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ARTICLE INFO ABSTRACT

Keywords: Studies have been conducted on the mass burn rate of spheres with six different species of 10, 15, and 20 mm
Burn rate diameter, with some species at various initial temperatures namely, 300, 373, 393 and 423 K (that are below
Biomass pyrolysis conditions) to examine the possibility of determining the heat of pyrolysis and so the transfer number,
Modelling B for biomass species. Ficus, Pine, Acacia, Ivory, Tamarind, and Balsa with density variation from 250 to
Initial femperature effect 950 kg/m’ and at moisture fractions of 0 to 0.12, with four of them at different initial temperatures were
Heat of pyrolysis

experimentally studied to help determine the constants in a burn rate correlation developed using scaling
laws. In respect of the initial temperature effect, the increase in the mass burn rate is up to 25% and in
respect of increase in moisture fraction, the mass burn rate decrease is by a maximum of 25%. The data of
more than 90 experiments are used in a model based on scaling laws to extract the heat of pyrolysis and
so, the transfer number, B and match the mass burn rate data. The key parameter affecting B is the heat of
pyrolysis (or phase change) that is taken to be different for different species. Experiments and analysis lead
to the determination of both H ,, the parameter connected to the heat of pyrolysis and B. Most species show
endothermic values of the heat of pyrolysis and the value of B varies from 0.8 to 1.8 over the biomass tested
and the burn rate predictions from the model compare with experiments to within a mean square error of 5%.
A procedure for determining the transfer number for any given biomass has been presented.

Transfer number

1. Introduction and track the product distribution. The condensed phase processes

are similar. Heat absorption by conduction to a temperature at which

Three motivations have led to the extensive study of thermo-
chemical conversion of biomass. When used as a source of energy,
the design of the gasification or combustion system requires an un-
derstanding the burn behaviour as influenced by its density, shape,
size and moisture effects (Ragland and Aerts [1], Huff [2]). When
used as an infrastructure in buildings, the interest is to see how to
avoid unintended fires or minimize the ill-effect due to one of the
parameters as above, noting that there is no control on the choice since
they are already fixed in the infrastructure (Friquin [3]). The third
motivation is to study product distribution in pyrolytic conditions to
enable obtain biochar of a desired specification (Maa and Baille [4];
Pyle and Zaror [5]; de Blasi [6]). In the first one, enhancement of
combustion is achieved through the use of forced convection of air.
In the second one, estimates have to be made of the heat transfer
by radiation from adjoining fires or heated surfaces and the heat
release of reacting pyrolysed solid material with air induced by free
convection. In the third one, detailed chemical and structural analysis
are performed on relatively small samples using radiant heat flux
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condition pyrolysis becomes significant is a key feature. The heating
rates are large in the case of combustion process. The heating rates
in the case of fires vary from small to large and simulation of this is
performed through the use of radiant sources like in a cone calorimeter.
In the third case, the radiation flux is set as a part of the experiment.
Studies on the fundamentals of the process — combustion or fire —
have been made for over six decades. In understanding and modelling
of all the thermochemical conversion processes, Spalding’s transfer
number, B which is the ratio of the gas phase enthalpy difference to
that in the condensed phase is an important parameter identified with
individual liquid fuels. In books on combustion (see for instance, p.
262+, Glassman [7]), B is invoked in all phase transition problems.
However, literature is largely silent on the value of B for biomass fuels
even though the variation in the thermal properties is wide. The aim
of the present work is to examine the issue and evolve a procedure to
determine the transfer number specific to a biomass fuel and in doing
so, determine its value for a select group of six fuels.
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2. Earlier work

Experiments on the burn behaviour of wood of cubical and rect-
angular geometries have been made by some researchers. Bartlett
et al. [8] in their review of the burning behaviour of wood have
described all the phases of the combustion process and have provided
the data from earlier work. Observations on the burn rate effects of
density and moisture from the data suggest a possible overlap, a feature
remedied by Friquin [3] as he brought out the density effects on char-
ring rates under irradiated conditions. Tinney [9], Capart et al. [10],
de Ris et al. [11] have examined pyrolysis and combustion behaviour
of cylinders of wood at ambient and higher pressures with and without
flow of nitrogen or depending on whether pyrolysis or combustion is
to be simulated. Maa and Bailie [4] have conducted a modelling study
delineating the regimes of diffusion dominated and reaction dominated
behaviour. Increase in sample radius beyond 30 mm is stated to be
diffusion controlled and less than 1 mm reaction controlled. The in-
termediate regime is covered by the combined role of both chemical
kinetics and diffusion. Lu et al. [12,13] have presented a study of the
combustion of single particles.

Blackshear and Murty [14] performed experiments on cylindrical
cellulosic samples and measured the mass loss and temperatures of
samples at various radii. The measured temperature time histories with
the DTA values were interpreted to infer that the decomposition of the
samples takes place endothermically at temperatures of 573-673 K and
exothermically above 773 K. Also, they have tried to extract the mass
transfer number B for the solid fuel by deploying the method similar
to that for methanol fuel and inferred its value as 1.5. Orloff and de
Ris [15] also remark that the transfer number of biomass as 1.5 without
any qualifying observations. The transfer number is defined as follows:

ep(Ty =T,

B= ——M*"—— (€D)]
[Hp + Cpf(Tv - Tini)]

where c,, is the gas phase specific heat, 7, and T, are the flame (or
gas phase) and surface temperatures, H, is the heat of pyrolysis, ¢,/
is the specific heat of the fuel and T;,; is the initial fuel temperature.
Just as for liquid fuels where these properties depend on the specific
fuel, it should be expected that these values should depend on the
specific biomass and the value of B = 1.5 can at best be treated as
an indicative value. Two key parameters, c,, and H, that affect B
have been explored in the literature. Ragland and Aertis [1] have
presented the broad parameters for several thermal properties based
on earlier data. Specific heat increases with initial temperature and
moisture content with values varying from 1.3 to about 2 kJ/kg K. More
recent studies by DuPont et al. [16] have shown that the specific heat
is nearly the same for more than 20 species that they studied and hence
confirmed the conclusions of Ragland and Aertis [1]. Also, Radmanivic
et al. [17] have presented a review indicating similar results over a
different range of biomass.

In so far as heat of pyrolysis is concerned, there has been much
debate in the literature. Roberts [18,19] has indicated the issues related
to H,. A discussion on the paper (Roberts [18]) by Kanury Murty
keeps the matter related to exothermicity or otherwise of the pyrolysis
process unsettled. Later, Milosavljevic et al. [20] have summarized
the values of H, by different researchers over a time and the range
of values is from —2100 kJ/kg to +2500 kJ/kg on the basis of mass
of volatiles, the negative sign representing exothermicity. The results
from several researchers have been re-examined by others providing
qualitatively different values for the heat of pyrolysis. For instance, the
reported values of Roberts and Clough [21] as —314 to —1700 kJ/kg
has been modified by Kung and Kalekar [22] using a more refined
calculation procedure as +203 kJ/kg. What is more, the basis of most
of these results is the amount of volatiles which in itself is another
parameter that could vary between 0.5 to 0.8 of the mass of the solid
fuel depending essentially on the heating rate adopted in the studies. As
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such, one can recognize that the uncertainty in the values of H, arising
out of these studies is wide.

One classical argument that since the burn rate, i depends on B
through In(1 + B), larger changes in B will not influence the estimate
of burn rate significantly leaves the question of determination of B
for biomass uninteresting for resolution and therefore the question has
remained open. We can estimate the sensible enthalpy of the biomass
as it heats up from 300 K up to the pyrolysis temperature, say, 600
K for the choice of ¢, of 1.5 kJ/kg K as 450 kJ/kg. If the gas phase
enthalpy change = ¢, (T, — T,) which is the numerator in the equation
for B is estimated as = 1 x (1300-600) = 700 kJ/kg and the transfer
number, B is taken as 1.5, the value of H, » will have to be +16 kJ/kg
(endothermic). This range appears small considering the range of values
set out in Milosavljevic et al. [20]. If the value of H ,» is say 100 kJ/kg,
B =1.27 and if it is =100 kJ/kg, B = 2. The change in burn rate which
is proportional to /n(1 + B) will be by a factor of 1.34 between the H,
values of —100 to 100 kJ/kg. This change is not small considering the
fact that the H, values have a wide range of uncertainty.

Roberts [18] presented arguments indicating that the process of
pyrolysis in wood can be understood to be composed of that of its con-
stituents — largely of cellulose and lignin with cellulose showing much
smaller exothermicity than lignin. Additional arguments are made to
indicate that the structure of wood also has influence on the heat of
pyrolysis. What appears as a significant outcome of this work is that the
biomass composition that would include extractives and crude protein
can all influence the pyrolysis process. This allows for the possibility of
the value of B for biomass to be dependent on the composition even if
such a dependence may not be very strong.

A few studies have been completed on the combustion of cubes and
spheres of biomass. Huff [2] conducted experiments on cubes 5 mm to
20 mm in size made of balsa, pine, and oak. The process is conducted in
a furnace maintained at various test temperatures, 797, 1963, and 1345
K. The plot of the burn time as a function of the size is the test data.
Because the experiments have heat transfer from the furnace also and
also the process of ignition of larger size cubes can take time, the data
reduction to derive fundamental information requires further analysis.
Kuo and Hwang [23] conducted experiments with rosewood spheres
of 20 mm and 50 mm diameter in air streams at 673 and 773 K at
Reynolds numbers of 250 to 1000. The process of ignition was tracked
and related to in-depth conduction parameters. The burn rate data from
these studies seem so deeply connected to the ignition process that the
starting condition for combustion is different for various cases making
it difficult to draw more fundamental inferences. For instance, for the
same 20 mm diameter sphere at the same furnace temperature of 773
K, the samples are ignited by the flow of hot air and so, the combustion
process is coupled with the ignition process which varies with the
Reynolds number. For instance, the burn flux changes from 8.6 to 10.7
g/m?s with change in Reynolds number from 208 to 346. The sample
undergoing combustion at 773 K is at different levels preparation in
terms of loss of volatiles and hence the combustion process cannot
be treated identical. Nevertheless, the observed maximum burn flux
obtained around the point of ignition or the beginning of flaming
combustion is in the range of 10 to 18 g/m?s depending on the size
of wood sphere and heating conditions.

Mukunda et al. [24] conducted experiments on teak wood spheres,
10 to 25 mm diameter and stated a result for the burn rate as follows.

i =7x10"*d, @)

with m in kg/s and d; in m. The scaling of mass burn rate with d; has
been brought out from this study. This result can also be expressed for
the burn time, 7, as

1 2
_b s _s] 3)
(p7,/650) [10
where the biomass density, p, is in kg/m? and the diameter of the
wood sphere, d; is in mm. This result is an average behaviour of the



A. Shivakumar et al.

Biomass and Bioenergy 167 (2022) 106644

2.0

1.9

® Expt_Agoston et al (1957)
1.8

- = Curv_fit
1.7
1.6

1.5

m/ cxr ds

1.4
1.3 5
12 . @

11 .@

m/(Cu d;) = 1.0 + 0.035 Gr'/?
m/(Cu d,) =1.0 +0.78 d, /25, d,in mm

0 5 10

15 20 25

Droplet diameter, d,, mm

Fig. 1. Experimental results of Agoston et al. [25] and a curve fit.

data since their experimental data show a 30% increase in r/d; with
the diameter increasing from 10 to 25 mm. The analysis performed
that accounts for free convective transfer using standard correlation
based on the experimental data of Agoston et al. [25] shows that
increase in ri/d, over the diameter range of about 30%. Interestingly,
Agoston et al. [25] are the only authors to have done experiments on
liquid fuels at large diameters to enable extracting the data for free
convective effects. Their work was on spheres of 3.15, 6.35, 9.51 and
13.2 mm diameter (comparable to the size of wood spheres) made of
porous alundum that was fed by the liquid fuel by a short, stainless-
steel, hypodermic-tubing feed line such that the surface of the sphere
is just wet. These results are considered in the present study. Baum
and Atreya [26] has performed thermal simulations assuming quasi
steady burning on oblate and prolate geometries and presented the
results of burn time with mass. All the data collapse on to a single curve
which can be interpreted in terms of an equivalent sphere shows that
1, ~ d*13. This implies that the process is diffusion limited, a generally
known result.

3. The basis of the present approach

In view of the discussion above, it appears that a new approach
needs to be developed to estimate B. It is first to be noted that mass
burn rate is the most important outcome of such studies and relevant
for the design of combustion and fire safety situations. It is considered
important to use a simple geometry for tests and analysis.

In order to design experiments to extract B, we start with the basic
mass burn rate expression for a fuel sphere as

iy = 1/C,d, “

= In(1+ B)f(Gr, Siy) ®)
C, = 2a(u,/Pr) ©
B = ¢,y (Ty = Ty)/IH, + ¢, r (Ty — T)] -

where r,, is the dimensionless mass burn rate, d, is the sphere diameter,
C, is a constant depending on the chosen values of y,, the represen-
tative gas phase viscosity and the Prandtl number, Pr, f(Gr,Si,) is
the function of Grashof number, Gr to address convective effects and
Siy, the change in diameter of the biomass due to shrinkage during

volatilization. The above expression without Si, is the standard burn

rate expression valid for liquid droplets and also for solid spheres with
little change in size.

It was brought out earlier that the denominator of B has ¢, (T;~T,,;)
which is significant, amounting to 450 kJ/kg at T;,; of 300 K. The aim is
to study how the biomass burn rate varies if T;,; is increased to as high
values as possible so that the sensible enthalpy part can be reduced.
Typically, T, is about 600 K and various DTA/TGA studies suggest that
decomposition begins at around 473 K. Thus, the maximum value of T},
will be 473 K. By conditioning the biomass spheres at various higher
temperatures, the condensed phase enthalpy term can be brought down
and perhaps, this would increase B. The word perhaps is used because
it is not clear if H, remains the same. The approach chosen here is
to conduct experiments on the determination of burn characteristics
of several species at various conditions that will affect the transfer
number B significantly. The parameters under control are the moisture
content that is intended to be varied up to sun-dry conditions (up to
12%) on the one side and heat it to obtain 0% moisture at ambient
temperature and raise biomass conditioning temperature to 473 K in
steps. The process of determining H,, and therefore B would be to seek
good comparison of the above model with a wide range of data as wide
as possible. More discussion on this follows.

Now we consider the expression related to Gr in the above equation.
The Grashof number is defined by

Gr = [8[(T; = T,)/T,1d> /(g [ 0,)?] ®)

The choice of values for y, and p, are important to obtain predictions
without an arbitrary constant. This choice is based on earlier work by
Mukunda [27] and Raghunandan and Mukunda [28] where it has been
shown that the variation of properties through the diffusion flame is
very significant and the better representation of the properties will be
those that are close to the flame. For liquid drops, the values of C,
works out to 7 x107* kg/m s. With other values for the parameters,
g=981m/s?, T, = 1200 K, T,,, = 300 K, u, = 6.6 x10™ kg/m s, p, =
0.4 kg/m?, we get Gr/d> = 1.08 x10°.

Typical enhancement due to free convection is expressed as (1 +
C,Gr"). Earlier work by Agoston et al. [29] indicates that n = 0.3. The
experimental data of Agoston et al. [25] is related to forced convection
effects on the burn rate of larger drops. The data can be extrapolated
back to zero forced convection to lead to free convection effects. These
data are taken from their work and plotted against the drop diameter,
d,. Fig. 1 shows such a plot. The variation is linear with respect to
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Results of proximate and ultimate analysis on dry basis, all the values are in %, Vole = Volatile, FixC =

Fixed carbon.

Species Proximate analysis Ultimate analysis
Vole FixC Ash C H N o S

Ficus 82.8 16.3 0.9 50.7 4.8 0.4 43.1 0.1
Ivory 84.5 14.5 1.0 46.9 5.7 1.1 44.9 0.2
Acacia 82.8 16.8 0.4 48.2 4.9 2.2 44.2 0.1
Pine 82.5 17.1 0.4 50.2 4.4 0.6 43.7 0.6
Tamarind 82.1 16.9 1.0 50.1 5.5 0.6 41.3 1.1
Balsa 84.2 14.8 1.0 47.1 4.9 0.9 45.7 0.3

Spheres

10 15 & 20mm

e
e @

™ © @

Acacia

ivory SCINC B )
Tamarind [N

Fig. 2. Samples of different species used in the experiments.

drop diameter indicating that the correction can be expressed as (1 +
C,Gr'/3). The constant C, works out to 0.035. The expression can be
recast in terms of the diameter of the sphere, normalizing it with a
diameter of 25 mm. The resulting correction due to free convection
becomes (1 +0.784d,/25) with d; expressed in mm. With this correction,
the expression becomes

m, = In(1 + B) [1 + 0.78;1—;] f1(Siy) ©)]

We now consider f;(Si,), the effect of shrinkage. Much effort
seems to have gone into developing detailed models and conducting
experiments on the shrinkage effects in pyrolysis under the influence of
radiant heat flux, the emphasis being on the product distribution (Barr
et al. [30], di Blasi [6], Huang et al. [31]). Since the nature of biomass
is very broad, the comparisons between predictions of detailed models
and computation coupled with the assumptions of kinetics based on
multi-step chemistry have remained quantitatively inadequate. This is
so because the condensed phase chemistry is dependent on catalytic
effects of inorganic ingredients drawn from the soil at the particular
location where the tree is growing apart from inherent differences in
the composition of cellulose, lignin and others. Precisely because of
these reasons, it is unlikely that quantitative predictions will improve
until a long time. Huang et al. [31] have provided some excellent
photographic evidence of biomass shrinkage of 20 and 30 mm diameter

Stand & needle
arrangement

Fig. 3. Schematic of experimental arrangement used in the experiments to obtain mass
loss vs time for spheres.

spheres as they undergo thermal pyrolysis at temperatures of 673
to 973 K. Even though the pyrolysis process may not be completely
representative of the phenomenon that occurs during combustion, the
shrinkage values may actually be within the right order of magnitude.
The results show a shrinkage of 12 to 15% for a temperature of 673 K
and at a duration of about 200 s typical of flaming combustion times
of biomass considered here. The density of biomass (p fu) used in this
experiment is 560 kg/m?. Even though the modelling effort on the
biomass shrinkage has been extensive, there are no specific efforts to
determine the role of density in the shrinkage process. Experimental
evidence on teak wood sphere combustion (Mukunda et al. [24]) which
has little dependence on chemistry insofar as burn rate behaviour is
concerned shows that by the end of flaming, there is a reduction
in diameter of about 10%. Thus we need to describe the shrinkage
behaviour during flaming to account for size changes in the burn rate
behaviour and the magnitude of the shrinkage being about 10%. The
effective mean value of shrinkage over the burn period is perhaps 6
to 7%. The question of which overall parameter controls the shrinkage
the most and based on earlier laboratory studies on wood of varying
density, initial biomass density has been considered as the critical
parameter in affecting the shrinkage with higher density leading to
lower shrinkage The following equation was therefore set out.

/1(Sig) = 1-0.07 (650/p,,) (10)

where the fraction 0.07 was chosen based on the experimental value for
teak with a density of 650 kg/m>. Typical densities considered in the
present study vary from 250 to 950 kg/m>. f;(Si,) will vary between
0.82 to 0.95. Even though these values cause changes that are not
significantly different from the accuracies of experiments (to with in
+ 5%), it was thought appropriate to include as systematic effect. The
mass burn equation will now read as

650]
pfu

d
m, = In(1 + B) [1 +0.78£] [1 -0.07 an
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The third important parameter concerns B. Two biomass condensed
phase parameters controlling the burn behaviour are the specific heat
and the heat of pyrolysis both of which have been discussed in the
introduction. Based on these and the discussion to follow, the following
expression for B is set out.

B = 1.0(1320 — 600)/[H, + (1.5 + 4£,,)(600 — T;,,;)] 12)

In the above equation, c,, is set as 1.0 kJ/kg K, T, is set as 1320
K (obtained from measurements discussed below) independent of f,,
since the role of f,, is perceived partly to be chemical — the ineffi-

ciencies in the burning of more tarry compounds is compensated by

less complex composition that emanates from the surface due to steam-
char reactions, thus maintaining the flame temperature to be about
same. The surface temperature, T is set at 600 K for all the situations
considered. Its variation is about + 20 K and is considered small enough
to be ignored. The value of H), is to be treated as a function of biomass.
In order to provide a more general treatment and yet not too complex,

it is taken as
H, = Hy+50 (T, — 300)/300]2 + 100(f,, — 0.1) (13)

The value of H  is the heat of pyrolysis of sun-dry biomass (considered
as at f,, = 0.1) at an ambient temperature of 300 K. It is the parameter
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that depends on the specific biomass. The choice of the values 50 and
100 in the above equation were those arrived at by varying them to
provide minimum error in the predicted burn rate in comparison to a
large number of experimental data on spheres to be described further.
The only parameter specific to the biomass varied to get good fit for
the entire range of tests is H .

4. The samples and preparation

Six different biomass were used in this study. Ficus (Ficus Beng-
halensis, banyan tree of India), Ivory (Wrightia tinctoria, locally called
Haale tree), Acacia (Acacia nilotica, called babul locally), Pine (Pinus
roxburghii), Balsa (Ochroma pyramidale) and Tamarind (Tamarindus
indica) spheres were obtained from a wood working toy industry using
knot-free wood. While Ficus spheres were all of 15 mm size, other
biomass was obtained at diameters of 10, 15 and 20 mm. The samples
were subject to proximate and ultimate analysis using standard proce-
dures from an outside laboratory. The results are set out in Table 1. As

can be expected, the ash content of all these tree based samples have
a small ash fraction (about or less than a percent). The other fractions
are very similar.

Fig. 2 shows the pictures of spheres used in the experiments. The
temperature dependence studies involved the first four species. The
densities are Ficus ~ 630 kg/m?, Ivory ~ 630 to 680 kg/m>, Acacia
~ 700 to 750 kg/m?, Pine ~ 350 to 500 kg/m?, Tamarind ~ 960 to
1016 kg/m?, and Balsa ~ 250 to 300 kg/m3. Experiments showed that
for some samples, the density varied widely. This is considered not
unusual and is thought to be related to samples over a cross section,
with core showing lower density than from the peripheral region.

In each experiment, the samples were measured and weighed at two
stages — before drying or heating and just before the experiment. For
the experiments at the ambient temperature (300 + 3 K), the samples
were dried in the furnace at a temperature of 378 K for 24 h and their
weight was noted after cooling them in a desiccator. They were dried
again in the furnace for 8 h, cooled and weighed. If, for a given sample,
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Table 2
Mean values of experimental #/d,, m, at various T,,; C, = 0.562 g/m s.
Species m/d, , m/d ,
at 300 K T,,; of 393 — 473 K
g/m s - g/m s -
Ficus 0.58 1.03 0.80 1.42
Ivory 0.60 1.06 0.78 1.39
Acacia 0.68 1.22 0.86 1.52
Pine 0.53 0.94 0.65 1.15
Tamarind 0.75 1.34 - -
Balsa 0.60 1.06 - -
Table 3
Values of H, for various species.
Species Ficus Ivory Acacia Pine Tamarind Balsa
H,y, kJ/kg 240 210 100 350 -150 150
Table 4

Comparison of mass loss data of pine sphere (Momeni [32]), E = experiment, P =
present correlation, p,, = 600 kg/m?®, £, = 0.09, T,, = 300 K, H,, = 208 kJ/kg, the

symbol “~” means < 5%.
d, L i i, E 1), B i, P -
mm mm g/s K -
3.0 3.00 2.1 1.26 2200 1.96 1.28 -

there was no difference between the two weights, it was taken that the
sample was dry.

For sun-dry conditions, the dried samples were allowed in the
ambient atmosphere to equilibrate for 24 h before the moisture was
estimated by drying it and testing it as a procedure. For the experiments
with larger moisture content, the samples were fully dried as in the
earlier paragraph and then the sample was wrapped in a wet cloth
having a moisture fraction a little above the desired value (14% if
the desired moisture fraction is 12%). After the sample was kept for
four hours, the sample was separated and weighed. If this showed the
requisite rise in moisture content, it was immediately taken for the
combustion test. The duration of four hours was decided based on
studies to ensure that additional duration does not alter the mass of the
sample. The moisture fraction is calculated based on the dry weight of
the sample. The equivalent diameter obtained here is the average value
of the diameter measured in three orthogonal directions.

For experiments at higher temperatures (393, 423 and 473 K), the
samples were kept in the furnace at the required temperature for 24 h
and experiments were conducted immediately after the sample was
removed from the furnace.

5. The experimental arrangement and procedure

Fig. 3 shows the experimental arrangement to obtain the mass loss
and gas phase temperature data and the photograph of the burning
wood sphere. The sphere was mounted with the aid of a stand and
needle arrangement and it was placed on an electronic mass balance
of the least count 0.1 mg. The data on mass was taken to a computer
through an RS232 interface. The sphere mounting arrangement and the
mass balance were separated by means of alumnio-silicate blanket of
15 mm thickness. During the days experiments were conducted the
ambient temperature was 300 + 3 K and the relative humidity was
measured as 55 + 5%.

Before starting the experiment, the sample mounted on the needle
was sprayed with small amount of diesel fuel and it was ignited by
means of a spirit lamp till 10% of weight loss of the samples, so
that the sample stands ignited even with more difficult experimental
conditions like those at 10% moisture. The mass loss of the sample
was continuously measured during the burn. The time when the wood
sample is fully ignited and achieves steady burn takes about 5 to 15
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s. A thermocouple of 0.1 mm bead size is used to obtain the flame
temperature, T,. The thermocouple was introduced into the flame and
gently moved around to obtain the peak temperature. The measured
value of T, was between 1300 K to 1340 K. A mean value of 1320 K
has been set for T .

6. Results and discussion

After several preliminary studies, 90 experiments with more than
15 for each of the species were conducted. At least two experiments at
each condition were conducted. Fig. 4 shows typical mass vs time for
several representative cases considered here. The plot at the left hand
top shows the influence of moisture fraction on the mass vs time curve
for 10 mm diameter of Ivory. The effect on the burn time is small. The
plot on the bottom left shows the effect of sphere diameter and the
mass loss vs time curves are significantly spaced indicating the strong
dependence of burn time on diameter. The top right plot shows the
role of the specific biomass of the same diameter on the mass vs. time
behaviour. The initial mass is different because of the density of the
biomass. The lightest of the biomass tested, namely, balsa has a flaming
time on the order of 35 s and highest density biomass, Tamarind has a
flaming time of 75 s. The bottom right plot shows the effect of initial
temperature with sphere of ivory at 10 mm diameter. The effect on the
flaming time is not significant. As can be noted, many curves have a
near-linear variation of mass vs time over the flaming period. The slope
constitutes the mass burn rate of the specific case. As can be noticed, the
linear variation after a short transient is present for all the biomass over
a range of densities from 250 to 1000 kg/m?.

The ratio of the mass burn rate with initial diameter, 71/d from the
experiments for different moisture fractions, f,, at T;,, = 300 K is set
out in Fig. 5. As can be noted, there is sufficient variation (not scatter)
between different biomass at each moisture fraction and there is a
tendency for the mass burn rate to go down with moisture fraction. This
is particularly so when 12% moisture is reached. Also r1/d, varies from
about 0.5 to 0.9 g/m s over different biomass and moisture fractions
up to 0.12.

The mean results of the burn rate data at 300 K (7 to 12% moisture
fraction) as well as at higher temperatures of 393 K, 423 K and 473 K
are set out in Table 2. Across the species, there is a clear 25% variation
in the burn rate and with enhanced initial temperature, the burn flux
increase for each species can up by 35% from the values at ambient
conditions. The largest contributor to this change is the change in B.
Also, Tamarind burns the fastest while Pine, the lowest. These results
are interesting and new.

The entire data set was classified according to species, moisture
fraction and initial temperature. The prediction used essentially the
Egs. (11), (12) and (13). Optimization effort consisted in minimizing
the root mean square error between the predicted and the experimental
values of 11/C,d, for each species. The root mean square error, RM SE
is defined by

RMSE = 2;’3\/ [(1,, E — ri,, P)/rin,, EJ? (14)

where noe is the number of experiments for each of the samples that was
14 for Ficus, 21 for Ivory, 20 for Pine, 17 for Acacia, 11 for Tamarind
and 4 for Balsa. The averages were obtained by making a choice of the
heat of pyrolysis defined in Eq. (13). The results of the calculations are
set out in Fig. 6.

This figure is revealing. As one varies the choice of H,, for each of
the sets, the error goes through a minimum as may be expected. But
the nature of variation is different in the case of Ivory for which the
variation is flat where as with others it is sharp. The values of H,, are
chosen at the lowest of RMSE for each species. The values are set out
in Table 3.

The values differ significantly over the species. These values are
connected to the combustion process directly because they are deduced
from the expectation of predicting the burn rate of biomass (spheres
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Table 5
Comparison of mass loss data of spheres at T;,, = 300 K, E = experiment, P = predicted, the symbol “~” means < 5%, C, =
0.562 g/m s.
Species d fw Pru 1 m, E H, B m, P Error
mm % kg/m? mg/s kJ/kg %
Ficus 15.7 0 639 9.2 1.04 240 1.06 1.16 +11
15.6 0 711 10.3 1.18 1.06 1.15 -
15.4 0.10 622 8.2 0.94 0.90 1.03 +9
15.2 0.10 643 8.2 0.96 0.86 0.98 -
Ivory 10.1 0 690 6.2 1.09 210 1.11 1.05 -
10.3 0.08 702 6.0 1.03 0.94 0.94 +11
10.4 0.12 701 5.6 0.95 0.89 0.91 -
10.3 0.09 690 6.1 1.04 0.94 0.94 -10
15.3 0 640 10.8 1.26 1.11 1.19 -
15.6 0.08 650 8.3 0.95 0.96 1.07 +13
15.5 0.12 650 8.5 0.96 0.89 1.02 -
20.4 0 667 14.2 1.24 1.11 1.31 -
20.3 0.08 710 13.3 1.15 0.96 1.17 -
20.3 0.12 663 12.0 1.04 0.89 1.13 +6
Acacia 10.1 0 682 7.0 1.23 100 1.33 1.19 -
10.2 0.07 792 6.2 1.08 1.14 1.06 -
10.6 0.12 775 6.4 1.07 1.03 1.01 +6
10.2 0.09 796 6.5 1.13 1.10 1.04 -8
10.5 0.09 751 6.4 1.08 1.10 1.05 -
14.7 0 661 10.6 1.29 1.33 1.33 -
14.7 0.07 728 10.8 1.30 1.14 1.18 -9
14.6 0.12 715 9.0 1.10 1.04 1.11 -
19.7 0 654 17.2 1.55 1.33 1.47 -
20.0 0.06 834 14.8 1.32 1.17 1.33 -
19.9 0.12 765 15.0 1.34 1.03 1.22 -8
Pine 10.3 0 475 5.2 0.90 350 0.91 0.95 -
10.1 0.07 556 5.4 0.95 0.82 0.86 -10
10.3 0.12 568 5.0 0.86 0.76 0.81 -
10.3 0.10 520 5.0 0.86 0.78 0.84 -
14.5 0 484 9.7 1.19 0.91 1.04 +12
14.6 0.10 455 7.8 0.95 0.78 0.93 -
14.9 0.12 518 8.0 0.96 0.76 0.91 -
18.2 0 463 10.7 1.04 0.91 1.13 +8
18.3 0.12 446 9.2 0.89 0.76 0.99 +10
Tamarind 10.0 0.09 992 7.3 1.30 -150 1.77 1.40 -
10.2 0.09 961 7.3 1.27 1.77 1.41 +10
10.0 0.09 970 7.5 1.33 1.77 1.40 -
10.0 0.09 1007 7.5 1.34 1.77 1.40 -
10.1 0.09 992 7.8 1.38 1.77 1.40 -
10.0 0.09 1016 7.6 1.36 1.77 1.40 -
14.8 0.09 988 13.8 1.66 1.77 1.56 -6
14.7 0.09 1033 13.9 1.69 1.77 1.55 -8
14.7 0.09 996 13.2 1.59 1.77 1.56 -
14.7 0.09 977 13.1 1.58 1.77 1.56 -
14.8 0.09 972 13.3 1.59 1.77 1.56 -
Balsa 9.6 0.08 299 6.2 1.13 150 1.04 1.09 -
10.5 0.08 225 7.0 1.18 1.04 1.18 -
10.3 0.08 248 6.4 1.10 1.04 1.15 -
10.3 0.08 262 6.5 1.12 1.04 1.14 -

here). It can be seen that most of the species show endothermic values
for the heat of pyrolysis. It must be emphasized that this approach to
the determination of the heat of pyrolysis and the transfer number (to
be discussed later) provides definitive estimation of these parameters.

The predictions and the experimental data for spheres are set out
in the Appendix as Tables 5 and 6. These tables present the data
on their diameter, moisture fraction, initial temperature at which the
samples were conditioned, the density of the sphere, mass burn rate,
dimensionless mass burn rate, the value of H,, the transfer number,
B obtained from this correlation and the predicted dimensionless burn
rate with the last column indicating the percentage error in the predic-
tions for tests at ambient temperature and higher initial temperatures
respectively. Those with errors less than 5% have been considered very
good predictions since the accuracy of the burn rate data is limited to
this value.

It can be noted that B is about 1 for Ficus, Ivory and Balsa, 0.8 to
0.9 for Pine, 1.1 to 1.3 for Acacia and 1.8 for Tamarind at an ambient
temperature of 300 K. For higher temperatures, the values are larger

going up to 2.4. The burn rate predictions using Egs. (11) to (13) seem
to be good over the range of conditions considered.

6.1. Comparison with the experiments of Momeni et al. [32]

Momeni et al. [32] conducted combustion like experiments with
pine spheres and cylinders of small diameter different aspect ratio, but
all with nearly same volume. The samples were burnt in an atmosphere
of the combustion products of a fuel gas, presumably natural gas at
near-stoichiometric conditions. The measured temperature and oxygen
fraction of the hot gases are 1673 K and 0.03 to 0.04. While their
experiments have dealt with ignition and char burn out conditions
as well, the data of interest here is in volatile combustion rate. They
have provided data on the time for conversion of various phases. They
report a value of density of 600 kg/m? and use of this value leads to
mass that are lower than indicated. Specifically, they indicate a mass
of 0.0125 g, but the mass obtained with the density provided leads
to a mass of 0.0085 g. Thus the value of 0.0085 g is retained in the
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Comparison of mass loss data of spheres at higher initial temperatures, f,, = 0, E = experiment, P = predicted, the symbol

«

-” means < 5%.

Species d Tii Pru m m, E H, B m, P Error

mm % K kg/m? mg/s kJ/kg %
Ficus 15.2 393 702 12.0 1.40 240 1.32 1.33 -
15.6 393 659 12.0 1.37 1.32 1.34 -
16.1 423 636 13.0 1.44 1.43 1.43 -
15.9 423 607 12.5 1.40 1.43 1.43 -

15.0 373 630 11.6 1.38 1.26 1.29 -6
15.6 373 590 11.8 1.35 1.26 1.31 -

15.9 393 673 13.0 1.45 1.32 1.35 -7
16.0 393 560 12.2 1.36 1.32 1.37 -
15.8 393 600 12.5 1.40 1.32 1.36 -
Ivory 10.4 393 611 7.1 1.22 210 1.40 1.25 -
10.6 423 641 8.0 1.34 1.52 1.32 -
15.3 393 621 12.4 1.46 1.40 1.39 -
16.0 393 620 12.3 1.36 1.40 1.41 -
15.5 423 594 12.1 1.41 1.52 1.48 -

20.8 393 606 16.2 1.39 1.40 1.56 +12

20.9 423 612 18.2 1.54 1.52 1.65 +6

Acacia 10.2 393 718 7.4 1.36 100 1.78 1.44 +10
9.8 473 790 9.4 1.70 2.42 1.71 -
14.5 393 708 12.7 1.55 1.78 1.59 -
19.9 393 726 20.0 1.79 1.78 1.77 -
19.9 423 633 20.4 1.82 1.98 1.91 -

Pine 10.4 393 441 6.0 1.03 350 1.10 1.09 +6
10.4 423 492 7.0 1.16 1.17 1.14 -

14.8 393 443 9.5 1.13 1.10 1.21 +7

15.1 393 414 9.6 1.14 1.10 1.22 +7

14.5 423 476 10.8 1.32 1.17 1.25 -6

18.12 393 475 12.2 1.15 1.10 1.30 +13

18.11 423 460 13.0 1.22 1.17 1.37 +12

analysis to follow. The scatter in the data for some cases where they
have done multiple experiments is about 10%. The predictions made
here assume a flame temperature of 2200 K taking note of the fact that
there is residual oxygen in the high temperature stream. The prediction
procedure is the same as discussed earlier and Table 4 shows the details
of the comparison of the results.

7. Procedure to estimate B for biomass

Biomass spheres of suitable dimensions, typically of 10 mm diam-
eter should be produced in numbers. Samples drawn from these are
conditioned at moisture levels, and dry samples should be conditioned
at 0% moisture and also at temperatures up to 423 K or thereabouts
to ensure there is no loss of mass during the conditioning. The samples
can then be drawn and subject to combustion experiments and the mass
loss histories obtained. These are subjected to an analysis to obtain the
value of H,, minimizing the error in the prediction of mass loss rate.
This process also gives the value of B at ambient temperature albeit
within an error band. The mean value will then be the B for the tested
biomass. Using this values of B the results of calculations over the full
data is obtained set out in terms of predicted vs experimental 71, as in
Fig. 7. As can be noted, the dimensionless correlation seems to work
very well.

8. Concluding remarks

In the present study, experiments on the combustion of biomass
spheres of six different species and three different sizes have been con-
ducted at various conditions of moisture fraction and for dried samples,
at various conditioning temperatures below the pyrolysis temperature
to evaluate the burn rate behaviour and examine the possibility of
extracting the transfer number B. Noting various dependences with (a)
the dependence of the heat of pyrolysis on the species, and (b) the role
of shrinkage influencing the effective diameter for combustion, a model
was set out to describe the burn behaviour in a dimensionless format.

The final correlation predicts the burn rate of all the dependences
within a root mean square error of less than 5%. The comparison of
the predictions from the correlation with the experiments of earlier
researchers and those from present experiments appears to be good.

An approach to determining the transfer number for each biomass
species through the conduct of burn rate experiments on the 10 mm
diameter spheres has been suggested. This procedure gives an op-
portunity to classify biomass like liquid fuels which have been long
characterized using the transfer number.

The value of B is about 1 for Ficus, Ivory and Balsa, 0.8 to 0.9
for Pine, 1.1 to 1.3 for Acacia and 1.8 for Tamarind at an ambient
temperature of 300 K. It may be noted that this is new finding in the
field of biomass combustion behaviour. The fact that the mass flux is
species-dependent brings forth the need for standardization in crib fire
studies relevant to fire safety testing.

Data availability
Data will be made available on request.
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