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Behavior of graphite at high temperature in terms of emission characteristics of aerosols has received
notable importance in the recent past. Information on the physico-chemical characteristics of generated
particles during air ingress conditions for high temperature reactors (HTRs) is crucial for design and
safety considerations. The present study focuses on studying the effects of varying heating rate and air
flow rate on the number concentration characteristics of particles and gases (CO and CO2) generated from
heated graphite. Overall, the peak of evolution profile of number concentration of particles and volume
concentration of CO gas was observed in between 600 and 800 �C. With an increase in heating rate, higher
particle number concentration and shifting of peak towards high temperatures was noted. Although this
trend remained more or less similar, number concentration reduced with the increase in air flow rate.
Experimental observations have also been supplemented with plausible mechanism in this work.

� 2021 Elsevier Ltd. All rights reserved.
1. Introduction

Pollution contributed by power generation sources poses a seri-
ous threat to health and environment (World Health Organization,
2019). Power generation with reduced emission of polluting gases
and combustion products is a challenging technological task
(Akhmat et al., 2014). Nuclear power plants play a futuristic role
in meeting the energy demands of our society (Adamantiades
and Kessides, 2009). They generate an insignificant amount of
greenhouse gases or pollutants during their operation, resulting
in small life-cycle environmental burden (Switkowski, 2016;
Switkowski, 2007). Different types of nuclear reactors viz. Boiling
Water Reactor (BWR), Pressurized Water Reactor (PWR), Pressur-
ized Heavy-Water Reactor (PHWR), Gas- Cooled Reactor (GCR)
etc. have been in operation since decades. In comparison to con-
ventional reactor technology, HTRs offer an exciting choice due
to their relatively higher conversion efficiency. Starting since early
1960s, High-Temperature Gas-cooled Reactors (HTGRs) have been
operated successfully throughout the world (Crossland, 2012;
Fütterer et al., 2014). HTR based research in the context of Indian
nuclear energy program has also been linked to process heat gen-
eration for hydrogen production (Dulera et al., 2017; Dulera and
Sinha, 2008).

Graphite is used as structural component (moderator, reflector
and fuel block/tube) in HTRs on account of its favorable properties
like high strength, high thermal conductivity, low thermal expan-
sion coefficient and low neutron absorption at high temperature
conditions (Dulera et al., 2017; IAEA, 2005). Ingress of air into
the primary circuit affecting the graphite performance has been
postulated as a critical safety issue for both prismatic and pebble
bed design type HTRs (Carlson and Ball, 2016). This may occur as
a result of failure of the coolant pump triggering a loss of coolant
accident (LOCA). The temperature of the fuel rods in such condi-
tions increases significantly resulting in core melting and air
ingression (Englert et al., 2017; Ferng and Chi, 2012; Hózer et al.,
2003; Steinbrück et al., 2006). Several factors like oxidation, abra-
sion, coolant erosion, spalling and flaking, carbonization etc. con-
tribute towards the generation of particles/dust in such
conditions (Peng et al., 2016; Xu et al., 2017). Oxidation of graphite
and the loss of mechanical strength in prismatic type HTRs have
been studied in detail as being part of probabalisic safety studies
for such reactors. The generated particles in such conditions may
have a significant fraction in fine and ultrafine size ranges. Due
to their proximity to the fuel/fuel structure and favorable surface
properties (e.g. porosity), these particles also provide a surface
for adhesion of radioactivity (Sun et al., 2020). The metallic fission
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products, in particular Cs and Sr, interact strongly with graphite
and may get released to the containment and subsequently to
the environment in the worst case scenario (Katscher et al.,
1990). As these small-sized particles have a large residence time,
they have the capability to spread radioactivity from the accident
site to far distances and for significant time scales (Chen et al.,
2017; Huang et al., 2014; Moormann, 2011). The nuclear reactor
research encompassing the impacts of severe accidents in Cher-
nobyl and Fukushima suggested the need of improved designs
and advanced safety systems for gaining better public acceptance
(Adamantiades and Kessides, 2009; Beresford et al., 2019;
Moormann, 2011).

Several studies conducted in past focused on understanding the
oxidation behavior of graphite in context of HTRs (Kane et al.,
2013; Lee et al., 2014; Luo and Jean-Charles, 2012; Ong, 1964;
Schweitzer, 1962). Oxidation of graphite is controlled by chemical
kinetics and in-pore diffusion at lower and higher temperature
regime, respectively (El-Genk and Tournier, 2011; Kane et al.,
2017; Maahs, 1971; Propp, 1998). The transition from one regime
to the other has been shown to occur between 600 and 900 �C (Hu
et al., 2014; Xiaowei et al., 2004) depending on the microstructure
of graphite including its density and impurity levels. Oxidation
behavior of graphite depends on its surfaces characteristics (e.g.
porosity, corrosion resistance, hardness etc.), reaction controlling
parameters (e.g. surface temperature, flow rate, chemical kinetics
etc.) and external conditions (e.g. heat equilibrium in the reactor,
environmental parameters etc.) (Chi and Chan Kim, 2017; Con-
tescu et al., 2012; Lee et al., 2018; Moormann, 2011). Few studies
have also been conducted in order to study the formation and evo-
lution characteristics of graphite particles/dust generated when
graphite is exposed to air at high temperature. For pebble bed
HTR, dust generation was shown to depend on the air velocity only
above the working temperature of 650 �C (Kugeler et al., 1992). In
another study with relevance to prismatic type reactors, number
and mass characteristics of graphite particles generated on expos-
ing graphite to varying high temperature conditions were mea-
sured and interpreted (Yadav et al., 2019a). Number
concentration of particles and CO emission was found to be highest
at around 700 �C for the graphite specimens used in their work.
Although substantial knowledge on the phenomenological aspect
of graphite oxidation exists, not much information is available on
the mechanism of aerosol generation, its evolution characteristics
and the reaction controlling parameters. Heating rate and air flow
rate could be two important influencing parameters for in such
context. The present work focuses on studying the number concen-
tration characteristics of particles generated by graphite sample
exposed to high temperature at varying heating rate and air flow
rate conditions. The experiments have been performed in a High
Temperature Aerosol facility at the working temperature range of
500–900�C. Measurements of number concentration/size distribu-
tion of particles and volume concentration of CO and CO2 gas have
been interpreted for gaining theoretical insights.
2. Experimental setup

Experiments in the present work have been carried out in a high
temperature aerosol generation and sampling facility. Fig. 1 shows
the block diagram for the facility and the experimental arrange-
ments. The facility comprises of a tubular spilt furnace in which
the graphite samples were kept and exposed to test conditions. A
particle-free air acting as an oxidiser for the heated graphite was
supplied to it from one end with the help of an air compressor
and filtering arrangement. The air (also acting as the carrier) flow
rate was maintained by a rotameter coupled to the air compressor.
The outlet of the furnace was designed and equipped to measure
2

the concentration of emitted (if any) particles and gases. An iso-
kinetic sampling probe was used to ensure representative sample
for the generated particles. A double pipe heat-exchanger was used
downstream of the isokinetic sampling probe to reduce the tem-
perature of the air from 150 �C at the inlet to less than 40�C (work-
ing threshold for aerosol instrumentation) at the exit. The aerosol
stream coming out from the heat exchanger was also passed
through an aerosol diluter for keeping the number concentration
within the measurement range of the instruments. The aerosol
instrument used in these experiments comprised of a Scanning
Mobility Particle Sizer (Nanoscan SMPS3910, Make- TSI, USA) and
an Optical Particle Sizer (OPS 3330, Make- TSI, USA). SMPS works
on the principle of segregation of particles on the basis of their
electrical mobility and frequently used for the measurements in
fine and ultrafine particle size ranges (size range of SMPS model
used in this work: 10 nm � 420 nm). The working of OPC is based
on the scattering of light by particles and its size-range gets limited
due to weak intensity patterns of smaller size particles (size range
of OPS model used in this work: 300 nm–10 lm). The selection of
these models covered the particle size range from 10 nm to 10 lm.
These sizers were calibrated with respect to certified latex particle
size in separate laboratory test. A gas analyzer (Digas444, Make-
AVL, India) was used for the measurement of CO and CO2 gas con-
centration during these experiments. More details on the facility,
experimental set-up and experimental methodology have been
provided in Yadav et al. (2019b).
3. Material and methodology

The test material used in this work was high-density isotropic
graphite with 99.96% carbon content by weight. Specimens of
dimension 25 mm � 25 mm � 5 mm and weight �7 g were used
during these experiments. Table 1 specifies the important proper-
ties of the graphite sample used in this work (Kumar et al., 2016).
Apart from the equivalent boron concentration (which should be
lesser than 10 ppm), other properties of the specimens conform
to the requirements for ‘nuclear grade graphite’ (ASTM, 2018). In
terms of aerosol emission inventory, the sample grade used in
these experiments is expected to be similar to the nuclear grade.
A specialized in-house graphite cutting facility was utilized to pre-
pare the specimens used in this work. Two specimens were used in
each set of experiment of the test matrix. These samples were
cleaned with liquid nitrogen and dried before each experimental
run in order to eradicate impurities. A representative picture of
the graphite specimen is shown in Fig. 2. Two crucial parameters
in terms of scaling the laboratory level experiments to field condi-
tions in the context of this work are ‘mechanism of aerosol gener-
ation’ and ‘concentration’. The extreme temperature conditions
within the core during severe accidents vaporize the components
which then nucleating subsequently. In this scenario, the particles
are formed and evolved in ultrafine size ranges (diameter lesser
than 100 nm) in the initial stage of accident progression. Graphite
exposure to high temperature fulfils this requirement and the con-
centration of the generated particles occurs with high concentra-
tion. In ingress scenario, oxidation of graphite depends on the
amount of oxygen and the core heat balance. Experiments with
air as the ingress medium simulate the worst case scenario for
HTRs where air dominates other coolant gases
3.1. XRD analysis of graphite

X-Ray Diffraction (XRD) analysis of graphite samples in pre-
heated condition was carried out by employing Rigaku Miniflex
600 Desktop X-Ray Diffraction System (Rigaku Corporation, Japan),
coupled with a HyPix-400MF2D hybrid pixel array detector (HPAD)



Fig. 1. Schematic diagram of the experimental setup.

Table 1
Properties of graphite specimen.

Properties Value/Details

Equivalent Boron content �13 ppm
Porosity 10.53%
Density 1.82 g cm�3

Compressive strength 113 MPa
Tensile strength 33 MPa
Flexural strength 40 MPa
Thermal conductivity 93 W/mK

Fig. 2. Picture of graphite sample.

Fig. 3. XRD pattern of graphite sample in pre-heated condition.
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and a 600 W X-ray source. The XRD pattern of graphite sample is
depicted in Fig. 3 where the intensity of X-ray diffraction has been
plotted with position of sample scanning at 2h angles. The pattern
was found to be matching with standard graphite diffraction pat-
3

tern (JCPDS card number: 08-0415). Four major peaks correspond-
ing to the crystal planes (002), (101), (004), and (110) can be seen
in this pattern. The dominant peak i.e. (002) was sharp, indicating
the crystalline structure with an interlayer spacing of 0.346 nm.

3.2. Experimental methodology

As these experiments targeted number concentration of evolu-
tion profile of of particles from the exposed samples, background
number concentration from the furnace cell was controlled and
monitored. As a first step, a high-flow air jet was used to clean
the furnace tube and the specimen boat. Aerosol particle sizers
and gas analyser were switched on and warmed up for at least
30 min before the actual measurement cycle started. Background
aerosol number concentration was measured after starting the
nominal airflow. We consider 103cm�3 as the threshold number
concentration for this routine exercise. If the number concentra-
tion was found to be more than this value, the set-up was cleaned
and checked again. After ensuring that the background number
concentration was well below the threshold value, the furnace
was operated as per the set protocols. The test specimens placed
in the specimen boat were then inserted into the furnace and the
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heating cycle was executed. At the end of the experiment, once the
furnace temperature reduced to ambient levels residual specimens
were taken out for further analysis. As per the objective of the
study, furnace was heated at four different heating rates (Fig. 4)
during these experiments. The maximum set temperature of
900 �C was attained with heating rates of 2 �C min�1, 4 �C min�1,
6 �C min�1 and 8 �C min�1, at four different air flow rates viz. 10,
15, 20 and 25 Lmin�1. This limit of temperature was used as being
100 �C higher than the usual transition temperature range of 600–
800 �C for the oxidation of graphite. Result from SMPS measure-
ment corresponding to each data point of the Fig. 4 was used for
further interpretation.
4. Results and discussion

The characteristics of interest in the present context are the ’to-
tal number concentration’ and ’number size distribution’ of gener-
ated aerosol particles and the volume concentration of emitted CO
and CO2 gas during the experiments. Two crucial parameters for air
ingress conditions are ‘graphite heating rate’ and ‘air/carrier flow
rate’. In all these experiments, both Nanoscan and Optical particle
sizer were used for number concentration estimations. However,
the number concentration in the size range of 0.3 mm�10 mmusing
the OPS was found to be insignificant in comparison to that mea-
sured in the size range of 10 nm � 420 nm using the SMPS. For
example, the peak number concentration for the case of 2� C min�1

heating rate and 20 Lmin�1 air flow rate was measured as
1.23 � 102 cm�3 and 1.79 � 106 cm�3 in OPS and SMPS, respec-
tively. As we focus on number concentration characteristics, only
result of SMPS measurements are presented hence forth. Necessary
protocols for accurate SMPS measurements (Joshi et al., 2012;
Wiedensohler et al., 2012) have been followed in this work.
4.1. Number concentration of generated particles

Total aerosol number concentration generated by heated gra-
phite specimens as per the test matrix has been plotted in Fig. 5.
Each section of this figure represents the profiles for fixed air flow
rate and varying heating rate conditions. Each data point of the
curve represent the number concentration of particles generated
by oxidizing graphite at a particular temperature. Barring few test
conditions, the evolution of number concentration was observed to
follow unimodal behavior. For all investigated cases, negligible
Fig. 4. Temporal profile of furnace heating rate used during experiments.
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number concentration was observed below the set temperature
of �575 �C. In addition, the maximum (peak) number concentra-
tion was obtained in the range of 600–800 �C. For fixed air flow rate
and heating rate, the number concentration of generated particles
increased with the furnace temperature, reaching a maximum
value and then reducing for higher temperatures. For instance,
peak number concentration for a heating rate of 2 �C min�1 and
air flow rate of 10 Lmin�1 was obtained as 3.94 � 106 cm�3 at
642 �C. With an increase in heating rate, the value of peak number
concentration increased as well. For an air flow rate of 10 Lmin�1,
peak number concentration was measured as 3.94 � 10 6 and
5.13 � 106 cm�3 for 2 and 8� C min�1 heating rate, respectively.
Additionally, the temperature corresponding to the peak number
concentration shifted to higher temperature values with the
increase in heating rate. Number concentration can be seen to be
increasing after the peak temperature as well possibly due to the
shift of oxidation reaction kinetics from transition regime to
boundary layer regime. The number concentration characteristics
of generated particles as a function of graphite/oxidation tempera-
ture has been discussed previously (Yadav et al., 2019a). The role of
heating rate and air flow rate for the same is discussed in a later
section. For air flow rate of 10 Lmin�1, distinct number concentra-
tion profile for highest heating rate i.e. 8 �C min�1 can be attributed
to continued particle generation above the temperature corre-
sponding to the peak number concentration. Similar behavior can
also be seen for higher heating rates for the case of air flow rates
of 15 and 20 Lmin�1. However, no clear trend could be established
when the air flow rate increased to 25 Lmin�1. In general, an
increase in air flow rate resulted in the decrease of maximum num-
ber concentration recorded for the test condition. As an illustra-
tion, maximum concentration was measured as 3.94 � 106,
1.70 � 10 6, 1.65 � 10 6 and 1.08 � 10 6 cm�3 for 10, 15, 20 and
25 Lmin�1, respectively, at a heating rate of 2 �C min�1. For entire
test matrix, maximum (5.13 � 106 cm�3) and minimum (1.08 � 10
6 cm�3) peak number concentration were obtained for the combi-
nation ‘8 �C min�1, 10 Lmin�10 and the combination ‘2 �C min�1, 25
Lmin�10,respectively.

4.2. Number size distribution of generated particles

Apart from the number concentration, size of aerosol particles is
the main characteristic which determines their life and fate (Joshi
et al., 2016; Yadav et al., 2019c). Measurement of size distribution
for any aerosol spectrum is important and the parameters or the
features of the same assist in understanding the process dynamics
of the particles. This section discusses the observations of the cur-
rent work in terms of the number size distribution of the aerosol
particles. The size spectrum measured by SMPS (i.e. 10 –
420 nm) during an experimental run was used for discussing these
interpretations. Fig. 5(a-d) represent the averaged number size dis-
tribution of generated particles from heated graphite specimens at
various conditions as per the test matrix. For interpretation pur-
pose, the size spectrum can be divided into 4 parts: 10–50 nm,
50–100 nm, 100–250 nm and 250–365 nm. As evident, the major
fraction of particles was measured in the lowest (10–50 nm) and
intermediate (100–250 nm) size range. Particle generation in the
size range 50–100 nm and 250–365 nm was not observed for the
lower heating rates of 2 and 4 �C min�1 at all air flow rates. When
the heating rate was increased (6 and 8 �C min�1), the number con-
centration signal in these size ranges was observed for the air flow
rates of 10 and 15 Lmin�1 (Fig. 6a-b). For still higher airflow rate of
20 Lmin�1, no particles were recorded for the size range of 250–
365 nm. For the highest air flow rate i.e. 25 Lmin�1, no signal
was observed in the intermediate size-ranges (Fig. 6d). Similar kind
of size distribution inferences were obtained in our earlier work
(graphite heating at different temperature) wherein the nucleation



Fig. 5. Total number concentration profile of generated particles at different heating rates and air flow rates of (a) 10 Lmin�1 (b) 15 Lmin�1 (c) 20 Lmin�1 (d) 25 Lmin�1.

Fig. 6. Particle size distribution at different heating rates and air flow rates of (a) 10 Lmin�1 (b) 15 Lmin�1 (c) 20 Lmin�1 (d) 25Lmin�1.
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phenomenon (due to thermal quenching and/or diffusion cluster-
ing) and the advective transport of unburnt particles was linked
to the observance of number concentration in different size-
ranges (Yadav et al., 2019a). Presence of particles in 50–100 nm
and 250–365 nm size range at higher heating rate could be due
to the size-growth of particles of the nearby regime where the gen-
eration is likely to occur. However the decrease in residence time
resulted in disappearance of particles in these size regimes leading
to a perfect bimodal distribution for the highest flow rate of 25
Lmin�1.
4.3. Gas measurement

For the next set of interpretations, emission of CO and CO2 gases
as an effect of oxidation of graphite was studied. Evolution of CO
gas concentration for the test matrix has been shown in Fig. 7.
No CO concentration was observed below 575 �C for all cases, sim-
ilar to the behavior for the emission of particles. However, the vari-
ation of CO concentration was smooth in comparison to the profile
of number concentration of particles. Peak CO concentration was
found to be increasing with heating rate for all air flow rate condi-
tions. At 10 Lmin�1 (Fig. 7 a), the peak concentration of CO
increased from 0.11 v/v % to 0.16 v/v % when the heating rate
was increased from 2 to 8 �C min�1. Increasing CO gas concentra-
tion indicates the process of incomplete combustion. At higher
heating rates, lesser time for completion of combustion reaction
leads to a higher CO concentration. It can also be seen from Fig. 7
(a-d) that the concentration level of CO reduced when the air flow
rate was increased. An increase in the flow rate enhances the sup-
ply of oxygen to the sample, thereby supporting oxidation and
hence reducing the concentration of CO. The maximum CO gas
concentration of 0.16 v/v% was observed at an air flow rate of 10
Fig. 7. Carbon monoxide (CO) evolution at different heating rates and air fl
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Lmin�1 (minimum flow rate) and heating rate of 8 �C min�1 (max-
imum heating rate). This observation is also consistent with the
levels of particulate concentration presented in Fig. 5a wherein
the maximum number concentration was measured at the lowest
air flow rate of 10 Lmin�1 and the highest heating rate of 8 �Cmin�1.
An increase in incomplete combustion, manifested by an increase
in CO gas concentration, increases the particle generation. The shift
of peak temperature (temperature corresponding to maximum CO
concentration) towards the higher temperature ranges is also con-
sistent when compared to the behavior of number concentration of
generated particles.

In addition to CO, the evolution of CO2 gas concentration was
measured for all experiments. As an indicator of complete combus-
tion, its evolution profile should not follow the general trend of CO
concentration and the number concentration of particles. The vari-
ation of CO2 gas concentration for entire test matrix has been
shown in Fig. 8. The threshold temperature representing the initi-
ation of complete combustion was found to be higher than 575 �C
(threshold for particle generation), as expected. For all the cases,
CO2 concentration increased with the increase in temperature
attaining saturation above approximately 800 �C. This temperature
is above the peak temperature range corresponding to the number
concentration profile (Fig. 5a-d). It was also noted that peak con-
centration of CO2, similar to CO, shifted to higher temperature with
an increase in heating rate. Higher CO2 concentration at lower
heating rates indicates the availability of more time for the reac-
tion to proceed towards complete combustion. With the increase
in air flow rate, an increase in CO2 concentration is due to
enhanced combustion kinetics. Maximum CO2 concentration (1.5
v/v %) was recorded at highest air flow rate i.e. 25 Lmin�1 and low-
est heating rate i.e. 2 �Cmin�1.
ow rates of (a) 10 Lmin�1 (b) 15 Lmin�1 (c) 20 Lmin�1 (d) 25 Lmin�1.



Fig. 8. Carbon dioxide (CO2) evolution at different heating rates and air flow rates of (a) 10 Lmin�1 (b) 15 Lmin�1 (c) 20 Lmin�1 (d) 25 Lmin�1.
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4.4. Weight loss analysis

The weight of the residual graphite samples after their exposure
to different test conditions was measured and the weight loss was
estimated. As a function of temperature (at fixed heating rate and
air flow rate), graphite weight loss attributable to conversion to
particles and CO is expected to reduce with temperature above
transition temperature. In the present work, weight loss of gra-
phite was estimated for varying heating rate and air flow rate con-
Fig. 9. Weight loss (%) at different heating and air flow rates.
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ditions (Fig.9). Fig. 9. The weight loss was found to increase with
the increase in air flow rate for a fixed heating rate. The increase
in air flow increases the combustion resulting in weight loss
mostly in terms of emission of CO2 gas. For a heating rate of 2�-
Cmin�1, it increased from 64.68% to 78.97% i.e. a relative increase
of 22.09% for 10 and 25 Lmin�1, respectively. The relative increase
in weight loss for the same flow rates was measured as 43.23%,
65.14% and 68.27 % for the other heating rates of 4, 6 and 8 �Cmin�1,
respectively. Due to less time for uniform heating and higher
incomplete combustion, weight loss reduced with the increase in
heating rate. Maximum weight loss percentage of 78.97% was
observed at the air flow rate of 25 Lmin�1 and heating rate of
2 �Cmin�1.
5. Discussion

5.1. Graphite oxidation: Role of temperature

Behavior of graphite under oxidizing conditions can be concep-
tualized in three regimes- chemical regime, in-pore diffusion
regime and boundary layer regime. At extremum temperature
regime, progressive model and shrinking core model are adopted
for describing solid- fluid reaction (Ahn and Choi, 2017; Rocha
et al., 2013). Chemical regime occurs at lower temperature
(�>600 �C for the present study), in which the reaction occurring
between graphite and oxidizing gas is very slow and is controlled
by the chemical reactivity of graphite and concentration of gas
phase oxygen. In this regime, the oxygen penetrates deep into
the graphite which gets homogeneously oxidized due to the chem-
ical reaction via its pore system under a rate-limiting step. In this
temperature range, the progressive model for solid- fluid reaction
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plays a significant role. As per this model, the reactant gas enters
and reacts throughout the sample continuously with different rates
at different locations. Consequently, the reactant gets converted
continuously and progressively throughout the sample (Morin
et al., 2017). At the other extreme i.e. above the transition zone
(� >800 �C for the present study), reactions in graphite take place
in the boundary layer. In this domain, the shrinking core model
elucidates the phenomenon wherein reactions move from the
outer surface to the reacting core surface of the particle releasing
combustion products. In such a case, the unreacted core shrinks
in size with time during the reaction (Ahn and Choi, 2017; Rocha
et al., 2013). For the intermediate temperature range (� 600–
800 �C), reactions within the graphite particles occur in in-pore dif-
fusion regime. In this regime, the oxidation rate of graphite is con-
trolled by chemical kinetics and oxygen diffusion rate. The
transition from progressive model to shrinking core model takes
place at transition temperature. A simplistic block diagram of gra-
phite oxidation process has been shown in Fig. 10. More details on
the above discussed aspects have been provided elsewhere
(Hinssen et al., 1983; Lee et al., 2014, 2013). However it should
be noted that the temperature ranges shown in Fig. 10 refers to
the general oxidation behavior. The present supplement the avail-
able information linking the temperature indices to the generation
of particles during the oxidation process.

When graphite samples were oxidised at different heating rates,
the peak of the particle concentration and CO was lying mostly in
the temperatures range of 600–800 �C (Fig. 5). As discussed above,
in this temperature range, oxidation of graphite was controlled by
in-pore diffusion regime (transition zone). In this range, the chem-
ical kinetics as well as the diffusion of oxygen into the sample is
sufficiently high. This results in incomplete combustion leading
to higher CO and particle generation. However, above 800 �C, oxi-
dation is controlled by boundary layer regime. Reactions occur at
the surfaces of graphite leading to the decrease in CO and particle
concentration. The graphite activation energy also plays a signifi-
cant role in particle generation. The graphite-oxidation activation
energy in air rises to a maximum at about 700 �C, beginning to
decrease afterwards. The activation energy is a direct measure-
ment of the thermodynamic energy barrier to the reaction (Kane
et al., 2013). It means that around 700 �C, there is highest energy
barrier for graphite oxidation and maximum incomplete combus-
tion takes place. This is consistent with the present work as the
peak of particle number concentration and CO occurred in the
range of 600 to 800 �C. Above 800 �C, oxidation of graphite
increases and the reaction proceeds towards complete combustion.
A reduction in the sample dimensions and formation of deactiva-
tion sites at higher temperatures could also be responsible for les-
Fig. 10. Graphite oxidation
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ser particles generation as the combustion process progresses
(Radovic et al., 2011).

5.2. Effect of heating rate and air flow rate on particle generation

Generation of particles as an effect of graphite oxidation has
been studied in our previous work (Yadav et al., 2019a). The num-
ber emission features were linked to the incomplete combustion of
the samples. Thermal quenching of hot vapors emitting from the
heated zone or the diffusion limited clustering could be the reason
of the formation of the particles. These particles then grow by aero-
sol dynamical processes depending on the source term parameters.
Here we discuss the role of heating rate and air flow rate towards
the particle generation characteristics. With an increase of heating
rate (2 to 8�Cmin�1), number concentration of the particles (Fig. 5)
and volume concentration of CO gas (Fig. 7) also increased. For
these test conditions, CO2 emission showed a decreasing trend
(Fig. 8). When the heating rate increases, lesser time remains avail-
able for the completion of oxidation reaction thus resulting in the
generation of higher concentration of incomplete combustion
products. Our measurements showed an increase in number con-
centration of particles in SMPS size range and CO concentration
when the heating rate was increased. This also impacts the gener-
ation of CO2 gas in the reverse way i.e. lesser concentration for
higher heating rates. On the other hand, an increase in air flow rate
enhances the oxygen supply and accelerates oxidation kinetics.
The decreased particle as well as CO concentration signifies reac-
tion kinetics tending towards complete combustion in our mea-
surements. It was also observed that the peak of concentration
profile (CO, CO2 and particles) shifted to higher temperature for
higher heating rates. Thermal hysteresis could be attributed to this
kind of effect seen during the experiments. The temperatures
depicted in the evolution profile (Figs. 5, 7 and 8) were recorded
by a thermocouple placed in the air stream, just above the sample.
As the furnace heating rate increases, thermocouple response
changes instantaneously but the sample temperature lags behind.
This result in the observance of peaks at the higher temperature as
observed in our plots. Thermal hysteresis during pyrolysis of car-
bonaceous material has been reported in previous studies
(Aboulkas and El Harfi, 2009; Niu et al., 2013) as well.

Inferences with respect to the size distribution measurements
have been discussed in a previous section. In addition, number
concentration in the size range of 10–50 nm was observed to be
decreasing with the increase of air flow rate (Fig. 6). For example,
number concentration in the SMPS mean size 15.4 nm decreased
from 4.45 � 105 cm�3 to 5.31 � 104 cm�3 at 2 �C min�1 heating rate
and from 9.97 � 105 cm�3 to 3.43 � 105 cm�3 at 8 �C min�1 heating
rate when the air flow rate increased from 10 to 25 Lmin�1. This is
: role of temperature.
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again related to the reason as placed above where the increase in
air flow rate was linked to effective oxidation of the sample reduc-
ing the formation of source term for the nucleation. The obser-
vance of particles in 50–100 nm size range and above �200 nm
for higher heating rates and their disappearance for higher air flow
rates are related to the interplay between the growth dynamics
and the residence time.
6. Conclusions

This work studied the behavior of high purity graphite in terms
of the emission characteristics of particles, CO and CO2 gases at
high temperature and at different heating rate and air flow rates.
These experiments were performed in a high temperature aerosol
generation and sampling facility. Number concentration measure-
ments mainly focused in the size range �10-400 nm while volume
concentration was measured for CO and CO2 gases. Different heat-
ing rates i.e. 2, 4, 6 and 8 �C min�1 and different air flow rates i.e.
10, 15, 20 and 25 Lmin�1 were chosen for defining the test matrix
for these experiments. For the entire test matrix, peak concentra-
tion of particles and gases was observed in between 600 and
800 �C. Signifying incomplete combustion, maximum concentra-
tion of particles and CO was measured as 5.13 � 106 cm�3 and
0.16 v/v% for heating rate of 8 �Cmin�1 and air flow rate of 10
Lmin�1 (peak temperature of 712 �C). As expected, concentration
of particles and CO gas decreased above the peak (transition) tem-
perature when the temperature of graphite was increased. For
these cases, CO2 evolution profile followed an increasing trend
reaching to a saturation value as a result of saturation of the oxida-
tion process. With the increase of heating rate, particle and CO
emission was increased due to higher generation of incomplete
combustion products (lesser time for complete oxidation). The
enhancement of oxygen content at the sample surfaces due to an
increase in the air flow rate increases CO2 generation reducing par-
ticle generation, simultaneously. Whereas generated particles
mostly remained in the size range of 10–50 nm and 100–
250 nm, particles in other size channels were also observed for
some test conditions. The temperature corresponding to the peak
of evolution profiles of particles, CO and CO2 shifted to higher tem-
peratures with the increase in heating rate. This probably hap-
pened due to the lag of the recorded temperature at the
thermocouple and the temperature on the sample surface. Gra-
phite heating rate and air flow rate could be two important con-
trolling parameters for air ingress conditions and the results of
this work interpret the experimental observations in terms of aero-
sol emission characteristics for such contexts. Results of this work
indicate that the worst combination in terms of oxidation induced
particle generation could be the combination of ‘high heating rate
and low air flow rate’ conditions.
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