. Under extreme irradiation (:>100 kW /m?),
historical data suggest the ignition of cellulosic papers is dependent on a simplified set of physics.
The initiation and sustainment of ignition is determined from the thickness and thermophysical prop-
erties of the solid, and the intensity and duration of radiant heat source. Historical work leverages
this reduced parameter set to generate a graphical ignition map, based on two normalized quantities
for flux and fluence. We leverage this technique and historical data to produce empirical correla-
tions from the historical data, capturing ignition of cellulose for a range of heating conditions and
thermophysical properties. These empirical correlations capture the aleatoric and/or model-form
uncertainty with prediction intervals, allowing the user to assess the probability of ignition. We also
recommend a small permutation to the historically established normalized variables, collapsing the
ignition maps even further. This approach allows simple assessments of ignition modes, transient or
sustained, with negligible computational overhead.
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1. Introduction

Pyrolysis and ignition of organic materials is commonly studied at incident heat flux (=~10-200kW /m?)
representative of typical fire environments. A limited range of environments induce heating rates well
beyond these limits (>100kW/ m?). These environments include metal and propellant fires [1], directed
energy [2-4], arc faults [5], and nuclear weapons [6].

Ignition of a solid, especially by flames in the gas-phase, relies on a complex interactions of mechanisms
governing the condensed and gas phases. Initially, the solid is inert and the gas-phase is near atmospheric
conditions. Energy absorbed by the sample is known and energy transport is well-predicted by Fourier’s
Law. Upon chemical degradation, the energy-transport physics become increasingly complex, including:
enthalpy of pyrolysis, advection of heat & mass, changing surface absorptivity, radiation screening by py-
rolysis gases, reradiation, and convective heat loss. The physics of spontaneous ignition increase complexity,
requiring successful prediction of localized autoignition amidst large thermal gradients and complex fluid
dynamics. Through extensive effort, computational models can account for the myriad physics; however,
simplified engineering ignition models are more often preferred, relying on abstracted physics and empiri-
cally derived parameters [7].

Martin and his collaborators generated an ignition theory supported by 1000’s of tests on carbon-
blackened alpha-cellulose papers in the 1950’s and 1960’s [8-10]. The method was successfully extended
to forms of processed cellulose, including: cotton fabric, cardboard, and newspaper [8, 10, 11]. Under this
construct, the flux and fluence of the radiant exposure are normalized by the thermophysical properties of the
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solid and plotted on a graphical ‘ignition map’ [12]. Various ignition regimes are defined, and the thresholds
between these regimes are repeatable across a range of exposure conditions and sample properties (thickness
and density). The utility of the map was limited to high-heat-flux exposures where the effects of convective
and radiant losses are negligible.

Adoption of Martin’s ignition theory is limited, replaced by theories that better account for physics
relevant to typical fire environments. Reviews for ignition at low and moderate heat flux (< 100kW /m?)
criticize the theory as not predictive and ignorant of heat losses (convective and radiative) [[7]. The theory is
prominently featured in the SFPE handbook [12] and undergirds prominent sources for NW effects [6, 13,
14]. Martin’s ignition map is sparsely adopted in recent decades, perhaps due to poor performance at heat
flux representative of common fires, and limited interest in ignition at extreme heat flux (> 100kW /m?).
Recent experimental studies at extreme heat flux have successfully applied the ignition map to cellulosic
materials at extreme heat flux, and have had moderate success extending the work to other lignocellulosic
and polymeric materials [15].

2. Derivation of the Ignition Map

The historical reports relied predominantly on a graphical approach, producing an ‘ignition map.” The
ignition map consists of exposure conditions normalized by the thermophysical properties of the solid. The
normalized irradiance is defined as: i
* aQO
- ' 1
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where ¢/, is the characteristic flux for the exposure (e.g., peak or average), and sample properties a, L, and
k are the surface absorptivity, thickness, and thermal conductivity, respectively. The normalized fluence is
defined as: Y
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where Q" is the exposure fluence, p is the density, and c,, is the specific heat. Normalized irradiance, ¢*,
and normalized fluence, Q*. Normalized irradiance and normalized fluence each have units of temperature
(K). Revealing the theoretical basis in thermal diffusion, the ratio of the normalized fluence and normalized
irradiance is the Fourier number:
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where the characteristic time, #*, is the ratio of the fluence to the characteristic flux. For a square-wave
exposure, t* is simply the duration of the exposure.

Data were collected for exposures with constant intensity and exposures simulating dynamic thermal
irradiation from a nuclear-weapon airburst. The flux and fluence produced by each exposure type are com-
pared in Fig. [Ila; each exposure has the same peak flux and total fluence. These exposure shapes are referred
to as “SW?” for “square wave” and “NW” for “nuclear weapon.” The NW exposure ends abruptly at 7 = 10z,
where 1), is the peak time [16].

Ignition-threshold data produced by Martin et al. for both SW and NW exposures are provided in Fig. [Ib
[8, 9, 17]; data in this form constitute an ignition map. Unlike the standard method for cone calorimeters
[18], Martin and his collaborators did not identify the time of ignition during a uniform, continuous heat load.
Instead, experiments varied the exposure duration, and categorically defined the ignition mode produced at
the exposure end. Consequently, data points on the ignition map are based on threshold exposures, producing
the corresponding ignition mode at the last viable moment.

The threshold exposures were determined by setting the exposure intensity and modulating the exposure
duration. Using over 20 experiments per exposure intensity, the experiments characterized the threshold
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Figure 1: Historical data generated for black a-cellulose papers irradiated by the SW and NW exposures [8-10]. (a)
Irradiance (solid) and fluence (dashed) of historical exposure profiles. Each exposure has the same peak irradiance
and total fluence. Irradiance and fluence are normalized by their peak values. (b) Ignition maps developed by the
historical data. Lower thresholds, upper thresholds, and branch points annotated using dashed lines, solid lines, and
circles, respectively. Dotted lines indicate constant Fourier number; the bold dotted line is at Fo = 1.

exposure time, including the mean, standard deviation, and standard-error of the mean [9]. A statistical
analysis was performed on the exposure-time requirements for square-wave exposures [9]. Exposure time
resolution was 1 ms. Standard error of the mean (i.e., confidence interval) typically varied between 0.7-
3.4 %. The standard deviation was roughly three times the standard error of the mean and typically ranged
between 1.0-10.6 %. The Mitchell heat source had moderate spatial and temporal variability (i.e., aleatory
uncertainty), estimated at 5 % [19]. The calorimeter used to evaluate the irradiance produced by the Mitchell
heat source had an estimated calibration error (i.e., epistemic uncertainty) of 2.8 % [20].

When applying the map to ignition predictions, the irradiance and fluence of the heat source are normal-
ized (Equations [I] and [2)) and compared to the thresholds on the map. The ignition mode is determined by
the region where the exposure falls on the ignition map, including: non-ignition, sustained smoldering or
flaming, and transient flaming. These regions are bounded by the lower (dashed) and upper (solid) thresh-
olds. Ignition thresholds depend on the dynamic profile of the exposure (e.g., SW and NW exposures).
Lower thresholds were estimated using analytical solutions for heat diffusion (later defined in Equation [5))
and arbitrary critical surface temperatures (1200 K for SW, 1800 K for NW). The map is formulated based
on irradiance and fluence of the entire exposure, and was not demonstrated to predict ignition timing for an
exposure exceeding the threshold.

In the lower-left region, normalized irradiance and normalized fluence are relatively low; no ignition
is expected, regardless of the Fourier number. In the lower-right region of the map, normalized irradiance
is high, but normalized fluence is low. The Fourier number is very low (Fo<1), indicating that heating
is limited to a thin surface layer. For ¢-cellulose, these conditions resulted in a hot surface that emanated
flames, but because the bulk material remained relatively cool, the surface temperature rapidly dropped and
flaming ceased when the exposure ended. This ignition mode was identified as transient flaming.

The upper-left region of the map indicates high normalized fluence and low normalized irradiance.
The Fourier number is relatively large (Fo>>>1); consequently, the bulk material is heated significantly and
thermal gradients are minimized. Ignition in this region is predominantly by sustained smoldering (i.e.,
sustained glowing). Smoldering typically continued until the sample was consumed.

In the upper-right region of the map, the exposures feature high normalized fluence and moderate-
to-high normalized irradiance. The Fourier number is typically near unity, indicating moderate thermal
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gradients within the solid. The o-cellulose papers tended to exhibit sustained flaming ignition in this region.
The normalized fluence required for sustained ignition is reduced near the branch point, especially for NW
exposures.

The point at which the sustained-, transient-, and non-ignition modes meet is the branch point (circles in
Fig. Tb). The lower threshold bounds cases of non-ignition and ignition (of any type). The upper threshold
bounds cases of transient and sustained ignition. The thresholds and branch points in Fig. [Ib are denoted
notionally.

Based on a more limited data set, the ignition map well-predicted ignition modes for other nearly pure
cellulose materials, namely: newspaper, cardboard, and cotton fabric [8, 10]. The utility of the ignition map
for other materials was not demonstrated.

As indicated by the existence of two sustained ignition types, the sustained ignition regime is divided
into two corresponding regions, sustained smoldering and sustained flaming. Although this threshold was
examined in some of the historical literature [16], the transition was generally not the focus of these re-
ports. The transition between these sustained modes is poorly captured by the normalized variables and is
dependent on apparatus and scale [16]. Thus the ignition map leverages a convenient coincidence of the
lower-sustained ignition limit, bypassing the complex requirements of a gas-phase ignition model.

Martin also used the map to define three regimes that were controlled by convection, thermal diffusion,
or ablation. The diffusion-controlled regime is the focus of the map. In the convection-controlled regime,
normalized fluence diverges from the plateau as normalized irradiance decreases, eventually reaching an
asymptote [21]. In the ablation-controlled regime, surface recession exceeds the rate of thermal diffusion,
indicated by low Fourier number. At very high heat flux (up to 4 MW /m?) exposures just below the upper
threshold left behind a very thin layer of material (=50 um) regardless of the original sample thickness [10].
Although not strictly defined, bounding values of normalized irradiance were proposed in prior work [21].
For g* < 400K, ignition was considered convection controlled. For 400K < ¢* < 10000K, ignition was
diffusion controlled. For g* > 10000K, ignition was ablation controlled.

When comparing ignition thresholds for SW and NW exposures, there is a notable offset between the
corresponding ignition thresholds. The apparent requirements for surface heating are roughly 60% higher
for the NW exposures Alternatively, Martin suggested multiplying the peak irradiance by a factor of 0.37
[9]. Even with this empirical correction factor, the normalized-irradiance threshold is still mismatched: up
to 30 % more irradiance is required for sustained ignition at low flux and 30-40 % less energy is required at
the upper threshold. No method for equating to SW exposures thresholds was determined [9].

While the threshold ignition events (e.g., exposures defining the boundaries between ignition regimes)
always ignited at the end of square-wave exposures, the ignition time varied for NW exposures. For short-
duration, high-intensity exposures, ignition occurred “well out on the tail of the pulse; some time after the
peak” [16]. Meanwhile, for long-duration, low-intensity exposures, ignition occurred shortly after the peak,
and “appears to approach the peak time as a limit” [16]. The actual ignition time was unrecorded in the
historical NW-exposure data [9].

3. Empirical Correlation for SW Exposures

Empirical correlations are derived for the lower- and upper-ignition thresholds, using prediction intervals
to capture the spread in the data. Using the Fourier number as the dependent variable, our objective is
to determine the normalized fluence for threshold exposures, Q7,, using the historical SW-exposure data
[8]. The non-linearity of the lower threshold is captured using an analytical heat-transfer solution and an
empirically derived fitting parameter, the critical surface temperature rise. The upper-threshold is captured
in a similar manner, but without reliance on the analytical solution.
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The lower threshold is derived from the surface temperature of a inert solid radiantly heated by a constant
load [22]:
k[T(sz,Fo) — Tl] 2 &1 )
!l sl O | W, = Nl (1 _ m-m Fo) 4
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where m is the index of summation. The critical surface temperature rise, AT, defines the threshold values
for the Fourier number, Fo;;, and normalized irradiance, ¢j;,. Applying the relation for the normalized

irradiance (Equation [I)), the threshold conditions are:

AT, 2 w1
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Recognizing the normalized fluence is the product of the normalized irradiance and the Fourier number

(Equation J3)), the following expression predicts the threshold normalized fluence:

Oy, = qinFoin = ATy f (Fou,) (6)
where f(Fo) is the fraction:
Fo
Fo) = (N
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Equation 6 is the basis for the experimental correlation; however, because the data span many orders of
magnitude, a logarithmic transform (base-10) is advantageous:

log Qj;, = log ATy, +log f (Fou) (8)

The critical surface temperature rise is calculated from the historical square wave data for the lower
threshold [8] using Equation § and plotted in Fig. Za. The convection-controlled regime is neglected by
eliminating data with very high Fourier number (Fo > 15). The critical surface temperature varies with
Fourier number from 1000 K (Fo ~ 0.01) to 1400 K (Fo ~ 10). The following empirical correlation captures
this linear trend:

log AT}, = Ao+ A log Foyy, )

where A is 3.09+0.16% and A1 is 0.0523 + 14.3% (90% confidence). The root mean square error is 0.0318,
and the predicted R-squared' is 0.517. Returning to Equation {8, the following correlation determines the
threshold normalized fluence:

log O}, = Ap + A log Foyy, +log f (Foy,) (10)

The sustained-flaming ignition thresholds are relatively scattered compared to other ignition modes.
Many sustained-flaming cases exhibit significant suppression (=~ 20%) in the critical surface temperature
rise. No predictive correlation (high predicted R-squared) was found for this variation.

An empirical correlation can likewise be employed to quantify the upper ignition threshold. Unlike the
highly non-linear behavior of the lower threshold, the upper threshold is captured by a simple correlation,
without invoking transient-heat-transfer calculations, and has the following form:

log Q;;, = Bo + Bj log Foy, an

where By is 2.84 +1.1%, B; is —0.286 +-20%. The root mean square error is 0.0376.

IPredicted R-squared evaluates correlations for predictiveness, and should not be confused with the R-squared value, which
evaluates goodness-of-fit.
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Figure 2: Deriving the upper- and lower-threshold correlations for SW exposures [8]. (a) Determination of the critical
surface temperature rise for the lower threshold of SW exposures [8]. (b) Correlations compared to historical ignition
map. Dotted lines indicate constant Fourier number; the bold dotted line is at Fo = 1.

The correlations for the upper- and lower-thresholds can be rewritten to predict normalized irradiance,
using Equation 3. For many applications, the inverse problem is more logical (Foy; as a function of ¢},), and
can be easily solved (e.g., by tabulation).

Using Equation [10/ and Equation [I 1], the lower and upper ignition thresholds are well-characterized, as
demonstrated by Fig. [2b. The upper-threshold correlation (Equation [11)) sufficiently resolves the cutoff from
transient to sustained ignition along the lower threshold. Both thresholds should be exceeded for sustained-
ignition events. If only the lower threshold is exceeded, transient-flaming ignition is predicted.

4. Reducing the Effect of Exposure Shape

In many practical applications, the radiant exposure varies dynamically, such as the NW exposure provided
in Fig. [Ta. Using the formulation presented in prior reports, the effect of exposure shape cannot be derived,
and a different ignition map must be formulated for each potential exposure shape (Fig. [Ib) [8, 9].

The SW and NW exposures have two important differences that are poorly captured when basing ignition
maps on peak irradiance and total fluence. First, the peak irradiance during an NW exposure is maintained
only for a very brief time. Consequently, comparing the peak irradiance directly to a SW exposure is
likely to underestimate the likelihood of ignition. Second, much of the energy contained by the exposure
is transmitted by the long, low-intensity tail (Fig. [[a). At the peak, only approximately 27% of the total
fluence has been delivered. 25% of the total fluence is provided by the tail beyond ¢ = 3¢, even though the
irradiance has fallen by ~75%. Depending on when ignition occurs in relation to the peak, much of the
exposure fluence may be delivered after the onset of ignition.

Consequently, the NW thresholds are expected at higher normalized irradiance and normalized fluence
than SW thresholds, provided peak irradiance and total fluence define the respective normalized variables.
This trend is clearly exhibited in the ignition map (Fig. Ib). To align the NW-exposure data to the SW
data, an empirically derived ‘shape factor’ could be applied to the normalized quantities in the ignition
map [9]. Alternatively, a new critical surface temperature rise could be defined, as in Section 3. However,
these approaches require parameters that are empirically derived, requiring extensive experimentation. An
approach that leverages the expansive data set for SW exposures is preferred.

We reduced the impact of exposure shape on the lower threshold by implementing two modifications
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to the normalized threshold quantities. The first modification uses the normalized fluence and the Fourier
number (replacing normalized irradiance). The second modification evaluates these variables upon ignition,
namely: the time and net fluence at ignition. When implementing these changes, the normalized irradiance
is effectively based on the temporally averaged irradiance, up to the time of ignition.

For SW exposures, these modifications do not change the ignition map, because ignition is presumed to
occur at the end of the exposure. Consequently, the modified form still evaluates the total fluence and the
peak irradiance (which is the same as the average).

However, the threshold variables for dynamic exposure profiles do change. Unfortunately, only quali-
tative information was provided for the time-of-ignition during NW exposures. Reports indicate the time
of ignition is well after the peak for high-intensity, low-duration exposures, and approaches the peak as
exposures become progressively longer and less intense [16].

Ignition cannot occur once irradiance falls below certain values. During a threshold exposure, ignition
occurs at the latest viable time in the exposure. Leveraging these two assumptions, we estimate the ignition
time by defining the minimum irradiance required for flaming and smoldering ignition. As will be explained
later, both minimum irradiances require only an order-of-magnitude estimate.

For flaming ignition, the minimum irradiance is governed by either (a) sufficient heating of the py-
rolyzate or (b) production of pyrolyzate in sufficient quantities. Conveniently, the minimum irradiance is
reasonably well-characterized by the SW exposures on the same apparatus. Leveraging this expansive data
set, the minimum irradiance is determined by the exposure irradiance below which flaming ignitions no
longer occur and is roughly 100 kW m—2.

For smoldering ignition, the minimum irradiance is governed by the solid-phase temperature. We adopt
the smoldering surface temperature proposed by Martin, 450 °C [17]. By assuming smoldering ignition ini-
tiates when the surface reaches this temperature, we conclude a threshold exposure reaches 450 °C at the last
viable moment, just as heat loss overtakes incident heat flux. Recognizing that radiant heat loss dominates
at high temperatures, the minimum irradiance for smoldering ignition is approximated as 15 kW /m? using
the Stefan-Boltzmann Law.

The time-of-ignition threshold data for NW exposures, defined by these minimum irradiance values
(100kWm~2 for flaming, 15kWm~?2 for glowing), are compared to the SW data in Fig. 3. This modi-
fied form of the ignition map (Fo and Qj, at ignition) improves agreement for the lower threshold in two
significant ways. First, time-of-ignition data collapses the threshold data for NW-exposures onto those for
SW-exposures. Second, the modified ignition map reduces the spread in the NW-exposure data. The depen-
dence of the upper thresholds on exposure type is not captured by modified ignition map.

The minimum irradiance for smoldering and flaming ignitions are clearly only estimates. Fortunately,
the data are insensitive to the exact magnitude of the minimum irradiance values. Both minimum irradiance
criteria were increased and decreased by a factor of two, and only a few data points for flaming-ignition
thresholds changed significantly. In fact, better agreement was obtained when the minimum irradiance for
smoldering ignition was twofold higher. The insensitivity arises from (1) the shape of the NW exposure and
(2) the location of smoldering ignition thresholds on the ignition map.

Flaming ignition requires higher irradiance, and typically occurs shortly after the peak. The steep drop-
off in irradiance renders time-of-ignition insensitive to the minimum irradiance for flaming. Smoldering
ignition requires less irradiance, and can occur well into the NW-exposure tail. Although the extended tail
causes the time-of-ignition to be very sensitive to the minimum irradiance for smoldering, these smoldering
ignition events typically occur in a region of the map dominated by normalized fluence. Exposure fluence
reaches a plateau in the tail and, consequently, remains insensitive to the minimum irradiance.
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Figure 3: Proposed, modified form for the ignition map using historical data of Martin et al. [8-10]. Threshold data
for SW and NW exposures are compared using the Fourier number and normalized fluence at the time of ignition.
Dotted lines indicate constant Fourier number; the bold dotted line is at Fo=1.

5. Discussion

The requirement to determine the time-of-ignition in threshold exposures only appears necessary when the
dynamic profile includes a long, extended tail, such as the NW exposure used by the historical reports. If
the exposure ends abruptly, the fraction of the total fluence delivered near the end, below the minimum
irradiance is negligible. Therefore, the fluence and time of the entire exposure likely remains valid, as it is
for SW exposures. In other words, the only recommended change for dynamic exposures that end abruptly
is to use the average irradiance of the profile. This approach successfully predicted ignition produced by
dynamic exposures for a variety of cellulose papers [15].

If the exposure includes a long extended tail, the method for estimating the time-of-ignition used in
Section @ is not preferred. The time of ignition is better determined by instrumentation, such as visible
or infrared imagery. Flame detection was successfully deployed in recent high-heat-flux experiments [[15]
using visible-light cameras; however, initiation of smoldering ignition during the high intensity exposure
was not observable. Further studies are recommended to validate these approaches for a variety of exposures
profiles, with and without extended tails.

The dominant physics of the upper threshold remain unresolved. NW exposures require roughly half
the normalized fluence to sustain ignition (Fig. Ib). Moreover, the use of minimum irradiance to determine
the exposure quantities at the time of ignition (Fig. 3) is arbitrary, since these exposures typically ignite
by transient ignition before reaching the sustained ignition limit. An alternate version of the map using
total exposure fluence and time for the upper threshold yielded unfavorable results (increase in data scatter,
collapsing of data points below the lower threshold). These physics governing the upper threshold require
further study. Our recommendation is to develop a second engineering model for this limit, focusing on the
temperature gradient at the surface at the end of the exposure.

The historical ignition maps are exclusively based on threshold exposures. This approach meets the
objectives of relevant applications, differentiating between exposures that cause ignitions and those that
do not. However, when formulating the ignition maps, resolving threshold exposures is labor-intensive,
requiring many experiments, such as the staircase method used in the historical reports [8-10]. A more
efficient approach is to use the time-of-ignition data to determine ignition requirements.

The modifications to the ignition map developed in the Section 4 may allow comparisons to time-of-
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ignition data. The validity of this this method is plausible, given that the threshold data for NW exposures
better collapse to SW-exposure data when the time, flux, and fluence beyond ignition are neglected. This
approach was successfully applied to the flaming-ignition of cellulosic papers exposed to dynamic irradiance
profiles [15]. A dedicated study to confirm the validity of this approach is recommended. If successful, this
technique would substantially reduce the number of experiments required to determine the lower-threshold
for flaming-ignition events.

Over-reliance on flame detection could compromise the data. In small-scale apparatuses, smoldering-
and flaming-ignition thresholds diverge at high Fourier number. If the objective is to determine the lower
threshold (i.e., replicate the ignition map), flame detection in exposures exceeding the threshold could pro-
vide erroneous estimates. We recommend performing experiments below the threshold determined by the
time-of-ignition method, to determine if/when the flaming ignition threshold diverges from the lower thresh-
old. This approach successfully captured cases of divergent thresholds for a variety of materials [15].

The reported values for the critical surface temperature rise (1000-1400 K) are well above the physical
surface temperatures (600 °C or less) reported experimentally [23]]. The temperature overprediction indicates
that roughly half of the exposure irradiation is absorbed or rejected by other physical mechanisms. Many
mechanisms could account for this over prediction, including: radiation screening by pyrolysis gases, con-
vective losses, reradiation, and ignition delays. However, none of these mechanisms simultaneously explain
the large discrepancy and the strong correlation with the Fourier number (e.g., dependence on thickness).

The enthalpy of pyrolysis is a plausible explanation. The heat of pyrolysis could absorb thermal energy
in a manner analogous to the specific heat of the material, namely: the resulting thermal sink is localized to
the heated region in the solid. Scaling with the Fourier number is expected, to first order.

Given the basis of the ignition map in thermal diffusion, application of the map is likely only valid if
ignition is dominated by heating of the solid phase. Any significant ignition delay or thermal effect arising
from gas-phase phenomena is unlikely to be strongly coupled to the thermal state of the solid.

The ignition maps for SW and NW exposures were formulated under a limited set of conditions. The
maps are based on black o-cellulose samples, with a limited range of thicknesses and exposure conditions.
Limited experiments were performed on other processed-cellulose samples (cotton fabric, cardboard, and
newspaper). Consequently, the utility of the map must be demonstrated before extending beyond this scope.
A variety of material parameters are likely to influence the ignition map, especially those that affect the
integrity of the critical-surface-temperature-rise estimation. For example, recent data on white cellulose pa-
pers P have revealed unexpected ignition modes, perhaps due to low surface absorptivity and/or diathermicity
[15].

Extension of the ignition map to field environments at larger scale introduces complexities that may
impact the underlying physics. Prior studies suggest the lower threshold for cellulose remain unchanged at
larger scale, but flaming-ignition modes become more common [16, 24]. Exposures just below the upper
threshold are characterized by transient flames that extinguish when the heat source is removed. At larger
scale, heating of the surface from the flame sheath is increased, and may be augmented by irradiation from
other hot surfaces and combustion events in the surrounding area. If these effects significantly impact the
surface energy balance (>10kW /m?), the upper threshold could be lowered substantially. The reduction in
the upper threshold due to the extended tail of the NW exposures is perhaps evidence of these effects. An
engineering ignition model better suited to the upper threshold may resolve these physics.

The trends and physics revealed by the ignition map suggest models based on total exposure fluence [6]
are deficient for cellulose. Fluence-based models neglect the possibility of transient ignition. For sustained
ignition by NW exposures, the threshold fluence at small scale varies by a factor of four. As was discussed
above, increased heat feedback to the surface at larger scale could increase this disparity.

The ignition map has a strong experimental basis (1000’s of experiments) but is very narrow in scope,

2Statement is based on cited document, and updated (lower) surface absorptivity values from reflectance measurements.
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namely: darkened fabrics and papers made from processed cellulose. A much wider range of materials
are relevant to extreme-heat-flux ignition. Extension of the general theory to white cellulose products,
lignocellulosics (e.g., plant matter, wood), fabrics (e.g., wool, rayon, synthetic polymers), and thin films
(e.g., polyethylene and other plastics) could better reconcile ignition models at extreme heat flux. The
locations of the thresholds are likely to change for each material, but the general approach may remain valid
for a broader range of materials. Recent experimental studies have had some success with this approach [15,
23].

6. Conclusions

The ignition map developed by Martin and his collaborators has been revised to include empirical correla-
tions, uncertainty analysis, the effects of exposure shape, and time-of-ignition data. Although the map is
infrequently adopted for normal fire environments, the results improve capabilities for ignition assessments
at extreme heat flux (>100kW /m?). Results for the lower threshold are promising, but engineering models
for the upper threshold remain unresolved. Future studies are recommended to validate these approaches on
other data sets.
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