
INTERNATIONAL JOURNAL of RENEWABLE ENERGY RESEARCH  
De La Hoz. K. et.al, Vol.7, No.4, 2017 
 

Design of a Top-Lit Up-Draft Micro-gasifier 

Biomass Cookstove by Thermodynamic 

Analysis and Fluent Modeling 
 

Keily De La Hoz C. *, Juan F. Pérez *‡, Edwin Lenin Chica Arrieta ** 

 

* Grupo de manejo eficiente de la energía- GIMEL, Departamento de Ingeniería Mecánica, Facultad de Ingeniería, Universidad 

de Antioquia; Calle 67, No. 53-108, Medellín, Colombia. 
** Grupo de energía alternativa- GEA, Departamento de Ingeniería Mecánica, Facultad de Ingeniería, Universidad de 

Antioquia; Calle 67, No. 53-108, Medellín, Colombia. 
(keilydelahozc@gmail.com, juanpb@udea.edu.co, edwin.chica@udea.edu.co) 

 

‡ Corresponding author. Phone: (+57 4) 2198552. Fax: (+574) 2110507. e-mail: juanpb@udea.edu.co (J.F. Pérez). 

Received: 04.04.2017 Accepted:25.07.2017 

 

Abstract 

 

In this work the complete thermo-mechanical design of a biomass top-lit up-draft (TLUD) cookstove is presented. A design 

methodology which is based on mass and energy balances, geometry relations among the main dimensions of the cookstove, 

and fluent modeling is proposed. Three models were designed, sized, and simulated through computational fluid dynamics 

(CFD) conducted in ANSYS Fluent 15.0.7. These designs allowed analyzing the effect of cookstove design, primary and 

secondary air inlets (diameter and air supply setup) required in the gasification and combustion processes, respectively. 

Simulations indicated that compressed air is not a suitable way to supply the air flow for gasification and combustion stages, 

due to the poor velocity distribution across the grate and secondary holes. Therefore, the final stove design will operate with 

axial fans to favor a good mixture between biomass and the air in the gasification stage, and between producer gas and the air 

in the combustion zone. Operation with axial fans, in the final cookstove design, allowed obtaining a low standard deviation of 

air velocity through the grate holes and through secondary air ring holes (±0.13 m/s, and ±0.45 m/s, respectively), which 

entails a better cookstove performance. This air supply system, also presented combustion air velocities through the secondary 

ring holes according to the ones reported in the literature (3.02 m/s), which is important for the suitable air and producer gas 

mixing. 

Keywords: Biomass cookstove, micro-gasification, top-lit up-draft reactor (TLUD), design, thermodynamic analysis, CFD 

simulation. 

 

1. Introduction 

 

The food cooking is an elemental activity for all people; 

therefore, it has to be done using resources with high 

availability. Biomass is one of them, as a renewable energy 

source, it is used in developing countries for heating and 

cooking [1]. Hence, biomass constitutes approximately 40% 

of the world’s population primary fuel [2], [3]. Traditional 

cookstoves based on biomass combustion are frequently used 

for this purpose, but they have low efficiency (<15%) 

generating social, environmental, and health impacts [3]. 

Indoor smoke from solid fuels affects a large portion of the 

world’s population [4], it is estimated that 4.3 million of 

premature deaths per year around the world are caused due to 

indoor air pollution [5], [6], [7]. These deaths are attributed 

to harmful substances such as particulate matter, 21% of 

deaths due to respiratory infections, 35% of deaths due to 

chronic obstructive pulmonary diseases, and 3% of 

pulmonary deaths [8]; for this reason, many entities are 

concerned about harmful emissions produced by biomass 

fuel [9]. 

In Colombia about 1.6 million of families use firewood for 

cooking activities, 87.5% of them live in rural areas [10]. 

This activity is made without any emissions control, with 

inefficient combustion and limited ventilation, that can also 

produce acute lower respiratory infections, middle ear 

infections, nasopharynx cancer, perinatal disease and eye 

diseases, affecting mainly to women and children [11]. 

Moreover, it is known that 16% of outdoor pollution is 

caused by indoor pollution [12]. 

The environmental impacts are also increasing because of 

deforestation and the highest levels of pollutant emissions, 

aggravating global warming phenomenon [5], [6]. Biomass 

gasifier cookstoves represent an alternative to mitigate these 
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problems to a large extent [13], due to the high efficiency 

(>25%) and lower pollutants emissions (particulate matter 

and carbon monoxide).  

For these reasons, improved biomass cookstoves have 

been studied from the energy and environmental point of 

view. Tryner et al. [14] characterized the emissions of a 

modular top-lit up-draft (TLUD) stove, varying the number 

and diameter of secondary air holes by different rings 

(removable rings). Gasification and combustion air were 

supplied by compressed air, controlling flows by rotameters, 

a similar work was presented by Vurunkumar [15]. Tryner et 

al. [14] designed the cookstove with two independent 

chambers, one for the primary air and the other one for the 

secondary air, unlike other designs from Reed et al. [16] 

where two concentric cylinders were used (reactor and 

secondary flow). TLUD cookstoves have also been designed 

with rectangular primary air chambers and gasification air 

supplied from fans [5], [17], [18]. These kind of stoves 

usually have a grate which holds the fuel stack [5], [19], [20], 

this grate is detachable in order to remove the ash after 

cooking. The material is another aspect for taking into 

account because it determines the weight, resistance to high 

temperatures and heat transfer, due to these facts cookstoves 

are built from stainless steel [19] and galvanized steel [20], 

althoungh there are others built from cast iron for prologing 

the life span [21]. Regarding heat losses, energy efficiency, 

and power output, some designers have considered insulating 

materials such as refractory brick, mud, wheat husk-mud 

mixture [21], layers of stainless steel, aluminum foil [18], 

and glass wool [19], among others. In Table 1 some 

important dimensions of TLUD cookstoves found in the 

literature are presented. 

Usually, the gasification process in cookstoves is carried 

out in a top-lit up-draft reactor; this technology has been 

developed in order to reduce the fuel consumption, that can 

be achieved guaranteeing complete combustion, and at the 

same time, the soot production diminishes, improving the air 

quality of many families who use this fuel to supply their 

daily energy demand [22]. The gasification process is already 

known for several advantages on the environmental level 

[23], and adapting it to a small scale (micro-gasification) in 

improved cookstoves represents portability, saving of 

fuelwood consumption, and reduction of diseases [22], [24]. 

There are also some disadvantages related to forced draft 

cookstoves, so, they are more expensive to build and operate 

in comparison with natural draft cookstoves. Therefore, the 

aim of this work is to present a detailed design methodology 

of a biomass micro-gasification improved cookstove, which 

is scarce in the literature consulted and in the country. This 

work also contributes to strengthen the improved cookstoves 

program guidelines promoted by the Colombian Ministry of 

Environment [25], and other international programs 

promoted by The Global Alliance for Clean cookstoves- 

GACC [26], Africa Clean Cooking Energy Solutions- 

ACCES [27], and Energising Development- EnDev [28]. 

 

2. Design Methodology 

 

In Top-lit Up-draft cookstoves, biomass within the reactor 

is lit from the top of the bed; during the gasification process 

there is a pyrolytic front formation which progresses 

downwards leaving char at the top of the raw biomass 

(fuelstack). Oxidation reactions cause a depletion of the 

oxygen, and heat generated above favors the volatile matter 

production within an inert atmosphere. In TLUD cookstoves, 

primary air is supplied from the bottom of the reactor and it 

is necessary for the gasification process. A combustion air 

(secondary air) which mixes with the producer gas, and 

reacts for generating the power required during the cooking 

process. These stages are pointed out in Fig. 1. 

To design a biomass cookstove, the main parameters 

required are the thermal power and fuel type, considering 

that cookstoves dimensions depend principally on them.The 

aim of this work is to design a biomass cookstove between 

0.2-10 kW to build an experimental setup. The energy 

performance assessment of the cookstove requires a modular 

gasifier stove to interchange some important dimensions like 

diameter of the secondary air inlets in the ring [14]. It is also 

necessary to visualise the primary and secondary flows that 

are going into the gasification and combustion zones [15], 

[16]. The power of cookstoves found in the literature (see 

Table 1) varies from 2 to 3.5 kW, the power is determined by 

the diameter of the reactor, since there is a proportional 

relationship between the stove diameter and its power. On 

the other hand, the reactor height determines the biomass 

consumption time and syngas quantity. These parameters 

(reactor diameter and height) are extremely important 

because in the experimental setup, it is necessary to place the 

cookstove over a digital balance to measure the mass 

changes during the process [14], [15], [19] as can be seen in 

the experimental setup shown in Fig. 2. 

 

2.1 Cookstoves dimensions 

The power ( ) can be expressed in function of the low 

heating value ( ) and fuel consumption rate ( ). As 

design criterion, the cookstove efficiency  was taken as 

25% according to Issue and Saloop [30]. Equation (1), is 

used to determine the biomass consumption rate. 

 

  

By means of a relation between the biomass consumption 

rate ( ), and specific biomass consumption rate ( ), 

the reactor diameter ( ) is calculated from equation (2). The 

specific biomass consumption rate of wood pellet #2 was 

studied and presented by Porteiro et al. [31] (see Table 2). 

This parameter was calculated considering the flame front 

velocity and the biomass bulk density. The specific biomass 

combustion rate is taken to be 0.045 kg/m2/s [31], as design 

criterion. This value is considered due to the fact that lower 

air flows favor the biomass gasification process (high 

gasification efficiency). 
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Table 1. Main dimensions of cookstoves reported in the literature. 

 

Cookstove 

Reactor 

height 

[mm] 

Reactor 

diameter ( ) 

[mm] 

External 

diameter 

( ) [mm] 

 

Secondary holes 

(number x diameter) 

 

Ref. 

1 600 206 222 3 x (20*190)mm [29] 

2 130 100 - 18 x 5mm [19] 

3 

 
719 206 - 

Pipes -12 x 290 mm 

- 12 mm 
[17] 

4 300 207 253 32 x 15 mm [21] 

5 

 

 

300 

 

203 

 

303 

 

24 x 15 mm 

 

[21] 

6 300 226 320 20 x 15 mm [21] 

7 220 166 220 - [20] 

8 135 130 150 30 x 4 mm [18] 

9 210 100 - 18 x 50 mm [18] 

10 180 145 - 14 x 4 mm [18] 

 

The bed height ( ) depends on the set time for the total 

biomass consumption inside the reactor, the biomass 

consumption per unit area ( ), and the biomass bulk 

density ( ) as is expressed in the equation (3). 

 

  

2.2 Primary air flow for biomass gasification 

During the thermochemical conversion process of 

biomass, it is necessary to supply a gasifying agent that can 

be air, steam water, carbon dioxide, and oxygen. TLUD 

cookstoves use atmospheric air to favor the conditions for the 

incomplete oxidation reactions (gasification); this air is 

supplied from the bottom of the reactor and is also known as 

primary air flow. The primary air aeration factor is the 

relation between real air-fuel and stoichiometric air-fuel 

ratios (see equation 4). It is estimated that during the 

gasification process around 20% - 40% from the 

stoichiometric air is used, in order to reach a partial oxidation 

[32]. In this work, as design criterion a primary air aeration 

factor of 0.4 ( ) is considered, see equation (4). 

 

 
 

By means of the biomass substitution formula CH1.49O0.55 

in a stoichiometric reaction with air, the air-fuel 

stoichiometric ratio is found, as expressed in equation (6). 

 

  
 

 

(6) 

Afterwards, primary air volumetric flow is found, 

considering 40% of stoichiometric air, as can be seen in 

equation (7). 

 

 

 

 

 
 

 

2.3 Secondary air flow for the producer gas combustion 

The secondary air is supplied to oxidize the bio-syngas 

produced by the biomass gasification process; this reaction 

(combustion) releases the thermal energy to cook the meals. 

The producer gas composition assessment starts from the 

moles of calculated air in the stoichiometric reaction  in 

the equation (5), and the complete balance with an aeration 

factor of . The global gasification reaction is shown 

in equation (8) [33]. 

 

 (8) 
 

There are 6 unknown variables and only 4 equations, 

thereby, it is necessary to turn on dissociation reactions for 

solving the equations system. The first reaction is due to 

methane formation, which comes from hydrogen reduction 

(see equation 9) [32], [34]. 

 

  (9) 
The equilibrium constant for the last reaction is shown in 

equation (10). 

 
(10) 

The second dissociation reaction is the water-gas shift 

reaction, which describes the equilibrium between  and 

 with water, see equation (11). 

 (11) 
 

The equilibrium constant for the water-gas shift reaction is 

presented below in the equation (12). 

 

 

(12) 
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  Table 2. Properties of biomass fuel, Wood pellet #2. Adapted from [31] 

Biomass properties 

Moisture [%] 7.7 

Volatile matter [%] 67.9 

Fixed carbon [%] 22.6 

Ash [%] 1.8 

LHV [kJ/kg] 18300 

Particle density [kg/m3] 1240 

Bulk Density [kg/m3] 680 

Equivalent radius [mm] 4.4 

Sphericity [-] 0.84 

Porosity [-] 0.45 

Substitution formula [dry ash free] CH1.49 O0.55 

 

Primary air

Solid fuel

Pyrolytic front

Char

Producer gas

Pyrolytic front

progresses downwards

through the unburned

biomass, leaving char

at the top of the bed

Secondary air

Mixing zone of

producer

gas-secondary air

Fig. 1. Micro-gasification process in TLUD cookstoves. 

 

0.1kg

CH4 CO H2

O2 N2 CO2

(a)

(b)

(c)

(d)

(e)

(f)T1

T2

T3

T4

(b)
Q3

(b)

Q1

Q2

(a) Balance

(b) Air flow measurement

(c) Data processing

(d) Data acquisition

(e) K-Type thermocouple

(f) Gas analyzer

 
Fig. 2. Experimental setup with acquisition and display systems  
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The equations (10) and (12) complete the mathematical 

balance to solve the non linear equation system, it allows 

estimating the moles quantity of all the gaseous products. 

The equilibrium constants were taken at 1200 K [35]. 

In the combustion phase, the most important elements 

are , carbon monoxide  and hydrogen , 

because these gaseous fuels react with the secondary air that 

is fed through the secondary holes. Afterwards, the mole 

fraction of each product was calculated (see equation 13) to 

describe the producer gas oxidation reaction with air. 
 

 
(13) 

 

The stoichiometric reaction of the gaseous fuels with air is 

expressed by the equation (14). 

 

 (14) 
 

Considering only the combustible gases, the new 

stoichiometric air-gas ratio can be expressed based on the 

combustion air mass flow. See equation (15). 

 

 

(15) 

According to the variables from equation (15), the 

producer gas mass flow ( , kg/s) must be known; this 

parameter can be estimated through the primary air 

volumetric flow, making the following considerations [36]: 

1) the mass flow of  present in the primary air, can be 

assimilated to the mass flow of  present in the syngas, and 

2) the nitrogen mass flow from biomass, derived from the 

ultimate composition, is smaller compared with the  

present in the air. Thus, the mass balance of nitrogen in the 

process is presented in equation (16). 

 

 (16) 

 

According to the consideration , the 

producer gas volumetric flow can be determined from the 

nitrogen mass balance as shown below in equation (17). 

 

 
(17) 

 

The producer gas mass flow is estimated with its density 

under normal conditions, according to the mixture gas law 

[37]. 

 (18) 

 

2.4 Secondary air inlets sizing 

For sizing the secondary air holes of the ring (at the 

producer gas combustion stage), the diameter ( and 

separation (  among them were set as design criterion; 

therefore, the number of holes can be found as follows, see 

equation (19). 

 
(19) 

 

Diameter and separation values that were taken as a design 

criterion are based on the air flow velocity magnitude 

through the holes, since these variables are dependent, for 

this reason, it was taken as reference secondary air velocities 

reported in the literature for TLUD cookstoves, in order to 

keep this parameter according to the ones studied in previous 

works [14]. The velocity through the secondary air holes is 

calculated from equation (20). 

 (20) 

 

3. Sizing of the TLUD Micro-gasifier Cookstove 

 

The dimensions described in sections 2.1 and 2.4 were 

calculated taking into account the main TLUD cookstoves 

dimensions showed in Fig. 3 for each one of the three design 

configurations proposed in this work (M1, M2, and M3) 

 

3.1 Reactor diameter and secondary air chamber diameter 

The reactor diameter was calculated by means of equation 

(2), considering as design criterion a power range between 

0.2-10 kW for the TLUD cookstove. In the Table 3, the 

effect of power on the reactor diameter is presented.  

Once the reactor diameter has been found, TLUD cookstoves 

dimensions reported in the literature (see Table 1) were taken 

to determine the external diameter (secondary air chamber 

diameter), by setting out a geometrical ratio between reactor 

diameter: external diameter (D:d ratio) as shown in equation 

(21). 

 
(21) 

Reactor diameter and external diameter dimensions are 

very similar to the ones found in the literature (see Table 1). 

The power of the stoves found in the literature varies 

between 3.5-6.5 kW. From calculated parameters in Table 3, 

it can be seen the biomass consumption increases 0.79 

kg/kW-h if cookstove power increases. 

3.2. Bed Height 

The equation (3) shows that bed height depends on 

biomass properties such as bulk density, specific biomass 

consumption rate and set time for the fuel consumption in the 

batch, therefore, this height is evaluated at different times 

(suggesting different cooking times). For the cookstove 

designs, it was selected a bed height between 3600-5400 s 

for configuration M1 (0.28 m), and between 2400-3000 s for 

configuration M2 and M3 (0.18 m) as can be seen in Table 4.  
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d
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h
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Configuration M1 Configuration M2 Configuration M3

N x d1 N x d1 N x d1

 

Fig. 3. Main dimensions of proposed TLUD cookstoves 

Table 3. Reactor diameter and external diameter in function of cookstove power. 

Stove Power 

 

Biomass 

consumption 

  

Reactor diameter 

 

External diameter 

 

1 3.5 0.000765 0.147 0.245 

2 4.5 0.000984 0.166 0.278 

3 5.5 0.001202 0.184 0.307 

4 6.5 0.001421 0.200 0.334 

5 7.5 0.001639 0.215 0.359 

6 8.5 0.001858 0.229 0.382 

7 9.5 0.002076 0.242 0.404 

8 10 0.002186 0.247 0.414 

 

These cooking times were selected considering technical 

parameters of an experimental setup such as weight and size. 

Table 4. Bed height. 

Cooking time  
Bed Height 

 
1800 0.1191 

2400 0.1588 

3000 0.1985 

3600 0.2382 

5400 0.3574 

 

3.3 Primary and secondary air flows 

Considering the substitution formula of biomass 

CH1.49O0.55, chemical reactions were calculated as described 

in sections 2.2 and 2.3. In this way, primary and secondary 

air flows were found according to the cookstove power, these 

values are presented in Table 5. 

 

The relation between primary and secondary air flows is 

recommended to have a 1:3 ratio to carry out experimental 

tests in cookstoves. In this way, the cookstove efficiency will 

be better [14], [16], [38]. Thus, the experimental flow with a 

primary: secondary ratio of 1:3 is also calculated in Table 5. 

Fig. 4 shows the gasification air flow (primary, ), 

combustion air flow (secondary, ), biomass 

consumption , and reactor diameter in function 

of cookstove power. As it can be observed, if the power 

increases all geometrical and operational parameters increase 

too, this is due to the mass and energy conservation [39]. 

3.3.1 Secondary air holes diameters 

The values taken as design parameters for secondary holes 

diameter, and separation among them, are shown in Table 6. 

According to the equation (19), the number of holes for the 

air passage to the combustion zone is defined. It is also 

calculated the theoretical velocity through each one using the 

equation (20). 

 

3.4 Sizing with commercial materials 

Diameters previously calculated in sections 3.1 and 3.3.1 

are theoretical; therefore, it is important to design with 

commercial dimensions and available commercial materials 

in order to reduce costs. In this section, diameters, velocities, 

and power are re-calculated, taking into account commercial 

catalogues [40]. 

3.4.1 Reactor diameter, and secondary air chamber diameter 

The reactor diameter is calculated from equation (2), this 

theoretical reactor diameter needs to be approximated to a 

commercial steel cylinder; thereby, other parameters such as 

power, biomass consumption, and external diameter (see 

equations 1, 2, and 21, respectively) are re-calculated. The 
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Fig. 4. Air flows, biomass consumption, and diameter variation according to the cookstove power. 

 

new values for these diameters are shown in Table 7, where 

thickness was also taken into account by referencing a 

commercial catalogue [40]. In Fig. 5 the dimensions of the 

commercial reactor diameters specified in Table 7 are shown. 

 

3.4.2 Primary and secondary flow 

The primary and secondary air flows are re-calculated 

because they depend on the cookstove power and biomass 

consumption, in Table 8 the new parameter values are 

shown. 

Table 5. Primary and secondary air flows. 

Stove 

Power 

 

Gasification 

air flow 

 

Combustion 

air flow 

 

Combustion 

air flow (1:3 

ratio) 

 

1 3.5 0.00208 0.01118 0.00624 

2 4.5 0.00268 0.01437 0.00803 

3 5.5 0.00327 0.01756 0.00981 

4 6.5 0.00386 0.02076 0.01159 

5 7.5 0.00446 0.02395 0.01338 

6 8.5 0.00505 0.02714 0.01516 

7 9.5 0.00565 0.03034 0.01695 

8 10 0.00595 0.03193 0.01784 

 

SECTION A-A
SCALE 1 / 1

A

A

A

B

Dext,commercial

Dint,commercial

 

Fig. 5. Internal and external commercial diameters of the 

reactor. 

3.4.3 Secondary air holes diameter 

Due to the commercial size of the internal reactor 

diameter, the secondary air holes need to be corrected. This 

correction looks for ensuring the design adaptation to 

commercial materials and to develop more simple 

construction process by means of standardized parts of the 

cookstove. These secondary air characteristics are shown in 

Table 9. 

 

3.5 Design models 

To analyze the velocity profiles inside the stove, three 

designs are proposed (M1, M2, and M3), which were 

selected taking into account previous sensibility analyses of 

simulations carried out for several cookstoves designs. These 

cookstoves were modelled for a set power of 4.05 kW, this 

power was selected considering the middle of the design 

range 0.2-10 kW, moreover the fixed power is a favorable 
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scale for household cooking tasks [30]. Therefore, air supply 

in the primary and secondary zones were simulated. 

Configuration M1: This design can be observed in Fig. 6. 

It has a chamber in the bottom where the primary 

compressed air is supplied through four air inlets (zone 1), in 

this place, the air is distributed through the holes of the ring 

before flowing across the grate to the bed where the 

gasification process happens (zone 2). The secondary air 

zone also has a chamber, in this stage the combustion air is 

also supplied by a compressor system and distributed 

through 16 holes to favor the mixing with the producer gas 

(zone 3)  

Configuration M2: This second model is shown in Fig. 7. 

In this design, the grate used for the air passage is inside and 

concentric to the reactor (zone 1), in this way, the primary air 

passes directly to the bed zone where reacts with the biomass 

(zone 2). On the other hand, the secondary air is supplied by 

two fans that are coupled to pipes. These pipes are tangential 

to the secondary air chamber. 

 

Configuration M3: This configuration is pointed out in 

Fig. 8. It has two ways of supplying air, compressed air in 

the gasification stage, composed by four inlets distributed 

every 90º, and for the secondary air supply, there is a fan 

coupled to a pipe which is tangential to the secondary air 

chamber. The grate where primary air flows to the fuel stack 

is inside the reactor and concentric to it. 

Table 6. Secondary air holes dimensions. 

Stove 
Power 

 

Perimeter 

 

Holes 

diameter 

 

Separation 

 

Number 

of holes 

 

Air 

velocity 

through 

each hole 

 
1 3.5 0.4622 0.016 0.014 15 3.61 

2 4.5 0.5241 0.016 0.014 17 4.09 

3 5.5 0.5794 0.016 0.014 19 4.52 

4 6.5 0.6299 0.016 0.014 21 4.92 

5 7.5 0.6766 0.016 0.014 22 5.28 

6 8.5 0.7203 0.016 0.014 24 5.62 

7 9.5 0.7615 0.016 0.014 25 5.94 

8 10 0.7813 0.016 0.014 26 6.10 

 

Table 7. Commercial diameters. 

Power 

 

Biomass 

consumption 

 

 

Reactor 

diameter 

(theoretical) 

 

External 

commercial 

reactor 

diameter 

 

 

Internal 

commercial 

reactor 

diameter 

 

 

External 

commercial 

diameter 

 

3.49 0.000764 0.147 0.153 0.147 0.245 

4.05 0.000886 0.166 0.1683 0.1583 0.260 

6.21 0.001358 0.184 0.204 0.196 0.326 

6.47 0.001414 0.200 0.206 0.200 0.333 

9.79 0.002139 0.242 0.254 0.246 0.410 

 

Table 8. Primary and secondary flows according to the power. 

 

Power 

 

Internal 

commercial 

reactor diameter 

 

 

Gasification 

air flow 

 

Combustion 

air flow 

 

Combustion air 

flow (1:3 ratio) 

 

3.49 0.147 0.00208 0.01116 0.00623 

4.05 0.1583 0.00241 0.01294 0.00723 

6.21 0.196 0.00369 0.01984 0.01108 

6.47 0.200 0.00385 0.02065 0.01154 

9.79 0.246 0.00582 0.03125 0.01745 
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Table 9. Secondary air holes characteristics. 

Power

 

Secondary 

holes ring 

diameter 

Perimeter

 

Holes 

diameter

 

Separation 

 

Number 

of holes 

 

Air 

velocity 

through 

each hole 

 

3.49 0.149 0.4681 0.016 0.015 15 3.68 

4.05 0.1623 0.5099 0.016 0.015 16 3.86 

6.21 0.200 0.6283 0.016 0.015 20 4.87 

6.47 0.203 0.6377 0.016 0.015 21 5.02 

9.79 0.250 0.7854 0.016 0.015 25 6.13 

 

 
 

 

Zone 3: Secondary air

Zone 2: Bed

Zone 1: Primary air

 

Fig. 6. Configuration M1. 

 

 

Zone 3: Secondary air

Zone 2: Bed

Zone 1: Primary air

 

Fig. 7. Configuration M2. 

4. Numerical Results and Analysis  

 

The air distribution inside the three designs is analyzed by 

means of a model developed in the ANSYS Fluent 15.0.7 

software [41]. The model is used to simulate fluid-dynamic 

parameters for analyzing the velocity fields in two zones of 

the TLUD cookstove; these zones are: 1) the grate holes 

where the primary air flows to the bed (zone 1), and 2) the 

secondary air ring holes where the secondary air flows to the 

producer gas combustion (zone 3). The biomass was loaded 

considering a porous media (solid biomass particles), where 

the physical properties of biomass such as particle density, 

packing factor (PF), and porosity thresholds were included 

[41]. 
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Zone 3: Secondary air

Zone 2: Bed

Zone 1: Primary air

 

Fig. 8. Configuration M3. 

 

These properties are loaded into the bed zone for 

restricting the primary air flow passage throughout it. Using 

this model brings some advantages, because if physical 

properties are taken into account in the reactor, simulations 

results can be near the experimental ones, so, the air 

distribution and cookstove performance can be predicted. 

 

4.1 Zone 1: Velocity profiles of primary air 

M1 configuration: Fig. 9 (a), shows the primary air inlet in 

the M1 configuration. Air supply was simulated as 

compressed air [14] as described before (see section 3.5). 

The inlet holes of gasification air are placed laterally in the 

zone 1; these holes have a diameter of 11 mm. The air 

velocity in each compressed air inlet reaches magnitudes up 

to 8 m/s. This velocity prevents a homogeneous distribution 

of the fluid across the grate, where a radial velocity increase 

from inner to external holes happens. The average velocity of 

air through the grate holes for this configuration is 1.01±0.26 

m/s, as can be seen in Fig. 10. 

 

M2 configuration: In Fig. 9 (b) the velocity field in the M2 

configuration is presented. The air supply consists of a 

piping system of 40 mm diameter, concentric to the reactor 

and directly connected to an axial fan (see Fig. 7). The 

maximum velocity reached by the air in this primary inlet has 

a magnitude of 3.34 m/s due to the bigger injection area. This 

lower primary velocity with regard to M1 configuration 

allows a better distribution of the fluid across the grate holes. 

The homogeneous distribution of primary air velocity is 

supported by the lowest standard deviation. The average 

velocity in the center of the holes from the grate is 1.03±0.13 

m/s (see Fig. 10). 

 

M3 configuration: The velocity field of this configuration 

can be seen in Fig. 9 (c), the air is supplied by compressed 

air through 4 holes of 11 mm in diameter. The velocity in 

each one of the inlets reached magnitudes up to 8 m/s, there 

is also a radial velocity increasing of 0.63 m/s from the inner 

to the external grate holes. In this configuration, in the Fig. 

10 is shown that the air passes through the grate with an 

average velocity of 1.0±0.25 m/s.  

 

4.2 Zone 3: Velocity profiles of secondary air 

For the secondary air analysis, a straight line (the black 

line) was drawn in the ANSYS Fluent 15.0.7 software for 

each configuration (M1, M2, and M3). This line passes 

through the secondary air inlet and goes through two holes 

(opposed between them) of the secondary air ring as can be 

seen in Fig. 11, in this way, the software allows plotting the 

air velocity versus position throughout the line (see Fig. 12). 

The standard deviation of velocity through the ring holes is 

also calculated, because it allows knowing which 

configuration presents the most uniform velocity in this zone, 

what is suitable for a better mixture between air and producer 

gas. 

M1 configuration: The secondary air supply in this 

configuration has eight holes with 11 mm in diameter, which 

are placed on the lowest disk of the secondary air chamber, 

which is located in the zone 3, as can be seen in Fig. 11 (a). 

Each one of the compressed air inlets reaches velocities of 

8.5 m/s, as can be seen in the velocity peaks of the Fig. 12. In 

this configuration, the secondary air holes around the ring 

operate with an average air velocity of 2.52±0.053 m/s (see 

Fig. 13). This is the lowest standard deviation due to the high 

number of air flow inlets distributed around the secondary air 

chamber. However, it makes that the manufacture and 

compressed air supply, become more complex and expensive 

processes, for this reason, this configuration is not feasible. 

Moreover, there is a backflow in the zone 3 which is evident 

with 0 m/s velocities that cause unnecessary energy losses 

(see Fig. 11 a) 

 

M2 configuration: This configuration can be observed in 

Fig. 11 (b), it has two tangential inlet pipes (40 mm 

diameter), where the air is supplied by axial fans coupled to 

the piping system. Velocities in these tangential inlets are up 

to 3.34 m/s due to the pipe area. The secondary air (for the 

combustion process) through the ring holes has an average 

velocity of 2.55±0.45 m/s (see Fig. 13). This velocity is 

within the ranges reported in the literature (up to 5 m/s) 
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(a) M1 configuration 

3.34

2.50

1.67

0.84

0
 

(b) M2 configuration 

8.0

6.0

4.0

2.0

0
 

(c) M3 configuration 

Fig. 9. Velocity pathlines of the primary air inlet for the different designs in zone 1. Velocity in m/s. 

 

 

studied by Tryner et al. [14]. The velocity through the holes 

that the line showed in Fig. 11 touches, has a magnitude of 

3.02 m/s as can be seen in the velocity distribution of Fig. 12. 

M3 configuration: The M3 configuration can be seen in 

Fig. 11 (c), it has only one tangential air inlet tube with 80 

mm diameter, the air is supplied from an axial fan connected 

to the piping where the secondary flow for the producer gas  
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Fig. 10. Primary air velocity across the grate holes and 

standard deviation. 

 

combustion process is delivered. The air velocity through the 

line drawn in Fig. 11 (c) shows that the holes closest to the 

main air inlet has a velocity of 3.49 m/s and the furthest 

(opposed to it) reach rates of 1.99 m/s (see Fig. 12). This 

happens because air takes as preferential paths the holes 

closest to the main air inlet, and the remaining secondary air 

flow is distributed through the furthest holes. This leads to 

poor uniform mixing between combustion air and producer 

gas. The average velocity of air through the ring holes is 

2.60±0.60 m/s. 

 

4.3 Design of the TLUD micro-gasifier biomass cookstove 

Analyzing the velocity distribution and simulation results 

(mainly the standard deviation) in the primary and secondary 

air, the M2 configuration has the better velocity field due to 

the suitable distribution across the grate holes, which is 

important for ensuring stability in the reaction front during 

the biomass gasification process [42]. Regarding the 

secondary air (zone 3), the better configuration is M1 due to 

the uniform velocity field through the secondary ring holes, 

but from a manufacturing point of view, it is not an 

appropriate design because of high setup costs (compressed 

air accessories). This means that the M2 configuration is the 
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Fig. 11. Velocity pathlines of the secondary air inlet for the different designs in zone 3. Velocity in m/s 
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Fig. 12. Velocity vs. Length, through the line in the secondary air zone. 
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well-adjusted cookstove design (see Fig. 14). Moreover, 

forced draft cookstoves prototypes operate with pc coolers 

[6], [15], [16]; for this reason, these kind of accessories will 

allow making experimental tests using a prototype that has 

been already used for TLUD cookstoves (product design). 

5. Conclusions 

Compressed air to supply the primary and secondary air 

allows a better control of flows due to the easy use of 

rotameters; these instruments have already been used for 

applications in cookstoves, but the poor distribution observed 

across the grate velocity field with this air supply system, 

affects widely the reaction front stability during the biomass 

gasification process. 

 

The velocity distribution in the secondary holes ring is 

more uniform as the number of air inlets increases around the 
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Fig. 13. Standard deviation of velocity through the secondary 

air holes for the producer gas combustion process. 

 

secondary air chamber, for this reason, it was important to 

look for a balanced design to allow a good distribution of the 

air in that zone, encompassing low manufacturing cost and 

the low flow measuring equipment costs. The M2 

configuration fulfills all of these characteristics. Therefore, 

we state that the operation with axial fans, in the final 

cookstove design, allows obtaining a good standard deviation 

of air velocity through the grate holes and through secondary 

air ring holes (±0.13 m/s, and ±0.45 m/s, respectively), which 

entails a better cookstove performance. A better performance 

refers to higher thermal energy efficiency (low biomass 

consumption) and lower emissions. 

 

The diameter of the piping which is used to supply the 

primary air, affects widely the air velocity and its distribution 

across the grate. As the diameter increases (from 11 mm to 

40 mm), the velocity through the grate holes, presented the 

lowest standard deviation (±0.13 m/s), it leads to an uniform 

consumption of the fuel, which allows a better mixing 

between the secondary air and the producer gas. 

The design methodology described and applied in this 

work allows finding trends of the most important parameters 

such as the biomass consumption rate, which increases 0.79 

kg/kW-h according to the cookstove power. It makes 

possible to use this parameter during several TLUD 

cookstove designs making the sizing process widely 

efficient. On the other hand, in future works, the stove will 

be constructed, characterized, and contrasted, with model 

results. 
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Fig. 14. Isometric of the final TLUD cookstove design. 
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Nomenclature 

 Biomass consumption rate   Molar fraction of  

 Cookstove efficiency [%]  Moles of   

 Power   Total moles  

 Low heating value   Stoichiometric air-producer gas ratio  

 Reactor diameter   Secondary air flow  

 Specific biomass consumption 

rate  
 Producer gas flow  

 Bed height   Producer gas volumetric flow under normal 

conditions  

 Bulk density   Air volumetric flow under standard conditions 

 

 Biomass consumption time  
 

Nitrogen density under standard conditions 

 

 Aeration factor   Nitrogen density under normal conditions 

 

 
 

Real air-fuel ratio  
 

Molar fraction of nitrogen in the air  

 Stoichiometric air-fuel ratio  
 

Molar fraction of nitrogen in the producer gas 

 Moles of air   Producer gas density under normal conditions 

 

 Molecular weight of air   Number of holes 

 Molecular weight of biomass .  Perimeter of cylinder where the secondary holes 

ring is placed  

 Gasification volumetric air flow ]  Secondary holes diameter  

 Stoichiometric air-flow ratio   Separation among secondary holes  

 Air density   
 

Velocity of air through secondary holes  

 Specie   Combustion air volumetric flow  
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