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ABSTRACT 
 
 The surface temperature at piloted ignition in a fire test is derived from gas phase criteria for 
the initiation of flaming combustion of solids and related to the temperature of a milligram 
sample in thermal analysis by the requirement for controlled heating.  It is found that initiation of 
sustained piloted ignition in a fire test and the onset of thermal decomposition in thermal 
analyses occur at similar temperatures during transient heating of combustible solids, and that 
these temperatures are coincident when the sample is in thermal equilibrium with the heat 
source.  Under these conditions, the surface temperature at the initiation of sustained flaming 
combustion depends only on the ignition criteria in the fire test and the thermokinetic properties 
of the solid.  Thermal analysis temperatures from derivative thermogravimetry and microscale 
combustion calorimetry are in reasonable agreement with measured ignition temperatures in 
standard fire tests for 16 polymers. 

 
INTRODUCTION 
  
 Ignition of liquids occurs when a fluid is heated to a uniform temperature at which the 
equilibrium vapor pressure in air reaches the lower flammability limit of the fuel gases.   In a 
closed-cup experiment, these conditions are well defined and the flash point temperature is 
calculable from the system properties.  An approximation of this closed environment test for 
solids is the vertical tube furnace test for ignition temperature of plastics1.   In open-cup 
measurements of liquid ignition temperature, the fuel diffuses away from the surface producing a 
concentration gradient that monotonically decreases with height, so the ignition temperature 
depends on the position of the igniter and the characteristics of the airflow.   The analog of this 
open-cup test for liquids is a fire calorimeter 2 or ignitability test 3 for solids.  In these fire tests, a 
sample is exposed to radiant heat on one side and ignition occurs at the surface in the gas phase 
when the solid thermally decomposes to gaseous fuels that mix with air at an igniter.  Transient 
ignition occurs when the fuel/air mixture first reaches the lower flammability limit or a critical 
energy density at the igniter 4,5.  Sustained ignition commences when the fuel/air mixture 
increases beyond the lower flammability limit at the igniter and the combustion energy density 
increases to a level that is sufficient to sustain a diffusion flame.  Once ignition is sustained, the 
additional heat flux provided by the flame increases the burning rate to a quasi-steady value with 



a near-stoichiometric fuel/air ratio.   Since ignition is a gas phase phenomenon, a critical mass or 
energy flux at solid/air interface is the generally accepted criterion for the onset of flaming 
combustion of solids 4,5.  Unfortunately, these gas phase phenomena are difficult or impossible to 
quantify as criteria for piloted ignition. 
 
A condensed phase criterion for piloted ignition has been proposed 6-11 in which the heated solid 
reaches a surface temperature at which thermal decomposition to gaseous fuel proceeds at a rate 
that is sufficient to maintain a flame at the surface. The time to reach this surface temperature at 
ignition (ignition temperature) is important because it is the rate-limiting step for ignition and 
flame spread. However, the surface temperature at ignition is known to depend on the ventilation 
rate, the location and strength of the igniter and the radiant heat flux incident on the surface so, 
unlike the gas phase criteria, the condensed phase criterion of a critical surface temperature at the 
onset of flaming combustion is a test parameter 6-13.  Although straightforward in principle, 
surface temperatures at piloted ignition are difficult to measure, so they are often inferred from 
unsteady heat transfer analyses of material response in standardized fire calorimeter tests 4,14 or 
measured in separate bench scale ignitability tests 1,3,13.   
 
In this paper we show that the initiation of flaming combustion in a fire calorimeter and the onset 
of thermal decomposition in laboratory thermal analyses occur at similar temperatures for 
transient heating of combustible solids, and that these temperatures are coincident when the 
sample is at thermal equilibrium with the heat source.  Because ignition is a gas phase 
phenomenon, the surface temperature of the solid at ignition depends on the flows and geometry 
of the fire test as well as the thermal stability and combustion properties of the material. 
 
APPROACH 
 
 The rate of conversion of solid to gaseous fuel in a single step, thermal decomposition 
process can be expressed, 
 

 

€ 

dα
dt

= k(T) f (α) (1) 

 
In Equation 1, α is the fraction of the solid that has been converted to gaseous fuel at temperature 
T, and k(T) = Aexp[-Ea/RT] is a global rate constant for pyrolysis having the Arrhenius form, R 
is the gas constant, f(α) is the reaction model and A(s-1) and Ea(J/mole) are kinetic parameters 
called the global frequency or pre-exponential factor and activation energy for pyrolysis, 
respectively.  Typically, f(α) = (1-α)n where n is an additional kinetic parameter called the 
reaction order 15.  In derivative thermogravimetry (DTG), experiments are conducted at a 
constant rate of temperature rise, dT/dt = constant = β (K/s) and the instantaneous mass of a 
milligram sample m is measured as a function of time/temperature.  If m0 is the initial mass of 
sample, mc is the residual mass after pyrolysis and the char yield/pyrolysis residue is constant, 
mc/m0 = µ, the available fraction of solid fuel converted to gaseous products at temperature T is, 
 

 

€ 

α =
m0 −m
m0 −mc

=
1−m /m0

1− µ
 (DTG) (2) 

 



In microscale combustion calorimetry (MCC) the combustion energy (heat) release rate per unit 
initial mass of sample, 

€ 

˙ Q  = dQ/dt (W/g) is also measured at a constant heating rate β.  In MCC, 
the extent of conversion at temperature T is, 
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T0
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Q
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 (MCC) (3) 

 
The solution to Equation 1 for the extent of conversion of solid to gaseous fuel in a first order 
process where f(α) = (1-α), at constant heating rate is 15, 
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Equation 4 shows that the extent of conversion of solid to gaseous fuel at a given heating rate 
depends only on the instantaneous temperature of the sample, so the rate of conversion of solid 
to gaseous fuel at β is, 
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dα
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= β
dα
dT

≡ k(T) 1−α( ) = k(T)exp −
RT 2k(T)
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Of particular interest is the fractional conversion rate of solid to gaseous fuel at temperature T as 
β → ∞ or as α → 0.  Under these conditions, the conversion rate depends only on the sample 
temperature and the kinetic parameters A and Ea, which are assumed to be material properties, 
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dα
dt

= k(T)exp[−0] ≈ k(T) = Aexp −
Ea

RT
⎡ 

⎣ ⎢ 
⎤ 

⎦ ⎥ 
 (6) 

 
The scalar conversion rate in nonisothermal analysis (Equation 6) is related to the surface flux of 
mass or energy in a fire test by the condition for controlled heating of a thermal analysis sample, 
 

 

€ 

Bi =
(dT /dx)internal
(dT /dx)external

=
hV
κS

=
hm
ρκS

≤ 1 (7) 

 
In Equation 7, dT/dx are the internal and external temperature gradients at the sample surface, Bi 
is the Biot modulus, h is the overall heat transfer coefficient from the furnace to the sample of 
mass m, density ρ, thermal conductivity, κ, surface area S and volume V.  When α << 1, the 
mass, surface area and volume of the sample are essentially unchanged from the initial values, so 
m(0) ≡ m0 = ρV0, S = S0, and the relationship between the specific mass loss (fuel generation) 



rate at the onset of thermal decomposition and the surface mass flux 

€ 

˙ ʹ′ ʹ′ m  (kg/m2-s) of a 
milligram-sized sample in constant heating rate thermal analyses under anaerobic conditions is, 
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˙ M (T) ≡ (1− µ) dα
dt

= −
˙ m (T)
m0

= −
˙ m (T) /S0

ρκ /h
≥

˙ m "
ρκ /h

 (8) 

 
The specific heat release rate analog of Equation 8 for a MCC sample in terms of the energy 
flux, 

€ 

˙ q " (W/m2) is, 
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˙ Q (T) = Q∞

dα
dt

≥
˙ q "(T)
ρκ /h

 (9) 

 
The gas phase criterion for piloted ignition is either a concentration of fuel in air that is above the 
lower flammability limit (LFL) at the igniter, or a combustion energy density that exceeds 1.9 
MJ/m3 in the fuel/air mixture 5.  If the minimum mass flux at ignition in a particular fire test is 
MLR*, the corresponding fractional mass loss rate in DTG is, 
 

 

€ 

˙ M (Tign ) = ˙ M * =
MLR *
ρκ /h

 (10) 

 
Likewise, if the minimum heat release rate per unit sample area (energy flux) at ignition in a 
particular fire test is HRR*, the corresponding specific heat release rate in the MCC is, 
  

 

€ 

˙ Q (Tign ) = ˙ Q * =
HRR *
ρκ /h

 (11) 

 
The DTG and MCC temperatures at

€ 

˙ M * and 

€ 

˙ Q *, respectively, depend on the conditions of the 
fire test in which MLR* and HRR* were measured, so they are not strictly material properties. 
Consequently, these thermal analysis temperatures depend on the fire test as well as the thermal 
stability parameters (A, Ea), and thermochemical properties (µ, Q∞) of the material by Equations 
6, 8 and 9, 
 

 

€ 

Tm =
Ea

R ln A / ˙ M *[ ]  
or,  

€ 

Tq =
Ea

R ln AQ∞ / ˙ Q *[ ]
 (12) 

 
Equation 12 shows that the DTG temperature Tm for a particular fire test is a function of the 
thermal stability parameters, A and Ea, while the MCC temperature Tq also includes the 
combustion energy of the material, Q∞. 
 
In thermal analyses, heat transfer is primarily by radiant energy exchange between the furnace at 
temperature Tf and the sample at temperature T, and the temperature difference, ∆T = (Tf -T) is 
small compared to T or Tf to ensure accurate heating rate control.  For a typical polymer thermal 
decomposition temperature, T = 773K (450°C), the effective heat transfer coefficient in the TA 
test is approximately, h ≈ 4σT 3 = 100 W/m2-K, which satisfies the inequality of Equation 6 for 
initial polymer sample dimensions typical of thermal analysis, V0/S0 < 10-3 m.  



 
Equations 10 and 11 provide a physical basis for using DTG or MCC to estimate the ignition 
temperature of a solid sample in a fire test for which MLR* or HRR* are known.   Table 1 is a 
summary of MLR* and HRR* for piloted ignition in a standard bench scale fire calorimeter test 
in which the ventilation rate is prescribed and the position and energy of the igniter are fixed 2.  
The thermal analysis criteria in Table 1, 

€ 

˙ M * and 

€ 

˙ Q *, were computed for MLR* and HRR* at 
transient and sustained ignition using Equations 9 and 10 with, h = 100 W/m2-K and typical 
polymer properties, ρ = 1300 kg/m3 and κ = 0.24 W/m-K 14.  A distinction is made between 
transient ignition, which occurs at the LFL or when E = 1.9 MJ/m3, and sustained ignition, which 
occurs at fuel concentrations between the LFL and UFL or when E ≈ 6 MJ/m3 5. 

 
 

Table 1. Specific Mass Loss Rate (

€ 

˙ M *) and Specific Heat Release Rate (

€ 

˙ Q *) in Thermal 
Analysis Corresponding to the Critical Mass Flux (MLR*) and Energy Flux (HRR*) at Transient 

and Sustained Ignition5 in a Cone Calorimeter2. 
 

Cone Calorimeter DTG MCC  
Mode of 
Ignition 

MLR* 
(g/m2-s) 

HRR* 
(kW/m2-s) 

Surface 
Temp. (°C) 

€ 

˙ M * 
(s-1) 

Sample 
Temp. (°C) 

€ 

˙ Q * 
(W/g) 

Sample 
Temp. (°C) 

Transient 1.0 ±0.4 21±6 Tflash 3x10-4 Tm1 7 Tq1 
Sustained 3.2 ±1.2 66 ±17 Tign 1x10-3 Tm2 20 Tq2 

  
 

EXPERIMENTAL 
 
Materials 
 
Polymers tested in our laboratory were unmodified, natural materials containing little or no 
additives obtained in extruded sheet form from commercial sources.  All gases were ultra high 
purity grades (>99.999%) from local suppliers. 
 
Methods 
 
Thermogravimetric analysis (TGA) of ≤5 mg samples was performed in a commercial 
instrument (TGA/DSC 1, Mettler-Toledo) under a nitrogen purge gas flow rate of 50 cm3/min 
and at heating rates, β = 3, 10, 30 and 60 K/min according to a standard procedure 16.   
 
Microscale combustion calorimetry was performed on samples weighing ≤5 mg according to a 
standard method 17. 
 
Fire calorimeter experiments were conducted in a cone calorimeter (Cone 1, Fire Testing 
Technologies) according to a standard method using an edge frame holder 2 on 3-mm thick 
samples over a range of external heat flux. 
  



Numerical simulations of DTG experiments were performed using the one-dimensional pyrolysis 
model ThermaKin 18 for thermally thin (< 5 mg) samples having typical, constant polymer 
properties listed in Table 2 14.  The sample temperature at the specific mass loss rates 

€ 

˙ M  in 
Table 1 was computed for specified constant heating rates of 1,3,10,30,60,100 and 300 K/min.  
 
ThermaKin simulations of the burning rate of a typical polymer (Table 2) in a fire calorimeter 
under standard conditions 2 were also conducted for samples of thickness, L = 3, 6, 12 and 24 
mm at external radiant heat fluxes, 

€ 

˙ ʹ′ ʹ′ q ext = 20, 40, 60 and 80 kW/m2 for a perfectly insulated rear 
face boundary condition.  The surface temperatures at transient ignition (Tflash) and sustained 
ignition (Tign), corresponding to the mass flux at transient ignition MLR* = 1 g/m2-s and the mass 
flux as sustained ignition, MLR* = 3.3 g/m2-s [5] were computed for each sample thickness L 
and external heat flux, 

€ 

˙ ʹ′ ʹ′ q ext .  In order to obtain a representative surface temperature for 
comparison to experimental measurements using thermocouples, the surface temperature Ts at 
each MLR* was obtained from the ThermaKin temperature profile T(x) as a kinetically 
weighted, integral average over the sample thickness, 
 

 

€ 

Ts MLR* =
Aexp −Ea /RT(x)[ ]T(x)dx

0

L

∫

Aexp −Ea /RT(x)[ ]dx
0

L

∫
 (13) 

 
 

Table 2.  Constant Properties Used for Numerical Simulations of Typical Polymer 14 
 

Property Symbol Value 
Inert/Char Mass Fraction µ 0 
Thermal Conductivity κ 0.24 W/m-K 
Density ρ 1300 kg/m3 
Heat Capacity cp 2300 J/kg-K 
Arrhenius Frequency Factor A 9.5x1013 s-1 
Arrhenius Activation Energy Ea 198 kJ/mole 
Surface Emissivity ε 0.95 
Surface Reflectivity R 0.05 

 
 
Ignition temperatures: Surface temperatures of polymers at sustained, piloted ignition Tign were 
measured in our laboratory using a thermocouple or were inferred from critical heat flux 
measurements and transient heat transfer analysis 5,14,19,20.  Sustained ignition temperatures for 
polymers were also obtained from the literature 6-13.  Between 2 and 7 values of Tign for each 
polymer obtained by direct 1-3 or indirect 4,14 methods were averaged to obtain mean values ± one 
standard deviation for comparison to DTG (Tm2) and MCC (Tq2) estimates. 
  
 
 
 



RESULTS AND DISCUSSION 
  
 Figure 1 contains representative data from the MCC showing the location of Tq1 and Tq2 for 
polystyrene/PS at 

€ 

˙ Q * = 7 W/g and 

€ 

˙ Q * = 20 W/g, corresponding to the HRR* for transient and 
sustained ignition, respectively, in the cone calorimeter. 
 

 Figure 1.  
 

 
 
The mass of PS that is lost up to temperature Tq2 in Figure 1 is less than 1% of the original 
sample mass based on the integrated heat release rate histories, so α < 0.01 and m(Tb)/m0 ≈ 1 as 
per Equation 6.  Note that the MCC temperatures corresponding to transient (Tq1) and sustained 
(Tq2) ignition occur within a very narrow temperature interval, 10°C in this case. 
 
Figure 2 is DTG data for Tm1 and Tm2 for several of the polymers in Table 3 versus heating rate.  
It is seen that Tm1 (transient ignition temperature) and Tm2 (sustained ignition temperature) are 
essentially independent of heating rate at large β and for α << 1, as per Equation 5.  Data from 
MCC are similar in magnitude and trend to the DTG data.  Temperatures Tm1 and Tm2 at β ≤ 3 
K/min are less reliable because of balance sensitivity at these low fractional mass loss rates. 
 
The DTG data in Figure 2 indicate that Tm1 and Tm2 are independent of heating rate at β > 30 
K/min.  These experimental results are consistent with ThermaKin simulations of a DTG 
experiment on a 5 mg sample of a polymer having the kinetic parameters in Table 2.  Shown as 
points in Figure 3 are Tm1 and Tm2 at specific mass loss rates, 

€ 

˙ m /m0 = 3x10-4 s-1 (transient 
ignition) and 1x10-3 s-1 (sustained ignition).  Lines in Figure 3 were calculated using Equation 4 
with the same kinetic parameters of Table 2. 
 



Figure 2. DTG Sample Temperatures Corresponding to Transient Ignition (Tm1) and Sustained 
Ignition (Tm2) Versus Heating Rate for Several of the Polymers in Table 3. 

 

 
 
 
Table 3 contains TA sample temperatures, Tm1 and Tq1, at the mass and energy fluxes for 
transient ignition in Table 1, as well as nonisothermal analysis sample temperatures, Tm2 and Tq2, 
for sustained ignition using the criteria in Table 1.  Table 3 also contains the extent of conversion 
αign at Tq2, Tm2.  The average value of the extent of conversion in Table 3 at Tq2 (neglecting PVC) 
is 〈αign〉 = 1.7% = 0.017 << 1, as required by Equations 6-8. 
 

 
 



Figure 3.  Simulated Sample Temperatures Tm1 and Tm2 Versus Heating Rate for the Typical 
Polymer of Table 2.  Points are ThermaKin Simulations. Lines are From Equation 5. 

 
 

 
 

Table 3.  TA Sample Temperatures Corresponding to Transient (Tq1, Tm1) and Sustained (Tq2, 
Tm2) Ignition In Bench Scale Fire Tests Compared to Measured Surface Temperatures at 

Sustained Ignition. 
 

 Thermal Analysis Data Measured 
Values 

 Transient Ignition Sustained Ignition αign Sustained Ignition 
 MCC DTG MCC DTG   
 Tq1 (°C) Tm1 (°C) Tq2 (°C) Tm2 (°C)  (%) Tign (°C) 

POM 331 326 352 344 0.3 306 ±25 
PMMA 328 331 336 346 0.8 336 ±42 

PP 392 392 406 420 0.6 358 ±39 
PS 367 375 377 387 0.6 363 ±3  

PET 406 386 415 407 1.2 391 ±23 
ABS 372 387 384 408 0.7 402 ±11 
PE 433 429 449 458 0.6 403 ±56 

HIPS 383 390 396 409 0.8 405 ±7 
PVC 276 243 305 251 5.5 419 ±55 
PA66 391 395 422 416 1.8 451 ±33 

PC 488 478 499 495 1.4 474 ±31 
PEI 525 508 536 523 2.4 528 ±29 

PVDF 470 425 480 439 6.3 531 ±158 
PPSU 538 576 565 609 3.5 543 ±37 
PEEK 563 560 570 571 1.0 553 ±18 
PPS 471 475 499 491 3.2 564 ±39 

 



Figure 4 is a plot of the measured ignition temperature Tign versus the MCC and DTG estimates 
Tq2 and Tm2, respectively, for the polymers in Table 3.  Linear regression of Tign on Tq2 forced 
through the origin gives a slope of 1.00±0.03 and a correlation coefficient R = 0.84 for the MCC 
data in Table 3.  Results for DTG are a slope of 1.00±0.04 and a correlation coefficient of R = 
0.67.  Despite the large uncertainty of the measured Tign and the PVC outlier, the MCC 
temperature Tq2 is a somewhat better predictor of Tign than the DTG estimate, Tm2.  The average 
difference between the thermal analysis estimates Tm2, Tq2 and the measured surface 
temperatures at ignition for each polymer is 31°C, which is also the uncertainty of Tign, . 
 

Figure 4.  Bench-Scale Tign Versus Thermal Analysis Temperatures Tm2, Tq2 Corresponding to 
Sustained Piloted Ignition. 

 

 
 
Figure 5 shows ThermaKin simulations of the surface temperatures at the mass fluxes MLR* for 
transient and sustained ignition from Table 1 for the typical polymer of Table 2.  The critical 
external heat flux for ignition was obtained by an iterative procedure such that 

€ 

˙ ʹ′ ʹ′ q ext  = CHF = 10 
kW/m2 at MLR = MLR*.  Plotted at CHF in Figure 5 are the DTG temperatures of Figure 3.  
Figure 5 shows that the simulated ThermaKin surface temperatures at transient and sustained 
ignition are substantially independent of sample thickness, as indicated by the superposed open 
circles at each 

€ 

˙ ʹ′ ʹ′ q ext  for the different thicknesses.  However, the surface temperatures at MLR* in 
the ThermaKin simulations (Equation 13), are seen to increase somewhat with external heat flux, 
as is observed experimentally 6-12.  This increase in the surface temperature at MLR* is kinetic 
compensation for the decrease in the pyrolysis volume at high 

€ 

˙ ʹ′ ʹ′ q ext .  Another important result in 
Figure 5 is that the surface temperature at ignition approaches the thermal analysis value 
(Equation 12) as 

€ 

˙ ʹ′ ʹ′ q ext  → CHF and the sample approaches thermal equilibrium with the radiant 
heat source.  Consequently, Tign obtained from a surface energy balance at CHF should be in 
reasonable agreement with measured and TA estimated values, as has been observed 14.  



 
 

Figure 5.  ThermaKin Calculation of the Surface Temperatures at Ignition for a Typical Polymer 
Over a Range of External Heat Flux and Thickness, L = 3, 6, 12 and 24 mm. 

 

 
 

 
CONCLUSIONS 
 
 It is found that the onset of flaming combustion near the critical heat flux in a fire test and the 
onset of thermal decomposition in a thermal analysis experiment occur at the same temperature 
for combustible solids, and that this temperature is determined by the thermal stability of the 
material and the gas phase criteria for ignition in the fire test.  Thermal analysis estimates of the 
surface temperature at piloted ignition in standard fire tests are in reasonable agreement with 
measured values for 16 polymers. 
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