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1 Introduction 
To fully characterize fire hazards associated with an aircraft fire, it is important to quantify not 
only the rate of generation of heat and its evolution in time but also the rate of generation of 
hazardous combustion products. Unfortunately, at present, there is no standard laboratory-scale 
test method that can be used to determine the hazardous product generation by a given material 
over a wide range of fire conditions. The most well-established methods to characterize fire 
effluent include ISO TS 19700 apparatus (ISO-TS-19700, 2007) and the Fire Propagation 
Apparatus (FPA) (ASTM International, 2019). In both methods, the product yield information 
can be collected as a function of equivalence ratio, which is defined as:  

φ =
�
𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 𝑎𝑎𝑎𝑎𝑎𝑎
𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓

�
stoichiometric

�
𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑎𝑎𝑎𝑎𝑎𝑎
𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓

�
actual

. 

In the ISO TS 19700 apparatus, flaming combustion takes place in a small (5 cm diameter) 
tubular furnace purged with a laminar air flow. The test results strongly depend on the furnace 
temperature – the parameter that is not directly associated with any characteristics of full-scale 
fires. In FPA, the fire dynamics and size (5-15 kW) more closely resemble a realistic fire 
scenario. However, standard diagnostics used in this apparatus include only measurement of CO, 
CO2 and optical density of smoke and, thus, provide rather limited information on fire effluent 
composition. 

1.1 Objectives 
The first objective of the current research project was to develop a bench-scale test method that 
accurately replicates the full range of fire conditions encountered in fully developed and post-
flashover fires and enables accurate quantification of hazardous product yields. The second 
objective was to develop a more complete understanding of the combustion conditions that 
control the yields of hazardous products. The third objective was to develop empirical models 
that relate hazardous product yields from combustion of several representative polymeric 
materials to the key parameters that define relevant combustion conditions. 
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2 Method development  

2.1 Fire Propagation Apparatus design and improvements  
The FPA (in-house design) used in the current study was built in compliance with the ASTM 
standard (ASTM International, 2019) in terms of its dimensions and operational parameters. 
However, several modifications were made to improve manufacturability of its key components 
and accuracy and breadth of the measurements. As shown in Figure 1, the FPA consists of an 
aluminum air distribution chamber, quartz tubes, a sample holder, a load cell, four external high-
temperature infrared (IR) heaters (only two are shown in the figure), a water-cooled shield, an 
ethylene-air premixed pilot flame burner, and an exhaust system containing multiple probes. A 
circular sample is positioned on the sample holder, which is located within the air distribution 
chamber. The side and bottom surface of the samples were wrapped with aluminum foil and 
thermally insulated with Kaowool PM™ ceramic fiber board.  

The quartz tubes, with an inner diameter of 162 mm and total height of 765 mm, are mounted so 
that, during a test and with appropriate gas purge, the sample is isolated from the surrounding 
laboratory environment. The overall quartz tube height was increased by 106 mm from the 
standard height of 659 mm making it 765 mm to reduce potential air entrainment and thus, 
improve control of the atmosphere inside the test section. Using an Alicat ™ mass flow 
controller, air is introduced into the distribution chamber at a controllable flow rate up to 400 
standard liters per minute (SLPM) (liters per minute at standard temperature and pressure of 
25°C and 101,325 Pa, respectively) to supply ventilation to the test section. Constant air flow of 
200 SLPM is used for standard testing (ASTM International, 2019). A 30-mm-thick layer of 3-
mm-diameter glass beads, located below the sample holder, is used to homogenize the flow. The 
sample mass is measured during the experiment using a Sartorius load cell with a resolution of 
0.01 g (a resolution of 0.1 g is specified in the standard). The raw mass signal is recorded at a 
frequency of 5 Hz. 

A redesigned stainless steel water-cooled shield (an aluminum water-cooled shield is specified in 
the standard) is positioned between the IR heaters and the quartz tubes, preventing the sample 
from being exposed to radiant heat during the warm-up period of the heating lamps. After a two-
minute warm-up period, the shield is lowered, exposing the sample to a calibrated radiant heat 
flux provided by the high-temperature IR heaters, which can deliver up to 110 kW m-2 incident 
heat flux to the top surface of the sample. The radiant heat flux was calibrated by placing a 
reference heat flux gauge at the sample location and measuring the incident heat flux at different 
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lamp power levels. A calibration curve was then established to relate the lamp power setting to 
the heat flux imposed on the sample. 

 

 

 

 

Figure 1. A: Schematic of FPA used in current study B: Corresponding operational FPA in lab 

 

A B 
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The heating initiates pyrolysis of the sample and the produced gases are ignited with an 
ethylene/air premixed pilot flame. Once the sample is ignited, combustion proceeds within the 
quartz tubes. The combustion products exiting the open end of the quartz tubes are rapidly mixed 
with cool ambient air in the exhaust system to reduce the product concentrations by 30 to 75 
times and terminate the combustion reactions.  

An averaging pitot tube connected to a pressure transduced and three 0.245-mm-diameter 
sheathed K-type thermocouples (only one thermocouple is specified in the standard) measure the 
flow rate and temperature, respectively, within the exhaust duct. The thermocouples are 
positioned within the same plane perpendicular to the duct’s axis at three distinct radial 
locations, as illustrated in Figure 1. The flow rate in the duct can be adjusted from 0.10 to 0.25 
m3 s-1 (duct flow rate in the range of 0.1 to 0.3 m3 s-1 is specified in the standard). Controllable 
duct flow rate allows for adjusting the product concentrations to ensure they remain within the 
operational range of analytical instrumentation. The duct also contains two sampling probes that 
are used to measure the concentrations of CO2, CO, O2, unburned total hydrocarbons (THC), 
HCN, HBr, HCl, NO, and particulate matter (PM) in the exhaust flow. A standard FPA uses one 
sampling probe to measure CO2, CO, and O2 concentrations, while PM is quantified within the 
duct using the laser extinction method. A more detailed description of the FPA used in the 
current study can be found in (Chaffer, 2021; Roy, 2022). 

2.2  Sampling lines and measurement sensors  
As detailed in Section 2.1 and Figure 1, the FPA’s exhaust system is equipped with two gas 
sampling probes positioned at different heights, 76 mm apart, and perpendicular to each other. 
Each probe features 10 evenly distributed, 1.18-mm-diameter orifices with sampling conducted 
from both ends of each probe. Gas sampling probes 1 and 2 connect to sampling lines 1 and 2, 
respectively.  

The gas sampling line 1, a schematic of which is shown in Figure 2, delivers a gas sample to the 
gas analyzer (CAI 700LX NDIR/O2). This analyzer measures CO2 and CO molar or volume 
fractions using non-dispersive infrared (NDIR) sensors and O2 molar or volume fraction using a 
paramagnetic sensor. Prior to the analyzer, the sampling flow is filtered, and moisture is 
completely removed using a chiller that cools down the flow to 5 °C and passes through a pack 
of mesh Drierite.  
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Figure 2. Gas sampling line 1 

THC was initially measured using an NDIR sensor (Edinburgh Gascard NG), but this approach 
did not provide sufficient accuracy at low concentrations. Alternative measurement methods 
were evaluated, and a flame ionization detector (FID) (FID, CAI 700LX) was selected as the 
more reliable option. The FID, installed in sampling line 1, is used to quantify THC on a molar 
basis. The FID detects molecules containing C-H bonds in the sample flow passing through a 
hydrogen flame (Hinshaw, 2005) and is known to be highly linear with respect to hydrocarbon 
concentration.  

The pump in sampling line 1 draws a total flow rate of 10 liters per minute (LPM). From this 
flow, 6.8 LPM is purged, while 2 LPM is directed to the gas analyzer, and 1.2 LPM is delivered 
to the FID. A valve on the purge line is used to regulate line pressure. This configuration ensures 
fast transport of the sample to the analyzers and stable flows through the analyzers. 

The gas sampling line 2, a schematic of which is shown in Figure 3, is designated for the 
measurement of PM, acid gases, and NO. PM is measured using a TSI DustTrak™ model 8530, 
which operates based on the light scattering principle (P. B. Keady, 2000). In the standard FPA, 
PM is measured via light extinction, a method known for significant signal noise and large 
uncertainties when translating measured data to actual yields (Tian, Gao, Balusamy, & 
Hochgreb, 2015). In contrast, the light scattering method offers a high signal-to-noise ratio, rapid 
response, and more accurate measurement at low concentrations (Chen, et al., 2018; Han, Liu, 
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Jiang, Wang, & Xu, 2021). The DustTrak™ photometric analyzer estimates particulate 
concentration from the intensity of scattered light, which depends on particle size distribution 
and refractive index. Because these optical properties vary among combustion products from 
different fuels, the instrument must be calibrated specifically for the PM generated by each 
material. This calibration is performed gravimetrically using filter-based measurements, allowing 
the scattered-light signal to be accurately converted to PM mass concentration.  

 

 
Figure 3. Gas sampling line 2 

The deposition of PM inside the exhaust duct was found to be negligible. However, a measurable 
amount of PM accumulated on the inner surfaces of the quartz tubes. To measure the deposited 
PM mass on the quartz tube, the deposited particles were carefully brushed from the inner 
surface into a weighing dish, placed in a desiccator at 15% relative humidity for 24 hours, and 
then weighed. Further details on the PM deposition fraction and gravimetric calibration are 
provided later in section 2.5.1. 

Dräger Polytron® 7000 transmitters equipped with electrochemical sensors are used to measure 
HCN, HCl, HBr, and NO molar or volume fractions. For the materials tested in this study, 
poly(methyl methacrylate) (PMMA) and oriented strand board (OSB), only the HCN and NO 
sensors were utilized. Flow rates directed to the DustTrak™, and each electrochemical sensor are 
set at 3 LPM and 1.5 LPM, respectively. Flow meters positioned before each instrument 
continuously monitor these flow rates, ensuring adherence to the specified settings. A 
Polytetrafluoroethylene (PTFE) filter in a Pyrex glass housing was installed in the acid gas 
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measurement line to remove the PM while minimizing absorption of acid gases. The filter had a 
pore size of 0.5–1 µm. 

All gas sensor outputs are recorded at a frequency of 5 Hz to enable removal of high frequency 
noise in subsequent data processing. The delay time of each sensor (defined as the time elapsed 
between an event occurring at the sample location and the detected reaction of the corresponding 
sensor) was individually measured and corrected for synchronizing all signals. In addition, a 
comprehensive cross-sensitivity analysis was performed to assess the potential interference 
among different gas measurements. In the current work, it was determined that the NO sensor 
exhibits cross-sensitivity to CO, with a response equivalent to approximately 5 ppm NO per 
1000 ppm CO. Therefore, a correction for the presence of CO was performed during the 
processing of the NO sensor data. 

2.3  System calibration and verification 
All sensors used in the FPA were regularly calibrated, with daily verification checks 
incorporated into the standard operating procedure. Calibration converts the sensor’s electrical 
output (typically a voltage or milliampere signal) into a physically meaningful value such as gas 
concentration or pressure. Each analyzer was calibrated using two standard gases: a zero gas 
(nitrogen, containing none of the target species) and a span gas with a known concentration 
usually corresponding to approximately 80–90 % of the analyzer’s full-scale range (span gas 
concentration in the current study: 4400 ppm CO2, 500 ppm CO, and 20.97 % O2). These two 
points define the linear calibration line used to translate the measured voltage or milliampere into 
concentration or pressure units. 

To confirm that the entire measurement system, including the sampling lines, mixing section, 
and analyzers, was performing accurately, periodic gas-injection tests were conducted. In the 
injection test, a reference gas of known concentration and flow rate was injected through a small 
tube positioned at the sample location inside the test chamber, while the quartz-tube and duct 
flow conditions were maintained as in an actual FPA combustion test. The injected gas was 
measured by its corresponding analyzer (e.g., CO or CO2 by the gas analyzer, propane by the 
FID). Because the injected gas flow, duct flow, and gas composition were all known, the 
expected concentration reaching the analyzers could be calculated and compared with the 
measured value. The difference between the measured value and the calculated/injected value 
indicated the overall system accuracy. The complete injection-test procedure and associated 
calculations are described in Roy (2022). 
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During the initial gas-injection tests, the gas analyzer consistently underreported CO, CO2, and 
O2 concentrations compared to the calculated values. The following paragraphs describe the 
steps taken to identify the cause of this discrepancy and to resolve the issue. First, a calibration-
nonlinearity check was performed for the CO, CO2, and O2 analyzer. A calibration nonlinearity 
check evaluates whether the analyzer’s electrical response (voltage or milliampere signal) 
increases proportionally with the true gas concentration. In an ideal case, the relationship 
between signal and concentration is perfectly linear — meaning that doubling the gas 
concentration doubles the measured signal. However, in practice, some analyzers can deviate 
from this linear behavior. 

During the calibration-nonlinearity check, calibration gases of known concentrations (zero, mid-
range, and span) were measured by the analyzer. The measured readings were compared to the 
expected linear response derived from the standard two-point calibration (zero–span). If the 
analyzer’s mid-range reading differs significantly from the expected value, this indicates 
nonlinearity in the signal–concentration relationship. In this study, the CO and O2 analyzer 
maintained a linear response, but the CO2 analyzer showed noticeable nonlinearity, meaning its 
signal did not scale proportionally with actual CO2 concentration, leading to underestimation at 
mid-range levels. 

To correct the calibration-nonlinearity issue, a third calibration point was added for CO2. The 
daily calibration procedure for the CO2 channel was therefore expanded to include a mid-range 
calibration gas (1990 ppm CO2) in addition to the standard zero and span gases. This allowed the 
calibration curve to be represented by two linear segments, one from zero to the mid-range 
concentration and another from the mid-range to the full-scale concentration. This adjustment 
effectively removed the mid-range bias and improved the overall accuracy of CO2 measurements 
in subsequent experiments. 

Since the calibration nonlinearity check did not fully explain the previously observed 
discrepancy between expected and measured concentrations during injection tests, additional 
steps were taken to improve flow measurement and mixing accuracy. The Pitot tube, used to 
measure differential pressure and infer volumetric flow rate, was recalibrated through repeated 
injection tests. These tests produced a revised K-factor (the coefficient used in converting 
measured pressure difference to flow velocity) that minimized the difference between expected 
and measured gas concentrations. Additionally, the orifice plate located at the duct entrance, 
which enhances turbulence and promotes better mixing between the dilution air and combustion 
products or injected test, was resized from 12 cm to 11 cm in diameter to optimize the mixing 
conditions within the duct. 
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The pressure transducer calibration, which converts a voltage signal into a corresponding 
pressure value, was also reviewed. Instead of relying on a single linear equation for the full 
range, the manufacturer-provided set of piecewise voltage-to-pressure conversion equations was 
implemented. This approach improved accuracy at both low and high pressures. 

Finally, to achieve more reliable detection of THC, the original NDIR sensor (Edinburgh 
Gascard NG) was replaced with an FID installed in sampling line 1. The FID provided higher 
sensitivity and better precision for low THC concentrations than the NDIR analyzer. 

Injection tests are repeated periodically to confirm the overall measurement accuracy. The Pitot-
tube calibration coefficient is re-checked whenever any physical change is made to the duct 
system, and daily zero–span (and mid-point for CO2) calibrations are maintained for all 
analyzers. Each calibration event is documented, including the type and certified concentration 
of gases used, ensuring traceability and consistency throughout all experimental campaigns. 

The DustTrak™ photometric analyzer was zero-calibrated daily using the supplied zero filter in 
accordance with the manufacturer’s instructions. In addition, it was calibrated against 
gravimetric PM measurements using glass-fiber filters (Zefon 934-AH, 37 mm diameter, 1.5 µm 
pore size) installed at the analyzer outlet. The ratio of the gravimetrically determined PM mass to 
the instrument-reported mass was used to establish a calibration factor (𝐶𝐶𝐹𝐹PM). The resulting 
calibration factors were 0.41 ± 0.03 for PMMA and 0.29 ± 0.02 for OSB and were found to be 
independent of the ventilation condition. The detailed calculation of this calibration factor is 
provided in Section 2.5.1, after the required parameters for this calculation are introduced. 

FID was not calibrated using conventional reference gases such as methane or propane. Instead, 
its response was corrected for the specific sensitivity to each fuel’s pyrolyzate through dedicated 
pyrolysis experiments. This approach ensured that the measured THC concentrations accurately 
reflected the chemical composition of gases evolved from PMMA and OSB. The details of this 
correction procedure are presented in Section 2.5.2, after the derivation of the necessary terms 
such as species yields and mass. 

Dräger™ sensors, were calibrated daily using zero gas (pure nitrogen) and span gas (10 ppm 
HCN, 50 ppm NO). 

2.4 Constant-GER experiment procedure  
Fire ventilation conditions are often characterized by a Global Equivalence Ratio (GER), which 
has a significant influence on species yields (Pitts, 1995). GER is an extension of a combustion 
parameter, equivalence ratio or 𝜙𝜙, defined as the ratio of the concentration of the gaseous fuel 



 

 10  

and oxidizer divided by the same ratio at stoichiometric conditions corresponding to a complete 
combustion reaction. Unlike 𝜙𝜙, which is a local quantity, GER represents the average or global 
ventilation conditions in an enclosure where the fire takes place. GER is computed using the ratio 
of the mass flow of the gaseous fuel into the enclosure divided by the mass flow of the oxidizer 
(usually oxygen):  

𝐺𝐺𝐺𝐺𝐺𝐺 = 𝑟𝑟𝑠𝑠
𝑚̇𝑚𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓

 �𝑚̇𝑚𝑖𝑖𝑖𝑖 𝑌𝑌𝑂𝑂2�
 1 

where 𝑟𝑟𝑠𝑠 is the mass-based stoichiometric oxidizer to fuel ratio, 𝑚̇𝑚𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 is the mass flow rate of the 
gaseous fuel into the enclosure, 𝑚̇𝑚𝑖𝑖𝑖𝑖 is the mass flow rate of incoming ventilation gas into the 
enclosure, and 𝑌𝑌𝑂𝑂2 is the oxygen mass fraction in the incoming ventilation gas flow. GER < 1 
represents well-ventilated conditions, while GER > 1 represents under-ventilated fire conditions.  

According to Equation 1, a constant-GER can be maintained, even when 𝑚̇𝑚𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 significantly 
varies with time, by varying 𝑚̇𝑚𝑖𝑖𝑖𝑖 in a synchronous manner so that the ratio of these two 
quantities remains constant. In FPA, 𝑚̇𝑚𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 is measured and referred to as 𝑀𝑀𝑀𝑀𝑀𝑀𝑡𝑡 (mass loss rate 
of the sample at time t), while 𝑚̇𝑚in

𝑡𝑡  represents the mass flow rate of dry air supplied into the test 
section at time t, with an oxygen mass fraction 𝑌𝑌O2= 0.231. 𝑚̇𝑚in

𝑡𝑡  can be regulated using a fast-
response programmable mass flow controller (see Figure 1), which provides a capability for 
maintaining a constant-GER. 

2.4.1 Constant-GER test method 

Constant-GER experiments were designed to maintain a prescribed ventilation condition 
throughout the combustion process for any solid fuel tested in the FPA. The procedure begins 
with determining the mass-based stoichiometric oxidizer-to-fuel ratio, 𝑟𝑟𝑠𝑠, from the balanced 
equation for the complete combustion of the fuel’s pyrolyzate with O2 as the oxidizer and CO2 
and H2O as the only products. Once 𝑟𝑟𝑠𝑠 is known, the time-resolved air flow rate (𝑚̇𝑚in

𝑡𝑡 ) required to 
sustain a target GER is calculated using the measured mass-loss-rate (𝑀𝑀𝑀𝑀𝑀𝑀𝑡𝑡) data from 
preliminary over-ventilated tests. 

In practice, a non-constant-GER test is first conducted at a fixed air flow rate sufficiently high to 
ensure the GER remains below the minimum desired constant-GER value. The resulting 𝑀𝑀𝑀𝑀𝑀𝑀𝑡𝑡 
curve is then used to compute the air-flow-rate history that would yield the desired constant-GER 
condition through the relation between GER, 𝑟𝑟𝑠𝑠, 𝑀𝑀𝑀𝑀𝑀𝑀𝑡𝑡, and 𝑚̇𝑚in

𝑡𝑡 : 

𝑚̇𝑚in
𝑡𝑡 = 𝑟𝑟𝑠𝑠

𝑀𝑀𝑀𝑀𝑀𝑀𝑡𝑡

 �𝐺𝐺𝐺𝐺𝐺𝐺𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡  𝑌𝑌𝑂𝑂2�
 2 
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where 𝐺𝐺𝐺𝐺𝐺𝐺𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 is the desired GER that the test is designed to maintain as constant. This time 
series of 𝑚̇𝑚in

𝑡𝑡  values is converted into a sequence of mass-flow-controller (MFC) set points, each 
adjusted at regular intervals (10 s in this study) to allow sufficient response time for the system. 
For subsequent tests at higher GER values, the 𝑀𝑀𝑀𝑀𝑀𝑀𝑡𝑡 data obtained from the immediately lower-
GER experiment are used to define the new MFC set-point profile, ensuring that each condition 
builds on experimentally observed burning behavior. 

To promote stable ignition and full flame development, the constant-GER control is not applied 
at the very beginning of the test. Instead, the air flow rate is held constant at an over-ventilated 
value (200 SLPM) from the start of heating until about 15 s after ignition, after which the 
programmed GER control sequence begins. 

2.4.2 Air entrainment evaluation and flow control limitations 

During the design of the constant-GER experiments, a critical issue was identified: air 
entrainment into the quartz tube from its open top at low air flow rates. This unintended 
backflow of ambient air was unacceptable because it introduced additional oxygen into the 
combustion zone, altering the actual GER and compromising the test’s control and repeatability. 

To determine the minimum flow rate required to prevent this backflow, a series of diagnostic 
tests were performed. In these tests, N2, rather than air, was introduced into the quartz tube and 
test section at various flow rates, while O2 concentration was monitored at several locations 
inside the quartz tube. O2 presence served as an indicator of the surrounding air entrainment from 
the top of the quartz tube. 

The sampling tubing was first inserted into the predetermined locations inside the quartz tube 
(Figure 4) before each measurement, to prevent disturbing the flow field. To ensure that no 
ambient air trapped inside the tubing was drawn into the analyzer at the start of sampling, the 
tubing was pre-flushed with N2 prior to insertion. Once the tubing was in position, N2 was 
flowed through the test section for approximately 2 minutes to purge any remaining air and allow 
the O2 readings to stabilize prior to each run. 
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Figure 4. Air-entrainment test used to quantify air backflow at different N2 flow rates 

Measurements were taken at three vertical heights, H1, H2, and H3, located approximately 15 cm, 
30 cm, and 45 cm below the top opening of the quartz tube, respectively. At each height, three 
sampling points were used: two near the wall and one at the centerline. Sampling was conducted 
for one minute at each point, and the mean O2 concentration across the three locations was 
calculated for each height. 

The results are summarized in Table 1. O2 concentrations below 5% were considered acceptable, 
indicating negligible air entrainment. At a flow rate of 75 SLPM, oxygen levels below height H1 
remained under this threshold, confirming that backflow was effectively suppressed in this 
region. Accordingly, during PMMA combustion experiments at the highest GER conditions that 
the air flow rates reached 75 SLPM, the flame height was carefully monitored to ensure it 
remained well below H1—maintaining stable and well-defined ventilation throughout the test. 
Because the quartz tube gradually became obscured by soot deposition during burning, direct 
visual monitoring from outside was not feasible. Therefore, the flame height was tracked using a 
camera installed inside the exhaust duct, which provided a clear line of sight into the test section. 

 
Table 1. O2 concentration inside quartz tube at different sampling locations and N2 flow rates 

 
O2 concentration, % 

N2: 50 SLPM N2: 75 SLPM N2: 100 SLPM 

H1 10.8 ±2.5 6.1 ± 3.4 0.4 ± 0.2 

H2 5.1 ± 0.7 0.5 ± 0.4 0.2 ± 0.1 
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O2 concentration, % 

N2: 50 SLPM N2: 75 SLPM N2: 100 SLPM 

H3 1.5 ± 0.2 0.6 ±0.2 0.0 ± 0.0 

 
For the OSB experiments, where target GER values required air flow rates well below the 75 
SLPM threshold, additional tests were performed with a metal cap placed over the top of the 
quartz tube shown in Figure 5. The cap’s geometry (76.2 mm opening diameter, 39 mm height) 
was designed to reduce air entrainment while allowing exhaust flow. O2 measurements taken at 
several heights inside the quartz tube and the results are listed in Table 2. The results confirmed 
that, with the cap in place, O2 concentrations remained below 5 % even at 25 SLPM, validating 
the effectiveness of this design for under-ventilated conditions. All OSB experiments were 
performed using the cap on top of the quartz tube. 

Table 2. O2 concentration inside quartz tube at different sampling locations and N2 flow rates 
with cap installed on quartz tube 

 
O2 concentration, % 

N2: 20 SLPM N2: 25 SLPM N2: 50 SLPM N2: 75 SLPM 

H1 5.8 ± 1.2 
 

3.1 ± 1.1 
 

2.2 ± 0.3 0.3 ± 0.2 

H2 4.6 ± 1.1 
 

2.5 ± 0.4 
 

0.8 ± 0.2 0.2 ± 0.1 

H3 4.4 ± 1.2 
 

2.2 ± 0.4 
 

0.5 ± 0.1 0.2 ± 0.1 
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Figure 5. Removable cap used in OSB experiments to minimize air entrainment at top of 

quartz tube 

2.4.3 Implementation for PMMA and OSB 

In this study, constant-GER experiments were designed by first calculating the mass-based 
stoichiometric oxidizer-to-fuel ratio, 𝑟𝑟𝑠𝑠, from the balanced complete-combustion equation for 
PMMA pyrolyzate (with O2 as the oxidizer and only CO2 and H2O as products). This value was 
found to be 𝑟𝑟𝑠𝑠 = 0.52. All PMMA tests were designed at 75 kW m-2 heat flux. The selected heat 
flux of 75 kW m-2 was sufficiently high to allow both over- and under-ventilated regimes to be 
explored in later tests without reducing the airflow below 75 SLPM. However, for the highest 
GER of PMMA test matrix (GER = 1.96), the air flow rate was lower than 75 SLPM for a 
portion of the test and that part was not considered in the analysis of the results.  

A preliminary experiment was performed by burning a PMMA sample at a set radiant heat flux 
of 75 kW m-2 while supplying a constant 300 SLPM of air. Under these conditions, the test 
remained highly over-ventilated (GER < 0.6 at all times). This initial test was repeated three 
times. The resulting 𝑚̇𝑚𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓

 𝑡𝑡  (𝑀𝑀𝑀𝑀𝑀𝑀𝑡𝑡) histories were averaged and used to compute the time-
dependent air-flow rate, 𝑚̇𝑚𝑖𝑖𝑖𝑖

 𝑡𝑡 , needed to maintain the first target GER = 0.63. The computed 𝑚̇𝑚𝑖𝑖𝑖𝑖
 𝑡𝑡  

profile was then converted into a sequence of MFC set-points. Each set-point was held for 10 s to 
ensure adequate response time of the MFC. This procedure is illustrated in Figure 6. In this 
figure, t denotes the time after the drop of the shield. 

Removeable Cap  

Cap technical drawing, 
dimensions in millimeters 
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Figure 6. Average 𝑀𝑀𝑀𝑀𝑀𝑀𝑡𝑡 and corresponding air flow rate  
Required to maintain constant-GER of 0.63 for black cast PMMA subjected to 75 kW m-2 of set 

radiant heat flux  
 

For higher GER values, the required air flow set-point histories were generated in the same way 
but using the 𝑀𝑀𝑀𝑀𝑀𝑀𝑡𝑡 data from the immediately preceding constant-GER test. For example, the 
𝑀𝑀𝑀𝑀𝑀𝑀𝑡𝑡 data obtained at GER = 0.63 were used to compute the airflow profile for GER = 1.11; 
those collected at GER = 1.11 were then used for the next GER level, and so on. 

Finally, as shown in Figure 6, constant-GER conditions were not applied from the beginning of 
each test. Instead, the air flow was held at 200 SLPM from ignition until 15 s afterward to allow 
the flame to develop fully and uniformly cover the sample surface before transitioning into the 
constant-GER control sequence. 

For OSB, the same constant-GER framework was applied, but two practical adjustments were 
necessary due to OSB’s different burning characteristics. First, compared to PMMA tests, a 
higher radiant heat flux of 95 kW m-2 and a larger sample area were used to ensure sufficient 
mass-loss rates for exploring high-GER conditions. Second, OSB tests frequently required air 
flow rates below the 75-SLPM threshold where air entrainment would normally occur. To 
operate in this regime without compromising ventilation control, a removable cap was installed 
on top of the quartz tube as explained in the previous section. Therefore, the air flow rates were 
as low as 25 SLPM for the highest GER. 

The stoichiometric ratio for OSB pyrolyzate, calculated from its complete combustion equation, 
was 𝑟𝑟𝑠𝑠 = 0.872, and this value was used to generate the corresponding constant-GER airflow 
profiles. The compositions of the PMMA and OSB pyrolyzates are discussed later in Section 2.6.  
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2.5 Calculation of species yields 
During both pyrolysis and combustion, the solid sample thermally decomposes and loses mass at 
a rate 𝑀𝑀𝑀𝑀𝑀𝑀𝑡𝑡, generating a gaseous pyrolyzate. In combustion tests, this pyrolyzate mixes with the 
incoming oxidizer and reacts to form multiple product species whose concentrations—and hence 
mass generation or consumption rates—vary continuously with time. Thus, both the 
decomposition of the solid and the formation of gas-phase products are inherently time-resolved 
processes, and the mass lost from the solid at any moment corresponds to the mass generated or 
consumed in the gas phase. 

All analyzer signals and load-cell measurements are recorded at 5 Hz, providing time-resolved 
species concentrations and sample mass, respectively. The species concentrations are converted 
into instantaneous mass generation (or consumption) rates, 𝑚̇𝑚𝑖𝑖

 𝑡𝑡, while the solid-phase mass 
measurements are used to determine the instantaneous mass-loss rate, 𝑀𝑀𝑀𝑀𝑀𝑀𝑡𝑡. To reduce high-
frequency noise associated with the load cell and to maintain a consistent time resolution across 
all measurements, all recorded signals are temporally binned by averaging every five consecutive 
data points. This produces smoothed, 1 Hz datasets suitable for subsequent analysis. 

After binning, the instantaneous mass-loss rate is calculated using a backward finite-difference 
approximation: 

𝑀𝑀𝑀𝑀𝑀𝑀𝑡𝑡 = −
𝑚𝑚(𝑡𝑡) −𝑚𝑚(𝑡𝑡 − 1)

1 s
 3 

where 𝑚𝑚(𝑡𝑡) is the binned sample mass at time 𝑡𝑡. The negative sign ensures that 𝑀𝑀𝑀𝑀𝑀𝑀𝑡𝑡 is positive 
when mass is lost from the sample. To compute the total mass of each species generated or 
consumed over a selected portion of the experiment, two user-defined integration time limits, 𝑡𝑡1 
and 𝑡𝑡2, are specified. These limits may correspond to any interval of interest. 

The yield of species 𝑖𝑖 is then defined as the ratio of the total mass of that species generated (or 
consumed) between two user-defined integration time limits 𝑡𝑡1 and 𝑡𝑡2, to the total mass of solid 
fuel gasified during the same interval: 

𝑌𝑌𝑌𝑌𝑌𝑌𝑌𝑌𝑌𝑌𝑖𝑖 =
∫ 𝑚̇𝑚𝑖𝑖,𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐⁄

𝑡𝑡 𝑑𝑑𝑑𝑑𝑡𝑡2
𝑡𝑡1

∫ 𝑀𝑀𝑀𝑀𝑀𝑀𝑡𝑡 𝑑𝑑𝑑𝑑𝑡𝑡2
𝑡𝑡1

 4 

Here, 𝑀𝑀𝑀𝑀𝑀𝑀𝑡𝑡 is the mass loss rate of the sample at time t, and 𝑚̇𝑚𝑖𝑖,𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐⁄
𝑡𝑡  is the mass 

generation/consumption rate of species i at time t. In the FPA standard, 𝑚̇𝑚𝑖𝑖,𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐⁄
𝑡𝑡 is 

defined as (ASTM International, 2019):    
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𝑚̇𝑚𝑖𝑖,𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐⁄
𝑡𝑡 = 𝑚̇𝑚𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 

𝑡𝑡 𝑀𝑀𝑀𝑀𝑖𝑖

𝑀𝑀𝑀𝑀𝑎𝑎𝑎𝑎𝑎𝑎 
(𝑋𝑋𝑖𝑖𝑡𝑡 − 𝑋𝑋𝑖𝑖0)  5 

where 𝑚̇𝑚𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑
𝑡𝑡  is the mass flow rate in the duct at time t. 𝑋𝑋𝑖𝑖0 and 𝑋𝑋𝑖𝑖𝑡𝑡 are the measured molar or 

volume fraction of species i. A superscript "0" indicates values measured prior to the drop of the 
shield; a superscript "t" indicates time dependent values at time t after the drop of the shield. 
𝑀𝑀𝑀𝑀𝑖𝑖 and 𝑀𝑀𝑀𝑀𝑎𝑎𝑎𝑎𝑎𝑎 are the molecular weight of species i, and air, respectively. 

In the ASTM standard (ASTM International, 2019), 𝑚̇𝑚𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 
𝑡𝑡 (in kg s-1) is obtained using the 

following equation based on the assumption that the mixture in the duct is essentially air:  

𝑚̇𝑚𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑
𝑡𝑡 = 𝐴𝐴𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝐾𝐾�2 ∆𝑃𝑃𝑡𝑡  

353 𝑃𝑃𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑡𝑡

101,000 𝑇𝑇𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑡𝑡   6 

In this equation, 𝐴𝐴𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 is the duct cross sectional area in m2; K is the dimensionless flow 
coefficient of the pitot tube; ∆𝑃𝑃𝑡𝑡 is the pressure differential across averaging pitot tube in the 
duct in Pa; 𝑃𝑃𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑡𝑡  is the absolute atmospheric pressure in the duct in Pa. 𝑃𝑃𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑡𝑡  is calculated as the 
ambient pressure minus the pressure difference recorded by the pitot tube. 𝑇𝑇𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑡𝑡  is the gas 
temperature in the duct, in K, which is measured by one thermocouple located in the duct. Here, 
101,000 Pa is the reference pressure specified in the FPA standard for calculating the duct flow 
rate and 353 kg K m-3 is the density of air at atmospheric pressure multiplied by 𝑇𝑇𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑡𝑡 .  

In the current work, the mass generation/consumption rate of each species was computed from 
the raw signals using a modified set of equations that relax some of the assumptions used in the 
standard formulation and thus deliver a higher accuracy. The mass generation/consumption rate 
was defined as follows: 

𝑚̇𝑚𝑖𝑖,𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐⁄
𝑡𝑡 = 𝑚̇𝑚𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑

𝑡𝑡  𝑀𝑀𝑀𝑀𝑖𝑖 �
𝑋𝑋𝑖𝑖𝑡𝑡

𝑀𝑀𝑀𝑀𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑
𝑡𝑡 −

𝑋𝑋𝑖𝑖0

𝑀𝑀𝑀𝑀𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑
0 � 7 

Unlike in the standard approach where 𝑀𝑀𝑀𝑀𝑖𝑖 is divided by the molecular weight of air, in the 
current formulation 𝑀𝑀𝑀𝑀𝑖𝑖 is divided by the molecular weight of the gas mixture in the duct, 
𝑀𝑀𝑀𝑀𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑

𝑡𝑡  at specific time. 𝑚̇𝑚𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑
𝑡𝑡  is calculated using the Bernoulli equation (Gerhart, Hochstein, & 

Gerhart, 2020) and expressed as: 

𝑚̇𝑚𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑
𝑡𝑡 = 𝐴𝐴𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝐾𝐾�2 ∆𝑃𝑃𝑡𝑡  

 𝑀𝑀𝑀𝑀𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑
𝑡𝑡  𝑃𝑃𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑡𝑡

𝑅𝑅 𝑇𝑇𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑡𝑡  8 

Here, R is the universal gas constant in units of J mol-1 K-1;  𝑃𝑃𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑡𝑡  is the absolute pressure in the 
duct obtained by measuring the ambient pressure before a test and subtracting the differential 
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pressure measured by the pitot tube in units of Pa; and 𝑇𝑇𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑡𝑡  is the gas temperature determined 
by averaging the signals of three thermocouples in the duct in units of K. 

For HCN, and NO, 𝑋𝑋𝑖𝑖0 and 𝑋𝑋𝑖𝑖𝑡𝑡 used in Equation 7 are obtained directly from the detector/sensor 
data after applying an appropriate calibration. For THC, the sensor signal was also initially 
processed using Equation 7 with propane’s molecular weight used as the reference molecular 
weight. The resulting 𝑚̇𝑚𝑖𝑖,𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐⁄

𝑡𝑡  was subsequently corrected to account for the 

difference in the sensitivity between propane and PMMA or OSB pyrolyzate. The FID was 
found to be about 0.5 times as sensitive to PMMA pyrolyzate and 0.2 times as sensitive to OSB 
pyrolyzate. The derivation of the FID correction factors is described in Section 2.5.2. 

For CO2, CO, and O2 signals, an additional correction is required to compensate when all 
moisture present in the duct is removed from the CAI 700LX analyzer flow (see Figure 2). The 
molar or volume fractions of these gases in the duct can be expressed as:   

𝑋𝑋𝑖𝑖𝑡𝑡 = �
𝑛𝑛𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡−H2O𝑡𝑡

𝑛𝑛𝑖𝑖𝑡𝑡
+
𝑛𝑛H2O𝑡𝑡

𝑛𝑛𝑖𝑖𝑡𝑡
�
−1

 9 

Here i represents CO2, CO, or O2; 𝑛𝑛𝑖𝑖𝑡𝑡 is the number of moles of species i; 𝑛𝑛𝐻𝐻2𝑂𝑂𝑡𝑡  is the total 
number of moles of gaseous H2O in the duct; and 𝑛𝑛𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡−𝐻𝐻2𝑂𝑂𝑡𝑡  is the total number of moles of all 
gases excluding H2O. The first term inside parentheses is the reciprocal of the gas analyzer 
measurement, 1

𝑋𝑋𝑖𝑖,𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚
𝑡𝑡 , while the second term can be expressed as: 

𝑛𝑛H2O𝑡𝑡

𝑛𝑛𝑖𝑖𝑡𝑡
=

𝑛𝑛H2O0

𝑛𝑛CO2,𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐
𝑡𝑡 +

𝑛𝑛H2O,𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐
𝑡𝑡

𝑛𝑛CO2,𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐
𝑡𝑡

𝑛𝑛𝑖𝑖𝑡𝑡
𝑛𝑛CO2,𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐
𝑡𝑡
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where 𝑛𝑛H2O0  and 𝑛𝑛H2O,𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐
𝑡𝑡  represent the number of moles of water vapor that entered the duct 

from the ambient and number of moles of water vapor produced in the combustion process 
respectively; and 𝑛𝑛CO2,𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐

𝑡𝑡  is the number of moles of CO2 produced in the combustion process. 

The terms on the right-hand side of Equation 10 are estimated using the gas volume fractions 
measured by the gas analyzer (indicated by a subscript “measured” in equations 11 to 13) and the 
ratio of the number of hydrogen and carbon atoms �𝐻𝐻𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎

𝐶𝐶𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎
� in the gaseous pyrolyzate. The 

pyrolyzate composition will be discussed in the next section. Using these quantities, the terms in 
Equation 10 may be expressed in the following form: 

 



 

 19  

𝑛𝑛H2O0

𝑛𝑛CO2,𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐
𝑡𝑡 ≈

𝑋𝑋H2O0

𝑋𝑋CO2,𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚
𝑡𝑡 − 𝑋𝑋CO2,𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚

0  11 

 

𝑛𝑛𝑖𝑖𝑡𝑡

𝑛𝑛CO2,𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐
𝑡𝑡 =

𝑋𝑋𝑖𝑖,𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑡𝑡

𝑋𝑋CO2,𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚
𝑡𝑡 − 𝑋𝑋CO2,𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚

0  
12 

 

𝑛𝑛H2O,𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐
𝑡𝑡

𝑛𝑛CO2,𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐
𝑡𝑡

≈

1
2 �
𝐻𝐻𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎
𝐶𝐶𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎

� ��𝑋𝑋CO2,𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚
𝑡𝑡 − 𝑋𝑋CO2,𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚

0 � + �𝑋𝑋CO,𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚
𝑡𝑡 − 𝑋𝑋CO,𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚

0 ��

𝑋𝑋CO2,𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚
𝑡𝑡 − 𝑋𝑋CO2,𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚

0  
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Here 𝑋𝑋H2O0  represents the molar or volume fraction of water vapor in the ambient, which is 
computed from measured relative humidity, ambient pressure, and saturated vapor pressure at 
ambient temperature. While Equations 11 to 13 do not take into account the removal of moisture 
from the analyzer flow, they provide a sufficiently accurate input for the calculation of 𝑋𝑋𝑖𝑖𝑡𝑡  to 
make the error in 𝑚̇𝑚𝑖𝑖,𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐⁄

𝑡𝑡  associated with the removal of moisture significantly 

smaller than those associated with instrumental uncertainty of the gas analyzers (on the order of 
±1–2% of full scale, depending on species and measurement range). Equation 13 relies on the 
assumption that the H2O produced during combustion originates from the molecules of the 
gaseous pyrolyzate that oxidize to CO and/or CO2 and that all hydrogen in these molecules is 
converted to H2O. 

Equations 9 to 13 provide an accurate assessment 𝑋𝑋𝑖𝑖𝑡𝑡 for CO2, CO, and O2, which analyzer 
readings are affected by the removal of H2O from the sampling stream. The accuracy is based on 
the fact that these calculations require fewer simplifying assumptions. Similar corrections are 
performed to compute 𝑋𝑋𝑖𝑖0 for these gases from the analyzer data collected before the drop of the 
shield (Roy, 2022). 𝑀𝑀𝑀𝑀𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑

𝑡𝑡 , required in the current formulation for the calculation of the mass 
generation/consumption rate of every species, is computed by taking into account the 
contributions from major species (CO2, CO, O2, and H2O) and assuming N2 balance: 

𝑀𝑀𝑀𝑀𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑
𝑡𝑡 = �� �𝑀𝑀𝑀𝑀𝑖𝑖𝑋𝑋𝑖𝑖,𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑡𝑡 �

𝑖𝑖=CO2,CO,O2

+ 𝑀𝑀𝑀𝑀𝑁𝑁2 �1 −� 𝑋𝑋𝑖𝑖,𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑡𝑡

𝑖𝑖=CO2,CO,O2
�� (1 − 𝑋𝑋H2O𝑡𝑡 ) + 𝑀𝑀𝑀𝑀H2O𝑋𝑋H2O𝑡𝑡  

14 
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Here 𝑋𝑋H2O𝑡𝑡  is the molar or volume fraction of water vapor in the duct at time t computed as: 

𝑋𝑋H2O𝑡𝑡 =
𝑛𝑛H2O𝑡𝑡

𝑛𝑛CO2𝑡𝑡  𝑋𝑋CO2𝑡𝑡  15 

where 𝑛𝑛H2O
𝑡𝑡

𝑛𝑛CO2
𝑡𝑡  is determined from Eq. 10 with i representing CO2. The mass generation rate of PM 

was computed somewhat differently from that of gases because TSI DustTrak™ measures the 
mass concentration of PM, 𝐶𝐶PM𝑡𝑡 , expressed in kg m-3. The mass generation rate of PM is obtained 
as:  

𝑚̇𝑚PM, 𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 
𝑡𝑡 =

1
1 − 𝑓𝑓𝑑𝑑𝑑𝑑𝑑𝑑

 𝐶𝐶𝐶𝐶𝑃𝑃𝑃𝑃 𝐶𝐶PM𝑡𝑡
𝑚̇𝑚𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑
𝑡𝑡

 𝑀𝑀𝑀𝑀𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑
𝑡𝑡

𝑅𝑅 𝑇𝑇𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑡𝑡

𝑃𝑃𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑡𝑡  16 

where 𝑓𝑓𝑑𝑑𝑑𝑑𝑑𝑑 represents the fraction of PM deposited on the quartz tubes, used to correct the 
measured PM concentration, and 𝐶𝐶𝐹𝐹𝑃𝑃𝑃𝑃 is the DustTrak™ calibration factor determined 
experimentally by comparing light-scattering readings with gravimetric PM measurements for 
each solid fuel. 

Because 𝐶𝐶𝐹𝐹𝑃𝑃𝑃𝑃 and 𝑓𝑓𝑑𝑑𝑑𝑑𝑑𝑑 depend on the fuel type and/or experimental conditions, their 
determination and application are described in the following subsections, together with the 
corresponding procedure used to correct the THC signal. 

2.5.1 Particulate matter corrections  

The DustTrak™ photometric analyzer estimates particulate concentration based on the intensity 
of scattered light, which depends on particle size distribution and refractive index. Because these 
optical properties vary between combustion products of different fuels, the instrument response 
must be calibrated specifically for PM produced by each material. 

In this study, DustTrak™ was calibrated against gravimetric measurements obtained during 
combustion tests of PMMA and OSB. A glass-fiber filter was installed at the DustTrak™ outlet 
to collect the total PM emitted during each experiment. Before each test, the filters were 
conditioned in a desiccator maintained at approximately 15% relative humidity for at least 24 
hours, then pre-weighed using an analytical balance. After the test, the filters were reconditioned 
under the same conditions and re-weighed to determine the net mass of PM collected. This 
procedure minimized the influence of absorbed moisture on the measured filter mass. 

The gravimetric PM collection was conducted during standard FPA combustion experiments, 
using an air flow rate of 200 SLPM and incident heat fluxes of 50 kW m-2 and 95 kW m-2 for 
PMMA and OSB, respectively. Since the DustTrak™ outlet flow rate where the filter is placed 
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was 2 LPM (equivalent to 3.33 × 10-5 m3 s-1), the total mass of PM reported by the instrument 
was computed as: 

𝑚𝑚𝑃𝑃𝑃𝑃,𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 =  3.33 × 10−5 � 𝐶𝐶PM𝑡𝑡
𝑡𝑡𝑒𝑒𝑒𝑒𝑒𝑒

0
 𝑑𝑑𝑑𝑑  17 

where 𝐶𝐶PM
𝑡𝑡  is the instantaneous PM mass concentration (kg m-3) measured by DustTrak ™and 

𝑡𝑡end is the experiment duration. 

The DustTrak™ calibration factor (𝐶𝐶𝐹𝐹PM) was determined as the ratio of the gravimetrically 
collected mass to the total mass reported by the instrument: 

𝐶𝐶𝐹𝐹𝑃𝑃𝑃𝑃 =  
𝑚𝑚𝑃𝑃𝑃𝑃,𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 𝑜𝑜𝑜𝑜 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓

𝑚𝑚𝑃𝑃𝑃𝑃,𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 
 18 

This calibration factor allows accurate conversion of DustTrak™ light-scattering readings into 
true particulate mass concentrations. The resulting calibration factors were 0.41 ± 0.03 for 
PMMA and 0.29 ± 0.02 for OSB, reflecting the optical and physical differences in particulates 
generated from each material. These calibration factors were determined during constant-GER 
experiments, and the values obtained under different ventilation conditions were all within the 
reported uncertainty ranges. Therefore, the calibration factors are considered independent of the 
ventilation condition. 

In addition to the gravimetric calibration, losses of particulate matter due to deposition on the 
inner surfaces of the quartz tubes were also quantified. The PM deposition fraction was defined 
as: 

𝑓𝑓𝑑𝑑𝑑𝑑𝑑𝑑 =
𝑚𝑚PM,𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑

𝑚𝑚PM,𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 + 𝑚𝑚PM,𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑
 19 

where 𝑚𝑚𝑃𝑃𝑃𝑃,𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 is the PM mass recorded by the DustTrak™ and is obtained by integrating 
Equation 16 over the entire test duration before applying the deposition correction, and 
𝑚𝑚𝑃𝑃𝑃𝑃,𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 is the mass recovered from the quartz tubes (and from the cap in the case of OSB).  

For PMMA, the deposited portion was small, about 0.091 ± 0.025 of the total PM and showed 
little variation with ventilation conditions. In contrast, for OSB, the deposition fraction changed 
noticeably with the GER. Therefore, separate correction factors were applied for each constant-
GER condition, as summarized in Table 3. 
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Table 3. PM deposition fraction for OSB at different GERs. 

GER 𝒇𝒇𝒅𝒅𝒅𝒅𝒅𝒅 

0.5 0.260 ± 0.018 

0.98 0.424 ± 0.014 

1.51 0.299 ± 0.019 

2.5.2 Total hydrocarbons corrections 

In this study, the response of FID was corrected using gaseous pyrolyzate generated directly 
from solid fuel samples. 

For PMMA, the calibration procedure involved pyrolysis of the sample under an incident heat 
flux of 50 kW m-2 in an anaerobic environment created by flowing 100 SLPM of N2 through the 
FPA quartz tubes. During these pyrolysis tests, the gas analyzer and FID simultaneously 
measured the concentrations of CO2, CO, O2, and THC. However, only the THC channel showed 
measurable signals for PMMA pyrolysis. 

The calibration factor for PMMA, 𝐶𝐶𝐹𝐹THC, PMMA, was calculated as: 

𝐶𝐶𝐶𝐶THC,𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 =  
𝑚𝑚𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 PMMA

𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 THC
 20 

where 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 THC and 𝑚𝑚𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 PMMA represent the total mass of measured hydrocarbons 
and the total mass of PMMA decomposed, respectively. Each was determined by integrating the 
corresponding mass generation or loss rates (𝑚̇𝑚THC

𝑡𝑡  from Equation 7)  and 𝑀𝑀𝑀𝑀𝑀𝑀𝑡𝑡) over the 
duration of the pyrolysis test. 

This method provides a more realistic calibration than using standard gases such as methane or 
propane, because the chemical composition of the solid fuel pyrolyzate more closely resembles 
the incomplete combustion products detected by the FID. 

For OSB, similar pyrolysis experiments were performed at an incident heat flux of 95 kW m-2 
and a N2 flow rate of 100 SLPM. Unlike PMMA, the OSB pyrolysis products contained 
noticeable amounts of CO and CO2, which were included in the calibration factor calculation. 
Species measurements were obtained using the same analyzers and procedures described 
previously. The THC calibration factor for OSB was defined as: 
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𝐶𝐶𝐶𝐶THC,OSB =  
𝑚𝑚𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 OSB −  𝑚𝑚CO2 − 𝑚𝑚CO

𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 THC
 21 

where 𝑚𝑚 denotes the total mass of each species, obtained by integrating its mass generation rate 
over the duration of the pyrolysis test. 

The resulting calibration factors were 2.03 ± 0.03 for PMMA and 5.1 ± 0.1 for OSB. It should be 
noted that in the OSB pyrolysis tests, the product yields increased during the initial phase and 
later stabilized at a nearly constant level. The steady-state region of this plateau was used to 
determine the species masses and calculate 𝐶𝐶𝐹𝐹THC, OSB. This behavior for OSB pyrolysis is 
discussed in more detail later in the following section. 

2.6 Composition of solid-fuel pyrolyzates and produced THC 
The elemental composition of the pyrolyzate and the corresponding THC is required for 
balancing the combustion reaction of the fuel vapor, which is needed for calculating the heat of 
combustion as discussed in the following section. These compositions are also essential for 
evaluating the accuracy of the measurement system. This is done by comparing the carbon 
released in the measured products to the carbon initially present in the pyrolyzate, a check 
commonly referred to as the carbon balance. 

2.6.1 Poly(methyl Methacrylate) 

PMMA undergoes clean gasification during pyrolysis, producing no measurable solid residue 
and generating only THC as a detectable gaseous species. Therefore, the composition of its 
pyrolyzate—and the THC produced during its combustion—was assumed to be identical to the 
known monomer-based composition of the solid polymer (CH1.6O0.4).  

In contrast, materials that do not have a well-defined atomic composition and/or produce solid 
residue upon combustion will require an elemental analysis of the uncombusted solid and/or its 
post-combustion residue. 

2.6.2 Oriented strand board 

OSB is a charring fuel, leaving behind a solid char residue after flaming combustion. Since this 
study focuses on measuring products from the flaming combustion phase, an accurate 
composition of the OSB pyrolyzate is required for calculations. To determine the compositions, 
the mass-based char yield of OSB was first measured to be 19.1 ± 0.7%. This yield was 
calculated as the ratio of the mass of char residue remaining after flaming combustion had ceased 
to the oven-dried sample mass prior to the experiment.  
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Determining the pyrolyzate composition also requires the elemental compositions of both the 
original OSB and the resulting char. Therefore, two samples of original OSB and two samples of 
char were submitted for elemental analysis. Carbon, hydrogen, and nitrogen contents were 
measured using ASTM D5373 (ASTM International, 2016)) and oxygen content was obtained by 
difference. Analyses were performed by Intertek Laboratories (Romeoville, IL). The results of 
the elemental analysis for OSB and its char are summarized in Table 4 and Table 5. 
 

Table 4. Elemental analysis results for OSB  
Two replicate samples were analyzed to assess sample-to-sample variability 

Component ASTM test method Mass fraction (% wt.), 
sample 1 

Mass fraction (% wt.), 
sample 2 

Carbon D 5373 50.51 49.87 
Hydrogen D 5373 6.41 6.47 
Nitrogen D 5373 0.45 0.44 
Oxygen Calculated by difference 42.20 42.81 
Sulfur D 4239 0.16 0.15 
Ash D 3174 0.27 0.26 

 

Table 5. Elemental analysis results for OSB char  

Two replicate samples were analyzed to assess sample-to-sample variability 

Component ASTM test method Mass fraction (% 
wt.), sample 1 

Mass fraction (% 
wt.), sample 2 

Carbon D 5373 91.19 91.68 
Hydrogen D 5373 1.99 2.20 
Nitrogen D 5373 1.00 0.94 
Oxygen Calculated by difference 4.58 4.03 
Sulfur D 4239 0.08 0.07 
Ash D 3174 1.16 1.08 

 
The elemental compositions of OSB and its char were converted from mass fractions to molar 
fractions. After normalization by the number of carbon moles, the resulting empirical formulas 
were CH1.53O0.64 for the original OSB and CH0.28O0.04 for the char. These values represent the 
average compositions of the two samples analyzed. Nitrogen, sulfur, and ash contents were 
excluded from the final empirical formulas because their contributions were negligible. 
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To determine the composition of the OSB pyrolyzate, the decomposition reaction was written as: 

CH1.53O0.64  → μ𝑝𝑝 CxHyOz + μchar CH0.28O0.04   22 

where μ𝑝𝑝 and μchar are the molar stoichiometric coefficients of the pyrolyzate and char, 
respectively. Using the measured char yield of 19.1%, this decomposition balance resulted in a 
pyrolyzate composition of CH2.2O0.97. 

Three OSB pyrolysis tests were conducted at an incident heat flux of 95 kW m-2 and a nitrogen 
flow rate of 100 SLPM. Unlike PMMA, the measured products contained CO and CO2 at levels 
significant enough to be included in the calculations. To obtain an accurate representation of the 
THC composition—rather than assuming it to be identical to the pyrolyzate, as was done for 
PMMA—the products of OSB pyrolysis were measured in the FPA. The measured CO and CO2 
yields were incorporated into the decomposition balance of OSB, written as: 

CH2.2O0.97  →  μCO2 CO2 +  μCO CO +  μ CpHqOr  CpHqOr 23 

In this expression, the μ terms represent the molar stoichiometric coefficients of each product 
species. CpHqOr refers to a lumped hydrocarbon species whose elemental composition is 
determined from the pyrolysis product yields. The FID signal is used to quantify the amount of 
this hydrocarbon mixture released, as described in Section 2.5. The measured FID-based mass 
generation rate is denoted as 𝑚̇𝑚𝑇𝑇𝑇𝑇𝑇𝑇∗

𝑡𝑡 , which represents the uncorrected hydrocarbon mass 
generation rate before applying the OSB-specific calibration factor. In other words, 𝑚̇𝑚THC∗

𝑡𝑡  refers 
to the raw, uncorrected mass generation rate of the lumped species 𝐶𝐶𝑝𝑝𝐻𝐻𝑞𝑞𝑂𝑂𝑟𝑟, which is used in the 
reaction balance. 

Analysis of the measured pyrolysis products from three pyrolysis experiments, showed that the 
ratio of the mass generation rate of gaseous products (𝑚̇𝑚𝑖𝑖

𝑡𝑡, defined in Equation 7) to the transient 
mass-loss rate (𝑀𝑀𝑀𝑀𝑀𝑀𝑡𝑡) evolved in two distinct regimes. During the early stage (approximately the 
first 30% of conversion), this ratio increased as OSB decomposition intensified. Beyond this 
point, the ratio reached a plateau, indicating a quasi-steady regime in which gasification and 
volatile release were relatively stable. This behavior is illustrated in Figure 7, which shows the 
ratio of the mass generation rate of CpHqOr, 𝑚̇𝑚THC∗

𝑡𝑡  (computed using Equation 7), prior to 
applying the FID correction factor to 𝑀𝑀𝑀𝑀𝑀𝑀𝑡𝑡 during pyrolysis. The shaded region represents ±2 
standard errors. 

Product yields were calculated using Equation 4 separately for the unsteady and quasi-steady 
phases of pyrolysis and are summarized in Table 6. 
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Figure 7. Average ratio of mass generation rate of lumped hydrocarbon species 
 𝐶𝐶𝑝𝑝𝐻𝐻𝑞𝑞𝑂𝑂𝑟𝑟, 𝑚̇𝑚THC∗

𝑡𝑡 , to 𝑀𝑀𝑀𝑀𝑀𝑀𝑡𝑡 from three OSB pyrolysis experiments 

 
 

Table 6. Species yields reported for two distinct phases of experiment 
Species yields (in mass per mass of pyrolyzed OSB) from three OSB pyrolysis experiments at 95 
kW m-2 and a100 SLPM N2 flow rate. Yields for two distinct phases of experiment. Uncertainties 

represent ±2 standard errors 

 Unsteady phase (20-70 s) quasi-steady phase (70-200 s) 

CO yield 0.1085 ± 0.0025 0.1272 ± 0.0035 

CO2 yield 0.1117 ± 0.0029 0.1504 ± 0.0028 

THC yield * 0.1005 ± 0.0032 0.1407 ± 0.0044 
* Yield based on the raw FID measurement, prior to applying the OSB-specific calibration factor. 

Only the quasi-steady-state yields (70–220 s), where the signals were stable, were used to 
determine the effective THC composition. Balancing Equation 23 using the yields from quasi-
steady phase gave: 

CH2.2O0.97  →  0.1016 CO2 +  0.1350 CO +  0.7634 CH2.882O0.828 24 

Therefore, THC composition would be CH2.882O0.828. This derived THC formula is a more 
realistic representation of the gaseous hydrocarbons released during OSB combustion than 
simply assuming the pyrolyzate composition.  

t 

t 

t 

t 
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2.7 Calculations of heat release rate (HRR) and heat of combustion 
(∆𝐻𝐻𝑐𝑐

𝑒𝑒𝑒𝑒𝑒𝑒) 
In FPA (ASTM International, 2019), the time-resolved heat release rate per unit area, 𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝑡𝑡, 
is usually computed from the rates of generation of CO2 and CO: 

𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝑡𝑡 =
1

𝐴𝐴𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠
�∆𝐻𝐻CO2𝑚̇𝑚CO2,𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔

𝑡𝑡 + ∆𝐻𝐻CO𝑚̇𝑚CO,𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔
𝑡𝑡 � 25 

where ∆𝐻𝐻CO2 and ∆𝐻𝐻CO are empirical constants that convert the mass generation rates to 
𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝑡𝑡; and 𝐴𝐴𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 is the initial surface area of the sample facing the heating lamps. This 
method for the calculation of 𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝑡𝑡 has a significant drawback with respect to a more 
widely used oxygen consumption calorimetry (Beyler, Croce, Dubay, Johnson, & McNamee, 
2017; Biteau, et al., 2008). Unlike in the case of oxygen consumption calorimetry where the 
empirical constant that converts oxygen consumption to 𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝑡𝑡, ∆𝐻𝐻O2 = 13.1 ± 0.6 kJ gO2−1    
is nearly independent of material composition (as long as the material is a hydrocarbon), ∆𝐻𝐻CO2 
and ∆𝐻𝐻CO vary significantly between different hydrocarbon fuels and additional calorimetric 
measurements are required to determine them for each material (Hurley, et al., 2016). 
Theoretically, it is possible to use the oxygen consumption calorimetry in an FPA because 
𝑚̇𝑚O2, 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐
𝑡𝑡  is computed from the test data. In practice, a high rate of dilution of the 

combustion effluent entering the duct with ambient air makes the difference in the measured O2 
volume fraction comparable with a drift in the analyzer baseline, which results in 7 ± 2% 
systematic error in the computed 𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝑡𝑡. 

In this study, an attempt was made to address this drawback in the FPA 𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝑡𝑡 determination 
by designing a method that relies on CO2 and CO generation data (which have a higher accuracy 
than oxygen consumption) but also uses the less fuel dependent empirical constant, ∆𝐻𝐻O2. In this 
method, once the combustion reaction of the pyrolyzate is balanced using the measured product 
yields, the stoichiometric coefficients of O2 and CO2 are used to calculate Δ𝐻𝐻𝐶𝐶𝑂𝑂2 from the known 
value of Δ𝐻𝐻𝑂𝑂2as: 

∆𝐻𝐻CO2 =
μO2  𝑀𝑀𝑀𝑀O2  ∆𝐻𝐻O2 
μCO2 𝑀𝑀𝑀𝑀CO2 
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where μO2and μCO2 are the stoichiometric coefficients of O2 and CO2 obtained from the balanced 
combustion equation. This constant depends on the composition of the gaseous pyrolyzate and 
the measured yields of the combustion products; therefore, it must be recalculated whenever 
changes in combustion conditions alter the product yields. The resulting value of Δ𝐻𝐻𝐶𝐶𝑂𝑂2is used in 
Equation 25, with Δ𝐻𝐻𝐶𝐶𝐶𝐶 set to zero, to compute the transient 𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝑡𝑡. 
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This method takes advantage of the time-resolved and highly-accurate CO2 volume fraction 
measurement provided by the FPA. This method also takes into account the impact of the 
generation of incomplete combustion products on 𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝑡𝑡 and relies on a widely used oxygen 
consumption calorimetry principle. The effective heat of combustion of the gaseous pyrolyzate is 
computed from 𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝑡𝑡: 

∆𝐻𝐻𝑐𝑐
𝑒𝑒𝑒𝑒𝑒𝑒 =

𝐴𝐴𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 ∫ 𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝑡𝑡𝑑𝑑𝑑𝑑𝑡𝑡2
𝑡𝑡1

∫ 𝑀𝑀𝑀𝑀𝑀𝑀𝑡𝑡 𝑑𝑑𝑑𝑑𝑡𝑡2
𝑡𝑡1
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where 𝑡𝑡1 and 𝑡𝑡2 correspond to times bounding the period of interest over which the effective heat 
of combustion is calculated. This method does not take into account that the ∆𝐻𝐻O2 value varies 
somewhat with ventilation conditions. It is assumed that ∆𝐻𝐻O2 is constant (13.1 ± 0.6 kJ gO2−1) 
because, even for the most under-ventilated conditions studied in this work, this variation 
remains within this constant’s stated uncertainties.   

The detailed procedure for balancing the combustion reaction and deriving the stoichiometric 
ratios for PMMA and OSB is presented in the following sections. 

2.7.1 Poly(methyl Methacrylate) stoichiometric coefficient ratios calculation 

The combustion reaction equation is balanced using the information on the atomic composition 
of the gaseous pyrolyzate and measured yields of CO2, CO, THC, and PM. For PMMA, the 
following general reaction form was used: 

 
CH1.6O0.4 + μO2O2

→ μCO2CO2 + μCOCO + μPMCH0.05O0.06 + μTHCCH1.6O0.4 + μH2OH2O 
28 

 

The PM formula in Equation 28 was obtained from elemental analysis of PM collected under 

both under-ventilated and well-ventilated conditions. Elemental content (C, H, N) was measured 

according to ASTM D5373 (ASTM International, 2016) oxygen was obtained by difference. 

Results are summarized in Table 7.  
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Table 7. Elemental analysis results of PM produced from PMMA combustion  
Under well- and under-ventilated conditions 

Component ASTM test method Mass fraction (% 
wt.), GER = 0.6 

Mass fraction (% 
wt.), GER= 1.7 

Carbon D 5373 89.94 95.61 

Hydrogen D 5373 0.11 0.74 

Nitrogen D 5373 0.37 0.30 

Oxygen Calculated by difference 9.58 3.35 

 
From these analyses, PM compositions were converted from mass to mol fractions and 
normalized by the number of carbon moles. The resulting empirical formulas for well-ventilated 
and under-ventilated conditions were obtained as CH0.01O0.08 and CH0.09O0.03, respectively. The 
atomic compositions were found to be comparable, so the average value (CH0.05O0.06) was used 
in Equation 28. 

To balance Equation 28 and determine the ratio μO2 
μCO2 

 in Equation 26, the dimensionless 

parameters are defined as: 

 

𝛼𝛼 =
μCO
μCO2

=  
YieldCO 𝑀𝑀𝑀𝑀CO2 
YieldCO2 𝑀𝑀𝑀𝑀CO
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𝛽𝛽 =
μPM
μCO2

=  
YieldPM 𝑀𝑀𝑀𝑀CO2 
YieldCO2 𝑀𝑀𝑀𝑀PM

 30 

𝛿𝛿 =
μTHC
μCO2

=  
YieldTHC 𝑀𝑀𝑀𝑀CO2 
YieldCO2 𝑀𝑀𝑀𝑀THC

 31 

Balancing carbon gives: 

μCO2 =  
1

1 + 𝛼𝛼 + 𝛽𝛽 + 𝛿𝛿
 32 

Balancing hydrogen yields: 

μH2O =  
1
2

(1.6 − 0.05 μPM − 1.6 μTHC) = 0.8 − 0.025 𝛽𝛽 μCO2 − 0.8 𝛿𝛿 μCO2 33 
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Balancing oxygen gives: 

μO2 =  0.2 + μCO2 + 0.5 𝛼𝛼μCO2 + 0.0125 𝛽𝛽μCO2 − 0.2 𝛿𝛿 μCO2  34 

Combining these relations leads to: 
μO2
μCO2

= 1.2 + 0.7 𝛼𝛼 + 0.2175 𝛽𝛽 35 

This ratio is then inserted into Equation 26 to compute Δ𝐻𝐻𝐶𝐶𝑂𝑂2, which is subsequently used for 
calculating both the transient 𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐴𝐴𝑡𝑡  and Δ𝐻𝐻𝑝𝑝. 

2.7.2 Oriented strand board stoichiometric coefficient ratios calculation 

For OSB, the pyrolyzate is a multicomponent mixture consisting of CO2, CO, and a lumped 
hydrocarbon species. Therefore, the species produced during pyrolysis (as given in Equatio 24) 
are treated as the reactants in the subsequent combustion balance. Accordingly, the combustion 
equation for OSB can be written in the following form: 
 

0.1016 CO2 + 0.1350 CO + 0.7634 CH2.882O0.828 +  μO2O2  →   μCO2CO2 + μCOCO
+ μPMCH0.095O0.04 + μTHC CH2.882O0.828 +  μH2O H2O 

36 

 The PM compositions from OSB combustions were also determined experimentally. Using the 
same elemental analysis procedure (ASTM D5373), the PM compositions were found to be 
CH0.05O0.04 for well-ventilated, and CH0.14O0.04 for under-ventilated conditions. Their average 
was used in the reaction balance. Results are shown in Table 8. 
 

Table 8. Elemental analysis results of PM produced from OSB combustion  
Under well- and under-ventilated conditions 

Component ASTM test method Mass fraction (% 
wt.), GER = 0.5 

Mass fraction (% wt.), 
GER = 1.1 

Carbon D 5373 94.14 93.62 

Hydrogen D 5373 0.41 1.09 

Nitrogen D 5373 0.32 0.38 

Oxygen Calculated by difference 5.13 4.91 
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The definitions of 𝛼𝛼, 𝛽𝛽, and 𝛿𝛿 from Equations 29 to 31 apply identically to OSB. Balancing the 
carbon atoms yields the same result as Equation 32. 

By balancing the hydrogen atoms, the following expression is obtained: 

μH2O =  
1
2

(2.2 − 0.095 μPM − 2.882 μTHC) = 1.1 − 0.0475 𝛽𝛽 μCO2 − 1.441𝛿𝛿 μCO2 37 

Similarly, by balancing the oxygen atoms: 

μO2 =  0.0648 + μCO2 + 0.5 𝛼𝛼μCO2 − 0.0038𝛽𝛽μCO2 − 0.3065𝛿𝛿 μCO2  38 

Combining these relations gives: 
μO2
μCO2

=  1.0648 + 0.5648𝛼𝛼 + 0.061𝛽𝛽 − 0.2417𝛿𝛿 39 

As in the PMMA case, this ratio is substituted into Equation 26 to determine Δ𝐻𝐻𝐶𝐶𝑂𝑂2and 
subsequently calculate 𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐴𝐴𝑡𝑡and ∆𝐻𝐻𝑐𝑐

𝑒𝑒𝑒𝑒𝑒𝑒. 

3 Material samples and test matrix  
In this study, two common solid fuels relevant to fire scenarios were examined: PMMA and 
OSB, representing non-charring and charring fuels, respectively. Black cast PMMA samples 
were obtained from Evonik Industries and OSB samples from Home Depot (College Park, MD). 
The PMMA specimens had a diameter of 96 mm and a thickness of 6.1 mm, while the OSB 
samples had a diameter and thickness of 107 mm and 12 mm, respectively. As explained in the 
previous section, a larger OSB sample area was used to achieve higher 𝑀𝑀𝑀𝑀𝑀𝑀𝑡𝑡 values and thereby 
reach higher GERs within the limitations of the current air-flow adjustment system. The 
thickness of the insulation layer around the PMMA and OSB samples was 6.4 mm and 0.8 mm, 
respectively. The samples in the sample holder with the insulation layer are shown in Figure 8. 
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Figure 8. PMMA (96 mm diameter) and OSB (107 mm diameter) samples 

Samples were placed in the holder and wrapped in aluminum foil with an insulation layer 

Before testing, each PMMA sample was conditioned in a desiccator at 15% relative humidity 
and room temperature (20 – 23 ᵒC) at least for 24 hours. The OSB samples were first oven-dried 
at 103 °C for 24 hours and then placed in the desiccator at 15% relative humidity for at least 24 
hours prior to testing. The moisture content of the oven-dried OSB samples was measured as 
5.74 ± 0.3%. The smoother surface of the OSB panel was oriented such that the incident heat 
flux was irradiating this surface. 

For PMMA a total of 5 GER settings, 0.63, 1.10, 1.43, 1.69, and 1.96, were studied in this work, 
with every setting probed with five repeated tests. All these tests were performed at 75 kW m-2 of 
set radiant heat flux. Additional tests were performed at 50 and 90 kW m-2 radiant heat flux, and 
three GER values of 0.84 (50 kW m-2), 1.54, and 1.92 (90 kW m-2), with one test conducted for 
each combination of conditions. These runs were used to evaluate the predictive capability of the 
empirical model for species yields and Δ𝐻𝐻𝑐𝑐

𝑒𝑒𝑒𝑒𝑒𝑒, which was developed from the data collected at 
75 kW m-2, as discussed in a later section. In addition, three pyrolysis tests at 50 kW m-2 heat 
flux and 100 SLPM N2 flow rate were carried out to obtain the correction factor for FID-based 
THC measurements. PMMA test matrix is summarized in Table 9. 

 
Table 9. PMMA test matrix 

Test Type GER Settings Heat Flux 
(kW m-2) Air Flow / Notes Number of Tests 

Constant-GER 
combustion tests 

0.63, 1.10, 1.43, 
1.69, 1.96 75 Calculated air flow 

for each GER 
5 repeats per GER 

(total 25 tests) 

PMMA OSB 
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Test Type GER Settings Heat Flux 
(kW m-2) Air Flow / Notes Number of Tests 

Model-validation 
combustion tests1 0.84, 1.54, 1.92 50, 90 One test per 

combination 3 tests 

Pyrolysis tests — (no O2) 50 100 SLPM N2 3 tests 
1 GER = 0.84 was tested at 50 kW m-2; GER = 1.54 and 1.92 at 90 kW m-2. 

 
For OSB, three GER settings (0.50, 0.98, and 1.51) were studied at 95 kW m-2, with each 
constant-GER experiment repeated five times. To further evaluate the empirical model developed 
from these data, three additional tests were carried out at 75 kW m-2 under GER = 0.98. These 
tests also helped evaluate how different effective parameters influence species yields when the 
GER is held constant; these parameters are discussed in a later section. Finally, three pyrolysis 
experiments at 95 kW m-2 heat flux and 100 SLPM N2 flow rate were conducted to quantify the 
pyrolysis products and determine the FID correction factor for THC and to investigate the 
pyrolyzate composition change during the experiment. OSB test matrix is listed in Table 10.  

Table 10. OSB test matrix 

Test Type GER Settings Heat Flux 
(kW m-2) Air Flow / Notes Number of Tests 

Constant-GER 
combustion tests 0.5, 0.98, 1.51 95 Calculated air flow 

for each GER 
5 repeats per GER 

(total 15 tests) 

Combustion tests for 
model evaluation 0.98 75 

Used to assess 
pyrolyzate 

composition 
3 tests 

Pyrolysis tests — (no O2) 95 100 SLPM N2 3 tests 

4 Measurement results and model development  

4.1 Poly(methyl Methacrylate) results 

4.1.1 Global equivalence ratio 

Figure 9 shows the GER data averaged over 10-second intervals observed in the constant-GER 
tests performed at 75 kW m-2 of radiant heat flux. The 10-second resolution was chosen not only 
to match the air flow adjustment set points but also to exceed all sensor response times and a 
characteristic time, 𝑡𝑡𝑐𝑐ℎ𝑎𝑎𝑎𝑎, that the combusting mixture spends in the FPA test section, and thus 
ensure that the time resolution of all reported measurement results is not impacted by the 
instrumental limitations.  
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In Figure 9 dashed-line boxes mark the portions of tests for which species yields and ∆𝐻𝐻𝑐𝑐
𝑒𝑒𝑒𝑒𝑒𝑒 were 

computed. Error bars represent ± 2 standard errors. Discrete data points are linked using linear 
interpolation for visualization. t denotes the time after the drop of the shield. Each GER profile 
shown in Figure 9 is the mean computed from five repeated tests. Due to the fact that each mass 
flow controller set point time series was defined based on the 𝑀𝑀𝑀𝑀𝑀𝑀𝑡𝑡 data obtained in different, 
lower constant-GER tests, some variation in GER is observed with time even for the portions of 
the tests where GER control is imposed. To minimize the impact of this variation, only the 
portions of the tests where GER remained within ±10% of the mean were included in the species 
yield and ∆𝐻𝐻𝑐𝑐

𝑒𝑒𝑒𝑒𝑒𝑒 calculations. These time periods are marked in Figure 9 with dashed-line boxes. 
For the highest GER (GER = 1.96), only the final portion of the tests was used in the analysis 
because only in this final portion was the air flow rate high enough (> 75 SLPM) to prevent 
entrainment of the environmental air into the test section. 

 
Figure 9. Mean GER obtained for tests performed on black cast PMMA  

At 75 kW m-2 of set radiant heat flux  

4.1.2 Species yield and effective heat of combustion (∆𝐻𝐻𝑐𝑐
𝑒𝑒𝑒𝑒𝑒𝑒) 

The resulting species yield and ∆𝐻𝐻𝑐𝑐
𝑒𝑒𝑒𝑒𝑒𝑒 values are summarized in Table 11. The values exhibit 

expected trends: the CO2 yields and ∆𝐻𝐻𝑐𝑐
𝑒𝑒𝑒𝑒𝑒𝑒 systematically decrease with increasing GER, while 

the yields of incomplete combustion products, CO, PM, and THC, systematically increase with 
increasing GER. The uncertainties are expressed as ± 2 standard errors computed from five 
repeated tests. To further validate the accuracy of these measurements, the ratio of the mass of 
carbon atoms in measured products to that in the corresponding amount of the pyrolyzate, 
referred to here as carbon balance (in percent), was computed for each GER: 
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Carbon balancePMMA(%)

=  100 
𝑚𝑚CO2

𝑀𝑀𝑀𝑀C
𝑀𝑀𝑀𝑀CO2
� + 𝑚𝑚CO

𝑀𝑀𝑀𝑀C
𝑀𝑀𝑀𝑀CO
� + 𝑚𝑚PM

𝑀𝑀𝑀𝑀C
𝑀𝑀𝑀𝑀PM
� +  𝑚𝑚THC

𝑀𝑀𝑀𝑀C
𝑀𝑀𝑀𝑀THC
�  

𝑚𝑚PMMA
𝑀𝑀𝑀𝑀C

𝑀𝑀𝑀𝑀PMMA
�
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=  100 
0.2729 𝑚𝑚CO2 + 0.4288 𝑚𝑚CO + 0.9224 𝑚𝑚PM + 0.6 𝑚𝑚THC

0.6 𝑚𝑚PMMA
 

= 100 (0.4548 YieldCO2 + 0.7147 YieldCO + 1.5373 YieldPM +  YieldTHC ) 

 

where m represents the mass of corresponding species, and 𝑀𝑀𝑀𝑀C is the molecular weight of the 

carbon atom. The results of these calculations are provided in Table 11. These results indicate 

that the measured products account for close to 100% of carbon in the pyrolyzate. The fact that 

for highly under-ventilated conditions (GER > 1.5), the carbon balance is slightly above 100% is 

likely to be associated with the uncertainties that arise from the assumption that THC has the 

same atomic composition as the pyrolyzate.  

Table 11. Species yields (mass per mass of pyrolyzate), carbon balance, ∆𝐻𝐻𝑐𝑐
𝑒𝑒𝑒𝑒𝑒𝑒  

Measured at constant-GER for PMMA 

GER 
CO2 
Yield 

CO 
Yield 

PM 
Yield 

THC 
Yield 

NO 
Yield 

HCN 
Yield 

Carbon 
bal. % 

∆𝑯𝑯𝒄𝒄
𝒆𝒆𝒆𝒆𝒆𝒆, 

kJ g-1 

0.63 ± 
0.01 

2.041 ± 
0.024 

(1.93 ± 
0.36)×10-2 

(1.45 ± 
0.19)×10-2 

(6.4 ± 
1.6)×10-3 

(3.3 ± 
3.3)×10-4 

(1.1 ± 
1.1)×10-20  97.01± 0.85 23.63 

±0.24 

1.10 ± 
0.01 

1.741 ± 
0.049 

(1.164± 
0.071)×10-1 

(2.80 ± 
0.28)×10-2 

(7.41 ± 
0.93)×10-2 

(8.5 ± 
4.3)×10-4 

(1.1 ± 
1.1)×10-20 99.2 ± 1.3 21.32 ± 

0.51 

1.43 ± 
0.02 

1.409 ± 
0.058 

(1.855 ± 
0.041)×10-1 

(4.05 ± 
0.25)×10-2 

(1.793 ± 
0.063)×10-1 

(1.7 ± 
0.9)×10-3 

(3.0 ± 
1.5)×10-7 101.5 ± 2.7 18.33 ± 

0.67 

1.69 ± 
0.05 

1.232 ± 
0.062 

(2.242 ± 
0.044)×10-1 

(4.20 ± 
0.20)×10-2 

(2.535 ± 
0.011)×10-1 

(3.0 ± 
1.5)×10-3 

(8.3 ± 
4.2)×10-7 103.8 ± 1.9 16.72 ± 

0.68 

1.96 ± 
0.03 

1.047 ± 
0.034 

(2.625 ± 
0.027)×10-1 

(5.10 ± 
0.26)×10-2 

(3.011 ± 
0.089)×10-1 

(4.1 ± 
2.0)×10-3 

(8.3 ± 
4.2)×10-7 104.4 ± 1.2 15.07 ± 

0.38 

 
Some NO and HCN were detected in experiments, and their yields are reported in Table 11. The 
yields appear to increase with increasing GER – a trend that is consistent with those reported in 
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the literature (Hu, et al., 2018). Unfortunately, the concentrations of NO and HCN were near the 
sensitivity limits of the electrochemical sensors used in this study. Therefore, the uncertainties in 
these yields (calculated from the measured concentrations) are rather high, between ± 50 and ± 
100% of the reported values. 

Further analysis of species yields and ∆𝐻𝐻𝑐𝑐
𝑒𝑒𝑒𝑒𝑒𝑒 revealed that these data slowly and monotonically 

changed with time, even when GER is maintained at a constant value. The most significant 
changes were observed at higher GER. As an example, species yields obtained at GER=1.43 and 
∆𝐻𝐻𝑐𝑐

𝑒𝑒𝑒𝑒𝑒𝑒 dependencies on time are shown in Figure 10 (a) and (b), respectively. It was 
hypothesized these changes are associated with the variation of the aforementioned characteristic 
time, 𝑡𝑡𝑐𝑐ℎ𝑎𝑎𝑎𝑎., that the combusting mixture spends in the FPA test section.  

 

Figure 10. a) Species yield (mass per mass of pyrolyzate) at GER=1.43, b) ∆𝐻𝐻𝑐𝑐
𝑒𝑒𝑒𝑒𝑒𝑒 as function of time  

Only periods of constant-GER are shown. Error bars represent ± 2 standard errors for five repeated 
tests. t denotes time after drop of shield 

 
Based on the assumption of a plug flow, this characteristic time can be defined as: 

𝑡𝑡𝑐𝑐ℎ𝑎𝑎𝑎𝑎 =  
𝑉𝑉𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝑀𝑀𝑀𝑀𝑎𝑎𝑎𝑎𝑎𝑎 𝑃𝑃𝑎𝑎𝑎𝑎𝑎𝑎

(𝑚̇𝑚𝑖𝑖𝑖𝑖
𝑡𝑡 + 𝑀𝑀𝑀𝑀𝑀𝑀𝑡𝑡) 𝑅𝑅 𝑇𝑇𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠

𝑡𝑡  41 

where 𝑉𝑉𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 is the volume of the test section where combustion takes place and 
combustion products reside before entering the exhaust system. This volume corresponds to the 
internal volume of the quartz tubes from the position of the sample to the top and is equal to 
0.0163 m3. 𝑃𝑃𝑎𝑎𝑎𝑎𝑎𝑎 is the ambient pressure; and 𝑇𝑇𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠

𝑡𝑡  is the average temperature of the gas 
mixture in the test section. Assuming no significant heat losses to the environment and no 
significant changes in the specific heat of the gas mixture, 𝑇𝑇𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠

𝑡𝑡  can be estimated from the 
temperature and mass flow rate in the duct: 
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𝑇𝑇𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠
𝑡𝑡 ≈  

𝑇𝑇𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑡𝑡 𝑚̇𝑚𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑
𝑡𝑡 − 𝑇𝑇𝑎𝑎𝑎𝑎𝑎𝑎(𝑚̇𝑚𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑

𝑡𝑡 − 𝑚̇𝑚𝑖𝑖𝑖𝑖
𝑡𝑡 − 𝑀𝑀𝑀𝑀𝑀𝑀𝑡𝑡)

𝑚̇𝑚𝑖𝑖𝑖𝑖
𝑡𝑡 + 𝑀𝑀𝑀𝑀𝑀𝑀𝑡𝑡 
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where 𝑇𝑇𝑎𝑎𝑎𝑎𝑎𝑎 is the ambient temperature. The data trends in Figure 10 (a) and (b) are consistent 
with an expectation that a reduction in 𝑡𝑡𝑐𝑐ℎ𝑎𝑎𝑎𝑎, which occurs in these tests as the air flow rate 
increases with time (t), promotes incomplete combustion and leads to an increase in the yields of 
incomplete combustion products and reduction in ∆𝐻𝐻𝑐𝑐

𝑒𝑒𝑒𝑒𝑒𝑒.  

4.1.3 Empirical model development 
A discrete nature of the species yields and ∆𝐻𝐻𝑐𝑐

𝑒𝑒𝑒𝑒𝑒𝑒 data and the dependence of this data on two 
independent variables, GER and 𝑡𝑡𝑐𝑐ℎ𝑎𝑎𝑎𝑎, dictates that an effective communication of this data can 
only be accomplished through a set of empirical expressions (a model) that interpolate the 
species yields data and relate the species yields and ∆𝐻𝐻𝑐𝑐

𝑒𝑒𝑒𝑒𝑒𝑒 to GER and 𝑡𝑡𝑐𝑐ℎ𝑎𝑎𝑎𝑎. The functional 
form of the empirical model for species yields was selected based on both physical reasoning and 
iterative testing of various mathematical expressions. The goal was to identify the simplest 
analytical expression that could accurately capture the observed trends in species yields with 
GER and 𝑡𝑡𝑐𝑐ℎ𝑎𝑎𝑎𝑎 and maintain the same monotonic trends outside of the data ranges that would 
also be consistent with the general understanding of the impact of GER and 𝑡𝑡𝑐𝑐ℎ𝑎𝑎𝑎𝑎 on the 
combustion process. Based on these considerations, the species yields were expressed as: 

Yield𝑖𝑖,𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 =  
 (𝑡𝑡𝑟𝑟𝑟𝑟𝑟𝑟/𝑡𝑡𝑐𝑐ℎ𝑎𝑎𝑎𝑎)𝑎𝑎

1 + exp�−𝑏𝑏 (𝐺𝐺𝐺𝐺𝐺𝐺 − 𝑐𝑐)�
 43 

This equation includes dimensionless adjustable parameters a, b, and c and a dimensional 
adjustable parameter, 𝑡𝑡𝑟𝑟𝑟𝑟𝑟𝑟 (s). This equation was applied to species i including CO, PM, and 
THC. HCN and NO yields were not modeled because of their extremely small magnitudes and 
high uncertainties. The adjustable parameters were optimized for each species. The optimization 
consisted of scans of predefined ranges of all parameters (in small increments and in all possible 
combinations to minimize the mean absolute error between the model predictions and the 
corresponding experimental data. The values of the optimized parameters of PMMA species 
yield model (Equation 43) are summarized in Table 12. 

 
 
 
 

Table 12. Optimized parameters for the PMMA species yield model  
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Species 𝒕𝒕𝒓𝒓𝒓𝒓𝒓𝒓, s a b c 

CO 0.004 0.225 4.603 1.197 

PM 0.065 0.881 3.194 1.176 

THC 0.310 0.703 6.068 1.329 

 
The CO2 yield in the model was determined by enforcing carbon conservation, assuming a 
carbon balance equal to unity (i.e., 100% carbon recovery) in Equation 40.  

Under this condition, the CO2 yield model was calculated as follows: 

YieldCO2,𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 =  2.199 − 1.571 YieldCO,𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 − 3.380 YieldPM,𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚
− 2.199 YieldTHC,𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 

44 

The modeled heat of combustion of the gaseous pyrolyzate, ∆𝐻𝐻𝑐𝑐,𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚
𝑒𝑒𝑒𝑒𝑒𝑒 , was determined from the 

modeled CO2 yield: 

∆𝐻𝐻𝑐𝑐,𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚
𝑒𝑒𝑒𝑒𝑒𝑒 = YieldCO2,𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 ∆𝐻𝐻CO2 45 

with ∆𝐻𝐻CO2 computed using Equation 26. The μO2
μCO2

 ratio, described earlier and derived in 

Equations 29 to 35, was calculated using the modeled species yields. 

A comprehensive comparison of the model predictions with the experimental data from which 
the model parameters were derived is provided in Figure 11. All ∆𝐻𝐻𝑐𝑐

𝑒𝑒𝑒𝑒𝑒𝑒 values reported in this 
figure were non-dimensionalized by dividing them by the heat of complete combustion of 
PMMA pyrolyzate ∆𝐻𝐻𝑐𝑐

𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 = 25.15 kJ g−1 determined from ∆𝐻𝐻O2 and the stoichiometry of a 
complete combustion reaction. All experimental data were obtained at 75 kW m-2 of set radiant 
heat flux. 
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Figure 11. Comparison of experimental (Exp.) and modeled (Mod.) species yields  

(Mass per mass of PMMA pyrolyzate) and ∆𝐻𝐻𝑐𝑐
𝑒𝑒𝑒𝑒𝑒𝑒

∆𝐻𝐻𝑐𝑐
𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐  
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An examination of the data provided in Figure 11 led to a conclusion that the deviations between 
the model predictions and mean experimental data slightly exceed the uncertainties of the 
experimental data. Therefore, the uncertainties of the modeled quantities, including species 

yields and ∆𝐻𝐻𝑐𝑐
𝑒𝑒𝑒𝑒𝑒𝑒

∆𝐻𝐻𝑐𝑐
𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐, were defined as follows: 

𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 𝑞𝑞𝑞𝑞𝑞𝑞𝑞𝑞𝑞𝑞𝑞𝑞𝑞𝑞𝑞𝑞 𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢

= ± 2�
1

𝑁𝑁𝑒𝑒𝑒𝑒𝑒𝑒
 ��𝐸𝐸𝐸𝐸𝐸𝐸. 𝑞𝑞𝑞𝑞𝑞𝑞𝑞𝑞𝑞𝑞𝑞𝑞𝑞𝑞𝑞𝑞𝑗𝑗 − 𝑀𝑀𝑀𝑀𝑀𝑀. 𝑞𝑞𝑞𝑞𝑞𝑞𝑞𝑞𝑞𝑞𝑞𝑞𝑞𝑞𝑞𝑞𝑗𝑗�

2
𝑁𝑁𝑒𝑒𝑒𝑒𝑒𝑒

𝑗𝑗=1
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where 𝑁𝑁𝑒𝑒𝑒𝑒𝑒𝑒 represents the total number of experimental data points collected at all GER and 
𝑡𝑡𝑐𝑐ℎ𝑎𝑎𝑎𝑎 values for a given modeled quantity. These uncertainties are shown in Figure 11 as shaded 
areas and also reported in Table 13. As Figure 11 indicates, these uncertainties include the 
overwhelming majority of the experimental data. In the figure, the error bars of experimental 
data represent experimental uncertainties expressed as ±2 standard errors. 

Table 13. Uncertainties in modeled species yields and ∆𝐻𝐻𝑐𝑐
𝑒𝑒𝑒𝑒𝑒𝑒

∆𝐻𝐻𝑐𝑐
𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 for PMMA. 

Modeled quantity Uncertainty 

YieldCO ± 0.018 
YieldPM ± 0.005 
YieldTHC ± 0.020 
YieldCO2 ± 0.139 

∆𝐻𝐻𝑐𝑐
𝑒𝑒𝑒𝑒𝑒𝑒

∆𝐻𝐻𝑐𝑐
𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 ± 0.061 

 

It’s important to note that the CO2 and Δ𝐻𝐻𝑐𝑐
𝑒𝑒𝑒𝑒𝑒𝑒

Δ𝐻𝐻𝑐𝑐
𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 models only work correctly when the 

characteristic time, 𝑡𝑡𝑐𝑐ℎ𝑎𝑎𝑎𝑎, is above a certain minimum value. When 𝑡𝑡𝑐𝑐ℎ𝑎𝑎𝑎𝑎 becomes too small, the 
model starts predicting values that are not physically meaningful (negative values), which cannot 
happen in reality. This cutoff occurs at 𝑡𝑡𝑐𝑐ℎ𝑎𝑎𝑎𝑎 ≥ 0.657 s. Therefore, the PMMA model should 
only be used for cases where 𝑡𝑡𝑐𝑐ℎ𝑎𝑎𝑎𝑎 is 0.657 seconds or higher. 
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4.1.4 Validation of the model 

To further assess the accuracy of the developed model, its predictions were compared with the 
results of the constant-GER tests performed at 50 kW m-2 and 90 kW m-2, which were not used in 
the model parameterization. Figure 12 presents this comparison. The experimental data points do 
not include error bars because they are results of single tests performed at each explored GER 
setting. The overwhelming majority of the experimental data falls within the model’s 
uncertainties, which indicates that the model is able to extrapolate to burning scenarios not used 
in the model parameterization. 

4.1.5 Comparison of the model prediction with literature data 

To further analyze the results obtained with the current methodology, the empirical model 
predictions were compared with the experimental data obtained for PMMA by Hull et al. 
(2000)using an SSTF. Since the time the combustion mixture spent inside the tube furnace 
(𝑡𝑡𝑐𝑐ℎ𝑎𝑎𝑎𝑎) was not reported by Hull et al., it was estimated here from the information available in 
ISO-TS-19700 (2007) and Hull et al. (2000) to provide a more direct comparison with the 
current model. This comparison is shown in Figure 13 for all species yields which were reported 
by Hull et al. Most of the yields measured by Hull et al. are within the uncertainties of the 
current model. Hull et al. data uncertainties are not shown in the figure because the authors did 
not report them. The only significant discrepancy is in the PM yield at GER = 0.7. This 
discrepancy can be either due to the differences in the flame size in these two experiments or the 
differences in the PM measurement techniques. Hull et al. utilized a laser extinction method, 
whereas the current study employed a laser scattering method combined with gravimetric 
sampling. The error bars are model uncertainties computed using Equation 46. 
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Figure 12. Comparison of experimental (Exp.) and modeled (Mod.) species yields  

(In mass per mass of PMMA pyrolyzate) and Δ𝐻𝐻𝑐𝑐
𝑒𝑒𝑒𝑒𝑒𝑒

Δ𝐻𝐻𝑐𝑐
𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐  

Experimental data obtained at 50 kW m-2 (GER = 0.84) and 90 kW m-2 (GER = 1.54 and 
1.92). Shaded areas model uncertainties computed using Eq. 46 
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Figure 13. Comparison of species yields measured for PMMA using SSTF with current model 

predictions 
 
Tewarson et al. (1993) also measured the yields of CO2, CO, O2, THC, and PM for PMMA in a 
wide range of GER using an FPA. Unfortunately, the authors did not report the information 
needed to compute 𝑡𝑡𝑐𝑐ℎ𝑎𝑎𝑎𝑎. Therefore, the yield calculations using the current model were 
performed by assuming 𝑡𝑡𝑐𝑐ℎ𝑎𝑎𝑎𝑎 = 1.78 s, obtained by averaging the characteristic times from tests 
conducted at 50 kW m-2 and 90 kW m-2 in the current study. A comparison between the current 
model and data from Tewarson et al. is provided in Figure 14. Uncertainties in the Tewarson et 
al. measurements, reported as ± 5%, are shown as error bars in the graphs. 
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Figure 14. Comparison of species yields and carbon balance measured for PMMA using an 
FPA with current model 

Model predictions obtained at 𝑡𝑡𝑐𝑐ℎ𝑎𝑎𝑎𝑎 = 1.78 s. The error bars of the current data are model 
uncertainties computed using Eq. 25. The ± 5% uncertainties for experimental data are also 

shown on graphs 
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At low GER (GER < 1.2), the Tewarson et al. species yields are in a reasonable agreement with 
the results of the current measurements. At high GER (GER > 1.4), significant discrepancies 
arise. The Tewarson et al. CO2, CO, and THC yields become substantially higher than those 
computed using the current model, while Tewarson et al. PM yields become substantially lower. 
There are multiple factors that may have contributed to these discrepancies including non-
constant-GER in Tewarson et al. tests and differences in the species measurement 
methodologies. The largest discrepancy is observed for THC. This discrepancy is also 
responsible for a rather large (up to 150%) overprediction of the carbon balance computed for 
the Tewarson et al. data and shown in Figure 14. One potential source of this discrepancy is 
associated with the manner in which Tewarson et al. report the data. The experimental results are 
reported as ratios of the yields divided by the corresponding well-ventilated yields. For THC, the 
well-ventilated yield is very small and thus potentially highly uncertain (far more uncertain than 
the reported uncertainty of ± 5% suggests), which may explain this major discrepancy.  

4.1.6 Heat release rate per unit area (𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝑡𝑡)  
Here it is demonstrated that the developed model for PMMA combustion product yields and 
∆𝐻𝐻𝑐𝑐

𝑒𝑒𝑒𝑒𝑒𝑒 can also be used to compute 𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝑡𝑡. The 𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝑡𝑡 was computed from the 
experimentally determined 𝑚̇𝑚CO2,𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔

𝑡𝑡  using Equation 25 with ∆𝐻𝐻CO set to 0 and 
∆𝐻𝐻𝐶𝐶𝐶𝐶2 computed using Equation 26. The μO2

μCO2
 ratio in Equation 26 was obtained from the 

modeled species yields using Equation 30. The modeled species yields were computed for each 
10-second interval from the value of GER and 𝑡𝑡𝑐𝑐ℎ𝑎𝑎𝑎𝑎 associated with the interval.  The 𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝑡𝑡 
were calculated for all FPA experiments performed at 75 kW m-2 set radiant heat flux including 
both constant- and variable-GER portions of these tests. The results of these calculations are 
presented in Figure 15. The uncertainties shown in this figure correspond to the uncertainties of 

the model which was assumed to be equal to that of ∆𝐻𝐻𝑐𝑐
𝑒𝑒𝑒𝑒𝑒𝑒

∆𝐻𝐻𝑐𝑐
𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 values reported in Table 13. As the 

results shown in the figure indicate, increasing GER above 1.0 leads to an expected reduction in 
𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝑡𝑡. 
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Figure 15. PMMA Heat release rates per unit area  

Computed for current FPA experiments performed at 75 kW m-2 set radiant heat flux  

4.2 Oriented strand board results 

4.2.1 Global equivalence ratio 

Figure 16 shows the GER profiles from the OSB constant-GER experiments performed at 95 kW 
m-2 radiant heat flux. The data are reported over 10-second intervals to smooth short-term 
fluctuations while still capturing changes on a timescale longer than the sensor response time and 
the characteristic time, 𝑡𝑡𝑐𝑐ℎ𝑎𝑎𝑎𝑎, of the gases in the FPA test section. The 10-second interval also 
matches the air flow adjustment set points. 

In Figure 16, each curve represents the average of five repeated tests. Dashed-line boxes mark 
the portions of tests for which species yields and ∆𝐻𝐻𝑐𝑐

𝑒𝑒𝑒𝑒𝑒𝑒 were computed. Error bars represent ± 2 
standard errors. Discrete data points are linked using linear interpolation for visualization. t 
denotes the time after the drop of the shield. Some variation in GER with time is evident, which 
arises from the way the air flow set points were determined using mass-loss data from 
preliminary experiments. To keep this variation from affecting the analysis, only the time periods 
where GER stayed within ±10% of the target value were used in calculating species yields and 
∆𝐻𝐻𝑐𝑐

𝑒𝑒𝑒𝑒𝑒𝑒. These time periods are marked by dashed boxes in Figure 16. 
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Figure 16. Mean GER obtained for tests performed on OSB at 95 kW m-2 set radiant heat flux  

4.2.2 Species yield and heat of combustion (∆𝐻𝐻𝑐𝑐
𝑒𝑒𝑒𝑒𝑒𝑒) 

The species yields and ∆𝐻𝐻𝑐𝑐
𝑒𝑒𝑒𝑒𝑒𝑒 values obtained from the OSB tests are summarized in Table 14. 

Similar to PMMA, clear trends are observed: CO2 yields and ∆𝐻𝐻𝑐𝑐
𝑒𝑒𝑒𝑒𝑒𝑒 decrease as GER increases, 

while the yields of CO, PM, and THC rise under more under-ventilated conditions. The 
uncertainties are expressed as ± 2 standard errors computed from five repeated tests. To assess 
the accuracy of these measurements, carbon balance calculations were performed by comparing 
the carbon measured in the products with the carbon content of the OSB pyrolyzate: 

Carbon balanceOSB(%)

= 100 
𝑚𝑚CO2

𝑀𝑀𝑀𝑀C
𝑀𝑀𝑀𝑀CO2
� + 𝑚𝑚CO

𝑀𝑀𝑀𝑀C
𝑀𝑀𝑀𝑀CO
� + 𝑚𝑚PM

𝑀𝑀𝑀𝑀C
𝑀𝑀𝑀𝑀PM
� +  𝑚𝑚THC

𝑀𝑀𝑀𝑀C
𝑀𝑀𝑀𝑀THC
�  

𝑚𝑚PMMA
𝑀𝑀𝑀𝑀C

𝑀𝑀𝑀𝑀PMMA
�

= 100 
0.2729 𝑚𝑚CO2 + 0.4288 𝑚𝑚CO + 0.942 𝑚𝑚PM + 0.427 𝑚𝑚THC

0.404 𝑚𝑚OSB
 

= 100 (0.676 YieldCO2 + 1.061 YieldCO + 2.332 YieldPM +  1.057 YieldTHC) 

47 

The balances, listed in Table 14, are close to 100% for all conditions, indicating that the major 
carbon-containing products were effectively captured. At high GER values, the carbon balance 
slightly exceeded 100%, which is likely associated with uncertainties in the assumed THC 
elemental composition. The overestimation (up to 107.7%) mainly reflects the sensitivity of the 
carbon balance to the assumed elemental composition of THC. Several chemically reasonable 
THC compositions can yield a near-perfect carbon balance. For instance, when a representative 
compound such as formic acid (CH₂O₂) is used as the THC composition, the carbon balance 
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remains within 100% ± 3% across all ventilation conditions. At GER = 1.51, this THC 
composition results in a carbon balance of 100.3%. This indicates that the observed deviation at 
high GER likely stems from the chosen THC formulation rather than from measurement errors. 

The measured NO yields were low, on the order of 10-4, and increased slightly with GER. 
Although a modest upward trend is observed, the difference between GER = 1.0 and 1.5 is within 
experimental uncertainty and therefore not considered significant. The HCN yields were near 
zero for all ventilation conditions, with a measurable value of only (2.0 ± 2.0) × 10−7at GER = 
1.51. It should also be noted that the concentrations of NO and HCN were close to the detection 
limits of the electrochemical sensors used, resulting in high uncertainty—estimated at ±100% of 
the reported values.  
 

Table 14. Species yields, carbon balance, effective heats of combustion of pyrolyzate (∆𝐻𝐻𝑐𝑐
𝑒𝑒𝑒𝑒𝑒𝑒)  

Measured at constant-GER for OSB  

GER CO2 
Yield 

CO 
Yield 

PM 
Yield 

THC 
Yield 

NO 
Yield 

HCN 
Yield 

Carbon 
bal. % 

∆𝑯𝑯𝒄𝒄
𝒆𝒆𝒆𝒆𝒆𝒆, 

kJ g-1 
0.50 ± 
0.01 

1.394 ± 
0.009 

(4.39 ± 
0.30)×10-3 

(1.69 ± 
0.06)×10-2 

(3.50 ± 
0.34)×10-3 

(1.15 ± 
1.15)×10-4 0  98.96± 0.71 14.20 

±0.10 

0.98 ± 
0.01 

1.284 ± 
0.012 

(3.133± 
0.162)×10-2 

(2.027 ± 
0.076)×10-2 

(3.468 ± 
0.194)×10-2 

(7.2 ± 
7.2)×10-4 0 98.46 ±0.66 13.21 ± 

0.11 

1.51 ± 
0.02 

1.026 ± 
0.012 

(1.207 ± 
0.056)×10-1 

(2.792 ± 
0.151)×10-2 

(1.809 ± 
0.137)×10-1 

(7.52 ± 
7.52)×10-4 

(2.01 ± 
2.01)×10-7 107.70 ±2.7 10.83 ± 

0.14 

 
Analysis of the species yield trends over time for OSB, shown for one GER condition in Figure 
17, suggests that factors beyond GER and characteristic time may influence the observed trend. 
For PMMA, the yield–time curves showed a smooth, monotonic drift that could be directly 
attributed to changes in 𝑡𝑡𝑐𝑐ℎ𝑎𝑎𝑎𝑎, consistent with PMMA’s constant pyrolyzate composition 
assumption. In contrast, the OSB data exhibits a more complex evolution: the trends are less 
uniform and lack the well-defined dependence observed for PMMA (Figure 10). This behavior is 
likely related to the fact that OSB pyrolyzate composition changes as the underlying wood 
constituents decompose in stages. Because such compositional shifts can potentially affect 
species yields and the effective heat of combustion, the next section examines how the OSB 
pyrolyzate composition evolves over time and whether these variations meaningfully influence 
the species yields and the effective heat of combustion. 
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Figure 17. Species yield at GER=0.98  
Only period of constant-GER is shown; 

error bars represent ± 2 standard errors for five repeated tests, t denotes time after drop of 
shield. 

4.2.3 Investigating the change of composition of pyrolyzate  

Because the wood polymer matrix undergoes staged thermal degradation (Shafizadeh, 1982), the 
composition of the pyrolyzate is expected to evolve throughout an OSB experiment in the FPA. 
These variations in pyrolyzate composition may influence the formation of combustion products. 
Therefore, in addition to GER and characteristic time, it is necessary to examine whether 
pyrolyzate composition acts as a meaningful controlling parameter. 

To investigate this effect, OSB pyrolysis tests were conducted under an external heat flux of 95 
kW m-2 with a nitrogen flow of 100 SLPM. The major pyrolysis products—including CO, CO2, 
and THC—were measured. Since the instantaneous composition of the pyrolyzate cannot be 
directly identified during burning, a progress variable must be introduced that correlates with 
expected shifts in the volatile mixture due to the staged degradation of wood components. 

For this purpose, the degree of decomposition, 𝐷𝐷𝐷𝐷𝐷𝐷𝑡𝑡, was defined as the ratio of the cumulative 
mass pyrolyzed up to time 𝑡𝑡 to the total mass pyrolyzed during the entire test: 

𝐷𝐷𝐷𝐷𝐷𝐷𝑡𝑡 =  
∫ 𝑀𝑀𝑀𝑀𝑀𝑀𝑡𝑡  𝑑𝑑𝑑𝑑𝑡𝑡
0

 ∫ 𝑀𝑀𝑀𝑀𝑀𝑀𝑡𝑡 𝑑𝑑𝑑𝑑𝑡𝑡𝑒𝑒𝑒𝑒𝑒𝑒
0

 (48) 

where 𝑡𝑡𝑒𝑒𝑒𝑒𝑒𝑒 is the time corresponding to the end of flaming or the termination of pyrolysis, 
defined as the point at which product generation ceases and no gas is released. In the pyrolysis 
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experiments, the FID signal was recorded and the corresponding uncorrected mass generation 
rate, 𝑚̇𝑚THC∗

𝑡𝑡 , was calculated from it using Equation 7, prior to applying the OSB-specific 

calibration factor. The ratio 
𝑚̇𝑚THC∗
𝑡𝑡

MLR𝑡𝑡
 was then used as a rough indicator of the relative hydrocarbon 

contribution to the total pyrolyzate at time 𝑡𝑡. 

Thus, 𝐷𝐷𝐷𝐷𝐷𝐷𝑡𝑡  describes the extent of thermal decomposition in the solid, whereas the ratio 
𝑚̇𝑚THC∗
𝑡𝑡

𝑀𝑀𝑀𝑀𝑀𝑀𝑡𝑡
 

characterizes the instantaneous composition of the released vapors. Although 𝐷𝐷𝐷𝐷𝐷𝐷𝑡𝑡 does not 
uniquely determine the pyrolyzate composition, it provides a monotonic progress variable that is 
expected to correlate with shifts in the volatile mixture arising from staged wood degradation. 

Comparing these two quantities enables us to assess whether the evolution of the volatile mixture 
can be parameterized using 𝐷𝐷𝐷𝐷𝐷𝐷𝑡𝑡 alone, or whether additional factors—such as characteristic 
time and ventilation—exert stronger control over the observed combustion-product yields. 

The relationship between 
𝑚̇𝑚THC∗
𝑡𝑡

𝑀𝑀𝑀𝑀𝑀𝑀𝑡𝑡
and 𝐷𝐷𝐷𝐷𝐷𝐷𝑡𝑡 is shown in Figure 18, which provides the  dependence 

of the pyrolyzate composition metric (
𝑚̇𝑚THC∗
𝑡𝑡

𝑀𝑀𝑀𝑀𝑀𝑀𝑡𝑡
) on the degree of decomposition in a pyrolysis test. 

 

Figure 18. Dependence of pyrolyzate composition metric (
𝑚̇𝑚𝑇𝑇𝑇𝑇𝐶𝐶∗
𝑡𝑡

𝑀𝑀𝑀𝑀𝑀𝑀𝑡𝑡
) on degree of decomposition  

In a pyrolysis experiment at 95 kW m-2 and 100 SLPM N2 flow rate 

For the combustion experiments conducted at constant-GER, the degree of decomposition 𝐷𝐷𝐷𝐷𝐷𝐷𝑡𝑡 
was calculated from the measured mass-loss histories. Species yields from the combustion tests 
were then mapped to the corresponding values of 𝐷𝐷𝐷𝐷𝐷𝐷𝑡𝑡. This allowed direct comparison between 

the gas-phase pyrolyzate composition indicator from pyrolysis, 
𝑚̇𝑚THC∗
𝑡𝑡

𝑀𝑀𝑀𝑀𝑀𝑀𝑡𝑡
, and the species yields 

from combustion, both evaluated at the same degree of decomposition. 
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If pyrolyzate composition is a dominant controlling parameter, then combustion yields at a given 
𝐷𝐷𝐷𝐷𝐷𝐷𝑡𝑡  should exhibit a clear, consistent relationship with the pyrolyzate composition indicator. In 
other words, for different GERs and species, points corresponding to the same 𝐷𝐷𝐷𝐷𝐷𝐷𝑡𝑡 would be 

expected to align or follow a similar trend when plotted against 
𝑚̇𝑚THC∗
𝑡𝑡

𝑀𝑀𝑀𝑀𝑀𝑀𝑡𝑡
. Figure 19 presents this 

comparison. The results show that a consistent correspondence between the composition metric 

and the combustion yields does not exist across GERs. Although the ratio 
𝑚̇𝑚THC∗
𝑡𝑡

𝑀𝑀𝑀𝑀𝑀𝑀𝑡𝑡
 clearly varies 

with 𝐷𝐷𝐷𝐷𝐷𝐷𝑡𝑡 (Figure 18), these variations do not translate into predictable changes in the 
combustion-product yields. For example, at the same degree of decomposition, the change of 
yields of CO, CO2, and THC with pyrolyzate composition metric often differ substantially across 
ventilation conditions. 

The observed inconsistent trends in Figure 19 indicate that while the pyrolyzate composition 
does evolve during decomposition, its influence on combustion-product formation is secondary. 
Ventilation and the associated characteristic time exert a stronger influence on combustion 
products yields. Therefore, although 𝐷𝐷𝐷𝐷𝐷𝐷𝑡𝑡 provides a useful measure of solid-phase reaction 
progress and correlates with changes in pyrolyzate composition, it does not serve as a reliable 
organizing parameter for predicting species yields. Instead, characteristic time, together with 
GER, emerges as the primary factor controlling the formation of CO, CO2, and unburned 
hydrocarbons. 
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Figure 19. Trend of combustion species yields plotted against pyrolyzate composition metric 

𝑚̇𝑚THC∗
𝑡𝑡

𝑀𝑀𝑀𝑀𝑀𝑀𝑡𝑡
  

Both evaluated at same degree of decomposition 

To further assess whether pyrolyzate composition can explain variations in combustion-product 
yields, an additional set of OSB experiments was performed at the same ventilation condition 
(GER = 0.98) but under a different external heat flux (75 kW m-2). Lowering the heat flux 
increased the characteristic time of the combustion mixture in the test section while still allowing 
overlap in the range of achievable 𝑡𝑡𝑐𝑐ℎ𝑎𝑎𝑎𝑎values. As a result, this test matrix provides pairs of data 
with the same GER, similar degrees of decomposition, but different characteristic times. The 
OSB experiments at 75 kW m-2 repeated three times.  

If pyrolyzate composition governed the formation of combustion products, then species yields at 
the same 𝐷𝐷𝐷𝐷𝐷𝐷𝑡𝑡 would be expected to agree even when 𝑡𝑡𝑐𝑐ℎ𝑎𝑎𝑎𝑎 differs.  

 



 

 53  

To test this hypothesis, two types of comparisons were performed: 

1. Matching 𝐷𝐷𝐷𝐷𝐷𝐷𝑡𝑡  between the 95 kW m-2 and 75 kW m-2 tests (different 𝑡𝑡𝑐𝑐ℎ𝑎𝑎𝑎𝑎) 

2. Matching tchar between the two tests (allowing 𝐷𝐷𝐷𝐷𝐷𝐷𝑡𝑡 to differ) 

The relative difference between yields from the two heat-flux conditions was quantified using: 
 

𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷(%) = 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 �
∣ Yield𝑖𝑖,95 − Yield𝑖𝑖,75 ∣

Yield𝑖𝑖,95
� × 100 49 

where Yield𝑖𝑖,95 and Yield𝑖𝑖,75 are the yields of species i at heat flux of 95 kW m-2 and 75 kW m-2. 
When species yields were compared at the same degree of decomposition, the differences 
between the two heat-flux conditions were relatively large compared to the difference between 
the yields at the same characteristic time. This means that combustion yields from the 75 kW m-2 
and 95 kW m-2 tests collapse more closely when plotted as a function of 𝑡𝑡𝑐𝑐ℎ𝑎𝑎𝑎𝑎 than when plotted 
as a function of 𝐷𝐷𝐷𝐷𝐷𝐷𝑡𝑡. These comparisons are illustrated in Figure 20, and the numerical 
differences (Equation 49) in percent are summarized in Table 15. 
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Figure 20. Comparison of species yields plotted against 𝐷𝐷𝐷𝐷𝐷𝐷𝑡𝑡 and 𝑡𝑡𝑐𝑐ℎ𝑎𝑎𝑎𝑎 for OSB combustion  

Tests performed at 75 kW·m⁻² and 95 kW·m⁻² under fixed GER of 0.98. Uncertainties represent 
±2 standard errors. 

 



 

 55  

Table 15. Relative differences between species yields  
Measured at 75 kW m-2 and 95 kW m-2 under GER = 0.98  

When organized by degree of decomposition and by characteristic time 

 CO PM THC CO2 
Yield differences at matched 𝑡𝑡𝑐𝑐ℎ𝑎𝑎𝑎𝑎, % 26.77 10.87 24.86 2.91 
Yield differences at matched 𝐷𝐷𝐷𝐷𝐷𝐷𝑡𝑡, % 30.89 16.91 31.57 2.69 

 
This behavior demonstrates that characteristic time is a more robust influencing parameter than 
the degree of decomposition for organizing and extrapolating species yield. Although 𝐷𝐷𝐷𝐷𝐷𝐷𝑡𝑡 is a 
useful progress variable that reflects the advancement of solid-phase decomposition and 
correlates with changes in the volatile mixture, matching 𝐷𝐷𝐷𝐷𝐷𝐷𝑡𝑡  is not sufficient to predict 
combustion-product formation. Instead, comparison at constant 𝑡𝑡𝑐𝑐ℎ𝑎𝑎𝑎𝑎 shows that residence-time-
controlled oxidation processes exert a stronger influence on the formation of CO, CO2, and THC. 

Consequently, characteristic time, together with GER, is adopted as a primary controlling 
parameter, while the influence of pyrolyzate composition alone is considered secondary. 

4.2.4 Empirical model development 

For OSB, the same general approach used for the case of PMMA was used to develop an 
empirical model for species yields. The model structure was chosen after considering both 
physical reasoning, with the aim of identifying the simplest expression that could reproduce the 
observed dependence of species yields on GER and 𝑡𝑡𝑐𝑐ℎ𝑎𝑎𝑎𝑎. It was also important that the model 
preserve the expected monotonic behavior outside the experimental data range and remain 
consistent with the general understanding of how GER and 𝑡𝑡𝑐𝑐ℎ𝑎𝑎𝑎𝑎 influence combustion. On this 
basis, the yields were described the same as the Equation 43 with the constant values as in Table 
16: 

Table 16. Optimized parameters for OSB species yield model (Eq. 43). 

Species 𝒕𝒕𝒓𝒓𝒓𝒓𝒓𝒓, s a b c 

CO 0.210 0.720 4.790 1.313 
PM 0.221 1.192 1.542 1.277 

THC 0.615 0.950 5.530 1.339 

 

This formulation was applied to CO, PM, and THC, while HCN and NO were excluded because 
of their very low yields and high associated uncertainties. The adjustable parameters were 
optimized separately for each species by scanning predefined ranges for all variables in small 
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increments and testing all possible parameter combinations. The goal was to minimize the mean 
absolute error between model predictions and the experimental results. 

The CO2 yield was computed in the model by imposing carbon conservation in Equation 47: 

YieldCO2,𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 =  1.480 − 1.571 YieldCO,𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 − 3.452 YieldPM,𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚
− 1.563 YieldTHC,𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 

50 

The modeled heat of combustion of the gaseous pyrolyzate, ∆𝐻𝐻𝑐𝑐,𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚
𝑒𝑒𝑒𝑒𝑒𝑒 , was determined from the 

modeled CO2 yield using Equation 45, following the same procedure described for PMMA. For 
OSB, the μO2

μCO2
 ratio was calculated from Equation 39 based on the modeled species yields.  

A comprehensive comparison of the model predictions with the experimental data from which 
the model parameters were derived is provided in Figure 21. Experimental data were obtained at 
95 kW m-2 of set radiant heat flux. All ∆𝐻𝐻𝑐𝑐

𝑒𝑒𝑒𝑒𝑒𝑒 values reported in this figure were non-
dimensionalized by dividing them by the heat of complete combustion of OSB pyrolyzate 
∆𝐻𝐻𝑐𝑐

𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 = 15.01 kJ g−1 determined from the stoichiometry of a complete combustion reaction. 
In this Figure, the error bars represent experimental uncertainties expressed as two standard 
errors. Shaded areas are model uncertainties computed using Equation 46. 
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Figure 21. Comparison of experimental and modeled species yields  

(Mass per mass of OSB pyrolyzate) and ∆𝐻𝐻𝑐𝑐
𝑒𝑒𝑒𝑒𝑒𝑒

∆𝐻𝐻𝑐𝑐
𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐  
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Analysis of the OSB data (Figure 21) showed that the differences between the model predictions 
and the mean experimental values were slightly larger than the experimental uncertainties. The 

uncertainties in species yield and ∆𝐻𝐻𝑐𝑐
𝑒𝑒𝑒𝑒𝑒𝑒

∆𝐻𝐻𝑐𝑐
𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 which were calculated using Equation 46 and illustrated 

as the shaded regions in Figure 21, are summarized in Table 17. In the figure, the error bars 
represent experimental uncertainties expressed as two standard errors. 

Table 17. Uncertainties in modeled species yields and ∆𝐻𝐻𝑐𝑐
𝑒𝑒𝑒𝑒𝑒𝑒

∆𝐻𝐻𝑐𝑐
𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 for OSB 

Modeled quantity Uncertainty 
YieldCO ± 0.025 
YieldPM ± 0.004 
YieldTHC ± 0.023 
YieldCO2 ± 0.111 

∆𝐻𝐻𝑐𝑐
𝑒𝑒𝑒𝑒𝑒𝑒

∆𝐻𝐻𝑐𝑐
𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 

± 0.080 

 

There exists a minimum characteristic time below which the CO2-yield model and ∆𝐻𝐻𝑐𝑐
𝑒𝑒𝑒𝑒𝑒𝑒

∆𝐻𝐻𝑐𝑐
𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 model 

no longer produce physically meaningful predictions (i.e., they return negative CO2 yields or 
negative heats of combustion). For characteristic times shorter than this threshold, the models are 
not applicable.  

The lower applicability limit, denoted 𝑡𝑡𝑐𝑐ℎ𝑎𝑎𝑎𝑎,𝑚𝑚𝑚𝑚𝑚𝑚, is defined as the smallest characteristic time for 

which both CO2-yield and ∆𝐻𝐻𝑐𝑐
𝑒𝑒𝑒𝑒𝑒𝑒

∆𝐻𝐻𝑐𝑐
𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 models still provide positive, physically reasonable values. 

Because 𝑡𝑡𝑐𝑐ℎ𝑎𝑎𝑎𝑎,𝑚𝑚𝑚𝑚𝑚𝑚 increases with GER, a correlation was developed to relate 𝑡𝑡𝑐𝑐ℎ𝑎𝑎𝑎𝑎,𝑚𝑚𝑚𝑚𝑚𝑚 to 
ventilation conditions. This allows the lower applicability limit to be determined for any arbitrary 
GER value using this GER–𝑡𝑡𝑐𝑐ℎ𝑎𝑎𝑎𝑎,𝑚𝑚𝑚𝑚𝑚𝑚 relationship. 

To develop this correlation, the minimum characteristic time yielding valid model predictions 

was identified for each GER and listed in Table 18. Therefore, the CO2 and ∆𝐻𝐻𝑐𝑐
𝑒𝑒𝑒𝑒𝑒𝑒

∆𝐻𝐻𝑐𝑐
𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 model will be 

valid for characteristic times longer than those listed in Table 18 for each corresponding GER.  
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Table 18. Minimum 𝑡𝑡𝑐𝑐ℎ𝑎𝑎𝑎𝑎 that the model is applicable at different GERs. 

GER 𝒕𝒕𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄,𝒎𝒎𝒎𝒎𝒎𝒎, s 
0.05 0.06 
0.1 0.07 
0.3 0.08 
0.5 0.11 

0.75 0.15 
1.0 0.30 

1.25 0.55 
1.51 0.9 
1.75 1.16 
2.00 1.26 

 
For each GER, the minimum characteristic time yielding valid model predictions was identified 
(Table 18), and these values were used to fit the following correlation: 

𝑡𝑡𝑐𝑐ℎ𝑎𝑎𝑎𝑎,𝑚𝑚𝑚𝑚𝑚𝑚 = 0.0662 +
1.283

1 + 𝑒𝑒−4.261 (𝐺𝐺𝐺𝐺𝐺𝐺−1.361) 51 

where 𝑡𝑡𝑐𝑐ℎ𝑎𝑎𝑎𝑎,𝑚𝑚𝑚𝑚𝑚𝑚 is in seconds. This correlation reproduces the observed limits within ±0.10 s for 
GER ≤ 2.0. The resulting expression is used to define the lower bound of model validity for both 

CO2 yield and ∆𝐻𝐻𝑐𝑐
𝑒𝑒𝑒𝑒𝑒𝑒

∆𝐻𝐻𝑐𝑐
𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 calculations, ensuring that the models give physically meaningful values. 

4.2.5 Validation of the model 

To evaluate the performance of the developed model, its predictions were compared with the 
results of three constant-GER tests conducted at GER = 0.98 and a lower heat flux of 75 kW m-2. 
These tests were performed with the cap installed and were not included in the model 
parameterization, which was based on experiments conducted at 95 kW m-2. The comparison is 
presented in Figure 22. A majority of the results show that the experimental data fall within the 
model’s uncertainty bounds, demonstrating the model’s ability to reliably predict OSB 
combustion behavior under conditions different from those used for its development.  
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Figure 22. A comparison of experimental and modeled species yields (in mass per mass of 

OSB pyrolyzate) and Δ𝐻𝐻𝑐𝑐
𝑒𝑒𝑒𝑒𝑒𝑒

Δ𝐻𝐻𝑐𝑐
𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐  

The experimental data were obtained at 75 kW m-2 (GER = 0.98). Shaded areas are model 
uncertainties computed using Eq. 46. 
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4.2.6 Comparison of the model prediction with literature data 

Tewarson et al. (1993) published FPA measurements of CO2, CO, THC, and PM yields for pine 
wood across a broad range of GER values. Their paper, however, does not include enough detail 
to calculate the residence time, 𝑡𝑡𝑐𝑐ℎ𝑎𝑎𝑎𝑎. In order to apply the present model, 𝑡𝑡𝑐𝑐ℎ𝑎𝑎𝑎𝑎 was 
approximated as the average value determined from the OSB experiments at 95 kW m-2 in this 
study for each GER. Average 𝑡𝑡𝑐𝑐ℎ𝑎𝑎𝑎𝑎 values at GERs of 0.5, 0.98, and 1.5 are 2.02 s, 2.69 s, and 
2.98 s, respectively. Figure 23 compares the model predictions with the data of Tewarson et al., 
with their stated experimental uncertainty (±5%) shown as error bars. 

The agreement between the two datasets is generally good for all measured species when 
comparing the current study with the work of Tewarson et al. The largest discrepancy appears in 
the THC yields, which leads to an underestimation of the carbon balance (by as much as 10%) 
when Tewarson’s values are used, as illustrated in Figure 23. In their methodology, yields at 
different ventilation conditions were derived by multiplying species-yield ratios by the 
corresponding well-ventilated values (Tewarson, Jiang, & Morikawa, 1993). Because the 
reported well-ventilated THC yield is extremely small relative to CO and PM, even a minor 
absolute error in this baseline value propagates into a disproportionately large uncertainty in the 
calculated THC yields. This likely contributes to the substantial differences observed between 
THC yields reported in the two studies.  
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Figure 23. Comparison of species yields and carbon balance measured for pine wood using 
FPA with current model 

Model prediction obtained at average 𝑡𝑡𝑐𝑐ℎ𝑎𝑎𝑎𝑎 of each GER. The error bars of current data are 
model uncertainties computed using Eq. 46. The ± 5% uncertainties reported by Tewarson et 

al. for their experimental data are also shown on the graphs. 
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4.2.7 Heat release rate per unit area (𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝑡𝑡)  
It is shown here that the model developed for OSB species yields and ∆𝐻𝐻𝑐𝑐

𝑒𝑒𝑒𝑒𝑒𝑒 can also be applied 
to calculate 𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝑡𝑡. The same method as PMMA, used here for OSB 𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝑡𝑡 calculation. 
The μO2

μCO2
 ratio in Equation 26 was computed from the modeled species yields using Equation 39, 

which were evaluated for each 10-second interval using the corresponding GER and 𝑡𝑡𝑐𝑐ℎ𝑎𝑎𝑎𝑎. 

𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝑡𝑡 was calculated for all FPA experiments conducted at 95 kW m⁻², including both 
constant- and variable-GER segments of the tests. The results are shown in Figure 24. The 
uncertainties plotted in the figure as shaded area reflect the model uncertainty, assumed to be 

equal to that of the ∆𝐻𝐻𝑐𝑐
𝑒𝑒𝑒𝑒𝑒𝑒

∆𝐻𝐻𝑐𝑐
𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 values reported in Table 17. As expected, the results demonstrate that 

increasing GER leads to a decrease in 𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝑡𝑡. 

 
Figure 24. OSB heat release rates per unit area computed for OSB experiments performed at 

95 kW m-2 heat flux. 

5 Conclusions  
In this study, a novel methodology was developed to maintain constant Global Equivalence 
Ratio, GER, during combustion experiments using a modified Fire Propagation Apparatus 
(FPA). Constant ventilation condition was achieved through precise control of the air flow rate 
into the test section, allowing GER to remain fixed despite continuous changes in the pyrolyzate 
generation rate. A wide range of constant-GER values (0.50 to 1.96), spanning both over- and 
under-ventilated conditions, was successfully implemented. This approach overcomes a major 
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limitation of previous studies, in which time-varying GER introduced substantial uncertainty in 
relating product yields to ventilation conditions. Detailed measurements of CO2, CO, THC, NO, 
HCN, and PM were obtained using calibrated analyzers, and the characteristic residence time of 
the combusting mixture in the test section was incorporated directly into the analysis and 
modeling. 

The PMMA results show that both GER and 𝑡𝑡𝑐𝑐ℎ𝑎𝑎𝑎𝑎 influence species yields and effective heat of 
combustion, ∆𝐻𝐻𝑐𝑐

𝑒𝑒𝑒𝑒𝑒𝑒. As GER increased from 0.63 to 1.96, the CO2 yield dropped from 2.04 to 
1.05 (mass per mass of pyrolyzate), while ∆𝐻𝐻𝑐𝑐

𝑒𝑒𝑒𝑒𝑒𝑒decreased from 23.6 kJ g-1 to 15.1 kJ g-1 

indicating reduced combustion efficiency. Meanwhile, the yields of CO, PM, and THC increased 
from 0.019 to 0.263, from 0.015 to 0.051, and from 0.006 to 0.301, respectively, over the range 
of studied GERs. NO and HCN yields also showed increasing trends with GER as well, although 
measured values were close to the detection limits of the corresponding sensors, leading to large 
uncertainties in these quantities. Carbon balance remained within ±5% for all conditions, 
supporting the reliability of the measurements.  

A novel method was developed for deriving the heat of combustion based on the stoichiometric 
coefficients calculated from the species yield and heat of combustion per unit mass of consumed 
O2 (13.1 kJ gO2−1), while using the mass generation flow rate of CO2 in the calculation. This 
approach enables a more accurate estimation of ∆𝐻𝐻𝑝𝑝 in FPA experiments (where O2 
measurements are less reliable than CO2 measurements due to high dilution) while avoiding the 
use of fuel-specific constants in the calculation. 𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝑡𝑡 results for each constant-GER 
condition were calculated using this method. Using these measurements, an empirical model was 
developed to predict species yields and ∆𝐻𝐻𝑐𝑐

𝑒𝑒𝑒𝑒𝑒𝑒 as functions of GER and 𝑡𝑡char, and model 
predictions showed good agreement with validation tests performed under different GER and 
heat-flux conditions. 

This methodology was then extended to a charring material—oriented strand board (OSB)—to 
evaluate its applicability under more complex decomposition and combustion behavior. 
Constant-GER conditions (0.50, 0.98, and 1.51) were successfully achieved for OSB. As GER 
increased from 0.50 to 1.51, the CO2 yield decreased from 1.394 to 1.026 (mass per mass of 
pyrolyzate), and the effective heat of combustion, Δ𝐻𝐻𝑐𝑐

𝑒𝑒𝑒𝑒𝑒𝑒, decreased from 14.20 to 10.83 kJ g-1, 
indicating reduced combustion efficiency. Correspondingly, the yields of CO, PM, and THC 
increased from 0.0044 to 0.1207, from 0.0169 to 0.0279, and from 0.0035 to 0.1809, 
respectively. The resulting species yields showed strong dependence on both GER and 𝑡𝑡char, 
similar to PMMA, but with additional variability caused by the evolving pyrolyzate composition. 
Analysis of the pyrolyzate-composition effects showed that these changes have a measurable but 
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secondary influence on species production compared with the dominant roles of GER and 𝑡𝑡char. 
A multi-component pyrolyzate and unburned THC compositions were characterized through 
dedicated pyrolysis experiments. These findings highlight the added complexity of 
characterizing charring fuels combustion behavior and their modeling. An empirical model was 
developed to predict species yields and the effective heat of combustion under different 
combinations of GER and 𝑡𝑡char. 
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