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Abstract: This manuscript presents an experimental study on the combustion rate of biomass 
briquettes or logs in a domestic boiler, by monitoring the time decay of its mass and the temperature 
of the flame inside the boiler. Assuming close to steady state conditions, two combustion models were 
studied: the constant particle density-burning model and the constant particle diameter-burning model. 
For each model, the evolution of the global combustion resistance with the decay of the particle 
diameter was analyzed, and it was possible to conclude that the burning occurred approximately with 
constant particle size and that the heterogeneous C to CO reaction takes place at the surface of the 
inner carbonaceous core. The high values obtained for the Sherwood number revealed that there were 
significant convective effects inside the furnace and compare well with a previously developed 
Sherwood number correlation for a packed bed of active particles. 
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1. Introduction  

Portugal is a European country with high annual solar exposition leading to a high vegetable 
biomass production, suitable for energetic purposes [1]. The biomass to useful thermal or mechanical 
energy conversion can be carried out through several biochemical of thermochemical paths [2–4]. The 
combustion is the most used conversion process either in underdeveloped or in developed countries, 
mainly for cooking and domestic heating [4,5]. The use of agricultural or forestry residues as fuels for 
small-scale domestic heating is rather frequent either in Europe [6,7], or for more simple applications 
like those used in Africa [8]. 

The packed bed combustion of relatively large particles is dominated by the diffusion mechanism 
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and in the case of moving grates; the particle mixing is relevant for the combustion rate [9]. A smaller 
fuel particle size might guarantee a constant and steadier burning pattern, while burning larger size 
particles demands a more careful control of furnace operation [10]. The same research team refers in 
a more recent publication that this burning technique is very complicated and to get good information 
on bed temperature profiles and combustion gases composition, as well as to get a proper 
understanding about the events occurring in such type of reactor, deep computational modelling 
analysis is fundamental [11]. Recent studies on fixed combustion are concerned with the understanding 
of the impact of fuel size on the performance of wood chip-fired boilers [12,13]. 

There are relevant numerical studies in packed bed biomass combustion covering a wide range of 
conditions, since the bed compaction phenomenon [14], ignition front propagation [15] and recycled 
flue gas ratios [16]. Goméz et al. [17] developed a mathematical model for the simulation of large 
biomass particles based on their own experimental studies. Large moving or reciprocating grates were 
also subject of numerical studies [18,19]. However, it must be stressed that in the conclusions these 
lastly referred studies [14–19], the authors always refer the importance of the need to validate the 
numerical results with some sort of experimental data. 

As far as the combustion in domestic stoves or boilers of briquettes is concerned, the studies mainly 
concentrate on the overall combustion behavior, emissions and stove or boiler efficiency, [20,21]. The 
investigation of physical and combustion properties of briquettes from cashew nut shell and cassava 
starch binder [22] has also been subject of interest. The importance of torrefaction to improve the 
quality of low-grade biomass briquettes, for subsequent use on woodstoves was analyzed by 
Trubetskaya et al. [23]. Experimental studies on the determination of the burning rates of waste 
biomass briquettes are still scarce, although the determination of the burning rate of water hyacinth 
briquettes with an aquatic weed binder is worth to be mentioned [24], while Hassan et al. [25] present 
results on the burning rate of two wood chars. Also Oyelaran et al. [26], present some information on 
the combustion rate of briquettes of coal and banana waste with starch binder, while Onukak et al. [27], 
in a study on the characterization of briquettes made from tannery wastes, also show results on the 
burning rate of briquettes. 

Bruch et al. [28] refer the need to perform experiments on the rate of combustion of single 
particles, to validate more complex models on the packed-bed combustion of a finite number of wood 
particles. However, with few exceptions [17,29,30], experiments on small-scale fixed-bed biomass 
boilers are scarce and the present work is a contribution to fulfill that objective. 

Even though recommendations about the reduction of the particle size to achieve a steadier 
combustion performance in fixed bed are frequent [10,31], many situations are dependent upon the 
feed-in biomass dimensions, as is the case of the combustion of briquettes and logs. The present 
experimental study, concerns precisely the determination of the combustion rate of solid fuel particles, 
obtained either from briquettes or from logs, placed on the top of a fixed bed in a domestic wood 
burning hot water boiler, and connects such burning rate to the combustion control mechanisms. Four 
different biomasses, from the Galicia-Northern Portugal Euroregion, were tested, namely, commercial 
briquettes, laboratory produced briquettes from pine sawdust and vine pruning wastes and eucalyptus 
wood logs. 
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2. Materials and methods 

2.1. Experimental setup 

The experiments were carried out in a domestic wood burning hot water boiler and the 
experimental set-up is in the scheme of Figure 1. There is a small Kern balance, balance 1, to weight 
the batches of briquettes, and a second larger balance, balance 2, from Gram, placed below the boiler. 
Balance 1 was also used to measure the time mass variation of a briquette during the combustion 
process, as detailed ahead. With balance 2 it was possible to follow the time evolution of the overall 
boiler mass, during any experiment. 

For each experiment several temperature values were monitored, namely, the inlet and outlet 
water temperature, the combustion exhaust gas temperature and also the temperature in several points 
of the external surface of the boiler, by means of K type thermocouples. These temperatures are T1 the 
water inlet temperature, T2 the water outlet temperature, T3 the exhaust combustion gases temperature, 
T4 the flame temperature, T5 the right hand side boiler wall temperature, T6 the wall temperature at 
the upper boiler door, T7 the wall temperature at the lower boiler door and T8 the wall temperature at 
left hand side wall of the boiler, Figure 1. The flame temperature T4 was determined by inserting the 
corresponding thermocouple inside the lower part of the combustion chamber, the flame region, as 
indicated in this same figure. 

For the analysis of the composition of the combustion gases three different analyzers were used: 
a paramagnetic oxygen analyzer from Signal; an infrared carbon dioxide analyzer from Signal, and an 
infrared carbon monoxide analyzer from ADC. All these combustion gas results, excepting those for 
oxygen, were corrected for an oxygen volumetric dry basis percentage of 13% according to the EN 
14785:2008 [32], applicable to domestic heating appliances burning biomass. Two sampling probes 
and corresponding pumps were used. One dedicated to the oxygen analyzer and the second for the 
other analyzers. This increased the sampling mass flow rate sent to the oxygen analyzer improving its 
response time. The analyzers operated with dry combustion gases and consequently the sampled mass 
flows were sent previously to condensers in order to eliminate the combustion formed water in the 
exhaust gases. In the same scheme of Figure 1 it is also shown a water flow meter and a standard Pitot 
tube for the exhaust gas mass flow measurement, and the set of combustion gas analyzers. 

The wood burning Solzaima boiler, model SMZ IW, has a 24 kW nominal thermal output. It is 
used for water heating in domestic hot water heating systems, as well as space heating through 
convection and radiation from its walls. Figure 2 shows a scheme of the boiler with its main external 
dimensions. The empty boiler weights 383 kg, has a water capacity of 73 L, and a maximum loading 
capacity of 30 kg of solid fuel, for a maximum briquette length of 475 mm. This figure also shows, 
through the boiler section view, the inverted flame operating mode of the boiler. 
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Figure 1. Schematics of the experimental set-up. 

Using the DASYLab software, experimental data were collected and registered in a computer by 
means of a data acquisition system from Measurement Computing. Two external boards were used, 
the CIO-STA-TC board receiving the thermocouple data and the SCB-50 board receiving signals from 
the gas analyzers and the water flow meter. The data acquisition rate was of 1 Hz. 

The boiler had two operating modes. The startup mode and the normal operating mode. During 
startup and bed ignition process, the furnace air inlet is by the blue arrows in Figure 3a). The wood 
logs or briquettes are placed in the combustion chamber and the air is supplied such that the combustion 
of C to CO and of the volatiles released from the solid burning bed takes place around it until the 
temperature in the upper part of the furnace is high enough to maintain a stable condition. Afterwards, 
the air supply flow, indicated again by the blue arrows, is like that shown in Figure 3b), and the volatiles 
combustion takes place downwards, while the C to CO heterogeneous phase reaction still takes place 
in the upper part of the furnace. In any operating situation the boiler works in forced draught mode, 
the combustion gases fan is in the boiler exhaust gases outlet, Figure 2. 

The uncertainty values presented in Table 1 are for the molar concentrations of the gaseous 
components of the exhaust gas flow, whereas in Table 2 there are the uncertainties for temperature 
measurements, being 𝑼𝑻/𝑻 the corresponding relative global uncertainty. As far as the water flow rate 
is concerned, the random uncertainty for a confidence interval of 95% is of ±0.297 kg/min. These 
uncertainty values were determined according to the methodology proposed by Coleman and Steele [33]. 

Table 1. Global uncertainties for the molar concentration of the exhausts gas flow components. 

O2 [%] CO2 [%] CO [%] NO [%] NO2 [%] 

±0.100 ±0.200 ±0.00165 ±0.001 ±0.001 
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Figure 2. External dimensions of the Solzaima boiler. 

Table 2. Global uncertainties for the temperature measurements. 

T [°C] 14 38 85 110 630 950 

UT/T [%] 2.44 1.37 1.16 1.14 1.10 1.10 

 

Figure 3. Schematics of operation process in the boiler furnace; a) Ignition period; b) 
Normal burning regime. The blue arrows represent the inlet airflow and the brown ones 
the combustion gas flow. 

2.2. Composition of fuels 

The three types of briquettes had similar and almost constant diameters and lengths, whereas the 
eucalyptus logs had to be cut to get the correct size. The commercial briquettes were rather 
heterogeneous, while those manufactured at IPV from pine sawdust and vine pruning waste were quite 
homogeneous. 

The biomass moisture content was obtained through samples from each biofuel and its mass loss 
was evaluated according to the FprEN 14774-2:2009 [34]. Previously weighted samples were fully 
dried inside a Binder laboratory oven at 105 ℃. The fuels proximate and immediate analysis as well 
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as the corresponding lower heating values are in Table 3. 

Table 3. Characteristics of the tested fuels. 

 Commercial Pine saw-dust Vine pruning Eucalyptus 

Moisture [% wb] 10.6 6.9 10.3 13.4 

Volatile 900 ℃ [%] 72.8 85.4 69.5 70.7 

Ash 550 ℃ [%] 1.2 0.7 3.2 1.0 

Fixed carbon [%] 15.4 7.0 17.0 14.9 

C [% db] 55.6 54.9 47.0 53.0 

N2 [% db] 3.3 0.2 0.6 0.2 

H2 [% db] 6.4 5.2 6.2 7.2 

S [% db] 0.09 0.2 0.05 0.3 

O2 [% db] 34.6 39.5 46.1 39.2 

HHV [MJ/kg] 19.2 19.6 20.0 18.7 

LHV [MJ/kg] 17.8 18.5 18.6 17.1 

For the commercial and vine pruning waste briquettes, the proximate and ultimate analysis were 
determined by the “Centro para a Valorização de Resíduos” (www.cvresiduos.pt). For the pine sawdust 
briquettes, the proximate analysis was also determined by the “Centro para a Valorização de Resíduos”, 
whereas the ultimate analysis was from the literature [35]. For the eucalyptus wood, the moisture 
content was determined in the laboratory oven according to FprEN 14774-2:2009 [34] and the 
proximate and ultimate analysis from the literature [35,36]. The tested samples were obtained from the 
fuels as received and subsequently tested. 

2.3. Burning rate experiments 

In these burning rates experiments, a sample under analysis was taken away from the furnace to 
be weighted every two minutes. This sample of biomass, a part of a briquette, was placed inside a 
metallic mesh bag to be easily removed, weighted and subsequently placed again on the top of the 
burning bed. The burning bed was a batch of the briquettes of the same biomass type as the one under 
analysis inside the metallic mesh bag. Figure 4 shows the sample being weighted. 

During weighing, the metallic bag containing the biomass sample, was placed in a bowl inside 
which there was a constant mass of sand. The sand is a protective shield to avoid any balance damage. 
In the study of the combustion rate, some simplifying assumptions were considered. To begin with, 
the boiler-operating regime was considered in steady state operation. It is assumed during the 
experiment, that the sample combustion only takes place when the sample is inside the furnace, and 
its combustion is quenched when the sample is outside the furnace, while the bed of the remaining 
briquettes undergoes its combustion process. The models adopted in the study only consider the 
combustion of solid carbon particles. The woody particles after being introduced in the furnace 
undergo an initial heating phase with moisture release, followed by pyrolysis with volatiles release and 
subsequent char formation. In the present study, the initial heating period until char formation took 
place was discarded, and only when the sample particle burned mass fraction was above 20%, the 
results were taken into account for the evaluation of the char combustion rate. This 20% lower limit 
was experimentally determined by visual observation of the sample during its external weighting 
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process. Its charred appearance was the evaluation criteria, as well as its mass reduction due to the 
combustion process. Another simplification was to consider that the particle was spherical and for such 
reason the sample under evaluation was cut from a briquette or a log, in order to guarantee its closeness 
to the spherical shape. 

 

Figure 4. Sample weighing during a burning rate experiment. 

To facilitate the combustion data analysis, it was assumed that each experiment was composed 
by several time intervals j, since the test beginning (j = 0) until its end (j = n), being n the total number 
of time intervals. At the beginning of each experiment (j = 0), and before placing the sample on the top 
of the burning bed, inside the furnace, its initial mass was measured and registered 𝑚଴. Then along 
the combustion process, and for each time interval j, the feeding instant 𝑡௜௡,௝, the sample extraction 
instant 𝑡௢௨௧,௝ and the sample mass after being extracted from the boiler furnace 𝑚௝ were all measured 
and registered. The time counting process began at the time instant j = 1, by making 𝑡௜௡,ଵ ൌ 0 minutes, 
in all experiments that were carried out. As the burning time inside the boiler furnace was previously 
defined as two minutes, then Eq (1) gives the relation between the sample entrance and extraction 
times, in minutes, 

, , to2 1out j in j jt t n           (1) 

The exit instant from the j interval is not equal to the entrance of the next j + 1 interval, the time 
difference that exists is the time required for the sample weighing process and to take a picture it. So, 
for data treatment and considering that the combustion is quenching while the sample is outside of the 
furnace, the time difference between 𝑡௢௨௧,௝  and 𝑡௜௡,௝ାଵ  corresponds to a time interval that is being 
subtracted from the running time in order to get the real sample burning time. For each interval j it was 
created a fictitious time instant, corresponding to the sample mass 𝑚௝ , as the time interval of the 
weighing process was not accounted for. The time counting started at j = 0, doing 𝑡଴ ൌ 0 minutes. For 
the following time instants, the fictitious time, in minutes, was given by, 

       1 to2 1j j jt t n          (2) 
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Following the same line of though, the total experiment duration was determined by taking into 
account all the time steps during which the particle is burning inside the boiler furnace, and called the 
effective experiment duration, is given by, 

         2eft n            (3) 

Through the time evolution of the mass of the burning particle, it is possible to determine its 
burned mass fraction 𝜑௝ for each interval j, through Eq (4). At the initial time instant (j = 0), the 
burned mass fraction 𝜑଴ is zero, the particle has not yet suffered any drying, pyrolysis or combustion 
process. 

        0

0

0 to
j

j

m m
j n

m


        (4) 

Using the mass of the sample particle under study, it is approximately true that, 

       1
,

1

to1
j j

c j
j j

m m
jm n

t t






 


        (5) 

where ,c jm  is the particle carbon burning rate in the time interval j, mj is the sample mass at the 

interval j, mj‐1 is the sample mass in the previous interval j − 1, tj is the fictitious time for the interval j 
and tj-1 is the fictitious time for the previous interval j − 1. As referred, the time used in Eq (5) is the 
fictitious time, because, as explained, the combustion only occurs while the particle is inside the boiler 
furnace, and the combustion is quenched when the sample particle is outside the furnace being weighed. 
For any interval j, ∆t is equal to two minutes, the predefined residence time of the sample particle 
inside the furnace. 

For the analysis of this experiment, it is assumed that while burning the particle follows one of 
two simple mathematical models, combustion at constant particle density, or combustion at constant 
particle diameter. Both mathematical models consider that diffusive and convective effects are 
important in terms of mass transfer phenomena. 

2.4. Combustion at constant particle density 

In this mathematical model, it is assumed that the carbon particle burns at constant density and 
the ashes released during the combustion fall down from the particle and are dragged away from it. In 
this way the particle diameter reduces along the combustion process. The combustion reaction is thus 
affected by a sequence of two steps occurring in series, the oxygen mass transfer towards the particle 
surface and the subsequent heterogeneous phase reaction taking place at the particle surface of this 
oxygen with the carbon to form carbon monoxide. The slower of these two steps controls the reaction 
rate, thus there is a competition between the mass transfer and the heterogeneous reaction kinetics. 
Usually for small size particles (<100 μm) or a relatively lower particle temperature (<800 ℃), the 
combustion is chemically controlled, whereas for higher particle temperatures (>800 ℃) and larger 
particles, above 5 mm diameter, as it is the present case under study, the mass transfer controls the 
combustion reaction [37–39]. Turns [40] refers that the combustion is chemically controlled for small 
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particles burning at low temperatures but does not present reference values either for the particle size 
or the combustion temperature. 

As already referred, the heterogeneous phase reaction leads to the formation of carbon monoxide, 
as per Eq (6), 

         2

1
C O CO

2
           (6) 

while the subsequent oxidation of CO to CO2 can happen immediately afterwards, or away from the 
particle surface, depending upon the particle size. 

         2 2

1
CO O CO

2
          (7) 

In the first situation, the combustion is complete at the particle surface, while in the second 
situation the combustion is incomplete at the particle surface. When the combustion is complete it can 
be said that at the particle surface it occurs that, 

         2 2C O CO           (8) 

Although complete combustion at the particle surface takes place for particles above 1 mm 
diameter, as is the case of the briquettes under analysis, the boiler where the study was carried out was 
designed so that the combustion of the solid bed took place with sub stoichiometric air, thus promoting 
the incomplete combustion at the particles surface and leading to the CO combustion away from the 
bed of particles, as explained in the modus operandi of the boiler. 

The mass rate of the combustion of a single particle cm  is given by, 

        212cm d CK            (9) 

where d is the carbon or char particle diameter, 1/K is the overall resistance to combustion and C∞ is 
the molar concentration of oxygen away from the char particle, and determined by assuming a perfect 
gas behavior for the oxygen, 

         2O

f

p
C

R T
            (10) 

2Op   is the oxygen partial pressure, R  is the universal gas constant and 𝑇ത௙   is the average flame 

temperature close to the particle surface as read by the thermocouple and ignoring values read during 
the periods when the particle was outside the furnace. 

Considering the steady state continuity equation for a single generic chemical species with molar 
concentration AC , for spherical geometry, and radius r, 

         2 0Ad dC
r

dr dr
   
 

         (11) 
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and integrating it with the following boundary conditions, 2

2

, 02
,

O s

O

d C Cr

C Cr 

  

 
 , the oxygen 

concentration profile around a spherical burning particle with diameter d is given by, 

         2
2

O s

d
C C C C

r
             (12) 

The number of kmols of O2 going, per unit time, towards the particle surface under the diffusion 
mechanism is at the particle surface given by, 

        2
2

2

2

O
O g

dr

dCn d D
dr 

           (13) 

where gD  is the diffusivity of oxygen in the air. Integrating it leads to, 

         2 2O g sn d C CD           (14) 

or in absolute terms, 

         2 2O g sn d C CD           (15) 

When the combustion is complete at the particle surface for each kmol of O2 arriving at it, 1 kmol 
of carbon is consumed. Assuming that the heterogeneous C to CO reaction is a first order one, 

         c c sn d k C 2          (16) 

and then due to the fact that c O2=n n  , the result is that the reaction rate can be written as, 

         cn d CK  2          (17) 

being the overall combustion resistance, 1 K , given by, 

         
1 1

2 g c

d

K kD
           (18) 

In the case of incomplete combustion at the particle surface, now for each ½ kmol of O2 reaching 
the particle surface, 1 kmol of C is consumed, 

 

         22 Ocn n            (19) 

and then, 
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         cn d CK  2          (20) 

leads to, 

         
1 1

4 g c

d

K kD
           (21) 

In general terms the carbon consumption rate is given by, 

         cn d CK  2          (22) 

being, 

         
1 1

2 g c

d

K f kD
           (23) 

The above deduction was for pure diffusion, when Sh = 2. However, in broader terms the overall 
combustion resistance is given by, 

         
1 1

g c

d

K fSh kD
          (24) 

being Sh the particle Sherwood number, 1f   when the combustion is complete at the particle 

surface and  2f   for the carbon to CO combustion at the particle surface, gD  is the diffusivity 

of oxygen in the air and ck  is the reaction rate constant for the heterogeneous phase reaction taking 

place at the external surface of the solid particle, C + 1/2 O2  CO. The two terms of the second 
member of Eq (24) refer to the mass transfer resistance and to the kinetics resistance and from the plot 
of 1/K versus the particle size d, information can be obtained about the combustion control. The slope 
gives data about the mass transfer resistance while the intercept gives information about the 
heterogeneous phase reaction kinetics. 

After the determination of the burned mass fraction 𝜑௝, for every interval j, if the combustion is 
assumed as taking place at constant density ρ, the sample particle diameter corresponding to this 
burned mass fraction is given by, 

          1 3

1j ijd d            (25) 

where di is the initial diameter of the particle. The particle reaction rate for each interval j is then 
determined by means of 

        2 3
2

, 12 1 jc j ijm d CK            (26) 

Finally it is possible to get a set of results for all variables 𝑚ሶ ஼௝, 𝜑௝, and 𝑑௝, for all intervals j, and 
then get 𝐾௝ from Eq (26) and subsequently obtain the graphical plot of 1/K versus d, and according to 
Eq (24) to find out the slope and the intercept arriving at the relative importance of mass transfer and 



1078 

AIMS Energy  Volume 9, Issue 5, 1067–1096. 

reaction kinetics. 

2.5. Combustion with constant particle diameter 

For this mathematical model, it is assumed that the ashes formed during the combustion process 
do not dissolve remaining around the central core made of carbon and ashes. Thus, the particles burn 
at constant size keeping its approximate spherical shape. Looking at Figure 5, there is the external 
diameter of the particle ds, which theoretically coincides with the particle initial diameter, and there is 
the diameter of the carbonaceous core dc [41,42]. 

The diameter of the carbonaceous core is initially equal to the particle initial diameter and 
consequently to ds, and reduces along the combustion process until reaching zero. The path followed 
by the oxygen molecules from the particle external surface until the surface of the reacting core will 
increase as the combustion process goes on, Figure 5. 

 

Figure 5. Time evolution of constant size combustion of a biomass particle. 

According to this model the combustion process is a sequence of three steps in series, the oxygen 
mass transfer in the gaseous phase involving the particle till the external surface of the particle, the 
oxygen mass transfer through the porous ash layer around the central carbonaceous core and finally 
the heterogeneous phase reaction between the oxygen and the carbon and the core surface. The 
following subsections present this sequence of three steps. 

2.5.1. Oxygen diffusion until the particle surface 

Beginning with, 

        22
2 4

O
gO

dC
n r D

dr
          (27) 

and integration it for the boundary conditions 2

2

, 02
,

O s

O

d C Cr

C Cr 

  

 
, results in, 

        2 2O g s sn D d C C            (28) 
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2.5.2. Oxygen diffusion until the particle surface 

Taking again Eq (27), but with gD  replaced by gD , where ε is the porosity of the ash layer 

and consequently gD   is the oxygen diffusivity in this layer [41–44] and integration it for the 

boundary conditions, 
2

2

,
2

,
2

O s

O c

d s C Cr

dc C Cr

 

 
, results in, 

        2 2
s c

O g s
s c

d d
n D C C

d d
  


         (29) 

2.5.3. Heterogeneous reaction C + 1/2 O2  CO at the surface of the carbonaceous core 

Now taking into account the kinetics of the heterogeneous reaction, assuming again a first order 
reaction, 

         c c c cn d k C 2          (30) 

and paying attention that O cf n n 2  , with f = 1 for complete C to CO2 combustion at the 

carbonaceous nucleus and f = 2 for the C to CO combustion, the carbon consumption rate can be 
determined by 

         2
c cn d KC           (31) 

with, 

       
 21 1

2 2
c s cc

s s cgg

d d dd
K f D f Dd d k


          (32) 

The combustion reaction rate is given by Eq (33) below. It depends on the diameter of the 
carbonaceous core and on the overall resistance to combustion, Eq (34), where once again the pure 
diffusion condition Sh = 2, was extrapolated for different values of the Sherwood number, 

        212c cm d CK           (33) 

       
 21 1c s cc

s s cg g

d d dd
K Sh f D Sh f Dd d k


          (34) 

The overall resistance to combustion 1/K has three terms, the first is the resistance to the oxygen 
mass transfer towards the particle external surface, the second concerns the resistance of the oxygen 
mass transfer inside the ash layer with porosity ε from the external surface of the particle until the 
surface of the carbonaceous core. Finally, the last term is the kinetic resistance of the heterogeneous 
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phase carbon oxidation to carbon monoxide. The objective of the present study is to get a plot of 1/K 
versus dc, to get information on the relative importance of these three mechanisms. 

The diameter of the carbonaceous core can be determined by means of a simple approximation. 
The total mass of the burning particle for the instant j is given by, 

        
3

,
6

c
j p j

d
m

            (35) 

where ρp,j is the average density of the particle at any instant j. It is a weighted average of the density 
of the ash layer around the central carbonaceous core and the density of such carbonaceous core, 
according to the corresponding masses at the j time instant. So, the mass of the particle can be 
determined, also for the time instant j through, 

       
 3 33

,,

6

s c jc n
j c a

d dd
m

c

  


         (36) 

where c  is the density of the carbonaceous core and a  is the density of the ash layer around the 

central core. The mass of the particle is thus the summation of two terms. Assuming that the weight of 
the ash layer can be neglected when compared with the core mass, then it can be considered that for 
the instant j the mass of the particle is simply, 

         
3

,c n
j c

d
m

c

           (37) 

At the beginning of the combustion, when dc = ds, from the Eqs (35) and (37) it is known that, 

         ,0c p            (38) 

where ,0p  is the particle density at the first time instant (j = 0). In other words, the core density is 

constant and equal to the initial density of the particle. Combining Eqs (35) and (37), for any instant j, 
an expression to determine the diameter of the carbonaceous core is obtained, 

 

         

1 3

,
,

,0

p j
c j c

p

d d



 
   

 
         (39) 

which can be rewritten by taking into account the burned mass fraction 𝜑௝ for the time instant j, 

          1 3

, 1c j s jd d           (40) 

where 𝑑௦  is the particle surface diameter. It can be concluded that Eq (40), for the calculation of the 
diameter of the carbonaceous core in the mathematical model for constant density combustion, is equal 
to Eq (25) used for the calculation of the particle diameter, in the constant density combustion model. 
As the diameter time evolution is identical, Eq (33) is numerically equal to Eq (26), leading to the 
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same numerical value for the overall resistance to the combustion for both mathematical models. What 
is different is the corresponding definition of the overall combustion resistance: 

- For the constant density mathematical model the overall combustion resistance 1/K has two 
terms, Eq (24), being 1/K linearly dependent on the particle diameter; 

- For the constant diameter mathematical model, the overall combustion resistance 1/K has three 
terms, Eq (34), and presents a quadratic dependence on the carbonaceous core diameter, Eq (41), 

       
21 11

1
c c

s cg g

d d
K Sh f D Sh f Dd k

 
    

 
      (41) 

It must be stressed once more, that this mathematical analysis is very simplistic although allowing 
getting a quick overall idea about the resistances affecting the rate of combustion. 

3. Results and discussion 

To carry out the burning rate experiments the boiler was operation in steady state conditions for 
at least one hour. During the experiments besides the process of taking the sample out of the furnace 
to be weighed and its subsequent reintroduction in the furnace, the normal boiler furnace feeding 
procedure was also carried out, i.e., about 1 kg every 15 minutes. 

The experiments were done with commercial briquettes (experiments C3 to C6), briquettes made 
with pine saw dust (experiment P1), with briquettes made with vine pruning wastes (experiment V1) 
and with eucalyptus (experiments E1 and E2). 

As already explained it is assumed that the combustion reaction only takes place when the 
biomass sample is inside the boiler furnace and consequently the determination of the average 
measured parameters excludes all data during the weighing and photographing phases, in other words 
the time intervals 𝑡௢௨௧,௝ and 𝑡௜௡,௝ାଵ  are not considered. 

3.1. Overall results 

Figure 6 shows the time evolution of the combustion exhaust gases temperature as well as the 
oxygen and carbon dioxide molar fractions in the exhaust gases, all for the experiment C6. The vertical 
dot lines are the limits of the excluded periods that concern the sample weighing process. 
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Figure 6. Time evolution of the temperature, of the oxygen and carbon dioxide volume 
fraction, of the exhaust combustion gases. The CO2 is corrected for 13% (v/v) O2. Data for 
test C6. 

 

Figure 7. Time evolution of the exhaust gas temperature for tests C3, C4, C5 and C6. 

Figures 7 and 8 show the time evolution of the exhaust gases temperature for the several 
biomasses that were tested during the combustion rate experiments, namely for tests C3, C4, C5, C6, 
P1, E1, E2 and V1. In Figure 9, there is the time evolution of the CO concentration in the exhaust gas 
flow for tests C3, C4, E1 and E2. As previously explained, there are temperature and gas concentration 
oscillations during the door opening periods. It was necessary to be careful and avoid any layout 
disturbances on the furnace fuel bed in order to guarantee an approach as good as possible to the 
desired steady state burning conditions. However, in global terms, it can be concluded from the 
observation of these figures that steady state operation conditions can be assumed. 
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Figure 8. Time evolution of the exhaust gas temperature for tests E1, E2, P1 and V1. 

 

Figure 9. Time evolution of the exhaust gas CO concentration for tests C3, C4, E1 and E2. 

Figure 10 presents the time evolution of the water inlet and outlet temperatures and of its mass 
flow rate, for test C4. Due the thermal inertia of the boiler, namely considering its large mass including 
the water contained in it, the time fluctuations verified in the gaseous exhaust temperature and 
components concentrations do not appear here. The plots in Figure 10 clearly demonstrate the 
steadiness of the whole process as far as the water flow and the thermal boiler output are concerned. 
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Figure 10. Time evolution of the water inlet and outlet temperature, as well as its mass 
flow rate for test C4. 

Figures 11 and 12 present the flame temperature on the burning bed of briquettes for the tests 
under consideration. There are large temperature differences on the flame close to the bed of burning 
particles, which means that in strict terms it is almost impossible to consider that the combustion was 
carried out under perfect steady state operation. However in broad terms one can be said, by looking 
at these figures under a simplistic approach, that the burning conditions are almost steady, as 
temperatures, although fluctuating the evolve through a more or less constant band of values. In rough 
terms it can be assumed that the experiments managed to get steady state conditions. 

As already explained for each time interval j the sample mass 𝑚௝ was registered, the time instant 
of the sample extraction 𝑡௢௨௧,௝, and reintroduction in the furnace 𝑡௜௡,௝ାଵ, and subsequently the burned 
mass fraction 𝜑௝  and the sample particle combustion rate 𝑚ሶ ௖௝ were calculated. 

 

Figure 11. Time evolution of the bed flame temperature for tests C3, C4, C5 and C6. 
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Figure 12. Time evolution of the bed flame temperature for tests E1, E2, P1 and V1. 

Figure 13 shows the evolution of the burned mass fraction φ with the fictitious burning time and 
it is clear from the correlation coefficients of the applied trend lines, that there is a strong linear 
tendency. From the slope of the linear fittings presented in Figure 13 some simple conclusions can be 
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cases. On the other end, the eucalyptus logs have a higher slope. This can be explained by the fact that 
the eucalyptus wood is denser than the briquettes and thus, for the same particle size reduction, there 
is a stronger mass reduction. 

 

Figure 13. Time evolution of the burned mass fraction for tests E1, E2, P1 and V1. 
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approximately constant and independent of the flame temperature, whereas the eucalyptus slopes 
clearly distinct and decreasing with the increase on the flame temperature. For the briquettes it can be 
said that as expected for burning particles above 5 mm the combustion rate is not dependent upon the 
bed temperature, thus the expectancy is that the combustion will be mass transfer controlled. As far as 
the eucalyptus is concerned, it seems that there is some dependence on the bed temperature, although 
these two plots are insufficient to achieve a clear conclusion. 

The next step is the analysis of the experimental results under the two theoretical models 
previously described: combustion at constant particle density and combustion at constant particle 
diameter. Looking at the results the conclusion was that the combustion of these briquettes took place 
at constant size and consequently at reducing ρ. Figure 15 shows a sequence of photographs from pine 
dust briquettes combustion, experiment P1, for a series of time sampling instants. Each time instant j 
corresponds to a fictitious burning time 𝑡௝ ൌ 2𝑗, in minutes. The two initial instants, pictures with red 
dots, were excluded for the subsequent analysis, the corresponding burning fraction was below 20%, 
and the particles show no superficial carbonized appearance. 

 

Figure 14. Average slope as a function of the average flame temperature. 

 

Figure 15. Pictures of the sample during test P1. 
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It is quite clear, looking at the sequence of pictures in Figure 15, that it can be assumed that the 
briquette portion under consideration burns at constant size. However, in the treatment of the 
experimental data the two models of combustion were taken into account, to find out which one was 
the most adequate. 

3.2. Evaluation of combustion data under the constant density model 

The experimental results of the rate of combustion were then analyzed according to the constant 
density model explained in section 2.4. For this analysis tables with all the parameters 𝑚ሶ ஼௝,  𝜑௝,  𝑑௝ 
and 𝐾௝, for the considered time intervals j were built to obtain the evolution of 1/K with the particle 
diameter d. This evolution of 1/K with the particle diameter d, for all intervals j, is plotted in Figure 16. 
For the linear fitting, abnormal observations were eliminated according to the Chauvenet criterion [45]. 

Table 4. Results considering a constant density combustion. 

Test 𝑻ഥ𝒇 [℃] 𝑪ஶ [kmol/m3] 𝑫𝒈 [m2/s] 𝑺𝒉 𝒌𝒄 [m/s] 

C3 986.8 2.03E-03 2.27E-04 −118.66 0.270 

C4 913.4 2.14E-03 2.05E-04 −178.11 0.341 

C5 892.2 2.15E-03 1.99E-04 −41.34 0.173 

C6 761.6 2.45E-03 1.64E-04 81.49 1.535 

P1 905.2 2.14E-03 2.03E-04 70.61 1.066 

V1 814.2 2.30E-03 1.78E-04 −404.41 0.343 

E1 846.4 2.23E-03 1.86E-04 92.143 1.856 

E2 915.0 2.12E-03 2.06E-04 171.99 1.347 
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Figure 16. Evolution of the overall combustion resistance with particle diameter according 
to the constant density model. 
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Taking into account Eq (11), and the resulting linear fitting equations between the overall 
combustion resistance and the particle diameter shown in Figure 16, the Sherwood number Sh and the 
heterogeneous phase reaction rate constant 𝑘௖ were determined. Such values are shown in Table 4 for 
all experiments done, as well as the corresponding average flame temperature 𝑇ത௙ , molecular 
concentration of oxygen far from the burning particle 𝐶ஶ and oxygen diffusivity in the gas phase 𝐷௚. 
The presented Sherwood numbers were calculated with the correction factor f = 2, considering, as 
previously referred, that the carbon burns to CO at the particle surface. 

Table 4 shows that half the experiments led to negative Sherwood numbers (underlined values), 
an absurd situation in physical terms. This is easily observed in Figure 16, where the tests C3, C4, C5 
and V1 have trend lines with negative slopes, while the physically correct situation must have a 
positive slope, as understood from Eq (24). It is clear that the combustion does not occur at constant 
density, which was corroborated by the pictures that were taken to the burning particles. The images 
of Figure 15, corresponding to the test P1, clearly show a constant particle size combustion. 

3.3. Evaluation of combustion data under the constant size model 

Now the same experimental results are analyzed under the constant size combustion model 
parameters, as presented in section 2.5. The carbonaceous nucleus diameter 𝑑௡ and the overall 
combustion resistance values 1/K are the same as considered before for the constant density 
combustion analysis. 

Figure 17 represents the overall combustion resistance 1/K versus the carbonaceous nucleus 
diameter 𝑑௖, again for all intervals j. Based on Eq (41), it is clear that the relation between these two 
parameters is a quadratic one. Accordingly, for each experiment, the quadratic fitting is applied. The 
corresponding correlation coefficient is also shown and again, abnormal situations were discarded 
according to the Chauvenet criterion [45]. 

For this analysis it was assumed that the combustion was controlled by the mass transfer of 
oxygen towards the burning particle, i.e., 1/𝑘௖ = 0. This simplifying assumption is based on the fact 
that for large particles the mass transfer is the dominating mechanism of the overall combustion 
process [9,37–39]. It must also be stressed that for the previous analysis of the constant density 
combustion, this same approach was taken into account, by imposing an intercept zero, 1/𝑘௖ = 0, but 
it lead to negative correlation coefficients, and this condition was then discarded. Table 5 gives the 
resulting Sherwood numbers for this new evaluation. 

Once more, applying the Chauvenet criterion [45] to the Sherwood numbers in Table 5, the 
experiment C5 has a Sherwood number of 173.77 which is rather different from the other values shown 
in the table, that are in the 50 to 106 range of values. There is still some variability, which is 
understandable regarding the experimental uncertainties. 
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Figure 17. Evolution of the overall combustion resistance with particle diameter according 
to the constant size model. 
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Table 5. Results considering constant particle size combustion. 

Test 𝜺 𝑺𝒉 

C3 0.262 76.62 

C4 0.229 106.45 

C5 0.089 173.77 

C6 0.820 65.28 

P1 0.698 51.44 

E1 0.674 68.97 

E2 0.552 90.81 

To try to evaluate the correctness of the Sh values obtained in Table 5 the correlation proposed by 
Wakao and Funazkri [46] was used to determine the Reynolds numbers of the gas flow around the 
burning particle, Eq (42). These authors developed a correlation between the Sherwood and the 
Reynolds number for a packed bed of active particles, like the present situation concerning a bed of 
burning particles. 

     0.6 1 3 10,0001.1 for 32 d dSh Re Sc Re         (42) 

In the above equation 𝑅𝑒ௗ  is the Reynolds number based on the diameter of the burning particle, 
and Sc is the Schmidt number. For a single particle under pure diffusive conditions, the Sherwood 
number takes the value of 2. However, in the present situation the impact of the convective phenomena 
inside the furnace is quite heavy, as the values in Table 5 clearly show, and also because the boiler 
operates in exhaust gas forced regime. 

So, starting with each Sherwood number of Table 5, the corresponding Reynolds number was 
calculated by means of Eq (42). To do it, the Schmidt number was considered 0.73, as suggested by 
Bormand and Ragland [47]. Then, from the obtained Reynolds numbers, it was possible to calculate 
the flow velocity around the particle through Eq (43). 

         d
u d

Re



          (43) 

For this last equation, air properties were assumed. Namely ρ is the air density, μ is the air dynamic 
viscosity and u is the flow velocity at the close average of the burning particle of external diameter d, 
i.e., a bed interstitial velocity. Looking at Figure 6, the average O2 values in the exhaust gases are 
around 15–16% (v/v), indicating a combustion with high excess air values, justifying the approach of 
using air property values. The objective is to find out whether the value obtained for the gas velocity 
nearby the particle is a reasonable one. The air properties depend on the temperature in the close 
neighborhood of the particle, a value difficult to measure because of the sequence of movements of 
particle introduction and extraction from the bed. The only measured temperature, as already referred, 
was the flame temperature close to the burning bed, in the lower part of the combustion chamber, while 
the particle was in the upper chamber, on the top of the bed. Therefore, for the gas, mainly air, flow 
around the particle two temperature values were chosen, 500 and 700 ℃, to find out the influence of 
this temperature on the obtained interstitial velocity. The air properties at these three temperature 
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values were obtained from the technical literature [48]. Table 6 shows the obtained values for the 
Reynolds numbers and subsequent air velocities nearby the burning particle. 

There is some variability of the results but with the exception of the results from the C5 
experiment, the values obtained for the velocity close to the burning particle, an interstitial velocity, 
are on the range of 0.5 to 1.6 m/s. Through the analysis of the combustion mass balance calculations, 
the average mass flow rate of combustion air is of 103.5 kg/h. Thus, taking into account the furnace 
cross section area of 0.130 m2 (0.476 m length and 0.273 m width) and a bed porosity of 0.45, it results 
in interstitial velocities of 1.08 and 1.35 m/s, respectively at 500 and 700 ℃. So, the mass transfer 
results through the Sh number, and the Wakao and Funazkri correlation [46], lead to interstitial 
velocities of the same order of magnitude of those found through the combustion mass balance. 
Therefore, the present study resulted into a set of data that allow the comprehension and the definition 
of the mechanism controlling the fixed bed combustion of these biomass briquettes and wood logs. 

Table 6. Estimated values for the bed interstitial flow velocity close to the burning sample 
particle. 

Test 𝒅 [mm] 𝑹𝒆 𝒖𝟓𝟎𝟎 ℃ [m/s] 𝒖𝟕𝟎𝟎 ℃ [m/s] 

C3 73.3 1344 1.5 0.9 

C4 70.3 2354 2.7 1.6 

C5 70.0 5393 6.2 3.7 

C6 72.1 1021 1.1 0.7 

P1 70.0 676.7 0.8 0.5 

E1 50.0 1122 1.8 1.1 

E2 55.3 1796 2.6 1.6 

4. Conclusions 

The determination of the combustion rate of woody particles in a domestic boiler fixed bed was 
carried out by assuming a steady state operation of the boiler, the combustion quenching during the 
particle weighing process and the spherical shape of the particle under observation. For a burning mass 
fraction above 20% it could be assumed, through visual inspection, that the fuel particles had 
undergone carbonization and consequently it was considered that, beyond that border, it was occurring 
the combustion of large char particles. 

Through the measurement of the rate of mass consumption of sample particles, periodically 
withdrawn from the top of the burning fixed bed of briquettes or wood logs, it was found that the 
combustion experiments exhibited independence from the average bed flame temperature, showing a 
similar burning rate for all of them. The reduced dependence of the burning rate with temperature 
indicates that the kinetic control was small and transport phenomena mechanisms were dominant. The 
higher slopes for the combustion of eucalyptus logs are due to its higher density, leading to a stronger 
mass consumption for the same particle diameter reduction. 

Considering the inverted flame-operating mode of the boiler, it means that carbon burned to 
carbon monoxide at the particle or core surface, and then CO burned to carbon dioxide away from the 
burning particle. The combustion occurred at constant size and reducing density, having the particles 
a reducing carbonaceous core and a constant size non-disaggregating ash layer involving it. The 
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analysis of photographs from the particles during the weighing process corroborates this conclusion. 
Starting with the Sherwood values obtained from the reaction rate of the sample particle, mainly 

in the 50 to 106 range, and the overall resistance to combustion, and through a mass transfer correlation 
for this dimensionless number, applicable at packed beds of reacting particles, estimations for the gas 
velocities close to the sample particle were calculated and compared well to those obtained from the 
combustion mass balance. 

The present approach and experimental methodology allowed the determination of relevant 
information concerning the fixed bed combustion of relatively large sized woody particles. However, 
future work should consider the possibility of continuously measuring the time evolution of the 
burning particle without extracting it from the furnace interior, by means of a dynamometer setup. 
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