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The present study explores the combustion of microcrystalline cellulose as a model solid 

biofuel. Particles with a nominal diameter of 75 μm were burned in a Hencken burner in an H2/air 

atmosphere. CH* chemiluminescence imaging and particle image velocimetry were conducted to 

measure ignition delay time and volatile burning time. A series of repeatability tests were carried 

out to demonstrate a rigorous uncertainty analysis for both ignition delay time and volatile burning 

time. An equivalence ratio of 0.3 was the lowest ignition limit, where ignition and volatile burning 

times varied greatly because of low co-flow temperature. Ignition delay time decreases as the 

equivalence ratio increases, suggesting that ignition delay time is more strongly influenced by the 

co-flow temperature than by O2 concentration in the surrounding gas. Volatile burning time was not 

a strong function of equivalence ratio. These combustion studies were paired with 

thermogravimetric analysis (TGA) to assess the composition of microcrystalline cellulose (MCC) 

and the rate of mass loss as functions of time and temperature. Unlike many solid fuels, cellulose 

leaves no char after burnout; this result was expected as the proximate analysis of pure cellulose 

shows the composition to be ~98% volatile matter, ~1.7% fixed carbon, and ~ 0.3 % ash. TGA 

aligns with the observation that the volatile burning time is not significantly influenced by 

equivalence ratio, in that the cellulose has a high peak reactivity and is oxidized completely at 

relatively low temperatures. 
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1. Introduction  

Achieving deep decarbonization goals will likely require the integration of biomass-based fuels 

into conventional power- and heat-generation systems. While biomass combustion emits fewer 

hazardous air pollutants than its fossil fuel counterparts and could approach a net-zero CO2 impact 

[1], direct combustion of solid biomass faces several challenges related to combustion efficiency 

and flame stabilization. Overcoming these challenges requires a comprehensive understanding of 

biomass combustion behavior from devolatilization to ignition through burn-out [2,3]. Prior 

research investigates the ignition delay time and volatile burning time scales for raw biomass and 

coal with the goal to make biomass combustion comparable with coals, as biomass is often 

considered to be a drop-in replacement for coal [2,4–12].  

While both coal and biomass are carbonaceous solids, there are two primary differences 

between these fuels: their composition and their physical structure across scales. Lignocellulosic 

biomasses tend to have higher elemental oxygen and hydrogen content, fewer aromatics, lower 
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porosity, higher moisture content, higher oxidative reactivities and lower heating values than coals, 

especially bituminous and higher ranked coals [13]. Five processes govern combustion of solid 

carbon-based particles [3]: particle heating, devolatilization, combustion of volatile gases, char 

formation, and char burnout. The details of each of these processes, including their rates and 

efficiencies, is highly dependent on the elemental content and physical structure of the particles, 

as well as the heating rate of the particle [14]. In general, biomass exihibts shorter devolatilization 

times as compared to coal [15]. Despite coal having a higher thermal conductivity [16,17], biomass 

has a considerably higher volatile matter content comprised of fewer aromatics and other carbon-

condensed organics, leading to a more rapid pyrolysis that begins at lower temperatures [18]. Such 

observations continue for ignition delay time; single-particle combustion experiments of 

pulverized sugarcane bagasse and three different rank coal show shorter ignition delay times for 

the biomass particles [6].  

Fuel science routinely uses thermogravimetric analysis (TGA) to describe thermal 

decomposition (both pyrolysis and oxidation) behavior in terms of relative reactivity and 

“combustibility” of solid fuels [15,19–26]. While TGA heating conditions are considerably slower 

(heating rates less than 100 K/min) than an industrial combustor, or even the Hencken burner used 

here, it is widely argued that such studies provide a reliable quantitation of thermochemical 

processes, as the sample mass heating rate to particle ratios are reasonably scalable [27]. Given the 

drastic impacts of heating rate on the combustion process [28,29], it is critical to simultaneously 

investigate the oxidation of biomass using TGA and combustion experiments, as the particle 

heating rates in flames are orders of magnitude higher than those in TGA. 

Combining combustion studies with TGA provides insight into the oxidation of biomasses 

critical to their application as green energy feedstocks [30–32]. Single-particle biomass 

combustion experiments, conducted in parallel with TGA, were used to assess the self-ignition 

risk of biomass during storage and transportation [30]. Volatile ignition temperature and particle 

ignition temperature were obtainted using a heating rate of 20 K/min using TGA, while ignition 

delay time and ignition mode data were obtained by burning the particles in an entrained flow 

reactor (EFR) under higher heating rates (~105 K/s) to resemble ignition under realistic heating 

conditions. The ignition temperatures obtained from TGA were 200-300 K lower than those 

measured from EFR, as the ignition criterion are different in these two types of experiments. The 

authors of this study attribute the difference in ignition temperatures to the TGA study being 

kinetically controlled, while in combustion the reaction is O2-diffusion controlled. Li et al. [32] 

studied the ignition behavior of woody biomasses in a down-fire furnace accompanied by TGA 

data. They suggested that although TGA showed that the presence of O2 hastens the 

devolatilization process, it failed to reveal the impact of particle size on biomass ignition behavior 

as a result of the low heating rate and lack of motion of particles in the TGA. However, it is difficult 

to determine whether this behavior was due to enhanced devolatilization or if the volatiles and char 

surface underwent (at least partial) oxidation in the presence of air versus N2. 

The present work provides a proof-of-concept of several key experiments and analysis 

techniques required to couple combustion and TGA experiments for longer-term biomass studies. 

Pure cellulose ignites at lower temperatures compared to lignocellulosic biomasses; the interplay 

between the presence of lignin and hemicellulose and their structural linkages with cellulose delay 

the ignition process [33]. However, Wang et al. [34] studied the ignition behavior of the three 

major model components and five representative biomasses in a drop tube furnace, concluding that 

although the ignition mechanism of biomass highly depends on the lignin content, the ignition 

temperature is mainly influenced by cellulose fraction. As such, cellulose is used in this work as a 
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model biomass compound to validate and quantify the uncertainty of combustion studies and 

provide a basis for aligning data from the combustion and fuel science communities. We find that 

TGA results can provide useful insight into the role of rate-limiting processes as well as 

information about the mass loss rate of solid biofuels in controlled environments. 

 

2. Methods / Experimental Setup 

2.1. Burner setup 

The combustion experiment is performed using a Hencken burner with a central tube for 

particle injection to characterize the combustion of microcrystalline cellulose. The schematic 

shown in Figure 1 illustrates the front view of the burner, including the fuel (H2), oxidizer (air), 

and particle inlet ports. All gases, including air, H2, and N2, are metered using rotameters. Fuel and 

oxidizer are injected through two ports to the lower and upper rings, respectively. Air flows to the 

surface of the burner through a steel honeycomb structure and H2 reaches the burner surface 

through 84 stainless steel tubes of 1 mm diameter each. The small laminar diffusion flamelets 

merge to create a flat flame. Using a fluidized bed seeder, the solid fuel particles, nominally 75 

µm in diameter, are entrained by a carrier gas (N2) flowing through the central port in the bottom 

of the burner. The burner is enclosed by a 35.56 mm diameter quartz tube with optical access to 

prevent entrainment of outside air and disturbances to the flame and particle stream. 

 

 

Figure 1: Schematic of the experimental rig and flow diagram 

2.2. Cellulose Feedstock 

Cellulose is often used as a model biomass compound given its homogeneity and prevalence 

in biomass [35]. The proximate analysis of the microcrystalline cellulose (C12H22O11, Alfa Aesar) 

investigated in this study is given in  

 

Table 1 determined by TGA [36].  

 

Table 1: Proximate analysis of cellulose (± standard deviation) 

Component Weight Percent – Dry Basis 

Ash-Dry Basis (wt %) 0.34 ± 0.48 

Fixed Carbon-Dry Basis (wt %) 1.7 ± 0.25 

Volatile Matter-Dry Basis (wt %) 97.95± 0.73 
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2.3. Combustion Diagnostics 

Two combustion diagnostics were used to quantify the ignition delay time and burnout time 

of the cellulose particles: chemiluminescence imaging and particle image velocimetry. 

 

2.3.1. Chemiluminescence imaging 

CH* chemiluminescence imaging was performed to identify the different stages of particle 

combustion, from ignition to burnout. CH* chemiluminescence was imaged using a PI-MAX (Gen 

II) intensified camera with a Nikon 50 mm f /1.4, filtered using a 430 nm +/- 10 nm filter (Andover 

Corporation) The gain and exposure time were 75 and 1.3 seconds per image, respectively. In order 

to statistically analyze the data, 100 images were obtained for each condition and each test was 

repeated six times to gauge repeatability. Figure 2 shows an example of a time-averaged CH* 

chemiluminescence image of cellulose particle combustion and the corresponding centerline signal 

intensity profile versus the height above the burner surface for 100 images. 

 
(a)                                     (b) 

Figure 2: Example of a) time-averaged CH* chemiluminescence image of microcrystalline 

cellulose particles and b) intensity signal of the centerline for microcrystalline cellulose 

particles from CH* chemiluminescence for 100 separate images at 𝝓 = 𝟎. 𝟒 

The centerline intensity signal profile provides information about the sequence of the particle 

combustion steps. After the particle is injected into the burner, it is heated by the surrounding gases 

from the hydrogen-air flat flame. During this heating process, devolatilization commences and 

volatile gases leave the particle and mix with the oxygen-containing surrounding gases. After 

sufficient devolatilization and the ignition delay time of the gaseous mixture lapses, the gaseous 

mixture ignites. Upon ignition, volatile gases burn in the surrounding oxidative environment. 

Devolatilization and combustion of volatile gases continues until the particles are completely 

devolatilized and the diffusion flame is extinguished. Upon flame extinction, depending on 

whether there is char residue left or not, heterogenous combustion of char particles begins at this 

stage. Figure 3 shows an example of the centerline intensity profile analysis that is used to 

determine the ignition delay time and burnout time. The combustion zone is bounded by the 

ignition location, 𝑥1, and volatile burning end location, 𝑥2. The ignition location, 𝑥1, is defined as 

the location where the centerline intensity profile reaches the 50% of its maximum value. The 

volatile burning distance (𝑥2 − 𝑥1) is defined by the full-width half-max (FWHM) of the centerline 
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intensity curve. These length scales can be converted into the corresponding time scales – the 

ignition delay time, 𝜏𝑖𝑔, and volatile burning time, 𝜏𝑏 - using the jet particle velocity, as described 

below. Repeatability studies were conducted as described in Section 3.2. 

 
Figure 3: Example of intensity analysis of a time-averaged CH* chemiluminescence image  

2.3.2. Particle image velocimetry  

Particle velocity is measured using particle image velocimetry (PIV), where this velocity is 

used in combination with the CH* chemiluminescence images to calculate key combustion 

timescales. The PIV setup contains a dual-cavity, diode-pumped, solid-state laser (Hawk-Duo-

532-60-M/Rev.A at 532 nm) and a high-speed CMOS camera (FASTCAM SA1.1). The laser beam 

passes through a LaVision sheet-forming optic with a focal length of f=-10 mm, forming a laser 

sheet that is aligned with the central tube of the burner. The camera is positioned perpendicular to 

the laser sheet and a 60 mm macro lens is used to provide a narrow field of view and a higher 

magnification of the jet of particles. The PIV domain size is 120 mm in the streamwise direction 

and 36 mm in the cross-stream direction. PIV images are taken at 5 kHz and 768×768 pixel 

resolution. Laser pulse time separation is 𝑑𝑡 = 35 𝜇𝑠. LaVision DaVis 8.4 cross-correlation 

algorithm is used for the velocity calculation. Velocity vectors are computed in a 16x16 pixels 

interrogation window with 50% overlap, resulting in a vector spacing of 1.17 mm. The uncertainty 

of the mean velocity is 0.005-0.11 m/s in the jet core, using the DaVis uncertainty calculation 

algorithm.  

𝜏𝑖𝑔 and 𝜏𝑏 are calculated using the centerline intensity profile from the CH* 

chemiluminescence images and the centerline velocity data from PIV as defined in Eqs (1-2):  

 

𝜏𝑖𝑔 = ∑
𝑥𝑖+1 − 𝑥𝑖

𝑢𝑖

𝑖=𝑥1

𝑖=1

                (1) 

𝜏𝑏 = ∑
𝑥𝑖+1 − 𝑥𝑖

𝑢𝑖

𝑖=𝑥2

𝑖=𝑥1

                 (2) 

 

In Equations 1 and 2, 𝑥𝑖 and 𝑢𝑖 are the location and particle velocity in the discretized region 

along the streamwise direction, respectively. Figure 5 shows an example centerline velocity 

calculation with the ignition location and burn-out zone indicated in vertical red lines. 
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Figure 4: Example of superimposition of length scales obtained from CH* 

chemiluminescence imaging on particle jet velocity profile 

2.3.3. Thermal Analysis of Microcrystalline Cellulose 

In addition to the combustion experiments, samples were analyzed on a TA Instruments 

Discovery series 650 thermogravimetric analyzer (TGA) under different heating profiles and 

atmospheres to obtain the composition and mass loss dependence on temperature. Between 10-15 

mg of sample is loaded into a 70 L alumina crucible. The TGA is run in two modes: pyrolysis 

(used to determine proximate analysis in Table 1) and oxidation. For the pyrolysis runs, the sample 

is heated from room temperature to 110℃ at a rate of 10℃ per minute under a high-purity nitrogen 

atmosphere and held for 30 minutes to drive off moisture. Next, the sample is heated to 900℃, 

again at a rate of 10℃ per minute under N2, and held at 900°C for 30 minutes. This mass loss 

during this process is attributed to devolitalization. To complete the proximate analysis, the sample 

is exposed to dry air and heated to 950℃ at a rate of 10℃ per minute and held for an additional 

30 minutes; the mass lost in this final step is fixed carbon and non-organic residual matter termed 

“ash.”  

To explore the oxidative behavior as a function of heating rate – what the fuel science literature 

often refers to as “combustion” in TGA – the samples are run in a dry air atmosphere. The sample 

is heated to 110C at 10C/min and held for 30 minutes to establish a dry baseline starting mass, 

and and then the sample then heated to 950°C at five different heating rates and then held for 30 

minutes. Eleven TGA runs in air were performed for five different heating rates (at 5, 10, 25, 50 

and 100℃/min), with triplicates performed for 5℃/min, 50℃/min, and 100℃/min runs. During 

the TGA runs, the mass of the sample and temperature are recorded every 0.5 s, which allows for 

the construction of a derivative thermogravimetric (DTG) curve illustrating the mass loss rate as a 

function of time. The percent mass at any time 𝑡, 𝑋(𝑡), during this process was determined using 

the following equation: 

 

𝑋(𝑡) = (
𝑚𝑖𝑛𝑖𝑡𝑖𝑎𝑙 − 𝑚𝑡

𝑚𝑖𝑛𝑖𝑡𝑖𝑎𝑙 − 𝑚𝑓𝑖𝑛𝑎𝑙
)          (3) 
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In Equation 3, 𝑚𝑖𝑛𝑖𝑡𝑖𝑎𝑙  is the initial dry sample mass after the hold at 110°C, mt is the mass at 

each time, 𝑡, and 𝑚𝑓𝑖𝑛𝑎𝑙 is the mass of the exhausted sample after the temperature ramp. For 

pyrolysis DTG curves, this represents the mass after the hold at 900°C in N2 and for oxidation 

curves after the hold in air at 950°C. The DTG curve is constructed by plotting 𝑑𝑋 𝑑𝑡⁄  versus 

temperature.  

 

3. Results and Discussion 

3.1.Test matrix 

The text matrix includes five equivalence ratios for the H2/air flames and one particle flow 

rate. The entrainment gas flow rate was kept to 0.38 slpm, which was the minimum flow rate to 

provide continuous particle fluidization. The adiabatic flame temperature, 𝑇𝑎𝑑, and product oxygen 

concentration for the co-flow flames in the Hencken burner were calculated using GRIMech 3.0 

and the equilibrium solver in Chemkin; results are shown in Table 2. As the equivalence ratio 

increases, the surrounding gas temperature increases, which would tend to reduce ignition delay 

and burnout times. However, as equivalence increases, the oxygen concentration decreases, which 

should have the opposite effect. In future studies, the temperature and oxygen concentration effects 

will be controlled separately by blending oxygen with different diluents, but the results in this 

initial study show the compounding effects of varying temperature and oxygen concentration.  

 

Table 2: Calculated 𝑻𝒂𝒅 and product O2 concentration 

φ Air (slpm) H2 (slpm) 𝑻𝒂𝒅 (𝑲) O2 mole fraction 

0.3 18.16 2.32 1186 0.13 

0.35 18.16 2.71 1308 0.12 

0.4 18.16 3.10 1424 0.11 

0.45 18.16 3.48 1535 0.10 

0.5 18.16 3.87 1640 0.09 

 

3.2.  Repeatability in CH* chemiluminescence and velocity diagnostics 

Statistical repeatability tests were carried out on both CH* chemiluminescence imaging and 

velocity measurements from PIV. Six different CH* image datasets taken over multiple days for 

each condition and were processed to determine two quantities used in the calculation of the 

ignition delay time and volatile burning time: the ignition location, which is where the centerline 

intensity equals 50% of the peak signal intensity, and the volatile burnout distance, which is the 

FWHM of the centerline signal. In the present study, we use the median as the measure of central 

tendency and the inner-quartile range (IQR) as a measure of statistical dispersion [37]. Boxplots 

of an example condition, 𝜙 = 0.4, are shown in Figure 5. The median is indicated by the red 

horizontal line and the inner-quartile range is indicated by the extent of the blue boxes. The black 

horizontal lines above and below the blue boxes indicate the maximum and minimum values of 

each data set, and the red crosses are outliers, which are defined as points greater than 1.5IQR 

from the median. The overlapping IQR indicates that the difference among datasets is not 

statistically significant.  
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(a)   (b)                                     

 Figure 5: Boxplots for (a) ignition location and (b) FWHM at 𝝓 = 𝟎. 𝟒 

Out of all the operating conditions shown in Table 2, only the 𝜙 = 0.3 condition was not 

repeatable. Figure 6 shows the repeatability results for the ignition location and FWHM at this 

equivalence ratio, which indicates the significant variation in ignition delay location for this 

condition and the large number of outliers. This result indicates the lower bound for ignition of 

these particles, where the surrounding temperature of Tad=1186 K is not high enough to reliably 

ignite the particles. Further, there is a significantly larger FWHM IQR at 𝜙 = 0.3 in Figure 6 as 

compared to that for 𝜙 = 0.4 in Figure 5 (note the difference in y-axis labels), which indicates 

much longer and more variable volatile burning times. Visual observation of this condition showed 

that some particles are not burned. As such, the remainder of the analysis considers equivalence 

ratios of 𝜙 = 0.35 and above, where reliable and repeatable ignition occurs. 

(a)   (b)  

Figure 6: Boxplots for (a) ignition location and (b) FWHM at 𝝓 = 𝟎. 𝟑 

The repeatability of the velocity measurements was also tested across multiple days; Figure 7 

shows the results of five repeated tests for an example condition, 𝜙 = 0.4 , all of which are 

quantitatively similar. Similar repeatability was ensured in all cases. The ignition and the end of 

volatile burning locations obtained from CH* chemiluminescence imaging are shown by red 

vertical lines in the figure. Once the particles are injected into the burner, the particle jet velocity 

increases because of the momentum of the hot environment around it. After the particles reach 

their maximum value, they decelerate until the particles burn out and can no longer be tracked. In 
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the calculation of 𝜏𝑖𝑔 and 𝜏𝑏 , the velocity profiles used in Eqs (1-2) are obtained by taking the 

median value of the five repeated velocity profiles at each downstream distance.  

 
Figure 7: Microcrystalline cellulose particle velocity profile along the downstream 

distance for five different repeats at 𝝓 = 𝟎. 𝟒  

3.3. Ignition delay time and volatile burning time 

The ignition delay times and volatile burning times are shown in Figure 8 (a) and (b), 

respectively. Results show that increasing the equivalence ratio, accompanied by increasing 𝑇𝑎𝑑, 

results in a shorter ignition delay time, from 5.2 𝑚𝑠𝑒𝑐 at 𝜙 = 0.35 to 2.7 𝑚𝑠𝑒𝑐 at 𝜙 = 0.5. The 

uncertainty in the ignition delay time is relatively constant across all operating conditions. These 

results show that ignition delay time is largely a function of temperature, not O2 concentration, as 

the ignition timescales decrease with increasing temperature but decreasing oxygen concentration. 

The volatile burning time is largely independent of the equivalence ratio of the flat flame, and the 

uncertainty of the volatile burning time is slightly higher for ϕ = 0.35 as compared to the other 

conditions.  

(a) (b)  

Figure 8: (a) Ignition delay time (b) volatile burning time of microcrystalline cellulose 

particles  vs. equivalence ratio 
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The measurement uncertainty was evaluated using multivariable uncertainty analysis. The 

uncertainty in τig is driven by the variability in x1 and the velocity profile, u. The uncertainty in 

τb is driven by the uncertainties in measurements of x1, x2, and u. The uncertainties are presented 

in Table 3. The uncertainties in the burnout time are large relative to the burnout time itself. The 

uncertainty arises from variations in the FWHM of the chemiluminescence signal rather than 

variations in the velocity measurements in this region, as can be seen by inspecting the variability 

in these quantities Figure 5 and Figure 7. 

 

Table 3: Meaurment unceraintity for ignition delay time 𝝉𝒊𝒈 , and volatile burning time 𝝉𝒃 

 φ =0.35 φ =0.4 φ =0.45 φ =0.5 

  Uncertainty in 𝝉𝒊𝒈(%) 3.37 5.31 4.28 2.79 

 Uncertainty in 𝝉𝒃(%) 27.43 28.18 30.12 24.35 

 

3.4. TGA results 

One of the primary criticisms of using TGA oxidation data to represent combustion behavior 

is the slow heating rates experienced by samples, upon which reaction rates depend [38]. This 

limitation is shown in Figure 9, where on the left we plot the fraction of cellulose remaining in the 

cruicible as a function of reaction time and on the right as a function of TGA furnace temperature 

in an air environment.  

 

  

(a) (b) 

Figure 9 : (a) Normalized mass loss as a function of time and (b) furnace temperature for 

oxidation of microcrystalline cellulose at five heating rates in an air environment. 

The time required for complete oxidation is inversely proportional to reaction rate; while 

complete oxidation occurs at higher temperatures for higher heating rates, the rate of 

decomposition is faster at higher heating rates.  This is due to the residence time of the cellulose 

particles; at 5 K/min the particles decompose (devolatilize/oxidize) at lower temperatures than at 
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the 100 K/min ramp rate because they remain at each temperature longer. In both the time-based 

and temperature-based curves, the decomposition occurs in two stages: a stage of very rapid mass 

loss where approximately 80% of the mass is lost for all cases, and then a slower mass loss regime 

where the remaining 20% of the mass decomposes. 

The mass loss dependence on heating rate is further highlighted in the DTG curves of Figure 

10. The DTG curves show that maximum mass loss rate increases as the heating rate increases; 

the sample is more reactive at higher temperatures. The same onset of mass loss lag noted in Figure 

9a is mirrored in the DTG curves of Figure 10; the particles take longer at slower heating rates to 

reach a temperature at which they begin to devolatilize/oxidize. 

   

 
Figure 10 : DTG curves for (a) oxidation of microcrystalline cellulose at five heating rates 

in an air environment. 

 

Pyrolysis TGA runs with a nitrogen environment were used to probe the two-stage or two-

regime behavior noted as shoulder peaks in Figure 9 (between 600 and 900 K). Figure 11 compares 

the mass loss curves for the air (labeled oxidation) and nitrogen (labeled pyrolysis) environments 

for three heating rates. As shown in Figure 11a, the onset and mass loss (and corresponding 

temperature) for pyrolysis and oxidation are roughly equal at 5 and 10 K/min. There is some slight 

separation beginning to occur at 50 K/min (future work will examine 100 K/min data) where the 

cellulose reacts sooner (at lower temperature) under an air atmosphere than nitrogen.  

In the DTG curves of Figure 11b, we can clearly see that for each temperature ramp rate, the 

mass loss begins at slightly lower temperatures for oxidation than pyrolysis. The maximum mass 

loss rate, found at the peak of the DTG curves (often used in fuel science as a guage of reactivity) 

is slightly higher for oxidation than pyrolysis, and the peak temperature slightly lower for oxidation 

than pyrolysis. Despite these differences, the initial decomposition of the samples in both air and 

nitrogen atmospheres are relatively similar. They are both very rapid and, according to the DGT, 

have similar initial slopes.  

This combination of results suggests that devolatilization requires more energy (heat input) 

than oxidation; oxidation is an exothermic process (at least under these conditions) so it is likely 

that the volatiles released from the cellulose are oxidizing in the air atmosphere, supplying 

additional energy to sustain the pyrolysis/oxidation process. This interplay between temperature 
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and heating rate noted in the DTG curves provides insight into the data found in Figure 8, namely 

that the ignition delay time decreases as adiabatic flame temperature increases. The heating rate 

and flame temperatures are considerably higher than those used in the TGA, and the trends in TGA 

data suggest that at such high temperatures the mass conversion rate (due to both pyrolysis and 

oxidation) are orders of magnitude higher than that observed here. However, these results tell us 

that even at low temperatures, the pyrolysis process is somewhat comparable to the oxidation 

process, meaning that microcrystalline cellulose likely decomposes very quickly at combustion-

relevant temperatures. We hypothesize, therefore, that the differences in ignition delay time seen 

in Figure 8 may be a gas kinetic effect, not a decomposition effect. 

 

  
(a)  (b) 

 

Figure 11 : Pyrolysis and oxidation of cellulose at 5, 10 and 50 K/min observed through (a) 

fractional conversion and (b) DTG curves  

 

On-going work includes particle ignition temperature measurements using two-color 

pyrometery to use as a comparative metric against TGA ignition and burn-out temperatures, as 

well as differential scanning calorimetry studies to understand the impact of heat transfer on the 

pyrolysis and oxidation steps.  

 

4. Conclusions 

In this experimental study, microcrystalline cellulose particles were burned in a Hencken 

burner under H2/air atmosphere to characterize the ignition and burnout of this material. CH* 

chemiluminescence imaging and particle image velocimetry were used to observe and quantify the 

combustion behavior of particles. The ignition delay time decreased with increasing equivalence 

ratio, showing that in this experiment, ignition delay time is a stronger function of temperature 

than O2. Burnout time is not considerably influenced by equivalence ratio. No char was observed 

after the burnout stage, which was expected based on the proximate analysis resulted in about 98% 

volatile matter content, 1.71% fixed carbon, and 0.3 % ash. The TGA results showed that cellulose 

decomposition in both air and nitrogen environments is more rapid at higher heating rates. 

Decomposition happens slightly earlier and faster in oxidation environments, but the pyrolysis 
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process is also quite rapid at the heating rates considered. Future work will compare the 

decomposition temperatures in the TGA and temperatures measured in the combustion experiment 

using two-color pyrometry. 
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