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ABSTRACT 

Specific heat capacity of red oak and Douglas fir was measured from 0�C to  

438�C using differential scanning calorimetry to provide input parameters for fire 

modeling. Techniques that allow for measurement of the standard heat capacity, 

excluding the effects of heat of reaction, were explored. Results show the spe-

cific heat capacity of wood becomes nearly constant with increasing temperature 

once pyrolysis starts. Furthermore, for both species of woods, the heat capacity 

values level out at a higher temperature than leaves, with correspondingly higher 

final specific heat capacity values. 
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Introduction 
Fire growth models are used to understand and manage both compartment fires 
and wildland fires. These models rely on various input parameters and changes in 
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material properties when exposed to high temperatures. One of the fundamental 
inputs for fire growth models is the specific heat capacity (Cp). Measurement of Cp 

for biomaterials undergoing thermal degradation, known as pyrolysis, is challenging 
because multiple physical and chemical processes occur simultaneously.1 Therefore, 
better measurements are necessary to improve the results obtained from fire 
models. 

A 2006 comparison by Rein et al. evaluated the ability of three main modeling 
approaches (analytical, zone, and field) to model accidental compartment fires.2 

They found that geometry dominates in the early stages of a fire and the models 
agreed on the fire growth. In the later stages of fire, however, there was greater dis-
agreement between the model predictions. This disagreement was partially due to 
the material properties dominating at later stages and not being considered or accu-
rately represented in the models. Lautenberger provided a thorough review of the 
capabilities and limitations of pyrolysis models for various materials.3 He noted the 
difficulty in obtaining the model input parameters (material properties) and, to cir-
cumvent the issue, he developed a generic algorithm-based optimization technique 
to estimate input parameters from existing laboratory experiments, such as the 
cone calorimeter. Thermogravimetric analysis (TGA) provides detailed informa-
tion about a material’s decomposition kinetics but cannot obtain other material 
properties. Alternatively, properties such as the thermal inertia (kqc), may be esti-
mated from traditional flammability tests, but no procedures exist to obtain individ-
ual material properties from fire test data (i.e., thermal inertia and other derived 
parameters are not explicit material properties and depend on the technique used 
and environmental conditions).4–5 

The pyrolysis of wood is often broken down into three main stages: dehydra-
tion and slow pyrolysis at temperatures below 200�C, onset of steady pyrolysis up 
to 300�C, and rapid pyrolysis above 300�C.6–7 An isotherm of 300�C has become 
commonly accepted as when wood converts to char.8 The Cp of wood is inversely 
related to the charring rate,9 but the values and behavior of Cp above 200�C are lim-
ited. Below 200�C, the Cp of wood exhibits a steady rise with temperature,10–13 but 
exploration above 300�C is needed to provide inputs for models. Annex B of EN 
1995-1-2 Eurocode 5 does provide Cp up to 1,200�C, but these values were esti-
mated from standard fire exposure and include the heat of vaporization.13 Recently, 
Cp for foliar materials was measured up to 434�C using differential scanning calo-
rimetry (DSC) with a sinusoidal patterned energy input added to the standard lin-
ear temperature ramp.15 Calculations using only the sinusoidal energy input and 
corresponding material temperature response yield a more accurate estimate of Cp 

during pyrolysis. For all leaves studied, Cp was found to be nearly constant with 
increasing temperature once pyrolysis started. 

We applied the same DSC technique to two species of wood, Douglas fir (Pseu-
dotsuga menziesii) and red oak (Quercus rubra) to obtain the specific heat of wood 
for temperatures up to 438�C. 
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Materials and Methods 

MATERIALS 

Red oak (RO) and Douglas fir (DF) were obtained and cut down to approximately 
5-mm diameter disks with a thickness of 1.25 mm. The final specimens contained 
both early and latewood but were not further characterized. Three replicates for 
each wood species were performed. The specimens, between 5 and 15 mg, were 
placed in aluminum pans with an unsealed lid for specific heat capacity measure-
ment and in open platinum crucibles for mass loss measurement. The initial speci-
mens were exposed to ambient air before measurements, resulting in a range of 
initial moisture contents between 3% and 12%. Each measurement method 
included a drying period to reduce the moisture content to zero, and all measure-
ment results are given on a dry basis. 

INSTRUMENTATION 

To obtain the Cp of DF and RO, the specimens were exposed to a patterned heating 
sequence up to 438�C using a DSC (TA Instruments Q2000) with 50 mL/min of 
nitrogen (N2) purge gas. After an initial drying period, during which time the speci-
mens were fully dried, the DSC was programmed to start a 3.5�C/min temperature 
ramp at 0�C, which allowed for exploration of Cp measurement up to 438�C. Above 
this temperature, there is increased risk of damage to the instrument in our configu-
ration. Two separate measurements were made simultaneously: one that uses the 
total heat flow to calculate Ctotal and another that uses the sinusoidal heat flow to 
calculate Cp. The total heat flow used to calculate Ctotal, includes all the energy input 
required to raise the temperature of the specimen. It includes the heat of evapora-
tion, heat of reaction, and energy lost to the environment from the instrument. The 
temperature ramp of 3.5�C/min allowed for exploration of the full temperature 
range and calculation of Ctotal, which is based on the full heat flow needed to main-
tain the temperature ramp. The actual Cp measurement was calculated from the 
sinusoidal addition to this ramp with an amplitude 0.93�C and period of 100 s. 
This slow ramp and slow oscillation allow the temperature of the specimen time to 
follow the applied temperature and were recommended by the instrument manu-
facturer. The heating rate of 3.5�C/min was chosen to match that needed for accu-
rate Cp measurement. Slower heating rates (between 1�C/min and 5�C/min) are 
recommended when using the sinusoidal pattern to allow for sufficient modulations 
during a thermal event and to detect overlapping reactions. Faster heating rates 
would generate a thermal lag in the material response. This method has a measure-
ment accuracy of approximately 4% when the mass is well known. Further details 
on this method and associated calibration details can be found in Boardman, 
Dietenberger, and Weise.15 

The mass loss that occurred during pyrolysis was measured using a separate 
TGA (PerkinElmer Pyris 1), which also used N2 as the purge gas. Two replicates of 
DF and three replicates of RO were performed. The instrument was calibrated 
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according to manufacturer specifications for specimen temperature accuracy of 2%. 
The mass balance has resolution of 0.1 lg and accuracy of 0.02%. The mass frac-
tions at 2�C intervals were applied to adjust the Cp values based on the remaining 
wood mass as a function of temperature. For comparison, uncorrected Cp values 
were also computed using the initial dry wood mass. The mass loss data obtained 
from TGA were required in combination with the DSC results as part of the mass 
correction process. 

To verify the Cp measurement, one specimen of each species was measured on 
a combination TGA/DSC instrument (Netzsch STA 449 F3). This instrument uses 
a sinusoidal modulation on a linear temperature ramp and simultaneously mea-
sures mass, which improves the mass correction. We specified the same linear ramp 
rate and sinusoidal period and amplitude as used in the DSC. The instrument man-
ufacturer performed these measurements according to their best practices for accu-
racy, which we could not verify. 

Results and Discussion 

OVERVIEW 

The sinusoidal Cp calculation method is effective at screening out results specific to 
the heat of vaporization or heat of reaction. Figure 1A shows both the Ctotal and Cp 

(on a constant mass basis, i.e., using only the initial dry mass and the effect of mass 
loss not considered) for a DF specimen that was not initially dried. The peak heat 
flow seen in Ctotal at point A reflects the heat of vaporization in addition to heat 
capacity, not reflected in Cp, as water evaporates from the specimen. Similarly, the 
peak in Ctotal at B reflects the heat of reaction screened out by the Cp measurement. 

Figure 1B plots the mass-corrected Cp values for DF, which includes the best esti-
mate of the mass at each temperature, along with values from the Wood Handbook 
and a comparison with select leaf results.11,15 The wood Cp continues rising to near 
290�C after which pyrolysis starts. In this example, the Cp measurement was 
affected by the strong heat of reaction, likely from cellulose pyrolysis near 360�C, 
after which it appears to level out. We speculate that this Cp drop during strong 
pyrolysis is an artifact of a mismatch between the two time-series measurements 
needed to calculate Cp—that is, between the heat flow measurement and the mass 
loss measurement, which were performed on different instruments. 

MASS LOSS 

Although not the focus of this study, mass loss data are critical to calculation of the 
specific heat because the mass is changing during pyrolysis. After an initial drying 
period, during which the moisture content of the specimens was determined, 
the TGA was programmed to increase temperature at 3.5 K/min, matching the 
DSC temperature ramp. The mass fraction based on dry mass was then calculated. 
Figure 2A plots that mass fraction versus temperature, and figure 2B plots the 
corresponding mass loss rate. 
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FIG. 1 (A) Heat capacity of DF versus temperature on uncorrected initial dry mass 

basis and (B) mass-corrected Cp compared with the values of Cp for wood from 

the Wood Handbook11 and leaves from Boardman, Dietenberger, and Weise.15 
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FIG. 2 (A) Mass fraction and (B) mass loss rate of DF and RO versus temperature on a 

mass-corrected basis. 
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HEAT CAPACITY 

The averages of three replicates for each wood species from the DSC compared with 
the results from the combination TGA/DSC instrument are plotted in figure 3. From  
this plot, the Cp steadily increased from approximately 1 J/gK up to above 2 J/gK at 

FIG. 3 Mass-corrected specific heat capacity (Cp) results mass-corrected obtained 

using separate TGA and DSC methods and a combination TGA/DSC instrument 

for (A) DF and (B) RO. The mass loss rates from TGA are included. 



95 HASBURGH AND BOARDMAN, DOI: 10.1520/STP164220210098 

temperatures above 250�C. For the specimens measured in the DSC, a dip is observed 
between 320�C and 375�C and then the Cp appears to decrease. For the specimens 
measured in the TGA/DSC, at temperatures above 375�C, the Cp appears to level out 
at approximately 2.7 J/gK for the DF and 2.5 J/gK for the RO. 

DISCUSSION 

The sinusoidal Cp calculation method first used in the leaf study continued to per-
form well for these wood specimens. The slight difference in heat capacity between 
wood species (DF near 6% higher than RO) observed in figure 3 is larger than the 
assumed uncertainty of the method. The dip in Cp seen in both specimens between 
320�C and 375�C is larger than that in the companion leaf study, indicating that 
the method was less successful during the rapid mass loss that happens near this 
temperature (see fig. 2B). Inspection of figure 3 suggests that this dip is due to the 
mismatch between the Cp (DSC) and mass loss (TGA) temperature curves, which 
was eliminated when using the combination TGA/DSC in which case both values 
could be measured simultaneously. The coefficient of variation between specimens 
of 3.7% for RO and 8% for DF is small compared with the magnitude of the dip. 
The RO specimens are less affected by the mass loss mismatch, likely because of the 
greater presence of complex compounds that degrade across a wider temperature 
range (see fig. 2B). The earlier degradation of the RO mass loss curve (fig. 2) with 
temperature also indicates the presence of these more easily degraded compounds. 
The variations in the mass loss rate evident if figure 2 are likely due to differences in 
chemical makeup of the cell walls.16 

The DSC equipment used here had a maximum temperature of 438�C, which 
limited the exploration using separate TGA and DSC instruments. The combined 
TGA/DSC equipment, however, was conducted to a maximum temperature of 
600�C. Further exploration at higher temperatures (�1,000�C) would provide 
material properties for fire models used to explore compartment fires and, at these 
temperatures, the exploration of Cp would benefit from the use of combined equip-
ment. It remains to be seen how accurate the Cp measurement can get using these 
combined instruments. 
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