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Abstract: This paper describes the development and validation of a numerical tool 9 

able to simulate biomass combustion in grate-fired systems and support 10 

operation and design improvements of these devices. The modeling method is 11 

conceived as a compromise between the demand of computing time and the 12 

degree of detail in the simulation. As such, it integrates both the bed zone and 13 

the freeboard zone on a same 3D grid and assumes the bed as a porous medium, 14 

where heterogeneous reactions are simulated by a modified laminar rate model. 15 

Liquid water, dry biomass and char are introduced as site species that react on 16 

the porous medium surfaces to produce and/or consume gas species (O2, CO, 17 

CO2, H2, H2O, light hydrocarbons and condensable gases). To validate the 18 

numerical tool, predictions have been compared to experimental data gathered in 19 

a 250 kWth combustion test facility operated with a high quality woody pellet. 20 

Once validated, the tool has been applied to characterize the flow patterns as 21 

well as the temperature and the main gaseous emissions profiles within the 22 

combustion chamber. According to the analysis of the simulation results, 23 

significant improvements have been identified concerning not only operation but 24 

also design issues.  25 

 26 
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Highlights  30 

 A modified porous media approach was developed to simulate grate biomass 31 

combustion  32 



2 

 Heterogeneous reactions were modeled on the 3D porous medium surfaces 33 

 A 250 kWth boiler tested with reference woody pellets was selected as a case study 34 

 Good validation was obtained between predictions and measured data 35 

 Operation and design improvements were elucidated by the CFD results analysis 36 

 37 

1 INTRODUCTION 38 

1.1 CFD application to grate biomass combustion 39 

Grate biomass combustion is widely applied in the European Union for heating 40 

purposes and a significant increase is expected for next decades [1]. Notwithstanding, 41 

improvements of current technologies are still needed in terms of efficiency, emissions 42 

and operation automation in order to satisfy the more and more restrictive European 43 

legislation, e.g., the regulations recently published as regards energy labelling and eco-44 

design requirements for solid fuel boilers [2, 3].  45 

For this aim, computer-assisted tools are increasingly utilized to support the 46 

development of grate-fired technologies and numerous models have been developed for 47 

simulating solid fuels combustion in these devices, from small-scale units to large 48 

boilers. However, due to the inherent complexity in the thermo-chemical conversion of 49 

solid particles in a fuel bed, accurate modeling of all the aspects involved in grate-fired 50 

combustion is not readily achievable [4]. Depending on the main purpose of the 51 

investigation/application, a wide range of approaches and hypotheses has been 52 

considered.  53 

In the vast majority of the works, packed bed combustion is modeled according to a 54 

two separated zones scheme: the fuel bed zone, where heterogeneous reactions occur, 55 

and the freeboard zone, where gaseous combustion takes place. The latter is usually 56 

simulated by the widely known CFD technique but, in contrast, neither conventional 57 

method is established yet nor is commercially available for modeling fuel bed 58 

combustion. Consequently, bed conversion represents the most critical stage of grate-59 

fired combustion modeling. According to the literature, three main methods have been 60 

developed up to now: empirically derived models, stand-alone bed models and the 61 

porous medium approach. A brief review is done hereinafter. 62 

In the first method, the inlet boundary conditions for the freeboard simulation are 63 

derived either from experimental data gathered in the vicinity of the fuel layer [5-7] or 64 
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from theoretical mass and energy balances [8, 9]. Although this method allows 65 

characterizing the main features of the gaseous combustion process in grate-fired 66 

technologies, it does not allow studying neither the effects that the primary air inlets and 67 

the porous bed have on the fluid dynamics, nor the consumption/production of chemical 68 

species due to heterogeneous reactions in the bed (i.e., drying, pyrolysis and char 69 

reactions). 70 

Concerning the stand-alone bed models, they consist in independent models 71 

developed in an external solver and coupled with the freeboard modeling by means of 72 

an exchange interface. Up to now, 1D or 2D stationary or transient bed sub-models [10-73 

12] are the main strategies used to describe the solids combustion in a packed bed along 74 

with the discrete particle technique [13, 14] and the Euler-Euler method [15, 16]. 75 

Although this method permits to include very detailed models related to the thermo-76 

chemical and physical processes that occur during the particle conversion, it implies a 77 

complex, long time-demanding coupling with the CFD simulation of the freeboard 78 

zone.  79 

Finally, the porous medium approach considers the fuel bed zone as a porous volume, 80 

which includes a solid phase and a fluid phase. This zone can be integrated into the 81 

same computational domain as the freeboard zone, thus simplifying the coupling 82 

between them. The species released from heterogeneous reactions in the bed zone can 83 

be implemented in the CFD code by two main ways: as source terms, generally obtained 84 

from empirically derived data [17, 18], or by specific User-Defined Functions (UDFs), 85 

which solve the solid phase thermo-chemical conversion [19, 20].  86 

1.2 Aims of the present study 87 

The main purpose of our research was to develop a numerical tool able to simulate 88 

biomass combustion in grate-fired systems and support improvements of these devices. 89 

In particular, fluid patterns originated from the combustion chamber operation and 90 

design aimed to be characterized, as well as the profiles of the most relevant variables 91 

(fluid temperature and concentrations of gas species). In this sense, the simulation was 92 

required to preserve results accuracy but with reasonable development and computing 93 

demands. For these reasons, the tool was conceived according to the following 94 

specifications: 1) to model both fuel bed and freeboard zones on a unique three-95 

dimensional grid, 2) to employ sound combustion models that adequately predict the 96 
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combustion tendencies; 3) to avoid long and critical coupling with a detailed particle-97 

based model. 98 

To this purpose, the porous medium approach was selected to resemble the fuel 99 

particles conversion in the packed bed. Compared to previous works applying this 100 

approach, neither sources terms nor detailed UDFs were utilized to simulate 101 

heterogeneous reactions in the bed. Instead, a modified laminar rate model was adapted 102 

in order to allow simulating drying, pyrolysis and char reactions. This enabled the 103 

integration of the reacting porous medium into a commercial CFD tool (ANSYS 104 

Fluent), together with the modeling of the freeboard section.  105 

 106 

2 MODELING METHOD  107 

To simulate the overall solid combustion process in 3D, the computational domain 108 

used in this work is basically composed by two fluid sub-domains: one porous fluid 109 

sub-domain that corresponds to the bed region and one simple fluid sub-domain that 110 

corresponds to the freeboard (see Fig. 1). It is worth noting that a unique fluid mixture 111 

is simulated, which flows through both the porous medium and the freeboard, and 112 

which species concentration varies in each cell according to the chemical reactions 113 

accounted for. The mixture is composed by eight gas species (O2, CO, CO2, H2O, H2, 114 

CH4, C6H6.2O0.2 and N2). As concerns the solid phase, three site species (water, dry 115 

wood and char) are considered. 116 

 117 

 118 

 119 

Fig. 1.- Domain with two different zones: fuel bed (porous medium) and freeboard. 120 
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2.1 Packed bed modeling  121 

Some simplifying assumptions are adopted to carry out the modeling of the bed 122 

region: 123 

 The porous medium sub-domain shape, size and porosity have been assumed 124 

constants during the computations, i.e., stationary combustion modeling. 125 

 The fuel bed has been considered as a unique assembly, in such a manner that 126 

individual particles movement, shrinkage or volume changes have not been 127 

simulated.  128 

 The solid and fluid phases in the porous medium have been assumed to be at 129 

thermal equilibrium.  130 

 Heterogeneous reactions have been assumed to occur at the porous medium 131 

surfaces and to overlap in both time and space. 132 

 Elutriation of particles from the fuel bed has not been considered. 133 

 134 

RANS equations of the fluid mixture have been solved in the bed zone, coupling the 135 

Ergun equation [21, 22] in the momentum conservation equation to model the resistance 136 

due to the porous medium, where the viscous and inertial factors are assumed isotropic: 137 

 138 

∆𝑃
𝑙஻

ൌ
𝜇௚
𝜅஻
𝑣௦ ൅ 𝐶ଶ

𝜌௚
2

 𝑣௦ଶ 

 
(Eq. 1) 

In Eq. (1) the relation between the pressure drop  
∆௉

௟ಳ
 and the velocity 𝑣௦ depends on 139 

the gas thermo-physical properties 𝜇௚ and 𝜌௚, the bed permeability (𝜅஻ ൌ
ఝమ஽೛మఢಳ

య

ଵହ଴ሺଵିఢಳሻమ
) 140 

and the inertial factor (𝐶ଶ ൌ
ଷሺଵିఢಳሻ

ఝ஽೛ఢಳ
య ), where Dp is the equivalent spherical diameter of 141 

the particles, 𝜑 is the particle sphericity and 𝜖஻ is the bed porosity.  142 

Source term of the mass conservation equation accounts for the total mass released 143 

from the surface reactions taking place in the porous medium, i.e., drying, pyrolysis and 144 

char reactions. Source term of the species conservation equation (𝑚ሶ ௜ሻ includes the rate 145 

of mass (kg/m2s) produced/consumed of gas species i = N2, O2, CO, CO2, H2O, H2, 146 

CH4, C6H6.2O0.2 due to the NSR surface chemical reactions in which gas species i 147 

participates in: 148 

 149 
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𝑚ሶ ௜ ൌ 𝑀௜෍ሺ𝑝௜,௥ െ 𝑐௜,௥ሻ𝑅௥

ேೄೃ

௥ୀଵ

 (Eq. 2) 

 150 

Where Mi (kg/kmol) is the molecular mass of each gas species i, p and c are the 151 

stoichiometric coefficients for each gas species produced or consumed due to surface 152 

solid-gas reactions, and R (kmol/m2 s) is the net rate of their production/consumption 153 

given by the reaction kinetics.  154 

A reduced mechanism of five reactions has been adopted to simulate the biomass 155 

conversion in the bed region, which includes drying, devolatilization and char 156 

gasification and oxidation. Table 1 shows the set of reactions with their stoichiometry 157 

and kinetic parameters.  158 

 159 

 # Reaction Arrhenius expression Ref. 

D
ry

in
g 

1 H2O(l)  H2O 𝑅ଵ ൌ 5.13 ∙ 10ଵ଴ൣ𝐻ଶ𝑂ሺ௟ሻ൧ exp ሺെ88/𝑅𝑇ሻ  [26, 27] 

P
yr

ol
ys

is
 

2 

Dry Wood  0.16C(s) + 
0.155CO + 0.058CO2 + 
0.112H2 + 0.043H2O + 

0.087CH4 + 
0.006C6H6.2O0.2 

𝑅ଶ ൌ 2.62 ∙ 10ସ ሾWoodሿ exp ሺെ77.6 𝑅𝑇⁄ ሻ [25] 

C
ha

r 
re

ac
ti

on
s 3 C(s) + 0.5O2  CO 𝑅ଷ ൌ 1.4 ∙ 10ହ ሾ𝑂ଶሿ exp ሺെ100.45 𝑅𝑇⁄ ሻ [28] 

4 C(s) + CO2  2CO 𝑅ସ ൌ 6.51 ∙ 10ଷሾ𝐶𝑂ଶሿ଴.଻exp ሺെ217 𝑅𝑇⁄ ሻ [29] 

5 C(s) + H2O  CO + H2 𝑅ହ ൌ 4.45 ∙ 10ସሾ𝐻ଶ𝑂ሿ଴.ହexp ሺെ217 𝑅𝑇⁄ ሻ [29] 

 160 

Table 1.- Summary of kinetic parameters used for the set of heterogeneous reactions                             161 

(rates in kmol/m2s; activation energies in kJ/mol; temperatures in K; concentration of site species 162 

in kmol/m2; concentration of gas species in kmol/m3) 163 

 164 

 165 

Drying and pyrolysis have been assumed as single step and first order reactions and 166 

their reaction rates have been described by an Arrhenius expression. According to 167 

Ragland et al. [23], the non-condensable gases have been assumed to be composed 168 

primarily of CO, CO2, H2O, H2 and light hydrocarbons (CH4) and the condensable 169 

gases, or tars, have been supposed to consist of C6H6.2O0.2. In order to assess the 170 

pyrolysis reaction stoichiometric coefficients, mass and energy balances have been 171 

calculated based on the work carried out by Thunman et al. [24]. The molecular mass 172 
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and the formation enthalpy of the dry wood, the volatiles, the tars and the char have also 173 

been determined according to this work, as summarized in the Appendix. Concerning 174 

char conversion, both char combustion and char gasification have been considered (see 175 

reactions 3, 4 and 5 in Table 1). Char has been assumed to consist of pure carbon and 176 

the effect of mineral matter on the conversion rates has been neglected due to the very 177 

small amount of ash in the studied fuel (as shown hereinafter). 178 

 To close the calculation of species conservation in the porous medium, it is required 179 

to set up the concentration of site species. As concerns the concentration of dry wood 180 

[Wood], it is linked to the biomass flow rate, the volatiles content in the biomass, the 181 

net rate of volatiles release R2 (see Table 1) and the bed geometry:  182 

     183 

𝑅ଶ ൌ  2.62 ∙ 10ସ ሾWoodሿ expሺെ77.6 𝑅𝑇⁄ ሻ ൌ
𝑌௩௢௟ ∙ 𝑚ሶ ி

𝑉஻ ∙ 𝑆஻ ∙ 𝑀௩௢௟
 (Eq. 3) 

 184 

The concentrations of the rest of site species can be related to the dry wood 185 

concentration through the biomass composition. Finally, an effective value for thermal 186 

conductivity is considered in the energy conservation equation for the bed region, 187 

accounting for both the thermal conductivity of the solid phase (bed particles) and the 188 

thermal conductivity of the gas-phase, weighted by the bed porosity:  189 

 190 

𝜆௘௙௙ ൌ  𝜀஻𝜆௚ ൅ ሺ1 െ 𝜀஻ሻ𝜆௣ (Eq. 4) 
  

All the thermo-physical properties of the solid phase have been estimated for a solid 191 

mix that corresponds to stationary combustion and that is constituted by dry biomass, 192 

liquid water, char and ash. 193 

2.2 Freeboard modeling 194 

Transport equations for the total mass of the fluid, the mass fraction of each gas 195 

species, and the conservation of momentum and energy have been also solved in the 196 

freeboard region. Available sub-models in the commercial code have been considered 197 

for simulating the turbulence closure, the heat transfer by thermal radiation and the 198 

oxidation rates of volatiles.  199 

  Correlation of velocity fluctuations have been simulated by the Realizable k- 200 

model [30], while thermal radiation is calculated by the P1 approach, due to its 201 

simplicity and compatibility with the finite difference modeling technique [31, 32]. 202 
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Scattering is neglected and absorption coefficient is calculated by the widely known 203 

Weighted Sum of Gray Gas Model (WSGGM). This one represents a reasonable 204 

compromise between the oversimplified gray gas model and a complete model, which 205 

takes into account particular absorption bands [33]. Radiative heat contribution from the 206 

bed region has been also included in the source term of the energy conservation 207 

equation, by means of an absorption coefficient and according to the work carried out 208 

by Buczyński et al. [34] for fixed bed combustion in small-scale boilers. 209 

Finite rate / Eddy dissipation model is selected to compute the release/consumption of 210 

gas species due to homogeneous oxidation of volatiles, according to the mechanism and 211 

kinetic parameters shown in the Table 2.  212 

A summary of the modeling method developed in this work is depicted in Fig. 2. 213 

 214 

 # Reaction Arrhenius expression Ref. 

V
ol

at
il

es
 

ox
id

at
io

n 

6 CO + 0.5O2  CO2 𝑅଺ ൌ 2.24 ∙ 10ଵଶሾCOሿሾ𝑂ଶሿ଴.ଶହሾ𝐻ଶ𝑂ሿ଴.ହexp ሺെ 167 𝑅𝑇⁄ ሻ [35] 

7 H2 + 0.5O2  H2O 𝑅଻ ൌ 10ଵଶሾ𝑂ଶሿሾ𝐻ଶሿ exp ሺെ 42 𝑅𝑇⁄ ሻ [36, 37] 

8 CH4 + 1.5O2  CO + 
2H2O 

𝑅଼ ൌ 9.2 ∙ 10଺ T ሾCHସሿ଴.ହሾ𝑂ଶሿexp ሺെ 80 𝑅𝑇⁄ ሻ [36, 37] 

9 0.006C6H6.2O0.2 + 2.9O2  
6CO + 3.1H2O 

𝑅ଽ ൌ 1.27 ∙ 10଺ T ሾC଺𝐻଺.ଶ𝑂଴.ଶሿሾOଶሿexp ሺെ 80.2 𝑅𝑇⁄ ሻ [35] 

Table 2.- Summary of kinetic parameters used for the set of homogeneous reactions                             215 

(rates in kmol/m3s; activation energies in kJ/mol, temperatures in K; gases concentrations in 216 

kmol/m3) 217 

 218 

 219 
Fig. 2.- Scheme of the modeling method. 220 
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3 CASE-STUDY BOILER  221 

3.1 Combustion test facility  222 

The combustion test facility is a 250 kWth nominal heat output boiler. This system is 223 

composed of two main devices, i.e., the combustion chamber (CC from now onwards) 224 

and the heat exchanger section, which are cylindrical, constructed in carbon steel and 225 

water-cooled. A detailed scheme of the CC is shown in Fig. 3.  226 

 227 

 228 
 229 

Fig.- 3. Scheme of the case-study combustion chamber. 230 

 231 

As depicted in the Figure, the unit consists of fixed grates. They are composed by two 232 

main elements: a stair-liked grate and a horizontal plate. The fuel is continuously 233 

introduced by a screw feeder from an intermediate fuel hopper. The movement of the 234 

bed is achieved by means of gravity and the action of the fresh fuel pushing the particles 235 

already on the slightly inclined stair-like grate. After it, but before the solids fall into the 236 

bottom of the CC, the horizontal plate aims at increasing residence time and achieving a 237 

better char burnout. Moreover, a pusher is activated at a specific frequency in order to 238 

move forward the bed material and facilitate the bottom ashes removal towards the CC 239 
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bottom. For this aim, two vertical plates of refractory material are placed on both sides 240 

of the grates to avoid the burning particles to fall down before arriving at the end of the 241 

horizontal plate. With respect to the primary combustion air, it is injected under the 242 

grate (stairs + horizontal section) by means of a specific fan. Finally, the secondary air 243 

nozzles are located on a horizontal plane above the grate, i.e., in the flame zone. The 244 

nozzles are uniformely distribuited in this plane, they are all oriented towards the plane 245 

center and cannot be tilted. 246 

3.2 Fuel characterization 247 

The selected fuel is a high quality woody pellet, produced from pine sawdust. This 248 

biofuel matches A1-class requirements of the European standard for graded wood 249 

pellets [38]. Proximate and ultimate analyses are summarized in Table 3, as well as 250 

heating values.  251 

 252 

Proximate analysis (% wt., a.r.)  
Moisture 5.37 ISO-589 
Fixed carbon 15.57  
Volatiles 78.79 ISO-5623 
Ashes 0.27 ISO-1171 

Ultimate analysis (% wt., d.a.f.)  
Carbon 50.72 ISO-16948 
Hydrogen 5.95 ISO-16948 
Sulfur 0.00 ISO-16994  
Chlorine 0.00 ISO-16994 
Nitrogen 0.08 ISO-16948 
Oxygen  43.25  

Heating values (MJ/kg, a.r.)  
HHV 19.12  
LHV 17.77 UNE-64001 

 253 

Table 3.- Biomass analysis and heating values, according to the standards. 254 

 255 

3.3 Experimental tests 256 

Eight experimental tests have been carried out according to a 23 factorial design 257 

method. The factors are the three main independent variables that could be modified 258 

during the operation of the case-study boiler: the fuel input power, 𝑄ሶ௜௡ [kW], the total 259 

excess air ratio, 𝜆௧ [-], and the primary air share, 𝑑ூ/௧ [%]. The latter represents the ratio 260 
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of primary air mass flow rate per total air mass flow rate injected in the combustion 261 

chamber.  262 

For each test, data collection was performed when the steady-state regime was 263 

attained, i.e., fixed operating conditions and stable outputs. Gas concentrations of O2, 264 

CO and NO were continuously measured in the chimney and registered every  265 

5 seconds, thanks to a gas analyzer TESTO 350-XL. Gas temperatures were also on-line 266 

measured at the outlet of the combustion chamber and the chimney, by means of K-type 267 

thermocouples. Water flow rate in the boiler walls was continuously measured by a 268 

hydrodynamic oscillatory-type flowmeter and inlet and outlet temperatures by two 269 

PT100. 270 

The data collected during these tests are summarized in Table 4, where the thermal 271 

efficiency of the system, calculated according to the indirect method [39], is also 272 

reported. Absolute uncertainties are also given for each variable, taking into account 273 

both systematic and random components of the total experimental uncertainty.  274 

Threshold values from European standards can be considered as a reference to 275 

compare gaseous emissions registered during the tests. When observing Table 4, the 276 

averaged CO values are all under the limit set by the EN 303-5:2012 [39], i.e.,  277 

500 mg/Nm3 at 10 % O2 (dry) for the strictest category (class 5). In addition, when these 278 

averaged CO emissions are compared to the Austrian deviation of EN 303-5:2012 [38, 279 

39], the limiting values of 250 mg/MJ were satisfied in the eight tests.  280 

With respect to NOX emissions, no restrictions are specified by norm EN 303-5 but 281 

the results can be compared to the limit set by the Austrian deviation of this European 282 

norm. In that case, the threshold value is set to 100 mg/MJ for automatically loaded 283 

wood pellets central heaters [39, 40]. For the eight tests, averaged NOX emissions fulfill 284 

the Austrian deviation limit. 285 
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Test 1 2 3 4 5 6 7 8 
Operating conditions 

𝑸ሶ 𝒊𝒏 ሺkW) 200.7 200.7 200.7 200.7 268.8 239.9 260.1 239.9 

𝝀𝒕 (-) 1.9 2.1 1.9 2.1 1.6 1.8 1.5 1.8 

𝒅𝑰/𝒕 (%) 49.8 49.1 52.8 53.7 47.6 48.5 53.1 53.4 

Measured data: exhaust gas temperature and composition in dry basis 
TG

a (ºC) 134.0±2.4 142.3±2.4 135.3±2.4 143.8±2.4 163.0±2.4 154.8±2.4 163.3±2.5 152.4±2.5 

TG,CC
b (ºC) 525.7±3.4 521.9±2.7 541.7±3.1 528.6±3.1 653.1±3.0 583.2±2.9 656.0±3.1 583.8±3.0 

O2 (%) 11.9±0.2 12.4±0.2 11.5±0.2 12.3±0.2 9.9±0.2 10.4±0.2 8.5±0.2 10.6±0.2 

COc (mg/m3N) 193.6±11.6 215.8±12.0 175.2±10.8 208.4±11.7 446.2±29.7 103.1±10.2 273.1±19.6 105.2±10.5 

CO (mg/MJ) 93.9±5.4 108.0±6.0 84.0±5.8 101.1±6.1 226.9±14.5 49.7±10.1 139.2±8.2 52.4±10.2 

NOX
d (mg/m3N) 143.3±12.0 167.7±12.1 142.3±12.1 175.2±12.0 134.0±12.0 172.5±12.1 123.3±12.0 164.3±12.1 

NOX
e (mg/MJ) 68.8±3.5 80.5±4.1 68.4±3.5 84.1±4.2 68.1±3.5 83.0±10.0 61.8±3.2 79.0±10.0 

Calculated data: thermal efficiency  
𝜼𝑳𝑯𝑽 (%) 90.13±0.25 88.90±0.29 90.41±0.24 88.91±0.29 88.97±0.26 88.92±0.24 90.01±0.23 89.95±0.24 

a. Gas temperature in the chimney 
b. Gas temperature at the combustion chamber outlet 
c. CO concentration at 10 % O2 (dry) 
d. NOx actual concentration at 10 % O2 (dry) and evaluated as NO2 

e. Evaluated as NO2 

Table 4. Mean values of experimental data gathered during the test, and uncertainties. 286 
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According to current norm EN 303-5, thermal efficiency should be higher than 89 % 287 

for Class 5 boilers, which is almost satisfied in all the tested conditions (see Table 4). 288 

Nevertheless, when comparing the results to the Austrian deviation, only three tests 289 

fulfill the threshold value set at 90 % (for automatically loaded boilers with heat output 290 

comprised between 200 and 400 kW). In fact, losses due to sensible heat in the exhaust 291 

gas have been important, i.e., they represent a loss comprised between 8.9 and 10.4 292 

points on the thermal efficiency. This fact is caused by the relatively high temperature 293 

in the chimney (that could be improved by redesigning the heat exchanger section), but, 294 

and above all, by the high total excess of air that was necessary during combustion tests. 295 

In that sense, results from tests 5 and 7 show that when a lower value of total excess of 296 

air was used, combustion became unstable and CO emissions increased substantially. 297 

Accordingly, potential improvements related to minimizing total excess of air without 298 

decreasing conversion degree could be foreseen.  299 

 300 

4 RESULTS AND DISCUSSION 301 

4.1 CFD simulations and validation of the results 302 

A grid constituted by 531 260 cells with one porous zone and one fluid zone has been 303 

used to model the combustion in the case-study CC. This grid has been evaluated by the 304 

method of the Grid Convergence Index, as described in a previous work [41]. This 305 

warrants the grid independence of the numerical results. Boundary conditions have been 306 

derived from experimental data depicted in Table 4 and a pressure condition of zero 307 

gauge has been assumed at the outlet section. Additionally, a non-slip condition has 308 

been considered for the solid walls, with conventional law-of-the-wall profiles for the 309 

turbulent boundary layer. In the water-cooled walls, a convective heat transfer 310 

coefficient is prescribed as a boundary condition for the simulations. This coefficient is 311 

estimated using the heat transfer rate (calculated by the available on-line measurements 312 

in the water-side) and taking into account the tubes arrangement and geometry. 313 

Concerning the solver, the pressure-based segregated algorithm has been used and the 314 

SIMPLE algorithm has been chosen for pressure-velocity coupling [42]. Finally, a 315 

second-order upwind discretization scheme has been utilized for each conservation 316 

equation. 317 
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As concerns the input parameters required to model the bed region by the porous 318 

medium approach, Table 5 shows the values used for the simulations. They have been 319 

calculated taking into account the biomass particles size and shape, and the bed 320 

geometry as well.  321 

 322 

𝐷௣ (m) 9.97 × 10-3 
𝜑 (-) 0.78 
𝑆௣ (m2/m3) 766.91 
௣ (kg/m3) 1 734.60 
௕௨௟௞ (kg/m3) 571.90 
 𝜖஻ (-) 0.67 
 𝑆஻ (m2/m3) 249.88 
1/B (m-2) 849 068 
 𝐶ଶ (m-1) 475.71 

 323 

Table 5.- Values for the inputs to the porous medium modeling. 324 

 325 

The last input needed to proceed with simulations is the concentration of dry wood in 326 

the porous medium, as explained in Section 2.1. Since this is not a direct figure or 327 

estimation, an iterative procedure would be required up to get a numerical solution 328 

fulfilling Eq. (3), that is, ensuring the mass balance of the volatiles. To avoid this rather 329 

cumbersome process and aiming at designing a simplified methodology, a correlation 330 

has been obtained as a function of the three independent operating variables of the case-331 

study unit:  332 

 333 

ሾ𝑊𝑜𝑜𝑑ሿ ൌ  െ226.26 ൅ 0.286 ∙ 𝑄ሶ ௜௡ ൅ 33.112 ∙ 𝜆௧ ൅ 4.147 ∙ 𝑑ூ/௧ (Eq. 5) 

 334 

Eq. (5) was obtained after simulating iteratively three cases, and makes possible a 335 

quick calculation of the dry wood concentration to be entered to the CFD computations 336 

of the case-study facility. Comparison of the calculations vs. experimental data has been 337 

made according to three main parameters, as can be seen in Fig. 4: averaged O2 and CO 338 

concentrations and gas temperature at the CC outlet. According to the comparison 339 

between calculated and measured data for all the tests, absolute differences are 5.9 %, 340 

20.4 % and 5.8 % for O2, CO and gas temperature, respectively.  341 

 342 

 343 
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 344 

Fig. 4.- O2 and CO concentrations and temperature at the CC outlet obtained from                       345 

experimental tests and numerical simulations, tests 1 to 8. 346 
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To further study the reliability of the predicted results, linear correlation coefficients, 347 

or Pearson coefficients, have been calculated according to equations established by Hill 348 

et al. [43]. The coefficients obtained are respectively 0.905, 0.943 and 0.901 for O2 349 

content, CO content and gas temperature at the CC outlet. This indicates a strong 350 

relation and thus a good ability of the model to predict the gas temperature and its 351 

composition at the CC outlet.  352 

Validation for CO2 concentration is not included, since the gas analyzer did not 353 

provide that information. Nevertheless, CO2 predictions have been found fully 354 

consistent with the carbon mass balance in the gas-phase. In consequence, the joint 355 

validation of a major species (O2) along with a minor one (CO) can be considered 356 

accurate enough as regards the biomass conversion.       357 

Once validated, CFD results are illustrated in Figs. 5 to 9 by means of velocity 358 

magnitude, temperature, O2, CO and CO2 concentrations profiles in the two planes 359 

corresponding to the middle of the CC. Streamlines are also added to stress out the flow 360 

direction and the recirculation zones obtained. These profiles correspond to tests 1, 3, 5 361 

and 6, which are chosen for their representativeness of the overall CC behavior under 362 

different operating conditions: tests 1 and 3 correspond to a high range of O2 363 

concentration and a midrange of CO emissions (tests 1 to 4), test 5 to very low range of 364 

O2 and high range of CO (tests 5 and 7) and, finally, test 6 to a midrange of O2 and a 365 

very low range of CO (tests 6 and 8). Notwithstanding, the complete set of numerical 366 

results and illustrations may be found elsewhere [25]. 367 

 368 
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Fig 5.- Velocity profiles for tests 1, 3, 5 and 6, in x- and y-planes. 370 
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Fig. 6.- Temperature profiles for tests 1, 3, 5 and 6, in x- and y-planes. 372 
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Fig. 7.- O2 molar fraction profiles for tests 1, 3, 5 and 6, in x- and y-planes. 374 
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Fig. 8.- CO molar fraction profiles for tests 1, 3, 5 and 6, in x- and y-planes. 376 
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Fig. 9.- CO2 molar fraction profiles for tests 1, 3, 5 and 6, in x- and y-planes. 378 
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4.2 Analysis of the CFD results 379 

4.2.1 Evaluation of the tested boiler performance 380 

According to the velocity profiles depicted in Fig. 5, it may be seen that aerodynamic 381 

features within the CC are characterized by high velocity gradients and numerous 382 

recirculation zones between the grates and the CC roof, and by a large recirculation 383 

zone in the ashtray. When focus is brought to the secondary airflow, it can be seen that 384 

high velocities appear along the axis, upwards to the CC roof but also downwards, to 385 

the horizontal plate. This peculiar phenomenon induces different facts, as described 386 

next.  387 

Firstly, strong recirculation zones are created in the upper part when the secondary 388 

airflow does not find a direct escape, i.e., upper-left and upper-right zones in x-planes 389 

(see Fig. 5.a to 5.d) and upper-left zone in y-planes (see Fig. 5.e to 5.h). As can be seen 390 

in Figs 6 to 9, these recirculation zones are characterized by relatively low temperature 391 

(T ≤ 1300 K), high O2 content (molar fraction > 0.1), low CO2 content (molar fraction < 392 

0.1) and very low CO concentration (molar fraction ≤ 0.0005). Accordingly, it may be 393 

inferred that an important fraction of the oxygen introduced by the secondary air inlets 394 

is present but almost no reactions occur with the combustion gases released from the 395 

bed, i.e., a large “dead zone” appears in the upper part of the CC. 396 

Secondly, both velocity and O2 profiles show that part of the secondary airflow that is 397 

injected next to the exit area (Fig. 5, upper-right zone in y-planes) directly escapes to 398 

the outlet, with apparently no effective mixing. This fact is confirmed by the relatively 399 

high O2 mass fraction calculated at the CC outlet (Fig. 7, O2 molar fraction > 0.1). 400 

A third aspect that arises due to the secondary air inlets configuration consists in the 401 

presence of a low temperature zone in the middle of the CC (T ≤ 1000 K, see Fig. 6), 402 

which corresponds to the area around the intersection point where all the secondary air 403 

nozzles are oriented. This zone is characterized by very high O2 contents (molar 404 

fractions in the range 0.12-0.14) and its area depends on the operating conditions: for 405 

tests at the same total excess of air, the higher the secondary air portion is, the wider the 406 

low temperature zone is (see Fig. 7, test 3 vs. test 1) and, for tests with the same air 407 

distribution, the higher the total lambda is, the wider the low temperature zone (see Fig. 408 

7, test 5 vs. test 6).  409 

Finally, it can be seen in all the tests that an important part of the secondary airflow 410 

goes downwards to the grate section where it “chocks” with the gas stream released 411 
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from the fuel bed (see Fig. 5, streamlines in both x- and y-planes). Accordingly, profiles 412 

of temperature as well as gaseous components are directly affected by this reverse or 413 

“down-flow”. In particular, the flame zone, which can be defined as the area with high 414 

temperature (T ≥ 1600 K) and high CO concentrations (molar fraction > 0.04), is not 415 

located in the central zone of the CC, as it usually occurs in most of the combustion 416 

systems, but expands towards the ashtray and the CC walls (see Figs 6 and 8). As a 417 

result, high temperatures appear at the end of the horizontal plate and close to the walls, 418 

which might respectively cause ash-sintering problems when operating with low fusion 419 

temperature fuels and fatigue and deterioration of the materials. Moreover, it may be 420 

observed that this down-flow of secondary air is influenced by the air distribution. At 421 

same lambda but different primary air portion (e.g., test 1 vs. test 3), it may be seen that 422 

the down-flow phenomenon is stronger when the primary air portion is lower. In that 423 

case, the flame zone is narrower and penetrates with higher intensity towards the 424 

ashtray. 425 

4.2.2 Mixing characteristics within the CC 426 

Besides the analysis of the main combustion parameters profiles, CFD results may be 427 

studied in terms of turbulence and mixing by means of the distribution of turbulent 428 

kinetic energy, 𝑘 [m2/s2]. This parameter allows quantifying mixing phenomenon in 429 

combustion systems and was thus previously applied by some authors that studied flue 430 

gas burnout in grate biomass boilers, e.g., by Zhang et al. [44].  431 

In the present work, averaged and maximum 𝑘 over the CFD domain have been 432 

determined for all the tests and are summarized in Table 6. In this Table, secondary air 433 

velocity at the nozzle exit (𝑣ூூ) is also given, as well as the calculated CO concentration 434 

at the CC outlet. Moreover, the distribution of 𝑘 within the CC can be observed in  435 

Fig. 10, which corresponds to test 6, i.e., the one with lower concentrations of both O2 436 

and CO in comparison to all the other tests. As can be seen in this figure, the zone with 437 

maximum 𝑘 values is located in the middle of the CC, in front of the secondary air 438 

inlets. This is also the case for the other tests, although they are not illustrated here. On 439 

the other hand, it can be observed in Table 6 that the maximum averaged value of 𝑘 is 440 

2.8 m2/s2 and corresponds to test 5, which has been carried out with the highest 441 

secondary air velocity at the nozzle exit. However, this test also corresponds to the 442 

highest CO emissions in the exhaust gas, as shown in Tables 4 and 6.  443 
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 444 
Fig. 10.- Turbulent kinetic energy profile for test 6, in the x-plane. 445 

 446 

 447 

Test  1 2 3 4 5 6 7 8 

𝑣ூூ m/s 14.9 17.2 13.9 15.7 19.2 17.4 15.0 15.7 

𝑘௔௩௘௥௔௚௘ m2/s2
 1.7 1.9 1.4 1.7 2.8 2.1 2.0 1.7 

𝑘௠௔௫ m2/s2
 49.0 63.9 64.5 82.5 82.1 86.7 81.1 88.9 

CO* mg/m3N d.b. 218.4 301.4 172.3 229.0 483.3 143.0 203.4 137.9 

 448 

Table 6.- Turbulence parameters results for tests 1 to 8 (*: at 10 % O2). 449 

 450 

In order to understand better the relation between secondary air velocity at the exit 451 

and averaged 𝑘 values, Fig. 11 is given. As can be observed, a linear relation is found 452 

between secondary air velocity and averaged 𝑘, which confirms the fact that secondary 453 

air inlets have strong impact on turbulence. Notwithstanding, if CO concentration is 454 

depicted as a function of secondary air velocity, an unexpected result is obtained: CO 455 

linearly increases as secondary air velocity increases, with two outliers’ points for tests 456 

6 and 8. According to previous authors such as Zhang et al. [44], reverse trend should 457 

have been obtained, i.e., high turbulence intensity enhances the mixing between flue gas 458 

and oxygen, ensures a long combustion time and, subsequently, results in reduced 459 
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unburnt gases emissions. The result obtained in the case study CC may be explained by 460 

the fact that the zone with highest 𝑘 values corresponds to the area around the 461 

intersection point where the ten secondary air nozzles are oriented. Accordingly, it can 462 

be said that the high 𝑘 values registered indicate a strong mixing of the different 463 

secondary air jets among themselves, but not a mixing between secondary airflow and 464 

combustion gases.  465 

 466 

 467 

Fig. 11: Averaged 𝐤 (in black) and CO emissions (in grey) as function of secondary air velocity at 468 

exit, for tests 1 to 8. 469 

 470 

4.2.3  Global outcomes from the tested boiler and potential improvements 471 

From the analysis of the simulation results, two main drawbacks can be inferred as 472 

regards the case-study CC design. These ones should be solved in order to improve the 473 

mixing characteristics of the device. On the one hand, the position of the grates and the 474 

“void spaces” that they leave in their surroundings create several recirculation zones 475 

and, particularly, a large dead zone in the ashtray. To minimize these effects, the ashtray 476 

volume and the lateral openings should be substantially reduced, e.g. by moving the 477 
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grate section at the bottom of the CC and adding a mechanical system to continuously 478 

discharge the solid residues at the end of the horizontal plate. 479 

On the other hand, it has been seen that the secondary air inlets configuration strongly 480 

affects the aerodynamics features inside the studied CC and, consequently, the 481 

combustion process. In particular, several undesired recirculation zones are generated in 482 

the CC upper zone, as well as a strong down-flow that negatively influences the flame 483 

development. Accordingly, several modifications are induced that aim at avoiding this 484 

down-flow, creating an effective swirl in the middle of the CC, eliminating the dead 485 

zone in the upper part of the CC and reducing the overall CC volume. To do so, the 486 

secondary air nozzles location, diameter and number should be re-calculated. Firstly, 487 

nozzles should be relocated along the CC height, separating them in two or more rows 488 

and parallel-oriented (in the current configuration they are oriented towards a same 489 

point, where a high pressure zone is created). Secondly, their number and diameter 490 

should be re-adjusted to obtain a better penetration within the flue gas stream.  491 

Finally, it is important to underline that the secondary air down-flow has also an 492 

important impact on the implementation of the air staging strategy, which aims at 493 

controlling bed temperature, fuel-NOX emissions and ash-related problems. To do so, 494 

the recommended primary excess air ratio (i.e., the ratio of excess air in the primary 495 

zone) should be comprised between 0.7 and 0.8 [45-48]. Concerning the tested device, 496 

relatively high total excess of air (1.5 ≤  λ୲ ≤ 2.1) and high primary air portion (48.5 % 497 

≤ d୍/୲ ≤ 53.7 %) have been needed during the experimental tests (see Table 4). They 498 

correspond to a high primary excess air ratio, i.e., between 0.77 (for test 5) and 1.13 (for 499 

test 4).  500 

 501 

5 CONCLUSIONS   502 

This paper has presented a new modeling approach that was developed in order to 503 

support operation and design improvements of medium-scale grate-fired biomass 504 

boilers. The method is based on the porous medium approximation and it integrates 505 

both the fuel bed zone and the freeboard on a same 3D mesh. Heterogeneous reactions 506 

are modeled on the surfaces of the porous medium, involving site and gas species and 507 

coupling an empirically derived concentration for dry wood.  508 

Experimental tests were carried out in a 250 kWth grate boiler operated with a high 509 

quality woody pellet. Good correlation coefficients were obtained between the 510 
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simulation results and the measured data, highlighting the tool capability to predict the 511 

boiler performance.  512 

Once validated, the CFD-based tool was utilized to characterize the flow patterns 513 

within the combustion chamber, as well as the temperature and the main gaseous 514 

components profiles. Based on this analysis, several deficiencies were identified in both 515 

the operation and the design that could not have been detected with simple experimental 516 

tests. In particular, it was observed that a deficient configuration of the secondary air 517 

inlets produced several dead zones and an important down-flow, which strongly 518 

affected the combustion above the grate and forced the flame to expand towards the 519 

combustion chamber walls. 520 

To deliver detailed guidelines and quantitatively estimate potential improvements, 521 

further research will make use of the developed tool to test the boiler under additional 522 

operating conditions and design configurations.  523 

 524 
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 532 

APPENDIX 533 

In the present work, the pyrolysis stage has been modeled by a single-step first order 534 

reaction, as shown by Eq. A.1: 535 

 536 

Dry Wood  𝛾ୡ୦ୟ୰𝐶ℎ𝑎𝑟 ൅  𝛾௩௢௟௔௧௜௟௘௦𝑉𝑜𝑙𝑎𝑡𝑖𝑙𝑒𝑠 (Eq. A.1) 

 537 

The pyrolysis products can be distinguished as volatiles (gas phase) and carbonaceous 538 

residue or char (solid phase). The molar fractions of char and volatile matter (𝛾ୡ୦ୟ୰ and 539 

𝛾௩௢௟௔௧௜௟௘௦ respectively) have been taken from the fuel proximate analysis (see Table 3). 540 

In addition, the char has been assumed to be pure carbon.  541 
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As concerns the volatiles, they may be decomposed into condensable gases (tar) and 542 

non-condensable gases. According to Ragland et al. [23], the non-condensable gases 543 

have been assumed to be composed primarily of CO, CO2, H2O, H2 and CH4 and the 544 

condensable gases have been supposed to consist of C6H6.2O0.2. According to these 545 

assumptions, the pyrolysis products may be written as follows, where γ୧ is the molar 546 

fraction of species 𝑖 in the mixture: 547 

 548 

Volatiles  𝛾୲ୟ୰Tar ൅  𝛾୥ୟୱGas ሺEq. A2ሻ 

 

Gas  𝛾େ୓CO ൅  γେ୓మCOଶ ൅  γୌమHଶ ൅ γୌమ୓HଶO ൅ γେୌరCHସ  ሺEq. A3ሻ 

 549 

In order to obtain the properties of the pyrolysis products, mass and energy balances 550 

of the pyrolysis reaction have been calculated, based on the method proposed by 551 

Thunman et al. [24].  552 

The calculation of the molecular masses and formation enthalpies of dry wood, char, 553 

volatiles and tar requires the following information: LHV, proximate and ultimate 554 

analyses of the fuel, and molecular mass and formation enthalpy of every gas species 555 

arising in Eq. A.3. For instance, Eqs. A.4 and A.5 are used to get the formation enthalpy 556 

of dry wood:  557 

 558 

Dry Wood ൅ 𝛾ைమ   𝛾େ୓మ𝐶𝑂ଶ ൅  𝛾ୌమೀ𝐻ଶ𝑂 (Eq. A4) 

 

ℎ௪௢௢ௗ
଴ ൌ  𝛾େ୓మℎ஼ைమ

଴ ൅  𝛾ୌమைℎுమை
଴ െ ൫െ𝐿𝐻𝑉ௗ௔௙൯ ∙ 𝑀௪௢௢ௗ (Eq. A5) 

      559 

The same procedure can be followed for the non-condensable gases. Formation 560 

enthalpy of char is assumed to be that of pure carbon and formation enthalpy of the tar 561 

is calculated from the work by Thunman and Leckner [49]. Table 7 summarizes the 562 

results obtained for molecular masses, formation enthalpies and low heating values.   563 

 564 
 565 

 Dry wood Char Gases Tar 

M (kg/kmol) 11.73 12.01 11.67 81.52 

ℎ଴  (kJ/kmol) -5.67410+7 -101.3 -6.76310+7 -9.44610+7 

LHV (kJ/kg) 18 910 32 760 16 170 37 000 

Table 7.- Properties of dry wood, char, non-condensable gases and tar. 566 

 567 
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 693 
 694 

 695 
NOMENCLATURE 696 

Acronyms 697 

CFD  Computational Fluid Dynamics 698 

RANS  Reynolds-Averaged Navier Stokes 699 

WSGGM Weighted Sum of Gray Gases Model 700 

 701 

Roman symbols 702 

𝐶ଶ, inertial factor [m-1] 703 

𝑐௜,௥, stoichiometric coefficients for gas species 𝑖 consumed by surface reaction r in the 704 

porous medium [-] 705 

𝐷௣, particle equivalent spherical diameter [m] 706 

𝑑ூ/௧, primary air share [%] 707 

ℎ଴ , formation enthalpy [kJ/kmol] 708 

𝑘, turbulent kinetic energy [m2/s2] 709 
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LHV, low heating value [kJ/kg] 710 

𝑚ሶ ி, fuel mass flow rate in d.a.f. basis [kg/s] 711 

𝑚ሶ ௜, net rate of mass release of gas species i from surface reactions [kg/m2s] 712 

𝑀௜, molecular mass of gas species 𝑖 [kg/kmol] 713 

𝑀௩௢௟, molecular mass of volatiles [kg/kmol] 714 

𝑀௪௢௢ௗ, molecular mass of dry wood [kg/kmol] 715 

𝑁௕, total number of bulk species [-] 716 

𝑁௚, total number of gas species [-] 717 

𝑁ௌோ, number of surface reactions that gas species 𝑖 participate in [-] 718 

𝑃, pressure [Pa] 719 

𝑝௜,௥, stoichiometric coefficients for gas species 𝑖 produced by surface reaction r in the 720 

porous medium [-] 721 

𝑄ሶ௜௡, fuel input power [kW] 722 

𝑅௥, molar rate of production/consumption of gas species by surface reaction 𝑟 in the 723 

porous medium [kmol/m2s] 724 

𝑅ଵିହ, molar rate of production/consumption of gas species by heterogeneous reactions 725 

[kmol/m2s] 726 

𝑅଺ିଽ, molar rate of production/consumption of gas species by homogeneous reactions 727 

[kmol/m3s] 728 

𝑆஻, bed specific surface area [m2/m3] 729 

𝑆௣, particle surface-to-volume ratio [m2/m3] 730 

𝑇, temperature [K] 731 

𝑉஻, volume of the fuel bed [m3] 732 

𝑣ௌ, superficial velocity in bed [m/s] 733 

𝑌௩௢௟, mass fraction of volatiles in fuel in d.a.f. basis [-] 734 

 735 

Greek symbols 736 

𝜖஻, bed porosity [-] 737 

𝜑, sphericity [-] 738 

molar fraction-739 

஻, bed permeability [m2] 740 

௚, gas dynamic viscosity [kg/mꞏs] 741 

𝜆௘௙௙, effective thermal conductivity in the porous medium [W/mꞏK] 742 
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𝜆௚, gas thermal conductivity [W/mꞏK] 743 

𝜆௣, thermal conductivity of the bed particles [W/mꞏK] 744 

𝜆௧, total excess air ratio [-] 745 

௕௨௟௞, bulk density of the bed particles [kg/m3] 746 

௚, gas density [kg/m3] 747 

௣, density of the bed particles [kg/m3] 748 

 749 


