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ABSTRACT - ARTICLE HISTORY

This paper is concermned with the modeling of smioldering character-  Feweived 24 July 7023
istics of incense sticks under free:convection. Experimental data o Revised 3 November 2023
smoldering charactenstics are presented on spedfically designed com- Accepted 22 Novermber 2073
pasitions from biomass to char, invalving measurements of smolder- KEYWORDS

ing rate, condensed phase temperature with time and hence the Smuoldering rate; modebng;
distance and shape of the steadily smoldering surface. The modeling comalation, nconse stide
effort invokes a steady surface heat balance, expressing it in dimen-

sjonless terms and relating the smoldering Reynolds number, Ba;, to

the heat ransfer by convection through transfer number, 8, Grashof

nurmber, Gr, and fow Beynolds number, Ra,. Three constants in the

midef are determined by secking to minimize the differences with the

experimental data- The extinction criterion that emerges from the data

analysis is expressed i terms of smoldedng Reynolds number. The

shape of the smoldering front is shown to be related to the stoichio-

metrnc ratio that vanes from biomass to char, While the predictions are

shown to be good in most cases. the lack of experimental details in

select cases is argued 35 the cause of lack of better comparison

A correlation of the smoldering Reynolds number in terms of transfer

number 8 that depends on compositional parameters, oxygen fraction
and ambient pressure is shown to predict the smoldenng rate to
within 179 as well as extinction.

Introduction

Smoldering phenomenon is observed in several applications. Incense sticks used in religious
functions and also those with supposced health benefits have been pursued in the easl for
a long time. Cigarette combustion process is another smoldening phenomenon that has
been studied because of the possibility of il being a fire risk when handled carelessly in
domestic environment (Baker 1977). Transition from smoldering to Maming when lefl on
Fabrics in silling places is the reason for serious concern. Many olher applications have been
examined by Rein (2009), who emphasized the need for a greater degree of scienlific
attention, and in their paper, Torero el al. (2020) have attempled o provide a wide-
ranging view of smoldering more generally in a packed bed mode.

Moussa, Toong. and Garris ( 1977) conducted an important early study on the smolder-
ing of colton strands (0.5-8 mm) in view of fire safety considerations. The thesis by Moussa
(1976) has provided an approximate description of the physical processes, namely, pyrolysis
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in which volatiles come off the pre-char zone and the char-oxyvgen reaction thalt maintains
the char rone at high temperature, with the latter diffusing from the surroundings The
experiments were conducted with very low densily materials (60 kg/mt’) largely in
a horizontal mode with the fuel elements spread over a fine metal mesh al different
pressures including sub-atmospheric conditions and oxypen fractions, The results showed
smoldering rates of 13-23 mm/min with surface temperature varying between 1000 K and
1200 K. They evaluate the product of Py # and o, secking greater scaling ability for the
parameler. The division by a g, (or for that matter, s/ ) would lead to a dimensionless
parameter like a Reynolds number; p.rd/u, .

Moussa, Toong, and Garms (1977) indicale clearly that the smoldering process is diffusion
limited, and yvet they present a complex surface kinelics supporied one-dimensional model 1o
predict the smoldering behavior. The Kinelic parameters have such high acipation energy
that any small change in the surface temperature causes a significant change in the smolder-
ing rate. However, the measured data of smoldering rate show a very weak dependence on
the surface temperatire, indicaling (hal the apparent aclivation energy is small,

Mukunda et al. (2007) studied the forward and reverse smoldenng of commercially
sourced incense sticks (3-10 mim) as a function of siream speed and oxygen fraction in the
stream. They also developed a dimensionless scaled moded based on a smoldering Reynolds
number to explain the behavior in forward and reverse smolder and compared the results
with the experiments. They developed the correlations using dependence on Reynolds
number and Grashof number along the lines of the well-known Ranz and Marshall
correlation (Ranz and Marshall 1952),

Yamazaki, Malsouka, and Nakamura (2018, 2019) have conducled experimental sludics
on commercal incense sticks at different oxygen mass fraclions and ambient pressures, Al
larger mass fractions of oxygen, the smoldering mode is limited to lower pressures and
below a certain pressure extinction occurs.

Lin. Chow, and Huang (2021) conducted studies on incense sticks akin 1o Mukunda el al
{2007), exploring the effects of diameter (1.5, 2.5 and 5.0 mm) and density 720, 920 and
1,100 kg/m’. The values of density appear to be nominally identified since there seems no
variation of the value across the samples used in various experiments. The fact that this can
be an issue is seen from an earlier work by Momeni et al. (2012} on the combustion of
hiomass spheres and cylinders, where they indicate a density of 600 kg/m?® in the text, bul
the values of density compuled from the data of dimensions and mass provided by them
lead to 840, 540 and 577 kg /m for different samples, Hence, it is important to evaluate the
density for individual samples to preserve the integrity of the data;, more particularly if the
details of geomeiry and mass are nol reported. They present several scaling arguments
ignoring Lhe carlier work on modeling in Mukunda el al. (2007) and have not broughi their
arguments up to the stage of predictive capability. Chirag et al (2011) studied the smalder-
mg of teak wood and cow dung and reported their experimental results,

Yanelal, (2022) have studied the smoldering of char cones made of cyvprus and elm barks
of 2-7 mm diameter and with large ash content and presented the data on the smoldering
rate, the surface lemperature, the relationship between heights of char cone and the carbon
consumption rate. The last resull has been set oul as consisleni with the gas phase diffusion
flame behavior. They have provided the delails of the composition, enabling the possibility
of comparisons with the predictions in the present study,
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Sowriraaian et al. {2023) determined the smoldering rate of a number of specifically designed
compaosilions around those deployed in incense stick manufacturing industry to uncover the
reasons [or low-probability self-extinclion of smoldering incense slicks and provide data [or
modeling the behavior as a function of the composition. This investigation ruled oul the role of
phosphoroeus compounds and silica even al reasonably larpe [ractions and homed on to the
presence of termite-infested mud. Specifically, antigorite, a compound found in termite mud,
decomposes endothermically al temperatures close Lo Lhe surface temperature of the smolder-
ing incense slick and reduces the surface lemperature Lo low values leading to extinction.

In view of the above literature, il seems importanl o recognive the facl that the
smoldering behavior is affected by the diameter, density and the composition of the
incense sticks with a factor of 2 varialion of linear smoldering rates and also with
a burn flux: Furthermore. it is also understood that the smoldenng experiments are
largely performed on the commercially available incense sticks without the knowledge
of the composition of the ingredients In the incense stick. Also, in some cases, the
nominal density values are reporled without actual densilies of the individual sticks.
On the medeling side, the earlier work in Mukunda et al. (2007) had explored largely
the forced convective effects, bul inadequately cxplored Lhe smoldering under free
convective conditions, particularly, the role of individual components.

In the present work, the smoldering experiments of incense sticks are performed
for a wide range of compositions by varying Lhe composition from 100% biomass Lo
nearly 100% charcoal and also determine their effécls on Lhe formation of the char
cone. In the modeling part, a correlation has been deduced Lo account for the effect
of incense stick composition and externally imposed variations of oxygen fraction
and pressure on the smoldering behavior. The focus of the latter effort is fo use
physics-based modeling, bringing together as much of measured data as possible,
both from earlier literature and the experiments conducted here Lo predicl the burn
flux of the incense sticks. Also, the allempt is lo obtain addilional information on the
cone height-lo-diameter ratio for the variely of compoesitions and explain the
behavior.

Present experiments and observations

The incense stick is made up of various components largely having biomass and char
in powder form. In addiion, ingredients like jigit (powdered dry bark of the Lilsea
gliutinosa tree) are used as a binder and, of course. an aromatic chemical liquid s
used (o obtain aroma from the evaporation of the chemucal. On occasion. guar gum 1s
also used as a binding agent. In some mstances, potassium nitrate is added as
a smolder rale enhancer. While these are the expected componenls in a normal
composition, il may turn oul that inorganics like sand and Lermite mud sticking to
the bark may enter into the composition inadvertently. In view of this, it was decided
to make incense sticks with known compositions containing vatious ingredients.

Experimental methods

To perform the smoldering experiments, the incense sticks were produced in-house by
obtaining the most raw ingredients, namely, biomass powder, char powder, jigit (a natural
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adhesive) and guar gum from a manufacturing industry. Furthermore, a select set of
normally smoldering incense sticks and a set thal was extinguishing after the initial
smoldering were procured. The ash fraction is the mass fraction of the material lefl afler
subjecting the sample Lo a lemperature of 650 + 20°C in a muffle furnace for 3 hours. The
ash fraction of the procured raw samples of char, biomass and jigil are 25.3%. §.6% and 4%,
respectively.

To produce the incense sticks of diameters 3-8 mmn of various composilions, the raw
materiils for Lhe select compositions were introduced into a high speed mixer and Lhe entire
mixture underwent both size reduction and intimate mixing. Then, it was mixed with about
35% waler and extruded in a handheld screw press (o gel the wel incense sticks. Afler that,
they were placed inan oven at 1007C to gel the dried incense sticks and then were allowed to
cool down to ambient temperature, before the dimensions and mass were measured. A total
of 50 different compositions were prepared, and the various fractions used in making the
incense sticks are denoted by f, for blomass (wilh jigil and/or guar gum Lreated as blomass),
f; for char, [, for moisture and fos for ash (the final residue), In a few cases, specific
ingredients like silicon dioxide were also added lo explore the effects on smoldering
behavior.

A brief segment of the full table set 1s presented in Table | to and understanding.
Compositions 1, 8, 13; 19, 20 and 27 relale to 100% biomass o 95% carbon.

The [ull set of data on the compositions appears in Appendix {Tables Al and A2)
Composilions [-3 are of biomass only. In these lables, composilions 4-7 have a 20%
introduction of char into the sample extruded al 4 range of diamelers up lo 8 mnn.
Detailed compositions vary around this value, Composition 8 has roughly equal propor-
Lions of char and biomass. Composilions 912 are produced by the deliberate introduction
of fine silica sand in different proportions from 5% to 20% into largely char; the small
amount of biomass from Jigil 15 used as a binding agenl, The varying silica fractions gel
reflected in a much larger fraction of ash in these cases. Composilions 12-20 are produced
around 80-95% char. Composition 21, termed GGG, is the sample incense stick from Lhe
industry. Samples 22-24 were made by introducing 16% jigit and 18% guar pum in biomass.
Compositions 25-27 are the same as in the study (Sowriraajan et al. 2023}, and these
contain sand at 17% and 31% of the solids and ternute mud al 29% of the solids.

Table A2 conlains composilions 28-33 that are similar 10 those produced in the industry
and composilions 34-37 Lhal are from an earlier work (Mukunda et al 2007). Among all
these compositions, only composition 27 conlaining lermite mud extinguished.

Tabie 1. Composition and basic datz of incense sticks and measured smoldering data and calculated
parameters for the correlation on smoldering rate, Yo, =0232, ambient pressure, pp,=295 kPg,
B = blomass, C= char, ga-M =guar gum, rat=ratlo of CO to L0,

A d 4 ol
No. Type Ty [ Iy finki [ kg/m® mm  mmimin g/m’s  hjd
1 100 B.1 oFsl a 0og: 0s7 0325 i 28 in 415 1.38
B 558, 45C oo [} K] alm 0064 0336 B85 iz 300 443 1.72
g 205002-C Qo35 05 0036 0rn 0530 ] Liwr 220 n.z 1.2
13 BoC, X8 0.158 Q628 (i i) AL LT 730 &' 250 el ]
12 ao0C, 108 oo 0708 0041 LR | oz 135 L 297 4.9 1.80
20 L 0039 orar Qg N 0rsh 735 6z 305 Ii7a 405
7 C-3-TeM 0F72 013 o3y 0266 0305 BOO ES Lxt Ext
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In these tables, a quaniity, namely, effective fraction undergoing smoldering. fur, 15
introduced. 11 is the sum of char fraction and a parl lefl behind as char after the volatiles
are released from the biomass. Experiments performed here by introducing with bambuoo
stick and biomass separately inlo a coarse sand bed kept at 300°C and 330°C showed values
of 26.5% and 28 for bamboo and 32% and 36.7% for wood powder oblained from (he
mndustry. It should be noted that the wood powder has $-9% ash. In view of these fealures,
a mean value of 30% has been chosen as the value for biomass conversion Lo char.
Therefore, the effective fraction undergoing smoldering is sel oul as

Sogr = fe +0.3f (1)

In the above eguation, f; and f, are the [ractions of char and biomass. The reason for
invoking fir 15 that the material that undergoes smoldering is inferred o be char that is left
behind after pyrolysis is described in section 2.2,

Urnee the sticks of required composition are prepared, markings are made on the sticks at
a distance of 3 mm for a length of about 8-10 cm, mounted vertically and Iit at the top as
shown m Figure 1, the stick 1s allowed to smolder for aboul 25-30 mm Lo reach steady
smoldering and then the time required for the smoldering front 1o reach cach marking was
recorded from which the smoldering rate was delermined. Fach experiments were repealed
three times to check Lthe repealability. In seledd experiments, condensed phase lemperalure—

Figure 1. Photograph of a smoldering incense stick with volatiles issuing from all-arcund below the red
hot zone.
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Lime curve is obtained m order to extract the mformation on the heat drawn into the solid
during smoldering. For this purpose, K-type lhermocouples of 100 micron bead diameter
were introduced into 0.3 men holes drilled across the diameter al two locations 5 mm apart
and in few samples three thermocouples are used, each placed 5 mm apart. The spacing was
chosen s0 (hat the entire thermal profile that may be aboul 58 mm deep inside the solid
would be extracted after the steady smoldering was achieved.

Experimental results

Flgure | shows the photograph of a smoldering incense stick. When this photograph is carefully
nbserved, it becomes evident that the volatiles are issuing oul of the stick distinctly below the hot
smoldering zone (by about a few mm). The reason for this 1s inferred as follows. It is first
recognized thal the surface lemperature of the smoldering zone is about 1000 K from references
(Lin, Chow, and Huang 2021; Moussa 197%; Moussa, Toong. and Garris 1977; Yamazaki,
Matsouka, and Nakamura 2018) as well as from the data oblained in the present study. Under
steady smoldering conditions, conduction into the solid mainiains temperature profile described
m Yamaraki, Matsoula, and Nakamura (2018} and alse set out later in this paper. The pmfile
transitions through 650 K. which 15 the range of temperatures {or the release of moisture,
aromatic components and the products of degradation from biomass (see for instance
Mukunda 2011}, Therefore, whal undergoes fud—oxidan reaction is limiled Lo the char segment
of the incense material. There s another collaleral evidence i favor of the above inference
Studies on biomass sphere combustion (Varunkumar, Rajan and Mukunda 2011) have shown
that the transition from hiomass to char takes place beginning from 600 X with flaming around
the sphere and the smoldening of char begins at around 1000 K and continues till complete
conversion. In the case of incense sticks, the surface attains 1000 K almost immediately and
mainiains al thal because e volatiles escape frome e side withou! Ravieg Lo po rough the fiol
fayer (i i eets processed by the hol surface, one can no longer get e aromatic smelling volatlles),

Therelore, smoeldering ocours with the char in the presence of mert fraction of the
incense stick. The magnitude of char from biomass under oxidative degradation is about
28-32%. In the present study itis taken as 30%. Thus, the material that undergoes oxidative
pyrolysis { pyrolysis that occurs in the presence of oxygen as opposed to pyrolysis that occurs
in the complete exclusion of oxidizer) is laken Lo be the sum of 30% of the biomass content
of the incense stick and char exduding the inerts.

The dala from cxpenments al our laboratory and those extracted from carier work (Lin,
Chow, and Huang 2021; Moussa 1976; Yamazaki, Matsouka, and Nakamura 2018) are set oul as
follows:

o Tables Al and A2 present the composilions in twenty seven and six of the experiments
covering Lthe most imporlan! features.

o Tables A3 and A4 contain the calculaled parameters for the compositions set oul in
Tables Al and A2

» Table A5 contains the data extracted from the experiments of Yamazaki. Matsouka,
and Nakamura (2018). Since Lhe data are extensive, only a [ew of the dataare sel oul.

# Table A6 contains the seledl data from Moussa (19748,

e Table A7 conlains the selecl data from Lin, Chow, and Huang (2021)

# Table A% contains the select data from Yan et al. (2022},
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Apart [rom the details of the compositions as discussed earlier. these lables also present
Lhe dala on the measured values of diameter, density, and the smoldering rate; the mass lux
calculated as the product of dénsity and smoldering rale; and the ratio of the height of the
cone Lo the diameter. I we observe the data of Table Al, the ollowing inferences ¢an be
drawn: a) with the increase in the diameter of the sample, the smoldering rate reduces (see
samples 13, 14 and 15), which is inline with the observations of Lin, Chow, and Huang
(2021); b) with the increase in the percentage of inert in the incense, both smoldering and
height of the char cone reduce (see samples 9-12), and ¢) height of the char cone 18 higher
for the samples made with char than the samples made with 100% biomass.

I order to oblain a broad idea of the range of parameters involved, the data are sel outin
Figure 2. The practical range of p, is aboul 600-1100 kg fm?*, stick diameters, 1.5-3.5 mm,
the mass flux, 20-50 g/m’s (deduced using the measured smoldering rate 7). and the
smolder Revnolds number, 5-20. Experiments made al owr laboratory and those of other
researchers have covered a wider range. For instance, one extreme is that used in the
experiments of Moussa, Toong, and Garris (1977) with the density of cotton at 60 kg /.

Figure 3 shows the plot of the surface temperature with time for 80% biomass and 80%
char cases. The temperature profiles show indication fo a traveling thermal front, similar 1o
Lthat set oul by Yamazaki, Matsouka, and Nakamura (2018). The lemperature profiles look
similar, albeit with a lime shifl; this time shifl related to the arrival of the smoldering front at
these locations. The fact that the speed of propagation is 3.1 mien /mmin implies that the time
laken Lo-arrive is (3/3.1) = 60=97 s, If we examine Lhe rising lemperature profile (T1), i
takes 250 s (from 20 s to 270 s in the case of §0% char, T1). It must be recognized that this
lime is composed of transient conduction and a uniform propagation of the smoldering
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Figure 2. A composite plot of the range of parameters. The absdssa In the plots Is the smoulder rate, T,
Top left s the density of the sticks, top right s the dlameter of the sticks, bottom left Is the smoulder mass
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fronl. Since the propagation time is 97 5 the transieni conduction time, {18 153 £ (250
97). The transient conduction time in this case is represented by £ —a, /7. This will provide
an estimate of a7 — 153 % (3.1/60)" = 0.41 mm?/s. This can be taken to be an approx-
imate value of the thermal diffusivity under the aciual conditions of smoldering. Data from
several experiments can be pul Logether on the same coordinate system if we recognize that
the temperature profile has translational invariance. Shifting the origins bring logether the
plots as set out in the lefi-hand side of Figure 4. An important poinl to notice is that the
temperalure profile shows constancy al Lthe peak lemperalure over some dislance of up lo 5
mnt, This zone is covered by ash. Consequently, it can be inferred that radiation loss is
msignificanl and the loose ash layer acls as a thermal blankel. The lower pari of the
temperature profile (up lo say 650 K) can be understood to be dominated by conduction.
The =olution to the thermal conduction problem below the surface can be wrilten as

(T, — T)/(T — T) = exp(—Fy/a) @)

where y=0 refers Lo he surface and ¥ — oo refers o ambient condition. The surface is
regressing at a rate £ Thus, v.can be replaced by 7. We can express the relationship as

(T, —To)/(T, = T)] ='t/a (3)

The right-hand side of the plot in Figure 4 shows the data of one composition discussed also
in Figure 3 of In|[(T, — Tp)/(T, — T)| with time. (. The slope of the curve in the conduction
zone is0.0125s~ ', With # = 0,053 mm/s, we get @ as 0.22 mm?*/s. While the previous value of
0.4 mm?/s was a simple minded estimale, the presently obtained value is a justifiable value
for a, the thermal diffusivity.
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Figure 4, Surface temperature with distance for several compasitions with diamatars 4.55 8,60 and 8.80
mm smoldering at 3.15 L 0.05 mm /N and the experiment of Yamazaki, Matsouka, and Nakamura
(2018) smoidering at 4.73 mm/min with wood powder strand of 2 mm diameter (left} and scaled
dimensioniess surface temperature with tme emphasizing the conduction zone {right].

With the daia presented above, one should be able 1o construct a physically meaningful
model for the smoldering of the incense sticks,

The baslc model for smoldering

Figure 5 shows the evalution of the model from the physical behavior of the smoldering stick.
The reaction region that has usually a conical shape is shallow (i1/d small) for iomass, buf high
(h /el large) for char. Oxidizer (oxvgen i oxygen + nilrogen mixiure) diffuses onto the surface
and exothermic reaclion occurs. It is about 1.5 mm in size. In cases where the ash layer
continues 1o stay over the smoldering front, the ash layer ilself forms an insulation and provides
for an adiabatic condition. If the ash layer drops ofl the temperature drops beyond thal The
reaction surface is immediately covered by the ash layer and helps maintain the measured
surface temperature, This behavior is also seen in Yamazaki, Matsouka; and Nakamura (2018).
The conceplual setting for the mathematical model 15 set out in Figure 5(c). Below the thin
reaction zone lies the char which is 57 mm thick. Through (his zone, the lemperature drops 1o
near ambient lemperature of 300 K. In this xone, the biomass degrades to char and the aromatic
compounds volatilize and are transported by free conveclion as smoke.

The overall energy balance can, therefore, be put down as a heat balance equation at the
surface of the smoldering front. assuming it to be thin as

i-a (1)
where g, is the heat flux into the raw stick, §; is the heat flux generated by the surface
oxidation process, and there is no heat loss term n the equation because of near adiabatic
temperature variation beyvond the reaction zone. A loose char layer getting settled above the
smolder [ront is the primary reason. This creales adiabaticity. Furthermore, even Il the
larger-ash layer gets dropped, the formation of ash immedialely after oxidation nintains
a reduced radiation environmeni for heal loss (section 62 in Varunkumar, Rajan, and
Mukunda 2013).
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Incerse
stlek

Figure 5. Evolution of the model: (a) smoldering incense stick, {b) cross sectlon showing the princlpal
zones and (g} elements of the model related to the smoldering behaviar.

Heat absorption
In this simple model, the condensed heat absorption is expressed as

i, = pyicy (T —Ty) (3)

The value of density, p,, is the one measured for the fuel sample. Value of ¢y which is
a function of temperalure is reported by Duponl el al. {2014) for a number of specics. The
values vary from 1.3 K/ /kgK to 1.8 &1 /kgK over a lemperalure range up lo 350 K with an
increasing (rend. In view of the fact that the temperature range is much higher. a single
mean value of 1.5 kJ /kgK over the temperature range is chosen. This value is also consistent
wilh that indicated in Ragland. Aerts, and Baker (1991).

Surface heat release

The hieal lux generated duc to I]1n surface reaction beiween oxvgen Lhat is diffusing onlo the
surface of the char. The Mux, ‘h* is taken to be proportional to the heal generated at the
surface and the mass flux of the oxidizer due 1o free convection, which 1s always part of the
process and by forced convection when there is flow of the oxidant (air or oxygen-nitrogen
mixtures as in some experimental studies). This is sel oul as

oo @Y M dY
e Cdly/d)

Following the ideas described in Muku.nda el al. (2007), this can be recasl as

Hi

4, ~— DpYuf (Gr.Res) M

(6)
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where f(Gr, Re,) represents the Nussell number as a function of Grashol number for
natural convedtion and Oow Reynolds number for lorced convection. Both these numbers
have the usual definition as ollows:

i\ g3
T E“‘ T Tﬂfl 'rild Eﬂ.d Rﬂh ) ﬁ EE.}
(kg /P u
The function f(Gr, Re,) is taken as
[(Gr Re,) = Cy(1 + GG (1 + CiRel/?) (9)

The choice of the above expression for convective elfects is similar to Lhe ideas of Ranz and
Marshall (1952) and those adopted in Mukunda et al. (2007). The expression for §, becomes

i I—j‘ DY o (l + (:1{:H-”) (1 + CaRe} 1) (10)

The constants Cp, €y and € turn out to be 1, 1 and 0.1 {more discussion en this aspedt is
done: in section 4). Now, the method of determining H, is discussed. This needs the
determination of the oxidation of char that leads 1o a combination of CO and CO; as the
gaseous products. The COMCO; ratio affects heal release, since the heat release with CO4 s
3.5 times that with CO as the producl. Several earlier studies on the dependence of CO/CO,
ratio on temperature and pressure exist, Liv and He (2015) have sel oul their resull as

where ppe 1s the partial pressure of axygen in alm. The value 3065 K is the activation
temperature. Pelerson and Brown (2020) bave indicated that at temperatures of 5000 1o
566, chemical kinetics 1s sufliciently fast and hence the rate is determined by the external
mass {ransfor rale. The activation temperature deduced by them for pyrolysis rale shows
a strong dependence on the material (douglas fir, pine, red vak, willow, swilch grass and
corn slover) and vares from 1000 K (o 3500 K. Mukunda el al (2007) determined the
activation lemperature using the data on incense sticks as 3000 K. In view of these
differences, the present sludy uses the following expression:

Con = Yo/ Yoo, = 0.75 cxp[—5000(1/1000 — 1 /T, )| (12)

We recognize that the heat of combustion of char to CO and CO; are 9.2 and 32.8 M /kg.
Hence; we can express the heat released al the surface depending on the ratio of CO o C0;,
o0 a8

92000+ 32.8
Hi(M] /kg) - fgw

where the right-hand side carries fr as the coefhicent because this is the char fraction that
reacts with lransporied oxygen lo cause heal release, We need (o add & term related to
energy absorption at the surface because of decomposition of ingredients like antigorite and
a-quarlz, as found in the studies of Sowriraajan et al. (2023). This leads to

9200 + 32.8
H;(M]} /kg) = .fqr‘—??_{—:m'—

{13}

—H, (14)
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where [l 1s the heat absorbed due to endothermic decomposition at temperatures near the
surface lemperature of a smoldering incense stick. I polassium pitrate (KNOy) isadded 1o
the composilion as is a practice wilth some manufacturers, it will resull in additional
exothermic reaction with charcoal. In this case Hy will be negative,

The transfer number, B, and the stoichiometric ratio of oxidation are defined by

HY
i e (15)
ﬂp_fl;f, — Tn}
. Jar 32

Transfer number, B, is the ratio of hieat release to condensed phase sensible enthalpy with the heat
release provided by the exolthermic surface reaction In the present case. The stoichiometric ratio,
&, is the oxidizer-lo-fuel matio for complete combustion. The term, fr, 15 the effeciive carbon
fraction in the sample. For carbon for which fir = 1. at Y= 1, wie get 5= 2.64. For biomass with
1%-ash, & with oxvegen will be about 1.26. With air, the values will be 1/0.232 = 4.3 times these
values Thus, the range of values for 51s larpe. 11 turns oul thal the stoichiometric ratio aflects the
ratio of height of smolder zone to the stick diameter as will be brought oul in seclion &

The measured values of T, in the experiments by Moussa, Toong, and Garris (1977) and
those made here (discussed below) show that with quiescent air, T, is 1000 + 50 K. Fven in
the case of packed bed of gasification of biomass or pellets, the measured sirface temperalure
at low superficial veloatics of around 0.03—0.04 m /s T, is around this value. With the use of
oxyeen, Yamazaks, Matsouka, and Nakamura (2018) have measured values of 1200 K [or pure
oxypen and inlermediate values for lower fraclions of oxygen in the smoldering regime. The
dala set oul in references (Moussa 1976; Moussa, Toong, and Garris 1977; Yamazaka el al.
2019 Yamazaki, Matsouks; and Nakamura 2018; Yan ¢ al 2022) have been condensed into
a functional fit as below, While the general feature is that, wilh air, most biomass show the
measured surface temperature as 1030 + 50 K and with oxygen fractions of Y., =06, the
measured values increase up o 1500 K, it was considered appropriate 1o relate il o oxygen
fraction. ambicenl pressure that influences Lhe availability of oxyeen reacling with the char on
the surface and the moisiure and ash fractions of the incense stick as follows:

T, — 680 + 930Y, + 250(p, /101)"5 — 300(f + fush) (17)

The choice of the constants has been made to reduce the deviation from known exper:-
mental dats, and Figure 6 shows the calculated resull from the above expression with the
measured surface temperature. As can be noted, the scatter in Lhe dataal around 1000-10630
K is significanl, even allowing for Lhe accuracies in lemperatures sel al £3%.

In order to further examine if the kinelic process is alfecting the surface réaction, the
dependence of the surface lemperature on f and pr 1s sel out in Figure 7.

It can be noted that the relationship of T, with p, 7 is superior lo that with 7. The larger
smoldening rates (130170 g,l’mzs] and surface temperature (1240-1340 K) are with higher
fractions of oxyvgen, and surcly in these cases diffusion rates can be considered controlling as
the reaclion rales are understood to be high. The spread of the data poinls around the
smoldering rates in air around 1050 K implies that the factor other than kinetic process and
in these cases, diffusion is indeed the controlling feature.
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Equations for smoldering rate

We can now sel oul the eguations needed for calculating the smoldering rate,

i (T, — Ty) -Ié-‘ DpYoeGy (1 + C.‘Gr”“] (18)
We define similar to that in Mukunda et al. (2007),
Re, = poid/u, (19)

We nole thal we can take Pyap — p, the equivalent of unity Schondl number (S¢ — 1).
With the definition of B as in Equation 15, we get
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Re, — BY Co(1 + G GFTY) (20)

The above relationship has constant Cp and €. Data of compositions 1-27 in Table Al were
used to seck the best fil for the constants €, and €. Several ways of expressing the
relationship thal has wider fit of the data were explored. 1t was (inally inferred that the fit
would be best with C = C; = | and, therefore,

Re, — 9+ [BY (1 + Gr*'*) /4] (21)

Figure 8 presents a plot of the experimental data on Re; for the specifically designed 20
compositions with the correlating parameter BY (1 + Gr'/Y) /4. Data of the present experi-
menls follow the fil reasonably well. The comparison of experimental data and Lhe predic-
tions on Re, 1s also shown in Tables Al and A2, and il can be seen thal the predictions are
mndeed very good for the specfic compositions made al the laboratory and moderate for
others.

Extension to low pressure behavior

Two studies that have examined low pressure and oxygen fraction behavior are by Moussa,
Toong, and Garris (1977} and Yamazaki, Matsouka, and Nakamura (2018}, The studies on
cotten conducted by Moussa, Toong, and Garris (1977) are at a very low density (60 kg /)
and are in a horizontal configuration with the “stick or strand”™ laid on a fine metal mesh as
described in Moussa (1976). The ornentation and the metal mesh may have some contribu-
tions Lo the differences from the vertical unsupporled condition. However, il is the
smoldering process in an order-of-magnitude lower-density geometry with wider spaces
betwien thinner fuel layers that may conlribute 1o the three-dimensional stop—stari ignition
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phenomenon thal on the average appears as a slower but steady regression. Neverlheless,
their dala are considered [or comparisens with the model predictions here and also
oxamined through specifically indicative experiments. The low-pressure model prediction
strategy considered here uses, however, the data of Yamazaki, Malsouka, and Nakamura
(2018) who experimented upon biomass sticks with an identified density of 970 kg/m?, all
of 2 mm diameter al various pressures below ambient and with different oxidizer fractions.
Their data particularly for Y, al 020, 0.23 and 0.33 and various pressures below the
ambicnt value have been used lor analysis here, and some indicative dala are set oul in
Table A5 Although the actual dala sel has 37 poinls al different ¥, and p,, the table shows
the data for some select samples. The incense sticks oblained from commercial sources are
stated to be made largely of sawdust. The values chosen for fi. fiv and f, are set out in Table
A5 asalso the measured surface temperatures. Their experiments indicated that bevond Y,
ol 0.33, the smoldering sticks would transition to combuslion and this was far more
significant at higher Y.

Similar {o the above, Lhe data of Moussa (1976) drawn largely from a lable of data sel oul
m Appendix 2.1 of the thesis are set out in Table Ao, which shows 10 of the points
considered for analysis here.

Data at various Y, and p; are examined to seck a correlation for the oxidizer
fraclion and pressure cflects. Bolth Yamazaki, Malsouka, and Nakamura (2018) and
Moussa (1974) indicate thal the oxidizer mass fraction effect is much stronger than
pressure — an aspect that is brought oul from the analysis here. An imporiant point Lo
nitice 15 thal since geometry involves 3 ducl and a suction process o maintain the
pressure, il can be inferred that there could be some forced convection, The only way
of inferring this leature for the presenl study is o assume a small value of fow
velocily alongside the stick and account for the eflect of lorced conveclion In the
present correlation, In the present case, a velocity of .05 m)/s is assumed. The analysis
starting with a plol of the experimental Re, with In(101/p,) is sel oul on the left side
of Figure 9,

It is noted that the variations are linear, and the data on the lefi side of Figure 9 can be set
oul mto the followmg curve fits: While these are excellent representations for the data for
Yo =02, 0.23 and 0.33, Lthey become less and less representative lor ¥, =0.53 and 1.0,
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P _"‘1_.‘ - T e YERSOX ame 8 Yars U, eem
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Figure 9. The left part has the vanation of Re, with In( 101 /p,) and the right part has the companson of
the comalation with the experimental data of Yamazakl, Matsouka, and Nakamura [2018).
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Re; = 10 —6in(101/p,) for Yo —0.20 (22
Rey — 14 —6In(101/py) for ¥ — 023 (23)
Re, — 34 —aln(101/p,) for ¥, — 033 (24)
Re, —40 —oln(101/p,) for Y — 0.53 (25)
Re; =55 —ain(101/p,) for Y = 100 (26)

The conslants varying with Y, can be fitled inlo Re, = 55 4 28in( Yz ) to get
Rgr = 554 28in(Y,) + 6in{pg/101) (27}

By replacing the constant 55 by 9 + |[BY (1 + Gr'/*) /4] and minor algebra, the data can be
condensed into an cxpression

Re, — [0+ (BYau(1 + Gr'/Y) /4)] infe(Ya /0.23)"(pa/101)" (%)

rearranged in such a manner that al Y =023 and p, =101 kPa, Lthe carlier fil as in
Eguation 21 is obtained. If Gow Reynoelds number correction is added (with ils
consfant as (.1}, as may be required in the case of experiments of Yamazaki,
Matsouka, and Nakamwura (2018) (to be discussed below), we can finally write the
correlation as

Re, = [0+ (BY u(1 + Gr'/Y)/4)] Inle( Yo /0.23)% (py/ 101)%9][1 4 0.1Re") (29)

A comparison between the resulls of correlation on Re, and the experimental data set out on
Lthe righl side of Figure 9 shows thal for Y, =02, 0.23 and 0.33, the correlation appears
good. Deviations for Y, =1 are significant and may need a special consideration nol
thoughl imporiant here as al this condition since the smouldering stick transitions 1o
flaming largely,

After having ensured the availability of a correlation to compare well with the experi-
mental results, the results of Moussa (1976) and Yamazaki, Matsouka, and Nakamura
{2018) are sel oul in Figure 10. Il can be seen Lhal the results of Moussa (1976) are over-
predicted with a scaling Factor of 1.4. This led (o further exploration. In order to pursue the
speculation of an irregular smoldering process, experiments were made with strands and Iit
al the top, One of these experiments performed on a 25 mm diameter strand al a density of
70 kg/m” is presented in Figure 11. The first picture of smoldering bleached cotion strand
shows that il has halted just afler gnition. Being different from this, the nalural collon
strands are smoldering, but the char layer is progressing in various directions around the
arimuth and in the central repions and the behavior that is seen is strongly dependent on the
local densily — some sepments with lower than the mean and some slightly higher as
physically observed. This random arrangement cagses @ local brush moving in some
directions consuming that specific segment. followed by a wait and a sudden burst of
a smoldering hol #one clsewhere. This phenomenon is considered responsible for lower
average smoldering rate. Since most higher-density incense stick smoldering ocours
smoothly in rgw vertical direction, no further allempl is nrade o deal with the dala of
Moussa (1976},
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Figure 11. Pictures of smouldering of cotton strand, d =25 mm, g, = 70 kg/m® at different times.

Comparlson of results with those of Lin, Chow, and Huang (2021)

Lin, Chow, and Huang (2021 ) conducted experiments on incense sticks made from powders
of sage and cedar al three diameters of 1.5, 2.5 and 5.0 mm with p, =720 kg / i’ and samples
with p, =720, 920 and 1,100 ke/ m’ al d=15 mm al different stream speeds. Here, we
consider the resulls al zero speed with what they have lermed “opposed configuration”,
which is the same as in Figure |. The experimental results of the six cases and the
predictions are sel oul in Table A7, As can be noled excepl for the firsl case, other
predictions are reasonable. The issue with the data is that (he density values are sel oul as
nominal values. I1 is the experience of the present authors that in working with natural
malersals and processing them, there will be inevitable variations in size and hence the
density thal depends on Lhe square of Lhe size can vary between samples. As it appears, the
comparisons are good bul could be expecied to be beller with the availabilily of the actual
composition and density data,
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Comparison with results on char cylinders of Yan et al. (2022)

Yan el al. (2022) conducled studies on char rods from (a) a mixture of cypress powder
mixed with elm bark powder and (b) elm bark powder produced in their laboratory at
different diameters (2., 4 and 6 mm); they have provided the compositional details also. They
have measured the smolder rate, surface temperature and also the shape of the geometry
afler quenching the steadily smoldering stick. 'The shapes are assessed as height-to-diameter
ratio. These data are sel out in Table A8. With regard to the smoldering rates, except in two
cases, there is substantial difference between the resulls of experiments and the correlation.
This is perhaps relaled to the composition and density. In the experience of the present
authors, extruding materials of different diameters Lo identical densities is a very difficull
task and significant differences may be found m the density achieved in each of the samples.
Since the density has a direct impact on Re;, the comparison may improve with data on
individual cvlinders.

Cone shape of the steady smoldering front

Yan et al. (2022) have taken efforts to describe the shape of the cone of the steady
propagaling fronl of char cylinders. The shapes of the steady fronl have been pholographed
by Lin, Chow, and Huang (2021). They invoke similarity of the behavior between the
volumeiric flow rate of methane—air flame with height and the mass flow rate of the char
with height of the cone. The relationship set out by them does not provide an independent
way ol delermining the llame helght. A more effeciive simple overall analysis provided in
Mukunda (2009} indicates thal the height of the llame is proportional Lo the steichiometric
ratio. 11 would be inleresting lo explore this, To oblain more data on the role of stoichio-
melric ratio, the smoldering of several incense sticks was quenched and the cone height was
measured. Frgure 12 shows the photographs of the sticks quenched after they reached
a sieady smoldering condition.

Case1-100 8 Case—2, 1008 Case—15 80C+20B Case—-20,95C+58B
d=29mm gd=3.2 mm d=3.0mm o =62 mm
h/d=138 hid=17 hid= 387 b/ = 4.05

Figure 12. Photagraphs of the quenched smouldenng sticks from blomass to char.
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1t is clear [rom the photographs that the cones are much shallower for biomass than
for char. The values of k/d of these are set out in Table Al The values of Ii/d of Lin,
Chow. and Huang (2021) were oblained by making measuremenlts ol the pholographs
and set out in Table A7, and those reporied by Yan el al. (2022) are sel oul in Table
A8, Figure 13 shows the plot of iifd with stoichiometric ratio. The variation of most of
the data can be considered to follow a linear behavior that can be described by
ffd = §/2. The fact thal some of the data of Yan et al. (2022) fall below the line
might be indicative of the experimental procedure used lo extract lhe dala An
additional support in favor of the dependence on stoichiomelry was oblained (rom
an experiment (nol reported here) thal was conducted o explore the flow effects by
placing downward smoldering sticks in a tube with air flow coming downwards. When
the steady burn was obtained at higher speed. the value of h/d remained unaltered,
indicating that the ash laver had no influence on the formation of the cone. The rate
ol consumplion of the char allowed lhe [ormation of the cone depending on he
stoichiometry. An examination of the data presenled in Table Al shows that there is
no further dependence of h/d on o as suggested by Yan et al. (2022).

Extinction of smoldering sticks

There are two ways in which extinclion of smoldering sticks are caused: (a) composition
and (b) reduction in a combination of ambient pressure and oxygen fraction. The first one
has been uncovered asa possibility because of the inadvertent introduction of a compound
that decomposes endothermically al temperatures close to the surface temperature of
a smoldering stick. It has been determined (Sowriraajan ot al. 2023) that the presence
ol termite mud/clay conlains compound "antigorile™ as also quartz sand, causing lwo

L7}
# Present 808, 20C & Presant S0C-95C
Lurgely
5 | ¥ Present, 75-95C, 5-F0502 & Presont, 450 A0W, dia char <
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Figure 13. The varlation of the cone helght-to-dlameter ratio with the calculated stolchiometnic =i
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Table 2. Details of extinguishment of smouldering sticks: 7 at extinction 1s 1.5 £ 0.1 mm/min and Re; is 2-

4.
Pl T-|r
Ko & I . P Eap, K {auso Ret.
7 BDO 0385 03 I 800 Composiion Soiwrimajan ef al. (7033)
% 970 0352 030 =3 Lowering fy, ¥ Yamazaki, Matsooks, and Nakamurz (2088
i 4700 Q2%F 023 — 18 413 Lowsing g, Yamaraki, Matsouka, and Nakamurs (2058)
1265 60 0288 81 - 132 880 Lowering Vo Maoussa (V976)

effects — endothermic decomposition of antigorite and the naturally occurring a-quartz that
undergoes endothermic phase lransformation (o S-quartz at temperatures of 800 K or above
that. Both these draw away Lhe heat from the exothermic surface reaction. If the incense
shick has a low nominal burning rate caused by the presence of inorganic compounds (ash)
and has an inadverient introduction of additional compounds such as described here, it will
inevilably extinguish. The ¢ntire process is transienl starling with larger energy with
a flame-lit stick. Over a certain pentod of Ume that may last a few hundred seconds; there
will be-a reduction in surface temperature (brought out in Sowriraajan et al. 2023) until
a point when the smolder will extinguish.

Table 2 contains the four cases of extinction around the data discussed earlier. In the case
of reduction in ¥, or p, {as in the three cases in the lable), the system evolves s0 as o
balance the exothermic surface reaction with the heal transfer to the condensed phase at
lower smoulder speed. However, below a certain condition, the condensed phase continues
to demand heal transfer at a rate wherein the surface lemperature cannol susiain the heal
release. simply because of the reduction in the magnitude of the surface reaction. The
transient reduction in surface temperature follows the behavior as described in the earlier
case (Sowriraajan ¢l al. 2023) and hence extinction results. One can notice that the surface
temperature is aboul 800-900 K at a condition where any trigger toward reduced heat
release leads 1o extinclion. An approach 1o delermine the fundamental controlling factor
was conceived as the smoulder Reynolds number, Re,. Figure 14:shows the plot of measured
T, with He:. Il can be seen that the temperature drops toward lower Re,, and the result of
Sowriraajan et al. (2023) that corresponds to case 27 and the indications of other conditions
leading Lo éxtinction seem Lo be consistent with the expectation that the surface lemperalure
is between 800 K and 900 K and Re; is between 2 and 4, Extinclion is always a zone since
many micro-fealures coniribule to it and these vary even from sample Lo sample.

Dlscusslon and final remarks

The relationships necded to obtain the smoldering rate are set out as below, To understand
the role of various independent parameters, Equation 29 is set out 1n terms of 1 for the case,
ps =101 kPa.

fq{ e+ 030G (31

Ty = 1144+ 930( Yo — 0.23) — 300(fye + fash) (31)
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Figure 14. The plot of surface temperature vs. Re; showing the possible extinction reglon.

9.2Co + 32.8

1+ Coo e

Hy = fur

Cao = 0,75 exp|—=3000(1 /1000 — 1/7T,))| (33)

114 .
u |9 1Y% g1 = To/ T\ b
f p_j- ﬁ+£—ﬂf{i';—Tu}¢d (l—. (—Mr&f ) ) [HMLEH (34)

Figure 15 is a composite of several parameters, namely, fr. T.. Il and B that are set
oul for compuositions 1-20. The eflective fuel constituting the char is the lowest lor
the biomass and increases toward the char. Dips will be related to additional ash in
the composilion (as it happens in the case of Yan et al. 2022). The surface
temperature, T, varies around 1000-1100 K weakly dependenl on whether the
composilion 15 wholly biomass or char because it is the char that is smoldering
with ash fraction up to 17%. This is reflective of the diffusional dominance of the
smoldering process. The heal of surface reaction is dependenl on the magnitude of
the effectivie fuel and the fraction of CO o COy, The relative fraclion is 3 funclion
of lemperature. The CO/C(h ralio varies between 0.50 and 0.53 in this region.
While this also contributes 1o the evaluation of M. the stronger dependence of H;
comes from fuy. This is the reason that the vanalion of I, follows the pattern of foy.
The variation of B is the same as of 1. The expression for smoldering rate has the
inverse dependence on fuel density, an aspect Lhal need nol be aversiated, but carlier
literature does nol account for il adequately. Indeed, if {l were so, the data pre-
sentation on incense sticks would have included the mass flux, p.f, instead of r
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Figure 15. The plots of fay, T, M, and B for compositions 1-20.

alone, or perhaps the adoplion of smolder Reynolds number, Re,. which would be
most appropriate as in Mukunda et al. (2007) (Yamazaki, Matsouka, and Nakamura
{2018) just defines it),

The dependence of ron d is interesting. A segment that has a strong dependence 1 /d and
another 1/d"/* coming from the Grashof number dependence. A test of this dependence
comes from comparison with the results of Lin, Chow, and Huang (2021) with composi-
tions 28, 29 and 30, The weak comparison on composilion 28 is argued o be due Lo the
actual density of this sample departing from the nominal.

A comparison of the data from multiple sources along with the present correlation of
85 different data sets 15 presented in Figure 16. Even though the low-density data of
collon by Moussa (1976) are excluded from the plot on the basis of discussion sel oul
carlier, specific higher density dala on collon from cxperiments conducted at the
laboratory are included. Also. the dala of Yamazaki, Matsouka, and Nakamura (2018)
al Yue=053 and 1.0 are excluded, since these are considered closer to the combustion
mode. The correlation based on simple scaling principles and ensuring the consistency
wilh the experimental observations seems o compare very well with the data from
a number of sources. A part of the differences is the lack of the needed basic informa-
tion on composition and density of the incense sticks which, if resolved, would lead to
improved comparison. Finally, the correlation that includes extinction fealures is sel
oul as

9+ (BY {1+ Gr' ) /4)] Infe( Y /023 (p/101) 0] )1 + REEZHI(X)  (35)

where X — (Re, — Re) is the Heaviside slep funclion that is | for Re,> Re, and 0 for
Re, < Rey.. The value of Re, 15 taken as 3, with an understanding that the extinction region is
Rer=3 + 1. A minor aspect of the prediclions is that the shape of the smoldering surface is
related to the stoichiometric ratio - hfd = 5/2.



Flgure 16. The

i

-
W

Re,, corfn

-
=

o

COMBUSTION SCIENCE AND TECHNOLOGY (&) 23

0, W0C, Comp 13, 14
B 30D 98C, 1T-I7
A50 B0W £ 15), Comp 3
Tan,C+Lbrk, 58-18

Lif ot ), 50-52

00T _hem, M-37
Yameakl-01. E3-05
Yarrrasahi-0,33, FA:ES

W 00, J0C, Comp d- T
w Slica_sffect, Camp A
W 100 B, Campl-
Yan, Em bark, $5E1
# Linemall, 5355
& PORC-cofton, 3640
& Yamasahl-0.2, 7077
Clhuirug =t =), 47,40

.

s
o’

-

:
s
iz v

hee

Free convection

- 5

1] 10

Re, , =ipt

15

comparison  beiwesn  the resulis of

0

correfatlon  with

(Rey..comin = (9 BYu(T + Gr''*)/4)] Inje(¥a /023 (pe/101)™ |1 + REL]).

List of symbols

25

EXPErments

g

pFn.{-.m

TEee

TEPESSVERRTETEFTY

= =
=

Transfer numbar = Hy /e (T; — Tyl

Spacific heats of salld fuel and gas phase (k) /kaK)
Char cone dizmetor §m)

[ffuston osffickent of midizer (m f5)

Biomass fraction (with ioit and/or guar gum freated 35 Momass)

Char fractian

Moisture fraction

Ash fraction

Effective fuel defined in Eguation 1
Grashof mumber defined in Equation &
Char cone Bedght (m)

Heat of comibertion (MJ/&i)

Suface heat ralease (ki kg)

Thermial conduciiary of the fuel (W /mk)
Foei or oxidizer mass flow rate thy sl
Smoldering rate (mm/min

Frow Reynolds number defined on Equation 8
Smoldaring Reynolds number
Smoldeing Reynolds number at exinction
Stolchlomelr; ratio

Sirface tomperature (K

Core initial temperaturs (K)
Ciadizer fued fraciion In the amident (K)
Density of fusl (kg/m')

Thermal diffusivity of fiset (m” /8

Density of oddizs (kg /m')

Heaviside step Tunction

Aminient gas phase viscosny (kg /ms)
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Appendices

Table Al. Composition and basic data of Incense sticks and measured smoldering data, ¥, =0232,
amblent pressure, g, =95 kPa, B =blomass, C= char, ga-M = guar gum.

[ d pri

Ho. Type fi i, i [ A be  kgfm? mm tmmfmm  gfmis  hd
1 100 B.1 07s1 o 009 0y 0IEs 778 24 i3 435 138
3 B2 o07s1 0 o 0% 033 20 12 315 431 180
3 too B2 07s1 o oog? oNE  0Ims 53 10 ER [ 449 135
1 0B, 200 07S) 008} OO0B3 O00EF 0309 443 59 133 746 152
5 &08 20f 0747 0O83 0083 008 O30 480 77 165 718 155
i 0B, 20 0688 0172 0051 0091 Q377 530 BT 50 221

T &0 200 nede 0172 0047 0092 G379 655 45 315 344

B 558,45C 07100 0123 0403 0064 0336 885 iz 300 443 172
i 507 po3s 0sHN 0DW BFA 0530 64 67 p | Ny I
10 15SI02-C 0036 0571 0041 0245 0581 953 &0 120 349 340
11 0807 003e 0417 DDd4d 023 OEE a1 44 148 338 3E
12 055I02-C 0037 0667 0045 024 067 760 &0 75 348 EX ]
13 00 20B 058 0ATE  ODAG  O4TE 067G 730 B5 50 304

14 gOC 0B 0156 0636 0D D174 0673 786 15 ER 406

15 00 20B 0058 0431 0D4T 04TD OB m 10 53 Grs 387
16 BOC 20B 0158 0631 0041 0170 0678 735 40 4.00 490 EX 7]
7 00 20B 0058 0431 0D4T 04TD OB 71z 63 ER ] 368 408
18 85C 158 0118 0666 006 0070 Q701 681 69 ] 325 365
19 900 TOR oOvR 0708 oDd1 047 o732 7 iy a7 359 3D
0 a5C, S8 G039 074y 004 OIF1 07w 735 62 305 374 405
F i G 0446 0365 0067 0477 0499 900 31 160 5410

pr Gl6aM 04100 0410 0037 0S4 0533 filiE B 120 245

A G-7-GaM 0398 039 0o66 o436 4S9 50 &6 1.60 217

4 GiGaM 0376 0377 094 0133 o489 900 BS 150 215

bL C-1Sand 0324 0247 0038 0IS00 0365 654 BT 1.9 718

I C-z%and 03% 0211 0038 0287 0.288 n7 BE 1.83 219

ol C3TaM 0770 023 0037 0266 0305 00 &5 Ext Exi

Table A2. Composition and basic data of Incense sticks and measured smoldering data, ¥ =0232,
amblant pressure, p, =% kPa, B=blomass, C=char, cot=cotton, a-1, b-1, 1 and d-1 =data from
Mukunda et al. (20071

Dy d 5 o
No, rﬂﬂ Ty fe 15 T Tj.p Ml'im! mm mm‘.lm gfm's
28 4 0845 Qoo 0044 @106 0255 (=1 B3 23 1o
L} 5 0116 0857 0350 o7e 0632 o a.e 22 82
an (e 0438 0359 0044 159 0490 67 BE 25 Frf)
ER &7 nara 0319 0350 (1§57 0463 G657 ar 22 24
2 e 0665 0166 0053 @G 0366 591 ar 1.9 188
33 Ly 0264 0500 0355 T 0530 TG ar 26 306
34 a1 0446 0365 0067 a2z 0499 1150 15 24 460
35 b-1 0446 0.365 0067 .13z 0499 1100 16 26 474
36 1 0446 0345 0067 122 047 %00 7.0 14 4.1
37 d-1 0446 0.365 0067 .13z 0499 B0 oo 18 135
33 Cot-1 0960 o.oon 0.0 [z} 0788 87 .5 143 MIE
39 Cot-2 0.960 .00 004 002 0288 147 ] a7 138
4 Cot-3 0.960 o.oon 0.4 [iliz] 0238 20 12 70 258
a1 Cot-4 0.960 .00 004 002 0288 0 ES &1 63
¥ Cot-5 0.960 o.oon 0.4 [iliz] 0238 129 13 67 365

43 Cot-6 0960 0.000 00 oo 0288 401 5 42 B
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Table A3. The calculated parameters Tor the model on smoldering rate and comparison, expt =expert
ment, corn = comelation, At =kt of £O 10-00,.

Ti H, e, ey ETny
Ko Type fa g K B Mg g &6 bt o %
1 10081 0375 i 1069 054 55 1.1 584 185 108 5
1 1008, 2 0225 16 T06% 054 55 11 £30 113 0.7 5
3 10083 0375 *h 1069 054 55 1.1 545 1.1 108 5
4 208,700 0309 15 1094 046 77 15 0o 121 128 i
5 808,200 0357 15 1093 040 73 135 122 14.7 134 = 3
[ 208,200 0377 43 11m 47 95 E: 133 6.0 155 <5
7 B0E 200 0379 44 1098 048 a5 14 Az 129 124 5
8 s58.45( 0:336 15 1088 048 77 15 i3 18 nz <5
] H5I02-C 050 &l 1063 056 129 1] 103 163 166 5
m 155107-C 0581 a7 1065 055 141 EE: 11 175 171 <5
1" 105100 -C 028 72 158 055 3 EX| 108 167 170 5
12 QESI0R-C (678 18 To6% 0S4 16.6 13 0o 173 7.7 <5
13 80 200 0676 T8 1080 o5 167 13 131 15 it 5
4 goC 208 0673 17 L[ S 1606 i3 a1 152 16.1 i
15 80 200 0a78 T8 1oE0 o5 168 13 &0 155 147 = 3
16 #oC 208 Q678 78 loBD @52 168 i3 74 161 159 <5
ir BOC 208 0f78 B joAD o5 168 13 104 16z 184 5
8 goC 208 0701 &1 L[ S 173 34 mn1 185 185 <5
1% 80 200 0732 LT 1oE0 oS 1A 16 1] 197 185 5
0 goC 208 07e &7 loBD @52 185 17 3 192 190 <5
2 (£ 0,499 57 a8y {50 124 14 611 139 133 5
v} G 1M 0583 61 loec oS0 133 26 N 176 182 <5
b | G2GaM 0519 &0 18y oS5t 128 15 131 163 174 +1
p ) G-3GxM 0439 5.6 L[ R 120 4 130 159 174 +10
I -1 -Sand 0365 £3 58 057 BAE 148 113 158 154 5
6 C-2-5and 0.288 i3 148 OG0 6.9 14 134 6.0 141 -12
by} C3TeM 035 i3 Fxt [£1] (i} o 134 Fxi i

Table A4, The calculated parameters for the model on smoldenng rate and comparison, expt = exper-
ment, cofin = comelation, mt=ratie of CO to ED;, a1, b-1, -1 and d-1 = Mukunda et al. [2007).

T, H, Re, Erro
Mo, Type i 5 K Rat  Mijkg B &' Bt AeCordn %
. Ca 0255 29 1099 148 B 13 134 168 134 -0
28 [ il EQ 1076 53 170 4 135 B 213 <5
B C6 450 55 1083 .51 123 24 134 202 175 —13
ER] .7 04563 53 1083 o5 1.5 23 123 75 171 <5
32 CE 0366 4.7 1074 4% a3 18 134 137 153 12
33 (] 0580 &F 1040 53 143 IR 1323 b i J 132 -14
34 -1 0450 57 1087 .50 124 24 68 134 137 <5
Bl b1 0499 b 1087 fukla] 124 14 L% 134 138 <5
£ ] 0450 57 1087 .50 124 24 1.4 6.4 165 <3
3 -1 0499 b 1087 fukla] 124 14 4.5 194 186 —%
38 Cot-1 R60 33 1126 143 713 14 112 1.8 133 +12
3% Cot-2 0850 i3 1126 043 74 1.4 1.4 138 133 <5
A0 Col-3 0560 313 126 143 713 14 1.7 156 134 —14
4 Cot4 0850 i3 1126 043 74 1.4 8 T r +53
42 Coi-5 0560 313 126 143 713 14 G5 1000 116 415
43 Col& 0860 33 1126 043 74 1.4 0% 153 1340 -5
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Table AS. Compositlon and perfermance of Incense sticks of Yamazakl, Matsouka, and Nakamura (2018)
at different amblent pressures and oxygen fractions, d=2 mm, p; =970 kg/m’, f, =084, f,, =0.05 and
fmn=10.11, stream speed = 0.05 m /s, Rz, = 8.3

Pa F I e, Re, Ermor
Ko, |7 Yo g 5 Fi) mm i Exp K Em Corin 4
63 0353 0.0 151 3az 1.1 in 1072 &4 B34 <5
631 1¥a7) 030 0 33z 1.1 261 Q80 10 fifi <5
4 0352 020 50 3az 1.1 231 657 [ 503 =i}
69 1¥a7) 030 E0 EEL] 1.1 153 il 158 -13
mn 0353 [k} 05 250 12 172 127 133 <5
71 1¥a7) 0 il 290 1.2 173 1095 128 124 <5
i3 0353 [k} A0 250 12 103 1060 104 107 <5
A 1¥a7) 0 400 290 1.2 10m 1062 3 &3 <5
i 0352 033 300 250 12 263 1044 71 &6 ik
& 1¥a7) 0 0 290 1.2 4z 1002 5 15 —16
i 0353 [k} 00 250 12 14 G55 47 43 -8
w 1¥a7) 0 180 290 1.2 1.78 13 18 16 25
8 0353 VL] a5 202 1.7 840 FER M3 <5
70 1¥a7) 032 il 2102 1.7 245 18 A <5
Bo 0253 VL] 00 202 1.7 ) n6 218 6

Table A&, Composition and performance of cotton strands of Moussa (1976) at differant ambient
pressures and oxygen fractions, d= 8.6 mm, p; =60 kg}m’, e =096, T, =004 and {m= 002

Bs ! T Fe He
Nao, fu Y Pa ] 8 I T bap, K Lap, A Rz, Corin
1o ] 07es on m 163 13 %] ey s ia R
1m 0788 nar 100 187 15 143 1158 102 187
102 0788 o 0z 128 14 7.4 1122 17 15
1o 0,288 015 188 LN L] a5 73 50 1128 52 55
m 0788 073 0z 128 14 127 % 128 a1 143
112 0,288 o2 188 170 12 123 85 1170 =5} 135
120 azes 073 245. 178 132 180 1180 1249 134
13 0788 o 129 4346 13 09 1193 49 71
122 0788 030 115. i8] 12 99 1106 73 03
126 03288 {1 [ 132 i/ 12 Ext B80 1105 Fxt Fxt

Table A7. Composition and performance of Incense stides of Lin, Chow, and Huang (2021) at different
amblent pressures and oxygen fractlons, g, =101 kPa, py =970 kg/m?, fu =086 (50-52} and 0.84 (53-
55), fy=0.05 and f» =0.11.

d o f [ fie Frror
Ko fa mm in/m? 5 B mm/min hjd Exp Cordn %
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Table A8, Composition and performance of char cones at different diameters of Yan et al (2022),

d P ¥ Ray ke Error
Mo, feit [ hgli' m* 3 B mam S hid Exp Corin 3
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