
ABSTRACT 
 

NYAHORO, PETER KARIUKI. Effects of Air Distribution on Pollutant Emission and 
Flame Characteristics of Open Buoyant Wood Combustion. (Under the direction of Dr. 
William L. Roberts and Dr. Richard R. Johnson).  
 

Approximately half of the world’s population, in developing countries, depends on 

solid biomass fuels and coal to obtain heat for cooking and space heating. These fuels are 

burnt in devices with low thermal efficiency and high pollutant emissions, due to incomplete 

combustion, and thus cause several million deaths annually. Past efforts to improve thermal 

efficiency of these devices resulted in increased pollutant emissions. Because some design 

and operational factors of these devices affect performance in opposing directions, it is 

necessary to properly characterize a solid fuel fire and identify optimal features. 

Effects of air distribution on emission and combustion characteristics of a buoyant 

wood fire are studied. Approximately 0.275 kg stack of wood pellets, each 1.8x1.8x5 cm, is 

burnt in burners constructed from a bed around which a mesh wire is attached to hold the 

fuel. The basic configuration (Plain) has a diameter of 15.6 cm and a pellet stack depth of 7 

cm. The burner is raised from the floor and set on a load cell to monitor fuel mass. The fuel is 

ignited at the bottom and let to burn through a sequence consisting of smoldering, flaming, 

and glowing phases. Exhaust from the fire is drawn through a hood and ducts for particulate 

matter (PM) sampling, carbon monoxide (CO) analysis and flow rate measurements. 

Distribution of burnt fuel and PM and CO emissions among the three phases are computed, 

along with respective emission factors Epm and Eco (g pollutant/kg burnt fuel). Temperature 

above the fuel stack is measured along the centerline.  

Three geometric modifications, each with 10% more bed area, are compared with the 

Plain burner. In the first (Grate), the extra bed area accommodates sixteen equal-sized holes 



in the bed. The second modification (Annular) has a 5 cm diameter flow-through space in 

middle to simulate a partially premixed fire. The third configuration (Center Space) is 

obtained by closing the center-hole of the Annular burner to leave a central combustion 

space. 

In burners where smoldering occurs, this phase consumes up to 25% of total fuel 

burnt and produces up to 90% and 30% of total PM and CO emission, with respective 

emission factors of up to 40 and 60 g/kg of burnt fuel. Of the three phases, flaming consumes 

most fuel, burns fastest, hottest and cleanest, with emission factors (Epm ≈ 2, Eco ≈ 10g/kg) up 

to an order of magnitude lower than values for smoldering. Whole-batch PM correlates 

linearly with CO emitted during non-glowing combustion. The glowing phase burns at about 

1/10 of flaming burn rate, consumes up to 15% of fuel burnt, and produces up to 80% total 

CO, with Eco more than 20 times that for flaming. Maximum burn rate occurs before peak 

exhaust temperature. Flaming phase centerline temperature rises with elevation to a peak 

then decreases in three regions with decreasing temperature gradient magnitudes. 

The Annular fire produces several times less PM and CO in smoldering phase than 

the Plain and Grate fires. This fire has a shorter (up to 40%) flame, reaches peak burn rate 

earlier and sustains this rate for a longer time than the other three fires. The Center Space fire 

burns without a smoldering phase. Hence this fire has lower PM and CO emission factors, 

higher overall temperature, and a higher burn rate in non-glowing combustion than the other 

three fires. Overall combustion temperatures are in the order: Center Space > Annular ≈ 

Grate > Plain. During flaming phase the location of maximum axial temperature is nearly 

constant in Annular and Grate fires, but varies with time in the other two fires. 
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CHAPTER ONE. 
 

  
SCALE AND PROBLEMS ASSOCIATED WITH INDOOR SOLID FUEL USE. 

 
 

1.0. Introduction 
 

Solid biomass fuels, especially wood, are the predominant residential fuels in 

developing countries. These fuels provide energy for cooking, space heating and lighting 

needs, among others.  They are mostly burned in open (unvented) devices, often in 

inadequately ventilated shelters. In this chapter the scale of household solid fuel use is 

indicated. Important factors that influence household energy source and hardware choices are 

discussed. The main biomass fuels are mentioned along with the methods by and sources 

from which they are obtained. Some of the most common devices are briefly described. 

Some health and socio-economic problems associated with indoor biomass fires are 

mentioned. Improved stove programs have been implemented in several countries to address 

some of the problems associated with traditional biomass-burning devices. The motivation of 

these programs, their emphases, results and problems are discussed. Past and ongoing 

scientific work relevant to household biomass combustion is briefly described. The main 

achievement expected from the present work is the reduction of emissions from household 

biomass fuels and devices. To highlight the significant of this objective, the magnitude and 

nature of indoor air pollution from biomass fires in outlined along with the related health 

problems.  
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1.1. Scale of Household Solid Fuel Use 
 

Solid fuels have a unique role due to their widespread use in developing countries 

where they are predominantly burned in households, small-scale enterprises and institutions 

for cooking, water heating, space heating and small-scale industrial process heat (IEA, 2002). 

Wood and crop residues are the main solid household fuels in these countries. Coal and 

animal dung (waste) are used in varying extents in different countries. For example, coal is 

part of fuel mix in 31% of households in China [Desai et al., 2004] while animal dung 

contributes up to about 20% of household energy in rural homes in India [Ravindranath and 

Ramakrishna, 1997]. 

Estimates of the number of people dependent on solid fuels (coal and biomass) vary 

from 2 billion to 3.5 billion [World Bank, 1996; WHO, 1997; WRI, 1998; Brook and Besant-

Jones, 2000; IEA, 2002]. This number is difficult to estimate with reasonable accuracy and 

little explanation is available for the basis of some of the existing estimates. Nevertheless, it 

is largely accepted from experience with households in developing countries that hundreds of 

millions of rural and urban households use biomass while several millions, mostly in China, 

use both biomass and coal. The actual number is likely to be on the higher end of the 2-3.5 

billion range because: (i) Virtually all rural households in developing countries, even those 

with levels of income above the official poverty level, use biomass for cooking [Townsend, 

2000]. (ii) Household use of biomass is extensive in small and medium (population below 1 

million) cities of these countries [Barnes and Qian, 1992], (iii) Even in places where 

households have both access to modern energy sources and income levels that would afford 
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these sources, solid fuels are not completely abandoned [Barnes and Qian, 1992; Masera et 

al. 2000; Sinton et al. 2004], (iv) The most recent estimate based on available solid fuel use 

data indicates that about 50% of all households and 90% of all rural households use solid 

fuels [Desai et al., 2004]. 

Although the percentage of the world’s households using solid fuels is projected to 

decrease in the future, the total number of people will increase [IEA, 2004]. This increase 

will be driven by the following main factors:  (i) Population growth in rural areas where solid 

fuels are the least costly and the most reliably available. (ii). Urban population growth and 

the existing extensive use of these fuels by the urban poor and those in small and medium-

size towns [Barnes and Qian, 1992]. (iii) Unfavorable climate for private investment in 

modern energy generation and distribution systems in many developing countries [Barnes 

and Floor, 1996; WEC and FAO, 1999]. (iv). Many developing countries dedicate meager 

financial resources to public needs such as health, education and transport infrastructure that 

may be more critical than modern energy supply. 

 
 

1.2. Criteria for Choosing Household Thermal Device-Fuel Combination. 
 
 

The term energy source is used here to refer to a fuel or electric grid from which 

energy is converted from chemical (in the case of a fuel) or electric (in the case of electric 

grid) form to heat. A fuel may be solid, as in the case of firewood, charcoal, coal, crop 

residue or animal waste. Liquid fuels include kerosene while gaseous fuels include liquefied 

petroleum gas (LPG). Firewood, charcoal, crop residue or animal waste fuels are also 

referred to as traditional fuels, in reference to their long history of use in human civilization. 

Fuels such as, coal, LPG and kerosene, derived from fossil deposits, are referred to as 
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modern fuels. A stove refers to a device used to convert the energy contained in a fuel or 

supplied from an electric grid into heat. A stove using solid fuels also has a structure to 

contain the burning fuel and reduce heat loss to surrounding air. In stoves burning liquid or 

gaseous fuels valves and pipes are used to control the flow of pressurized fuel from a 

container to the stove. An open fire refers to solid fuel burning at a location on the floor of a 

house, where a structure has been built to support a cooking vessel above the fuel. Such a 

structure commonly consists of three stones either dug into or sitting on the floor and 

arranged to form a triangular space between them, where the burning fuel is placed. This 

combination of stones and burning fuel is referred to as “three-stone fire” in household 

energy literature. The heat obtained from a fuel is transferred to a vessel containing food or 

water. Alternatively a stove or an open fire may be used to warm air in a living space either 

as a function separate from or concurrent with cooking. The term thermal device is used here 

to mean a stove or an open fire used in a household to cook or heat living space. Devices or 

materials such as gas cylinders, valves, pipes, electric switches, electrical wiring and meters 

required to contain, control rate of flow and measure energy source supplied to the stove will 

be referred to as auxiliary hardware. 

A household’s choice of thermal energy sources, thermal devices and auxiliary 

hardware is influenced by several factors. These factors include natural availability of an 

energy source, household income level, cost of fuel, capital cost of stove and related 

hardware, energy source supply reliability, adaptability of a stove to different fuels and to 

different cooking and heating requirements, health impacts and convenience. The 

significance of each of these factors varies between countries, regions of the same country, 

families and even seasons of the year. For example, the availability of a fuel for direct use at 
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no monetary price is more important for landless rural households than it is for middle-

income urban household with access to reliable supply of modern energy sources. 

 
1.2.1. Natural Availability 

 
Some energy sources occur naturally in forms that can be used after simple 

processing such as cutting, chopping and drying, and at locations from where they can be 

gathered either free of or at direct monetary price. Fuels obtained in this manner will be 

referred to as non-commercial. Wood, crop residues and animal dung, are the major fuels 

available in rural areas, small urban centers and some peri-urban zones. The consumption of 

these fuels in a given region naturally corresponds to the quantity available. Since fuels such 

as kerosene, liquefied petroleum gas (LPG), coal and charcoal require more elaborate 

processing and handling before they can be used, they are excluded from the strict meaning 

of availability even when they occur or are derived from sources occurring at locations near a 

household. 

Wood (from tree branches, twigs, or stems) is the main fuel in rural households 

[Foley et al., 1984; Agrawal, 1986]. In these places fuel wood mostly consists of dead trees 

and dead or live branches collected from common lands, government, forest reserves, family 

land, crop plantations and road side areas [Foley et al, 1984; Eckholm, et al., 1984; Agrawal, 

1986; FAO, 2000]. Crop residues are used in or near agricultural areas. They are most 

extensively used during harvest or land preparation seasons when they are most abundant. 

However, some households with agricultural land store some crop residues such as maize 

(corn) cobs for use beyond harvest time. A survey in India [Ravindranath and Hall, 1995] 

indicated that where wood and agricultural residues are simultaneously available, households 

prefer Wood, perhaps due to its better combustion qualities. Where firewood is scarce or 
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expensive, crop residues are the predominant fuel in low-income rural households [Agrawal, 

1986; Eckholm, et al., 1984]. Animal dung is used as a fuel to a lesser extent than wood and 

crop residues. It is primarily used in areas with livestock and scarcity of both firewood and 

crop residues. 

 
 

1.2.2. Income Level and Cost of Energy Source-Device Combination. 
 

Some energy sources are purchased at monetary price from networks of suppliers and 

distribution systems. We shall refer to these carriers as commercial energy sources. Such 

carriers include modern fuels such as coal, kerosene, Natural gas and liquefied petroleum gas 

(LPG), which are obtained from fossil sources. For purposes of the discussion in this chapter, 

charcoal and fuel wood supplied at a monetary price are regarded as commercial even though 

they are also traditional fuels. Charcoal and firewood trade is formal in urban areas and 

informal in rural areas except in wood-scarce areas where the fuels are formally traded in 

varying degrees [Eckholm et al., 1984; Barnes, 1990]. Kerosene, gaseous fuels and electricity 

require stoves that are specific to these sources. Due to cost, skill and safety requirements, 

these stoves are usually purchased rather than built by the owner. Additionally, gaseous fuels 

require the purchase of specialized containers and control devices [Goldenberg, 2000] while 

electricity supply involves initial connection and wiring costs [FAO, 2000, Brook and 

Besant-Jones, 2000]. Where energy is supplied through a utility system such as pipelines or 

electric grids, regular (usually monthly) payments of basic charges and energy consumption 

costs are required.  Coal, charcoal, and fuel wood can be burnt in either simple open fires or 

more sophisticated stoves. Solid fuels do not require special containers or connection fees 

and are usually obtainable in variable quantities, depending on a household needs and 
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purchasing power. Thus in terms of minimum initial costs, electricity, liquid and gaseous 

energy sources are more costly than solid fuels. 

Cooking, water heating, space heating and crop drying are the main household 

thermal processes. Heat for each of these processes can be obtained from one or more energy 

sources, but different sources require different thermal devices and auxiliary hardware. The 

cost of each combination of energy source, thermal device and process depends on the 

pricing of the energy source, efficiency of the thermal device, the manner of operation of the 

thermal device and the process.  

The relationship between household energy choice and income level is complex. The 

‘energy ladder’ model is commonly used in household energy literature to describe this 

relationship [Leach, 1992; Barnes and Floor, 1996; Reddy et al., 1997; Goldemberg, 2000; 

Masera et al., 2000]. In this model energy sources are ranked in a hierarchy in which 

progressively higher rungs on the ladder correspond to more costly, cleaner, more convenient 

energy sources and related devices. For example under most pricing structures, heat for 

cooking has a ladder with increasingly higher rungs corresponding to dung, crop residue, 

wood, charcoal, coal, kerosene, fossil gaseous fuels and electricity. In its simplest form the 

model suggests that households at the lowest income level use energy source-device 

combinations at the bottom of the ladder. On the other hand households with the highest 

income use energy sources and devices corresponding to the top rungs. As income level rises, 

households switch to higher rank sources.  

However, actual household energy studies indicated a more complex relationship 

between energy source choice and income level. Instead of completely abandoning low 

quality fuels, such as wood and crop residues, both rural and urban households add 



 
8

increasing amounts of modern sources to their energy mix as their income levels rise [Barnes 

and Qian, 1992; Masera et al., 2000; Sinton et al., 2004]. Even in this modified scenario, low 

ranks fuels dominate in low-income households [Barnes and Qian, 1992; Masera et al., 

2000]. Some of the factors contributing to this situation include: (i). Some energy source-

device combinations are more suitable for some applications and cooking practices than 

others. For example, many rural Chinese households prefer using coal for space heating 

because this fuel, even though more polluting, requires less attention than biomass burning in 

cleaner stoves [Sinton et al., 2004]. (ii). Use of low-ranked fuels may be necessary to 

safeguard against unreliable supply of some modern energy sources. (iii). While biomass 

fuels may be available at low or no direct monetary cost in many rural and small urban areas, 

either throughout the year or during some seasons, prices of modern energy fluctuate. Thus 

having a mix of thermal devices for different energy sources allows households to use the 

most cost effective energy-device combination for the prevailing price and availability 

conditions. 

In most urban areas, non-commercial fuels are not available in adequate quantities. 

Hence households in urban areas depend on the commercial supply, distribution networks 

and infrastructure to obtain energy. Sources available to urban households include 

commercially traded firewood, charcoal, and modern fuels such as kerosene, coal, LPG, and 

electricity. Consequently, household income level is one of the most important factors of 

energy source-stove combination choice for urban households. There are about 2.3 billion 

people in urban areas of developing countries [UNPD, 2004].  Considering that about 50% of 

urban population lives in extreme deprivation [WHO, 1997b], the use of biomass fuels is 

extensive in these areas. 
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1.2.3. Supply Reliability 

 
Supply reliability refers to continuous availability of commercially traded energy 

sources in sufficient quantities and at affordable, steady prices. This factor affects household 

energy choices in both rural and urban areas. Several causes work against reliable supply of 

commercial energy. These causes affect different energy sources differently and may have 

different influences for urban and rural areas. The most important causes are outlined below. 

 
 

Fluctuations in oil import prices.
 

 
Many developing countries, including India and China, the world’s most populous, 

are net importers of petroleum or its derivative fuels such as Kerosene and LPG [World 

Bank, 1980; Ishiguro and Akiyama, 1995]. The bulk of oil imports in these countries 

originate from Middle East countries [Khatib, 2000], which are members of the Organization 

Of Petroleum Exporting Countries (OPEC).  This organization has several times in the past 

suddenly reduced oil production [World Bank, 1980, Rogner, 2000] to cause sharp price rises 

or influence political issues of interest to its member countries. During such crises, poor 

countries pass some or all the importation cost increases to the consumers [Munasinghe and 

Saunders, 1989]. Further, due to heavy reliance of transport and industry sectors on 

petroleum-based fuels, higher oil prices result in increased cost of basic commodities and 

services. In some extreme cases, there is inadequate supply, even at higher prices. The 

combination of price increases and shortage forces some urban and peri-urban households to 

switch from high quality energy carriers to lower grade fuels such as charcoal, wood, crop 

residues and dung. Such a switch is almost certain for poor households while middle and 
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high-income households are more likely to expand their energy mix to include lower grade 

fuels for the most energy-intensive needs. 

 
 

 Inadequate or fluctuating generating capacity.
 
 

Electric generation capacity is inadequate some countries [Khatib, 2000]. This 

situation is likely to continue due to the high cost of starting new or expanding existing 

generation facilities, fiscal constraints on public funds and insufficient flow of private 

financing for this sector [Reddy, 1997, World Bank, 1999, Babbar and Schuster, 1998]. 

Some developing countries rely heavily on hydropower for electricity generation, a situation 

that entails risk of power shortages during periods of prolonged drought.  

 
 

Inadequate or unreliable transmission and distribution networks.
 

 
Fuels such as kerosene, LPG, natural gas and coal require an infrastructure of roads, 

rail lines, pipelines and retail outlets to transport, distribute and supply. Electric power 

requires transmission lines and distribution and supply equipment such as transformers and 

meters to transfer power from generation facilities to consumers. Many parts of developing 

countries lack reliable distribution systems for LPG and kerosene [Goldemberg, 2000, 

Barnes and Qian, 1992]. Extending electric power and gas supply to low-income households, 

small towns and rural areas is costly and unprofitable due to low-density of energy demand, 

low grid capacity utilization, and high electric losses [Goldenberg, 2000; Brooks and Besant-

Jones, 2000; Khatib, 2000; Powell and Starks, 2000]. Hence investment in commercial 

energy supply to these areas is inadequate [Barnes and Floor, 1996]. Poor maintenance of 
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electric grids causes frequent power supply interruptions [Khatib, 2000; WEC, 1999]. This 

scenario restricts energy sources affordable and available to urban poor, rural areas and small 

towns to traditional fuels either freely gathered locally or purchased from retailers. 

 
1.3.  Solid Fuel Thermal Devices. 

 
In many developing countries, biomass, and to a much less extent, coal are the fuels 

of last resort for millions of both rural and urban households, institutions such as schools, 

hospitals small food service enterprises [Foley et al, 1984; Eckholm et al 1984]. These fuels 

are used to provide heat for basic services such as cooking, water and space heating [World 

Bank, 1996]. Biomass fuels are also used to provide light in the poorest rural households and 

even in urban and high-income household when kerosene or electricity are scarce or out of 

supply. 

Wood, crop residues and animal dung are the predominant biomass fuels used in rural 

households, [Eckholm, 1984; Townsend, 2000]. Urban households tend to use a mix of 

energy carriers that includes modern carriers such as LPG, electricity, and kerosene. Coal is 

used in millions of households in China and Southern Africa [World Bank 1997, Holden and 

Smith 2000, Barnes 1992]. 

A wide variety of thermal devices (stoves) are used in households that depend on 

solid fuels to provide heat for cooking, space heating and water heating, and in some cases, 

to provide light. Although the stoves have several common features, their specific designs 

vary with main types of food, cooking styles, available materials, and predominant fuel, 

among other factors. Examples of the most common designs are briefly described below; 

 



1.3.1. Open Fires. 

The simplest and most common biomass device, the so-called open or three-stone is 

shown in Figure 1. The open fire is as old as man’s discovery of fire. This fire and its 

variations are the most common household fuel devices in developing countries [Reddy et al, 

1997; Holden and Smith, 2001, Eckholm et al 1984]. It consists of three fireproof blocks, 

usually stones, arranged to form a triangle region on the ground. 

 

                                  
 

Figure 1.1. Three-stone fire. 

At some height above the ground, a pot (metallic or ceramic) is supported on the three 

blocks. To accommodate different pot sizes or vary the distance between bottom of pot and 

the ground, one or more of the blocks is movable while the rest are dug into the ground. All 

or the movable blocks are chosen heavy enough to provide resistance to turning forces 

applied on the pot during the cooking operations. Variations of the three-stone fire include 
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dug out area between the stones so that at the bottom the fire bed is slightly below floor level, 

block and fire on a raised platform and raised fire under a chimney [Eckholm, 1984].  

Other designs of open fire vary from the three-stone fire mainly in the way the pot is 

supported. In a trivet open fire, the pot sits on a metal ring supported by three metal legs, 

while a four legged-version consists of a rectangular metal pot rest supported by a leg at each 

corner. [Eckholm 1984]. Power output from the fire is sustained or increased by adding more 

fuel into the region between the stones or legs. Removing fuel from the fire or simply not 

adding fuel decrease power. If the fuel is firewood, pieces are placed between the stones or 

legs so that their tips burn in the fire at the center. The horizontal spread of the fire is 

naturally limited by the volume of burning stack of fuel at the center and the radial distances 

of the locations where the fire is kindled at the beginning. Power can be increased by pushing 

the wood pieces so that unburnt parts are in the fire. Power reduction is accomplished by 

either letting the fire burn unattended or by pulling the pieces so that some or all of the 

burning length is out of the fire. Disadvantages of open fires include fluctuations caused by 

moving air around the fire. As a piece of wood burns in an open fire, the front at which wood 

pyrolyzes to residual charcoal and gases that burn in the flames progressively moves outward 

from the center of the fire. If the wood is left unattended for long time the pyrolysis front 

falls out of the hot region at the center of the fire and starts smoldering, thus releasing 

unburned gases to the surroundings. Further, an open fire is more likely to cause burns or 

unintended fires due to direct exposure of the operator and the surroundings to burning solid 

fuel and sparks.  However, open fires have several advantages in comparison with closed or 

semi-closed thermal devices. The main advantages are listed below [Eckholm, 1984; Crewe, 

1991; Verhaart, 1982]. 
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(i)  Little or no monetary cost since the basic parts can be constructed from freely 

available materials such as rocks, rejected concrete blocks, clay or mud mounts. 

(ii)  Easy to construct; they do not require special skills or tools 

(iii)  Can be constructed wherever it is convenient. 

(iv)  Allows easy control of firepower by adding or withdrawing fuel from the firebed. 

(v)  Easy adjustment of pot position above the fuelbed. This allows the use of the larger 

combustion volume necessary during flaming or high power stage of the fire to 

provide better combustion, and lowering the pot close to charcoal, necessary to 

improve the heat transfer to the pot during glowing combustion phase. 

(vi)    Allows saving wood that need not be burnt at the end of a cooking operation. This 

is done by withdraw the wood from the fire and quenching it. 

(vii) Accommodates a wide range of solid fuel types and piece sizes. This advantage is 

particularly important where more than one type of solid fuels e.g. woodfuel and crop 

residues, are available.  Accommodation of thick and long fuel pieces reduces the 

amount of labor required to cut them to smaller sizes. 

(viii) Accommodates a wide range of pot shapes and sizes.  

(ix)   Usable for many types of cooking operations and process. In particular, heavy or 

dug in blocks support cooking operations involving thick foods that need turning 

motion inside a pot. 

(x)   Serves a multiplicity of functions, including cooking, space heating, water heating 

lighting, fuel drying. 



1.3.2. Traditional Stoves 

Over time different communities have developed various modifications to the open 

fire. Although these modifications are not well documented, each has at least one feature that 

distinguishes the design from the open fire.  The most common distinction between open 

fires and traditional stoves is that the latter have high degree of shielding of the fire 

[Eckholm, et al 1984]. Other distinguishing features may be specific to certain traditional 

stoves. For example, a grate, to support the fuel, is common in charcoal-burning stoves. A 

chimney may be used to draw combustion gases out of living or cooking space. Channels 

may be used to direct the hot combustion gases to more than one pot before releasing them 

out of the stove. Little accurate data is available to compare performance of traditional stoves 

and the open fire. Thus it is not possible to claim with certainty the extent to and respect in 

which former perform better than the latter. 

 
 

Fixed, One-Pot Mud Stoves:
 

 
This traditional stove is the most common biomass stove in India. [Smith et al, 2000]. 

It consists of a U-shaped or circular wall with an opening for loading fuel, usually wood, 

dung or crop residue. The wall is made from mud or mud and sand, or sand and cement 

combinations [Eckholm et al., 1984]. An Indian version of this stove design is shown in 

Figure 1.2. 
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Figure 1.2. One-pot mud stove. Source: FAO, 1993 
 
 
 

Fixed Multi-Pot Stoves.
 

 
Usually constructed by the owners, these stoves are built from the same materials and 

for the same fuels as the one-pot fixed stove. The basic design consists of an enclosure with a 

side or front opening for fuel loading, and more than one pot holes at the top. In most 

designs, the fire burns under the largest pot-hole and the hot combustion gases are directed to 

other pots through a set of baffles and channels. The flow of gases is driven by a draft created 

by a chimney at the end of the stove farthest from the fire. Figure 1.3 shows a cross-section 

of a two-pot stove with a chimney. 
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Figure 1.3. Cross section of a two-pot stove with chimney 
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Portable Charcoal Stoves. 

 
These consists of a shell, usually cylindrical, made from sheet metal, a grate 

positioned some height from the base of the shell, a door on the shell for primary air supply 

below the grate. The pot sits at the top of the shell. The space between the grate and the top 

edge of the shell is used to hold fuel, usually charcoal, which is loaded from the top of the 

stove, with the pot removed. The air door is also used to remove accumulated ash. A 

schematic cross-section of a portable charcoal stove is shown in Figure 1.4(a).  

 

Grate
Pot support

Handle

Metal shell
Air gate

 

Figure 1.4. Cross section of a portable charcoal stove 
 
 
 

1.3.3. Improved Stoves 

 
Several efforts and programs have been implemented to reduce indoor pollution and 

consumption of solid fuels in developing country homes. Stoves with chimneys were 

promoted in India between the 1930s and 1950s [Reddy et al. 1997; Foley et al. 1984]. 
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Following the petroleum crisis in 1973 attention was drawn to the increasing rates of 

deforestation in many developing countries. Energy analysts and many social scientists 

argued that extensive residential use of woodfuel was responsible for deforestation [FAO and 

WEC, 1999]. Regardless of its cause, deforestation was a real threat to agriculture due to its 

effects on soil cover and rain. Also, millions of people depend on forest resources for fuel 

had to travel longer to gather wood. It was feared that the petroleum shortage would drive 

people who previously used fossil fuels to switch to wood fuel and thus worsen an already 

bad situation. 

Programs were started to address the problem on two fronts: Improved biomass fuel 

stoves to reduce wood consumption and afforestation to increase wood fuel supply. It has 

since been determined that domestic woodfuel consumption in rural areas where majority of 

population resides does not significantly contribute to deforestation. People in these areas 

obtain most of their fuel from trees outside the forests, and mostly collect branches or dead 

wood, rather, rather than cut down whole green trees [Eckholm et al. 1984; FAO and WEC, 

1999; Agarwal, 1986]. However, urban consumption of wood-based fuels can contribute to 

deforestation since these fuels are obtained from whole trees [Eckholm et al. 1984; Barnes, 

1990]. Deforestation is mainly caused by clearance of trees for agricultural land [FAO and 

WEC, 1999] 

Initial improved stoves design was done or influenced by development workers or 

appropriate technology advocates with inadequate technical knowledge and skills in relevant 

science and engineering disciplines [Prasad et al, 1985; Reddy et al, 1997]. Emphasis was on 

simple designs, use of local materials and low-cost construction. The overall goals were to 

obtain higher thermal efficiency than was thought possible from traditional devices such as 



the three-stone fire, and to reduce levels of smoke in kitchens. Several designs emerged from 

these efforts, two of which are shown in Figures 1.5 (a) and (b).  Stoves from these efforts 

included one or more of the following features:  

(i) Thick walls of sand-clay mixtures to shield and thermally insulate the fire and the 

pot.  

(ii)  Provision for cooking on more than one put simultaneously.  

(iii)  Chimneys to vent smoke out of the kitchen.  

(iv) Grates to hold fuel above ground. 

 

 

Figure 1.5. (a). Improved one-pot wood stove 
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Figure 1.5. (b). Improved portable charcoal stove 

 
Soon after disseminating the stoves, it was observed that families preferred traditional 

devices. The need for more and better technical input in design, quality control, testing and 

involvement of intended users was recognized. Subsequently, in the 1980’s the application of 

engineering principles of combustion and heat transfer resulted in lighter stoves that were 

more efficient than traditional stoves, portable, and faster than first generation stoves. Since 

the second-generation stoves involved precise dimensions of some parts, mass production 
 

21



 
22

facilities were required to ensure quality. However, by this time, financial support from 

international agencies had reduced due to negative outcomes from the initial efforts. Further 

progress was only substantial in countries where government support was available or 

strategic production and marketing approaches were applied. 

The largest improved stove program was in China where the government claims that 

185 million stoves were installed between early 1980s and 1998, covering about 80% of rural 

households [Sintom et al, 2004]. A national improved stove program in India is reported to 

have disseminated more than 28 million stoves between 1985 and 1998 [Kishore and 

Ramana, 2002]. Stove dissemination efforts in Kenya, largely run by non-government 

organizations, donor agencies, women’s groups and private companies, are reported to have 

distributed more than 700,000 units [Karekezi and Ranja, 1997].  

Only a few surveys have been carried out to independently assess actual performance, 

condition and frequency of use of the stoves installed through these programs. Following are 

a few observations relating to improved stoves in different places [Kishore and Ramana, 

2002; Foley et al. 1984; Sinton et al. 2004; FAO, 1997; Masera et al, 2000; Smith KR et al. 

1993; Eckholm et al. 1984; Venkataraman and Rao, 2001; Smith KR et al. 2000a]. 

(i) When they replace three-stone fires, some improved stoves reduce fuel 

consumption while others actually increase consumption for the same heating or 

cooking task. 

(ii) There is inadequate follow up to check the condition of repair and maintain stoves 

that have already been installed. 
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(iii)  When installed stoves are tested in the field, their thermal efficiency is often 

lower than the values quoted for new stoves, with some units even showing lower 

values than open fires and traditional stoves. 

(iv)   Although some of stoves build from structurally weak materials degenerate to 

disuse within a few years, they are still included in the number cited for 

cumulative stoves installed. 

(v)  Households with an improved stove often have an open fire, or one or more 

traditional stoves that they prefer to use over the improved stove mainly because 

the open fire or traditional stove is more convenient to operate or more suitable 

for certain cooking or heating needs. 

(vi)   Although improved vented stoves would greatly reduce levels of indoor air 

pollution if used exclusively, the practice of combining improved and traditional 

devices results in only modest or insignificant pollution reduction. 

(vii) Many of the advantages of an open fire are not available in improved stoves. 

(viii) Some improved stoves have higher emission factors (g pollutant/kg of fuel) than 

open fires, and, even though they may have higher thermal efficiency, they 

release larger amounts of pollutants. The few published studies with emission and 

efficiency data simultaneously measured under the same conditions for more than 

one stove fuel/combinations [Smith KR et al., 200a,b; Ahuja et al., 1987; Ballard-

Tremeer and Jawurek, 1996; Venkataraman and Rao, 2001; Zhang et al., 2000] 

indicate that generally emission factors increase as thermal efficiency increases. If 

such stoves were not vented, they would produce higher indoor pollution. This 
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suggests that some improved stove design features increase thermal efficiency at 

the expense of complete combustion. 

(ix)  Design emphasis is on thermal performance with little attention given to pollutant 

emission. 

 

1.4. Performance Tests 
 

Once a device has been designed and constructed it is normally taken through a set of 

tests to measure its performance against a list of criteria. The team developing the product 

uses data from performance tests to identify any further design changes that may be 

necessary. For these data to be reliable, the tests have to be carefully defined and controlled 

to minimize bias. Further, test conditions should mimic those on the ground as closely as 

possible in order for the test performance to, indicate what the user should expect. For many 

devices and systems, it is not practical to mimic all expected field conditions. In such cases, 

tests are carried out under a set of conditions determined to represent both the most common 

and the most extreme situations expected in the field. Owing to the many variables that affect 

the performance of a solid fuel thermal device, performance testing has remained one of 

stove designers’ unconquered challenges. 

A stove in operation can be viewed as a sub-component of a system consisting of five 

main components, namely, stove-pan combination, fuel, food, operator, and environment 

(house, or kitchen, or outdoor). The performance of the stove is affected, with varying 

sensitivity, by the factors relating to each main component. For example, stove-pan 

combination involves factors such as combustion chamber size, presence or absence of a 

grate, entries for primary and secondary air, distance between pan and fuel bed, size of pan 
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relative to fuel bed, degree of shielding and insulation around fire and pan, pattern of 

passages for hot gases, and degree of venting. Factors relating to the fuel include chemical 

composition, (which in turn determines heating value, combustion air requirements, and 

amount of charcoal residue), moisture content, bulk density, and piece size and shape. The 

operator decides the way the fire is started, the power level during a cooking process, the fuel 

to use, and physical characteristics of the fuel. The type and amount of food will determine 

the cooking process desired (e.g. boiling or baking), shape and size of pan, and power of 

stove. Air exchange rate of the space where the stove is operated will affect concentration of 

pollutants released by the stove while drafts within the space may affect combustion and heat 

transfer to the pot. 

 

1.4.1. Performance Criteria. 

An ideal list of performance criteria includes the following: 

(i)  Thermal efficiency,  

(ii) ηth = useful heat delivered to pot/Energy content of fuel burnt, i.e. fraction of 

energy content of fuel that is transferred as heat to pot and food 

(iii)  Specific fuel consumption,  

(iv) SFC = mass of fuel used to cook a meal/Total number of people served 

(v)   Mass-based emission factor of specified pollutant i;  

(vi) Em,i = mass (g) of pollutant i produced / Mass (kg) of fuel burnt 

(vii)   Energy based emission factor of specified pollutant i, 

(viii) Ee,i = mass (g) pollutant i produced/Useful energy (MJ) delivered to pot 

(ix)   Maximum power, Pmax  (KW) 
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(x)   Minimum power, Pmax (KW) 

(xi) Power turn down ratio, Pmax/Pmin. 

Some performance criteria not listed above may not be precisely defined, but are 

important in assessing the acceptability of the stove. These include ease of operation required 

to obtain acceptable power and efficiency control without excessive pollutant emission; 

flexibility in types of cooking processes and foods that the stove can handle; amount of labor 

or cost required to obtain fuel in a form that can be used in a stove; range of pot sizes that can 

be used on a stove with acceptable power, efficiency and emission. criteria can be grouped 

into thermal, emission and operation categories. 

A complete performance specification would describe how each criterion varies with 

each factor that can be changed or controlled by the operator. For example a specification for 

an emission factor would be given in form of charts or tables showing how emission of 

pollutant varies with pot-fuel distance, power level, fuel moisture content, fuel piece size, 

type of cooking process and method of operation. Since there are many performance criteria 

and variables influencing a stove’s performance, complete performance specification would 

be costly and time consuming. Further more methods of measuring some criteria may be 

unavailable or unreliable. This is particularly true for pollutant emission factors. Smoke from 

residential solid fuels contains hundreds of organic compounds belonging to several chemical 

groups, and distributed in both gas and particle phases. There is no single procedure or 

instrument to measure total amount of pollutants in a smoke stream. Any specification 

requiring more detail that carbon monoxide and total PM measurements would involve 

collaboration with an analytical laboratory where samples collected from the smoke can 

quantified. Measuring the amount of energy transferred to food during and actual cooking 
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process in difficult. Even for a criterion, that can be easily measured, it may be impossible or 

unrealistic to measure it for all possible variations of factors likely to occur in the field.  

To make performance testing manageable in terms of time, cost and complexity, a 

subset of the ideal list of criteria are usually measured under clearly defined set of conditions 

using specified and fuel characteristics. The choice of criteria actually measured is 

determined through the following considerations: 

(i) Existence of a correlation between a criterion that is simple to measure at low cost 

and other criteria that may be more involving. If such a correlation exists, the low 

cost, simple criterion is used as a proxy for the more complicated ones. 

(ii) Significance attached to a criterion by either local regulations or consumer 

preferences. The significance of a criteria may be based on its economic, 

environmental or convenience implications. 

(iii) Use of a simple heating process that can be predictably used to mimic average 

cooking process in the community where a stove will be used. 

(iv) The simplest criterion in a category of criteria even if its correlation with the other 

criteria in that category is low. 

     For each criterion in the reduced list the next step is to identify the operator-controllable 

factors that have the greatest effect on that criteria. For example, pot-fuel distance in an open 

fire affects thermal efficiency and emission factors in opposing directions while the method 

of starting the fire may affect these criteria only slightly. For each factor identified 

significantly affects a criterion, the manufacturers then decides the range and number of 

levels of the factor at which the criterion is measured. For example, thermal efficiency of an 

open fire may be measured for pot-fuel distances ranging from zero (pot sitting on fuel bed) 
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to the maximum height the flames reach. It may be more cost effective to measure efficiency 

at three levels of a factor, namely extremely low, average (most likely in field, most 

convenient to use in field, one giving best performance), and extremely high. Further, 

because of the interplay between different factors, it is often necessary to measure the 

variation of criterion with a selector and repeat the measurement for different level 

combinations of other factors. For example the variation of thermal efficiency and emission 

with pot-fuel distance may be repeated for several power levels or power level and fuel 

moisture content combinations. 

 
 

1.4.2. Water Boiling Test (WBT) 
 

In this test, heating a specified amount of water is used to simulate cooking processes. 

Water temperature change, mass of water heated to boiling point, mass of water evaporated, 

and mass of fuel burnt are measured. These are used together with thermal proproperties of 

water (specific heat and latent heat of evaporation) and heating value g the fuel to calculate 

thermal efficiency (ηth). Different versions of this test differ in fuel specification, maximum 

temperature of water amount of evaporation allowed, power level specification and 

accounting for charcoal formed during the process. 

The Volunteers in Technical Assistance [VITA, 1985; Smith KR et al., 2000; 

Baldwin, 1987] version of the test is specified for wood-fuelled cook stoves. It starts with an 

amount of wood moderately more than, but less than two times the estimated amount 

necessary for the test. Since the wood is not required to be oven dry, moisture content on dry 

basis is measured. No other specification is given for the fuel. Water filling about 2/3 the 

capacity of the cooking pot is placed on the stove and the fire started using a local method. 



The fire is charged to bring the water to boil as rapidly as possible. This is referred to as 

“high power” phase of the test. At the end of this phase the burning tips of the wood are 

knocked off. The unburned wood and charcoal are weighed separately. Water in the pot is 

also weighed. The charcoal and wood are then returned to the stove and re-lit. The fire is kept 

burning for 30 minutes at a level just enough to keep the water simmering. This is the “low 

power” phase of the test. At the end of this phase, charcoal and wood are separated and 

weighed again, as is the water remaining in the pot. Provisions are made for a stove with 

more than one pot. An alternative procedure is described for obtaining low power phase 

measurements without interrupting the fire. Thermal efficiency is then calculated from the 

following equation, either separately for the high- and low-power phases, or for the two 

phases combined. 
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Where: 
 wi = initial mass of water (kg) 

 wf = final mass of water (kg) 

 mw = mass of dry wood burnt (kg) 

 mc = net increase in charcoal (kg) 

 ΔHw = lower net calorific value of oven-dry wood (kJ/kg) 

 ΔHc = net calorific value of charcoal (kJ/kg).                   

 4.186 kJ/kg-K = specific heat of water 

 2260 kJ/kg = latent heat of vaporization of water 
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 The Chinese version of water boiling test starts with air-dried firewood of mass 

approximately 1/7 to1/5 of the mass of water to be heated [FAO, 1993b]. Net heating value 

of the fuel is measured. No other requirements are specified for the fuel. Water is added up to 

2/3 volume of the pot. Fire starting and operation methods are not specified. Water is heated 

until it boils. Then the fire is maintained to vaporize the water until all the firewood is 

consumed. However, the test does not specify the power level to be applied. The pot is kept 

on the stove until the water temperature starts dropping below boiling point. At this point the 

remaining water in the pot is weighed. Cold water half the amount used in the first stage is 

then put in the pot and kept on the stove for 20 minutes at the end of which temperature rise 

is recorded. No account is given for charcoal remaining in the stove at the end of second 

heating session. The phase from when the water starts boiling to the point when it starts 

cooling below boiling point is a vaporization process that requires much less power to sustain 

than the initial sensitive heating. Thermal efficiency is defined as follows: 
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=                                         1.2. 

 
Where: 

Cp = Specific heat of water at local conditions, 

 L = Latent heat of vaporization of water at local conditions. 

 ΔHw = Net calorific value of fuel. 

All the other terms in equation 1.2 are defined the same way as for equation 1.1. 

It is worth noting first that the heat transferred to the second batch of water is not 

included in calculating thermal efficiency: Instead measurements in the second session are 

used is used to determine the rate of water temperatures rise. Second, in equation 1.2 both 
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sensitive heating and vaporization phases of the first batch of water have been combined, and 

the Chinese version of WBT does not have a provision for separately measuring high- and 

low-power phase efficiencies. If fuel charging during the last phase is reduced to a level just 

enough to keep the water boiling, the stove will operate at a lower temperature and thus lose 

less heat to the surroundings. Hence this phase can be much more efficient than the sensitive 

heating phase where higher temperature is required to offset losses and also raise the 

temperature of water. Combining the two phases in the definition of ηth would give higher 

values than the case with the two phases separated. The Woodburning Stove Group (WSG) 

[Prasad et al, 1985] version of the test is similar to the Chinese one. 

The Indian boiling water test [FAO, 1993a] specifies fuel physical characteristics and 

arrangement in the stove. It requires a batch of fuel from the same log of one of four tree 

species. The fuel pieces have a specified square cross-section and a length half the diameter 

of the combustion chamber of the stove. Steps are given for drying the wood in an oven and 

estimating the power output of the stove. Pot size and the amount of water in the pot are 

specified to correspond with the power output of the stove. Enough dry fuel is set aside to run 

the stove at its estimate power output for one hour. This batch is subdivided into four equal 

amounts to be put in stove every 15 minutes. Ignition method is specified. Water is heated to 

a temperature 5oC below local boiling point. The vessel (pot) is then removed from the stove 

and replaced with a second one with equal amount of water. This second pot is heated like 

the first one. Once its temperature reaches 5oC below boiling point, it is replaced with the 

first pot, which by this time has cooler water. The pots are alternated this way until all the 

flames die out. Thermal Efficiency is defined as: 

 



firelight    tousedparaffin  ofcontent energy   burnt wood ofcontent Energy 
materialpot  andin water  storedheat  Totalη

th +
=          1.3.

   
 
No account is given for charcoal left in stove after the flames have died out. 

Due to differences between the versions of WBT there are several inconsistencies that 

would invalidate comparison of performance criteria measured with different versions. These 

inconsistencies include the following: 

(i)    Different or unspecified methods of starting the fire. The place, within a fuel 

stack, where the fire is started can have significance effect on the way the fire 

burns and amount of pollutants released [Bhattacharya et al. 2002]. 

(ii)    No specification of distance between the pot and the fuel bed for stoves where 

this is variable. This factor has been shown to greatly affect the performance of 

certain types of stoves [Prasad et al, 1985, Bussmann, 1988]. A pot placed too 

close to the fuel bed will give high thermal efficiency, but generate more 

pollutants due to flame quenching and reduction in combustion volume. 

(iii)   Power level is not well defined. Temperature, flame length and amount of 

pollutant are significantly affected by the amount of fuel burning beneath a pot, 

which in turn defines the power level. 

(iv)   Inconsistent definition of thermal efficiency. Versions of the test that include 

water evaporation phase, especially without specifying power level, are likely to 

give higher efficiencies than versions where this phase is not included. 

(v)   Inconsistent account for charcoal residue at end of test. Charcoal has combustion 

characteristics that are substantially different from those of wood. Also, when 

used in stoves, charcoal emits approximately three times as much CO as wood 
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[Smith KR et al, 2000]. Further, charcoal has a heating value about twice that of 

wood. If a stove has significant charcoal build-up, excluding charcoal from 

energy balance will give erroneous efficiency values. If emission factors for such 

a stove are simultaneously measured in the same test as efficiency, it may be 

necessary to separately measure emissions for flaming (wood) and glowing 

(charcoal) combustion phases. These would give stove emission performances for 

the two modes of combustion 

 
 

1.4.3. The Hood Method of Emissions Measurement 

  Due to high cost of instruments, and complexity of procedures and skills required to 

measure pollutants generated by a stove, most stove manufactures do not specify emission 

factors. This method allows simultaneous measurements of both thermal and pollutant 

emission characteristics. The hood method has been tested [Ballard-Treemer and Jawurek, 

1999] and determined to be a low-cost, reliable way of extracting smoke from stoves for 

sampling and pollutant measurements downstream of the fire. The basic configuration of this 

method is described in more detail in chapter 4.  

A hood is placed directly above the stove. If the stove has a chimney, the hood is 

placed above the chimney. A pipe (duct) running from the top of the hood to a vent in the 

wall or ceiling of the building provides passage for smoke to flow from the stove to outside 

air. A fan or blower downstream of the hood boosts the exhaust flow to overcome resistance 

in the duct to draw samples or measure flow rate. A damper is used control the flow rate so 

that it is just large enough to extract the whole smoke plume, but small enough not to 

artificially aid the fire by forcing more air through the stove than the stove would naturally 
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draw on its own. One or more samples of the exhaust are drawn from the exhaust stream 

either continuous or batch emissions analysis. This set up has been used to measure thermal 

efficiency and pollutant emission factors in South Africa [Ballard-Tremeer and Jawurek, 

1996], India [Smith KR et al. 2000, Venkataraman and Rao 2001, Venkataraman, et al. 

2002], and Thailand [Bhattacharya et al. 2002a,b]  

 
 

1.5. Problems Associated with Household Solid Fuel Use. 
 

Household solid fuels use in developing countries is associated with certain problems 

that affect millions of people. These problems arise from low thermal efficiency of devices in 

which solid fuels are burnt and adverse health effects from pollutants emitted from 

incomplete combustion. In this section, these two problems and related consequences are 

highlighted. 

 
1.5.1. Low Thermal Efficiency. 

 
The most commonly reported performance criterion for fuel stoves is thermal 

efficiency obtained from water boiling tests. Although no correlation has been developed to 

relate efficiency values obtained from different versions of these test, the values indicate the 

effectiveness with which heat from the burnt fuel is transferred to pot-water combinations 

used to simulate a cooking process. Table 1.1 gives some thermal efficiency values together 

with the tests, where known, on which they are based, and fuel/stove combination used 

during the tests. It is important to note that the values reported in this table were obtained 

either in laboratories or simulated kitchens, and they are based on boiling water to imitate 

cooking processes. Also many of the values are for new stoves operated using specified 

procedures and fuels meeting prescribed specifications. In contrast, stoves in real kitchens are 
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often operated in a manner convenient to the operator, and the fuel used may not meet the 

specifications used in the tests. Hence efficiencies in real life are likely to be lower or higher, 

depending on the importance attached to fuel conservation by the operator. Further, as noted 

in section 1.4.2, there inconsistencies in the various versions of the Water Boiling Test used 

to obtain values in this table. 
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Table 1.1. Thermal Efficiency of some cooking thermal devices. 
 
Thermal Device Fuel Thermal 

Efficiency(
%) 

Test Version and 
Place 

Source and 
Notes. 

Open fire Wood 20-36 
 
18 

Wood stove group 
(Netherlands)  
VITA: India 

1  
 
2 

Traditional 
stove 

Wood 16-18 VITA: India 2 

Traditional 
stove 

Roots, crop 
residue 

9-14 VITA: India 2 

Traditional 
stove 

Charcoal 16-18 VITA: India 2 

Improved stove Dung, crop 
residue 

10-23 
11-22 

VITA: India, China 
Indian: India 

2,4 
3 

Improved stove Wood 20-29 
 
22-30 

VITA: India, 
China, South Africa 
Indian: India 

2, 4, 5  
 
3 

Metal coal 
stove  

Unprocessed 
coal 

7-18 VITA: China 4 

Improve coal 
stove  

Honeycomb 
Coal briquettes 

37-47 VITA: China 4 

Modern Fuel 
Stoves 

LPG Natural 
gas kerosene 

47-60 VITA: India 
VITA: China 

2 
4 

 
Sources and notes: (1). Bussmann, 1988. The range 20-36 was obtained by placing the pot closer to the fuel 

bed. Upper value corresponds to a fuel bed-pot distance of 7cm. The Wood Stove Group (WSG) water-
boiling test is described in Prasad, et al, 1985. (2). Smith KR, et al, 2000. The VITA stove tests are 
described in Vita, 1985, and Baldwin, 1987. (3).FAO, 1993. (4). Zhang, et al, 2000. (5). Ballard-Tremeer 
and Jawurek, 1996. 
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From data in Table 1.1 it is evident that efficiencies in the range 10-45% are 

obtainable from open fires, traditional stoves and improved stoves burning solid fuels. For 

stoves, values in the lower end of this range correspond to low-grade fuels such as dung, crop 

residue and unprocessed coal burnt in stoves with metal or mud shields without ceramic 

liners around the fire. Higher efficiencies are obtainable from carefully operated open fires, 

improved biomass stoves with liners and coal stoves burning processed coal. It is important 

to observe that there is a considerable overlap in the performance of open fires and improved 

biomass stoves. This is in contrast with the claim by many improved stove advocates that 

open fires can only cook at 3-15% thermal efficiency ((Bussmann, 1988; Foley, et al, 1984). 

In fact, open fires perform as well, or even better than some improved stoves [Kishore and 

Ramana, 2002]. However, improved stoves incorporating vents to remove pollutants from 

living spaces have definite health and convenience benefits not available from open fires. 

Charcoal stove efficiencies do not account for net energy conversion from wood to a 

cooking pot. Methods used to produce charcoal in developing countries convert only 20-30% 

of wood mass to charcoal [Foley, 1986]. Considering that charcoal has a net heating value 

about 1.5 times that of oven-dry wood, only about 30-45% of the energy in original wood is 

left in charcoal. Thus even with a high charcoal-to pot thermal efficiency of 35% the best 

charcoal stoves would have a net efficiency of about 15%. 

Owing to the low thermal efficiencies of the most common biomass thermal devices, 

and the low energy content of biomass fuels, households in developing countries consume 

large quantities of fuel compared to the amounts of modern energy sources required to meet 

the same heat demand. This large consumption is reflected in the amount of time families 

allocate to fuel gathering in places where traditional fuels are available from local natural 
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resources. For example, Indian households spend on average 2 hours per day on this task  

[Ravindranath and Hall, 1995]. This time allocation is at the expense of economic production 

for adults and academic work for children who participate substantially in fuel gathering. 

Where the fuels are purchased, the urban poor spend a higher percentage of their income on 

lower quality fuels than upper income households and spend more money on these fuels than 

they would on high quality energy sources to provide the same amount of useful heat [Barnes 

and Qian, 1992].  

 
 

1.5.2. Indoor and Atmospheric Air Pollution. 
 

Complete combustion of a fuel such as biomass consisting of compounds of carbon, 

hydrogen and oxygen should produce only carbon dioxide (CO2), water (H2O) and a solid 

residue of the trace inorganic content of the fuel. However, real combustion devices are not 

perfect. Hence when biomass or coal fuels burn, a complex mixture of a large number of 

different compounds is formed. The percent of fuel carbon released to the air in compounds 

other than CO2 depends on many factors, including stove-fuel combination, conditions of the 

fuel and operation of the stove. Smith KR and coworkers observed that biomass-fuelled 

stoves release only 70-95% of fuel carbon as CO2 [Smith KR et al., 2000a,b]. An equivalent 

statement of these observations is that biomass stoves typically emit 5-30% of initial fuel 

carbon as products of incomplete combustion (PIC).  

At ordinary atmospheric pressure and temperatures, different products of combustion 

are distributed among solid, gas and liquid phases. In discussions on health or environmental 

impacts, products of combustion are grouped in several different ways, usually according to 

the techniques used to detect and measure them. One of the common approaches is to 
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separately identify and quantify simple gases such as CO2, CO, sulfur oxides (SOx), methane 

(CH4), and nitrogen oxides (NOx). All the other substances are classified as either particulate 

matter (PM) or total non-methane organic compounds (TNMOC). Total non-methane organic 

compounds (TNMOC) include all non-methane gaseous and volatile products. Depending on 

the conditions at which the product mixture is sampled for analysis, some NMOCs may exist 

in varying amounts in both gas and particulate phases. Pollutants formed (or emitted) directly 

during combustion processes without the influence of atmospheric conditions are termed 

primary. On the other hand, secondary pollutants are formed at locations away from 

combustion sites in reactions between primary pollutants and atmospheric constituents. 

Although several hundred different chemical compounds have been identified in 

biomass smoke [Fine, et al, 2001; McDonald, et al, 2000; Rogge et al, 1998; Oros and 

Simoneit, 2001a, 2001b; Friedli, et al, 2001; Andrea and Merlet, 2001; Hubble, et al, 1982], 

the total number of stable species is not yet known. Further, a handful of the compounds 

already identified have been positively linked with human health impairment or 

environmental damage while the impacts of the bulk of the constituents are largely unknown 

at present.             

The amount of pollutant inhaled by an individual increases with the concentration of 

the pollutant at the location of the person’s head (breathing location), and length of time the 

person spends at the location. Hence exposure, the product of pollutant concentration in a 

microenvironment and the time spend by a person in the environment, is often used as 

measure of the pollution level. The amount of the pollutant actually deposited in the body 

(individual dose) increases with exposure and the respirable fraction of the pollutant, and is 

also a function of both the physiological status (such as breathing rate) of the individual and 
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the physical and chemical characteristics of the pollutant [Smith KR, 1987]. Further, 

different amounts of a pollutant may be deposited or absorbed in different parts of the 

respiratory system.  

 

1.5.2.1 Some Pollutants and Associated Health Risks. 

 

Particulate Matter (PM) 

 Particulate matter (PM), also referred to as suspended particulate matter (SPM), 

consists of solid particles or liquid droplets or a combination of both, with aerodynamic 

diameter in the range 0.002-100μm, suspended in a mixture of air and gas-phase compounds.  

The notation PM100 or Total Suspended Particles (TSP) is used to denote particulate matter in 

this diameter range [Smith, 1987].  Particles larger than 100μm rapidly fall and settle under 

gravitational force while those with aerodynamic diameters less than 10μm (PM10) can be 

inhaled past the nose and throat [Smith, 1987; Pinto and Grant, 1999]. Within the PM10 

range, particles with diameter less than 2.5μm (PM2.5)) are referred to as fine or respirable 

particles (RSP) because they travel to and are deposited in the lower respiratory track (the 

lung and its passageways) from where they are difficult to clear. Thus they reside in the lungs 

for a long time during which they cause health damage due to their acidity, chemical 

reactivity and content of a wide range of chemicals. The fine fraction constitutes nearly all 

the mass of particles from biomass and fossil fuel combustion [Pinto and Grant, 1999; Ward, 

1999].  The particulate portion with diameter in the range 2.5 - 10μm (PM10-2.5) is referred to 

as coarse particles and is absorbed in the upper respiratory tract where the human body has a 

mechanism of moving them up and out of the respiratory system [Finlayson-Pitts and Pitts, 
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2000]. With atmospheric lifetimes in the range of days to weeks, these particles can be 

transported over distances ranging from hundreds to thousands of kilometers from their 

sources. 

Particulate matter (PM) contains low volatility (also referred to as condensable or 

semi-volatile) organic compounds, free radicals, adsorbed gases, elemental carbon (from 

soot), sulfuric acid (H2SO4), nitric acid (HNO3), ammonium salts of these acids, water and 

metals and non-metal elements. [Kleeman et al, 1999; Hays et al, 2002; Fine et al, 2002; 

McDonald et al, 2000; Dellinger et al, 2001]. Particles from wood combustion in fireplaces 

in the US have been observed to be over 70% organic compounds by mass [Fine et al, 2001, 

2002]. Wood combustion particles have been shown to contribute as much 80% of ambient 

concentrations during winter in some residential areas in the US [McDonald et al, 2000]. 

Biomass combustion has been estimated to account for over 70% of both ambient elemental 

carbon and organic matter in India [Reddy and Venkataraman 2002] 

Particles have been observed to increase mortality from all causes and cause or 

exacerbate respiratory tract diseases [WHO 2000]. They cause increased mortality from 

pneumonia and lung cancer. Acute and chronic effects include exacerbation of asthma, 

obstructive lung disease, heart disease, and bronchitis. Epidemiological studies in several 

cities have shown that mortality rates surge by between 2% and 8% over 24 hours for every 

50μg/m3 episodic increase in particulate levels [Schwartz et al. 1996, Klemm et al. 2000, 

Samet et al 2000]. Using emissions for major world cities over the period 1985-1994, 

Schwela [1996] has estimated that globally particulate matter causes about 460,000 

premature deaths every year. 
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Since health effects have been observed even for very low concentrations of 

particulate matter, the World Health Organization has not yet established safety guidelines 

for particulate matter concentration [WHO, 2000]. The US government has set standards of 

15μg/m3 and 65μg/m3 for annual and 24-hour averages respectively [Finlayson-Pitts and 

Pitts, 2000]. 

Carbon Monoxide (CO) 

Carbon monoxide (CO) is one of the products of incomplete combustion (PIC) of 

fuels containing carbon in their chemical composition. Inhaled CO binds with hemoglobin to 

form carboxyhemoglobin (COHB), which reduces the capacity of blood to carry oxygen and 

impairs the release of oxygen from hemoglobin to tissues and organs [WHO 2000]. Organs 

and tissues with high oxygen demand, such as the brain, heart, exercising skeletal muscles 

and developing fetus show signs of CO poisoning earlier than the other parts of the body. 

Acute CO poisoning causes a range of neurological deficits and damages, and may even 

cause death. Some deficits are reversible and short-lived while other damages may be 

irreversible. At blood level of 5-8% COHB causes effects such as impaired coordination, 

tracking, driving, and cognitive performance. Levels in the range 2.9-5.9% cause accelerated 

onset of effects such as heart attack from pre-existing coronary diseases. The World Health 

Organization (WHO) gives guideline concentrations of 100 mg/m3 for 15 minutes, 60 mg/m3 

for 30 minutes, 30 mg/m3 for 1 hour and 10mg/m3 for 8 hours.  
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Volatile Organic Compounds 

Several of the hundreds of volatile organic compounds in biomass smoke are known 

to cause or contribute to adverse human health effects. These compounds range from two-

carbon hydrocarbons such use ethene to aromatic hydrocarbons, phenols, and others that 

have not yet been identified. Many compounds such polycyclic aromatic hydrocarbons 

(PAHs) are carcinogenic or mutagenic [Bostrom et al. 2002, Oanh et al 1999, Oanh et al 

2002, Smith KR 1987]. Two-and three-ring PAHs are mostly in gas phase. Four-ring PAHs 

are in gas and particle phases and larger molecules exist only in particle phase [Bostrom et al, 

2002]. Toluene [methylbenzene] affects the central nervous system while benzene causes 

leukemia [WHO, 2000]. Among aldehydes present in wood smoke, formaldehyde causes 

eye, throat, and nose irritation at low concentrations, and coma and even death at 

concentration greater than 125 mg/m3 [Jones, 1999; WHO, 2000]. 

 
 

 
1.5.2.2. Factors Affecting Indoor Pollutant Concentration. 

Some exposure aspects of household solid fuel use in developing countries are briefly 

discussed below to illustrate the magnitude of indoor pollution problem associated with these 

fuels.  For a room with air volume Va (m3), indoor production rate P (mg/h) of a given 

pollutant and a volumetric rate of air exchange with the outside Qax(m3/h), we make the 

following assumptions: (i) No air filtration and recycling, (ii) Negligible chemical and 

physical reactions of the pollutant within the time scale of interest, (iii) Well-mixed indoor 

and outdoor air. 



From conservation of mass, the rate of change of indoor concentration Ci of pollutant 

species i at time t from start of emission is given by: 
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Where  
Co = Concentration of pollutant in outside air (mg/m3) 
Ach = Air exchange rate per hour = Qax/Va (h-1)  
F = Burning rate of fuel, kg/h 
E = Emission factor of the fuel for pollutant in question, mg pollutant/kg burnt fuel 

 
The steady state concentration Ci∞ occurs at time t∞ and is given by:       
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Thus Ci∞ decreases as both air volume Va and air exchange rate Ach increase, and as both 

burning rate (F) and emission factor (E) decrease. Most dwellings where solid fuels are 

burned in developing countries have no mechanical ventilation system. Among other factors, 

the air exchange rate, Ach, in such spaces increases with total area of openings in the walls, 

floor and roof of the room, and with magnitude by which indoor temperature is above 

surrounding outdoor temperature. Speed and direction of wind, shape and size of room, and 

location of stove or fire within a room also affect air exchange rate. Due to the many 

variables affecting air exchange rate and wide variations of house designs, construction and 

use in developing countries, accurate or typical values of Ach are difficult to estimate.  Smith 

KR (1987) has estimated values in the range 4-64 h-1 for some houses in Indian villages. The 

lower and higher values in this range respectively correspond to closed and open kitchen 

windows.  

Quantitative data on the volume and ventilation of structures where solid fuels are 

burned in developing countries is scarce. Such structures vary widely with household 
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economic level, climate, season, and culture. Ventilation varies from virtually closed spaces 

in rainy or cold seasons to open sheds without walls, or just open-air sites in dry areas or 

seasons [Foley et al. 1984].  Cooking may be done in the only living space available, usually 

with poor ventilation and high population density, or in a separate or connected room 

[Kjellstrom and Sims 1992]. Simultaneous use of solid fuels fires for cooking and space 

heating mostly occurs within living quarters. 

 Equations 1.4 and 1.5 indicate that one or more of the following changes can reduce 

the level of a pollutant:  

(i) Reducing the rate of combustion (power) of the stove,  

(ii) Using a different device-fuel combination with low emission factor. 

(iii) Modifying the design or operation of the stove to reduce the emission factor. 

(iv) Moving the stove to a bigger space (larger Va). 

(v) Improving ventilation so that the room has an increased air exchange rate, Ach, or 

moving the device outside. 

(vi) Using a hood and chimney above the cooking device so that some of the gases 

from the fire are vented out the building; this is equivalent to reducing the 

emission factor to an effective value smaller than the actual one.  

Each of the options above has implications that make it easier or harder to implement 

relative to the others. Reducing the power of the fire might increase emission rate, and will 

increase the time needed to complete a cooking process. Changing the device-fuel 

combination might not be possible if the household cannot afford a cleaner burning stove or 

the fuel for the alternative stove is not reliably available. If the stove has a simple design or is 

low-cost, the owner might be able to modify the design or operation to improve performance, 
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but this will require some knowledge about the factors that influence stove’s performance. It 

may not be possible to move the cooking device to a bigger room if it is usually operated in 

the only or biggest room available. Improving the ventilation or moving the stove outside 

may be possible if the weather and the design of the house allow. A hood and chimney might 

involve a substantial capital expense relative to the income of the family, and may not be 

allowed if the premise is rented.   

 

1.5.2.3. Emission Factors and Levels of Some Solid Fuel Pollutants. 

Carbon monoxide (CO) and particulate matter (PM) are the two most widely 

measured pollutants from household combustion devices. The accuracy of much of the 

reported data, especially for particulate matter, is either not stated or not verifiable. 

Furthermore, different PM measurement methods give different readings even for the same 

stream, mostly due to variation of condensable organic compound content with conditions at 

the sampling point, and variation of instrument sensitivity with chemical nature and size 

distribution of particles [Corio and Sherwell 2000, Chung et al. 2001, Ayers 1999, McCrillis 

and Jaasma 1993, Litton et al. 2004]. 

Table 1.2 contains typical emission factors and concentration levels of CO and PM 

from several device-fuel combinations tested at different locations of the world. World 

Health Organization (WHO) or United States Environmental protection Agency (USEPA) 

Air quality standards are also given to facilitate an appreciation of level of exposure caused 

by these pollutants.  
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Table 1.2. Emission Factors and Concentrations of Particulate Matter and CO in Developing Country Homes Using Solid 
Fuels. 

  
Pollutant Location Fuel/stove 

Combination 
Emission factor, E 

(mg pollutant/ kg fuel) 
Fuel/stove 

Combination 
Indoor 

Concentration 
 
 

PM 

 
 

China 

Honeycomb Coal 
Briquette, 

Bituminous,  
Anthracite  

 
12900(1)

 
1300(1)

 
 

Coal (2)

 
120-300μg/m3

(24-hours) 

PM India Biomass 1,000-15,000   
PM2.5

 
India Wood, mud  

U-shaped stove 
3800(3) Biomass Stoves(4) 1100-3470 μg/m3

(2-4 hours) 
PM10 Bolivia, 

Rural (5)
  Unvented 

biomass 
1830 μg/m3 

(6 hours) 
PM India, China LPG 500(6,7)   
PM India Kerosene 500-700(7)   

  China Vented wood stove 6530(6)    
CO India Charcoal stove 275000(7) Unvented stove, 

biomass fuel(8)  
150-560 mg/m3 

(1 hour) 
CO India LPG 15000(7)   
CO India Kerosene 17000-62000(7)   
CH4 

(methane) 
India Biomass  3000-25000(7)   

Non-CH4 
gases 

India 
India 
India 

Biomass 
Kerosene 

LPG 

10000-30000(7)

15000-20000(7)

 20000(7)

  

         
Air quality standards: PM10 (24 hours): 150 μg/m3 (USEPA). PM2.5 (24 hours): 65 μg/m3 (USEPA). CO (1 hour): 30 mg/m3 (WHO) 
Sources: (1). Chen, et al, 2005. (2). He, et al, 2005. (3). Venkataraman, Rao, 2001. (4). HEI, International Oversight Committee, 

2004. (5). Albalak, et al, 1999. (6). Zhang, et al, 2000. (7). Smith KR, et al, 2000a,. (8). Zhang, et al, 1999.
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The data in Table 1.2 shows that indoor levels of pollutants from solid fuels are 

often several times higher than health-based guidelines. These high levels of pollution 

exposure have been determined to increase the risk of several adverse health effects. Due to 

their indoor household roles, such as preparing food and caring for children, women 

experience higher exposure than men. Children, by virtue of their association with their 

mothers and also due to their-household chores, are disproportionately affected. Adverse 

health effects associated with indoor pollution form solid fuels include [WHO, 2002]:  

(i) Cancer, especially in households using coal.  

(ii) Acute respiratory infections (ARI), particularly pneumonia, in children.  

(iii) Chronic bronchitis.  

(iv) Chronic Obstructive Pulmonary disease. 

(v) Asthma.  

(vi) Tuberculosis.  

(vii) Cataract.  

(viii) Low Child birth Weight. 

Indoor air pollution is the 8th most serious health risk factor globally, and the 5th in 

developing countries [WHO 2002]. Exposure to pollution from solid fuels is estimated to 

cause 3.7% of the burden of disease (death and illness) in developing countries where it 

kills about 2.5 million people annually, 56% of them children under five years of age 

[WHO, 2002, 1997]. The bulk of chemical compounds released to indoor air from solid fuel 

devices ultimately end up in outdoor atmospheric air where they are combined with 

pollutants from other sources such as vehicles and industrial processes. Once released to the 

atmosphere, pollutants from solid fuel devices become a health risk to a larger fraction of 
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human population, including those who do not even use such devices in their homes. 

Contribution of solid fuel devices to atmospheric pollution is particularly important in 

places with high population density and widespread use solid fuels. Such significant 

contribution of solid fuel devices to outdoor air pollution has also been estimated for some 

cities in industrial nations, especially where coal or wood is burnt in some homes during 

cold seasons to provide space heating [McDonald et al., 2000; Lee et al., 2005]. This 

additional health risk is not included in the estimates given above for burden of disease and 

deaths.  

In addition to health effects, gas-phase combustion products released to the 

atmosphere from solid fuel devices have a net contribution to green house gases even for 

renewably harvested biomass [Smith KR et al., 2000a,b; Zhang et al., 2000]. Particulate 

matter from household solid fuel use has been estimated to contribute more than 40% of 

atmospheric black in south Asia, a contribution about as high as that from open vegetation 

fires and three times that from fossil fuels [Venkataraman et al., 2005]. Green house gases 

(GHGs) and aerosols affect atmospheric radiation balance and thus cause several adverse 

climatic effects [Menon, 2004; Venkataraman et al., 2005], discussion of which is beyond 

the scope of the present work.  
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CHAPTER TWO 
 

COMBUSTION ASPECTS OF SOLID FUEL DEVICES. 

 
2.1. Introduction. 

 
 Combustion of a solid fuel occurs in several simultaneous and sequential steps 

involving hundreds of organic compounds and trace substances. The reaction mechanisms 

and kinetics of these processes have not been firmly determined. However, qualitative 

information is available on the relationship between some important variables and the 

behavior and products of solid fuel combustion. This information, together with relevant 

observations made from gas fuel combustion, can be used to improve some characteristics of 

solid fuel combustion. In this chapter, wood is used to represent the wide variety of solid 

biomass and coal fuels used in homes. Relevant properties of wood are briefly described. 

Processes taking place during wood combustion are then described qualitatively with 

emphasis on the interplay between these processes and prevailing physical conditions. Next 

are discussed factors that affect the composition and rate of release of chemicals from solid 

wood that are subsequently burnt in the combustion process. The effects of these factors on 

pollutants expected from a fire are outlined. Features of wood diffusion flames are briefly 

discussed, particularly those that affect the performance of a thermal device. Factors that 

have been observed to reduce pollution or change physical characteristics of gaseous fuel 

flames are briefly described in terms of their relevance to flaming wood combustion. One of 

the most important goals in improving the performance of a wood-fueled thermal device is to 

obtain a combination of reduced pollutant emission factors, short flames and high flame 
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temperature. Particular attention is paid to those operational and design factors of gas 

combustion that either have been observed or are likely to meet this combination of 

performance criteria. The significance of charcoal combustion and its distinct characteristics 

are then described. Possible methods of reducing emissions from this phase of wood 

combustion are indicated. Lastly, past scientific work on solid fuel cooking devices is 

reviewed.  

 
2.2. Wood Structure and Composition. 

 Wood has a porous structure consisting of hollow spaces within the walls of dead 

cells. The majority (80-90% of total volume) of the cellular structures are longitudinal (axis 

parallel to that of tree stem). The types, shape, size, functions, and relative amounts of 

material in different type of cells vary between hardwoods and softwoods. Variations also 

exist between species within each of the two classes of trees [Thomas, 1991].  

Wood cell wall material consists mainly of three kinds of polymers: cellulose, 

hemicelluloses and lignins. Cellulose constitutes 40-55% of dry mass of wood while 

hemicelluloses and lignins contribute 25-40% and 20-35%, respectively [Tillman, 1991]. 

Cellulose is a carbohydrate straight chain polymer of about 10,000 β-D-glucopyranose units 

linked by C-O-C bonds. Hemicelluloses are branched chain copolymers of between two and 

six different kinds of basic carbohydrate units, with a total of 100-200 units per 

macromolecule. Lignins consist of three-dimensional polymers of phenol propane units with 

several types of linkages and functional group substituents on benzene-propane basic units 

[Tillman, 1991, Sjostrom, 1993]. Wood also contains extra-cellular organic compounds that 

constitute about 1-10% (up to 40% in some species) of dry weight [Sjostrom, 1993, Miller, 
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1999]. This fourth group of compounds is also termed extractives and includes a large variety 

of substances, including phenols, resins, terpenoids, fats, waxes and polysaccharides. The 

fifth group of wood chemical constituents consists of inorganic elements existing in very 

small quantities as part of special function complexes or compounds. The aggregate amount 

of inorganic material is normally specified as ash residue after all the organic content is 

burned [Easty and Thompson, 1991].  Wood ash content varies from less than 1% of dry 

wood for species grown in temperate regions to about 5% for tropical species [Easty and 

Thompson, 1991; Miller, 1999]. The most abundant inorganic elements in wood include 

calcium (Ca), potassium (K) and magnesium (Mg) [Sjostrom, 1993; Easty and Thompson, 

1991]. For each of the five groups of compounds, the relative amounts, basic polymer units, 

degree of polymerization, linkages and substitute functional groups vary between hardwoods 

and softwoods, and even between tree species within one category of woods. These 

compositional aspects of wood also vary with soil and climatic conditions in which the wood 

was grown. On a dry basis, wood has a typical ultimate composition in the range 44-60% C, 

5-8% H, 33-50% O, 0.1-0.6%N, 0-0.2%S and 0.1-3% ash, [Quaak et al, 1998; Tillman, 

1991].  Empirical formula for wood is in the range C3.3-4.9H5.1-7.2O2.0-3.1 [Tillman, 1991].  The 

midpoints of the atomic composition ranges in this formula give the nominal stoichiometric 

reaction: 1 kg wood + 6.3 kg air → 7.3 kg products. 

When exposed to water in either vapor or liquid phase, wood absorbs some of the 

water up to an equilibrium moisture content that varies with ambient temperature and relative 

humidity. Water below about 30% moisture content (dry basis) exists in bound form in cell 

walls. Above this limit water exists in free (unbound) form within the pores, and may be in 

both vapor and liquid phases [Tsoumis, 1991]. Equilibrium moisture content of wood 
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increases with ambient relative humidity and decreases as surrounding temperature increases. 

Generally, tangential swelling (due to water absorption) and shrinkage (due to water loss) are 

about twice as large as corresponding values in radial direction. Longitudinal (along the 

grain) swelling and shrinkage are negligible relative to tangential and radial values [Siau, 

1995]. Volumetric shrinkage when wood is dried from green to oven-dry conditions is in the 

range 10-20% [Simpson and Tenwolde, 1999]. Longitudinal thermal conductivity of wood is 

about 2.5 times that in each of the two transverse directions, which have nearly equal values. 

In each direction, thermal conductivity increases with density, moisture and extractives 

contents, and temperature [Simpson and Tenwolde, 1999]. For wood with moisture content 

below fiber saturation point (FSP), i.e. 30%, moisture diffusion coefficient is almost two 

orders of magnitude higher in the longitudinal direction than in the transverse directions. 

Similarly, longitudinal permeability is several orders of magnitude higher than transverse 

values, and hardwoods are about an order of magnitude more permeable than softwoods 

[Siau, 1995]. Density of wood increases with moisture content while specific heat increases 

with both temperature and moisture content [Simpson and Tenwolde, 1999]. Thermal 

diffusivity of wood is relatively independent of temperature [Janssens, 1994; Harada, et al., 

1998]. 

2.3. Processes in wood Combustion 

 
2.3.1. Drying and Pyrolysis 

 
An external heat flux applied at a location on the surface of a piece of wood causes 

temperature gradients in a layer beneath the surface. The temperatures and depth of this layer 

increase with time. The evolution of temperature distribution with time is influenced by two 
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sets of factors. The first set consists of classic heat conduction factors such as boundary 

conditions, physical properties and geometry of the piece of wood. The second set of factors 

includes moisture content, anisotropy of transport properties, thermal degradation (pyrolysis) 

reactions and associated property changes, cracking and shrinkage accompanying moisture 

release and pyrolysis. Accurate prediction of temperature distribution is currently limited by 

inadequate quantitative knowledge of these factors, particularly those related to pyrolysis, 

and variations of these factors with wood species [Gronli and Melaaen, 2000].  

If wood contains water, drying will commence at locations where temperature 

reaches boiling point of water (≈100oC). Some of the water vapor thus released flows 

outward to the hot surface and the rest flows inward to cooler interior locations where it cools 

and may even condense. The presence of water slows the rate of temperature rise as some of 

the heat is used to vaporize the water or break bonds between water and wood material. This 

effect is more pronounced at interior locations due to lower temperature gradients and 

accumulation of water at such locations. This thermal behavior has been observed in 

experiments as plateaus in temperature versus time curves [eg. Kanury and Blackshear, 1970; 

Ohlemiller et al, 1985; Lee and Diehl, 1981; Di Blasi et al, 2000] and is illustrated in Figure 

2.1. 

 Thermal degradation (pyrolysis) of wood to form volatile products that are released 

from the solid and residual charcoal (char) starts at local temperatures in the range 100-150oC 

[Orfao et al, 1998; Strezov et al, 2003; Lingens et al, 2005; Greenberg et al, 2005]. This 

process is initially slow but accelerates as temperature rises. For low heating rates or 

thermally thin wood particles, drying precedes pyrolysis in the entire volume of the particle. 

In thermally thick particles or for large heat fluxes, a drying front and a pyrolysis front 
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behind it propagate through the wood. Thus both drying and pyrolysis occur consecutively at 

any one location but simultaneously throughout the wood [Di Blasi et al, 2000]. The gas 

phase products formed at the pyrolysis front move both outward, through the hot char layer, 

and inward to unpyrolyzed regions where some of the products may condense. Similar to the 

effect of water vapor re-condensation, pyrolysis at interior locations may be accompanied by 

reduced rate of temperature rise with time [Kanury and Blackshear, 1970]. Once pyrolysis 

starts, reduced thermal conductivity of the char layer compared to virgin wood increases both 

temperature and thermal gradients near the surface to values initially higher than those in the 

interior of the solid. Further, temperature in the outer layer is controlled by heat transfer 

mechanisms while temperature at interior points is controlled by energetics and rate of 

pyrolysis reactions [Di Blasi et al, 2000]. Near the end of pyrolysis, temperature versus time 

curves for interior locations may exhibit a second plateau in the range 300-380 0C, 

corresponding to endothermic cellulose pyrolysis [Gronli and Melaaen, 2000; Di Blasi et al, 

2000]. These plateaus may be followed by rapid temperature rise indicating exothermic 

lignin reactions. Thus for low external heat flux, temperatures at interior locations have been 

observed to rise to values higher than surface temperatures towards the end of the pyrolysis 

process [Di Blasi et al, 2000]. Overall wood pyrolysis reactions may be endothermic at low 

heating rates and exothermic at high rates [Lee et al, 1976]. Shrinkage, thermal stress and 

pressure of escaping gases cause cracks in the wood, this being more extensive in wet wood 

[Roberts, 1971, Lee and Diehl, 1981] and hardwoods [Di Blasi et al, 2001]. Shrinkage during 

pyrolysis is generally larger in tangential and radial directions than in longitudinal direction 

[Byrne and Nagle, 1997; Davidsson and Pettersson, 2002; Beal, 1977]. Dry wood volume 
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shrinks by 30-70% at typical fire conditions [Davidsson and Pettersson, 2002; Thunman et 

al., 2002; Antal et al., 2003]. 
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Figure 2.1. Typical Temperature Profiles at Surface and Interior Locations of Wood 
During Pyrolysis.  
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 The Mass flux and composition of gas-phase products from wood pyrolysis change 

with both reaction conditions and physical and chemical properties of wood (see section 2.4). 

The different organic chemicals in these products have different flammability limits. Further, 

both water and carbon dioxide, which are non-flammable, constitute substantial fractions of 

the mass flux. Consequently flammability of the gas phase products also varies with reaction 

conditions and solid fuel properties. There is currently little experimental data directly 

relating combustion characteristics of gas-phase pyrolysis products to reaction conditions and 

virgin wood properties.  

A literature survey by Browne [1958] indicates that pyrolysis of a piece of wood 

occurs in four temperature zones that progressively developed in the solid. The first zone 

occurs at temperatures below 200 oC and releases mainly water vapor. Only trace amounts of 

carbon dioxide, formic acid and two-carbon (C2) acids and ketones are released. As the first 

zone propagates inwards, it is replaced at locations near the surface by the second zone 

involving temperatures in the range 200 oC-280 oC, releasing increased quantities of those 

products produced in the first zone and, additionally, carbon monoxide. Pyrolysis at 

temperatures below 280 oC is slow and mostly releases non-combustible products. Acetic 

acid, water, carbon dioxide, formic acid, and methanol have been observed to account for up 

to 60% of mass of products from wood pyrolysed at 250 0C [Degroot et al, 1988]. Small 

amounts of a wider variety of condensable and combustible compounds have been detected 

at pyrolysis temperatures in the range 30 0C-270 0C [Greenberg et al., 2005]. Water has been 

observed to account for about 90% and tar 10% of mass loss at the beginning of wood 

pyrolysis driven by a 40 kw/m2 radiation flux [Kashiwagi et al., 1987]. The gas phase 

products released within the first minute of exposing a 96x96x50mm piece of Douglas fir 
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wood to 75 kw/m2 in air have been observed to have zero heat of combustion [Spearpoint and 

Quintiere, 2000]. In the progression outlined by Browne [1958], the third zone occurs near 

the surface at 280 0C-500 0C. This zone is characterized by rapidly increasing rate of mass 

loss, exothermic reaction of local solid, and secondary reactions of condensable products 

released from the first and second zones farther into the solid. The products formed in this 

zone are combustible. Upon further heating of the wood, a fourth zone is established at 

temperatures above 500 0C. This zone involves secondary reactions of volatiles coming from 

the interior of the wood to form even more combustible products. More recent data from 

thermogravimetric analysis of wood samples heated at 5 oC/min in a nitrogen atmosphere 

show that detectable mass loss starts at about 200 oC [Gronli, et al, 2002]. Plots of mass loss 

rate against temperature from these data indicate a rapid increase in pyrolysis rate from about 

200 oC to a shoulder or maximum at 290-320 oC, followed by a more rapid increase to a peak 

at about 350 0C. Mass loss rate then decreases over the interval 350-380 oC, to a much lower 

rate that declines gradually up to about 500 oC. 

 

2.3.2. Ignition and Modes of Combustion 
 

If the atmosphere surrounding a pyrolyzing piece of wood contains air, exothermic 

reactions can occur between oxygen and either the char layer or the gas phase pyrolysis 

products, or both. The onset of char oxidation is termed glowing ignition in reference to the 

accompanying reddish glow. On the other hand, flaming ignition is the initiation of 

substantial oxidation reactions of the gas phase pyrolysis products and is characterized by the 

appearance of a flame. A flame is a region in space where gas phase oxidation reactions 
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occur resulting in hot oxidation products that emit visible or invisible radiation to the 

surroundings. Flaming ignition can occur spontaneously when the composition and 

temperature of the mixture of gas-phase pyrolysis products and air attain autoignition 

conditions [Drysdale, 1998, Atreya, 1998]. Alternatively, a pilot source of heat, such as a 

flame or spark, much smaller than the external heat driving pyrolysis reactions can be used to 

cause ignition if the mixture of air and pyrolysis products is within flammability limits 

[Kanury, 2002, Atreya, 1998, Drysdale, 1998]. In a third flaming ignition method, a flame 

with adequate heat release to initiate wood pyrolysis impinges on wood, thus acting as both 

an external heat source for pyrolysis and pilot to ignite pyrolysis products [Drysdale, 1998]. 

If the surface or gas phase oxidation reactions persist or spread to locations beyond the initial 

locations, the ensuing processes are referred to as glowing or flaming combustion, 

respectively. Ignition of wood involves pyrolysis occurring simultaneously with either 

heterogeneous (solid phase) or homogeneous (gas-phase) oxidation reactions. These 

processes and their interactions are influenced by a wide variety of factors for which there 

are currently no precise quantitative formulations. Detailed descriptions of these processes 

are beyond the scope of the present work, but are available in several sources [e.g. Drysdale, 

1998; Atreya, 1998; Kanury, 2002; Babrauskas, 2002; Janssens, 1991; Fernandez-Pello, 

1995]. 

Glowing ignition requires the presence of char (charcoal), an external heat flux 

greater than the minimum necessary to offset heat losses, temperature high enough to support 

initiation of necessary reactions, and diffusion of oxygen into the char. The main reactions in 

charcoal ignition involve initial exothermic oxygen chemisorption, which raises the 

temperature of the charcoal [Bradbury and Shafizadeh, 1980; Antal and Gronli, 2003]. 
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Chemisorption is followed by release of mainly carbon monoxide (CO) and carbon dioxide 

(CO2). Bradbury and Shafizadeh [1980b], and Hshieh and Richards [1989] have proposed 

that char oxidizes by a mechanism similar to one usually applied to pure carbon. In this 

mechanism surface oxide complexes formed at active carbon sites during chemisorption 

undergo subsequent desorption reactions to CO and CO2. However, wood charcoal is much 

more reactive than pure carbon [Ohlemiller, 1985; Cozzani, 2000]. Wood charcoal contains 

carbon, oxygen and hydrogen with ash-free composition by percent weight varying 

monotonically with maximum pyrolysis temperature from about 52% C, 6.3% H, 41% O at 

200 oC to about 97% C, <1% H, 3% O at 1000 oC [Wenzl, 1970]. Most of the inorganic 

content of original wood material is left in the charcoal residue [Bruce, 1979]. The Reactions 

and transport processes in wood charcoal are more complex than those in pure carbon. Thus 

although oxygen chemisorption has been observed on wood charcoal [Hshieh and Richards 

1989], the reaction mechanism for charcoal oxidation are likely to be substantially different 

from those prposed for carbon. 

A piece of wood pyrolysing in an atmosphere with oxygen can undergo one of four 

possible ignition and combustion sequences:  (1) Pyrolysis without glowing or flaming 

ignition; (2) Glowing ignition and subsequent glowing combustion until the end of pyrolysis; 

(3) Glowing ignition followed by flaming combustion; (4) Flaming ignition. The actual 

ignition and combustion sequence is determined by properties of the wood and prevailing 

conditions. Although non-ignition pyrolysis in the presence of air is associated with the 

absence of visually detectable glowing or flaming, oxidation reactions still occur in the 

charcoal layer. While there are no definitive criteria for non-ignition oxidative pyrolysis of 

wood, this process has been observed to occur when the applied external heat flux is lower 
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than the minimum required to cause glowing ignition after a specified time of exposure. 

Specification of exposure time is important because wood exposed to low heat fluxes 

requires very long time to form char, which is necessary for exothermic oxidative reactions 

that lead to glowing ignition. Babrauskas [2003] cites a 1945 report by McNaughton showing 

that 3mmx6mm pieces of wood took 165 days to become like charcoal when heated at 150 

oC, and 1050 days when heated at 107 oC. On a shorter time scale, Spearpoint and Quintiere 

[2001] observed that 50mm thick pieces of maple wood ignited in about 45 minutes when a 

heat flux of 8 kw/m2 was applied parallel to the grain and that ignition failed for lower heat 

fluxes. In a thermogravimetric analysis of biomass chars in air under kinetics-controlled 

reaction conditions, Di Blasi et al. [1999a] observed that charcoal from pine wood started 

oxidizing at about 290 oC. For wood charcoal burnt in a sand fluidized bed, Henrich et al 

[1999] report an ignition temperature of about 320 oC. In his literature survey, Browne 

[1958] cites work done in the period 1923-1940 reporting spontaneous ignition temperature 

of charcoal to be in the range 150-250 oC. The experimental conditions and methods used to 

obtain these temperatures are not given. It is important to note that the ignition temperatures 

reported above only indicate the conditions of charcoal at the time rapid oxidation starts. 

Heat released from the oxidation reactions will tend to raise the temperature of the charcoal. 

If the prevailing conditions allow heat loss rates that match heat generation, the temperature 

of the charcoal will remain low or rise slowly. However, if initial heat loss is much lower 

than heat generation rate, temperature will rise and cause the rate of oxidation to increase, 

which will in turn cause the temperature to rise further. This synergistic rise in temperature 

and heat release rate will continue until a new equilibrium rate is established by the 

prevailing oxygen diffusion limitations and heat loss conditions. The visual red/orange glow 
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of burning charcoal is an indicator of the high temperature that causes the charcoal to emit 

radiation in this spectral range of visible light. Babrauskas [2002] indicates that temperatures 

higher than 600o C are required to produce the visual glow on charcoal. Non-glowing 

oxidation of charcoal occurs under conditions that prevent temperature from rising to 

incandescent levels. 

 Char oxidation can occur near a surface or an interior location with unpyrolyzed or 

pyrolyzing wood. Some of the heat from char oxidation is transferred to nearby locations to 

support and spread pyrolysis. The gas-phase products thus released are also heated as they 

flow through or near the char oxidation zone. This simultaneous occurrence of char oxidation 

and wood pyrolysis is termed smoldering combustion or simply smoldering. The rate of char 

oxidation is controlled by both temperature and rate of oxygen diffusion to the char layer 

[Ohlemiller, 1991, 2002]. Oxygen diffusion rate is determined by air flow conditions. 

Temperature of the char layer is influenced by the rate of oxidation, prevailing heat loss 

conditions and heat used to drive the pyrolysis reactions. Due to low permeability of solid 

wood, char oxidation is limited to only a thin layer at the surface [Ohlemiller, 1991], hence 

the influence of heat loss conditions on temperature. To sustain or propagate a smoldering 

front, the heat generated from char oxidation must exceed the sum of heat losses and heat 

required to drive drying and pyrolysis processes at the surface of the wood. Since wood 

smoldering is sensitive to heat losses, a single piece of solid wood will not sustain the 

process without either additional heat to supplement that released from char oxidation, or 

forced air convection to increase the rate of oxygen diffusion to the char layer [Ohlemiller, 

1991, 2002]. Supplemental heat can be obtained from an external radiative source, forced 

flow of hot air [e.g. Kuo and Hsi; 2005], or radiative transfer from other smoldering of 
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flaming pieces of wood. For wood exposed to air cooler than the smoldering surface, air 

velocities above a critical value are required to sustain or spread the smolder [Ohlemiller, 

1991].  

 If the prevailing conditions and properties of the smoldering wood are such that there 

is net heat accumulation, the resulting high temperature will drive the pyrolysis reactions to a 

regime where the gas phase products are combustible. The hot char layer heats these products 

as they are released out of the solid into the boundary layer. Once in the boundary layer, the 

pyrolysis products will either ignite into a flame or escape unburned, depending on oxygen 

concentration, temperature, flow velocity and heat loss conditions in the boundary layer 

[Fernadez-Pello, 1995; Atreya, 1998; Drysdale, 1998; Kanury, 2002]. Among other 

conditions, flaming ignition requires; (1) Air supply, solid temperature and a pyrolysis rate 

that can produce a flammable (within flammability limits) mixture. (2) High temperature in 

the boundary layer over the glowing /pyrolysis zone, caused by either the glowing reactions 

or a pilot ignition source, to initiate flaming reactions. (3) Flow conditions that allow the 

mixture sufficient time in the reaction zone. (4) Heat loss conditions that allow temperature 

in the flaming reaction zone to rise and remain high once flaming has started. If one or more 

of these conditions is not met, the pyrolysis products will leave the boundary layer unburned 

and thus contribute to pollutant emission from the wood.  

There is currently little experimental data on temperature at which glowing-flaming 

transition occurs. Ohlemiller [2002] suggest that this transition occurs spontaneously when 

the char layer reaches about 670-730 oC. On the other hand, and depending on the 

configuration, flaming ignition conditions can be reached after some time delay from the 

onset of combustible product generation [Ohlemiller, 1991; Bilbao, 2001]. This delay 
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increases as the incident heat flux decreases, and is longer for spontaneous ignition compared 

with piloted ignition [Bilbao, 2001]. Generally, the two-step ignition of wood 

(glowing/smoldering followed by flaming) occurs in configurations with the following 

conditions: (i) Low external heat flux, (ii) Inadequate oxygen supply to char layer, (iii) Air 

flow conditions that dilute pyrolysis products below the lower flammability limit, (iv) High 

air flow velocities that remove pyrolysis products from the hot zones before completion of 

oxidation, (v) Heat loss conditions that slow the rate of temperature rise in the char layer. 

Due to slow progression to flaming combustion, a substantial mass of the wood can be lost 

by pyrolysis and char oxidation before smoldering-flaming transition occurs. For spherical 

pieces of rosewood, oak, and pine with diameters of 2 cm and 5 cm heated with flowing air at 

400 oC and 500 oC, Kuo and Hsi [2005] observed losses in the range 20%-80% of initial 

mass before spontaneous transition from smoldering to flaming combustion. This mass loss 

varied with convective heat flux, diameter, species and grain orientation with respect to 

airflow direction. Thus conditions favoring two-step ignition result in high pollutant 

emission. 

 Direct flaming ignition without glowing and smoldering can occur if the incident heat 

flux (convective or radiative) is substantially higher than that required to cause a two-step 

ignition. There are no clear-cut criteria of incident heat fluxes above which ignition is strictly 

a one-step process to flaming combustion. Rather, such minimum heat fluxes depend on 

properties of the wood, prevailing conditions, and on whether the ignition is spontaneous or 

piloted [Babrauskas, 2002]. In his review of wood ignition, Babrauskas, [2002], suggests 

heat fluxes of 22 kW/m2 and 33 kW/m2 for direct flaming ignition under piloted and 

spontaneous ignitions conditions, respectively. However, Bilbao et al. [2001] obtained 
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piloted direct flaming ignition in about 6.5 minutes using a flux of 14.3 kW/m2 on an 

110x110x19 mm piece of pinewood. A similar spread of data exists for the surface 

temperature at which thermally thick wood ignites directly to flaming combustion. 

Temperatures in the range 300-450 oC and 200-600 oC have been measured for piloted and 

spontaneous ignition, respectively [Drysdale, 1998; Kuo and Hsi, 2005; Babrauskas, 2002; 

Bilbao et al, 2001; Moghtaderi et al, 1997]. The actual flaming ignition temperature 

dependents on the type of heating (radiative or convective), incident heat flux, wood grain 

orientation, moisture content, and wood species, among other factors.  

The following general observations have been made for thermally thick wood 

undergoing piloted ignition [Moghtaderi et al, 1997; Kuo and Hsi, 2005; Drysdale 1998]:     

(i) Time delay to ignition is approximately inversely proportional to the square of the 

incident heat flux, and increases with both moisture content and thermal inertia (product of 

thermal conductivity, density and specific heat) of wood. (ii) Surface temperature at ignition 

decreases as incident heat flux increases and increases with increasing moisture content. (iii) 

Time to ignition using a given heat flux or heat flux required to produce ignition within a 

given time vary with orientation of flux relative to wood grain. This variation is dependent on 

wood species. Similar trends should be expected for spontaneous ignition, but this occurs 

after longer times and at higher temperatures [Drysdale, 1998; Kanury, 2002].  

In most wood fires, the combustible gas-phase pyrolysis products are released from 

the wood in streams that initially contain inadequate air to support combustion. Similarly, the 

air that eventually sustains the exothermic reactions is initially in separate streams that 

contain inadequate fuel gases. A flame is started and sustained when both fuel (combustible 

gas-phase pyrolysis products) gases and air diffuse from their separate streams to the reaction 
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zone (flame) at stoichiometric rates. Hence the flames in a wood fire belong to a class termed 

non-premixed or diffusion flames. Further, a fire burning without forced flow of either fuel 

gases or air to the reaction zone is termed a buoyant fire. In this configuration, the heat 

generated from the exothermic reactions sets temperature gradients and, consequently, 

density gradients that drive a natural flow of air from the surroundings to the reaction zone, 

thus providing the oxygen necessary to sustain combustion. Heat released from the reactions 

is transferred from the flame by radiation emitted by the products of combustion (gases and 

soot), and by convection driven by the flows from around the flame. Some of the heat is 

transferred back to the solid while the balance is partly lost to the surroundings and partly 

converted with the gaseous products. The positive heat feedback drives drying and pyrolysis 

fronts farther into the interior and along the outer layer of the solid fuel. Gas-phase pyrolysis 

products from interior regions beneath the base of a flame provide fuel to sustain the flame at 

the surface locations. The flame will be anchored at this location until the local interior 

region has pyrolyzed to an extent that can no longer sustain the flame, or until the flame is 

locally extinguished by other mechanisms. Flammable products from new outer layer 

pyrolysis locations near the base of the flame are heated and ignited by the flame. The flame 

base moves to these new locations as pyrolysis at the old locations approaches completion. 

Thus the flame is both a source of heat and a pilot that drives a flaming ignition front on the 

solid fuel. Gases from new pyrolysis locations farther away from the flame base are driven 

by prevailing mass transfer mechanisms to flame locations away from the solid surface. If a 

burning piece of wood also receives heat from external sources, more than one flaming 

ignition fronts can develop and spread on the solid surface in one or different directions.  
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 The rate of flame spread on a solid fuel is influenced by many factors, with 

contribution of each factor varying with prevailing conditions. These factors are additional to 

those already mentioned for ignition and include the following [Fernadez-Pello, 1995; 

Quintiere, 2002; Drysdale, 1998]: (i) Thermophysical properties of both solid fuel and the 

gases in the flame, (ii) Flame temperature, (iii) Flame length, (iv) Fraction of flame heat 

radiated back to the solid, (v) Rate of external radiant heat input, (vi) Rate of radiant heat loss 

from solid, (vii) Air flow velocity over the solid, (viii) Orientation of solid surface, (ix) 

Direction of air flow relative to propagation direction, (x) Thermal thickness of solid, (xi) 

Surface temperature, (xii) Gas-phase chemical kinetics of the reactions in the flame, (xiii) 

Heat value of pyrolysis gases. For thermally thick wood pieces burning under conditions 

relevant to the present work, some important variations of flame spread with some of the 

above factors are listed below [Fernandez-Pello, 1995; Zhou, 1992]: 

(i) Flame spread in the same direction (concurrent) as the boundary layer flow over 

the surface is faster than spread in a direction opposite to that of the flow. 

(ii) For both opposed and concurrent flow conditions, rate of flame spread increases 

with concentration of oxygen in the flow stream, this increase being larger for 

concurrent spread. 

(iii) Opposed flow flame spread increases slightly with flow speed up to a maximum 

after which it starts decreasing before extinction. The flow speed at extinction 

decreases as flow turbulence increases. 

(iv) Although the theory of concurrent flame spread is less developed than that of 

opposed flow, experiments indicate that flame spread rate increases with flow 

speed up to some steady value [Honda and Ronney, 2000]. 



(v) Opposed flow flame spread rate increases up to a maximum then decreases as 

flow turbulence increases.  

(vi) Flow turbulence decreases concurrent flame spread rate. 

(vii) Propagation speed is inversely proportional to thermal inertia (kρc) of the solid 

fuel.  

(viii) Increased radiant heat flux from either the flame or external sources increases 

flame spread while increased radiative heat loss reduces propagation. 

Processes occurring at different regions of and around a horizontal thermally thick 

piece of wood burning in quiescent air are schematically illustrated in Figure 2.2. 

Luminous flame

Entrained air
Heat radiation

Charcoal layer

Air diffusion

Dry wood

Pyrolysis front

Pyrolysis Products
Drying front

Virgin wood

 
Figure 2.2. Processes in a Burning Piece of Wood 
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 When a thick piece of wood is exposed to high external heat flux on all its surfaces, a 

flame will quickly cover the wood after ignition. The rate of mass loss resulting from drying, 

pyrolysis and combustion processes will evolve in time following the typical pattern shown 

in Figure 2.3. The actual shape of the burning rate vs. time curve will vary with wood 

species, oxygen concentration in the surroundings, size and smallest dimensions of wood 

piece, moisture content level of external heat flux on the wood [Simmons and Ragland, 1985; 

Steward et al., 1980; Ohlemiller et al., 1987, 1985]. The initial rapid rise in surface 

temperature preceding ignition causes a corresponding rise in the rate of burning. However, 

the char formed on the outer layer has lower thermal conductivity than unreacted wood. This 

reduces the rate of heat transfer to the interior regions of wood where fuel gases are produced 

at the pyrolysis front. Additionally, as the temperature of char layer rises, the rate of radiative 

heat loss from the char layer also increases and brings the temperature to an almost constant 

value. As the char layer grows thicker, thermal resistance between the surroundings and the 

pyrolyzing core of the solid fuel increases. The rate of pyrolysis starts decreasing in response 

to both reduced heat transfer and decreasing amount of virgin material. The initial rapid 

decrease in burning rate following the maximum corresponds to pyrolysis of the cellulose 

and hemicelluloses contents. These components degrade endothermically [Di Blasi et al, 

2001] and over a narrower temperature range, reach maximum rates at lower temperatures, 

and faster than lignin [Gronli, et al, 2002; Orfao et al, 1999, Shafizadeh and Chin, 1997]. As 

high temperatures are established throughout the solid at the end of endothermic pyrolysis, 

lignin becomes the major pyrolysis component and degrades exothermically [Di Blasi et al, 

2001]. This raises temperature in the core region, which in turn tends to level off the burning 

rate. As the amount of pyrolysable material is consumed, the burning rate drops rapidly once 
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more to a much lower rate corresponding to char oxidation, which is diffusion-controlled. 

The average and maximum mass loss rate normalized to the initial mass decrease as diameter 

or the smallest dimension of fuel piece increases [Steward et al., 1980]. Further, the level of 

oxygen near the charcoal layer is very low during flaming combustion [Carrier et al., 1982] 

so that flaming and glowing can be considered to occur sequentially rather than 

simultaneously. Char combustion rate can be as low as 1/10 that of flaming combustion 

[Spearpoint and Quintiere, 2000; Simmons and Ragland, 1985]. 
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Figure 2.3. Relative Burning Rate Evolution of a Piece of Wood Exposed to External 
Heat Flux 
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  Each of the three modes of combustion, i.e. smoldering, glowing and flaming, 

requires fuel and oxidizer to combine at rates and temperatures and in proportions necessary 

to sustain combustion reactions. Thus these factors (fuel and oxidizer flow rates, fuel to 

oxidizer ratio, and temperature) provide four means by which combustion can be controlled. 

The relative influence of these factors depends on the mode of combustion; prevailing heat 

and mass transfer conditions, and on the orientation of the solid fuel relative to oxidizer (air) 

flow direction. Further, since both the rate of production and composition of fuel gases are 

influenced by temperature, which is in turn affected by air flow and heat balance, all the four 

factors are coupled to extents that vary with details of the configuration. These factors 

control ignition and extinction processes, transitions from one mode of combustion to 

another, and the predominant modes of combustion during the burn cycle. The predominant 

combustion mode in turn influences size and temperature of a fire, burning rate, rate of heat 

release, and the amount and type of pollutants produced. 

Smoldering combustion can propagate up to the end of pyrolysis, progress to flaming 

combustion or quench to yield charred wood. Charred wood resulting from quenched 

smoldering can be re-ignited directly to flaming combustion, or to glowing ignition followed 

by smoldering then flaming combustion. A piece of wood in flaming combustion can be 

extinguished to either non-reacting charred wood or smoldering combustion. Such extinction 

can occur just after flaming ignition, or during or after flame spread but before the end of 

pyrolysis. Extinguished charcoal can re-ignite back to glowing combustion then undergo 

further re-extinction and re-ignition before complete burn-out or terminal extinction. Possible 

ignition-extinction sequences and combustion mode transitions are shown schematically in 

Figure 2.4. 
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Figure 2.4.  Ignition, Quenching, and Combustion Mode Transitions on a Piece of 
Wood 
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Reduced heat loss increases both reaction temperature and rate while increased heat 

loss causes the opposite effects. For all the three modes of combustion, heat loss from the 

reaction zone can occur by radiation and convection. Additionally, a smoldering or glowing 

solid fuel can lose heat by conduction.  

 Oxygen for smoldering and glowing combustion reaches the boundary layer around 

the solid by either bulk flow or diffusion of air. From the boundary layer, oxygen then 

diffuses to and reacts with the fuel in the outer layer of the solid. The rate and temperature of 

heterogeneous reactions increase with increased transport of oxygen to the boundary layer, 

and vise versa. Thus the balance between the rate of heat generation, which is controlled by 

oxygen diffusion, and heat loss will determine whether smoldering or glowing combustion 

progresses or extinguishes. As previously mentioned, a smoldering piece of wood exposed to 

airflow below some minimum value eventually extinguishes to charred wood [Ohlemiller, 

1991].  

From the review of the two-step ignition (glowing followed by smoldering then 

flaming) it is evident that transition to flaming will only occur if the applied heat flux 

exceeds a certain critical value and the time delay to this transition decreases as the heat flux 

increases. Experience with camp or household wood fires indicates that two or more pieces 

of wood smolder faster and are more likely to transition to flames when they are placed close 

together than when each one smolders in isolation. Placing the pieces together increases 

radiative view factors between them, thus increasing the rate of external heat reaching each 

piece. Close spacing also reduces the rate of convective heat loss from each piece. Similarly, 
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a single glowing piece of charcoal in quiescent air will burn more slowly and extinguish 

earlier than it would if it were heaped together with other pieces. 

Igniting, sustaining, and quenching diffusion flames in a wood fire is more complex 

than solid phase combustion (glowing or smoldering). Since the pyrolysis process in the solid 

controls the rate and composition of fuel gases, flaming combustion is coupled to all the 

factors influencing pyrolysis. Concentration, direction of flow and rate of flow of gas-phase 

reactants and products in flaming combustion are affected by prevailing fluid flow dynamics. 

Due to the higher reaction temperature (≈1000oC) required for this mode, it extinguishes at 

higher temperatures and is more vulnerable to heat loss. Further, diffusion wood flaming 

combustion invariably produces soot, which increases the rate of heat loss via radiation.  

 The time taken by the reactants to pass through the reaction zone must be long 

enough to complete the reactions and thus release the heat required to sustain combustion and 

compensate for losses. Damkohler’s number, Da= ttr/tch
, which is the ratio of transport time 

(ttr) to chemical time (tch), is used to indicate closeness to extinction. Any set of conditions 

that persistently reduces the pertinent transport time (diffusion or convection) and/or 

increases chemical time will extinguish the flame as a consequence of reduced heat release 

rate. For a given fuel/oxidant combination and physical configuration, combustion extinction 

is associated with values of Da below some critical value [Williams, 2000]. Transport time 

decreases as bulk flow rate, molecular diffusivity of the reactants, and flow strain increase 

[Williams, 2000]. The time required to complete reactions reduces as the rate of the slowest 

step in a sequence increases. Reaction rates depend on a wide variety of factors. These 

include chemical species involved, mechanisms and kinetics of the reactions, concentrations 

of reactants and diluents, temperature, and pressure. Generally, reaction rates increase with 
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temperature, as fuel/oxidant ratio approaches stiochiometry and as diluent concentration 

decreases.     

 To ignite and sustain flaming combustion, the ratio of pyrolyzate products to air flow 

rate must be higher than the lower flammability limit and lower than the upper flammability 

limit of the pyrolyzate/air mixture. The lower flammability limit represents a pyrolyzate 

concentration below which the mixture is too fuel-lean to ignite. Pyrolyzate concentrations 

higher than the upper limit would be too fuel-rich to ignite. The actual limits vary with 

fuel/air mixture composition and the range (upper-lower) increases with both pressure and 

temperature [Kuo, 1986]. A cold solid surface placed close to the flame at a distance shorter 

than a certain minimum value will quench the flame. This distance (quenching) decreases as 

reaction rate increases and increases with thermal diffusivity of the reacting mixture [Kuo, 

1986]. Flame extinction in the vicinity of a cold surface is caused by both heat loss and 

termination of some reactions by the solid [Glassman, 1996].  Heat loss and subsequent 

extinction can also occur by convection to a cold air stream driven into the flame [Law, 

1988]. Extinction by radiative heat loss [Williams, 2000] is particularly important for sooty 

flames such as those found in a wood fire. Certain combinations of thermal diffusivity, 

molecular diffusivity, flame curvature and strain can cause flame temperature to decrease and 

result in extinction [Law, 1988]. Conversely, other combination of this flow dynamics and 

fluid properties can cause flame temperature to increase.  

 When a stack (bed) of pieces of wood is ignited, the overall behavior of the stack is 

influenced by properties of individual pieces, interactions between the pieces, rate of air flow 

through the stack, direction of air flow relative to that of pyrolysis and combustion fronts, 



 
 
 
 

78 

and arrangement of pieces within the stack. Due to radiative heat exchange between them, 

each piece will burn at a temperature and rate higher that it would in isolation. 

 Delichatsios [1976] derived equations to predict, and experimentally measured flame 

spread speed and combustion history of an ordered wood crib. The crib consisted of square 

layers of sugar pine wood sticks. Each layer was one stick long on each side. The sticks were 

laid horizontally at regular spacing with sticks in adjacent layers at 90o to each other. This 

formed three sets of square shafts, one running from the base to the top of the crib, and one in 

each of the two horizontal directions. For fires started at the bottom of the central shaft, it 

was observed that:  

(i) The crib burnt in four phases, namely, ignition and spread up the central shaft; quasi-

steady lateral spread; total crib combustion at approximately constant rate; and 

decay of burning rate until final collapse of the crib. 

(ii) The flames spread faster vertically than laterally. 

(iii) As crib porosity decreased, the ratio of lateral to vertical spread rate increased.  

(iv)  Lateral spread burning rate was higher than total crib flaming combustion.  

(v) Lateral fire spread speed was proportional to stick length and inversely proportional 

to the number of sticks in each layer.  

(vi) Burning rate during the lateral spread phase was inversely proportional to the square 

root of stick thickness.  

(vii) The rate of burning during the lateral spread phases increased from about zero for 

near-zero crib porosity to porosity-independent regime when porosity was above a 

certain value. 
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The following observations have been made from experimental work on thermally 

thick pieces of wood in randomly packed beds ignited at the top and supplied with air from 

the bottom:  

(i) Flaming combustion rate and flame spread speed increase from low values to 

maxima, then decrease, and can eventually be extinguished as airflow is increased 

from zero [Shin and Choi, 2000; Yang et al., 2004, Saastamoinen et al., 2000]. 

(ii) Ignition propagation and combustion rates decrease as particle size increases [Yang 

et al., 2005, Thunman and Leckner, 2005].  

(iii) As particle size increases, time separation of drying, pyrolysis and char combustion 

processes decreases: the processes are sequential for small pieces, but overlap for 

large pieces [Thunman and Leckner, 2005]. 

(iv) The amount of charcoal burnt during the final glowing-only combustion reduces as 

airflow rate increases [Yang et al, 2004]. 

(v) Moisture content decreases flame-spread speed [Saastamoinen et al, 2000]. 

 

2.4 Factors Controlling Pyrolysis Product Composition 

 
2.4.1. Primary Pyrolysis Products 

The composition and rate of generation of pyrolysis products from a burning stack of 

wood fuel determine the amount of air required for complete combustion, expected flame 

length, rate of heat release and predominant pollutants. Knowledge of fuel properties and 

conditions that influence pyrolysis product generation rate and composition would be useful 

in designing and operating a woodstove with desired thermal efficiency and pollutant 
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emission criteria. Pyrolysis products are generally grouped into three main types, namely 

char (charcoal), gases, and volatiles (or condensable tar or bio-oil). In some literature, water 

is considered a volatile product while in others it is excluded and treated as a fourth type of 

product. In this latter case the term tar, or tars, is used to denote condensable organic 

products. Although there is no precise definition to distinguish gases from volatiles, it is 

generally assumed that volatiles are products that exist in liquid form at standard pressure 

and temperature conditions. 

Due to its complex chemistry and wide variations of its physical properties, there are 

presently no universal parameters or mechanisms to describe processes that occur when 

wood is subjected to fire conditions. Several models have been suggested and tested to 

predict wood pyrolysis [Di Blasi, 1993; Miller and Bellan, 1996]. Although some of the 

models show qualitative agreement with experimental results covering narrow ranges of 

conditions and parameters [eg. Gronli and Melaaen, 2000], predictions generally differ, both 

qualitatively and quantitatively, from experimental observations. This discrepancy is mainly 

due to incomplete understanding of the chemical processes, inaccurate kinetic data, and 

insufficient knowledge of property changes that occur in degrading wood [Di Blasi, 1993; 

Miller and Bellan, 1996]. However there is adequate knowledge to allow qualitative 

prediction of the influence of some important factors on aspects such as product yields and 

distribution, pyrolysis rate, and internal temperature distribution These factors include, wood 

species, particle size, temperature at pyrolysis location, rates of heating, residence time of 

products at pyrolysis location, wood grain orientation relative to the direction of heat flux, 

and nature of surrounding atmosphere (inert or oxidizing). Extreme combinations of these 

factors are used to distinguish between fast (flash) and slow (carbonization) types of 
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pyrolysis. In fast pyrolysis, particle sizes of a few millimeters, optimum temperature and 

heating rate are combined with means of reducing residence time to maximize oil production 

[Bridgwater, 2003]. Such conditions are not relevant for a stove fire. On the other extreme, 

very slow heating rates and residence times on the order of minutes to days are used to 

maximize charcoal production [Bridgwater, 1991]. 

 A summary of the effects of factors applicable to stoves is given in Table 2.1. 

Typical pyrolysis product yields (weight of product(s) as percent of initial dry fuel weight) 

are presented in Table 2.2. The effects listed in these tables are only qualitative and actual 

magnitudes will vary with wood species, fuel physical characteristics, and pyrolysis 

conditions and dynamics. Further, the effects relate to narrow ranges of the parameters, and it 

is possible that some of the effects may taper off or go through maxima or minima for 

parameter sizes outside the ranges applicable to the table. 
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Table 2.1 Effects of Fuel and Fire Operational Factors on Pyrolysis Products 
Composition.  

 PARAMETER EFFECTS 
Temperature/Heating Rate  
Increase 

Peak and average pyrolysis rates increase (1, 2, 3, 10, 11)

Surface and interior temperature increases (1, 2, 3,10, 11)  

Gas yield increases (4,10,12,18,20). May first decrease 
before increasing(17)

Combustible gases (CO + H2 + Hydrocarbons) 
volume fractions increase.(17,18) 

Char yield decreases (8, 10, 11,12,18,20)  
Tar yield increases (10,12) and may show a maximum 
flowed by decrease (4, 9,10,17,18,19)  
 

Particle Size Increase Tar yield decreases (4) 

Gas yield increases (4) 

CO/CO2 mass ratio decreases (5)  

Charcoal yield increases (4,5,8,13)  

   
Moisture Content  Conversion time increases (4,6,7) 

Temperature decreases (6,7) 

Delayed generation of combustible products (7)

Combustible gas production decreases (7)

Tar decreases (6, 14,15)  
Gas increases (14)  

Char yield increases. (6,16) 

Sources: 1. Kashiwagi et al, 1987. 2. Ohlemiller et al, 1987. 3. Lee et al, 1976. 4. Chan et al, 1988. 5. 
Thunman et al, 2001. 6. Di Blasi, et al, 2000.7. Lee and Diehl, 1981. 8.Antal, Jr. et al, 2003. 9.Kelbon et al, 
1987. 10.Di Blasi et al, 2001a. 11.Di Blasi et al, 2001b. 12 Williams and Besler, 1996. 13. Belleville et al, 1984. 
14. Schenkel, 2001.15. Guillen and  Ibargoitia, 1999. 16. Gray et al, 1985. 17. Fagbemi et al., 2001. 18. Di Blasi 
et al. 1999b. 19. Elliot, 1988. 20. Branca et al., 2003. 
 
 

A study by Ohlemiller and his co-workers [Ohlemiller, et al., 1987b, Kashiwagi et al., 

1987a] serves to illustrate the dynamics of wood pyrolysis. Rectangular pieces of wood were 
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radiatively heated in inert or oxidizing atmospheres. Surface and interior temperatures were 

measured and gas-phase products collected and analyzed as pyrolysis evolved. Condensable 

products were collected at –40 oC. Following is a summary of their results for a 2.8 cm cube-

shaped piece of white pine irradiated with 40 kW/m2 flux in a nitrogen atmosphere. The 

wood was equilibrated with ambient air at 24 oC and 50% relative humidity. This 

corresponds to a moisture content of about 9% on dry mass basis [Simpson and TenWolde, 

1999]. Total mass flux from the wood increased rapidly to a peak in about 90 seconds then 

decreased rapidly for the next 90 seconds. Thereafter mass flux decreased gradually to about 

30% of the peak value after 10 minutes. Within the first few seconds of exposure to radiation, 

water constituted about 90% of total mass loss with the balance coming from tar. 

Contribution of tar then rose to above 60% within the next one minute while that of water 

dropped to a minimum below 30%. After this, tar generation reduced non-linearly to about 

20% of total and 15% of peak mass flux in 10 minutes while water contribution rose from its 

minimum value to about 60% in the same time interval. Contributions of CO and CO2 rose 

from zero after about one minute to about 10% each at 1.5 minutes after which they remained 

almost constant. Organic gases contributed an amount that rose from zero to about 8% over 

the same time intervals as CO and CO2. When the incident flux was increases to 69 kW/m2 

contribution of CO, CO2 and gas-phase organic compounds all nearly doubled. More CO 

than CO2 was generated with the amount of CO at the beginning being almost twice that of 

CO2.  
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Table 2.2. Typical Pyrolysis Product Yield and Distribution 
 
 Conditions and sample Char Liquids Gases 

 
  Total Tar H2O Total CO CO2 HCs 

+ H2
Q =27.5kWm-2, D=4, 
L=4cm, N2 atm. Beech 
(hardwood), dry(1)

 
44 

 
43 

 
___ 

 
___ 

 
11.3 

 
2.8 

 
8 

 
1.2 

As above, Chestnut(1). 
(hardwood) 

 
47 

 
34 

___ ___  
14.2 

 
4 

 
9.4 

 
1.4 

Q=49kWm-2, Beech, rest 
as above(1). 

 
24 

 
56 

___ 
 

___  
16 

 
4.8 

 
10.7 

 
1.5 

 
As above, Chestnut(1)

 
35.5 

 
47.5 

___ ___  
15 

 
4.4 

 
9.4 

 
1.4 

As above, Douglas fir(1)

(softwood) 
 
30 

 
53 

   
13 

 
4.5 

 
7.4 

 
1.5 

Q=27.5kWm-2, Beech, 
Moisture = 50%(2)

 
46 

 
42 

___ ___  
10 

___ 
 

___ ___ 

Q=49kWm-2, Beech, 
Moisture = 50%(2)

 
24 

 
53 

___ ___  
17 

___ 
 

___ 
 

___ 

T=327oC,180g dry bed,  
beech wood pieces.(3)  

 
 40 

 
43 

 
25 

 
18 

 
11 

 
2 

 
9 

 
1 

T=627oC, 180g dry bed,  
beech wood pieces.(3)

 
24 

 
55 

 
31 

 
24 

 
24 

 
8 

 
10 

 
7 

 Reactor heated at 
5K/min to 300oC. 
Packed bed, 25g, 1cm3 
pine (softwood) pieces(4)

 
53.8 

 
31.6 

 
___ 

 
___ 

 
14.6 

 
___ 

 
___ 

 
___ 

As above, heated at 
80K/min to 300oC(4)

 
60.8 

 
28 

___ ___  
11.2 

___ ___ ___ 

As above, heated at 
5K/min to 720oC(4)

 
23.2 

 
50 

___ 
 

___  
26.8 

___ ___ ___ 

As above, heated at 
80K/min to 720oC(4)

 
16 

 
53.6 

___ ___  
30.2 

___ ___ ___ 

Sources:  (1). Di Blasi et al., 2001a. (2). Di Blasi et al., 2000. (3). Branca et al., 2003.  
(4). Williams and Besler, 1996. 
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The foregoing results have important implications for transient or quasi-steady state 

combustion of wood: (i) Initial gases released when wood is exposed to heat may be 

dominated by water and tars and may be difficult to ignite. (ii) The relatively large amount of 

tar at the start of, or when fresh fuel is added to a fire may be released as pollutants unless 

high temperature, adequate oxygen, and residence time are available.  

The effects discussed above arise from a combination of heat transfer, mass transport, 

and chemical processes both within and outside a burning piece of wood. Once gas and 

condensable pyrolysis products are formed at primary reaction site, they may undergo further 

reactions as they travel through the char layer, which may be hotter than the interior regions. 

More reactions will occur outside the particle as the products enter the flaming combustion 

zone. 

Primary pyrolysis of cellulose is believed to involve two competing pathways 

[Shafizadeh, 1980; Shafizadeh and Chin, 1977]. The first pathway, predominant at 

temperatures below 300 oC, favors formation of charcoal, CO, CO2 and water. The second 

pathway becomes predominant above 300 oC and favors formation of tars and condensable 

compounds. Hemiculloses degrade by qualitatively similar reactions, but at lower 

temperature and with higher charcoal yield than cellulose [Branca et al., 2003; Gronli et al., 

2002; Shafizadeh and Chin, 1977; Di Blasi et al., 2001a]. Extractives increase char yield [Di 

Blasi et al., 2001b] and decrease tar yield [Roy et al., 1990]. Lignin pyrolysis products 

suggest that it is broken down to high yield char (≈ 50%), tar (consisting mainly of phenolic 

compounds), water, one- and two-carbon (C2) organic compounds, CO an CO2 [Shafizadeh 

and Chin, 1977; Evans and Milne, 1987a,b].  The major permanent gas primary products at 

temperatures below 500 oC, in decreasing order of yield as percent of initial wood mass, are 
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CO2, CO, CH4, and trace amounts of C2H4, C2H6, and H2 [e.g. Di Blasi et al., 1999b; Piskorz 

et al., 1988; Branca et al., 2003; Boroson et al., 1989a; Fagbemi et al., 2001; Evans and 

Milne, 1987a]. Together these gases contribute a total yield of about 10-20 wt% of initial 

wood. As a condensable primary product water typically constitutes a yield of 15-25 wt%. 

Organic primary condensable products (vapors) consist of hundreds of oxygenated 

compounds with identified chemical structures, and a substantial mass fraction containing 

compounds that have not yet been chemically identified [Mezerette and Girard, 1991; 

Guillen and Manzanos, 2002; Branca et al., 2003; Milne et al., 1998]. These compounds 

(both identified and unidentified) belong to several functional groups, such as acids, sugars, 

anhydrosugars, ketones, aldehydes, alcohols, phenols, guaiacols (methoxy phenols), 

syringols (dimethoxy phenols), esters, ethers, furans, and compounds with mixed functional 

groups. Most of the alcohols, acids, sugars, anhydrosugars, ketones, aldehydes and furans are 

derived from cellulose and hemicellulose wood components while compounds with benzene 

ring(s) are derived from lignin [Branca et al., 2003; Guillen and Manzanos, 2002; ; Piskorz et 

al., 1988; Evans and Milne, 1987a]. The bulk of primary condensable products are monomers 

and monomer fragments of the related wood polymer components (cellulose, hemicellulose, 

lignin and extractives); larger (ologomers) primary species constitute only a small fraction 

[Evans and Milne, 1987a; Milne et al., 1998].  

 

2.4.2. Secondary and Tertiary Pyrolysis Products. 

Vapor phase condensable products released from biomass material pyrolyzing at a 

given temperature can undergo further changes in quantity and chemical composition if they 

are subjected to certain temperature, residence time, concentration and oxidation 
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combinations of conditions before they condense. Since such changes occur before the 

products condense, it is assumed that the products are subjected to temperatures equal to or 

higher than that at which the solid substrate is pyrolyzing. Although the term primary tar(s) is 

generally used to refer to products that have not undergone further reactions since their 

release from the pyrolyzing substrate, significant secondary reactions can occur inside fuel 

bed or a thick piece of substrate before the products emerge from the solid. The reactions 

subsequent to primary solid pyrolysis, extent of these reactions and new products formed all 

depend on the prevailing conditions, particularly temperature and the presence of reactive 

media such as charcoal. It is possible to classify the products into categories corresponding 

with reaction conditions. Thus the successive terms secondary tars and tertiary tars are used 

to refer to condensable products formed at temperatures progressively higher than primary 

pyrolysis temperature. 

The temperature-residence time combinations at which primary condensable products 

start cracking to yield non-condensable gases, secondary or tertiary tars and/or charcoal are 

not explicitly defined presently. This may be due to the presence of many groups of chemical 

compounds with varying thermal stability that is also a function of the primary pyrolysis 

conditions. For residence times shorter than one second, Evans and Milne [1987a,b] observed 

only slight secondary gas-phase reactions when the temperature was raised to 500-600 oC for 

each set of primary products generated from 10-1000 mg powder (50-250μm) particle size of 

wood or separated wood constituent polymers placed in flowing helium at about 500 oC. 

Sample heating rate was estimated to be greater than 30 oC/s. On the other hand, Boroson et 

al. [1989b] obtained 0, 9 and 30wt% vapor-phase tar conversions at 400, 500 and 600 oC 

respectively and a residence time of about one second. The primary tar used by Boroson et al. 
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[1989b] was derived from 45-250 μm particles of sweet gum wood in a bed about 1cm in 

diameter and 2cm deep. The bed was heated in helium gas flow at 12 oC/min (0.2 oC/s) to 

450 oC. This latter mass would be much larger than that used by Evans and Milne [1987a,b] 

and would thus have a higher thermal resistance and temperature difference between the 

sample and the gas flow. This thermophysical limitation, the lower maximum surrounding 

temperature and heating rate used by Boroson et al. would give an effective pyrolysis 

temperature lower than the 500 oC for the sample used by Evans and Milne. This pyrolysis 

temperature difference may explain the apparent higher reactivity at 600 oC of the tar used by 

Boroson and co-workers, this being an indication that their tar was derived at a temperature 

substantially lower than 600 oC. Some degree of co-occurrence of primary and secondary tars 

is expected at the lower end of severity of cracking conditions, and of secondary and tertiary 

products at mid-range conditions.  The degree of such co-occurrences should decrease with 

increasing temperature and residence time. For a residence time of 0.3 seconds Evans and 

Milne [1997] observed an overlap of primary and secondary tars for reactor temperatures in 

the range 550-750 oC, of secondary and tertiary products for the range 750-950 oC, and 

nearly exclusive occurrence of primary and tertiary products. 

The main permanent gases produced from secondary and tertiary reactions are CO, 

CO2, CH4, H2, and light non-methane aliphatic hydrocarbons [Evans and Milne 1987a; Milne 

et al., 1998; Morf et al., 2002; Boroson et al., 1989a,b; Chembukulam et al., 1981]. 

Secondary tars include phenols, phenolic ethers, benzene and its substituted derivatives, and 

both substituted and unsubstituted polycyclic aromatic hydrocarbons (PAHs) [Milne et al., 

1998; Evans and Milne 1987a, 1997; Elliot, 1988].  Tertiary tars predominantly consist of 

unsubstituted PAHs, benzene, and methyl derivatives of these two hydrocarbon groups 
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[Milne et al., 1998; Evans and Milne 1987a, 1997; Kinoshita et al., 1994]. Since progression 

from primary to secondary and tertiary tars occurs via removal of H2, CO, CO2 and simple 

hydrocarbons, both oxygen content and atomic H/C ratio of tars decrease as formation 

temperature increases. At temperatures (>800 oC) where tertiary products predominate, 

increased residence time and temperature cause growth of both yield and molecular weight of 

large PAHs rather than decomposition, at the expense of smaller PAHs and non-benzene 

single ring compounds [Evans and Milne, 1997; Kinoshita et al., 1994].  Due to 

predominance of aromatic and PAH compounds, and the high sooting propensity of these 

compounds, certain temperature, residence time and concentration combinations of 

secondary and tertiary tars will produce soot. 

The presence of oxygen at conditions suitable for secondary and tertiary reactions 

reduces both the amount of tars and the temperature at which these reactions are nearly 

complete [Evans and Milne, 1997; Kinoshita et al., 1994; Narvaez et al., 1996]. The 

magnitude of this reduction increases with oxygen concentration. However, high temperature 

and oxygen concentrations below a certain critical level can cause an increase in tertiary 

product formation. Levels of O2 above this critical level cause reduction in tertiary tars. Thus 

some level of partial oxidation at temperatures below tertiary reaction range can substantially 

reduce the formation of refractory tertiary tars.  

Morf et al. [2002] obtained tar from pyrolysis of a mixture of fir and spruce wood 

chips at 380 oC and subjected it to gas-phase cracking for 0.1-0.2 seconds residence time in a 

tubular reactor at a maximum concentration of about 100 g/m3 in nitrogen (N2). The amount 

of soot derived from the tar increased from 2% to 20% of the initial dry wood mass as 

reaction temperature increased from 750 oC to about 1000 oC. The higher soot yield 
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represented about 70% of initial tar mass and was accompanied by sharp increases in PAHs, 

CO and H2 yields. About 88% of the tar was converted to gases and soot. Their results did 

not indicate the concentration of the tars in the reactor. Using a similar reactor, Boroson et al. 

[1989a] applied secondary pyrolysis (cracking) to tar obtained from sweet gum wood 

sawdust pyrolysed at 450 oC. Using a tar mole of fraction less than 0.4 % in helium gas, a 

residence time of one second and a reactor temperature of 800 oC, Boroson et al. [1989a] 

obtained the same degree (88 %) of tar conversion to gases as that by Morf et al. [2002], but 

observed negligible soot formation and a maximum of about 70 % tar mass conversion to 

CO. The amount of tar converted to CO was equivalent to about 33 % of initial wood mass 

compared to about 13 % obtained by Morf et al. [2002] at 1000 oC. At the upper temperature 

limit (800 oC) used by Boroson et al. [1989a], the gases CH4, C2H4 and CO2 each accounted 

for about 10 % tar mass conversion while the dry gas volumetric composition was 48 % CO, 

19 %H2, 13 % CH4, 11 % CO2, 7 % C2H4 and traces of C2H2 and C2H6. Baumlin et al [2005] 

cracked wood tar in a continuous self-stirred tank reactor (CSSTR) in argon at temperatures 

and residence times in the ranges 560–1030 oC and 0.3-0.5 s, respectively. Their tar was 

obtained under fast pyrolysis conditions at about 550 oC and was introduced into the reactor 

at initial concentrations on the order of 10 g/m3. They observed negligible amount of soot 

formation even at 1030 oC, which was about equal to the temperature for which Morf et al. 

[2002] obtained 20 % wood mass conversion to soot. Gas yields (as % of initial wood mass) 

obtained by Baumlin et al [2005] were close to those observed by Boroson et al. [1989a] for 

similar reactor temperatures. Differences in secondary and tertiary product distributions 

obtained by the three teams may be due to different tar concentrations and maximum reactor 

temperatures. It is useful to note that the maximum temperature (800 oC) used by Boroson et 
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al [1989a] is approximately equal to the lowest temperature (750 oC) by Morf et al. [2002], 

which appeared to be the threshold value for soot formation. The amount of soot (msoot) 

formed from gas phase pyrolysis of a hydrocarbon increases with fuel concentration 

([CnHm]), absolute reactor temperature (T) and residence time [Mendiara et al., 2005; Tesner 

and Shurupov, 1995,1997].  Initial fuel concentration and temperature are related to soot 

quantity by expressions of the form msoot ∝ A[CnHm]Exp(-B/T), where A and B are fuel-

specific positive constants [Tesner and Shurupov, 1995,1997]. Further, soot formation starts 

after an induction time that decreases as both fuel concentration and temperature increase 

[Shurupov, 2000].  

 Heterogeneous reactions between heated charcoal and vapor-phase pyrolysis 

products can cause more extensive thermal cracking than homogeneous cracking at the same 

temperature. In a study involving homogeneous (gas-phase) cracking followed by 

heterogeneous cracking in a bed of hot charcoal, both at 400-600 oC, Boroson et al. [1989b] 

observed that a fraction of wood tar that did not crack in the gas phase was cracked in the 

charcoal bed. This fraction amounted to 14±7 wt% of primary tar and was speculated to be 

part of the aromatic portion of tar and to crack to both gases and secondary charcoal. The 

primary tar was produced from a 2 cm deep bed of sweet gum wood sub-micrometer 

particlesis heated at 12 oC/min to 450 oC and held at the final temperature for 30 minutes. 

Chembukulam et al. [1981] obtained near total conversion of condensable products to gases 

using a charcoal bed at 950o C, but only about 78% conversion in a bed of firebrick particles 

at the same temperature. In the configuration with charcoal bed, some of the charcoal was 

converted to CO, probably via gasification reactions between charcoal, CO2 and H2O. 
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Oxidative tar cracking in a bed of charcoal at 700-1000 oC has been observed to selectively 

reduce the amount of tar left after homogenous oxidation by a combined total of up to two 

orders of magnitude (from 3.4 g/kg wood after partial oxidation to 0.006 4g/kg wood after 

the charcoal bed) [Brandt et al, 2000]. Thus distribution of secondary products may be 

affected by initial tar composition and is sensitive to reactor conditions. To reduce or prevent 

high yields of soot and PAHs from a fire, it is necessary to establish adequate oxygen supply 

and high temperature at or near locations where tars are generated. 

Tars already in condensed phase can be pyrolyzed at slow heating rates to yield 

secondary charcoal, tars, liquids and gases [e.g. Prauchner et al. 2001; Branca et al. 2005a,b; 

Shafizadeh, 1980]. Up to about 40 % mass conversion of liquid phase pyrolysis products 

(pyrolytic oil) to secondary charcoal has been obtained by heating at 5 oC/min up to 327 oC 

followed by 25 minutes at this final temperature [Branca et al., 2005a]. In this case, 

secondary charcoal formation was observed to start when the liquid phase reached a 

temperature in the range 187-217 oC. The high conversion (≈ 40 wt%) to char from pyrolytic 

oil (liquid phase) at relatively low temperature (327 oC) [Branca et al. 2005a] indicates that 

the liquid phase is more reactive in polymerization and carbonization than the gas phase. 

Pyrolytic oil is reported to become unstable at temperatures above 120 oC, at which it starts 

to form gases and coke (char) [Piskorz et al., 1988]. This may be due to polymerization of 

some of the compounds, especially the heteroatomic ones [Milne et al., 1998]. For example, 

lignin-derived coniferyl alcohol polymerizes in the presence of acidic components in the oil 

[Evans and Milne, 1987b]. 

   Since combustion conditions in stoves are not ideal, some pyrolysis products escape 

unoxidized or partially oxidized. Such chemicals are released in residential space, where they 
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can cause health damage, and will eventually end up in the atmosphere to contribute to global 

air pollution. Condensable pyrolysis products that leave a fire before complete oxidation will 

condense to form liquid-phase particulate matter. Compounds of greatest concern in regard to 

air pollution include unsaturated hydrocarbons and aromatic and polyaromatic compounds 

which are derived from secondary or tertiary cracking of primary pyrolysis products. These 

group of chemicals have the highest tendency to form soot at the high temperatures in fire 

[Haynes and Wagner, 1981]. Thus the characteristic luminous, sooty appearance of flames in 

a wood fire originates from mostly secondary and tertiary pyrolysis products. Due to its 

luminosity, soot from a fire is useful in radiatively transferring the heat generated in 

combustion reactions to the surroundings or intended thermal devices. However soot that 

leaves the combustion zone before complete oxidation is a harmful pollutant. Thus it is 

important to include soot reduction factors in the design, and operation of stoves. 

 

2.5. Buoyant Flames 

 
2.5.1. Thermal and Fluid Dynamic Characteristics of Bouyant Flames 

 
 Fires studied in the present work involve exothermic reactions between gas-phase 

pyrolysis products released from wood and oxygen from surrounding quiescent air. For 

brevity, the terms pyrolyzates or fuel gases will be used interchangeably to mean combustible 

gas-phase pyrolysis products, which contain both condensable vapors and permanent gases. 

The pyrolyzates are released from the solid by inertia forces originating from pressure build-

up as some of the solid mass is converted to hot gas-phase products within the pore structure 

of the wood. At the surface of the solid, these pyrolyzates have very little (sub-



stoichiometric) or no air mixed with them. The oxygen required to complete the reactions is 

drawn to the reaction zone(s) by entrainment driven by buoyancy forces which are in turn set 

up by the density gradients between the hotter, and thus lighter, gases at reaction zone and 

the cooler (heavier) ambient air. Since the predominant forces are buoyant, and fuel and 

oxidant streams are initially separated, the flames in the fires belong to a category termed 

buoyant diffusion flames. Further, since the flows are sensitive to disturbances in the  

surrounding air, the flames are also turbulent. 

 Flames at the top of a stack of wood belong to a class termed pool fires in reference to 

their much larger areas of fuel release relative to corresponding areas in jet flames. Thus for 

the same rate of total heat release, pool fires have much smaller fuel mass fluxes than jet 

flames. Dominance of inertia over buoyancy forces is indicated by the value of source 

Froude number, gDfs UFr 2= where Uf is initial fuel speed at base of a flame, g is 

gravitational acceleration, and D is some dimension of the combustion device (usually 

diameter for circular burner). The square root of the above parameter ( gDUf ) is defined 

as Froude number in some combustion literature, e.g. [Zukoski, 1995]. Thus pool fires have 

very small source Froude numbers, with typical values in the range 10-7 < Fr < 10-3 

[McCaffrey, 1983; Cox, 1995]. Due to the small values of Uf associated with pool fires and 

difficulties in measuring this speed for some fuels (eg, wood), it is usually expressed in terms 

of fuel mass consumption rate ( ) or, equivalently, in terms of total heat release rate ( ). 

A list of dimensionless parameters used to scale or characterize pool fires is given in Table 

2.3.  
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Table 2.3 Some Dimensionless Parameters Used to Scale or Characterize Pool Fire. 
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m= = Theoretical heat release rate (kW). For brevity Q used in present work. 

fU = Initial fuel velocity at fire base (m/s) 
g = Gravitational acceleration (m/s2) 
D = Diameter or horizontal dimension of burner (m) 

fm
.

= Fuel mass flow rate (kg/s) 

Cp =  Specific heat of gases in flame (kJ/kg-K) 
=∞pC Ambient air specific heat (kJ/kg-K) 

Hc = Lower heat of combustion (kJ/kg) 
S, r = Stoichiometric air to fuel (volatiles) ratio 

=
∞
ρ  Ambient air density (kg/m3) 

=∞T  Absolut ambient air temperature (K) 

Aχ = Combustion efficiency, fraction fuel heating value released in reactions 

R
χ = Fraction of  lost via radiation 

.
Q

z =Vertical distance, usually from top of burner (m) 
zlf = lf =Flame length (m) 
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Comprehensive experimental or numerical analysis of pool fires is complicated by the 

nature and wide range of transport and chemical reaction processes, and intricate coupling 

between these processes [Tieszen, 2001; Moss, 1995; Zukoski, 1995]. Due to incomplete 

understanding of wood pyrolyzate properties and how these properties change in the course 

of a fire, and difficulty in controlling and measuring the rate of pyrolyzate production, wood 

fires are particularly difficult to analyze. Thus most past experimental and modeling studies 

of pool fires used single gas or liquid fuel rather than a mixture of different fuels as exist in 

wood pyrolyzate. For some properties or behavior of fires, different researchers have 

obtained different engineering correlations, expressed in terms of different variables and 

scaling parameters [Heskestad, 1998b; Poreh and Morgan, 1996; Tieszen, 2001; Thomas, 

2000]. This apparent lack of universal parameters and correlations is perhaps a reflection of 

the sensitivity of fires to experimental methods and conditions [Heskestad, 1998a; Santo and 

Delichatsios, 1984], or inadequate consideration of all significant variables/factors. 

 The observations reported here relate to fires burning above a horizontal base through 

which a fuel is released at controlled/measured rate and temperature. In a stack of burning 

wood, combustion can occur both below and above the top surface of the stack. In such a 

configuration the pyrolyzate leaving the top of the stack is at a temperature close to that of 

glowing combustion, and will have some air already premixed with it. Thus the behavior of a 

fire burning above a wood stack with substantial height to diameter ratio is expected to be 

qualitatively, but not quantitatively, similar to that of a controlled pool fire [Heskestad, 

1998a]. The observations described below pertain to a pool fire burning liquid or gaseous 

fuel on a circular or square base.   
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One of the goals of the present work is to explore designs that can be used to reduce 

pollutant emissions and increase heat transfer efficiency of wood-fuelled devices for cooking, 

space heating and other thermal loads. To this end, it is important to identify those 

characteristics, parameters and variables of diffusion flames in general, and pool fires in 

particular, that affect pollutant emission and heat transfer. For buoyant fires burning under 

non-sooty conditions the height (length) of visible flame has been observed to correlate to the 

vertical elevation at which combustion approaches completion [Newman and Wieczorek, 

2004]. For a given heat output rate and adequate air supply, a shorter flame is likely to have 

the following benefits: (i) Resistant to flow disturbances. Since such a flame will be easier to 

keep in the intended direction, it will have higher heat transfer efficiency to a pot and 

reduced risk of igniting nearby combustible materials. (ii) Reduced size requirement for a 

furnace, boiler or waste incinerator accommodating the flame. (iii) Increased temperature 

resulting in increased heat transfer efficiency and reduced pollutant emissions. (iv) Less 

prone to quenching and accompanying increased pollutant emission when a cold pot or 

device is placed in the hottest region of the flame.  

 Velocity and temperature fields are coupled via buoyancy and flow structures 

observed in fires. The flow patterns affect fluid dynamics of the fire. Excessive air 

entrainment reduces the temperature and heat transfer efficiency of the flame. Excessive or 

inadequate air entrainment can increase pollutant emissions. Thus there is an optimal level of 

entrainment with respect to heat transfer efficiency and pollutant emission. Variation of air 

entrainment and temperature with vertical distance along the flame can indicate the optimal 

location to place a pot. The spatial distribution, amounts and types of combustion products 

result from interactions between chemistry and heat and mass transfer. Thus an 



understanding the dynamics of a fire is useful in determining the optimal location for a given 

design, or the design changes necessary to obtain optimal performance for a given location.  

 The most outstanding characteristic of pool fires is the puffing motion of their flames. 

The puffs and their motions result from toroidal vortices periodically shed from the base of 

the fire [e.g. Cetegen and Ahmed, 1993; Zukoski, 1995]. Within a small region at the base 

the flame has a conical shape anchored on the periphery of the fuel and tapering inwards 

(toward the axis). The anchored section has pre-mixed combustion characteristics [Venkatesh 

et al. 1996]. Each puff forms at the base and grows to an almost spherical shape as it rises, 

away from the base and combustion of its fuel/air mixture proceeds. As the puff grows and 

rises the flame forms a neck (stem) between the bottom of the puff and the cone at the base. 

After a time interval, a new puff starts to form at the base while the first one rises and the 

neck grows longer. Combustion in the first puff can go to completion or be extinguished by a 

combination of cooling and dilution resulting from radiation heat loss from soot and gaseous 

products, and mixing driven by the vortices. When this combination of processes occurs, the 

first puff fragments into parcels that rapidly become invisible, leaving a flame consisting of 

some of the neck and new puffs growing and rising below the disintegrating puff. Thus the 

top of the flame appears to fall from the top of the disappearing puff to the neck below it. The 

products released from the collapsed puff are carried in the thermal plume above the flame. 

The puffing frequency (f) is slightly dependent on heat release rate and decreases with burner 

diameter (D) according to the following approximate correlation [Malalasekera et al. 1996]  

 
                                                                                              2.1. 5.068.1 −= Df
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The vertical speed of the vortical structures scales with (gz)1/2 [Zukoski, 1995], where z is 

height above the burner surface.  

 Interaction between combustion and vortical structures produces flames with two 

distinct regions. The first region consists of the cone at the base of the flame, newly formed 

and growing puffs, and the neck above them. This region is termed continuous flame region 

since it contains an unbroken flame. The second, the intermittent region, is where the 

topmost puff breaks up and rapidly disappears. Thus any given location in this region has 

some part or fragment of the visible flame some of the time and no flame the rest of the time. 

This intermittent nature of a fire makes precise measurement of flame length and temperature 

difficult. The maximum and minimum height reached by the flame and all locations in-

between can be used as flame heights. The definition used most frequently in correlations is 

the height above which there is a visible flame for at least 50% of the time  [Cetegen, 1998a; 

Zukaski, 1995]. This length is termed mean or average flame length. Heskestad [1983, 

1998a] has correlated mean flame length data with the equation: 

 

             2.26.1502.1 51+= N
D
lf  

 
It is important to note that the top of the luminous part of a flame does not necessarily 

correspond to completion of chemical reactions. Rather, it corresponds to either complete 

oxidation of luminous soot particles or cooling of these particles to temperatures at which 

they emit only non-luminous radiation. A fire burning under conditions favoring incomplete 

combustion and excessive sooting will loose more heat than a less sooting fire. Due to 

excessive heat loss and reduced chemical heat release, soot in the more sooty fire will 
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become non-luminous at a shorter flame length. Thus correlation given in Eqn. 2.2 above has 

been observed to over-predict sooty pool flame lengths by up to a factor of two [Hamins et 

al. 1996]. Other correlations developed for non-sooty buoyant turbulent jet flames were 

observed to over-predict visible length of a sooting acetylene jet flame [Wade and Gore, 

1996]. However, under conditions favoring complete combustion, flame height is an 

indication of the amount of space required to obtain high combustion efficiency. This is 

important in applications such as cooking where it is necessary to place the flame in contact 

with colder devices. Using a CO/CO2 mass ratio of 0.005 as an indicator of complete 

combustion of gases in propane flames, Newman and Wieczorek [2004] observed that the 

height at which this ratio occurred agreed qualitatively with flame heights calculated from 

existing correlations.  

   The variations of both temperature and velocity with axial (vertical) and radial 

(horizontal) distances are different in each of the flame zones and the thermal plume above 

the flame. Actual magnitude and distributions vary with fuel, burner size, fuel flow rate, and 

combustion conditions. For elevations very close to the burner surface, radial distribution of 

temperature above ambient value (ΔT = T - T∞) is approximately bimodal with maxima close 

to burner edge and a minimum at the axis [McCaffrey, 1983; Gengembre et al., 1984, 

Venkatesh et al., 1996; Bouhafid et al., 1998]. Higher up above the burner, the two maxima 

converge to a single maximum at the axis. Temperature falls from this maximum as radial 

distances increases, with a distribution that is less steep than Gaussian [Gengembre, 1984, 

McCaffrey, 1979]. The radial spread of temperature profiles increases with vertical distance 

[Gengembre, 1984; Cox and Chitty, 1980; McCaffrey, 1983].    



 Based on experimental measurements of temperature and velocity fields in a 

0.3 m square natural gas burner McCaffrey [1979, 1983], and Cox and Chitty [1980] 

proposed correlations for variation of temperature and vertical velocity with both 

elevation and horizontal distance. They normalized vertical velocity to 51.
Q . Vertical 

distance (z) was normalized to . With 5/2.
Q

•
= 5/2' Qzz . The flame regions correspond 

to  for the continuous region,  for the intermittent region, 

and  for the non-reacting plume above the fire. Along the axis, maximum 

temperature above ambient level, ΔT

08.003.0 ' << z 2.008.0 ' << z

'2.0 z<

max, was nearly constant in the continuous flame 

region. Cox and Chitty measured ΔTmax = 880 oC in this region while McCaffrey 

measured 800oC [Cox and Chitty, 1980]. In the intermittent flame region, ΔTmax is 

proportional to Q2/5z-1. Above the flame, axial temperature had classical thermal plume 

dependence on Q and z, ΔTmax ∝ Q2/3z–5/3.  

For elevations above the fuel this team observed unimodal radial profiles for vertical 

velocity (maximum, Vo, at axis). The spread of vertical velocity increased with elevation, and 

was larger than that of temperature. Their correlations for Vo indicate Vo ∝ z1/2 (accelerating) 

in the continuous flame region, Vo∝ Q1/5 in the intermittent region, and Vo∝ (Qz)-1/3 in the 

adiabatic plume. McCaffrey [1983] and Cox and Chitty [1980] observed that for their 0.3m 

natural gas square burner, similar to temperature profiles, radial profiles of vertical velocity 

broadened as elevation increased. Due to pulsating nature of fires, negative (pointing 

downwards) vertical velocity components occur in the flame. The probability of this 

downward velocity increases with elevation (Zhou and Gore, 1995). At locations close to the 
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burner, radial profile of vertical velocity may be bimodal before eventually converging to one 

maximum value at the axis farther up the flame [Zhou and Gore, 1998]. Depending on the 

fuel, and probably on burner size and power, the radial profile of vertical velocity may be 

narrower or broader than that of temperature.  There is presently much less data on the 

horizontal velocity component than there is for the vertical component. The following 

qualitative observations relate to liquid fires. (i) Inside the flaming zone, mean horizontal 

velocity component decreases while its fluctuations increase as elevation above the burner 

increases (Zhou and Gore, 1995, Weckman and Strong, 1996). (ii) Radial profile of 

horizontal velocity may be bimodal at elevations close to the burner, but are unimodal higher 

up in the flame [Weckman and Strong, 1996]. (iii) Probability of negative velocity (directed 

outward from flame) increases with elevation [Zhou and Gore, 1995] (iv) For radial locations 

outside the visible flame, and close to the burner level, horizontal velocity is higher than 

vertical velocity (V). At higher elevations horizontal velocity becomes smaller than vertical 

component [Zhou and Gore, 1995]. There seems to be little data from other fuels, burner 

sizes and more accurate measurement techniques to compare with all the above correlations. 

  Weckman and Strong (1996) observed that data from different literature 

sources for both liquid and gaseous fuels did not reduce axial temperature to a universal 

curve when, vertical distance z was normalized by . They also observed that maximum 

temperatures for liquid fuels occurred closer to the fuel surface and decayed more steeply 

away from the axis. Further, most of the data did not show constant temperature in the region 

close to the burner. Rather temperature rose rapidly with z to a peak before decreasing less 

steeply as z increased. Maximum mean temperature at the axis is usually in the range 1000-

. 5/2Q
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1500 oC, occurs at z ≈ D, and is several hundred degrees (oC) below adiabatic flame 

temperature of the fuel [Weckman and Strong, 1996; Gengembre, 1984; Fischer et al., 1987]. 

However instantaneous temperature approaches adiabatic values at some locations 

[Weckman and Strong, 1996] 

Velocity distribution determines the amount of air entrained by a fire. In fire and 

combustion literature, air entrainment rate at a specified vertical distance from the burner 

level is defined as the mass flow rate across the cross-section of the visible flame at that 

location [e.g. Cox and Chitty, 1980; Delichatsios, 1987]. However, in fluid mechanics, 

entrainment is defined as the rate of mass flow across the horizontal plane at the specified 

location, with integration performed up to the radial (horizontal) location where vertical 

velocity is zero.  This distinction is important because the fluid mechanical entrainment rate 

is much larger than flame entrainment  [Zhou and Gore, 1995].  

The most accurate method to measure flame entrainment rate would involve 

measurements of velocity and density fields in the flame. Due to inconsistencies in 

definitions and difficulties involved in obtaining accurate measurements, several entrainment 

correlations exist in fire literature. These show different relationships between entrainment 

and different parameters and variables [Poreh and Morgan, 1996]. For example, correlations 

developed by Cox and Chitty [1980] and McCaffrey [1983] are based on actual velocity and 

temperature (to derive density) field measurements in a natural gas fire plume on a 0.3 m 

square burner. Since the constants in their correlations were obtained by fitting data from 

only one size of burner and one fuel, these correlations do not show relationships between 

entrainment and fuel chemistry or burner size.  



Delichatsios [1987] developed correlations based on the assumption that 

stoichiometric air to fuel mass ratio S does not affect flame dynamics, and that entrainment is 

independent of the rate of heat release from the fire. He obtained the constants of the 

correlations by fitting data mostly from an experimental method and fuels satisfying the 

simplifying assumptions. This method [e.g. Cetegen et al., 1984] involved placing the upper 

part of the flame inside a hood without a vent. No account was given on the effects of the 

hood on airflow structures that dominate a fire burning in quiescent air. Zukoski [1994] 

expressed concern that the hood in this method affects entrainment. Using actual mean 

velocity and flame radius data, Zhou and Gore [1995] observed that Delichatsios’ 

correlations over-predicted entrainment for a toluene fire on a 7.1 cm burner. However, 

Delichatsios’ correlations involve more of the important parameters and variables than most 

of the others, and have the form. 
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Where 

 = Air entrainment rate at elevation z above the burner .
entm

.
f

m  =  Fuel mass from rate 

S       = Stoichiometric fuel to air mass ratio 

f
Fr   =  Fire Froude number, defined in Table 2.3. 

D = Burner diameter 

c and n  are constants varying with flame zone: 

 
 
 
 

104 



c = 0.086, n =1/2 for z/D < 1.0 (close to burner) 

c = 0.093, n =3/2 for 1.0 < z/D< 4.0 (around and beyond neck-in area) 

c = 0.018, n = 5/2 for 4.0 < z/D < Flame height.  

 

More recently, Zhou et al. [1996] fitted experimental measurements to a correlation 

of a form similar to that proposed by Delichatsios [1987]. The data by Zhou and co-workers 

was obtained from 15cm- and 30cm-circular burners each operated with methanol, heptane 

and toluene fuels. Entrainment was obtained from mean velocity field data at a cylindrical 

surface outside the flame and of radius 1cm larger that of the burner. For Frf, S and z/D 

values in the range 0.014 < Frf < 103, 6.4 <S < 14.3, 0 < z/D <1.0, their data collapsed to the 

correlation.  
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The fires used for this correlation had flame heights ranging from lf =32cm for 15cm 

burner with methanol, to lf =134 cm for 30 cm burner with heptane. These flame heights 

would give 2.13 <  lf/D < 4.46 at the flame tip, a range that was outside the 0 < z/D < 1.0 

used to obtain the correlation. Using data by Zhou el al. [1996], and extending their 

correlation (Eqn. 2.4) to z>D the ratio of air entrainment at z = D and z = lf to theoretical 

(stoichiometric) mass of air required to completely burn the fuel are shown in Table 2.4. 

Though approximate, data in this table shows that: (i) For the smaller burner diameter (D = 

15cm) or lower vertical locations, simpler fuels such as methanol entrain a higher percent 

excess air than heavier fuels such as heptane and toluene. (ii) For each fuel and burner 
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diameter more than stoichiomeric air is entrained at z = D. (iii) For a given fuel and vertical 

location, air entrainment relative to stoichiometric requirements increases as burner diameter 

decreases.  

 

Table 2.4. Air Entrainment at z = D and z = lf. 

D (cm) 
 

Fuel 
 

f 
(cm) 

 
mf (kg/s)

 
χA 
 

χR 

 

S 
 

Frf 
 

ment/ma,st 
at z=D 

ment/ma,st
at z=lf

15 methanol 32 2.45E-04 1.00 0.2 6.4 0.014 11.15 20.13 
15 heptane 62 3.85E-04 0.90 0.3 14.3 0.070 2.06 6.24 
15 toluene 58 3.70E-04 0.90 0.3 13.5 0.071 2.04 5.86 
30 methanol 36 9.80E-04 1.00 0.2 6.4 0.026 6.00 6.92 
30 heptane 134 2.66E-03 0.90 0.3 14.3 0.088 1.64 5.27 
30 toluene 119 2.85E-03 0.90 0.3 13.5 0.103 1.41 4.12 

Source: First eight columns from Zhou et al. [1996]. Last two columns computed based on 
data and correlation by Zhou et al. [1996]. 

  

Complete combustion of an organic fuel should oxidize the fuel to CO2 and H2O only. 

However, conditions required for complete combustion are either difficult or impractical. 

Consequently, reactions in practical devices and situations occur under non-ideal conditions, 

resulting in the generation of products of incomplete combustion, alongside CO2 and H2O. 

Deviation from ideal conditions is particularly large for household cooking and heating 

devices burning wood in form of logs. In addition to the pyrolyzate having high propensity to 

form soot, fires in such devices are also subjected to excessive air entrainment, leading to 

some degree of quenching. A pot placed above burning fuel provides a cold surface where 

quenching can occur. In addition to increasing quenching, such a pot will also reduce air 

entrainment if it is placed too close to the solid fuel, as is often necessary to obtain high heat 

transfer efficiency. Although enclosing a fire with an insulating wall reduces heat loss to 
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surroundings, such a design restricts the maximum length of wood logs that can be used, thus 

necessitating increased labor or cost associated with cutting the fuel to shorter pieces. An 

enclosed fire also requires precise dimensioning and control of inlets, outlets, and 

combustion space and gas passages to ensure adequate supply of air. Such precision may be 

impractical for a device intended to burn a wide variety of forms and piece sizes of solid fuel. 

Thus household combustion devices of interest in the present study resemble open fires 

burning with or without a pot.  

 

2.5.2. Chemical Characteristics of Buoyant Flames 

 The amounts, composition and spatial distribution of products from an open fire are 

influenced by the fuel and size of the fire, and entrainment and heat transfer conditions. 

Figure 2.5 shows a general qualitative distribution of some chemical species, soot and 

temperature along the axis of a pool fire. In this figure, the curve labeled ‘Fuel’ is for 

combined sum of initial fuel, fuel fragments resulting from pyrolysis of initial (gaseous) fuel, 

and partially oxidized hydrocarbons.  Profiles for water (H20) and hydrogen (H2) have been 

omitted in order to avoid crowding the figure. 
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Figure 2.5. Relative Axial Profiles of Mean Species Concentration and Temperature in 
a Pool Fire. Fuel = Initial fuel + fragments + H2 + partially oxidized 
hydrocarbons. X = mole fraction, T = temperature, fv = soot volume fraction 
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The figure is not drawn to scale. Except for soot, the profile shapes have been 

observed for methanol, methane and propane fuels, burner diameters in the range 0.19 - 0.76 

m and theoretical power ranging from 10 to about 300 kW [Gengembre, 1984, Fischer et al., 

1987; Orloff et al., 1987]. The soot profile curve is based on soot-only measurements in 

saturated and unsaturated hydrocarbon fires [Markstein, 1984]. Since there were not 

corresponding temperature and species measurements in Marssteins data, the shape of this 

curve relative to the other profiles is rather arbitrary. The decreasing parts of the product 

(CO, CO2, Soot) and temperature profiles are mostly in the intermittent region of the flame 

[Gengembre et al., 1984] where, due to increased entrainment, dilution is more dominant in 

reducing species concentration than consumption of such species by reactions. Further, 

dilution also reduces reaction rates due to cooling and low concentration of reacting species. 

Thus products have low, but non-zero, concentrations in the thermal plume above the visible 

flame. 

 For a given elevation within the flame, radial-profiles of concentration of fuel 

components and products have a maximum on the axis and drop to near-zero levels outside 

the periphery of the fire. Due to peripheral combustion at the base of the fire, radial CO and 

CO2 profiles at this location can be bimodal, with a maximum near each of the two radial 

boundaries of the burner [Gengembre et al. 1984; Fischer et al., 1987]. As expected, radial 

profiles for O2 should have a minimum at the axis and rise to ambient levels outside the fire. 

Radial soot profiles at elevations away from the exit of the burner have Gaussian-like shape 

with a maximum at the axis. Peripheral combustion at the base of the fire modifies radial soot 

profiles at this elevation so that some locations close to but inside the periphery have higher 

soot concentrations than corresponding locations at higher elevations [Markstein, 1984]. 
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 The few available measurements of species concentration, temperature and velocity 

profiles seem to suggest the following characteristics of buoyant flame structure. 

(i) Most of the original fuel and fragments resulting from its degradation are 

consumed in a region close to the base of the fire, generally at elevations less than 

one diameter from the base, i.e. z ≤ D [Gengembre et al., 1984; Fischer et al., 

1987; Santo and Delichatsios, 1984]. 

(ii) In the axial direction, peak CO concentration occurs after (downstream of) 

minimum fuel concentration and before (upstream of) peak CO2 [Gengembre et 

al., 1984; Fischer et al., 1987;]. 

(iii) Peak axial temperature and CO2 concentration occur at approximately the same 

distance from the base of the fire [Gengembre et al., 1984; Fischer et a.l, 1987;].  

(iv) Concentrations of O2, CO, and CO2 near the fuel base are higher than those found 

in turbulent jet or laminar flames [Orloff et al., 1987; Moss, 1995]. 

(v) Combustion in a fire is most, but not perfectly, complete in flaming mode under 

unrestricted air supply (over-ventilated, or well-ventilated). Deviations from well-

ventilated characteristics occur when the global equivalent ratio Φ, exceeds about 

0.1 [Tewarson, 2002; Beyler, 1984].  

(vi) For ventilation-controlled flaming fires (Φ≥ 0.1), yields of incomplete combustion 

products increase beyond, while chemical heat release and complete combustion 

product yields decrease below well-ventilated values as overall equivalence ratio 

is increased [Tewarson, 2002, 2004; Beyler, 1984]. 



(vii) To correlate ventilation-controlled and over-ventilated fire properties for various 

fuels and products of combustion, Tewarson [2002] has suggested correlations of 

the form  
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The term fp represents a ventilation-controlled fire property. Examples of properties 

include chemical heat of combustion (ΔHch = heat actually released per unit mass of fuel 

consumed), and product emission factor (Ei = mass of product i released per unit mass of fuel 

consumed). The subscript ∞ refers to well-ventilated conditions. The plus sign is for products 

of incomplete combustion while the minus sign is for ΔHch and products of complete 

combustion. Φ is equivalence ratio (0.1 < Φ < 4.0).  The coefficients A, B, and C are fuel and 

property-specific. For example, (A, B, C) sets given for wood are (44, 1.3, 3.5) for CO, (200, 

2.33, 1.9) for hydrocarbons, (2.5, 2.15, 1.2) for soot, and (0.97, 2.15, 1.2) for ΔHch.  

(viii) Soot from flaming and over-ventilated fires has high graphitic carbon content 

while that from smoldering and under-ventilated combustion has high organic 

compounds content and liquid-like characteristics [Leonard et al, 1994; Drysdale, 

1998; Mulholland, 2002]. 

(ix) For overall equivalence ratio within lower and upper flammability limits (0.05 <Φ 

< 4.0) soot and CO generation are correlated, the correlation being fuel-specific 

[Tewarson, 2002].  

 
 
 
 

111 



 
 
 
 

112 

(x) For a given fuel, soot yield increase linearly with fuel flow velocity at burner exit 

[Markstein, 1984], but the rate of increase is higher for velocities below some 

value and lower for greater velocities. 

(xi) For a given burner diameter and theoretical power, soot yield correlates with 

sooting tendency of the fuel as measured by smoke-point laminar flame length (or 

flow rate) of the fuel [Markstein, 1984; Tewarson, 2002]. For example, soot 

yields for the following four fuels are in the order propylene > ethane > propane > 

ethane. The corresponding order of smoke-point flame lengths is reversed since 

smoke-point flame length decreases as sooting tendency increases. 

(xii) The ratio of radiative heat loss to chemical heat content of fuel burnt, χR, is 

termed radiative component of combustion efficiency. For a ventilation-controlled 

fire, χR increases to a maximum value as the fire becomes increasingly fuel-rich 

(Φ>1) then starts decreasing as the fire approaches non-flaming regime 

[Tewarson, 2004]. This behavior is attributable to interaction between radiation, 

soot and flame temperature. As the fire becomes fuel-rich soot yield increases and 

flame temperature drops due to incomplete release of chemical energy from the 

fuel. The effect of increased soot yield initially dominates over that of reduced 

temperature and χR increases with Φ. However, for high values of Φ, reduced 

chemical energy release and increased radiative loss resulting from increased soot 

yield become dominant and cool the flame to levels where χR decreases with 

increasing Φ. For flaming wood combustion, χR is about 20-30% in well-
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ventillated conditions [Tewarson, 2002] and about 26-40% at Φ≈2.5 [Tewarson, 

2004]. 

 

2.6. Soot Formation in Flames 

The chemical species in a flame or a high temperature mixture of fuel and oxidizer 

are products of many parallel (competing) and sequential reaction steps. The predominant 

reactions of each stage, the chemical pathways leading to the intermediate and final products, 

and both spatial and temporal distributions of the products are determined by various 

physical and chemical factors. These factors include chemical structure of the fuel, 

stoichiometry, relative proportion of diluents, temperature, pressure, and flow and heat 

transfer conditions. Stoichiometry in a combustion device can vary from pure fuel at high 

temperature locations without oxygen to a fuel-air mixture with air proportions higher than 

the theoretical level required to oxidize the fuel to H2O and CO2 (fuel-lean). Under high 

temperature non-oxidative conditions, fuel molecules pyrolyze to both smaller and larger 

gas-phase molecules, and soot (or coke). The pyrolysis products can result from 

decomposition of the original fuel; removal of an H atom from the hydrocarbon part of a 

radical, followed by formation of less saturated molecules; isomerization or combinations of 

radical fragments from the initial molecule. For example, CO is formed from the Carbonyl 

group of an aldehyde radical [Glassman, 1996] while H2 is formed in any pyrolysis in which 

C:H ratio of hydrocarbon products is higher than that of the initial fuel.   

 Molecules much larger than the fuel molecule can be formed by repeated addition of 

radicals to existing intermediate products. At some stage in their growth, the growing 

molecules, though in gas phase at the high temperatures characteristic of the reaction zone 
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will condense to liquid or tar if cooled to lower temperatures. Further growth beyond the 

liquid- or tar-condensable stage produces initial solid phase (soot) particles. Results obtained 

by Blekkan et al. [1992] are illustrative of the sequence and wide ranges of products from the 

pyrolysis of methane, the simplest hydrocarbon fuel. For temperatures in the range 1150-

1200oC and a residence time of about 1.2 seconds, formation of ethane (C2H6) peaked before 

that of ethane (C2H4), which in turn preceded acetylene (C2H2). Appearance of coke and tars 

larger than benzene (C6H6) corresponded with an almost complete disappearance of C2H6 

while both C2H4 and C2H2 decreased as solid and condensable products increased. Benzene, 

which appeared at the same time as C2H4, started increasing, rose to a maximum then started 

decreasing after about 0.6s. The tar produced consisted of polycylic Aromatic hydrocarbons 

(PAHs), of which 23 were identified, with pyrene (C16H10) and anthracene as the major 

components. Lucas and Marchand [1990] observed similar product distribution. Description 

of detailed kinetic models for pyrolysis and oxidation of fuels is beyond the scope of the 

present work. The most detailed mechanism currently available for methane is GRI-MECH 

3.0 [Smith et al, 2006]. It consists of 325 elementary reactions involving 53 chemical species. 

The number of reactions and species increases rapidly with the size of initial fuel molecule 

[Simmie, 2003]. There are currently no reaction schemes for the combustion of the complex 

compounds produced in wood pyrolysis. 

 Cooled particulate matter collected from fuel pyrolysis or combustion regions can 

contain both tars condensed from gas-phase compounds and particles that are in solid phase 

both at high reaction temperatures and at room conditions. The tar component of particulate 

matter is also commonly termed soot precursors or condensable pyropysis/combustion 

products. The solid component, which is luminous at flame temperatures, is also termed 
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‘carbonaceous soot’, ‘black carbon’ or simply ‘soot’, Whereas a mixture of both components 

is not uniquely defined, the solid component has been observed to have chemical and 

physical properties that are relatively independent of the initial fuel or formation conditions 

[Glassman, 1996; Dobbins et al, 1998; Stanmore et al, 2001].  

 Literature indicates that soot formation and growth involves mainly C2, C3, C4, C5 and 

C6 hydrocarbon species along with polyacetylenes and aromatic hydrocarbons [Haynes and 

wagner, 1981; Richter and Howard, 2000; Frenklach, 2002, Glassman, 1996; Krestinin et al., 

2000; Krestinin, 2000; Vlasov and Warnatz, 2002; Naydenova et al., 2004]. In these and 

other references there is considerable debate as to the mechanisms, products, and kinetic and 

thermodynamic data for the sequence of reactions involved in soot production. Since any 

organic fuel will form soot when pyrolyzed under certain conditions, the participation of only 

this small group of species suggests that fuels ultimately form this compounds when 

subjected to pyrolysis. It can, therefore, be expected that results from studies on soot 

formation from hydrocarbon fuels should apply to the last stages of pyrolysis of non-

hydrocarbon organic fuels.  

 Minimum conditions for soot formation from a hydrocarbon fuel pyrolyzing in non-

oxidative environment include an induction time and a threshold temperature. During the 

induction period, concentration of gas-phase soot precursors increases to a threshold level. 

Induction time decreases as both fuel concentration and temperature increase. From pyrolysis 

experiments involving methane (CH4) carbon tetrachloride (CCl4), benzene (C6C6) and 

acetylene (C2H2) at temperatures in the range 1373-1673K Shurupov [2000] obtained 

correlations of the form τind = A[fuel]BExp(C/T) to relate induction time (τind), fuel 

concentration and absolute temperature (T). The parameters A, B and C are fuel-dependent, 
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A and C being positive while B is negative. Thus sooting threshold temperature decreases as 

residence time or fuel concentration increases [Krestinin et al., 2000].  

The chemistry of the transition from gas-phase species to solid particles is one of the 

least understood stages of soot formation [Haynes and Wagner, 1981; Frenklach, 2002; Wen 

et al., 2006]. Soot inception is usually accompanied by a rapid increase in soot number 

density and volume fraction [Shurupov, 2000; Haynes and Wagner, 1981]. Once formed, 

soot particles grow in size through coagulation and surface addition reactions. In coagulation 

two particles combined to form a new larger spherical particle thus reducing soot number 

density without affecting soot mass. Surface growth involves addition of gas-phase species to 

reactive sites on soot particles. The bulk of soot mass (and volume fraction) is derived from 

surface growth reactions [Haynes and Wagner, 1981]. Coagulation and surface growth occur 

simultaneously and both decrease with residence time due to decreasing concentrations of 

gas-phase and surface radicals [Haynes and Wagner, 1981; Frenklach, 2002]. Both soot 

number density and mass concentration increase with temperature and fuel concentration 

[Tesner and Shurupov, 1997; Glassman, 1996; Haynes and Wagner, 1981; Lee and Shin, 

2005]. At locations where coagulation decreases, colliding soot particles join to form chain-

like units, a process termed agglomeration. As residence time increases, both C:H ratio and 

graphitic content of soot increase [Haynes and Wagner, 1981; Richter and Howard, 2000]. 

The soot formation and growth model favored by the majority of researchers in soot-

related studies will be termed PAH (Polycyclic Aromatic Hydrocarbon) model in the present 

work. Details of this model are described in several references [e.g. Ritcher and Howard, 

2000; Frenklach, 2002; Frenklach and Wang, 1992, 1994; references therein]. In this model 

immediate soot precursors are assumed to be large PAHs of molecular weight 500-1000 
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atomic mass unit (amu). The rate of growth of fuel molecules to soot precursors is controlled 

by the rate of formation of the first species with aromatic ring(s) such as benzene, (C6H6), 

phenylacetylene (C6H5C2H) phenylethylene (C6H5C2H3), naphthalene (C10H8) and their 

radicals. Although these aromatic species can be initial fuel species (e.g. benzene), more 

commonly, they are formed from fuel species or pyrolysis products. Once formed, the 

aromatic species undergo rapid, successive and repeating growth reactions to yield PAHs of 

increasing molecular size. The most common PAH growth reaction mechanism is the so-

called H-abstraction-C2H2-addition (HACA) [Frenklach, 2002]. In this mechanism a gaseous 

hydrocarbon abstracts a hydrogen atom from an existing aromatic or PAH molecule thus 

converting the latter to a radical. Acetylene (C2H2) is then added to the radical to form an 

acetylene substitution on the aromatic or PAH species. Repeated occurrence of this sequence 

combined with ring closure results in larger (more rings) stable PAHs. Simultaneous with 

this chemical growth process, even larger PAHs are assumed to form from collisions between 

existing PAH molecules. It is generally assumed that PAH molecules change to nascent soot 

particles when their molecular weight reaches about 2000 amu, corresponding to a particle 

diameter of about 1.5 nm [Richter and Howard, 2000]. 

 Krestinin [1998a, 1998b, 2000] has proposed a soot formation model that assumes 

acetylene and its polymers (polyacetylenes, C2nH2) to be both soot precursors and growth 

species. In the above references and [Krestinin et al; 2000], Krestinin and his coworkers 

point out experimental observations from combustion and pyrolysis in support of the 

‘polyyne’ soot model. These observations include:  

(i) Transparent nano-particles, 2-4 nm in diameter, observed in non-sooting flames or 

pre-soot regions of sooting flames. These particles, thought to be soot precursors, 
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contain only up to three aromatic rings together with aliphatic and carbonyl 

groups or linkages [D’anna et al., 1994; Minutolo et al., 1998; Minutolo et al., 

1994]. 

(ii)  Pyrolysis of a mixture of naphthalene (a PAH) and acetylene produces about an 

order of magnitude less soot particles than does the PAH alone [Tesner, et al, 

2000]. According to the PAH model, acetylene is the building block in the growth 

of small aromatic molecules (including naphthalene) to large PAH species that are 

assumed to be soot precursors and nuclei. Thus a mixture of naphthalene, the 

smallest PAH molecule, and acetylene would be expected to produce more soot, 

contrary to the experimental observation reported by Tesner et al. [2000]. 

In the polyyne (polyacetylene) model proposed by Krestinin [1998a, 1998b, 2000], 

polyacetylenes (C2nH2) form by repeated addition of C2H radical to acetylene or existing 

polyacetylenes, and copolymerization of polyacetylenes. The transition from gaseous species 

to particles and the chemical identity of soot nuclei are not precisely described. During the 

induction period, concentration of polyacetylene species increases. Concurrent with this 

growth in gas phase polymers, cyclization increases the number of free electrons (radical 

site) on each polymer molecule due to opening of triple carbon bonds. The formation of 

reactive ring structures is in competition with fragmentation of these structures to smaller 

aromatic species. When concentration of C2nH2 species (cyclic and straight chain) reaches 

some saturation level, the rate of formation of reactive ring structures exceeds fragmentation 

rate. At this stage fast irreversible polymerization reactions occur between the polyacetylene 

species, with every reactive structure acting as a polymerization center. In the model 

description, such a polymerization center with more than two free electrons is termed soot 
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nucleus to signify that incipient soot particles are formed from these fast reactions. The 

model does not specify the characteristics of the transition from gas-phase to solid phase 

during the fast polymerization process. Particle coagulation also occurs during this stage. 

Surface growth occurs through reactions of gaseous species with radical sites on particle 

surface. Some of the heterogeneous reactions destroy surface radical sites while others 

increase or do not affect the number of such sites. Some of the complex structures formed on 

the surface can undergo ring closure to form more stable structures and increase the number 

of reactive sites. As soot surface increases the rate of removal of gaseous polyyne species 

increases until it exceeds their rate of formation. Beyond this stage concentration of gas-

phase polyacetylenes and surface growth rate decreases rapidly, the rate of coalescence 

collisions (coagulation) decreases while agglomeration becomes dominant, resulting in 

fractal clusters of particles. Thus in the polyyne model soot inception, surface growth and 

coagulation all occur simultaneously during the fast polymerization stage. Krestinin indicates 

that prediction from his model for principal soot formation parameters such as induction 

time, particle number density and volume fraction agree quantitatively with experimental 

pyrolysis measurements for methane, acetylene, ethylene, diacetylene, benzene, naphthalene, 

and for an acetylene/naphthalene mixture. 

Soot formation models that are more comprehensive than either the PAH or 

polyacetylene model have recently been proposed and tested against experimental data 

[Vlasov and Warnatz, 2002; Naydenova et al., 2004; Wen et al., 2006]. These later models 

are combinations and extensions of both the PAH and polyacetylene models. The model by 

Vlasov and co-workers includes gas-phase mechanisms for acetylene pyrolysis and formation 

and growth of PAHs, polyacetylenes and pure carbon clusters [Vlasov and Warnatz, 2002; 
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Naydenova et al; 2004]. The HACA mechanism from the PAH soot model is adopted for 

PAH growth while polyacetylene growth mechanism is adopted from the polyyne soot 

model. Both PAHs and polyactylenes are considered to be soot precursors and surface 

growth species. The model also includes details for soot nucleaction, growth and coagulation. 

Pure carbon clusters are assumed to participate in surface growth, along with PAHs and 

polyacetylenes. Prediction of soot induction time, particle growth and soot yield showed 

good quantitative agreement with shock-tube pyrolysis experiments with different aliphatic 

and aromatic hydrocarbons. However, predictions of particle size differed substantially from 

experimental data at low and high temperatures. The model by Wen et al. [2006] is an 

improvement of that by Vlasov and co-workers. The improvements include description of 

particle and agglomerate structures and sizes. The improved model was shown to be capable 

of predicting important characteristics of soot formation in the pyrolysis of a 1% C6H6/argon 

mixture. 

Reliable sampling and analysis of soot precursors, soot and other chemicals that exist 

simultaneously with soot is difficult and requires a combination of many equipment and 

methods [Apicella et al; 2003; Suess and Prather, 1999]. Difficulties in obtaining consistent 

and accurate measurements arise from severity of conditions in a flame, rapid chemical and 

physical transformations, and wide range and complexity of species involved. These 

difficulties include: (i) Mass spectroscopy techniques based on laser (photon) or electron 

desorption and ionization cause fragmentation of some of the initial species and formation of 

larger species [e.g., Suess and Prather, 1999; Mauney, 1987; Oktem et al., 2004]. (ii) 

Samples collected from a flame and analyzed at conditions different from those in a flame 

undergo chemical and physical transformations [e.g. Mckinnon et al., 1996; Rodgers et al., 
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2004]. For example species that are in gaseous phase in a flame might condense on soot 

particles or nucleate to form droplets. (iii) A substantial mass fraction of condensable species 

has high molecular mass, tar-like characteristics and chemicals structure that is still unknown 

[Krestinin, 2000], and for which analytical standards are not available [Mckinnon et al., 

1996]. Further, some very large molecular species formed in flames are insoluble in standard 

solvents used in chromatography to perform chemical analysis [e.g. Ciajolo et al., 1998; 

Mckinnon et al., 1996]. (iv). Due to variation of composition and the behavior of some 

chemical species with conditions, results of analysis at high temperatures in a flame are 

different from results obtained with cooled samples [e.g. Ciajolo et al., 2001; Smyth et al., 

1997]. 

The majority of studies involving analysis of chemical species that contribute to soot 

inception and growth use methods suited for particle and PAH analysis [Allouis et al., 2000]. 

The focus on PAHs is perhaps due to the carcinogenic effects on human health and a widely 

held view among combustion researchers that PAHs are the immediate soot precursors. One 

of the bases for this hypothesis seems to be observations in some low pressure premixed 

flame configurations that PAH concentration reaches a maximum then starts decreasing at 

soot inception location [Haynes and Wagner, 1981; Homann and Wagner, 1967; Mckinnon 

and Howard, 1990, 1992]. Kinetic and thermodynamic considerations as well as results from 

modeling are also used to support the PAH hypothesis [Frenklach, 2002, Frenklach and 

Wang, 1994 at al., 2002]. However, there is also substantial experimental evidence that PAH 

concentration increases at and after soot inception while polyacetylenes species attain 

maximum concentration and start decreasing at soot inception [Haynes and Wagner, 1981; 

Homann and Wagner 1967; Siegmann et al., 2002]. Using a methane/argon diffusion flame, 
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Siegmann et al. [2002] observed that soot inception and corresponding sharp increase in 

particle number density occurred at locations where the concentrations of PAHs with a 

molecular mass of 300 and higher was low. Moreover, these large PAH species peaked at 

locations where soot was already oxidizing. These results were interpreted as indications 

that: (i) PAHs are not soot precursors; (ii) Small PAHs formed upstream of soot inception 

locations or precursors of the larger PAHs formed at downstream locations in the flame; (iii) 

Once soot has formed it provides a reactive surface for the formation of larger PAHs which 

are then released to the gas phase.  

Ciajolo et al [2000, 1998] separated condensable material from a sooting premixed 

ethylene flame into aromatic and tar components. The aromatic fraction consisted of 

substituted and unsubstituded PAHs with up to 7 rings. The tar fraction contained larger 

aromatic structures with aliphatic side and/or bridging chains. Mass concentration of the tar 

fraction increased with height above the burner to a maximum just before soot inception, 

after which it reduced to a constant level. Concentration of the aromatic component increased 

with height to a maximum level at soot inception location then remained constant thereafter. 

Concentration of total condensable material increased monotonically across soot inception 

region. Results approximately similar to these were also obtained from a sooting 

methane/oxygen premixed flame [Ciajolo et al, 1994]. However in this case concentration of 

the aromatic fraction rapidly decreased then increased at the soot inception region. These 

observations seem to suggest that: (i) Soot precursors are neither pure PAH nor pure aliphatic 

hydrocarbon but rather complex compounds with structures from both of these hydrocarbon 

classes. (ii) Only a small fraction of condensable material contributes to soot inception, the 
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rest coexists with soot and grows after soot inception. (iii) Soot mass growth is mostly from 

non-condensable species.  

In addition to the traditional black soot particles that absorb visible light, there is 

increasing experimental evidence that particles of a different class are formed in both 

diffusion and premixed flames. These particles have distinct characteristics from those of 

traditional soot, and have been physically collected or analytically inferred using various 

methods. These particles are frequently termed nanoparticles and have some of the following 

characteristics: i) Their average diameter is in the range 1-5 nm, hence the name 

nanoparticulars [e.g. Grotheer et al., 2004; di Stacio et al., 2005; D’Alessio et al., 2005; 

Bruno et al., 2005] while primary traditional soot particles have diameters greater than 10 

nm. (ii) Nanoparticles are formed before soot and are formed even in some non-sooting 

flame conditions. In a plane perpendicular to fuel flow in a diffusion flame, nanoparticles are 

formed on the fuel side, at locations closer to the axis of the flame than soot inception 

locations [D’Anna et al., 2005]. The C/O threshold for nanoparticle formation in premixed 

flames is lower than that for soot formation: Nanoparticles are formed in some non-sooting 

premixed flames. In sooting, premixed flames, nanoparticles are formed closer to the burner 

(earlier) than soot [Minutolo et al.; 1998, 1994]. (iii) The role of nanoparticles in soot 

inception and growth is not clear. Some studies [e.g. Grotheer et al., 2004; Basile et al., 

2002] indicate that nanoparticles and soot coexist independently. Other results suggest that 

under sooting conditions, nanoparticles are either partially or completely converted to 

primary soot particles [e.g., Di Stacio et al., 2005; D’Alessio et al; 2000; Coylu et al 1997; 

Minutolo el all, 1999]. (iv) Nanoparticle coagulation rate is several orders of magnitude 

slower than that of soot [e.g.,Minutolo et al., 1999, 1994; D’alessio et al., 2005]. (v) In 
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conditions where nanoparticles coexist with soot, nanoparticles can constitue as much as 

50% of particulate mass [Koylu et al., 1997; Basile et al., 2002]. (vi) Nanoparticles are 

partially soluble in water while soot is insoluble [Cecere et al., 2002; Sgro et al., 2001]. 

These particles have both aromatic and aliphatic chemical constituents [Minutolo et al, 1998; 

Rusciano et al., 2006]. (vii) They are transparent or translucent to visible light but absorb 

ultraviolet light [Minutolo, et al., 1994; D’anna et al., 2005; Koylu et al., 1997] and fluoresce 

in both ultraviolet and visible wavelength ranges when excited with ultraviolet radiation 

[Sgro et al., 2001].  

 

2.7. Low- and High- Temperature Combustion 

Combustion of an organic gaseous fuel involves both pyrolysis and oxidation 

reactions occurring consecutively or simultaneously, or with some degree of overlap. In 

premixed combustion, these two kinds of reactions occur simultaneously or with a high 

degree of overlap at the region around the flame front. For non-premixed combustion, 

pyrolysis predominates on the fuel side, pyrolysis and oxidation occur simultaneously at the 

flame front, and oxidation predominates in the oxidizer side. Due to the presence of both 

oxygen and fuel reactants, flames have a larger variety (pool) and higher concentrations of 

radicals than corresponding pyrolysis-only configurations. Detailed reaction pathways 

(mechanisms), kinetics, overall behavior, and both intermediate and final products of 

combustion processes depend to varying degrees on temperature, pressure, fuel chemical 

structure, and stiochiometry. For a given set of these variables, combustion processes can be 

classified into two categories, namely low-temperature and high-temperature combustion. 

Low-temperature combustion occurs at temperatures in the range 230-730 oC and is 
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characterized by significant influence of temperature on reaction mechanism, phenomena, 

kinetics and intermediate and final products [Naidja et al., 2003; Ranzi et al., 1995; Griffiths, 

1995]. At temperatures above 730 oC, radical species participating in both pyrolysis and 

oxidation are relatively less selective in reaction pathway and the final products are largely 

independent of temperature and fuel chemical structure even though intermediate products 

and reaction mechanisms are dependent on these two factors. Transient effects such as heat 

loss or gain and change in stoichiometry can cause combustion to shift between these two 

temperature regimes (Low- and High- Temperature).  

 An important feature of low-temperature combustion is the existence of different 

temperature ranges with different predominant radicals and chain reactions (propagating, 

branching and terminating). Each reaction regime has different intermediate and final 

products derived from original fuel molecules. Since a substantial proportion of the products 

retain some of the backbone of the fuel molecules, products also vary not only with reaction 

conditions but also with the chemical structure of the fuel. Detailed and reduced reaction 

mechanisms for low-temperature oxidation of alkanes, alkenes and aldehydes are available, 

many of them with only approximate kinetic parameters and limited tests against 

experimental measurements [e.g., Griffiths, 1995; Griffiths and Mohamed, 1997; Walker and 

Morley, 1997; Robertson et al., 1997; Baulch, 1997; Ranzi et al., 1995; Gaffuri et al., 1997; 

Naidja et al., 2003]. Products from oxidation of alkanes include CO, CO2, H2O, alkanes with 

shorter chains than initial fuel, alkenes of shorter or same chain length as fuel, aldehydes, 

ketones, cyclic ethers and alcohols. Carbon monoxide (CO) and formaldehyde (HCHO) are 

the major oxygenated products at all temperatures in the range 230-730 oC. Slow reactions, 

oxygenated hydrocarbons and conjugate alkenes (same length as alkane fuel) predominate at 
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temperatures below 500 oC while faster reactions and unoxidized hydrocarbons smaller than 

fuel molecules predominate at higher temperatures. Due to their complex nature, far less or 

no information is available on reaction mechanism and kinetic parameters for many practical 

fuels, including vapor-phase wood pyrolysis products. From the above description of 

products, it is evident that low temperature combustion produces large amounts of 

unoxidized or partially oxidized products.  

Under low-temperature oxidation conditions, alkanes exhibit two regions where 

branching reactions dominate over chain propagation and termination. One region is at the 

lower end of the 230-730 oC range, and the other at the higher end. These regions are 

characterized by reaction rates that increase exponentially with temperature, causing 

autoignition. At intermediate temperatures between the two autoignition regimes there is a 

region with negative temperature coefficient (NTC) of overall reaction rate. Reduction in 

reaction rate as temperature rises in this region is attributed to a transition from one type of 

predominant chain-branching reactions to another. Thermal interactions between 

surroundings and a reacting mixture can cause cool flame phenomenon. This occurs when an 

oxidizing mixture in the lower autoignition region produces a local temperature rise due to 

exothermic reactions. Chemiluminescence from reacting species and products such as 

formaldehyde gives a glow that propagates with the reaction front. However, the temperature 

rise shifts the mixture to the NTC region and reaction rate subsequently falls to a lower, non-

glowing level. At this point heat loss to the surroundings can cool the mixture back to the 

lower temperature autoignition regime and thus cause an oscillating glow that neither 

completely oxidizes the fuel nor progresses to the higher autoignition regime. If the rate of 

heat loss is not sufficiently low, a mixture can go through a two-stage ignition process 
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starting at the lower autoignition region followed by a temperature rise and a shift to NTC 

regime. Further temperature rise then causes the reaction to shift to the higher autoignition 

regime of low-temperature combustion and to subsequently progress to high temperature 

flaming combustion.  

In comparison with low-temperature oxidation high-temperature combustion has the 

following characteristics; among others:  

(i) A continuous laminar or turbulent flame appears at a fixed region as opposed to an 

oscillating, propagating cool flame observed under some low-temperature 

conditions.  

(ii) Higher concentrations of radicals that are less selective in reaction sites both on fuel 

molecules and intermediate products.  

(iii) More extensive decomposition of fuel molecules into smaller, more reactive 

intermediate products rather than complex oxygenated derivatives of the fuel 

formed in low temperature reactions.  

(iv) Higher concentration of products that are more thermally stable than the initial fuel. 

These products are derived from both pyrolysis fragments and the initial fuel. Some 

of these stable products are larger than the initial fuel molecules while others are 

smaller.  

(v) Formation of soot in all diffusion (nonpremixed) flames of carbon-containing fuels 

and in premixed flames of these fuels with equivalence ratios above certain fuel-

specific values.  

(vi) For well-ventilated conditions, the variety of species in the final products of high-

temperature combustion is relatively independent of the molecular structure of the 
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initial fuel. Water (H2O) and CO2 are the predominant products, but small amounts 

of CO, soot and other pollutants may be present. The actual relative yields of the 

products depend on the fuel even though the variety of the products is relatively 

independent of the fuel. The amount of products of incomplete oxidation relative to 

H2O and CO2 increases as overall ventilation is reduced. In contrast, species variety 

and relative yields of final products from low-temperature combustion vary with 

both initial fuel chemical structure and reaction conditions. A flame burning in the 

high temperature regime can transition to low-temperature regime if the supply of 

O2 is reduced to a level so low that the net rate and types of reactions do not release 

enough heat to sustain high temperature. Further, some regions of a reacting 

mixture of flame may be dominated by low-temperature and others by high-

temperature reactions.  

Although exact mechanisms for the combustion of most common gaseous fuels have 

not yet been elucidated, it is generally accepted that the oxidation process involves many 

steps, some parallel and others sequential. For example, Glassman [1996] suggests the 

following overall sequence to be predominant for mixtures of non-methane aliphatic 

hydrocarbons and oxygen:  

(i)  The initial fuel decomposes to hydrogen and hydrocarbons (mostly unsaturated) that 

are more stable and smaller than the fuel. The hydrocarbons formed in this first 

stage include methane (CH4), ethane (C2H6), ethene (C2H4), acetylene (C2H2), and 

propane (C3H6). A small amount of H2 is oxidized to H2O. Only a very small 

fraction of the heat of combustion is releases in this stage.  



(ii)  The hydrocarbons formed in the first stage are oxidized to CO and more hydrogen. 

The hydrogen from the first and second stage is oxidized to H2O. More heat is 

released during this stage.  

(iii)  Carbon monoxide (CO) is oxidized to CO2 and the bulk of the heat of the overall 

reaction is released.  

It is important to emphasize that this overall scheme is a simplification of a process that may 

involve hundreds of species and elementary reactions. Further, this scheme does not include 

larger, stable species that grow from those formed in the first stage and contribute to soot 

formation and growth. 

The time delay between peak fuel consumption and CO oxidation rates indicated 

above for aliphatic hydrocarbon combustion arises from competition for radicals. One of the 

fastest fuel consumption reactions is abstraction of an H atom from C-H bonds by OH 

radicals (reaction R1) [Glassman, 1996]. 

OHROHR I
2+→+                                                                                        (R1) 

 
Where R is an aliphatic hydrocarbon molecule and RI is the radical formed when H is 

abstracted from R. Reactions subsequent to R1 include decomposition of RI to two radicals 

RII and RIII, one of which is more unsaturated than the initial fuel. 

 
IIIIII RRR +→                                                                                                      (R2) 

 

Although the smallest stable molecules (e.g. methane, ethane, propane, and acetylene) are 

oxidized to CO by the same radical pool as fuel decomposition, reaction rate constants for the 

oxidation of these smaller molecules are substantially lower than those for fuel 
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decomposition, hence the delay between fuel consumption and CO production. Among the 

reactions suggested for CO oxidation, reaction R3 is at least an order of magnitude faster 

than others, which involve O2, O, and HO2 species. However, reaction R3 increases rapidly 

with temperature and O2 concentration at temperatures above 830 oC [e.g. Glassman, 1996; 

Leung and Lindstedt, 1995; Yetter et al., 1991; Roesler et al., 1994]. 

 
HCOOHCO +→+ 2                                                                                        (R3) 

 
Further, reaction R3 is itself about one order of magnitude slower than fuel decomposition 

reactions involving OH radicals. Thus CO oxidation requires OH radicals, and is thus 

delayed until most of the fuel is consumed, after which there is a build up of OH radicals. 

Since oxidation reactions involving OH radicals and short-chain unsaturated hydrocarbons 

(e.g. C2H4, and C2H2) have rate constants comparable to that for reaction R3, these stable 

hydrocarbons do not inhibit CO oxidation. Additionally, since oxidation of the stable species 

via O radical has rate constants about an order of magnitude as large as their oxidation via 

OH radical, theses species are consumed faster than CO oxidation. 

A schematic representation of diffusion (non-premixed) flame is shown in Figure 2.6. 

 

 

 
 
 
 
 
 
 
 
 

 
 
 
 

130 

 



 
 
 
 
 
 
 
 
 

FUEL

AIR
AIR 

FLAME  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2.6. Schematic Representation of a Diffusion Flame. 
 
 

 
 
 
 

131 



 
 
 
 

132 

 
Due to lower concentrations of oxidizing species on the fuel side relative to the oxidizer side 

of a non-premixed flame, pyrolysis of the fuel into both less stable and more stable species 

starts on the fuel side and thus occurs earlier than oxidation. The stable hydrocarbon species 

formed in the fuel side participate in secondary growth reactions in which progressively 

larger and even more stable hydrocarbon species are formed. Some of these larger molecules 

can nucleate to soot, which can then grow through mechanisms described earlier in the 

present work. As pyrolysis products are transported towards the flame front, the rapid rise in 

temperature increases reaction rates. Increased reaction rates increase concentrations of 

radicals, which in turn increase reaction rates even further. At the same time, species 

transported from the fuel side toward the oxidizer side react with O2 to produce oxidizing 

radicals some of which, together with O2, diffuse towards the fuel side. Thus both pyrolysis 

and oxidation reaction rates increase as pyrolysis products and oxidizing species are 

transported toward the flame front from opposite sides. Additionally, the rate of oxidation 

reactions relative to pyrolysis reactions increases progressively in the direction from fuel to 

oxidizer side until oxidation reactions predominate on the oxidizer side. Predominance of 

pyrolysis and oxidation on opposite sides of the flame front causes the characteristic structure 

of diffusion flames, namely, formation of soot on fuel side and lower regions, luminous 

emission from and oxidation of soot at the flame front (middle, outer, upper regions), and 

release of final products on the oxidizer side (including the top of the flame). This orderly 

structure only exists in laminar diffusion flames. A non-premixed flame burning under flow 

conditions such as turbulence or vortices that causes mixing has a less distinct local structure 
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even though there may be an overall fuel side and oxidizer side at the scale of the whole 

flame. 

 At locations where oxidation reactions occur in a non-premixed flame, the least stable 

pyrolysis products react first and may follow the overall scheme outlined above for aliphatic 

hydrocarbon/oxygen mixtures.  On the other hand, oxidation of the most stable species is 

delayed and thus occurs closer to the oxidizer side.  If the fuel contains oxygen in its 

molecular structure (e.g. gas-phase products from thermal degradation of wood) substantial 

amounts of CO and CO2 are produced on the pyrolysis (fuel) side even before oxidation rate 

becomes significant.  Thus for such a fuel, CO and CO2 are products of both pyrolysis and 

oxidation with the former reactions occurring earlier. High concentrations of CO, 

competition for oxidizing species between CO and stable hydrocarbon products, and narrow 

oxidation regions can cause a delay in the oxidation of such products to the extend that some 

of the products, especially soot, are released from the flame before complete oxidation.  The 

release of soot from a non-premixed flame is used as a basis for the smoke point method of 

measuring sooting propensity of fuels.  In this method [Turns, 1996; Glassman 1996], the 

fuel flow rate of a laminar axisymmetric diffusion flame is increased until soot is observed to 

escape from the tip.  The higher the fuel flow rate (or flame length) at which the flame starts 

to emit soot the lower the sooting propensity. Increasing the fuel flow rate decreases the time 

available to oxidize soot in the oxidation zone of the flame. Thus soot is released when this 

time becomes shorter than that required for complete oxidation. 

 Different investigators report both a wide range of sooting threshold temperatures for 

diffusion flames and different variations of these temperatures with fuel molecular structure 

and reaction conditions. Glassman [1996] and his co-workers [Glassman et al, 1994] indicate 
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that diffusion flames start forming soot at about 1600 K (1327 oC) and that this temperature 

is different of initial fuel chemical structure, fuel flow rate or fuel concentration. In a 

different paper, Glassman [1998] indicates that soot inception temperature for diffusion 

flames is about 1400K (1127 oC) and that this temperature decreases as the concentration of 

H radicals increases. For diffusion flames burning acetylene, 1,3-butadiene, 1-butene and 

benzene, Dobbins [2002] observed a soot inception temperature of about 1350 K (1077 oC) 

for each fuel. From the analysis of measurements by others, Dobbins concluded that soot 

inception temperature depends on the experimental procedure and varied from about 1000 oC 

to about 1420 oC. From pyrolysis experiments using a flow reactor diluted with helium, 

Krestinin et al. [2000] observed soot at temperatures varying from 800K (527 oC) for 

diacetylene at 2.3% volume fraction and 0.17 s residence time to 1230 K (957 oC) for 

benzene at 9.5% volume fraction. This team also observed that inception temperature 

decreased by 130-160 oC when the residence time was increased from 0.17 s to 0.9 s. It is 

reasonable to conclude that soot inception temperature depends on fuel chemistry and flame 

conditions. Once incipient soot has formed the actual amount of soot generated depends on 

fuel chemical structure and increases with residence time, fuel concentration and temperature 

in the pyrolysis region of the flame [Tesner and Shurupov, 1995, 1997; Glassman, 1996].  

In a well- ventilated diffusion flame soot oxidation rate increases with temperature in 

the oxidation zone, and is very slow at temperature below 1,300 K (1027 oC) [Glassman, 

1996; Glassman et al., 1994]. Lee and Shin [2005] have experimentally demonstrated the 

relationship between temperature and both soot formation and oxidation in diffusion flames. 

Using a laminar diffusion flame, they made the following observations: i) Surrounding a 

flame with a shiny cylinder (radiation shield) increased both soot formation and oxidation 
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rates. ii) When the soot formation region of a non-sooting flame was heated with a laser 

beam, the flame changed to a sooting flame (for the conditions of their experiments) and 

temperature at the upper part of the flame dropped. iii) Heating the soot oxidation region of a 

sooting flame eliminated soot emission and reduced flame height.  

 

2.8. Soot and Charcoal Combustion 

 
2.8.1. Overall Characteristics of Soot and Charcoal Combustion 

 This section involves a brief description of the properties, processes and reactions 

relevant to the combustion or gasification of soot and charcoal. In carbon and char literature 

combustion refers to exothermic heterogeneous reactions between a carbonaceous solid fuel 

and a gaseous reactant (usually O2) to yield gaseous products (CO and CO2). Endothermic 

reactions between a solid fuel and CO2 or H2O to yield gaseous products (CO, and/or H2) are 

termed gasification.The following characteristics account for the main differences between 

combustion of soot and charcoal on one hard, and gas-phase fuels on the other.  

(i) Soot and charcoal typically have much higher C/H and C/O ratios than gas-phase 

fuels. 

(ii) Whereas combustion of gas-phase fuels involves reactions in a homogeneous 

mixture of fuel and oxidant  (premixed flame) or diffusion of both fuel and 

oxidant species to the combustion front (non-premixed flames), heterogeneous 

(solid fuel) combustion always involve diffusion of the oxidant to the surface or 

interior of the solid.  
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(iii)  Intermediate products of homogeneous (gas-phase) combustion are in gaseous 

phase while those formed in heterogeneous combustion are in solid phase or 

imbedded in the porous structure of the solid matrix. 

 

 For purposes of the present work, some distinctions between soot and charcoal are 

worth noting, mainly:  

(i) Soot particles and the aggregates in which they occur under flame conditions have 

sizes in the micrometer and submicrometer scales [Haynes and Wagner, 1981] while 

charcoal in a fire has sizes in millimeter, centimeter or larger scales.  

(ii)  While soot particles are dispersed and diffuse in a mixture of flame gases, charcoal 

burning in a fire is stationary with respect the gaseous oxidants and products.  

(iii) Soot from a wood fire contains very little inorganic material but charcoal residue 

contains most of the inorganic content in the original wood. 

(iv)  Whereas soot oxidation occurs in a flame environment with substantial concentration 

of both radical (e.g. OH, and O) [e.g. Xu et al., 2003] and molecular species (e.g. O2, 

CO, CO2, H2O, H2), charcoal burning after the flaming phase of wood combustion 

reacts mainly with molecular species and lower concentrations of radicals.  

(v)  Soot particles and their aggregates have much lower porosity [Essenhigh, 1981] and 

much lower reactivity with molecular oxygen [Henrich et al., 1999] than chars.  

Several transport, structural transformation and chemical processes occur during the 

combustion or gasification of a porous fuel such as soot or charcoal. These processes are 

affected by chemical, structural, and thermal properties of the fuel. Flow and temperature 

conditions and chemical composition of the surrounding gas also affect processes occurring 



 
 
 
 

137 

both inside a fuel particle and in the boundary layer around it. The main processes and 

factors affecting them are briefly described in this section. Emphasis is on reactivity and 

products released from both heterogeneous reactions in the solid fuel and homogeneous 

reactions in the boundary layer surrounding the fuel. Detailed descriptions and discussions of 

experimental observations and theoretical analyses related to soot and charcoal combustion 

are beyond the scope of the present work. Such detailed treatment of these topics is available 

in extensive literature in form of review and original research publications, e.g., [Laurendeau, 

1978; Essenhigh, 1981; Lahaye and Ehrburger, 1991; Liu and Niksa, 2004; Niksa et al., 

2003; Annamalai and Ryan, 1993; Smith et al., 1994; Smoot and Smith, 1985; Simons, 1983; 

Bar-Ziv and Kantorovich, 2001; Antal Jr., and Gronli, 2003; Smith, 1982; Sahimi et al., 

1990; Sotirchos et al., 1984; Stanmore, 2001]. Although most of the current literature relates 

to graphitic carbon, high purity chars and chars from coal, it is reasonable to expect that 

results from these chars relate, at least qualitatively, to soot and biomass charcoal. The 

following are the main processes occurring during solid (soot or charcoal) fuel combustion. 

(i)   Convective or diffusive transport of reactant gas to the external surface of the fuel 

particle. Reactant transport by diffusion is driven by concentration gradients 

between the particle and the surrounding bulk fluid, established by consumption of 

the reactant at the surface of and inside the particle. Convective mass transfer may 

be driven by buoyancy, caused by density gradients arising from temperature 

gradients in the bulk fluid surrounding the particle, or by pressure gradients 

maintained by mechanical means such as a blower. For most of the current section 

the reactant gas is assumed to be oxygen (O2) either in pure form or in a mixture 

with an inert gas such as nitrogen (N2).  



(ii) Diffusion of reactant gases into the interior of the fuel particle through the porous 

structure. Thus porosity (fraction of total particle volume occupied by pores), pore 

size distribution and evolution of these structural properties with particle conversion 

(to gases) all influence the rate of reactions, locations (on external or internal 

surface) where reactions occur, and the processes (kinetic or diffusion) controlling 

the rate of reaction. 

(iii) Chemical adsorption (chemisorption) of reactant gas molecules or radicals at sites 

on the solid surface to form oxide complexes.  

(iv) Release (desorption) of carbon oxides (CO and CO2) from surface oxide complexes.  

(v) Diffusion of product gases through the pore structure to external surface of fuel 

particle. 

(vi) Homogeneous oxidation of CO 222/1( COOCO →+ ) either inside pores or in the 

boundary layer surrounding the fuel particle. Some of the CO2 formed from CO 

oxidation diffuses back to the solid particle, where it can participate in gasification 

reactions. 
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(vii) Diffusion and convection of product gases from the surface and boundary layer to 

the surrounding fluid. 

The overall rate of reaction of a solid fuel particle and the processes controlling this 

rate are determined by a combination of physical and chemical properties of the particles, 

reaction conditions, and gaseous reactant and its concentration. Temperature and Chemical 

composition of the bulk gas mixture surrounding a particle affect the conditions, types and 

rates of reactions occurring within the particle, and products released. The term intrinsic 

reactions refers to heterogeneous chemical processes resulting in the conversion of solid fuel 
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to gaseous products without limitation by mass transfer within and outside a fuel particle. 

Mass transfer processes (diffusion and convection) outside the particle affect the rates of 

flow of reactant gas to and product gases from the external surface of the particle. The size 

and porous structure of the particle, including porosity and pore size distribution, affect 

reactant and product gas diffusion inside the particle. The rate of solid conversion to gaseous 

products increases with the amount of internal and external surface that is both at high 

enough temperature for reactions to occur and accessible to the reactant gases. Chemical 

composition (e.g. mineral content and heteroatoms such as O,H, S and N) and 

microcrystalline structure of carbon atoms affect the type and number of reaction sites on the 

surface and, consequently the rate of reaction. Initial chemical and structural properties of a 

charcoal particle depend on both the raw fuel and pyrolysis conditions from which the 

charcoal was produced. Properties of soot are determined by the flame conditions (e.g. 

stoichiometry, temperature, residence time). As conversion (burn out) progresses, the particle 

undergoes chemical and structural changes that depend on reaction conditions and extent of 

conversion. Thus the rate and type of reactions in a particle are determined by complex 

interactions between conditions and properties of both the particle, and the fluid surrounding 

and inside the particle. Further, pertinent particle properties evolve with both conditions and 

extent of conversion. The overall rate of reaction is controlled by the slowest of three 

processes, namely, mass transfer in the fluid boundary layer surrounding the particle, primary 

heterogeneous reactions on the particle surface (internal and external) and gas diffusion 

within the porous structure. 

 If the rate of intrinsic reactions is very low relative to diffusive flow rate of reactant 

gas to the interior of the particle, the concentration of reactant gas throughout the volume of 
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the particle will equal that in the boundary layer. Under such conditions changes in the 

boundary layer, up to some extent, will not significantly affect the overall reaction rate, 

which is controlled by the intrinsic kinetics of the primary heterogeneous reactions. These 

conditions, also termed regime or zone I, are characterized by the following details 

[Laurendeau, 1981; Stanmore et al., 2001]: (i) Temperature that is significantly lower than 

typical combustion temperatures. (ii) Small particle size. (iii) High reactant gas diffusivity 

within the particle (high porosity). (iv) Low stoichiometric ratio of reactant gas mass required 

to convert a unit mass of fuel. (v) Low concentration of surface reaction sites. (vi). Low total 

pressure. 

Although the majority of char combustion and gasification literature postulate or cite 

data indicating that a particle reacting in zone I conditions should exhibit constant external 

dimensions (e.g. diameter) and decreasing density as conversion progresses [e.g. Essenhigh, 

1981; Laurendeau 1978; Smith et al, 1994; Smith 1982], some indicate that shrinkage occurs 

due to reduction in size and changes in the shapes of microcrystals [e.g. Bar-Ziv and 

Kantorovich, 2001]. Conditions where both internal diffusion and intrinsic chemical kinetics 

control the overall reaction rate are termed regime or Zone II. Characteristic features of this 

zone include internal reactant concentration that decreases with distance from the external 

surface of a particle, higher temperature, larger particle size, lower internal diffusivity, (lower 

porosity), higher stoichiometric reactant gas to carbon ratio, higher concentration of reaction 

sites and higher pressure than those typical of zone I reactions. In zone III conditions intrinsic 

reaction rate is much higher than both internal and external diffusion and the overall reaction 

rate is controlled by external diffusion. Parameters favoring diffusion-controlled combustion 

include higher temperature, higher pressure, higher active site concentration, larger diameter, 



 
 
 
 

141 

lower diffusivity and higher stoichiometric gas to carbon mass ratio than both Zone I and II 

conditions. The limits of these parameters for the different zones are dependent on reactant 

gas and physical and chemical properties of the solid fuel particle, which determine its 

reactivity. For example, because reactions are faster with O2 than CO2 or H2O, a lower 

temperature is required to obtain a given reaction regime (I, II, III) for O2 than for the other 

reactants. Further, since properties of a particle change with conditions and degree of 

conversion, overall reaction can shift from one zone to another as conversion progresses from 

zero (initial particle mass) to 1 (full burnout) [Niksa et al., 2003].  

 

2.8.2. Reaction Mechanism 

 Accurate comprehensive description of the mechanisms involved in char oxidation is 

difficult due to complex relationships between chemical and physical processes, reaction 

conditions and char properties (chemical and physical). Such a description includes the 

following details: (i) Identification and characterization of intermediate products. (ii) Effects 

of reaction conditions and char properties on intermediate products. (iii) Interactions 

(reactions) between intermediate products and other species in the solid or gas phases, and 

how these interactions are affected by reaction conditions and char properties. (iv) Reaction 

sequence from reactants (char and O2), through intermediates, to final gaseous products. (v) 

Kinetic parameters for important reaction steps. 

One of the first steps in the reaction mechanism is the formation of oxide complexes 

at sites (atoms) on the surface of the char particle. Chemisorption processes via which these 

complexes are formed are highly exothermic [Bradley and Shafizadeh, 1980; Antal and 

Gronli, 2003; Mickelson and Walas, 1985]. The probability of formation of such complexes 
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varies from site to site and is highest at edge atoms on carbon crystallites (due to the presence 

of unpaired valence electrons); structural imperfections or dislocations; metal atoms such as 

iron (Fe), Potassium (K), Calcium (Ca) and magnesium (Mg); and organic heteroatoms such 

as O and H in char structure [Laurendeau, 1978; Essenhigh, 1981; Smith et al., 1994; Struis 

et al., 2002; Miura et al., 1989].  Basal plane carbon atoms on char structure are the least 

reactive with molecular reactants gases, but reactant gaseous radicals such as O and H are 

non-selective in attacking both basal plane and edge carbon atoms (Essenhigh, 1981, 

Laurendeau, 1978]. Reactivity of a pariticular site or type of sites on the surface of a char 

particle increases with temperature and varies with gaseous reactant (O2, O, H2, H CO2, H2O, 

OH) to which it is exposed. 

 The number of sites or amount of area available and involved in reactions is 

commonly indicated by active surface area (ASA). The most common methods for 

measuring ASA involve determining the amount of oxygen chemisorbed on a char sample 

exposed to molecular O2 at specified temperature, total pressure and oxygen partial pressure 

conditions. Temperature is usually lower that 250 oC and is chosen so that it is high enough 

for oxygen to form surface oxides (rather than reversible physical adsorption), but also low 

enough to prevent the oxides from desorbing in form of CO and CO2 during the sorption 

stage [Arenillas et al., 2002; Essenhigh, 1981; Laurendeau, 1978]. Exposure to O2 is 

sustained for several hours until sample mass is steady. In the gravimetric method the gain in 

sample mass is used to determine the amount of surface oxide complexes formed. For 

temperature programmed desorption (TPD) method, molecular oxygen is purged from the 

sample after the chemisorption stage, using an inert gas flow. The sample is then heated at a 

specified rate to high temperature and the desorbed CO and CO2 products are measured and 
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used to calculate the amount of oxygen that was chemisorbed in the sample during soaking 

stage. Since reactivity depends on temperature and reactant gas, among others factors, some 

sites that do not participate in chemisorption at the low temperatures used to measure ASA 

will react at typical combustion temperatures. Further, for charcoal particles larger than 

1mm, combustion reactions are likely to occur in zone III (diffusion-controlled), which 

excludes internal ASA, while chemisorption for ASA measurement occurs in zone I 

(kinetics-controlled) involving all internal and external active sites available at the sorption 

temperature. These discrepancies, along with difficulties involved in obtaining accurate and 

consistent values of ASA [Back, 1991; Arenillas et al., 2002; Walker et al., 1991] make this 

quantity less useful as a measure of reactivity at combustion conditions [Teng and Hsieh, 

1999; Turner and Thomas, 1999]. However, for chars oxidized with O2 at temperatures 

below 700oC, reactivity normalized by ASA shows less variability with char type, pyrolysis 

condition used to obtain the char, and degree of conversion (burn off) than reactivity 

normalized by total surface area (measured using physical gas adsorption techniques) 

[Radovic et al., 1983; Cheng and Harriott, 1986; Ehrburger et al., 1989; Walker et al., 1991].  

Although it is widely accepted that molecular oxygen is dissociatively chemisorbed 

on carbon atoms to form complexes [Laurendeau, 1978; Essenhigh, 1981], the steps leading 

to dissociation are not well understood. Several types of surface oxide complexes have been 

identified or suggested from both experimental and theoretical studies. These complexes 

include carboxylic acid, acid anhydride, alcohol, ether, ketene, lactone, phenol, quinone, and 

carbonyl functional groups [Haynes, 2001; Fanning and Vannice, 1993; Zhuang et al., 1994, 

1995; Langley et al., 2006; Boehn, 2002; Zhu et al., 2002]. Each functional group 

corresponds to bonds between gas and carbon atoms at specific configurations of carbon 



 
 
 
 

144 

atoms on the char structure. The variety of and dominant complexes formed depends on 

reactant gas and its partial pressure [Zhu et al., 2002] and temperature. For example, more 

acid-like complexes are formed at lower temperatures [Turner and Thomas, 1999]. Further, 

some complexes evolve from one type to another over the course of chemisorption [Fanning 

and Vannice, 1993]. Complexes with higher O/C ratio (e.g. acids, acid anhydrides and 

lactones) are less stable than ones with lower O/C ratio (e.g. ether and carbonyl) [Haynes, 

200; Zhuang et al., 1995]. The less stable complexes appear to decompose to yield CO2 while 

the more stable ones form CO [Haynes, 2001; Zhuang et al., 1994, 1995].  

The amount of oxygen chemisorbed on the surface of a char particle increases with 

exposure time, temperature, char reactivity, and oxygen partial pressure in the gas phase. For 

a fixed temperature, the rate of chemisorption decreases as chemisorbed amount increases 

[Floess et al., 1991; Teng and Hsieh, 1999]. There are currently no consistent or universally 

accepted kinetic parameters for oxygen chemisorption reactions. Different studies have 

suggested different ranges of Arrhenius kinetic parameters (frequency factor, A, and 

activation energy, Ea), different variations of these parameters with amount of chemisorbed 

oxygen, and different distributions of activation energy among available reaction sites 

[Haynes, 2001; Teng and Hsieh, 1999; Feng and Bhatia, 2000; Floess et al., 1991].  

The rate of decomposition of surface oxide complexes into gaseous products (CO and 

CO2 in the case of O2- char reactions) increases with both desorption temperature and the 

amount complexes in the solid [e.g. Du et al., 1990]. Haynes [2001] and Du et al [1990] have 

attempted to determine distribution of activation energy for desorption among the complexes 

in a solid. They assumed an Arrhenius-type desorption rate with first order dependence on 

amount of complex remaining in solid and a constant frequency factor. The distribution 
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functions were specified in terms of fraction of surface complexes with desorption activation 

energy within a given interval. For Spherocarb carbon chemisorbed at temperatures in the 

range 180-360 oC and O2 partial pressures between 6.5 kPa and 6.56 kPa Haynes [2001] 

obtained distributions indicating that chemisorption at low temperature produces more 

complexes with lower desorption activation energy while high temperature or high O2 

concentration produces more complexes with high activation energies. Du et al. [1990, 

1991a] used soot, from a premixed ethylene flame, chemisorbed at 545 oC in an atmosphere 

of 21 % O2 and 79 % argon, followed by a temperature programmed desorption up to 950 oC. 

They obtained a Gaussian distribution of desportion activation energies, with a mean of 69.7 

kcal/mol and a standard deviation of 7.81 kcal/mol. However, in practical combustion 

devices chemisorption and desorption occur simultaneously at temperatures (≥ 1000 oC) 

higher than the temperature (545 oC) used for chemisorption in the work by Haynes [2001]; 

Du et al. [990, 1991a] Thus quantitative applicability of their results to practical conditions is 

unknown.   

Many processes occur simultaneously in a piece of burning charcoal and sequentially 

at a given reaction site. Mechanistic and kinetic details of some of these processes are not 

fully understood while others vary widely with many factors. These processes include the 

following: 

(i) Dissociative chemisorption of reactant gas at sites on the solid surface. Thus 

individual atoms from the original molecule of reactant gas form bonds with atoms in 

the solid to form the different types of complexes mentioned above [Laurendeau, 

1978; Essenhigh, 1981; Haynes, 2001; Fanning and Vannice, 1993; Zhuang et al., 

1994, 1995; Langley et al., 2006; Boehn, 2002, Zhu et al., 2002]. Some complexes 
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are more stable than others [Haynes 2001; Crick et al, 1993; Walker et al, 1991; 

Zhuang et al, 1995]. The presence of gas-phase oxygen reduces stability of CO2-

producing complexes to desorption [Zhuang et al. 1996].  

(ii) Oxygen atoms initially chemisorbed at a basal site can diffuse to form complexes at 

edge sites [Chen and Yong, 1997, 1998; Walker et al., 1991; Yang and Wong, 1981]. 

Diffusion of a mobile oxygen atom occurs by formation of a complex at carbon atoms 

progressively closer to edge sites. Hence a mobile oxygen atom may be considered to 

be equivalent to a mobile complex indicated by Walker et al. [1967] and Marsh and 

Foord [1973], among others. Compounds of certain metals such as Ca, Mg, and Fe 

greatly increase the rate of dissociation of reactant gas and thus increase the amount 

of complex formed [Kyotani et al., 1991; Chen and Yang, 1997; Tomita, 2001; 

Laurendeau, 1978].  

(iii) Gaseous products from char oxidation are derived from direct desorption of single 

oxygen complexes, reaction between mobile complexes [Laurendeau, 1978; Marsh 

and Foord, 1972; Zhuang et al., 1995] and reactions between complexes and gaseous 

oxygen [Zhuang et al., 1995; Crick et al., 1993]. 

(iv)  During oxidation (simultaneous chemisorption and desorption) the amount of oxygen 

complexes that desorb directly to CO predominate over those that desorb to CO2 

[Zhuang et al., 1995].  

(v) Some of the complexes (eg. carbonyl and ether) that can desorb directly to form CO 

react with molecular O2 to form some CO and more than 80 % (molar) of CO2, the 

rest of which is produced from complexes (e.g. lactone and anhdride) that directly 

desorb to CO2. These observations pertain to reactions at 5 % O2 mole fraction  



[Zhuang et al, 1995]. At low total pressure (2.7 Pa) contribution of reactions between 

molecular O2 and surface complexes to total gasification (to CO and CO2) has been 

observed to decrease from 45 % at 600 oC to 5 % at 800 oC [Haynes and Newbury, 

2000].  

(vi)  Molar ratio CO/CO2 of the product gases increases with reaction temperature [e.g. 

Du et al., 1991a, 1991b; Marsh and Foord, 1972; Li and Brown, 2001; Zeng and Fu, 

1996; Essenhigh, 1981; Laurendeau, 1978] and with decreasing oxygen partial 

pressure [Du et al., 1991a, 1991b; Li and Brown, 2001; Philips et al., 1969]. For char 

that has been degassed prior to oxidation at a given temperature, the ratio CO/CO2 

rapidly rises from near-zero values to a constant value corresponding to the prevailing 

temperature over a short time interval [Du et al., 1991b]. As steady state CO/CO2 

ratio is given by an expression of the form. 

          )TTexp(APCO/CO r
n
2O2 −= −                                                                    2.6                                

In this equation A, n and Tr are positive parameters, probably with magnitutes on the 

order 10-104 for A, 0-1 for n, and 103-104 for Tr. The actual values of these 

parameters vary with type of char/carbon, among other factors [Du et al., 1991b; Li 

and Brown, 2001] 

(vii) For uncatalyzed soot and Spherocarb oxidation, Du and co-workers [Du et al., 

1991a, b] observed that formation of CO2 has a raection order close to unity with 

respect to PO2 while CO formation has a fractional order (~ 0.7). For soot, Neeft et 

al., [1997] observed orders of 0.87-0.97 for CO2 and 0.81-0.9 for CO. Both orders 
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decreased from the higher value in each range at a conversion of 20 % to the lower 

value at 80 % conversion. 

(viii) Using experimental data reported by other workers from 1970 to 2000, and 

mechanistic insights from fundamental surface studies, Hurt and Calo [2001] 

indicated that the overall reaction order with respect to PO2 is 0.6-1 for reaction 

temperatures below ~ 630 oC, less than 0.6 at temperatures above 930 oC, and high 

again at T >1300 oC.  Du et al [1991a] obtained an overall order of about 0.8 for 

soot oxidized at 545 oC and PO2 in the range 0.1-1.0 atm. 

Several mechanisms have been proposed for reactions between molecular oxygen and 

char, with each mechanism emphasizing one or more observations and theoretical and 

fundamental considerations. Such mechanisms range from complex schemes involving four 

or more steps to simpler ones with three or fewer steps. For example, Ahmed and Back 

[1987] proposed a mechanism with eight steps, based on experimental observations from 

oxidation of pyrolytic carbon at an oxygen pressure of 100 Pa and temperatures in the range 

445-625 oC. They suggested the existence of two types of reaction sites on carbon surface. 

One type of sites reacts rapidly to form stable oxygen complexes and thus become quickly 

saturated and play only a small role in overall gasification reactions. The other type of sites 

reacts much more slowly and participates in conversion of carbon to gaseous products. In this 

scheme, CO was produced from direct desorption of complexes while CO2 evolved from 

reactions between complexes, unoccupied sites and molecular O2. Conversion of complexes 

from the type formed at fast-reacting sites to the type on slow-reacting sites was included in 

the mechanism. Arrhenins-type kinetic parameters for each step were obtained by fitting the 

scheme to experimental data. 
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Li and Brown [2001] proposed the following steps: 
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A reaction site is represented by *C. Reaction R4 is a chemisorption process without 

O2 dissociation, to form a dioxygen surface complex. The stable complex *C(O) is formed 

from *C(O2) via reaction R5 which also releases one CO molecule. Reaction R6 is direct 

desorption of *C(O) to CO. Reactions R7 and R8 represent interactions between molecular 

O2 and active sites *C to form CO2 via catalysis or inhibition of *C(O2) and *C(O), 

respectively. Li and Brown [2001] assumed only one type of reaction site, and that at 

combustion temperature concentration of *C(O2) equals that of *C. Arrhenius parameters (A 

and E) and reaction orders with respect to PO2 were obtained for reactions R5-R8 by 

optimizing the simulation of experimental results derived from temperature-programmed 

oxidation of three forms of carbon. The experimental conditions included PO2 in the range 

0.939-5 % (1.3-6.1 kPa), and 2-10 oC/min heating rate over 400-1000 oC. Rates of CO and 

CO2 production were expressed in terms of temperature change during an oxidation run: 
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In this scheme ki = Aiexp (-Ei/RT), β is heating rate (oC/min), the rates with respect to 

T are in μmole/g of carbon-oC, and the  n’s are reaction orders with respect to PO2. Due to the 

small amounts of CO associated with reactions R6, the quantities A3, E3, and n3 were not 

meaningful for the carbons (powered charcoal, granular charcoal and graphite) used in the 

work by Li and Brown. The kinetic parameters obtained for granular charcoal (initially 

composed of 81 wt % carbon, 4.1 wt% inorganic matter and 15% wt. adsorbed water) were 

log A2 = 9.8 + 1.6, E2 = 200 + 30 kJ/mol, n2 = 0.8 + 0.11, log A5 = 14 + 3, E5 = 270 + 60, kJ 

5/mol, n5 = 0.79 + 0.12.  

Hurt and Calo [2001] proposed a three-reaction semi-global model given below. 

                                                                                        R9 2C(O)
k

OC 1
2 →+

C(O)CO
k

C(O) 2
2 +→                                                                                    R10 

C(O)
k

C(O) 3→                                                                                                 R11                           

 
Where C and C(O) represent a carbon reaction site and surface oxygen complex, 

respectively. The rate of chemisorption reaction (R9) was assumed to be first order in the 

fraction (1-θ) of reaction sites not occupied by surface complexes while reactions R10 and 

R11 were assumed to be first order in the fraction (θ) of reaction sites occupied by such 
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complexes. These assumptions give steady state overall gasification rate and CO/CO2 ratio of 

the form: 
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This model qualitatively predicted observed changes in reaction order in PO2 as 

temperature increases from low to moderate and high values. The model, with a procedure 

for adjusting Arrhenius kinetic parameters (A and E) associated with k1, k2, and k3, has been 

incorporated into a tool for predicting char oxidation and gasification [Niksa et al., 2003; Liu 

and Niksa, 2004]. 

 As can be seen from the schemes outlined above, reaction mechanisms that include 

substantial details of the primary processes occurring during char combustion are limited by 

requirement to know some quantities that are either difficult or impossible to measure with 

reasonable accuracy. Further, even for quantities that can be measured or derived , their role 

and significance in the reaction scheme may not be fully understood since the complete 

mechanism is not yet clearly described. Several characteristics, factors, processes and 

reactions that affect reaction rate and product distribution are not fully accounted for in the 

mechanisms outlined above, and are briefly described in the next three sub-section (2.8.3 

through 2.8.5) below. The effects of these details will vary with reaction conditions and 
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nature of both solid and gas phase reactants. Further, some of these details can enhance or 

inhibit the main oxidation steps outline above. 

 
 

2.8.3. Other Heterogeneous Reactions 
 

Several other reactions between char and gaseous molecular or radical reactants either 

occur simultaneously with combustion or are applied separately for different purposes. 

Similar to oxidation, these reactions also involve chemisorption and desorption steps, some 

of which may be reversible. The overall reactions, which may be exothermic or endothermic 

are given below [Laurendeau, 1978; Liu and Niksa, 2004; Klass, 1998]. 

 
C + H2O   →  CO + H2  (endothermic)                                                         R12 
C + CO2   →   2CO     (endothermic)                                                        R13 
C + 2H2   →    CH4       (exothermic)                                                        R14 

 
Reactions R12-R14 are commonly applied to convert char to gases (gasification) that 

are used as fuels or raw materials for chemical production. At typical combustion 

temperatures reaction R12 is several times faster than R13. Reactions R12 and R13 are 

several orders of magnitude faster than R14 [Laurendeau, 1978; Liu and Niksa, 2004]. Even 

the fastest of these reactions (R12) is itself several orders of magnitude slower than char-O2 

reaction (C+O2 →  aCO +bCO2, a + 2b = 1) [Laurendeau, 1978]. Reactions R12 and R13 

may become significant in soot oxidation at flame locations or conditions with low O2 

concentrations. Water vapor has been observed to reduce ignition temperature and to increase 

both reaction rate and CO2/CO product ratio in the oxidation of soot using molecular oxygen 

[Neeft et al, 1997; Ahlstrom and Odenbrand, 1989].  

Reactions R15 –R19 are particularly important for soot oxidation. 



 
 
 
 

153 

 
C + 2NO2   →     CO2 + 2NO                                                                            R15 
 
C  +  NO2   →      CO + NO                                                                               R16 
C + 2NO    →     CO2 + N2                                                                                                                         R17 
 
2C  +  2NO   →    2CO + N2                                                                                 R18 
 
C  +  OH  →      CO + H                                                                                  R19 

 
 

Reactions R15 and R16 [Jacquot et al., 2002; Jeguirim et al., 2005] occur 

simultaneously. At low concentration (~ 0.1 vol %) of either NO2 or O2 in an inert gas at 

temperatures up to 500 oC,  the rate of C-NO2 oxidation is more than an order of magnitude 

faster than that of C-O2 [Stanmore et al., 2001; Jacquot et al., 2002]. The combination of R15 

and R16 is used to regenerate filters (traps) used to collect soot from diesel engine exhaust 

[Jacquot et al, 2002; Messerer et al, 2006]. In an experimental study by Jeguirim et al. [2005] 

negligible rate of carbon oxidation was obtained with oxygen as the sole oxidant at 

temperatures below 500 oC and concentrations of up to 10%. However when this 

concentrations of O2 was combined with less than 0.1% NO2 at the same temperature, the rate 

of carbon consumption was about two times that obtained using NO2 as the only oxidant, and 

both O2 and NO2 contributed to the reaction. Thus parallel C-NO2 and C-O2 oxidation 

reactions occur when the two oxidants are combined at a temperature that would not support 

separate C-O2 reactions. Water vapor in concentrations of up to 10% volume fraction exerts 

an apparent catalytic effect on the C-NO2 reaction. [Jeguirim et al, 2005; Jacquot, et al., 

2002; Messerer et al., 2006]. 

 Nitric oxide (NO) is a significant pollutant from combustion processes. Once released 

to the troposphere, NO is oxidized to NO2 by radicals and organic pollutants. The nitrogen 
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dioxide (NO2) thus formed participates in ozone (O3) production [Finlayson-Pitts and Pitts 

Jr., 2000; Seinfeld and Pandis, 1998]. The combination of reactions R17 and R18 is used to 

reduce levels of NO in exhaust streams [Garijo et al., 2003; Gupta and Fan, 2003]. The rate 

of NO reduction is enhanced by the presence of CO [Chan et al, 1983, Aarna and Suuberg, 

1999] and by O2 concentrations of up to 2 vol. % [Gupta and Fan, 2003].  Hydroxyl radical 

(OH) is the dorminant soot oxidation (reaction R19) in diffusion flames [Xu et al., 2003; 

Haudiquert et al., 1997] and fuel-rich premixed flames [Neoh et al., 1981]. 

 

2.8.4. Catalytic Effects 

 
Many compounds of metallic elements, including several that occur naturally in 

charcoal, have been shown to catalyze carbon oxidation and gasification reactions 

[Laurendeau, 1978, Tomita, 2001; Miura et al., 1989; Neeft et al., 1998]. These compounds 

include oxides, carbonates and salts of alkali (e.g. potassium and sodium), alkaline earth (e.g. 

calcium and magnesium) and transition metals (e.g. iron, copper). In addition to increasing 

reaction rate at a given temperature or decreasing the temperature required for given rate 

[Encinar et al., 2001], these catalysts also affect reaction mechanisms and processes involved 

[Tomita, 2001; Mckee, 1983; Chen and Yang, 1997; Hurt et al., 1991 Mims, 1991; Li et al., 

2006]. One consequent effect of catalyst on reaction mechanisms is a change in the product 

ratio CO/CO2 in carbon combustion. For example, introduction of a 2 wt% concentration of 

calcium into soot by ion exchange has been observed to increase CO2 production from 

reaction with O2 by more than two orders of magnitude, but to have no effect on CO, relative 

to uncatalyzed oxidation [Du et al., 1991a]. This is an important consequence as it reduces 
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the amount of primary CO released from charcoal, thus reducing pollution and increasing 

energy conversion efficiency (more complete combustion). The magnitude of catalytic effect 

varies widely with many factors.  

Different compounds of the same metallic elements have different catalytic effects. 

For example CaO is about an order of magnitude more effective than CaSO4 and CaCO3 in 

catalyzing char oxidation. [Gopalakrishnan et al., 1994] while Fe2(SO4)3 is superior to FeSO4 

[Ponder and Richards, 1994]. Catalytic effect increases with the amount of char surface 

exposed to the catalyst [Floess et al., 1988, Neeft et al., 1998; Laurendeau, 1978]. The effect 

of some catalysts increases to a maximum as catalyst concentration increases to a certain 

level beyond which catalysis starts diminishing [Encinar et al., 2001; Laurendeau, 1978]. 

High temperature treatment of charcoal reduces catalytic effects [Ponder and Richards, 1994; 

Zolin et al., 2001; Gopalakrishnan and Bartholomew, 1996]. Although the reaction rate of 

soot or demineralized charcoal can increase by several orders of magnitude when even small 

amounts of catalysts are added [Du et al., 1991a; Gopalakrishnan et al., 1994; Floess et al., 

1988], adding such catatlysts to natural charcoal (with existing catalysts) increases reaction 

rate only by less than an order of magnitude [Ponder and Richards 1994., Struis et al., 2002]. 

Problems associated with use of artificially added catalysts in char combustion include high 

cost, difficulty in recovering the catalyst from ash residue, and deactivation of catalyst by 

inorganic constituents of charcoal, such as sulfur [Encinar et al., 2001; Ohtsuka and Asami, 

1997]. 
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2.8.5. Structural Effects 
 

Pores within the structure of charcoal are classified as micropores, mesopores and 

macropores, corresponding to widths less than 2nm, 2-50nm and greater than 50nm, 

respectively [Bar-ziv and Kantorovich, 2001]. Most of the surface area in chars is on 

micropores and mesopores while a significant fraction of pore volume (porosity) is in 

macropores [Smith, KL et al., 1994]. For charcoal from biomass, both porosity and the 

fraction of surface area in mesopores and macropores increase with the heating rate used to 

produce the charcoal [Mermoud et al., 2006; Cetin et al., 2004]. Total surface area increases 

to a maximum with pyrolysis temperature than starts decreasing [Laurendeau, 1978]. Surface 

area of larger pores reaches a maximum value at a lower temperature than that of micropores 

[Bonelli et al., 2001]. Since solid material is removed from the pore surfaces during 

conversion, pore widths increase and distribution of these widths changes as the reaction 

progresses. Evolution of the porous structure in the course of char conversion depends on 

gaseous reactants and the regime of the reaction. Regime I (kinetics-controlled ) conditions 

and gasification with CO2 favor growth of area and volume in all pore sizes  On the other 

hand, regime III conditions and reactions with O2 favor growth of meso- and macropores 

[Smith, KL et al., 1994; Feng and Bhatia, 2003; Aarna and Suuberg, 1998]. However, 

particle shrinkage, which has been observed to accompany char conversion, tends to diminish 

the effects of solid removal [Bar-Ziv and Kantorovich, 2001]. As solid material is 

progressively removed from pore walls, some of the pores merge and result in decreased total 

surface area [Laurendeau, 1978]. The concentration (relative to carbon) of catalysts in natural 

chars increases, and initially favors increasing reaction rate, as conversion progresses. 

However, catalytic reactions preferentially consume carbon in certain aromatic structures and 
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leave cross-linked structures that hinder access of gas reactant and catalytic species to 

carbon, and thus tend to decrease the reaction rate [Li et al., 2006]. In addition to this 

preferential removal of the most reactive structures and the resultant increase in less reactive 

ones, graphitic micro-crystals coalesce into larger crystallites with lower active site 

concentration [Bar-Ziv and Kantorovich, 2001; Lu et al., 2002]. 

 
 Typically, reactivity of char increases with the heating rate applied in the pyrolysis 

process used to produce the char and decreases as both final pyrolysis temperature and 

residence time at this temperature increase [Laurendeau, 1978, Smith, KL et al., 1994]. This 

behavior is attributed to increased crystallite size and loss of heteroatoms during high 

temperature treatment [Lu et al., 2002; Laurendeau, 1978]. Both of these changes reduce the 

number of active sites in the charcoal. High pyrolysis heating rate favors formation of 

disordered structures and heteroatom functional groups [Kurosaki et al., 2003], high porosity 

and increased proportion of surface area in larger pores [Mermoud et al., 2006; Cetin et al., 

2004], both of which enhance reactivity by reducing resistance to gas transport. Further low 

pyrolysis temperature favors large pores [Bonelli et al., 2001], with similar effects on gas 

transport. Due to differences between wood and coal, chars from these fuels have different 

characteristics. Wood chars have higher porosity (65-85%) than coal (<30%) [Struis et al., 

2002], and several times more surface area [Mermoud et al., 2006]. Further, wood charcoal 

obtained with low to moderate pyrolysis heating rates retains honeycomb structure of 

substrate wood while the pore in coal is random [Mermoud et al.2006; Pulido-Novicio et al., 

2001]. One consequence of these differences is that wood chars can be several orders of 

magnitude more reactive than coal chars [Henrick et al., 1999]. Finally, as macroporosity 
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increases to a critical level towards the end of conversion, the char particle fragments into 

smaller pieces, causing a large increase in specific surface area. This tends to increase the 

reaction rate [Smith et al, 1994, Bar-Ziv and Kantorovich, 2001]. As carbon consumption 

approaches completion ash becomes the predominant material with a consequent decrease in 

mass transfer of gaseous reactant to residual carbon. 

Thus the variation of reaction rate as conversion progresses involves a complex 

interplay of structural, transport and chemical factors, with some of the factors having 

opposing, and others supporting, effects. Conversion, X, is defined as the fraction of initial 

char mass that has been converted to gaseous product at a given stage in the reaction process, 

i.e. X=(mo-m)/mo, or X=(mo-m)/(mo-ma). The symbols mo, ma, and m denote initial char mass 

(including ash and complexes), ash mass and total mass remaining at given state, 

respectively. For kinetics-controlled isothermal reactions between natural chars (from coal or 

biomass) and oxygen, many authors have reported reaction rates that increase from non-zero 

values at X=O, increase to a maximum at some intermediate value of X then decrease to zero 

at X=1 [e.g. Su and Perlmutter, 1985; Janse et al.,1998]. However, for gasification reaction 

between CO2 and char from fir wood, Struis et al. [2002] obtained a curve with a second, but 

lower, maximum at X values close to 1. They also observed that this second maximum 

diminished when alkali metal ash components were removed from the charcoal and that it 

became the only maximum when alkali metal content was increased above the natural level.  

 
2.9 Criteria for Household Buoyant Fire Devices 

In this section some important criteria that should be or are considered in designing 

household devices burning solid fuels in buoyant fires are briefly discussed. These criteria 
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are divided into two categories: combustion criteria and operational criteria. Combustion 

criteria relate to fire characteristics that maximize heat transfer to a cooking vessel (pot or 

pan) and minimize pollutant emission. Operational criteria relate to device characteristics that 

affect flexibility and adaptability available to the operator. Setting one criterion can impose 

constraints on one or more of the other criteria. In real situations involving design, 

construction, and operation of fire devices many different criteria are considered. Further, the 

significance of a given criterion is dependent on many factors such as affordability, types and 

amounts of food cooked, preferred cooking methods and utensils. Detailed discussion of all 

criteria is beyond the scope of the present work. Instead, focus is on some combustion 

criteria, methods that should be or have been used to accomplish these criteria and how these 

methods affect both combustion and of operational criteria. Baldwin [1987], Verhaart [1982], 

Bussmann [1988], Prasad et al. [1985], Bhatt [1990], and Jayaraman et al. [1989] give more 

detailed discussions on stove design considerations.   

   
2.9.1. Combustion Criteria 

High temperature at Pot Location 

Since the rate of heat transfer to the container increases with temperature difference 

between the container and hot gases in the fire, high combustion temperature should yield 

high heat transfer efficiency. The maximum safe or economical temperature required 

depends on the type of cooking process and food being cooked, and the stage of the cooking 

process. For example, foods in paste form will burn if heated too fast while foods with 

separable liquid and solid phases (e.g. stew or deep fried food) require and can withstand 

high heating rates at the beginning of cooking process. On the other hand, once the cooking 
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process has reached a certain state or stage, (e.g. boiling), any amount of heat in excess of 

that required to sustain the process can damage the food, or is wasted since it does not 

accelerate the process. Similar considerations can be used for non-cooking applications of 

solid fuel fires.  

 

Shortest Flame Length 

Flame length is an indicator of the amount of vertical space required to burn the 

gaseous fuel products either to completion or before entrained air and heat losses cool and 

dilute the mixture to extinction. Placing a heat exchanger (e.g. a cooking container) in the 

flame cools the flame gases. The extent of cooling increases as the size of pot, relative to that 

of the fire, increases. Excessive cooling at certain locations of the flame can extinguish the 

flame and thus increase pollutant emission and reduce overall thermal efficiency of the fire. 

However, placing the heat exchanger close to the fuel bed increases the rate of radiative heat 

transfer from glowing charcoal. Thus a short flame allows the heat exchanger to be place at 

locations with high heat transfer rate without excessively cooling the flame. 

 
 

Complete Combustion 
 

High degree of conversion of the fuel to completely oxidized products (e.g. CO2 

and/or H2O) releases high fraction of amount of heat obtainable from the fuel, and results in 

reduction of some pollutants. High temperature is required for high rate of both primary 

pyrolysis of solid fuel and secondary pyrolysis of gas-phase products of primary pyrolysis. 

However, excessively high temperature at secondary pyrolysis locations can increase soot 

formation if such locations are oxygen-deficient. Soot and other compounds such as PAHs 
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associated with its formation are more difficult to oxidize than primary gas-phase products. 

High temperature at locations of oxidation of gas-phase products and soot reduces pollutant 

emission. In addition to appropriate temperature levels, adequate concentrations of oxidizing 

species (e.g. O2, O and OH) are required to minimize pollutant emission.  

The combination of high temperature and adequate oxidant supply is particularly 

important in reducing emissions from smoldering combustion. This mode of combustion 

occurs when the prevailing temperature and oxygen supply are adequate to sustain pyrolysis 

in solid fuel but insufficient to ignite the vapor-phase pyrolysis products to flaming 

combustion. This can occur if, at a location with flaming combustion, there is a sudden 

increase in pyrolysis rate without a corresponding increase in high-temperature oxygen, thus 

making the flaming mixture too rich (shifting it out of the flammability limits) and 

extinguishing the flame. Excessive heat loss from a flame, relative to the rate of heat release 

from flame reactions, can also cause flame extinction, followed by smoldering. Thus a design 

that minimizes flame extinction or sudden increase in pyrolysis rate would have reduced 

emission from smoldering.  

Because the charcoal left after solid fuel pyrolysis burns relatively more slowly than 

the gas-phase pyrolysis products, high temperature is particularly important for high rate of 

heat production in this combustion phase. However, the proportion of charcoal converted to 

CO, rather than CO2, at heterogeneous reaction sites increases with temperature. Since CO is 

difficult to oxidize with molecular oxygen (O2), reducing CO emission during charcoal 

requires O2 and/or other oxidizing species, particularly OH, at the top of the charcoal to 

oxidize CO to CO2, in addition to oxidants driving primary reactions in the charcoal bed. 
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2.9.2 Operational Criteria 

 
Flexibility for Different Fuel Types and Piece Sizes 

 Households that use solid fuel devices depend on several different types of fuels that 

may be available in different seasons or at different prices. These fuel types include wood; 

crop residues such as stalks, husks, and cobs; charcoal; and animal waste. Because of 

differences in their physical and chemical structure, these fuel types have different handling 

and combustion characteristics. For example, corn (maize) plant stalks burn faster than wood, 

which in turn burns faster than charcoal. Further, any one fuel may be available in a range of 

piece sizes that the operator may be convenient to use with minimal processing. Thus 

flexibility to use different types of fuels and a range of fuel piece sizes increases the utility of 

a device. 

Adaptability for Cooking Processes and Container Sizes 

A household may require different cooking processes, such as frying, boiling, and 

roasting. Also, depending on the food to be cooked and the cooking process, a given family 

may need to use different shapes and sizes of cooking containers, each of which should be 

accommodated on the fire device with minimal labor or alterations.  

 
Controllability 

The fire device should be controllable in order to match burning rate to the heating 

rate required for a particular type of cooking or stage of the process. Such control is useful in 

obtaining required quality of cooked food and saving energy. For example, in a cooking 

process involving heating a liquid to boiling temperature, high burning rate is required at the 

initial stage. However, once the liquid start boiling, a relatively lower burning rate is required 
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to keep the food boiling, and any heat in excess of this rate is wasted. Additionally, as 

combustion changes from flaming to glowing at the end of pyrolysis of a fuel batch, it may 

be necessary to place the food container closer to the bed to obtain maximum heat transfer 

from the burning charcoal. Control of power level or cooking container location should be 

done without causing excessive pollutant emission from the transient responses resulting 

from the control.   

 
2.9.3. Methods of Achieving Combustion Criteria. 

 
Enclosing the Fire 

 
From the results presented in Table 2.4 it is observed that the amount of air entrained 

from the fuel surface to the flame tip of a pool fire is several times the stoichiometric amount. 

This excessive entrainment decreases flame temperature to values lower than what would be 

obtained under stoichiometric conditions. Further, a wood pool fire can lose 20-40 % of the 

energy content of fuel via radiation [Tewarson, 2002, 2004]. An apparently obvious solution 

to these two problems is to enclose the fire around its circumference, leaving openings 

(ports), with or without dampers, for air supply and/or fuel loading. If the enclosing wall 

material is too thin or has high thermal conductivity, temperature on the outer side will be 

high and the benefit of reduced rediative heat loss can be diminished. On the other hand if the 

wall is too thick, a substantial fraction of the heat released from the fuel can be stored at low 

temperature in the enclosure and thus become unavailable for the cooking process. Hence 

thin, fire resistant, thermally insulating walls of adequate mechanical strength are preferable. 

If adequate air is available, an enclosed fire should burn at substantially higher temperature 



 
 
 
 

164 

than an open one. This will result in a higher rate of heat transfer to the cooking container, 

higher burning rate and more complete combustion of gas-phase pyrolysis products. 

Observed and potential problems associated with enclosed fires compare to open ones 

include the following: 

  
(i) More operator attention may be required to regulate the amount of air flowing into 

the combustion chamber. 

(ii)  If the design requires simultaneous combustion of a whole batch of fuel, extra 

labor will be expended in cutting fuel pieces to a length that can fit in the 

enclosure. This limitation is reported to have resulted in rejection of an enclosed 

stove design with a relatively high thermal efficiency (51 %) [Bussmann, 1988].  

(iii)  If in batch operation the fire is started from the bottom of the stack, as is most 

commonly the case, excessive amounts of pollutants can be released when air is 

reduced as a necessary step in reducing power level. This would occur because 

the whole batch would be pyrolyzing and reducing air supply is not accompanied 

by reduced pyrolysis rate. Thus even though the power will be reduced when air 

supply decreases, available air will not be adequate to completely burn the gas-

phase products. 

(iv)  If very high temperature occurs at the location where primary gas-phase products 

undergo secondary pyrolysis reactions without adequate concentrations of 

oxidizing species, the fire can produce significant amounts of soot.  

(v)  High temperature during glowing combustion will increase the amount CO 

produced from heterogeneous reactions unless sufficient oxygen is available. 
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 From Table 1.1 it was observed that thermal efficiencies of improved stoves are not 

significantly different from those of open fires, and that a carefully operated open fire can 

give substantially higher thermal efficiency than improved stoves. An examination of results 

from comprehensive tests carried out by Smith and co-workers [Smith KR et al., 2000a, b] 

indicates that regarding emission factors for CO, total suspended particulates (TSP) and total 

non-methane organic compounds (TNMOC) there is no definite advantage in using improved 

stoves instead of an open fire. Although thermal efficiency and emission factors varied with 

both fuel type and stove design, for a given fuel CO, TSP and TNMOC emission factors were 

consistently higher for enclosed stoves than for open fires. However, for the conditions and 

procedure used in these tests, enclosed stoves consistently had higher thermal efficiency. 

Results of tests by other workers [Ahuja et al., 1987; Ballard-Tremeer and Jawurek, 1996; 

Venkataraman and Rao, 2001; Zhang et al., 2000] also indicate that emission factors of 

enclosed stoves increase as thermal efficiency increases. One conclusion from the foregoing 

observations in that some current designs of enclosed fires can or do produce larger emission 

factors than open fires. Thus it is necessary to analyze these designs with a view to further 

improving their combustion characteristics and possibly, thermal efficiencies.  

 
Enclosing Cooking Vessel (Pot) 

 
For stove designs in which it is applied, shielding the pot is mainly done for two main 

purposes. First, a shield around the pot reduces the amount of air entrained by combustion 

gases flowing over the pot. This reduction in entrainment should result in hotter gases and, 

consequently, higher heat transfer rate to the pot relative to a design with a bare pot. Second, 

a shielded pot has narrow flow passages between the pot and the shield. If resistance does not 
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choke the flow of gases in the narrow passages, the exhaust gases will flow at a higher speed 

and thus convectively transfer more heat to the pot than the case of a pot exposed to ambient 

air. 

Since the gap between the pot and its shield is on the order of 1 cm [Bussmann, 1988] 

the benefit of increased heat transfer comes at the cost of restriction to only one pot size and 

shape. Restricted flow of the flue gases reduces the maximum rate of combustion (power) 

that the stove can support without smoke back-flow, with accompanying fuel build-up. In 

laboratory tests, Visser [1981] observed substantially higher thermal efficiency from 

shielding both the pot and the fuel bed, in comparison with shielding only the fuel bed. The 

shield around the fuel bed had one set of air supply holes below the level of the grate and 

another set above the fuel stack. Both sets could be closed or opened separately (as a set). 

Wood fuel blocks were fed to the stove through a gap between the pot and the fire chamber. 

Although the design with shielded pot and fire chamber gave a maximum thermal efficiency 

of up to 51 % [Visser, 1981, Bussmann, 1988], it was rejected in the field due to a 

requirement to cut wood to pieces not longer than 18 cm [Bussmann 1988]. Depending on 

pot diameter, thermal efficiency increased to a maximum then decreased, or increased 

continuously (for large pot diameter) as the gap between the pot and its shield decreased. 

However, the ratio CO/CO2 increased continuously as this gap decreased [Bussmann, 1988]. 

Similarly, thermal efficiency increased to a maximum then decreased as the gap between the 

bottom of the pot and the top of the fire chamber decreased; a variation that was also 

accompanied by an increase in CO/CO2 ratio. These results indicated that gains in thermal 

efficiency resulting from shielding the fuel and pot come at the cost of decreased combustion 

efficiency, and consequently, increased pollutan emission. Further, due to the high sensitivity 
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of performance to the sizes of gaps in this design, stringent quality control is necessary 

[Bussman, 1988] during the manufacturing process, a requirement that is difficult to fulfill in 

the small scale, low-technology enterprises where most stove are produced.  

 

Use of a Grate 

 A grate is used to hold the fuel at some height above the floor of the combustion 

device or that of the house where the fire is placed. Emphasis here is on a design with airflow 

to the space below the grate and up through the fuel bed. This air is termed under-grate of 

primary air. The space below the grate has several effects on the fire. Some of advantageous 

effects are outlined below [Bussmann, 1988; Bussmann et al., 1983, Bhatt, 1990; Prasad et 

al., 1985]. 

(i) The air between the grate and device or house floor reduces conductive heat loss 

from the fire and thus increases fire temperature and, consequently, can increase 

thermal efficiency.  

(ii) Heat from the grate and the fuel bed preheats primary air and consequently 

increases combustion rate and fire temperature. 

(iii) Primary air increases the rates of pyrolysis of raw biomass and heterogeneous 

combustion of charcoal left after pyrolysis. Thus a design with a grate burns more 

charcoal simultaneously with the flaming combustion of pyrolysis volatiles. 

Increased pyrolysis rate and simultaneous charcoal combustion also increases fire 

temperature, which, in turn, increases thermal efficiency. Ballard-Tremeer and 

Jawurek [1996] observed that burning an open fire on a grate increased thermal 

efficiency from 14% to 21%. 



 
 
 
 

168 

(iv) For operations where a fresh amount of fuel is added to the burning bed at regular 

intervals, a fire with a grate reaches pseudo steady state faster and with less fuel 

mass build-up than one without, and these differences increase as the power level 

increases [Bussmann, 1988; Prasad et al., 1985]. The difference in fuel build-up is 

important as excessive fuel accumulation reduces the combustion volume below the 

bottom of a pot placed above the fire. Combustion volume can result in reduced 

combustion efficiency due to reduced air supply and reduced vertical distance 

available for the combustion of pyrolysis products. 

(v) For a given range of fuel build-up, a fire with a grate has a higher turn down ratio 

(maximum power/minimum power) [Bussman, 1988, Bussmann et al., 1983].  

(vi) The openings in the grate allow ash to fall below the charcoal and thus reduce flow 

resistance between charcoal surface and O2 in the air. Ash removal and presence of 

pre-heated primary air are important features for charcoal combustion, which is 

much slower than flaming combustion.  

Increased combustion rate and higher fire temperature can cause problems for a 

household fire. Flame length, which increases with rate of production of gas-phase pyrolysis 

products, is significantly longer for fire with a grate [Bussmann, 1988; Prasad et al., 1985]. 

Depending on the size of the pot used on the fire, it may be necessary to raise the pot higher 

in order to avoiding quenching the flame and increasing pollutant emission. Since CO/CO2 

ratio for charcoal combustion increases with temperature, a fire with a grate may emit more 

CO. In experiments involving combustion of wood in a furnace with mechanically driven air, 

Kuo et al. [1997] observed that supplying all the combustion air from below the grate 
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produced much more CO, and higher combustion rate and temperature than supplying it from 

above the grate only, or from both above and below the grate. 

 

Top-Down Combustion 

The effectiveness of hot charcoal in cracking pyrolysis tars mainly to H2, CO, CO2, 

CH4, and small amounts of short-chain aliphatic hydrocarbons has been reviewed in section 

2.4. The mixture of permanent gases produced from cracking tars has much lower sooting 

propensity than the tars. The results of Chembukulam et al. [1981] and Brandt et al. [2000] 

illustrated that very high conversion of tars to light gases can be accomplished by passing the 

tar through a hot bed of charcoal. Similar results are generally observed in downdraft or 

reverse (inverted) downdraft gasifiers. In these gasifiers, gas-phase products from pyrolysis 

flow from the pyrolysis front in a bed to and through a layer of burning charcoal after which 

the product gas is collected or processed further. In updraft gasifiers, on the other hand, a 

layer of charcoal burning at the bottom of a fuel bed provides heat to pyrolyze fresh fuel 

above the charcoal.  The pyrolysis tars flow upwards away from the charcoal, through 

unpyrolyzed fuel at the top of the bed. This later mode of gasification closely resembles the 

method most commonly used to burn solid fuels: charcoal glowing at the bottom of a fuel 

stack, pyrolysis of fuel above it and flaming combustion above the stack. Gas from 

downdraft or reverse downdraft gasifiers contains very low levels of tar (~ 1g/Nm3), which 

are about two orders of magnitude lower than those found in gas collected from updraft 

gasifiers [Milne et al., 1998]. As indicated in section 2.3, the combustion rate of a fuel stack 

ignited from the top and supplied with air from the bottom increases from a low value to a 
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maximum, then decreases as airflow is increased from zero [Shin and Chai, 2000; Yang et 

al., 2004; Saastamoinen et al., 2000].  

Bhattacharya et al. [2002] observed that top-ignited stoves emitted significantly less 

CO and NOx (nitrogen oxides) than stoves ignited from the bottom of the fuel stack. Reed 

and coworkers [Reed et al., 2001] have developed and tested a stove based on the principle of 

inverted downdraft gasifier. The stove consists of an inner cylinder that holds fuel pellets. An 

outer cylinder forms an air jacket around the inner cylinder. The inner cylinder has a primary 

air inlet at the bottom of the fuel stack and is open at the top where pyrolysis gases burn 

below a pot. The fuel stack is ignited from the top.The air jacket is closed except for an inlet 

for secondary air at the bottom. The secondary air is preheated as it rises up the jacket and 

enters the combustion chamber through a set of holes around the top part of the inner 

cylinder. A 3W electric blower is used to supply primary and secondary air. Reed and co-

workers reported efficiencies of 20-40 % based on a water boiling test, and charcoal yields of 

10-50 wt% for fuels ranging from nutshells to coal. Although they did not provide emission 

factor data, Reed et al. claimed that the stove burned with very low emission. 

This stove is an interesting application of results from solid fuel gasification. 

However, the design developed by Reed and co-workers has some drawbacks, a few of 

which are outlined below. 

(i) Use of a fuel container (inner cylinder) imposes a requirement to either use fuel that 

already exists in forms close to pellets or expend more labor (compared to an open 

fire) in cutting long fuel pieces to lengths that can fit in the stove.  

(ii) Once the flaming combustion is completed and the residual charcoal settles at the 

bottom of the stove, efficiency is likely to drop since the pot cannot be lowered to 
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the charcoal bed where heterogeneous reactions occur. This is also likely to cause 

excessively high temperature at the bottom of the stove, which in turn can result in 

excessive amounts of CO emission from charcoal combustion. 

(iii) If fuel used is in a form that cannot be packed compactly, pieces of glowing charcoal 

can fall from the pyrolysis front at the top to the bottom of the stove and thus change 

pyrolysis/combustion from top-down to down-top mode. This latter mode is more 

difficult to control in a closed chamber and produces more pollutants. 

(iv) This design can only operate in top-down mode with a single batch of fuel. Fresh 

fuel added after the first batch has ignited will burn in bottom-top mode.  

(v) The requirement of an electric blower or other means of forcing airflow, though 

apparently simple and low cost, can be problematic in situations where replacements 

are not easily available.  

 
Variable Pot Location 

For brevity the distance between the bottom of the pot and the top of fuel stack will be 

referred to as pot-fuel distance, or simply Hpf. Bussmann and coworkers observed that for an 

open wood fire Hpf is the variable with the greatest effect on thermal efficiency [Bussmann, 

1988; Prasad et al., 1985]. For the fire used in their studies, thermal efficiency increased, 

almost linearly, as Hpf was decreased. Their studies did not measure the effect of Hpf on 

emission characteristics of the fire. Ashman and co-workers observed a similar relationship 

between efficiency and Hpf  for a cook top burner operated with compressed natural gas at 

different fuel flow rates (input power levels) [Ashman et al., 1994]. The burner diameter was 

68 mm, and a 205 mm diameter container with 2.3 kg of water was used to simulate a pot. 
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Input power levels of 0.49, 0.82 and 1.65 KW were separately used to heat the water through 

a 75 oC temperature rise. Along with thermal efficiency, Ashman and co-workers also 

measured quantities equivalent to emission factor (mass of pollutant per mass of fuel burnt) 

and total emission per simulated cooking task for CO, NO and NO2. Although their results 

may not quantitatively apply to a solid fuel fire, they are outlined here, firstly because they 

were the only published results available to the author at the time of the present study that 

explicitly related Hpf to both efficiency and pollutant emission. Secondly, it is reasonable to 

expect these results to apply qualitatively to some solid fuel fires. 

(i) For a given fuel supply rate, thermal efficiency increases as Hpf decreases. This 

increase is steeper for low input power levels and low Hpf. For low input power and 

very low pot locations, thermal efficiency increases to a maximum then decreases 

as Hpf  is reduced. 

(ii) For given value of Hpf thermal efficiency increases as input power decreases, this 

increase being larger at low Hpf. 

(iii) For Hpf, values larger than some value that depends on input power, CO emission 

factors and total emission are low and independent of Hpf. However, both CO 

emission factor and total emission increase sharply as Hpf is decreased to very low 

values. At low input power level both CO emission factor and total emission have a 

minimum at some value of Hpf below and above which they increase as Hpf is 

reduced and increased, respectively.  

(iv) Combined nitrogen oxides (NO + NO2 = NOx) emission increases then levels off as 

Hpf is increased, and also increases with power input. 

(v) CO and NO2 emissions correlate directly. 
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Hou and Ko [2004] investigated the effect of Hpf on thermal efficiency, flame 

structure and temperature distribution for a laminar partially premixed methane flame 

burning in open air at different primary equivalence ratios and fuel flow rates. The partially 

premixed fuel was supplied and burnt at the exit of a tube of inner diameter 9 mm, while a 

water-cooled stainless steel plate 20 mm thick and 100 mm in diameter was used to simulate 

a cooking pot. The structure of the flame from this burner consisted of an inner premixed 

flame burning around a core of unburnt gases, and an outer diffusion flame. For a given set 

of primary equivalence ratio and fuel flow rate, thermal efficiency increased to a maximum 

then decreased as Hpf was increased from values less than 1cm. At maximum thermal 

efficiency both the inner and outer flames impinged on the bottom surface of the pot and 

spread out radically in trumpet shape. This corresponded to an Hpf slightly less than the 

height of the inner flame. The change in flame structure, relative to that without a pot was 

progressively less as Hpf increased. For Hpf values higher than that corresponding to 

maximum thermal efficiency, temperature at the bottom surface of the pot decreased as Hpf 

increased, thus matching with the effect of Hpf on thermal efficiency. Generally, maximum 

efficiency decreased while the corresponding Hpf increased as either primary equivalence 

ratio or fuel flow rate increased.  

From the studies by Ashman et al. [1994], and Hou and Ko [2004], it is evident that 

high thermal efficiency is obtained by placing the pot at a location which produces a flame 

structure that gives high pot surface temperature. As the undisturbed flame length increases 

with increasing fuel flow rate or equivalence ratio (decreasing extent of mixing between air 

and fuel) maximum thermal efficiency decreases and occurs at increasingly higher locations. 
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Further, for purely diffusion flames, maximum thermal efficiency occurs at locations with 

high concentrations of pollutants. Thus for purely diffusion flames, it seems the two criteria 

of high thermal efficiency and low pollutan emission are in contradiction. Partially premixed 

flames have structures, species and temperature profiles, and emission characteristics that are 

substantially different from those of diffusion flames. Hence relationship between efficiency, 

pot location, flame structure, fuel flow rate and equivalence ratio for diffusion flames is 

difficult to derive on the basis of results from partially premixed flames such as that studied 

by Hou and Ko [2004].  

 
 

Supplying OH Radicals to Enhance CO, Soot and Charcoal Oxidation 

Review in sections 2.7 and 2.8 indicated that OH radicals are the fastest oxidants of 

CO soot and charcoal. It was also shown that oxidation of fuel molecules by OH to CO is 

substantially faster than oxidation of CO, which is in turn faster than that of soot or charcoal. 

Thus oxidation rates by OH are in  order: gaseous fuel > CO > charcoal > soot. In a solid fuel 

fire, soot is exposed to higher OH levels and earlier than that charcoal. Hence the oxidation 

rate order in an actual fire is pyrolyzates > CO > soot. Further, at the high temperature 

necessary to obtain substantial charcoal or soot combustion rates, CO can be the predominant 

product by more than an order of magnitude [Du et al., 1991a], unless there are sufficient 

levels of catalysts, such as CaO that promote CO2 formation. Even though charcoal from 

biomass contains natural catalysts, emissions and thermal performance tests carried out by 

Smith KR and coworkers [Smith KR et al., 2000a.] indicated that charcoal-fueled stoves 

produce CO emission factors several times as high as those from wood stoves. Thus 

generating adequate concentrations of OH at CO and soot oxidation zones during flaming 
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combustion, and in or above charcoal bed can reduce CO and soot emission, in addition to 

increasing charcoal combustion rate. 

One feasible method of generating OH radicals to improve charcoal combustion is to 

combine it with slow flaming combustion with adequate O2 supply. Reactions in the flame 

would produce OH that can oxidize CO from char combustion in the reaction 

CO+OH→CO2+H. The H radicals produced from this reaction can react with O2 and H2O to 

generate more OH radicals. Oxidation of CO by O radicals and or/ O2 is very slow at 

combustion temperatures in the absence of hydrogen-containing species [Glassman, 1996; 

Goel et al, 1996]. Addition of 3.5% (volume) water vapor to air around burning char has 

been observed and predicted to cause CO ignition at temperatures around 1000oC due to 

generation of OH, and HO2 radicals from H2O [Goel et al., 1996]. 

 

Supplying Air inside Flaming Zone 

Air introduced inside the flaming zone can cause significant changes in 

characteristics of a fire. Although some of these changes can improve the performance of a 

fire in cooking or heating applications, others can produce degrading effects. The type and 

magnitude of changes, relative to the normal open fire, depend on the rate and location of in-

flame air supply with respect to gas-phase pyrolysis products from solid fuel. Hence 

understanding the effects of different configurations of air and fuel is important in designing 

and operating modified stoves. Some important results from past studies on modified 

diffusion flames of gaseous fuels can be applied to solid fuel stoves.   
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Partially Premixed Flames 

A schematic of a normal diffusion flame (NDF) and three of its variations is given in 

Figure 2.7. For simplicity, cylindrical symmetry is assumed. Of the three variations of NDF, 

partially premixed flames (PPFs) are the most extensively studied. In this configuration fuel 

mixed with less than stiochiometric amount of air flows in a tube at the center of the burner. 

Air flows in an annulus surrounding the central fuel-rich flow. The equivalence ratio, ΦB, in 

the fuel tube progressively decreases from ∞, for normal diffusion flame conditions, to lower 

values as the proportion of air mixed with fuel increases. Because of the influence of fuel 

chemistry on flame characteristics, the effects of partial premixing quantitatively vary with 

fuel, in addition to other factors such as turbulence, and global equivalence ratio. However 

the following effects have generally been either observed from experiments or revealed 

computationally as premixing increases (ΦB decreases) [Arana et al., 2004; Bennett et al., 

2000; Blevins et al., 1999; Gore and Zhan, 1996; Lee and Mitrovic, 1998; Lyle et al., 1999; 

McEnally and Pfefferle, 2002; Turns et al., 1993; Cheng et al., 2001]. 

(i) At a certain level of premixing the flame structure changes from the classic non-

premixed structure to a double flame consisting of an inner premixed flame and an 

outer non-premixed flame [Lyle et al., 1999; Blevins et al., 1999]. 

(ii) A slightly premixed (large ΦB) PPF emits more soot and is taller than an equivalent 

non-premixed flame. As level of premixing increases (ΦB decreases) both soot 

emission and flame length increase to a maximum at a certain value of ΦB, after 

which they progressively decrease until the flame becomes non-sooting (blue) at 

higher levels of premixing (low ΦB). In the region of decreasing soot emission 
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flame length first decreases gradually then more rapidly as premixing increases. 

Thus application of partial premixing concept requires careful choice of the level of 

premixing in order to avoid producing more soot, or longer flames in comparison 

with a normal diffusion flame. 

(iii) For levels of premixing that yield less soot in comparison with NDF, the proportion 

of soot formed at low elevations of the flame increases as premixing increases (ΦB 

decreases) [Arana et al., 2004].  

(iv) As partial premixing increases beyond a certain value, hydrocarbon and NOx 

(nitrogen oxides) emission factors fall below the levels for NDF, decrease to a 

minimum then start increasing. On the other hand, CO emission factors 

progressively decrease below NDF levels as partial premixing is increased above a 

certain level [Gore and Zhan, 1996; Lyle et al., 1999].  

(v) Placing a circumferential shield around the annular air co-flow substantially reduces 

CO and hydrocarbon emission factors, but increases flame length in comparison 

with a configuration in which the fuel and air flows are released to open air [Lyle et 

al., 1999]. 

(vi) The fraction of flame heat lost by radiation (χR) decreases while both flame 

temperature and radial width of peak temperature region at the center of the flame 

increase with increasing level of premixing. Available literature does not explicitly 

state that χR increases with level of premixing for low slightly partially premixed 

flames. However, because χR increases with both flame length and amount of soot 

formed in the flame, it is reasonable to expect that it should follow a trend similar to 
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that for flame length and soot as level of partial premixing increases (ΦB 

decreases); that is χR should initially increase to a maximum then start decreasing 

as ΦB is progressively decreased. 

   From the foregoing characteristics, it can be postulated that using a properly 

designed partially premixed flame to heat a load would allow the load to be placed closer to 

the burner exit, produce less emission and yield higher thermal efficiency than an equivalent 

normal diffusion flame. The so-called sawdust stove (Figure 2.8) has a design close to a PPF. 

In this stove, sawdust or any fuel of similar physical form, is packed in a cylindrical annulus 

that is closed at the top and bottom. The open ended cylindrical space at the center supplies 

air by chimney effect to burn gas-phase pyrolysis products released from the inner surface of 

the fuel annulus. The vertical wall of the central space may be the inner surface of the fuel 

annulus, obtained by placing a cylindrical object at the center when packing the fuel and 

removing the object before igniting the fuel. Alternatively this wall may be made of a wire 

mesh or perforated material. The design shown in Figure 2.8, with a straight central space, is 

used on stoves with the base raised from the floor to allow air intake. For stoves with the 

base set on the floor, an L-shaped space is used, with a horizontal arm at the bottom to drawn 

in air from the side. Depending on the rate of air intake relative to that of pyrolysis, the air 

drawn into the vertical central space may provide only partial combustion inside the stove. 

Completion of combustion occurs in the space between the exit of the central space and the 

bottom of a pot placed on the stove. In an experimental study of the effects of geometric 

parameters on the performance of an L-shaped sawdust stove Venkataraman et al. [2004] 

observed thermal efficiencies in the range 30-40 %, and CO and particulate matter (PM) 
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emission factors up to an order of magnitude lower than those obtained from wood stoves. 

Venkataraman and coworkers also observed that combustion temperature, airflow rate, power 

and emission factors were sensitive to both the radius of the central space and size of the gap 

between the stove and the pot.   
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Figure 2.7. Diffusion Flame Variations 

NDF = Normal Diffusion Flame; PPF = Partially Premixed Flame 
IDF = Inverse Diffusion Flame;  MIDF= Modified Diffusion Flame 
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Figure 2.8. Sawdust Stove 

 
 

Inverse Diffusion Flame 

In this configuration, air flows at the center and fuel in an annulus surrounding the air. 

Compared to PPFs, relatively few studies have been published for this type of flame 

[Shaddix et al., 2005]. Although many of the published results indicate that IDFs emit less 

soot than NDFs, the reported reduction varies widely, from about 30% to several orders of 

magnitude [Shaddix et al., 2005; Kaplan and Kailasanath, 2001]. Carbon monoxide (CO), 

soot and hydrocarbon species emitted from IDFs are formed on the fuel side where they are 

transported radially outward as they travel upward, without passing through the oxidizing 

zone [Kaplan and Kailasanath, 2001; Sidebotham and Glassman, 1992; Makel and Kennedy, 

1994]. Whereas the luminous soot zone of an NDF is spread over most of the flame length, 

luminous soot in an IDF forms at the flame tip in the shape of cap [Sobiesiak and Wenzell, 
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2005; Kaplan and Kailasanath, 200, and references there in]. The length of an IDF 

normalized by the diameter of the air tube decreases exponentially with air:fuel ratio 

[Sobiesiak and Wenzell, 2005]. Although there are no practical burners based purely on IDF 

concept, related conditions occur in staged burners where air is injected into a partially 

burned mixture. 

The modified inverse diffusion flame MIDF consists of an IDF with an air annulus 

surrounding the fuel annulus. Such a configuration would occur if a burning solid fuel bed 

with air supplied at the center is placed in surrounding flowing air. A burner based on this 

configuration, and termed double inverse diffusion flame, is reported to be more energy 

efficient than one based on a normal diffusion flame [Kwak et al., 2005]. In a preliminary 

study prior to the present work some combustion characteristics of a wood pellet fuel bed 

with a flow-through space in the middle were compared with those of a bed without a central 

space. Both types of beds were raised from the floor and burnt in open-air surroundings. 

Particulate matter (PM) and CO emission factors were measured for batch combustion 

starting from ignition, through smoldering, up to the end of flaming phase. The bed with 

combustion space in the middle burnt with a substantially shorter flame and emitted 

significantly less particulate matter and CO than the bed without combustion space.  
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CHAPTER THREE 
 
 

PROBLEM STATEMENT AND OBJECTIVES 
 
 

3.1. Problem Statement 

 Approximately 2-3.5 billion people in rural and low-income urban households in 

developing countries depend on solid fuels to provide energy for cooking and space heating 

needs. This number is projected to increase rather than decrease in the future. Several 

economic, social and logistic factors consign these people to low quality biomass and coal 

fuels. For example, low-income urban households cannot afford thermal devices (cook 

stoves) that use modern energy sources such as liquefied petroleum gas (LPG) and 

electricity, and auxiliary hardware such as gas cylinders, electric wiring and electric meters 

required to contain or control these modern energy sources. Thus even some low-income 

households who can pay for monthly energy consumption from these modern sources do not 

use them since they cannot afford initial device and installation costs. Biomass- and coal-

fuelled devices, on the other hand, are relatively inexpensive. Some solid fuel thermal 

devices, such as the three-stone fire, can be constructed by the users at virtually no monetary 

cost and do not require auxiliary control or containment hardware. Further, solid fuels such 

as wood, charcoal, crop residues, animal waste and coal are more reliably supplied at lower 

or more stable prices than modern energy sources. The scenario for rural households is 

slightly different from that for urban low-income families. Because rural areas are farther 

from facilities for generating or supplying modern energy, the price of such energy, where it 

is available, is relatively higher than in urban areas. Additionally, due to poor road conditions 

during rainy seasons, and other factors, supply of modern fuels such as LPG and kerosene 
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may be less reliable in rural than urban areas. Thus rural homes are more likely to have no 

accesses to some modern energy sources, face less reliable supply or pay higher prices for 

these sources than urban households. On the other hand, wood, crop residue and animal 

waste may be available in rural areas at no or relatively low cost. In addition to households, 

and mostly for the same reasons, solid fuels are used in developing countries to provide heat 

for cooking or other processes in schools, colleges, hospitals, small and medium scale food 

service enterprises and many manufacturing facilities. 

 Device and solid fuel combinations most commonly used in developing countries 

emit several times more products of incomplete combustion per unit mass of fuel burnt than 

household thermal devices burning modern gaseous fuels. Although emission factors depend 

on device-fuel combination and the manner of operation, values measured in simulated 

cooking tests using a variety of biomass solid fuels and devices are in the range 30-300g/kg 

fuel burnt for carbon monoxide (CO), 5-20 for methane (CH4), 10-30 for non-methane 

organic compounds (NMOCs) and 1-5 for total suspended particulate matter (TSP) [Smith 

KR et al., 2000a]. Whereas liquid and gaseous fuel devices transfer 40-60% of fuel heat 

content to the pot, typical solid fuel devices have thermal efficiencies lower than 20% under 

practical conditions. Because emissions from household solid fuel devices are mostly 

released into living spaces, the millions of people using these devices are exposed to high 

concentrations of indoor pollutants. This exposure is associated with several adverse health 

effects and is the fifth most serious health risk in developing countries, where it is estimated 

to cause about 2.5 million deaths annually, about 60% of which are children younger than 

five years [WHO, 2002, 1997]. Additionally, due to low thermal efficiencies characteristic of 

biomass fuel devices and the low heating value of biomass in comparison to modern energy 
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sources, households dependent on biomass consume more fuel mass than those using modern 

energy. Consequently, low-income urban households who purchase solid fuels spend more 

money than they would to obtain the same amount of useful heat from modern energy 

sources [Barnes and Qian, 1992]. Similarly, rural households allocate substantial proportions 

of their labor time to fuel gathering [Ravindranath and Hall, 1995]. Also, since most of the 

pollutants emitted from household fire devices eventually end up in the atmosphere, these 

devices contribute significantly to outdoor and atmospheric pollution, and to related health 

and both local and global climatic effects.  

 Combustion air for the majority of solid fuel thermal devices used in the households 

is supplied to the fire passively by both buoyancy, established by temperature difference 

between gases in a fire and the surrounding air, and entrainment of surrounding air into the 

flow originating from the fire. These methods of supplying combustion air are in contrast 

with the use of mechanical devices such as blowers in solid fuel fixed bed furnaces or 

boilers. Thus exposure of the fire/fuel to surrounding air is necessary for the household 

devices but unnecessary in mechanically supplied furnace and boilers. The simplest, least 

costly, and consequently most common household thermal device in developing countries is 

the so-called three-stone fire. It consists of solid fuel burning on the floor at the center of a 

circle defined by three fire-resistant blocks for supporting a cooking pot above the fuel. 

Three open spaces, one between each pair of adjacent support blocks, the floor and the 

bottom of the pot, are used to load fuel to the fire and to draw combustion air from the 

surroundings. Additional air is drawn around the periphery of the pot by buoyancy. In this 

mode of operation the fire provides heat to the contents of the pot and to the room where the 

fire is set up. This device can also be operated without a pot for space heating function only. 
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Improvements of the open, three-stone fire have been in form of fixed or portable stoves with 

features intended to transfer to the pot(s) a higher proportion of the heat released from the 

fuel. These features include partially shielding the fire to reduce excessive cooling by 

entrained air or radiative heat loss, and thus increase fire temperature and heat transfer to the 

pot. A partial shield around the pot is also used to increase heat transfer and also as part of a 

design that accommodates more than one pot on the same stove by sequentially passing hot 

fire gases from one pot to another. Stoves with multiple pots require a chimney to generate a 

draft to drive the flow of combustion gases to the pots. Grates have been used to raise the 

fuel bed and supply air from under the fuel, with expectations of faster combustion, higher 

fire temperature and reduced charcoal build up in the combustion space below the pot, which 

would allow more complete combustion of the gases released from the pyrolyzing solid fuel. 

Thermal efficiencies of these improved stoves are either not significantly different or, in 

some cases, significantly lower than those of carefully operated rudimental devices. Emission 

tests have consistently shown that improved stoves have higher emission factors than open 

fires. Further, even where improved stoves have distinct efficiency advantages, households 

still prefer the open fire due to its flexibility in terms of factors such as accommodating 

different pot sizes, controlling firepower and using different fuel types and piece sizes.  

 A qualitative examination of design and operation of solid fuel devices against solid 

fuel pyrolysis, heat transfer, fluid dynamics and combustion principles indicates the 

following as some of the main causes of low thermal efficiency and high emission factors 

from these devices. 
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(i) The devices are operated in transient mode where either a fresh batch of fuel is 

ignited and let to burn through smoldering, flaming and glowing phases, or fresh 

fuel is non-continuously (in discrete amounts) added to a burning batch. For 

unprocessed biomass (excluding charcoal), the mixture of water vapor and tars 

released from the initial pyrolysis of a piece of fuel is difficult to ignite, and 

decreases the temperature of, and can even extinguish, existing flames. 

(ii) Fuel stacks burn in bottom-up mode where the pyrolysis front first established at 

the bottom of the stack propagates upwards to consume more fresh fuel. Even if 

the pyrolysis gases coming from the bottom layer are ignited into flames at that 

location, the flames are quenched as they impinge on fresh fuel in the upper 

layers where they lose heat required to start pyrolyzing the fresh fuel and/or are 

mixed with non-flammable initial gas-phase pyrolysis products. Thus the 

amount of initial un-burnt pyrolyzate increases progressively as the pyrolysis 

front travels through the batch. Reduction of emission from this start-up stage 

requires either blowing air to re-establish flaming combustion or rearranging 

fuel pieces to provide combustion spaces in which flaming gases from the 

bottom layer burn without complete extinction. This combination of blowing 

and rearranging is commonly termed ‘tending a fire’. 

(iii) Devices, such as the three-stone fire, with high exposure of flames to 

surrounding air entrain excessive amounts of air. This reduces flame 

temperature, decreases thermal efficiency and increases pollutant emission. 

Because the proportion of excess air entrained by a pool fire increases as the 

power (size) of the fire decreases, this effect is particularly important for 
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household devices which are typically operated at power levels lower than 10kw 

and fuel beds on the order of 20cm in diameter. 

(iv) For devices with partially enclosed fires, either insufficient combustion air is 

supplied to the fire, or the combustion space between the pot and the fuel is not 

sufficient for complete combustion. 

(v) Unshielded flames radiatively lose substantial heat to the surroundings, 

primarily due to thermal emission from soot particles. Whereas this may be 

beneficial for space heating-only application, it reduces the amount of heat 

available for the pot in a cooking operation. 

(vi) Combustion of charcoal from biomass or coal, either as the initial fuel or as the 

solid residue at the end of flaming combustion can inherently produce large 

amounts of CO unless sources of oxidants such OH and high temperature 

oxygen are available at adequate rates at the top of the charcoal bed to oxidize 

CO to CO2. 

Given the current and projected future widespread use of solid fuel thermal devices in 

living spaces, the health and environment risks posed by pollutants emitted from, and low 

efficiencies of such devices, it is necessary to seek both design and operation modifications 

that would significantly reduce emission factors and increase thermal efficiency. Some 

combustion characteristics necessary for high efficiency and low emission factors are 

outlined below: 

(i) High temperature at pot location to provide high rate of heat transfer without 

damaging the food or wasting energy. 
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(ii)  Short flame lengths to allow pot to be placed close to the hottest zone without 

significantly increasing emission due to quenching effects. A short flame will 

also burn at high temperature since combustion reactions are completed earlier, 

before excessive air entrainment. 

(iii) Adequate air supply and high temperature at oxidation zones in the flame to 

reduce emission of products of incomplete combustion, including soot. Reduced 

soot emission also reduces radiative heat loss from the flame, and, together with 

improved combustion, increases flame temperature, which in turn increases heat 

transfer to the pot. Adequate supply of oxygen at the required zone would also 

reduce flame length. 

(iv) Minimize flame quenching, which results in combustion shifting to smoldering 

mode, and thus release of increased amounts of emission. 

(v) Supply of fast oxidants of CO, such as OH, above charcoal burnt either as an 

initial fuel, or as solid pyrolysis residue. 

Because operational, cost and complexity factors will affect adoption and 

effectiveness of any design, these other factors need to be considered alongside the 

combustion factors: 

(i) Flexibility to accommodate different solid fuel types and piece sizes allows the user to 

take fuller advantage of fuels available in different seasons.  

(ii) Accommodation of different cooking processes and pot sizes reduces the need to buy 

or construct special stoves for special functions uses.  
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(iii)  Controllability of pot location above the fire allows the user to make maximum use 

heat available at different combustion phases or power levels without quenching the 

fire.  

(iv)  Control of fuel burning rate (power) is useful in saving energy and adjusting 

cooking rates to suit time constraints, and amount and type of food.  

(v) Because low-income is one of the important factors that drive households to use 

solid fuel devices, the design should be simple to construct, and affordable to 

acquire and maintain. In particular, the design should be based on buoyancy-driven 

air supply, rather than require blowers or compressed air.  

An open fire meets more of the above criteria than any other solid fuel thermal 

device. An open fire also provides a reference to which other designs can be compared. This 

fire is also easier to study by systematic variation of parameters with minimal effect of 

confounding factors.  

From studies of gaseous fuel diffusion flames, it has been observed that introducing a 

substoichiometric amount of air in the fuel stream can substantially improve combustion 

characteristics if the extent of fuel-air partial premixing exceeds a certain level. In particular, 

flame temperature progressively increases with the level of partial premixing. Flame length, 

radiative heat loss, and soot emission factor each initially increase to a maximum then start 

decrease to levels lower than those for a normal diffusion flame as partial premixing 

increases, and the flame eventually burns without soot (blue). For turbulent partially 

premixed flames emission factors for CO and other gas-phase products of incomplete 

combustion monotonically decrease with increasing proportion of air in the fuel stream. 

Although most of the foregoing results have been obtained with non-buoyant flames, they 
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should, at least qualitatively, apply to buoyant flames such as those in an open wood fire. 

Thus supplying air in the middle of a fire can substantially improve most of the combustion 

characteristics desirable for indoor cooking and space heating applications. In the present 

study, this concept is applied to a stack of wood pellets burning in quiescent air.  

Results from this study can be significant contributions to understanding, designing 

and operating solid fuel fires with improved thermal and pollutant emission characteristics. 

These contributions would apply not only to open solid fuel fires for domestic applications, 

but several other fixed bed combustion devices and applications. Such devices include solid 

fuel cook stoves, incinerators for solid waste, furnaces and boilers, and vented space heating 

fireplaces and stoves used in industrial countries. Observations from this study can also be 

used to provide insight in designing and carrying out additional or more comprehensive 

experiments involving solid fuel combustion. Further, these observations can be used to 

design computational studies and to validate results from such studies. 

 

 

3.2. Objectives 

 The main aim of this study is to experimentally investigate how combustion 

characteristics of an open, buoyant wood fire are affected by partially premixing air and gas-

phase pyrolysis products in the middle of a wood pellet stack. The fire studied consists of a 

cylindrical stack of rectangular wood pellets in a burner with an open top, a mesh wire 

circumferential fence and a vermiculite base (bed) with varied distribution of holes. Partial 

premixing is achieved by including a flow-through cylindrical space, with a mesh wire wall, 

in the middle of the burner. This configuration will be termed ‘annual burner’. With the bed 
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raised above the floor and the fuel stack ignited at the bottom, buoyancy draws air and a 

fraction of the gas-phase pyrolysis products into the flow-through space where they undergo 

some degree of flaming combustion. Some of the heat from this combustion is fed back to 

the fuel stack to sustain pyrolysis. Gases that are not drawn into central space flow through 

the stack, lose heat to pyrolyzing wood and are burned at the top of the stack, together with 

partially burned gases coming out of the central space.  

A burner without holes in the bed or space in the middle of the stack was studied in 

full cycle mode to obtain reference data against which to compare effects of modifications. 

Fires were operated either in full cycle or pseudo-steady state mode. In full cycle mode a 

batch of pellets is ignited and let burn through smoldering, flaming and glowing combustion 

phases. Pseudo-steady operation was obtained by adding fresh fuel at a predetermined rate to 

a fire already in flaming phase. Combustion characteristics measured include maximum 

flame length; full-cycle CO and particulate matter emissions; axial temperature distribution; 

proportion of fuel consumed, burning rates and CO emission factors in smoldering, flaming 

and glowing combustion phases. Although smoke from wood fire contains hundreds of 

different chemical compounds, present study is limited to only real-time measurements for 

CO and total particulate matter sampling over either an entire full cycle or pseudo-steady 

combustion operation. For full-cycle operations, where smoldering and flaming phases are 

separated in time from each other and both occur without significant concurrent glowing 

combustion, these two groups of products of incomplete combustion (PIC) are assumed to be 

proxies for other products not directly measured. This assumption is also applicable in 

pseudo-steady operations, where there is significant concurrence of flaming and glowing 
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combustion modes and flames provide oxidant for CO from charcoal combustion. Carbon 

monoxide is assumed to be the predominant PIC from glowing (charcoal) combustion. 

Because several design and operational factors can produce or affect the magnitude of 

some of the effects of partial premixing, other variables, and modifications were also studied 

to facilitate a comparison between their effects and those due to partial premixing. A 

combined data pool for the effects of partial premixing and other variables and factors is 

useful in assessing relative effectiveness of alternative design and operational variations with 

respect to a given set of desired performance characteristics. Selection of these variables and 

modifications was based on theoretical considerations and experience. From these 

considerations the following specific objectives were derived to investigate the effects of 

partial premixing and to compare these effects with those due to other design and operational 

factors of an open buoyant wood fire. 

(i) Design, construct, assemble and test a system for measuring combustion 

characteristics mentioned above for an open buoyant wood fire. 

(ii) Characterize full-cycle combustion of a stack of wood pellets burnt without holes 

in the bed or space in the middle of the fuel stack. This burner configuration will 

be referred to as ‘plain burner’. 

(iii) Measure characteristics of full-cycle, partially premixed combustion and compare 

them with those of an equivalent plain burner fire (without partial premixing). 

(iv) Measure effects of initial fuel mass on full-cycle combustion in plain and annular 

burners. 

(v) Characterize full-cycle combustion of wood pellets in a burner with combustion 

space in the middle of fuel stack. This burner similar to the annular burner, but the 
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inlet of the flow-through space is closed. In this configuration the only air 

reaching the combustion space travels radially through the fuel stack and is thus 

much less than that in the annular burner. For brevity, it will be referred to as 

‘center-space’ burner.  

(vi) Determine the effects of the size of combustion space in a center-space burner and 

compare this burner with equivalent plain and annular burners in full-cycle 

combustion. 

(vii) Measure effects of ignition location at the bottom of an annular burner in full-

cycle operation. 

(viii) Characterize manually tended, full-cycle fires on annular and plain burners, and 

compare them with equivalent untended fires on these two burners and on a 

center-space burner. The purpose of tending is to reduce the amount of fuel 

consumed in smoldering combustion. 

(ix) Characterize combustion in a burner with multiple holes at the base. In this 

configuration, termed ‘grate burner’ the vermiculite bed has a multiple of uniform 

size holes distributed over the base to allow air from under the fuel stack. The 

total cross-sectional area of these holes was equal to that of the flow-through 

space in an equivalent annular burner. This bed is a simulation of grates 

commonly used in solid fuel devices, presumably to improve combustion. 

(x) Measure the effects of operating plain, annular and grate burners in pseudo-steady 

mode at different fuel charging rates. For this objective, particular attention was 

be paid to the effects of pseudo-steady operation on CO emission from charcoal 
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combustion, and to check if the effects observed in full-cycle combustion also 

apply to steady operation.  
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CHAPTER FOUR 
 
 

APPARATUS AND EXPERIMENTAL METHODS 
 
 

4.1. General Layout 
 

The general layout of the system used is shown schematically in Figure 4.1. The 

burner and its stand, load cell for real-time fuel mass measurement, a rack for fire 

temperature thermocouples, and a ruler for flame length measurement are all placed inside a 

fire enclosure. The enclosure is rectangular with sides of length 1.22 m each and a height of 

1.4 m. An aluminum insect screen is attached on all the four vertical sides of the enclosure 

to reduce disturbances on the fire from air movements inside the laboratory. On three of 

these sides, the screen is attached at the top, vertical and bottom edges of the enclosure. The 

screen on the fourth side can be rolled upwards to provide access into the enclosure. One 

edge of this screen is attached to the top edge of the enclosure, its vertical edges are free, 

and a wooden bar at the lower edge provides weight to keep the screen straight when it is 

necessary to shield the fourth side of the enclosure.  

 A hood with a 1.22x1.22 m square base, a vertical depth of 2.54 m and a 16x16 cm 

top opening is placed on the fire enclosure to capture fire gases and entrained air drawn by 

an exhaust blower. Through a set of duct transition segments and one 90o elbow, the hood is 

connected to a horizontal round duct with an inside diameter (ID) of 15.2 cm. At 75 cm 

downstream of the elbow, a 3.8 cm ID sampling probe is mounted at the center of the round 

duct to direct 1/16 of the total flow to a soot filter. A honeycomb flow straightener is placed 

in the annular space between the duct and the sampling probe inlet. A sample blower 

attached to the bottom of a filter box draws the filtered stream. The Flow rate of the filtered 
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sample is measured and monitored with a rotameter mounted downstream of the sample 

blower. A ball valve downstream of the rotameter is used to manually control soot-

sampling rate. Farther downstream, a small sample of the filtered stream is drawn for real-

time measurement of CO concentration in a gas analyzer  

The unfiltered fraction (15/16) of the total flow from the hood passes down to a 10.2 

cm ID steel pipe where an averaging Pitot tube elements is used to measure flow rate. One 

honeycomb is placed upstream and another downstream of the Pitot tube to reduce flow 

disturbances from transitions between 15.2 cm ID ducts and the metal pipe. This stream 

passes through the exhaust blower to a 20.3 cm ID duct where it mixes with the filtered 

stream before the total flow is exhausted out of the building. The flow rate through the 

exhaust blower is manually adjusted with a damper.  

 A video camera placed outside the fire enclosure is used to record a view of the 

flame against the ruler. This record is later used to obtain flame length data. Real-time fuel 

mass, temperature, flow rate and gas analysis data are collected and stored using three data 

acquisition systems running on two personal computers. 
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Figure 4.1. General Layout of Experimental Setup. 
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4.2. Fuel and Burners 
 

 The wood fuel used consists of 1.8x1.8x5 cm rectangular blocks cut on a circular 

table saw from kiln-dried commercial construction lumber. All the pellets were obtained 

from one batch of lumber, obtained from the same depot, on the same day. The lumber was 

a mixture spruce, fir and pine tree species. Although the actual proportion of each species 

was not determined, it was kept fixed since only one batch was used. The emphasis in the 

present study is on comparing combustion characteristics of different burner designs and 

fire operation modes, rather than the effects of fuel properties. The pellets were in 

equilibrium with temperature and humidity conditions in the laboratory, which varied in the 

ranges 20-28 oC and 30-55%, respectively. This range of conditions corresponds to 5-10% 

moisture content, on a dry basis, according to an empirical formula given by Simpson and 

Tenwolde [1999]. An electronic meter with a low detection limit of 8% was used to 

measure approximate values when moisture content exceeded 8%. Each fuel batch was 

ignited with six pieces of solid fire starter fuel, each approximately cubic in shape and 

about 6mm on each side. The starter fuel is composed of a compacted mixture of wax and 

sawdust. The starter pieces were placed at one ore three locations, depending on burner 

design, an lit with a butane lighter through a vertical opening in the stack, which was 

manually collapsed once a flame was established at the ignition location. Mineral wool 

insulation was placed at the bottom of burner stand to reduce heat transfer from the fire to 

the load cell.  

 The burners studied have cylindrical geometry with a 2.54 cm vermiculite base 

(bed) to which a galvanized iron wire mesh fence is attached to hold the fuel stack. This 

mesh has 0.5 mm wire diameter and 6cm square openings. Burner design modifications 
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include introducing either one or more holes in the bed, or a fenced-off air space in the 

middle of the fuel space.  

 A burner design without holes in the bed or fenced-off air space in the middle was 

used as the reference (base) case against which other design modifications were compared. 

In this burner, shown in Figure 4.2 (a), an area of about 2 cm in diameter and 1cm in height 

is fenced off at the center of the bed to hold kindling fuel. The annular burner design, 

Figure 4.2 (c), has a flow-through fenced-off air space in the middle. This space runs from a 

hole at the center of the vermiculite bed to the height of the outer fence attached to the 

periphery of the bed. During wood combustion, with the burner raised above the flow, some 

air is entrained by buoyancy into the flow-through space to mix with pyrolysis gases 

released from wood. If the amount of air in this space is less than that required to 

completely burn the gases, partial combustion occurs inside this space and is complete 

above the fuel stack where more air is available. If excess air is available in the flow 

through space, it is heated by the burning gases and used above the stack to burn pyrolysis 

gases that do not flow through the middle of the stack. 

 Two ignition methods, each at the bottom of fuel stack were tested for the annular 

burner. In the first method three circular depressions, each about 1cm wide and 1cm deep 

were dug out in the bed to hold starter fuel cubes. Each depression was located radially 

halfway between the hole at the center of the bed and the outer circumference of the bed. 

The depressions were separated by 120o between each other. In the second method, three 

depressions separated by 120o were dug out just outside the circumference of the hole at the 

middle of the bed. For both ignition methods two starter fuel cubes were placed in each 

depression. 



 

 

          

                 (a) Plain Burner                                                  (b) Grate Burner  
 

                                                                         

  (c) Annular Burner                                                           (d) Center-Space (Ds ≈ 5 cm)                                

 

Figure 4.2. Burner Designs. 
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To facilitate comparison between equivalent plain and annular burners without 

excessive bias from overall burner dimensions, four constraints are used. First, the total 

solid face area of the bed supporting the fuel stack is kept constant between equivalent 

burners. This allows the use of the same stack depth for the combustion of equal volumes of 

fuel in equivalent burners. Secondly, the outer diameter of the annular bed is not more than 

10% larger than the diameter of an equivalent plain burner. Thirdly, the area of the hole at 

the center of the bed in an annular burner is large enough to cause significant buoyant air 

flow in the middle of the fuel stack, but also small enough to avoid formation of a ring fire 

at the top of the stack. Fourthly, the radial width of the fuel stack in an annular burner must 

be larger than the length of fuel pellets (≈ 5 cm) to avoid limitation of orientation of the 

pellets in the stack. Based on these constraints and preliminary tests, the ratio αa, defined 

below, was kept at 0.1. 

 αa = Cross-sectional area of hole in annular bed/solid bed face area = Ah/Asb. 

 
The inner and outer diameters, di and do, respectively, and the radial width wr of an 

annular bed are related to the diameter (Dp) of an equivalent plain bed by the following 

equations: 

 
                                                                                 4.1. api DD α=
 

apo DD α+= 1                                                                                         4.2. 
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With αa = 0.1 and pellet length of 5 cm, the smallest radial width of an annular bed was set 

at Wr  ≈ 5.7 cm, corresponding to an equivalent plain burner of diameter Dp ≈15.6 cm and 

an annular burner of inner and outer diameters Di = 5 cm and Do=16.4 cm, respectively. A 

fuel batch mass of about 0.275 kg was used in each of these two equivalent burners. This 

mass of fuel required a stack depth of Hfs = 7cm.  

The center-space burner, Figure 4.2 (c), was obtained from an equivalent annular 

burner of diameters Di = 5 cm and Do = 16.4 cm by simply closing the hole at the center of 

the bed. The grate burner studied, Figure 4.2 (b), has a bed of diameter Dp = 16.4 cm, 

equivalent to an annual burner with Di = 5 cm and Do=16.4 cm. Instead of a single hole at 

the center of the bed, as is the case for the annular burner, the equivalent grate burner has 

16 uniformly sized holes distributed throughout the bed; with total open bed area equal that 

of the single hole in the annular burner. For Di = 5 cm, the diameter of each hole on the 

grate bed is Dgh  ≈ 1.25 cm. The 16 holes are distributed in three sets: one hole at the center, 

5 holes in an inner ring and 10 holes in an outer ring. This distribution of holes is shown in 

Figure 4.3. The total solid bed face area is distributed equally among the 16 holes, with 

each set of holes assigned an amount of solid face area proportional to the number of holes 

in the set. This assignment resulted in the radii of the concentric rings shown in Figure 4.3. 

The ignition area for this burner is similar to that for the plain burner, except that a wire 

mesh screen is placed below the fenced-off ignition area in order to keep starter fuel cubes 

from falling through the hole at the center. 

 
 



 
 

 

Figure 4.3. Distribution of Holes on a Grate Bed (dimensions in cm). 

 
 

 
4.3. Fuel Mass Measurement. 
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Masses of empty burner (mb), kindling material (mk) and initial wood fuel batch 

(mw) used in each burn were measured on a beam balance with an accuracy of 0.1 g at the 

beginning of the study, and on an electronic scale with 0.01g accuracy later. Real time fuel 

mass was measured with a load cell on which the burners and its stand were placed. The 

load cell had a capacity of 35 kg, a full-scale output of 2 mV per unit excitation voltage, 

and an accuracy of about 0.03% of full-scale output. The load cell was excited with a 5V 



signal from CR10 data logger from Campbell Scientific Inc. This data logger, together with 

software supplied by the same company, was used to display and record outputs from the 

load cell, differential pressure transducer connected across the Pitot tube (for measuring 

exhaust flow rate), and two type K thermocouples near the rotameter and the Pitot tube.    

To eliminate zero offset errors, the load cell was used to measure mass changes 

rather than absolute values, which were measured on the beam balance or electronic scale. 

The fraction of initial fuel mass (mw+mk) remaining at a given stage in combustion is given 

by. 

bibfi

bibf
r VV

VV
Y

−

−
=                                                                                                4.4. 

 
Where Vbf, Vbfi, Vbi, are load cell voltage outputs corresponding to mass of stand + 

burner + remaining fuel, stand +burner +initial fuel batch, and stand +burner, respectively. 

Mass of fuel remaining at a given stage is given by: 

if,rf mYm =              4.5.                                           
 
Where mf,i = mw + mk.  

 
 
 

4.4 Flame Height and Temperature Measurements. 

A video camera and a vertical ruler with 1cm divisions were used to measure 

maximum flame length during a fire run. The camera and ruler were placed on opposite 

sides of the flame. The ruler mark hft corresponding to the fuel stack top was noted before 

the fire was started. The camera was focused to get a clear view of top section of the flame 

and the ruler divisions behind the flame. Video recording was started at the beginning of 

flaming phase and continued until flame length had decreased after reaching a maximum. 
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The video record was later played to read the ruler reading hf,max corresponding to 

maximum flame length, which was estimated by. 

  

ftf hh −= max,max f,l                                       4.6.

  

Axial flame temperature distribution was measured at 10 locations using 

thermocouple junctions made in the laboratory from 0.25 mm diameter wires. About 30.5 

cm length of each pair of thermocouple wires was held inside a fire resistant ceramic 

insulator with two bores. These ceramic insulators were held on a rack with multiple holes 

to alloy variable height intervals between adjacent thermocouples. The first three junctions 

were type B while the last six were type N. The fourth junction was type B for some runs 

and type N for others. The distance between the lowest thermocouple junction and the top 

of the fuel stack varied with the depth of the stack. At the beginning of fires ran in full-

cycle mode this distance was 5-6 cm for 6-7 cm deep stacks and 1-2 cm for 10-11 cm deep 

stacks. For the 10-thermocouple junctions used, there were 9 vertical intervals between 

adjacent thermocouples. The first five of these were 8 cm each and the last four were10cm. 

Thus axial temperature was measured for 81-86 cm above the fuel stack. At the beginning 

of each run, the junctions were wiped with ethanol to remove soot deposits from the 

previous run. 

Extension wires were used to feed thermocouple outputs to a dedicated data 

acquision system (OMB-DaqTemp, from Omega Engineering, Inc.) consisting of an 

input/output card and software to display and store temperature readings. This system was 
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also used with type K thermocouples to measure temperatures upstream and downstream of 

particulate filter, at the inlet of flow-through space in annular burners, and around the load 

cell to check against overheating. This system could measure temperatures in the range 50-

1780 oC for type B thermocouples, 0-1300 oC for type N and –200-1200 oC for type K, 

among other types. The specified accuracy of readings varied from 1.5 to 3.7 oC over the 

range 300-1400 oC for type B thermocouples and 0.6-1.0 oC over the range 0-1100 oC for 

types K and N.  

 
 

4.5. Flow Rates, Particulate Matter and Exhaust Stream Heat 
 

A blower with a rated capacity of 0.28 m3/s at 200oC and 1.75 kPa pressure head 

was used to drive exhaust through the flow measurement section and out of the building. A 

damper at the blower outlet was used to adjust exhaust flow rate. To minimize effects of 

exhaust extraction on buoyant characteristics of the fire the flow rate was set at a level just 

enough to direct smoke vertically upwards to the hood. To determine this flow rate setting, 

a typical amount of fuel in smoldering combustion phase was placed in the hood. With 

particulate matter sample stream closed, the damper on the exhaust blower was slowly 

opened until the smoke from the wood just formed a vertical stream directed towards the 

hood exit. This setting of the damper was used for all fires burning an initial fuel mass 

approximately equal that used in the test. The soot sampling stream rate in an actual fire run 

was about 1/15 that of the exhaust and was assumed to have negligible addition effects on 

fire characteristics. An exhaust flow rates of about 0.08 m3/s  

Exhaust flow rate was measured with an averaging Pitot tube mounted in an 183 cm 

long, 10.2 cm ID, Schedule 40 steel pipe. The Pitot tube was about 112 cm downstream of 
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the inlet to this pipe. Honeycomb flow straighteners were placed at the inlet and outlet. A 

type K thermocouple mounted about 40cm downstream of the Pitot tube was used to 

measure temperature for calculating sample and exhaust flow rates, and amounts of gaseous 

emission. Differential pressure drop across the Pitot tube was measured with a 4-20 mA, 

two-wire transducer with six selectable ranges from –625 Pa to 1250Pa. An100Ω shunt 

resistor was used to convert the output of the transducer from 4-20 mA to 0.4-2.0 V. For 

each of the two exhaust flow rates, the pressure transducer was also used to measure gauge 

pressure at the location of the thermocouple downstream of the Pitot tube. This 

measurement was done once, as part of the procedure for determining each set flow rate. 

For each fire run, gauge pressure at this location was assumed equal that obtained once with 

an approximately equal exhaust flow rate. Similarly, a mechanical gauge was used to 

measure once the pressure (gauge) just downstream of the rotameter for sampling rates 

corresponding to each of the two exhausts flow rates. The gauge pressures shown in Table 

4.1 were obtained from these pre-tests and used, together with corresponding real-time 

temperatures and average barometric pressure, to calculate flow rates in both sample and 

exhaust streams; and emission factors for gas-phase products. Average ambient 

temperature, relative humidity and ambient barometric pressure were measured with 

electron sensors with 0.1 oC, 1% and 100 Pa resolutions, respectively.  

  

Table 4.1. Gauge Pressures at Rotameter and Pitot Tube. 

Average exhaust 
flow rate (m3/s) 

Average sample 
flow rate (m3/s) 

Gauge pressure at 
rotameter (above 
ambient) (Pa) 

Gauge pressure at 
Pitot tube (below 
ambient) (Pa) 

0.08 0.005 5100 170 
 

 



Using specifications supplied by the manufacturer of the averaging Pitot tube, and 

assuming ideal gas properties for air, actual air exhaust flow rate at the Pitot tube location is 

obtained from: 

 

pt

ptpt
ex P

PT
Q

Δ
= 12746.0       4.7 

Where: 
 Tpt = absolute temperature at Pitot tube (K) 
 Ppt = Absolute pressure (Pa)= Pamb- gauge pressure at Pitot tube (from Table 4.1) 
 ΔPpt = differential pressure across Pitot tube (Pa).  
  
The rate of filtered sample flow was calculated from the exhaust flow rate using the 

following assumptions: 

(i) Mass flow distribution between the inlet of the sampling probe and the annulus 

surrounding it is isokinetic. Detailed discussion of isokinetic sampling can be 

found in several sources [e.g., Hinds, 1999]. 

(ii) Mass of soot collected on the filter is negligible relative to that of the gases 

passing through the filter and rotameter, so that mass flow rate at the rotameter 

equals that into the sampling probe inlet. 

(iii) There is not net mass gain between the location of sampling probe inlet and that 

of the rotameter of Pitot tube.  

(iv) Sample and exhaust streams have ideal gas properties. 

The rotameter used to monitor sample stream flow rate had a 1.89x10-3-2.36x10-2 

m3/s (4-50 SCFM) range for air at Tst = 294.26 K and Pst = 101356 Pa standard conditions, 

and an accuracy of 2% of full scale (4.72x10-4). Because the rotameter was graduated in 

units of standard cubic feet per minute (SCFM), filtered sample flow rate was calculated 
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and displayed in these units, in real time, using the datalogger software.  For the 3.81cm 

diameter sampling probe inside a 15.24 cm diameter duct, and standard conditions Tst = 

294.26 K and Pst = 101356 Pa specified by the manufacturer of the rotameter, the flow rate 

setting in SCFM was obtained from: 

 

tp
pt

rt

rt

pt
rt ΔP

T
T

P
P

0.970Q =        4.8. 

 
Where T, P and ΔP have same meaning as in equation 4.6, and subscripts st, pt and 

rt respectively denote standard conditions, and Pitot tube and rotameter locations. This flow 

rate was set by manually adjusting the ball value downstream of rotameter.  

Rectangular glass fiber filter sheets (type A/E from Pall Corporation) with 

dimensions 20.3x25.4 cm were used to collect particulate matter from the sample stream. 

This filtration medium is specified to retain 99.8% of Dioctylephthalate particles in a 

stream with a flow rate of 32 liters per minute per 100 cm2-face area of filter. Dimensions 

of the filter holder are shown in Figure 4.4. It consists of a 36x36x1.27 cm aluminum block 

with a 17.8x22.9 cm opening in the middle. This is the approximate area of filter sheet that 

is exposed to the sample stream. A step is cut around this opening to provide a recess just 

slightly larger than a filter sheet. Two silicone gasket frames the same size as the stepped 

recess are used to seal the filter against air leakage. A stainless steel screen with 0.08 cm 

wire diameter and 0.35 cm square openings is placed on the downstream side of the filter to 

prevent tearing. A rectangular metal frame that fits into the recess is used, together with a 

set of clamps to hold the filter, frame gaskets and the support screen. Two bigger frame 

gaskets are placed on the outer edge on each side of the aluminum block to provide airtight 
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seal between the filter holder and the two halves of the filter box where the holder is placed 

during a run. A set of clamps or vise-grips was used to tightly hold the filter holder in the 

box. The top cover of the filter box is removable to allow movement of the filter holder in 

and out of the box. 

A water-cooled serpentine heat exchanger constructed from 2.5 cm ID copper pipe 

was mounted inside the upper half of the filter box, just above the filter. Temperature 

upstream of both filter and the heat exchanger was measured with a type K thermocouple 

mounted above the heat exchanger. Temperature downstream of the filter was measured 

with another type K thermocouple mounted through the wall of the lower half of the filter 

box. Cold water was ran through the heat exchanger when the temperature upstream of the 

filter rose above about 40 oC at the beginning of flaming phase in order to keep filtration 

temperature within a range of about 20 oC during a burn, and between different burner 

designs. Control of this temperature is important because it determines the proportion of 

condensable products of combustion converted to liquid phase and collected on the filter. A 

very wide range of this temperature between burner designs would produce biased 

particulate matter measurements. The cooling water is turned off when the upstream 

temperature drops below 40 oC towards the end of flaming phase. 
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Figure 4.4.  Filter Holder (dimensions in cm) 
 

Masses of clean and loaded filter were measured on an analytical balance with 0.1 

mg accuracy. To obtain an estimate of the amount of particulate matter on a filter that 

originated from ambient air rather than smoke, dry runs were occasionally performed 

without a fire, but with flow rates set at values close to those used for actual fires. Results 

from these runs indicated that for the prevailing conditions in the laboratory, contribution of 

ambient air particulate was negligible relative to that of smoke. At the end of a run, the 

loaded filter was weighed immediately it was removed from the box. It was then kept in the 

enclosure of the analytical scale for several minutes (10-15) to equilibrate with ambient 

conditions after which it was weighed again. The average of the two mass readings was 

taken as mass of loaded filter. The mass of particulate matter collected from the sample 

stream during a burn was obtained from: 
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ifil,pmfil,spm, mmm −=                4.9. 

 
Where mfil,pm and mfil,i are masses of loaded and clean filter, respectively. Particulate 

matter emission factor for a burn was calculated from: 

 

fb

spm,
pm m

m
16E =         4.10 

 
Where mfb is net mass of fuel burnt in a run and the factor of 16 accounts for 

isokinetic sampling assumption that the mass collected on the filter is only 1/16 of the total 

amount released from the fire. 

An estimate of the amount of sensible heat retained in the exhaust gases per kg of 

fuel burnt is obtained from the following equation 

( )( ) jambjtp,
j

rtex
fb

p ΔtTTQQ
m
ρC

q −+= ∑               4.11 

In this equation, j denotes a time interval for which data was recorded, Δtj is length 

of the time interval, Tamb is ambient temperature, Tpt is temperature measured just 

downstream of the Pitot tube. It assumed that both specific heat (Cp) and density (ρ) of air 

are constant at Cp=1 kJ/kg-K, and ρ=1 kg/m3. This assumption is reasonable considering 

that temperature of the exhaust stream at Pitot tube rarely exceeded 60 oC. 

 
 

4.6. Gas Analysis 

Downstream of the ball value in the filtered stream, a gas sample was continuously 

drawn, at about 2.5 LPM (liters per minute) to a gas analyzer with several sensors. For 
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purposes of the present study only the CO sensor on this analyzer was used. This sensor 

(ECOM-AC by ECOM America Ltd.) is electrochemical and has 0-4000ppm (volume 

fraction) range, 2% (of reading) accuracy and 1ppm resolution. Data acquisition software 

supplied by the manufacturer was used to set sampling interval, and to display and record 

data. Readings were recorded at 4s intervals. 

Calculation of the amount of CO produced during a burn or specified phase in a 

burn is based on the assumptions that both filtered and exhaust streams have ideal gas 

behavior and that these two streams have equal CO mole fractions. This calculation requires 

actual flow rates for both streams. Exhaust stream flow rate is given by equation 4.7, while 

that for the filtered stream (in m3/s) is given by: 

pt
pt

pt

rt

rt3
rt ΔP

T
P

P
T

8.497x10Q −=            4.12.

      
Where the symbols have same meaning as in equations 4.7 and 4.8. 
 

The mass (in kg) of CO produced from a cycle or specified combustion phase is 
obtained form the following summation. 
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In this equation Mco is molar mass of CO (kg/Kmol) and Ru = 8.314 kJ/Kmol is the 

universal gas constant. The subscript j denotes a sampling time interval in the gas analyzer, 

Xco,j is the measured CO mole ratio during interval j, and Δtj is the length of sampling 

interval. The summation is over a full batch burn or a combustion mode (phase) in a batch 

burn. Emission factor Eco is obtained by dividing mco by mass of fuel consumed during the 

required duration.  
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4.7. Procedures and Cases Studied. 
  

The procedure followed for full-cycle burns is outlined below: 

1. Check ducts and pipes and joints, seal any leaks and correct any structural problems. 

2. Check physical integrity of thermocouples, flow meters and electrical connections at 

the data logger and multiplexer. 

3. Test both sampling and exhaust blower for proper operation. 

4. Test and prepare gas analyzer and gas data collection system. 

5. Clear burner of residual charcoal, ashes and/or other materials not required for the 

run. 

6. Change names of or move data files from previous runs so that they are not 

overwritten with new data. 

7. Set ready the data collection systems for temperatures, flow rates and mass. 

8. Clear burner stand and load cell of all objects that will not be on it during the run, 

and contacts that would interfere with mass measurement. 

9. Wipe thermocouple junctions with a cotton ball soaked in ethanol.  

10. Check data logger configuration, including data file name then load and start 

running the correct program file. 

11. Adjust zero trimmer of the differential pressure transducer to obtain an output of 

400 mV corresponding to ΔPpt = 0.  

12. Place empty burner on stand and note load cell mV output for stand and empty cage 

before fire, Vbi. 
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13. Remove burner from stand to load with kindling and pellets. 

14. If bed mass change during a run is required, weigh the empty cage on beam balance 

or electronic scale. 

15. Prepare and weigh kindling material and place it at predetermined location(s) 

(ignition points) on the fire bed. 

16. Using electronic moisture content meter determine moisture content of wood pellets 

to be burnt. Use a sample of about 5-10 pellets. If conditions (relative humidity) in 

the building have not changed since the last moisture content check, skip this step 

17. Using the beam balance or electronic scale, weigh out required amount of fuel 

wood.  

18. Place fuel wood on burner, then put burner back on weighing platform and read load 

cell mV output, Vbfi, corresponding to stand + empty burner + initial fuel.  

19. Stop pre-run data collection used to obtain Vbi and Vbfi and delete test data file 

generated by data logger. 

20. Insert values Vbi and Vbfi in data logger equation for calculating residual mass. 

21. Measure ambient pressure, temperature and relative humidity. 

22. Insert value of ambient pressure and gauge pressures at rotameter and Pitot tube in 

equation(s) for calculating flow rate(s) and gas emission factors. 

23. Measure approximate depth of fuel stack 

24. Measure the distance between the lowest fire thermocouple and the top of the fuel 

stack. 

25. Using the ruler scale, note vertical positions of top and bottom of fuel heap.   
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26. Manually open a vertical space from the top of the fuel stack to each (one for plain 

burner, three for annular burner) ignition location on the bed to accommodate 

butane lighter.  

27. Trigger data collection systems to test output data  

28. Turn on the exhaust blower. 

29. Observe outputs from the data acquisition systems for consistency. 

30. Adjust, if necessary, damper at exhaust blower to obtain required exhaust flow rate. 

31. Turn off the exhaust blower and stop data collection. 

32. Delete pre-test data files and reset data acquisition systems. 

33. Label a clean soot filter, weigh and record its mass. 

34. Load filter in frame, place frame in filter box and close filter box. 

35. Connect filter box to sampling probe. 

36. Connect thermocouple for temperature upstream of filter. 

37. Check and correct focus on the video camera used to measure flame height, 

zooming in on area of vertical ruler scale where maximum flame height is expected. 

38. Prepare, if necessary, a camera for still pictures. 

39. Start exhaust blower. 

40. Close doors and stop any sources of air currents in the building. 

41. Shield the fire stand from currents created by cooling blades on the sampling 

blower. 

42. Match clocks on the two data collection computers. 

43. Start sampling blower and adjust valve downstream of rotameter to required sample 

flow rate. 
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44. Start gas analyzer and set gas data collection system ready, without triggering it to 

start. Check analyzer messages for faulty sensors and background concentrations of 

pollutants. 

45. Set gas data collection duration to slightly longer than time expected for the run. 

This was necessary because stopping this data collection system before the end of 

the set duration results in data loss. Thus setting too short a duration would require 

setting a second duration to cover the time from the end of the first duration to the 

end of the burn. Data for the time take to set up a new duration would not be 

collected. On the other hand, too long a duration would require keeping the analyzer 

collecting unnecessary data after the end of burn, which is a waste of the lifetime of 

the sensors. 

46. Start video camera. 

47. Restart data logger, load updated program and match data logger and computer 

clocks. 

48. Trigger fire temperature and data logger data acquisition systems. 

49. Start the fire with butane lighter inserted into the vertical channel at each ignition 

location, with flame from the lighter touching the kindling material placed on the 

bed. Once the kindling material starts flaming, withdraw the lighter and carefully 

collapse the ignition channel without quenching the new starter flame. If starter 

flame on kindling material extinguishes after collapsing the channel, reopen the 

channel and reignite. Note time the fire is started and measure time to end of each 

combustion phase for which data is required. 

50. Trigger gas analysis data acquisition system. 



 
 
 
 

219 

51. During smoldering phase, visually monitor state of combustion inside fuel stack and 

check for extinction of in-stack flames before break out of flame at top of stack. 

52. Monitor calculated sample flow rate from the data logger and adjust sample valve 

accordingly. 

53. Monitor temperature upstream of particulate filter. Turn on heat exchanger water 

when this temperature rises above 40 oC at the beginning of flaming phase and turn 

the water off when this temperature falls back to 40 oC towards the end of flaming 

phase. 

54. Watch for fuel pieces that might remain smoldering or flaming after most of the fuel 

is burnt. Adjust position of such pieces to allow them to burn with rest o f batch 

55. Operate the system until about 95% of initial fuel mass is burnt.  

56. At end of particulate filtration phase, turn off the sample blower and close the 

sample valve, noting the computer system time at which this is done. 

57. At end of run, turn off exhaust blower and note time when this is done. 

58. Place burner, with residual fuel (charcoal) and ash on a thermally insulated beam 

balance or electronic scale to measure mass of burner + charcoal + ash. 

59. If mass of empty fuel cage at end of run is required, remove the cage from burner 

stand and empty residual ash and charcoal into a metal container. 

60. Place empty fuel cage back on beam balance or electronic scale  

61. Turn off the data logger. 

62. Remove filter from filter holder and weigh it following a predetermined 

conditioning schedule.  
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Data from fires in which flames inside the stack extinguished after successful initial 

ignition, but before a break out of flames at the top of the stack was discarded. This 

condition resulted in an excessively high proportion of the fuel being consumed in 

smoldering phase. When fires in this state were reignited with a butane lighter, they burnt 

with characteristics different from those of a stack that evolved by itself from smoldering, 

accompanied by in-stack flames, through flame break out at the top, followed by full 

flaming phase. 

 Three different data acquisition systems, two computers and a video camera were 

used to collect and store data. It was, therefore, necessary to adopt procedures that allowed 

extraction of meaningful information from these sources. Further, because the entire 

experimental set up was operated by only one person, and involved several manual steps, it 

was impossible to start all the systems at the same time. Care was taken to manually record 

time for certain stages or occurrences, which the data acquisition systems could not 

monitor. Matching the three sets of data in time was particularly important. Two measures 

were taken to facilitate this. Firstly, the clocks on the two computer systems, video camera 

and CR10 data logger were all set to the same time (within one to two seconds) at the 

beginning of a run. Secondly, because the gas analysis system required a preset data 

collection time length, it was started last, in order to avoid losing time on unexpected 

incidences. This system was triggered just before the fire was ignited. In combining data 

from the different system, gas analyzer trigger clock time was used as zero-time and data 

collected before this time by the other system was discarded.  
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Table 4.2 Burner Sizes, designs and operation modes Studied.  

 
Burner Type Dimensions includes initial fuel   

(cm) 
Initial Fuel Charge 
and stack depth  
(kg, cm) 

Mode  

Plain Dp = 15.6 0.275, 7 Batch  
Annular Di = 5, Do = 16.4 0.275, 7 Batch 
Center Space Do = 16.4, Ds = 5 0.275, 7 Batch 
Grate Do = 16.4, 16 holes, Dgh = 1.25 0.275, 7 Batch 

 
Notes:  

1. All plain and grate cases were ignited at center of bed. 
All other annular cases were ignited at 3 locations on the circumference of inner hole. 

2. All other cases run without tending. 
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CHAPTER FIVE 
 
 

RESULTS AND DISCUSSIONS 

 
5.1. Introduction 

Burners and modes of fire operation studied in the present work are described in 

Chapter 4, and listed in Table 4.2. The measured and calculated quantities used to 

characterize and compare different burner configurations and operation modes are 

described in this chapter. The relationships between each of these quantities and both 

thermal performance of and pollutant emission from a fire in a real application are also 

discussed. 

 The maximum visible flame length during a batch or pseudo-steady operation of a 

fire is a measure of the vertical distance traveled by burning gases (released from wood 

pyrolysis) before the combustion reactions are either completed or quenched by entrained 

cold air. Because the rate of air entrainment into a fire increases with vertical distance from 

the source of burning gases, a shorter fire will be hotter than a taller one burning at the 

same rate and to the same degree of completion of combustion reactions. A hotter fire gives 

a higher rate of heat transfer to a heat exchange surface placed close to the flame tip. On the 

other hand, a substantially taller fire would be quenched to a larger extent and, subsequently 

produce larger amounts of pollutants, if it were exposed to the same heat exchange surface 

placed at the same vertical distance. Additionally, a shorter fire loses less heat by radiation 

to the surroundings. Further, a heat exchanger surface placed closer to the fuel stack 

receives more heat (by radiation) from glowing charcoal. Thus a shorter fire allows a heat 

exchanger to be placed closer to the fuel stack and, consequently, gives a higher thermal 
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efficiency without the increase in pollutant emission that would result if the heat exchanger 

were place at the same height in a taller flame.   

 Particulate matter (PM) emission factors were measured for full batch operation. 

Particulate matter indicates the amount of combustion products that is either released in 

solid phase (soot) from the flame or condenses to liquid or tar phase when subjected to 

conditions at the filter. The PM released during smoldering combustion would mainly 

consist of condensable (liquid and tar) pyrolysis product from wood. Since only a very 

small fraction of the fuel is completely oxidized in smoldering combustion, the PM 

produced from this mode is likely to correlate with the amount of gaseous products of 

incomplete combustion, such as CO.  

Flaming combustion produces PM that consists of soot with powdery and dry 

texture. Carbon monoxide emission factors were calculated for full batch combustion, and 

for phases (smoldering, flaming and glowing) in batch combustion. This pollutant 

originates from four sources; primary wood pyrolysis, secondary pyrolysis of vapor phase 

products, gas-phase combustion reactions, and charcoal oxidation. In smoldering phase of 

full batch combustion, CO is predominantly from pyrolysis (primary and secondary) and 

charcoal oxidation. The CO emitted during flaming combustion is mainly from gas-phase 

oxidation reactions. Charcoal combustion is the main source of CO during glowing 

combustion. In smoldering combustion CO may correlate with total amount of pyrolysis 

products. Carbon monoxide produced during flaming combustion may correlate with dry 

soot with which it competes for oxidant species towards the end of reactions. Since 

oxidation of CO by molecular oxygen requires higher temperature than oxidation by other 
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species, such as OH, high rates of CO emission during glowing combustion indicate low 

concentration of OH species and/or temperature too low to drive CO oxidation by oxygen. 

 To calculate relative amounts and rates of fuel consumption during a combustion 

process, it was necessary to monitor the amount of fuel remaining in the burner at different 

times. The fraction of mass consumed during a given phase of batch combustion is a useful 

indicator of the fraction of initial energy that is lost in unburned products (in the case of 

smoldering), released in the flames or left in a charcoal residue that may burn too slowly to 

be effectively used in an application. Because flame reactions are about an order of 

magnitude faster than charcoal-oxygen reactions (which have very short or no flames), the 

rate of fuel consumption during flaming phase tracks flame length. Thus a burner or fire 

operation that quickly rises to peak flaming fuel consumption rate and stays close to that 

peak rate for longer time is closer to steady state than one that takes a longer time to reach 

maximum combustion rate and stays at that rate for a shorter time. 

 Temperature at a location in a flame indicates the intensity of combustion reactions 

and degree of cooling resulting from air entrainment and heat loss from the flame. Thus a 

high rate of temperature increases corresponds to an increasing rate of exothermic reactions 

relative cooling effects. On the other hand, a rapid temperature drop indicates a high rate of 

heat loss or entrainment relative to heat generation from reactions. Similar relationships 

exist between spatial gradients of temperature, reaction rate and entrainment. Rise in 

exhaust temperature above that of ambient air can be used, together with volumetric 

exhaust flow rate and air properties, to estimate the amount of fuel energy content retained 

in the exhaust air, after accounting for radiative heat loss from the flame and convective 

losses from exhaust air to ducts. If two different burner configurations or operation modes 
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burning equal amounts of fuel are subjected to equal amounts of heat loss, any difference in 

heat retained in the exhaust stream can be used to compare combustion efficiencies 

(completeness of reactions). In the present work, flame temperatures were measured along 

the centerline only. For some configurations, such as the Annular burner, there were very 

low reaction rates at axial locations close to the fuel stack, but a ring-shaped flame 

surrounding the air space in the middle. Temperature at the lower centerline location could 

not be used as flame temperature. Instead, both exhaust temperature and heat retained in 

exhaust gases were used to compare overall flame temperatures between configurations 

with non-reacting air in the middle and those without. 

 The Plain burner with diameter Dp = 15.6 cm, an initial (mf,i) fuel charge of about 

0.275 kg and operated in batch mode without tending is used as the base case against which 

transient and overall characteristics of all the other burner designs and operation modes are 

compared. For clarity in discussing and comparing results transient, combustion phase 

(smoldering, flaming, and glowing) and overall characteristics of the base case fire are first 

discussed separately. Effects of burner geometry are then discussed by comparing the base 

case with equivalent fires burnt on Annular, Center Space and Grate burners. The terms 

‘smoldering phase’, ‘Flaming phase’ and  ‘glowing phase’ are respectively used to denote 

the time during which smoldering, flaming and glowing combustion modes predominate. 

The term ‘stage’ is used to denote an interval or instant during a phase. 

 

5.2. Characteristics of Batch Fire In a Plain Burner. 

Results discussed in this section relate to a basic plain bed fire with diameter Dp = 

15.6 cm, approximately 0.275 kg of initial fuel charge, and a fuel stack depth of about 7 cm 
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(Fig. 5.1a). About 1.0-1.4 g of solid starter fuel consisting of six cubic pieces each 

approximately 6 mm on each side were placed inside the fenced-off ignition area at the 

center of the solid bed. The required amount of wood pellets was then placed in the cage 

(burner) with the grains of the pellets parallel to the horizontal plane. To start the fire, a 

passage to accommodate a butane fire lighter was manually opened from the top of the 

stack to the starter fuel. Once the starter fuel was lit and flaming, the lighter was withdrawn 

and the passage reloaded with pellets to avoid having an open combustion channel (space) 

above the starter fuel, but also without putting off the starter flames. The fire was left to 

burn untended. Tests in which the starter flames were quenched before the fuel stack started 

burning with flames rising through or from the top of the stack were not considered for data 

analysis and discussion. 

During a full batch operation on a plain bed a fuel stack progresses through three 

consecutive phases, each characterized by a different combustion mode. These phases and 

the transitions between them are shown pictorially in Figure 5.1. Soot-loaded and clean 

particulate matter filters are shown in Figure 5.2. Variations with time of fractional residual 

fuel mass (Yr), fuel consumption rate (dm/dt), CO concentration in exhaust and exhaust 

temperature for a typical run of this fire are plotted in Figure 5.3. The three phases of 

combustion are discussed below.  

 

 

 

 

 



               
             (a) Smoldering                                       (b) Smoldering-flaming transition                        (c) Early Flaming 
 

                      
              (d) Peak Flaming                                               (e) Flaming-Glowing Transition                  (f) Glowing 
 

Figure 5.1. Phases of a Plain Bed Fire: Dp = 15.6 cm, mf,i = 0.275 kg
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Figure 5.2. Soot Loaded (left) and Clean (Right) Particulate Matter Filters 
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5.2.1. Smoldering Phase. 

The method used to start the fire involved placing one or more pellets directly above 

the starter flames so that there was no open vertical channel running from the center of the 

bed to the top of the fuel stack. The initial starter flames were extinguished within two pellet 

widths (~4 cm) from the fire bed. This occurred after a succession of three kinds of physical 

interaction between the starter flames and the wood pellets. At locations where the flames 

impinged on horizontal pellet surfaces with very small or no vertical space, the flames 

traveled along pellet surfaces (radial direction) to the nearest space at which vertical flow 

could resume. Depending on the strength of the flames at the point of impingement and the 

distance traveled along pellet surfaces, the flame extinguished before or after turning 

upwards. If the space between adjacent vertical pellet surfaces was adequate to accommodate 

a started flame, the flame propagated upwards and weakened or extinguished by the end of 

the space. Some locations with partial horizontal blockage caused the flame to divide into 

one part that propagated vertically and another that impinged and traveled along horizontal 

pellet surfaces. Pellets interacting with the starter flames initially released a whitish gray 

stream of volatile pyrolysis products. The amount of volatile products released at a location 

increased with the degree of starter flame reduction. After some time of pyrolysis, the pellet 

surfaces interacting with flames ignited to produce secondary flames that propageted the 

pyrolysis/flaming front both vertically and radially. Once the secondary flames were initiated 

the amount of smoke leaving the pellet surfaces diminished or completely cleared.  Ignition 

of pellets occurred earlier at locations where flames interacted with vertical pellet surfaces. 
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Some locations in the interior of the fuel stack underwent cycles of flame ignition, extinction, 

and re-ignition as the fire spread in the stack. 

Before or after they ignited into flames, the surfaces interacting with the flames 

started glowing, indicating oxidation of the char layer left after pyrolysis. The combination of 

interactions and processes described above resulted in simultaneous occurrence of a plume of 

gray smoke leaving the top of the fuel stack and pyrolysis, flaming and glowing reactions in 

the interior of the stack. The smoke plume was initially difficult to ignite with a pilot flame 

but ignited explosively at later stages of smoldering combustion. The appearance of the first 

break out flame at the top of the stack did not always initiate the flaming phase. Breakout 

flames that appeared while the fuel stack reaction rate was too low were extinguished later as 

the amount of smoke in the plume increased. The pyrolysis/flaming front propagated 

relatively faster in the vertical direction than in the radial (horizontal) direction. The rate of 

fire spread within the stack increased with time once glowing combustion was established on 

the pellets near the ignition location. As the pyrolysis-flaming front approached the top of the 

stack the first persistent flames broke through the stack top and ignited the smoke plume, 

thus initiating transition from smoldering to flaming phase of combustion. This transition 

was characterized by rapid disappearance of the white/grey smoke plume. Since pellets were 

randomly arranged in the stack, the distribution of smoke exit points and location of the first 

breakout flame at the top of the stack varied between burns. This radial and angular 

distribution of smoke and flames affected symmetry of flames and combustion rate during 

the flaming phase. Burns in which smoke exit and initial breakout flames were concentrated 

at the center burnt more symmetrically and faster than those with scattered smoke exit and 

breakout flames.  
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Typical variation with time of temperature at four axial locations is shown in Figure 

5.4(a). The three thermocouples closest to the fuel stack (5, 13, and 21cm above the stack) 

were type B for which the data acquisition system recorded erroneous values at temperatures 

below 50oC. Thus only temperatures above 50oC are shown in the figure for the axial 

location 5 cm above the fuel stack. The spike to 300oC at about 1 minute indicates 

occurrence of an early breakout flame that is later extinguished by nonflammable pyrolysis 

products predominant at the beginning of the fire. Since the degree of deviation from 

symmetrical distribution of the smoke plume and flames relative to the axis varied randomly 

between burns and during any given burn, the temperatures reported for locations close to the 

fuel stack are not actual plume or flame values at all time instants. However, temperatures 

recorded at axial locations above the tallest flames are closer to the actual plume value as 

mixing processes even out radial variations. Thus in Figure 5.4(a) the curve for temperature 

at the axial location 85 cm above the fuel stack is smoother than the curves for 5 cm and 29 

cm. Axial temperatures rise gradually during the first half of the smoldering period and more 

rapidly towards the end of this phase as persistent breakout flames appear above the stack to 

initiate transition to flaming combustion. The location of maximum axial temperature also 

shifts from just above the stack during most of smoldering phase to a higher location as 

reactions transition to flaming combustion. This can be seen in Figure 5.4(a) where at the end 

smoldering temperature at z = 29 cm rises to a level close to the temperature at z = 5 cm. 

Temperature just above the fuel stack (z = 5 cm) is lower than 200oC during most of 

smoldering phase, and about 1000oC in flaming phase. The low temperature during 

smoldering would give a very low heat transfer rate to a load placed above the stack. 
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 Figure 5.4 (a) Axial Temperature at four locations during smoldering 
phase of a plain bed fire: Dp = 15.6 cm, mf,i = 0.275 kg. Numbers 
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233 



 
 
 
 

234 

Figure 5.4(b) shows the variation with time of fractional residual fuel mass (Yr), fuel 

consumption rate and CO concentration (ppm) in the exhaust the stream. Concentration of 

CO generally increased throughout the smoldering phase. However, at instances where early 

breakout flames appeared and extinguished before stable flaming, the rate of CO increase 

reduced. At some of these instances, CO levels remained constant or even dropped over a 

time interval. The stair case shape of both the fuel consumption rate (dm/dt) and CO 

concentration curves was observed to varying extents in all the burner geometries with a 

smoldering phase. At the transition to stable flaming combustion, CO concentration typically 

dropped rapidly from an average 100 ppm to levels below 20 ppm as flaming combustion 

peaked. The time for transition from smoldering to flaming combustion was defined as the 

mid-point of the time interval between the last CO peak in smoldering and the first minimum 

on CO curve in flaming combustion. This phase had a particulate matter (PM) emission 

factor of about 40 g PM/kg of wood burnt (see Section 5.6), and a CO emission factor of 

about 50 g CO/kg of fuel burnt.  The particulate matter (PM) generated during the 

smoldering phase had yellowish black color on the filter and condensed on cool parts of the 

exhaust ducts to form tar. By comparing plain burner batch fires with other burners that did 

not exhibit a smoldering phase, it was observed that this phase contributes the majority of the 

PM from a fire (Section 5.6). On average about 25% of the initial mass was consumed in 

smoldering combustion. In a real application fuel consumed in smoldering combustion 

represents an energy loss that should be minimized. Further, in households where smoke 

from cooking/heating fire is released to indoor space, consumption of such a large fraction of 

fuel in smoldering combustion would produce high levels of pollutants, in addition to fuel 

wastage. 
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The observations described above can be qualitatively explained in terms of heat 

transfer, mass transfer, pyrolysis and combustion reactions. Ignition delay at a surface 

impinged by or close to a flame arises from the time required to heat the surface to a 

temperature high enough to pyrolyze the wood and evolve flammable volatile products. 

Initial volatile matter from wood is predominantly water vapor derived from the moisture 

content [Ohlemiller et al, 1987, Kashiwagi et al, 1987]. As the wood heats up beyond 100oC 

the volatile products become more flammable as tars and non-condensable gases are 

released. This evolution in flammability of pyrolysis products accounts for the observation 

that the plume released at the beginning of smoldering (predominantly water vapor) is more 

difficult to ignite than that towards the end of smoldering phase. The observed extinction of 

early breakout flames could be caused by release of a nonflammable vapor phase mixture 

from pyrolyzing wood. Heat loss from a pilot flame to solid surfaces and to the evolved 

products can also reduce the intensity of the flame. Furthermore, a high rate of release of 

pyrolysis products into the flame can make the flame environment too lean, in the case of 

nonflammable products (they replace oxygen), or too rich, in the case of flammable products, 

either of which can extinguish the flame. Limited flow of air in the interior regions of the fuel 

stack increases the occurrence of excessively rich mixtures at locations with high rates of 

pyrolysis. These rich mixtures can extinguish flames reaching such locations.  

A flame close to a solid surface loses less heat to the solid than a flame directly 

impinging or flowing on a surface. Reduced heat transfer to the solid results in less 

weakening of the flame, higher overall pyrolysis rate (because the flame is not extinguished, 

it sustains pyrolysis for a longer time) and reduced occurrence of bursts of rich mixtures 

around the weakened flame. Thus a vertical surface close to a flame ignites faster and affects 
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the flame less than a horizontal surface in direct contact with the flame. Buoyancy causes the 

hot gases generated in the interior of the stack by pyrolysis or combustion reactions to flow 

predominantly upward along the nearest space. This causes the pyrolysis-combustion front to 

propagate faster in the vertical direction. The stair case shape of CO and fuel consumption 

rate curves may be described in terms of successive interactions between in-stack flames and 

horizontal and vertical wood pellet surfaces as the flame/pyrolysis front propagates upwards. 

For the approximately 0.275 kg of initial fuel used on the burner discussed here, there were 

four layers of pellets, each with wood grain in a horizontal direction. The first (bottom) layer 

of pellets was at the same level with starter fuel. The first steep section of the CO curve 

corresponds to impingement of initial starter flames on the horizontal surfaces of the second 

layer of pellets. Since direct impingement weakens or extinguishes the flame from the point 

of contact upwards, pyrolysis products released from the wood escapes largely unburned. 

Hence concentration of CO, which is released from primary pyrolysis, incomplete oxidation 

of pyrolysis products and char oxidation, increases sharply even though the rate of fuel 

consumption increases only slightly. After some time, pyrolysis products released from 

horizontal wood surfaces become more flammable and the flames reach vertical spaces 

between pellets in the second layer. The combustion of pyrolysis products is more complete 

in these spaces. Hence the rate of increase of CO reduces. The ensuing increase in heat 

release results in an increased fuel consumption rate. This sequence of behavior is repeated 

as flames interact with predominantly horizontal surfaces of the third layer of pellets before 

rising upwards in vertical spaces between pellets in this layer. The final steep section in the 

CO curve corresponds to the arrival of the pyrolysis front and in-stack flames at the bottom 

surfaces of pellets in the fourth layer. After rising along the vertical spaces between pellets in 
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this layer, pyrolysis products burn above the fuel stack without further weakening or 

extinction of flames by solid surfaces. Heat released from these breakout flames ignites the 

mixture leaving the fuel stack. This releases even more heat. Some of this heat is transferred 

radiatively back to the fuel stack to sustain a sharply increasing rate of fuel consumption. 

This is accompanied by a sharp decrease in CO concentration and a sharp increase in 

temperature at axial locations within the flame. 

 

5.2.2. Flaming and Glowing Phases. 

 Gas-phase pyrolysis products released from the heated wood sustain the flaming 

combustion. The pyrolysis process is itself sustained by heat radiatively transferred from the 

flames back to the wood and, to a lesser extent, heat generated from reactions between 

oxygen and charcoal residue formed from wood pyrolysis. Because flaming combustion 

reactions are about an order of magnitude faster than charcoal oxidation, the bulk of the fuel 

mass consumed in this phase is burned as gaseous pyrolysis products rather than charcoal. 

Hence the length of the flame(s) above the fuel stack corresponds to pyrolysis rate. The 

flames have features described in Chapter 2. These include a continuous flame at the base 

and an intermittent (pulsation) flame at the top, vortical structures, conical base, necking, 

luminous soot oxidation in a visible flame and the release of unburned powdery soot at the 

top (see Figures 5.1 c and d)  

 Because of the rapid fluctuations in flame temperature and burn rate during flaming 

combustion, values averaged over several repetitions of the same type of fire, each burning 

nearly equal amounts of initial fuel charge, are used to discuss this phase. In comparing such 

repetitions it was observed that the time profiles of fire characteristics matched (overlapped) 
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poorly when the start time for each repetition was placed at the zero of the time axis. A better 

overlap was obtained by shifting the zero time of each repetition to correspond with either 

maximum burn rate or maximum exhaust temperature. This later time (maximum exhaust 

temperature) was chosen because exhaust temperature behaved more smoothly than burn 

rates. Time measured relative to the time of maximum exhaust temperature will be denoted 

by tr and is negative before and positive after peak exhaust temperature, respectively. Either 

temperature measured just upstream of the filter or just downstream of the Pitot tube is used 

do determine zero time. These two temperatures varied in phase with each other, but 

temperature at the filter was slightly higher than that at the Pitot tube.  Figure 5.5 (a) shows 

time plots for average fractional fuel mass residue (Yr), burn rate (dm/dt), and temperature at 

five axial locations. Time plots for CO, Exhaust temperature, Yr and burn rate (dm/dt) are 

shown in Figure 5.5 (b). 

 

 

 

 

 

 

 



 

0

200

400

600

800

1000

-6.0 -4.0 -2.0 0.0 2.0 4.0 6.0

Time From Mmaximum Exhaust Temperture (min)

T
em

pr
er

at
ur

e 
( o C

)

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

Y
r(

-)
, d

m
/d

t(
g/

s)

T5 T21 T29

T65 Yr dm/dt

T5

T21
T29

T65

dm/dt

Yr
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Figure 5.5(b). Flaming phase average [CO], Fractional Fuel Mass Residue (Yr), Burn Rate (dm/dt) and Exhaust 
Temperature.  Plain bed: Dp = 15.6 cm, mf,i  = 0.275 kg. 
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As flaming combustion starts with the break-out flames at the end of smoldering, 

increased heat transfer to the wood increases pyrolysis rate, which in turn provides more gas-

phase fuel for increased combustion rate and more heat transfer back to the wood. Thus both 

flame length and burn rate increase with time as the amount of wood undergoing pyrolysis 

increases. The rate of pyrolysis of each ignited pellet rises to a maximum then falls to near-zero 

levels leaving only charcoal (see Figure 2.3). The overall burn rate of the fuel stack is the net 

sum of the rates of all participating pellets. As the flame/pyrolysis front propagates vertically and 

radially through the stack, the total rate of pyrolysis increase due to pellets in their rising stage of 

pyrolysis is balanced by a decreasing rate in pellets in declining pyrolysis stages. At this point 

both flame length and net pyrolysis rate reach maximum levels and remain at these levels for 

some time before they start decreasing. From Figures 5.5(a) and (b) it can be seen that the rate of 

increase in burn rate prior to the maximum is slightly less that the rate of decrease after the 

maximum. This characteristic was observed for batch operation of all the burner designs studied 

in this work. One possible explanation of this behavior is that the number of pellets undergoing 

pyrolysis is increasing during the growth stage of the fire while most or all the pellets are in 

decreasing stages of pyrolysis during flame decay. Towards the end of flaming phase, there is a 

decrease in both heat transfer to charcoal and concentration of non-O2 oxidants as the flames die 

out due to low supply of pyrolysis gases. For the plain burner batch fires that were tested, an 

average of about 63% of total fuel mass burnt was consumed in the flaming mode. The average 

maximum flame length was about 70 cm. Since this mode burns with the least emission of 

pollutants and maximum release of energy from the fuel, a useful design goal for a thermal 
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device burning wood would be to maximize the fraction of total fuel consumed in flaming 

combustion. 
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Figure 5.6. Axial Temperature Profile at Different Stages of a Plain Burner Fire. Dp =15.6 cm, mf,i = 0.275 kg.    
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Axial and exhaust temperature distribution and evolution are the result of complex 

interactions between flame growth, flame decay, contribution of charcoal combustion relative to 

flaming combustion, air entrainment, flame pulsation (intermittency) and radiative heat loss from 

the flame, among other factors. Detailed description of these interactions is beyond the scope of 

the present study. Figure 5.5(a) shows that temperature close to the fuel stack rises to a 

maximum level about which it oscillates with several local minima and maxima. As axial 

distance increases, the amplitudes of fluctuations about the mean peak temperature for a given 

location decrease while the width of the mean peak shrinks. Locations away from the fuel stack 

have one local temperature maximum that is higher than temperature at, and occurs slightly, after 

peak burn rate. This is followed by a steep decrease in temperature to a local minimum followed 

by a local maximum, then a more gradual decline at the end of the flaming phase. Maximum 

exhaust temperature occurs about 30 seconds after maximum fuel consumption rate. This feature 

of batch fires was observed for all the configurations that were tested. This behavior is contrary 

to the natural expectation that maximum heat release from the fire and, consequently, maximum 

exhaust temperature should both occur at the same time as maximum fuel consumption rate. One 

possible explanation for this is that the maximum flame length associated with maximum burn 

rate is also accompanied by maximum radiative heat loss from soot particles and hot gases. Also, 

the heating value of burning wood increases as combustion transitions from flaming to glowing 

mode. For example, Spearpoint and Quintire [2000] observed that Douglas fir burns with heats 

of combustion of about 10 MJ/kg and 36 MJ/kg in flaming and glowing modes, respectively. 

Further, the rate of air entrainment, which increases with the rate of gaseous fuel release 

(Equations 2.3 and 2.4) is maximum at the time of peak burn rate, and could result in an overall 

reduction of combustion temperature relative to the burn rate. The last local temperature maxima 
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are probably due to the presence of short, straight orange flames that were observed close to the 

end of the flaming phase. These flames burned from inside the stack of charcoal up to a short 

distance above the stack. Because these late flames do not have the vortical characteristics of the 

peak flame, they probably entrained relatively less air, thus resulting in high temperature inside 

the stack, and a rise in fuel consumption. These flames would also provide OH and other species 

to oxidize CO formed from charcoal combustion, which becomes increasingly important towards 

the end of flaming. However, as pyrolysis approaches completion, the supply of non-oxygen 

oxidants to burn CO decreases and both temperatures and burn rate decrease more gradually at 

the end of this phase. 

 Average axial temperature profiles at early flaming phase, peak burn rate, peak exhaust 

temperature, and last flame stages are shown in Figure 5.6. As discussed above, it is seen that the 

temperature at each axial location is higher at the time of peak exhaust temperature than at the 

time of peak burn rate. This difference is of the order of 100oC at some locations. Also, late 

flame temperatures are higher than early flame temperatures, probably due to the higher heating 

value of the fuel burning at the later stage. Average maximum flame length is also shown in this 

figure. At both starting and last stages of flaming, temperature is highest at locations close to the 

fuel stack and decreases with axial distance; the lower region having a higher temperature 

gradient than the top region. Around the middle of the flaming phase, axial temperature increases 

with distance, reaches a maximum then, drops in three regions of decreasing magnitude of 

temperature gradient. Using temperature as an indicator of flame reaction rate, it is seen that the 

plain burner tested in this work had a maximum reaction rate at about 21 cm above the fuel 

stack. The steep temperature gradient after this location indicates the effects of air entrainment 

and intermittency in comparison to the rate of heat release. At a give location in the fire, air 
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entrainment causes a temperature drop that persists for the entire duration of the fire. On the 

other hand, pulsation causes temperature to fluctuate between actual flame (when flame is at a 

location) and a low value close to ambient temperature (when there is no flame at the location). 

Intermittency, which is the fraction of time during which a location is occupied by an actual 

flame, decreases with increasing vertical distance from the bottom of the fire. The temperature 

recorded from a thermocouple placed at a location depends on physical characteristic of the 

thermocouple, actual flame and entrained air temperatures, and the rate of sampling the output 

relative to fire pulsation frequency.  The low temperature at flame the tip (≈200oC) in 

comparison to the maximum temperature (900oC) indicates that air entrainment and 

intermittency cause a substantial decrease in temperature. Further, this low flame tip temperature 

indicates that a heat exchange surface placed at the flame tip would extract very little heat from 

the flame. Because reaction rates drop rapidly with temperature, placing a heat exchanger surface 

in the region of steep temperature gradient would increase thermal efficiency without excessively 

increasing pollutant emission, in comparison to a freely burning fire similar to the one discussed 

here. 

 The amount of CO released from flaming combustion depends on several factors. These 

include temperature at locations where CO generated from pyrolysis and oxidation reactions is 

oxidized to CO2. Because CO oxidation is much slower than that of many gas-phase species, CO 

consumption is delayed to relatively higher axial locations. Further, since CO oxidation requires 

high temperatures, and air entrainment increases with axial distance, CO oxidation becomes very 

slow at higher locations. A flame provides the high temperature and both O2 and non-O2 oxidants 

necessary for CO oxidation. Hence the concentration of CO rapidly decreases at the beginning of 

the flaming phase (Fig. 5.4b). However, minimum CO levels occur after maximum burn rate 



(maximum flame length). This can be explained in terms of the occurrence (discussed above) of 

the temperature maxima after the peak burn rate. Additionally, the amount of gas-phase fuel 

species competing with CO for oxidants decreases after the peak burn rate, thus allowing more 

CO to be oxidized. As the flame decays towards the end of flaming phase, both temperature and 

the supply of non-oxygen oxidants decrease. The flaming phase had a CO emission factor of 

about 11 g of CO/kg of fuel burnt. The observation that maximum temperature and minimum CO 

emission occur after maximum burn rate, which corresponds to maximum flame length, has 

some important implications in the design and operation of wood burning devices. For example, 

higher thermal efficiency and lower pollutant emission can be obtained by operating the fire in a 

pseudo-steady mode at a level that provides just enough flame to burn the CO produced by the 

charcoal in the fire.  

Transition from flaming to glowing combustion was assumed to occur at the middle of 

the time interval between the start of the steep rise in CO in flaming phase and the first CO peak 

in glowing phase. The main oxidant in glowing phase is molecular oxygen from ambient air. It 

was noted in Chapter 2 that the molar ratio of products from reactions of molecular oxygen and 

char is given by )TTexp(APCO/CO r
n
2O2 −= −  where A, n and Tr are positive parameters. For 

the small size of burners (Dp=15.6 cm) used in this study it can be assumed that the partial 

pressure of oxygen (PO2) remains constant, and CO/CO2 is mainly controlled by temperature. 

High temperature in the charcoal bed at the beginning of the glowing phase produces a relatively 

high amount of CO. However, because the temperature is not high enough to sustain a high rate 

of CO oxidation with O2, and the supply of non-oxygen oxidants from pyrolysis is low, a 

substantial fraction of this CO survives and makes it to the exhaust stream. Hence the steep 
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increase in CO levels. Due to the low rate of charcoal oxidation reactions, radiative and 

convective cooling quickly exceeds heat generated by these reactions. Reduced temperature 

favors lower CO/CO2, and also results in a reduced rate of oxidation. Both of these effects cause 

CO to rise rapidly to a peak after which it decreases gradually. The ash layer that forms on the 

charcoal reduces the rate of oxygen diffusion to the reacting surface thus further reducing the 

rate of oxidation. In Table 5.1, the burn rates under the heading “glow” are for a glowing phase 

that includes the decaying flames at the end of flaming phase. The “glow-only” phase excludes 

these flames. From Table 5.1 it is seen that the average burn rate in glowing mode is about 1/10 

that of the flaming phase and even much lower than the peak flaming burn rate. Figure 5.7 shows 

exhaust CO concentration, fractional fuel mass residue and burn rate in glowing phase of a 

typical Plain burner fire. Although this combustion phase consumed only about 12% of the burnt 

fuel, it accounted for about 60% of the total CO produced, with an emission factor in the range 

200-330 g of CO/kg of charcoal burnt, which is more than 5 times that of the smoldering phase 

and more than 20 times as higher than that for the flaming phase. This level is close to the value 

of about 275 g CO/kg fuel burnt measured by Smith KR [2000a] and coworkers for a charcoal 

stove in India. With a CO heating value of about 11 MJ/kg, the emission factor from charcoal is 

equivalent to an energy loss of about 3 MJ/kg of charcoal burnt, which represents about 10% 

energy loss. Thus it is evident that burning charcoal in glowing mode produces a large amount of 

CO that, in addition to representing a substantial energy loss, can be a health and safety hazard in 

poorly ventilated spaces. This hazard applies to cooking, space heating or accidental fires. 
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Table 5.1. Average Phase and Overall Characteristics of a Batch Fire Burnt in a Plain Bed: Dp =15.6 cm, mf,i = 0.274 kg. 

Initial Frctn burn Mx Phase CO emission Phase CO fraction Phase fuel frctn Strm
Mf  burnt  time FLM PM CO Smd Flm Glw Smd Flm Glw Smd Flm Glw heat

mins. cm g/kg g/kg g/kg g/kg g/kg kJ/kg
AVG 0.274 0.959 32.683 68.400 10.711 47.936 54.333 10.808 252.971 0.270 0.150 0.583 0.254 0.625 0.116 5858
STD 0.001 0.016 0.249 6.475 2.680 6.329 9.341 3.229 49.767 0.066 0.080 0.018 0.098 0.130 0.033 375
max 0.275 0.971 33.000 77.000 12.847 54.263 70.456 14.422 331.474 0.329 0.256 0.609 0.337 0.834 0.141 6351
min 0.272 0.932 32.400 61.500 6.955 39.063 46.699 5.647 206.880 0.176 0.066 0.567 0.098 0.520 0.067 5300

FUEL CONSUMPTION RATES (g/s) Fraction of burn time to
 smd end  flm max end glow ovrll glw end max max Tpend Flm Glw 

phase smld phase flm flm phase only smld flm (min) flm phs phs
AVG 0.112 0.331 0.296 0.551 0.099 0.040 0.136 0.031 0.305 0.439 0.458 0.605 0.300 0.395
STDEV 0.037 0.157 0.053 0.065 0.065 0.005 0.003 0.005 0.032 0.079 0.072 0.093 0.118 0.093
Max 0.138 0.472 0.362 0.621 0.189 0.045 0.138 0.035 0.343 0.577 0.587 0.766 0.497 0.467
Min 0.049 0.093 0.217 0.469 0.028 0.032 0.132 0.023 0.269 0.382 0.418 0.533 0.208 0.234
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A summary of overall results, averaged over 5 repetitions, is presented in Table 5.1. The 

PM emission factor of about 11g/kg fuel burnt measured for this burner design and operation 

mode is higher than values in the range 1- 4 g of PM/kg of fuel burnt obtained for the majority of 

stoves tested by Smith KR [2000a] in India. The fires tested in the work by Smith and coworkers 

were tended while those in the present work were not. Since tending reduces the amount of 

smoke released from a fire, and smoke contributes the bulk of PM, a tended fire would be 

expected to produce less PM than the case discussed here. One stove/fuel combination tested by 

Smith and coworkers had a PM emission factor of about 15 g/kg of fuel, which is closer to the 

value obtained in the present work. The CO emission factor of about 50 g/kg of fuel obtained for 

the batch fire on the Plain burner is in the range 30 –100 g/kg measured by Smith KR et al. The 

burner discussed here had CO emission factors of about 50, 11, and 250 for smoldering, flaming 

and glowing phases, respectively. These phases respectively contributed about 30%, 15% and 

60% of total CO produced, and consumed about 25%, 63% and 12% of burnt fuel. Thus, because 

of the high CO emission factor from glowing combustion, this phase produces the majority of 

CO even though it consumes the least fraction of the fuel. These results suggest that strategies 

for reducing pollutant emission should include burner design and fire operation modes that 

minimize or eliminate the smoldering and glowing phases. 

From the above analysis and discussion and analysis, the following conclusions may be 

drawn regarding batch-operated fire on a Plain burner: 

• Smoldering phase is dominated by in-stack flame impingement, quenching, ignition, 

re-ignition and heat transfer processes. 

• Smoldering can consume significant fraction of total fuel burnt in batch operation.  
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• Most of the fuel consumed in smoldering is wasted since temperature is too low for 

practical use. 

• Smoldering produces the bulk of total particulate matter (PM) emission and a 

significant fraction of CO. 

• In comparison to smoldering, flaming phase is characterized by low emission of 

visible smoke, low CO emission factor, high temperature, and high burn rate. 

• Flaming phase consumes the bulk of burnt fuel mass.  

• In flaming phase, peak exhaust temperature (hottest overall flame) occurs after peak 

burn rate. 

• Axial temperature in early and late stages of flaming phase has a peak just above the 

fuel stack and decreases with elevation in two regions, the upper one of which has a 

lower temperature gradient. 

• During the most intense stage of flaming, axial temperature first rises with elevation 

to a peak then decreases in three regions of successively decreasing magnitude of 

temperature gradient. 

• In the region with steepest temperature gradient, axial temperatures are about 100oC 

hotter at peak exhaust temperature time than at peak burn rate time 

• Glowing phase burns at about 1/10 of flaming burn rate, has a CO emission factor 

more than 20 times that in flaming phase, consumes about 10% of burnt fuel and 

produces the bulk (60%) of total batch CO. 
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5.3 Effects of Burner Geometry on Visual Appearance of Batch Fire. 

   
Starting stages of batch fires in the Plain, Grate, Annular and Center Space burners are 

shown in Figure 5.8 while peak flaming stages for the same burners are shown in Figure 5.9. 

During the starting stage, the fire in the Center Space burner burnt with very little or no visible 

smoke. The density of smoke at the starting stages of the other burners increased in the order 

Annular < Grate ≤ Plain. Smoldering processes in the Plain and Grate burners are similar and are 

described in section 5.2.1. In comparison with the Plain burner, the Grate burner produced less 

smoke in the early stage of smoldering and more at the end. The apparent cleaner smoldering in 

the Grate burner may be due to the lower burn rate in this burner at the beginning of smoldering. 

This initial lower burn rate may be attributed to cooling by under-grate air, which is not available 

in the Plain burner. As the pyrolysis/flaming front spreads in the stack, the additional (under-

grate) oxygen in the Grate burner participates in pyrolysis and combustion and increases the burn 

rate at the end of smoldering to the same level as that in the Plain burner. Participation of 

additional oxygen in pyrolysis contributes to the larger amount of smoke released from Grate 

burner in the last stage of smoldering. 

 Fires in the Annular and Center Space burners were started from three locations at the 

bottom of the fuel stack, equally spaced along the circumference of the inner fence. These 

starting locations allow some of starter flames and the pyrolysis gases released from the wood to 

flow into the free space at the center of the stack. Once inside this space, pyrolysis gases burn 

without the flame-pellet interactions (impingement, heat loss, extinction, ignition) that cause in-

stack smoldering in the Plain and Grate burners (see section 5.2.1). Hence the Annular and 

Center Space geometries release substantially less, or no, smoke in comparison with the Plain 
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and Grate burners. The virtual absence of visible smoke from the Center Space burner was rather 

unexpected. This characteristic can be explained in terms of air and pyrolysis gases flow 

patterns, temperature in the center space, and interactions between flames and pellets. This 

burner does not have unobstructed air flow at the center, as is the case with the Annular burner. 

Thus the only air available for combustion in the stack and center space flows radially inward 

from the surroundings. This flow is driven by buoyancy established by the temperature (and thus 

density) gradient between combustion locations and ambient air. Due to the smaller amount of 

air in the middle of the Center Space burner, the starter flames and pyrolysis gases are cooled 

less, and thus burn at a higher temperature and more completely than in the Annular geometry.  

 In addition to in-stack flames, the starting stages of fires in the Annular and Center Space 

burners had flames attached to pellet surfaces facing the space in the middle of the stack. Thus 

the fires had a ring structure before the pyrolysis/flaming front broke out at the top of the stack. 

Once flames appeared at the top, the lower part of these fires assumed an annular structure with 

little flaming reactions in the center, and flames in the region between the inner and outer fences. 

As the fire grew, the flames in the Center Space burner converged at some axial location. Flames 

in the Annular burner did not always converge, and when they did, the convergence was at a 

higher axial elevation than that for the Center Space burner. The average maximum flame 

lengths were about 68 cm, 63 cm, 44 cm, and 70 cm for the Plain, Grate, Annular and Center 

Space burners, respectively. Thus the flame from the Grate burner is about 10% shorter than 

flames in the Plain and Center space burners. This reduction in flame length may be due to 

additional air supplied from under the bed in the Grate geometry. Because charcoal combustion 

is much slower than flaming combustion, most of the under-bed oxygen supply is consumed in 

flaming reactions inside the stack and the flaming region above the stack. With this additional 
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supply of O2 in the reaction zone(s), reactions are completed earlier, and the flame is shorter in 

the Grate fire. The Annular fire had the shortest flame, its maximum flame height being about 

30% shorter than that of Grate fire and about 40% shorter then the flames from the Plain and 

Center Space burners. The presence of two unobstructed air streams, one in the middle and the 

other around the outer periphery, provides the Annular fire with more oxygen in the lower 

regions, and thus results in shorter flames than all the other geometries. The relative locations of 

air and gas-phase pyrolysis products (fuel) in the Annular burner have features resembling those 

in a Partially Premixed Flame (PPF) and Modified Inverse Diffusion Flame (MIDF) discussed in 

Chapter Two. The relatively shorter flame associated with the Annular fire indicates that some of 

the effects of partial premixing observed in gas-fueled diffusion flames may be obtained in 

buoyant wood fires with similar geometry.  

From the visual appearance of the fires in the four burners, the following conclusions may 

be drawn: 

• Combustion and/or air flow space at the middle of the fuel stack affects smoldering 

characteristics and flame structure. 

• Free airflow and/or combustion space in the middle can reduce or eliminate amount of 

fuel consumed in smoldering mode. 

• In comparison with the Plain, Grate and Center Space burners, the geometry with free air 

flow in the middle (Annular) has a significantly shorter flame.  



 

 

 

 

 

 

        (a) Plain               (b) Grate          (c) Annular               (d) Center Space 

 

 

 

 

 

 

 

 

Figure 5.8. Starting Stages of Batch Fires in Four Burner Geometries 
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        (a) Plain                         (b) Grate             (c) Annular                          (d) Center Space 

Figure 5.9. Peak Flaming Stages of Batch Fires in Four Burner Geometries 
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5.4 Effects of Burner Geometry on Fire Temperature. 

In the present study, fire temperatures were measured only along the centerline. Actual 

temperature profile varies in both vertical and radial (horizontal) directions. As pointed out in 

section 2.5, results from studies on gas-and liquid-fueled pool fires indicate that the radial 

temperature profile at elevations close to the bottom of the fire has two maxima, one on each side 

of the centerline, and a local minimum at the center. As elevation increases, radial separation 

between the maxima, as well as temperature difference between the maxima and minima 

decrease. The profile finally converges to a single maximum at the center with a shape 

resembling that of a Gaussian curve. There is currently no available quantitative relationship 

between the elevation at which the radial profile converges (to a single maximum) and other pool 

fire parameters such as diameter and fuel flow rate. In a study of a 31 cm diameter ethanol fire 

with 24.6 kW theoretical heat release rate, Wechman and Strong [1996] observed convergence of 

radial temperature profile at an elevation of about 6 cm, which was also the location of peak 

centerline temperature. A complete description and comparison of temperature profiles of the 

four burners studied in the present work would require both axial and radial temperature 

measurements. These measurements would be particularly useful in the case of the annular 

burner, for which measured axial temperatures at the lower region of the flame were clearly 

much lower than the actual flame temperature. 

 In the absence of an actual flame temperature profile for all the burners, the amount of 

heat retained in the exhaust stream was used to provide a rough estimate of the overall fire 

temperature. As shown in Equation 4.11, this quantity is calculated with an assumption of 

constant density and specific heat for air. Further, this quantity does not account for radiative and 

convective heat losses from the fire and the exhaust stream upstream of the location of the Pitot 



 
 
 
 

260 

tube, where the exhaust stream temperature used for this calculation was measured. Thus this 

quantity is positively biased in favor of shorter or lower temperature fires, which lose less heat. 

Figure 5.10 (a) shows the evolution of exhaust temperature measured upstream of the particulate 

filter. Considering a nominal total exhaust (air + products) flow rate of 85 g/s (see Chapter 4), 

the stoichiometric reaction 1kg wood + 6.3 kg air → 7.3 kg products, and overall reaction rates 

in the range 0.14 – 0.17 g/s, a 1oC change in exhaust temperature corresponds to about a 70-80oC 

change in stoichiometric overall reaction temperature. Figure 5.10 (b) shows the amount of 

sensible heat retained in the exhaust stream per kg of fuel burnt. From this figure, it can be 

concluded that, overall the Center Space geometry burns at a higher temperature than the other 

three, while the Plain configuration has the lowest temperature. The Grate and Annular 

configurations burn at about the same temperature, which is midway between Plain and Center 

Space burner temperatures. 
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Figure 5.10a. Temperature Upstream of Particulate Filter. 
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Figure 5.10b. Heat Retained in Exhaust Streams Per kg of Fuel Burnt 
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High heat transfer rate to a pot is obtained by placing the pot at or near the location of 

highest temperature. Since the hottest flame region corresponds to peak reaction rate, the heat 

exchange surface (e.g. a pot) should be placed far enough above such a location to avoid cooling 

or extinguishing the flame and thus increasing pollutant emission, but also close enough to 

obtain high thermal efficiency. Knowledge of the variation of flame temperature with elevation 

is useful in identifying this location. Profiles and evolution of temperature, carbon monoxide 

(CO) concentration, fractional residual fuel mass (Yr), and burn rates were obtained by first 

averaging over several repetitions with the same burner, then calculating a moving average in 

time (where necessary) of the first average.  

Figure 5.11 shows axial temperature profile for the four burners in the starting stage, after 

about 7% of the fuel has been consumed. As shown by the different values of relative time (tr), 

this stage of combustion occurs 9.3, 7.2, 7.5 and 6 minutes before maximum exhaust stream 

temperature for Plain, Grate, Annular and Center Space burners, respectively. Temperature near 

the base of the fire is in the order Plain ≤ Annular < Grate < Center Space. In this region, the 

Center Space fire is at least 400oC hotter than the other configurations. The occurrence of high 

temperature early in the batch combustion process ensures more entrainment of air both through 

and above the fuel stack in the Center Space burner. The magnitude of axial temperature in this 

region is determined by a balance between reaction intensity, which favors higher temperature, 

and entrainment, which favors lower temperature. As seen later in Section 5.4 (Figures 5.20 and 

5.21), the Annular and Center Space burners have approximately equal burning rates when Yr ≈ 

0.93, and both are burning faster than the Plain and Grate burners. From this rate of combustion 

of the Annular fire relative to the others, and considering that this geometry burns cleaner than 

the Grate burner, it would be expected that the temperature at low elevations should be higher in 
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the Annular than Grate burners and comparable for both the Annular and Center Space burners. 

On the contrary, temperature at 5 cm is about is about 120oC and about 550oC hotter in the Grate 

and Center Space burners, respectively, than in the Annular geometry. This discrepancy is an 

indication that there is relatively very little combustion in the lower region of the centerline of 

the Annular fire. At the early stage, the fire in the Annular burner formed a hollow cylindrical 

structure with a narrow ring of flames around the inner fence, and no flames at the center or 

outer regions at the top of the stack. On the other hand, the higher temperature at the lower 

centerline of the Center Space fire is in agreement with the appearance of flames just inside the 

non-flow space after a rather slow start. From Figure 5.11 it is seen that at elevations above 

about 20 cm, axial temperature in the Annular fire is higher than that for the Grate burner. 

Further, at elevations above 60 cm, temperature for the Annular burner is only slightly (≈ 10oC) 

lower than that for the Center Space burner. Since the hot gases released from the flames are 

mixed with entrained air at higher elevations, the magnitude of the Annular fire temperature 

relative to those for the Plain, Grate and Center Space fires indicates that at the starting stage the 

flaming region of the Annular fire burns significantly hotter than the Plain and Grate fires, and 

nearly as hot as the Center Space fire. Simultaneous occurrence of relatively low temperature at 

the lower centerline region and high temperature combustion in the surrounding ring indicates 

that there is substantial airflow through the open space at the middle of Annular burner.  

The peak between 20 and 30 cm in the temperature profile of the Annular fire could be 

caused by convergence of flames at the centerline, or occurrence of peak temperature at this 

elevation, in the ring fire, even without flame convergence. However, flame convergence at this 

elevation would give a temperature (≈ 500oC) close to that at the same or lower elevation in the 

Center Space burner, which burns at about the same temperature as the Annular fire. Thus, this 
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peak more likely corresponds to peak temperature in the ring fire. The relatively large (negative) 

temperature gradient in the profile for the Center Space burner is caused by a relatively high rate 

of air entrainment associated with the high temperature in this fire. The low (< 300oC) 

temperature above Plain and Grate burners indicates that these configurations are still in 

smoldering phase, and that placing a pot above them would give only low heating rates, but large 

amounts of unburned products. On the other hand, from their temperature profiles, it seems that 

the optimal location for pot placement above Annular and Center Space burners would be above 

20 cm.  
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 Axial temperature profiles at 4.2 minutes (tr = -4.2) before peak exhaust temperature are 

shown in Figure 5.12 for the four burner configurations. At this stage all the burners are in early 

flaming phase. As shown later (Figure 5.21) Annular and Center Space fires are burning at about 

equal rates, which are higher than those for Grate and Plain configurations, both of which are 

also approximately equal. Peak combustion zone temperature for the Annular and Center Space 

burners is in the region approximately 21 cm above the fuel. Peak temperatures for Plain and 

Grate burners are at approximately 13 cm. Peak temperature of the Center Space fire is about 

40oC and 120oC higher than that for the Grate and Plain fires, respectively. In comparison to the 

Plain and Grate fires, the Center Space fire is even hotter in the 20 < z < 40 cm region, where it 

is more than 200oC hotter at some locations. This difference in temperature may be explained in 

terms of less entrainment (and thus less cooling) at the axis of the Center Space fire. The Grate 

fire is hotter than the Plain fire due to the presence of more air (from under the bed) in the 

former. Exhaust temperature of the Annular fire is higher (Figure 5.10a) than that for the Center 

Space fire. This indicates that the hottest region of the ring fire of the Annular bed is hotter 

(>760oC) than that of the Center Space fire at this stage (tr ≈ -4.2 minutes), and it occurs at z ≈ 25 

cm (Figure 5.12), where axial temperature exhibits a maximum corresponding to a maximum in 

the temperature of the surrounding annulus-shaped fire. 

 Because of additional air available at the base of the Grate fire, through the fuel stack, 

radial temperature profile for this burner would be expected to have broader maxima or minima 

in comparison with Plain and Center Space configurations at the same time and elevation. Thus 

over the radial dimension of the burners, the Grate fire would give a higher path-averaged 

temperature than Plain and Center Space burners. This difference explains why exhaust stream 
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temperatures for Grate and Center Space fires are almost equal in the stage preceding peak burn 

rate (Figure 5.10b), even though the Center Space is almost 200oC hotter at axial locations with 

steep temperature gradients. From these profiles, it seems the optimal pot placement location 

would be between 13 and 37 cm for the Plain and Grate burners, between 20 and 37 cm for the 

Center Space burners, and between 25 and 37cm for the Annular burner.  

 Axial temperature profiles at maximum burn rate are shown in Figure 5.13. Due to 

differences in combustion conditions the four burners reach peak burn rate at different relative 

times (before peak exhaust temperature) and fractional residual fuel mass (Yr). At peak burn rate, 

most of the volume and top cross-section (in horizontal the plane) of the fuel stack are involved 

in combustion. Compared to the Plain and Center Space fires, the Annular and Grate fires have 

more air in the core region just above the fuel stack. Hence axial temperatures near the top of the 

fuel stack are higher in Grate fire than in the Plain and Center Space fires. The relatively high 

temperature at the base of the Grate fire is due to the presence of under-grate air, of which a 

small fraction is consumed in the slow glowing reactions inside the fuel stack. This extra air also 

produces a flatter temperature profile in the lower region of the Grate fire than in the 

corresponding regions in Plain and Center Space fires. Assuming that the presence of two air 

streams around the fuel in the Annular burner affects temperature magnitudes and profiles the 

same way as the under-bed air in the Grate burner, it may be deduced that temperatures at the 

base of the fire ring of the Annular burner are higher, have a flatter axial profile, and reach peak 

value at a lower elevation than corresponding Plain and Center Space temperatures. Thus actual 

peak flame temperature in the Annular fire at maximum burn rate time occurs at an elevation 

lower than that suggested (z ≤ 30cm) by the curve of centerline temperatures.   
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 When peak axial temperatures for the Plain, Grate and Center Space fires in early flaming 

stage (Figure 5.12) are compared with those at peak burn rate, a reversal of relative magnitudes 

is observed. At the early flaming stage, these temperatures are in the order: Center Space > Grate 

> Plain, while at peak burn rate they are in the order: Plain > Grate ≥ Center Space.  However, at 

peak burn rate time and elevations higher than approximately 30 cm, the Center Space fire is 

substantially hotter than the other three. This indicates that the peak combustion region of the 

Center Space fire is hotter than corresponding regions in the other fires. A comparison of 

maximum flame heights shown in Figure 5.13 with axial peak temperature locations reveals that 

the Annular flame tip is only about 10 cm above the hottest location while the flame tips of the 

other fires are more than 40 cm above the respective hottest zones. This indicates that a pot 

placed between 30cm (hottest region) and 40cm (near flame tip) in the Annular fire would have a 

higher heat transfer rate (higher thermal efficiency) and a weaker quenching effect (less pollutant 

emission) than a pot placed at the same location in the other three fires. 

 Figure 5.14 shows axial temperature profiles at the time of peak exhaust temperature. 

Profiles at peak burn rate and peak exhaust temperature times are combined in Figure 5.15. The 

shapes of the profile at the two times are similar. However, relative magnitudes of temperature at 

a given location vary in a complex way between the two times. The largest differences between 

the two times occur in the region with steep temperature gradients (25 < z < 60 cm). Although 

the Center Space fire is up to 100oC hotter than the Plain fire in this region at peak burn rate time 

(Figure 5.12), these two configurations have almost equal temperatures at their peak exhaust 

temperature times (Figure 5.13). The Plain burner fire is hotter than the Grate fire at both times, 

but differences in their temperatures are higher at peak exhaust temperature time.  Figure 5.10b 
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shows that overall combustion temperatures at peak exhaust temperature time are in the order: 

Center Space > Annular ≥ Grate > Plain, which is the same as the order at peak burn rate time 

and up to about one minute after time at  peak exhaust temperature. This suggests that although 

the Plain fire has a higher temperature in its steep gradient region than corresponding regions in 

the other fires, it has the lowest volume- or path-averaged temperature. Due to the ring structure 

of the fire in the Annular burner, a comparison of its axial temperature profile with the profiles of 

the other burners is not meaningful. 

 In the region with steep temperature gradients, temperature for the Plain and Grate burner 

fires reach maximum values at the same time as the peak exhaust temperature. These maximum 

values are about 100oC higher than corresponding values at the peak burn rate time. On the 

contrary, the Annular and Center Space fire temperatures in the same region reach maximum 

values at peak burn rate time and are only slightly lower (20-40oC) at peak exhaust temperature 

time. This behavior of the Annular and Center Space burners raises the question: What region(s) 

of the fire cause peak exhaust temperature to occur after peak burn rate? A complete answer to 

this question would require knowledge of both axial and radial temperature profiles and 

evolution with time. However, an indicative answer can be obtained by analyzing the 

temperature difference between the two times (peak burn rate time and peak exhaust temperature 

time) at each axial location along with consideration of flame structure. Figures A1 through A10 

in the appendix show evolution with time of temperature at each of the 10 axial locations at 

which there was a thermocouple. Figure 5.15 is a “snap shot’ of the curves in Figures A1-A10 at 

the two different times discussed here. For the Plain and Grate burners, temperatures at z ≥ 21 

cm (Figures A2 – A10) reach peak values at the same time as the peak exhaust temperature. 

Hence for these two geometries, the lag between peak burn rate and peak exhaust temperature 
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times seems to be caused by combustion in region above 21 cm. On the other hand axial 

temperatures in the Annular and Center Space fires reach maximum values at approximately the 

same time as peak exhaust temperature in the region close to the top of the fuel stack (z ≤ 21 

cm), and at peak burn rate time at higher locations. Axial temperatures at the base are propagated 

to higher elevations where they are modified by effects such as local reactions, entrainment and 

heat loss. For Annular and Center Space fires, the fore-mentioned effects reverse the occurrence 

of higher axial temperatures in the base region after peak burn rate time so that axial 

temperatures at higher elevations reach maximum values at peak burn rate time (before peak 

exhaust temperature). However, as is commonly reported in pool fire literature, radial 

temperature profiles near the base have a bimodal shape, with two maxima symmetrically 

located on either side of the axis and a local minimum at the centerline. For a fire with 

cylindrical geometry, similar to those studied here, the maxima measured on a vertical plane 

would be on a circle centered at the axis. If it is assumed that all the temperatures in a horizontal 

plane are in phase (i.e. no time lag between any two points in the plane), it can be deduced that 

temperatures at some off-axis locations near the base of the fire are higher than at the center, and 

that these temperatures reach maximum values (over the duration of the fire) at the peak exhaust 

temperature time. For this off-axis spatial and temporal temperature structure to account for the 

observed evolution of exhaust temperature, which is different from the evolution of temperature 

at axial thermocouple locations, this off-axis structure must persist up to an elevation where 

mixing caused by entrainment and enhanced by flow driven by the exhaust blower produces a 

uniform radial profile. Further, the relative magnitude of the off-axis temperature must be high 

enough to dominate over axial temperature so that the mixed flow temperature reaches a 

maximum value later than the axial temperatures (after peak burn rate).  
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 Temperature evolution at z = 21 cm is shown in Figure 5.16 to demonstrate differences in 

dwell times of temperature at the hottest regions. Temperature plateaus for the Annular and 

Center Space burners are wider than those for the other two configurations. As can be seen in 

Figures A5 through A10, at locations higher than about 30cm the Annular fire has a broader 

plateau than the other fires. A long peak temperature dwell time would give a high thermal 

efficiency in a cooking operation since the pot would be exposed to high temperature for a 

relatively longer time. Further, a longer dwell time allows the load to be place at the optimal 

location for a longer time, with less frequent adjustment to track this location 
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Figure 5.12. Axial Temperature Profiles at tr = -4.2 minutes 
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Figure 5.13. Axial Temperature Profiles at Maximum Burn Rate 
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Figure 5.14. Axial Temperature Profiles at Peak Exhaust Temperature 

 
 
 
 
 

275 



  

100

200

300

400

500

600

700

800

900

1000

0 10 20 30 40 50 60 70 80 90

Axial Distance (cm)

T
em

pe
ra

tu
re

 (o C
)

Plain B  tr= -0.47 

Grate B tr= -1.2 

Annular B tr= -1.933

Cntr Spc B  tr= -1.2

Plain T Yr = 0.39

Grate T Yr=0.45 

Annular T Yr=0.37 

Cntr Spc T yr =0.40

Yr at peak dm/dt (F)
Plain = 0.43, Grate = 0.56  
Annular = 0.54, Cntr Spc = 0.53 

 

Figure 5.15. Axial Temperature Profiles at Peak Burn Rate (B) and Peak Exhaust Temperature (T).
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Figure 5.16. Temperature Evolution at z = 21 cm. 
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 Axial temperature profiles at a stage near the end of flaming phase (Yr ≈ 0.3) are shown 

in Figure 5.17. At this stage the temperature profile near the base of the fire is affected by burner 

geometry and airflow patterns, both of which control the flame structure. The flame at this stage 

is short. Glowing charcoal, which has a higher heating value than pyrolysis gases, constitutes the 

bulk of the remaining fuel mass at this stage. Thus, in comparison with early flaming stage 

shown in Figure 5.12 (tr = -4.2 minutes) peak temperatures for the Yr = 0.3 stage are higher and 

occur closer to the top of the fuel stack. Both Annular and Center Space burners have ring 

structures at the base of the fire. Hence axial temperatures at the base of the Center Space fire are 

lower than corresponding temperatures in the Plain bed fire, which now has intense reactions at 

the centerline. As in the other stages, air flowing in the middle of the Annular fire causes axial 

temperatures at low elevations to be lower in this burner. The absence of buoyancy driven flow-

through air in the Center Space fire gives it higher axial temperatures than the Annular fire. For 

the relative times at which the four fires have Yr ≈ 0.3, (see Figure 5.17), the exhaust 

temperatures are in the order: (Figure 5.10 (b)) Center Space >Annular > Grate >Plain. This 

indicates that even though the Plain burner has the highest peak axial temperature, reaction 

volume-averaged temperature is higher in the other geometries.  

 Temperature in the glowing phase is affected by the history of the fire, i.e. temperature 

during the preceding flaming combustion, and airflow and cooling effects during the glowing 

phase itself. The profiles shown in Figure 5.18 indicate that, as expected, peak temperature for 

all configurations without airflow in the middle occur right above the fuel stack. Further, because 

glowing burn rate is much lower than flaming combustion these peak temperatures are 

significantly lower than peak temperatures in the flaming phase: Peak axial temperatures are in 

the range 800-900oC at peak burn rate time and 400-600oC in glowing phase. It should be 
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recalled that the temperatures used in this discussion are two-level averages. For each axial 

location and burner, temperature was first averaged across several runs on the same burner. The 

average across fire runs was then average over time intervals of approximately 40 seconds 

(moving average). Thus, the temperatures referred to as ‘peak temperature’ here are substantially 

lower than actual peak flame temperatures. Exhaust temperatures are approximately in the order: 

Center Space >Annular > Grate > Plain at the last stage of flaming combustion (Yr = 0.3), and: 

Grate ≥ Center Space ≈ Annular >Plain in glowing combustion. The reversal of relative 

magnitudes of Annular and Grate exhaust temperatures between flaming (Annular is hotter) and 

glowing (Grate is hotter) indicates that in glowing combustion the cooling effect of air flow in 

the Annular fire is stronger then reaction-enhancement of the under-bed air in the Grate burner. 

Possible causes of lower exhaust temperature in the Plain fire relative to the other burners 

include less in-stack air in Plain than Grate and Annular burners, and faster air flow in Center-

Space than Grate. In the region 5 < z < 40 cm, axial temperatures in Center-Space fire are up to 

200oC higher than corresponding temperatures in the Plain and Grate fires. The Center Space fire 

is only about 90oC hotter at higher elevations. This change (with elevation), in temperature 

differences between the burners is an indication that in the lower region, airflow patterns in the 

Center Space burner are significantly different from those in the Plain and Grate burners. One 

particular feature of this flow pattern seems to be that the hot gases from the Center Space burner 

are channeled to a narrow core region along the center line and this configuration experiences 

less air entrainment in the lower region. During the flaming phase, up to the peak burn rate time, 

axial temperatures in the region 30 < z < 45cm are higher in the Center Space than the other fires 

(Figure 5.13). The same flow feature indicated in the glowing phase may cause this difference 

during flaming phase.  
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Obtaining optimal performance requires a balance between placing the load close to peak 

temperature location in order to increase thermal efficiency and placing it far enough from this 

location to reduce pollutant emission. Thus knowledge of this location and how it changes with 

fire stage or conditions is important. For the four burners studied, Figure 5.19 shows variation of 

peak axial temperature location as fire progresses from initial stage (Yr = 0.93), through start of 

flaming (tr ≈ 4.2 minutes), peak burn rate, peak exhaust temperature, end of flaming (Yr ≈ 0.3) to 

glowing (Yr ≈ 0.15). It should be noted that actual peak temperatures in the Annular fire (close to 

peak Grate or Center Space values) are higher and more likely occur at a lower elevation than 

values measured along the axis. Location of peak temperature during flaming phase remains 

constant for the Grate and Annular fires. On the other hand, flaming phase peak temperature 

locations for the Plain and Center Space cases change with fire stage. Peak temperature in 

glowing phase occurs at the top of the fuel stack. The glowing phase peak temperature location 

shown in Figure 5.19 for the Annular burner is what would be expected, rather than that actually 

measured, in the ring surrounding the flow-through space at the center.    

Figure 5.16 (same as Figure A.3) and Figures A.1, A.2, and A.4 through A.10 can be used 

to estimate the length of time interval during which axial temperatures in the four fire geometries 

exceed specified levels. Axial temperatures at elevations up to 45 cm reach 300oC earlier, and 

stay above this value for a longer time in the Center Space fire than the other three fires. For 

example, temperature at z = 21 cm is at or higher than 400oC for about 9, 10, 6, and 13 minutes 

in the Plain, Grate, Annular and Center Space fires, respectively. It should be noted that the 

actual flame temperature at z =21cm in the Annular fire is probably higher than the value 

(400oC) measured at the centerline. Hence the time during which actual flame temperature in this 

fire is at or higher than 400oC is likely to be longer than that (6 minutes) given for this location, 
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probably between the values for the Grate (10 minutes) and Center Space (13 minutes) fires. The 

earlier occurrence of usable temperature in the Center Space burner would be useful at the 

beginning of the fire when the flame in this burner is low and hotter than the other fires, which 

are in smoldering phase with temperatures too low for meaningful heat extraction to a load. This 

also suggests that a hybrid burner design that operates as the Center Space burner at the 

beginning (hotter, non-smoldering) and end stages of the fire (hotter), and as the Annular burner 

(shorter flame) in the full flaming phase would give a better overall performance (higher thermal 

efficiency and lower emission) than either the Annular or Center Space burners operated 

separately. 
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Figure 5.17. Axial Temperature Profiles at End of Flaming (Yr = 0.3) 
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Figure 5.18. Axial Temperature Profiles at Beginning of Glowing Phase (Yr = 0.15) 
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Figure 5.19. Variation of Peak Axial Temperature Location with Fire Stage. 
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Air and combustion space distributions in a batch wood fire affect both spatial and 

temporal temperature profiles in a complex manner. The following conclusions arise from the 

foregoing discussions. 

• Overall, Center Space fire burns significantly hotter than the other geometries. 

• Annular and Grate fires burn at about the same temperature and are both hotter than the 

Plain fire. 

• Prior to the peak burning rate time, combustion temperatures are in the order: Annular > 

Center Space ≈ Grate > Plain. 

• At the stage of most intense flaming combustion (from just before peak burn rate time to a 

short time after peak exhaust temperature) the order (across different burner geometries) 

of exhaust temperatures corresponds to that of batch-averaged overall temperatures, as 

indicated by heat retained in the exhaust stream, i.e. Center Space > Annular ≈ Grate > 

Plain. 

• In the stage around peak exhaust temperature time, the fire with non-flow combustion 

space (Center Space) has the highest temperature while the Plain fire has the lowest. The 

Grate and Annular fires have temperatures between these two levels. 

• In the stage starting from a short time after peak exhaust temperature up to the end of 

flaming combustion, temperatures are in the order: Grate > Center Space > Annular > 

Plain. 

• Combustion temperatures during glowing phase are in the order: Grate ≥ Center Space ≈ 

Annular > Plain. 
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• Thus features of Annular, Center Space and Grate burners would be useful in the rising, 

peak and decaying stages of flaming combustion, respectively.  

• Features of a Grate burner would give higher temperature in glowing combustion. 

• For the dimensions and fire sizes studied, axial temperatures at the base of the fire and in 

region with steepest temperature gradient are not in the same order (across different burner 

geometries) as exhaust temperatures.  

• During peak flaming stage the distance from the tip of the flame to the location of 

maximum temperature is shorter in the Annular fire than the other three fires. Thus for a 

given distance between a load and hottest location the Annular fire would give the least 

amount of pollutant emission.  

• Elevation at which maximum temperature occurs is nearly constant during the flaming 

phase of the Annular and Grate fires, but varies with time in the Plain and Center Space 

cases. 

• In the region near the base of the fire and the region with steepest temperature gradient, 

the Center Space fire reaches specified temperature levels earlier and stays above these 

levels for a longer time than the other fires. 

• In glowing phase, peak temperature occurs just above the fuel stack. 

• During flaming phase, temperature change with elevation near the base of the fire is 

smaller in Grate and, possibly in Annular, than Plain and Center-Space burners. 

• All burner geometries reach maximum exhaust temperature (a measure of overall 

combustion temperature) after peak burn rate, both of which occur in the most intense 

stage of flaming combustion. 
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• In the region above the peak axial temperature location, temperatures in thePlain and 

Grate fires reach maximum values at peak exhaust temperature time (after peak burn rate). 

In the hottest part of this region (with steepest temperature gradient), temperatures are 

about 100oC higher at peak exhaust temperature time than at peak burn rate time.  

• For Annular and Center Space burners, temperatures at locations with steepest gradients 

reach maximum values at peak burn rate time. Thus, in contrast with temperatures in 

corresponding regions of Plain and Grate fires, temperatures in Annular and Center Space 

fires lower at peak exhaust temperature time than at peak burn rate time. Further, the 

magnitude of temperature difference (≤ 40oC) between these two times is lower in 

Annular and Center Space fires than in fires without space in the middle.  

• Exhaust temperatures in Plain and Grate fires are controlled by reactions in the region 

with steepest temperature gradient. 

• Exhaust temperatures in Annular and Center Space fires are controlled by reactions at the 

base of the fire. 

• Temperature profile of the Center Space fire suggests that this burner experiences less air 

entrainment than the others fires. 

 

5.5. Effects of Burner Geometry on Fuel Consumption and Burn Rates in Fire Phases. 
 

The mode of combustion at the beginning of a fire and air distribution affect not only 

temperature but also burn rate and relative amounts of fuel consumed in different phases 

(combustion modes). Evolution of fractional residual fuel mass (Yr) for the four burners is shown 

in Figure 5.20. Corresponding burn rate curves are given in Figure 5.21. From the method used 
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to define transitions from one combustion phase to the next (see section 5.2), smoldering phase 

ends (and flaming phase starts) at average relative times (tr) of about –5, -5.1 and –5.3 minutes 

for the Plain, Grate and Annular fires, respectively. Due to the relatively low amount of smoke 

produced at the beginning of the Center Space fire, this configuration is assumed to have no 

smoldering phase, and to start flaming at tr ≈ -8.7 (beginning of fire). Average relative times for 

end of flaming and beginning of glowing phases are 4.8, 4.7, 3, and 4 minutes for Plain, Grate, 

Annular and Center Space burners, respectively.  

 Figure 5.20 shows that burn rates (magnitude of gradients) at the beginning (-12 ≤ tr ≤ -9 

minutes) of the fire are in the order: Plain > Annular ≈ Grate > Center Space. This order may be 

accounted for in terms of the interplay between oxygen (air) supply to support combustion, 

cooling effect of such air supply and heat transfer from the starter flames to the rest of the fuel 

stack. Air supply rate at the bottom of the fuel stack is least in the Plain and Center Space 

burners and highest in the Annular geometry. Heat transfer from starter flame to pellets is higher 

in Plain and Grate than in Annular and center Space burners. Considering the relative 

magnitudes of burning rates, it would seem that at the beginning of the fire heat transfer rate is 

predominant in the Plain burner while oxygen supply is predominant in other burners. In the 

combustion stage corresponding to the last part of smoldering in Plain, Grate and Annular 

burners, burn rates are in the order Annular > Center Space > Plain ≥ Grate. In this stage 

combined effects of air supply and reduced extinction of starter flames in Annular fire 

predominate over effects of reduced extinction and reduced cooling in the Center Space burner. 

These effects in Annular and Center Space burners predominate over higher heat transfer to 
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pellets in Plain and Grate geometries where flame extinction has a stronger effect than heat 

transfer.  

 In the stage corresponding to first part of flaming phase in the Annular burner, both this 

and the Center Space burners have approximately equal burn rates. The Plain and Grate burners 

also burn at approximately equal rates, but are slower than the Annular and Center Space 

geometries (Annular ≈Center Space > Plain≈Grate). This indicates that combined effects of 

increased air supply and increased cooling (from this) in the Annular burner have about the same 

strength as the combination of higher temperature (less cooling by air) and less air in the Center 

Space burner. In the Plain and Grate burners, quenching of in-stack flames has a stronger effect 

at this stage than increased heat transfer to pellets. At peak burn rate time, the Center Space 

burner is faster than the other three. This suggests that effects of high temperature (less cooling) 

in the Center Space burner are stronger than combined effects favoring faster burning in the 

other burners. During the first part of this peak combustion stage there is a transition from equal 

burning rates in the Annular and Center Space fires to a lower rate in the Annular case. A similar 

transition occurs between the Grate and Plain fires, i.e. equal rates to a lower rate in the Plain 

burner. Both of these transitions may be due to predominance of cooling effects of air in the 

Annular relative to the Center Space burner, and predominance oxidation enhancement of in-

stack air in the Grate burner relative to the Plain burner. The Annular burner reaches maximum 

burn rate earlier and stays (dwells) at that rate for a longer time (≈ 3 minutes) than the other 

configurations. Dwell times of the other burners are in the order: Grate < Center Space < Plain 

 Burn rates in the stage starting from just after peak exhaust temperature time to the end of 

flaming, are in the order Grate > Center Space > Annular ≈ Plain. The Annular fire which is the 
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fastest in early flame stage is the slowest in the later stage. On the other hand Grate fire, which 

burns slowest at the beginning of flaming is the fastest in the last flaming stage. The difference in 

burn rate between Grate and the other burners increases towards the end of flaming phase. 

Further, in this later stage of the flaming phase, the Grate burner has the highest fractional 

residual fuel mass. One possible cause of the relatively high burn rate in the Grate burner in this 

stage is that increased reaction rate favored by in-stack air supply in this burner dominates not 

only the tendency of this air to cool the stack, but also all the factors favoring high rates in the 

other burners. Predominance of this effect of the in-stack air at this stage is enhanced by the 

presence of more charcoal (at high temperature), which reacts with some of the air to increase 

both temperature and reaction rate. The larger residual fuel mass in the Grate burner also favors 

faster burning. Similarity of the Plain and Annular fire burn rates indicates that the cooling 

tendency of extra air in the Annular burner is more dominant than the tendency of this air to 

increase burn rate over that in the Plain fire. The relative magnitudes of burn rates in the last 

stage of flaming are replicated in the first stage of the glowing. In the last stage of glowing, burn 

rates for the Grate, Annular and Center Space burners are almost equal and slightly lower than 

the rate for Plain burner, which also has the largest residual fuel mass (Figure. 5.20). 

 Temperature, mode and rate of combustion in a batch-operated fire are influenced by 

several factors and the predominant factors change with combustion stage. Figure 5.22 shows 

distribution of burnt fuel mass among the combustion the phases. The Plain burner consumes the 

largest fraction (25%) of the burnt fuel in smoldering phase while Grate and Annular burners 

each consume about 20% of burnt fuel in this mode. The Center Space burner consumes the 

largest (86%) fraction of burn fuel in flaming phase, mainly due to the absence of smoldering 

phase. The total fraction of fuel burnt in smoldering and flaming phases in the Plain, Grate, or 
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Annular burners is approximately equal to the fraction consumed in flaming in the Center Space 

burner. Thus most of the fuel saved from smoldering by changing to the Center Space burner is 

consumed in flaming phase. The fuel fraction burnt in flaming phase depends on the amount 

consumed in smoldering phase, the of amount charcoal formed during smoldering and flaming 

phases, and the amount of charcoal consumed before glowing-only combustion. The Plain, 

Grate, and Annular burners consume 63%, 69%, 65% of burnt fuel in flaming phase, 

respectively. The relatively low fraction of fuel burnt in the flaming phase of the Plain burner is 

due to its large fuel consumption in smoldering phase. Due to the presence of in-stack air in the 

Grate burner, this burner consumes relatively more charcoal before the end of flaming. This 

consumed charcoal mass is included in flaming fuel consumption. Hence the Grate burner has 

relatively higher flaming and lower glowing fuel consumption than the other three burners. The 

high fuel mass fraction burnt as charcoal (glowing) in the Annular burner in comparison with the 

Grate case may in part be due to lower temperature (favors more charcoal formation) in the stack 

of the Annular burner, which is in turn caused by cooling from the two streams of air present in 

this burner.  

Maximum flame length and burn rates for overall batch operation and for different 

combustion phases are shown in Figure 5.23. The relative magnitudes of smoldering, flaming, 

glowing, and overall combustion rates indicate relative significance of the factors (e.g. air 

supply, cooling, in-stack quenching and heat transfer) discussed above in each of the combustion 

phases. Smoldering burn rate is more than 50% faster in the Annular fire than either the Plain or 

Grate burners, which burn at approximately equal rates in this phase. Thus extinction of in-stack 

flames in both the Plain and Grate fires dominates relative to less cooling by air in these burners 

in comparison with the Annular fire. Overall burn rate in the Center Space burner is about 30% 
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and 10% higher than in the Plain and Annular burners, respectively, and just slightly higher than 

in the Grate burner. Thus overall burn rates are in the order: Center-Space ≥ Grate ≥ Annular > 

Plain. However, the flaming burn rate computed for the Center Space burner is almost equal to 

that for the Plain burner, and lower than that for the Grate or Annular burner. This apparent 

lower flaming rate in Center Space fire is a consequence of including the relatively slow starting 

stage of this fire in the flaming phase while the corresponding stage in the other fires is treated as 

a separate phase (smoldering). Combined burn rates for combustion up to the end of flaming 

phase (i.e. smoldering and flaming phases) are about 0.20, 0.24, 0.28 and 0.31g/s for the Plain, 

Grate, Annular and Center Space fires, respectively. Thus prior to glowing, the Center Space fire 

burns about 60%, 30% and 10% faster than Plain, Grate and Annular fires, respectively. The 

Center Space burner has the highest peak burn rate, which is about 10% higher than 

corresponding values for the other three burners. The strong effect of partial premixing on flame 

length can be observed by noting that although peak burn rates for all the four burners are within 

10% of each other, maximum flame length in the Annular (partially premixed) burner is about 

40% shorter than the tallest flame (or the tallest flame is about 60% taller than the partially 

premixed flame). Glowing burn rates are about an order of magnitude slower than flaming and 

peak rates. Burn rates in this phase are in the order Grate > Center-Space ≈ Annular > Plain, with 

the Grate burner about 40% faster than the Plain burner and about 10% faster than both the 

Center Space and Annular burners. 

 In conclusion, burn rates and corresponding distribution of fuel burnt in the different 

phases of combustion are affected by competing factors the relative influence of which evolve as 

the fire progresses through different phases and stages. Although the same factors control axial 

and exhaust temperature, comparison of discussions in this section (5.5) and those in Section 5.4 
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shows that burn rate in each phase or stage in a phase of combustion in one fire geometry relative 

to corresponding phase and stages in the other burners generally do not correlate directly with 

respective axial or exhaust temperatures. 

• Of the three burners with a smoldering phase, the Plain geometry consumes the 

highest fraction (≈ 25%) of burnt fuel in this mode. In the Grate and Annular burners, 

about 20% of burnt fuel is consumed in smoldering. 

• Smoldering burn rate in the Annular burner is about 50% higher than in the Plain and 

Grate burners. This difference is caused by relatively higher extent of extinction of in-

stack flames in the Plain and Grate fires. 

• Most of the fuel saved from smoldering combustion by using the Center Space burner 

instead of the other burners is burnt in flaming phase. 

• Center Space burner has a slightly (10%) higher peak burn rate (in flaming) than the 

other three burners, all of which burn at approximately equal rates. 

• In the stage from the beginning of the fire up to the end of flaming, the Center Space 

fire burns about 60%, 30% and 10% faster than Plain, Grate and Annular fires, 

respectively. 

• The Annular burner reaches peak burn rate earlier and sustains this rate for a longer 

time than the other fires. 

• Glowing burn rate is approximately an order of magnitude slower than flaming burn 

rate. 

• Glowing burn rates are in the order: Grate > Center-Space ≈ Annular > Plain.  

• Overall burn rates are in the order: Center Space ≥ Grate > Annular > Plain. 
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Figure 5.20. Variation of Fractional Residual Fuel Mass During a Burn 
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Figure 5.21. Variation of Burn Rate with Time.  
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5.6 Effects of Burner Geometry on Carbon Monoxide and Particulate Matter Emission. 

 Evolution of carbon monoxide concentration, [CO], in the exhaust stream is shown in 

Figure 5.24 for the four burners. This concentration is a function of reaction rates and local 

conditions. In discussing Figure 5.24 it should be recalled that while the Plain, Grate and 

Annular fires have a smoldering phase distinct from and preceding a flaming phase, the 

Center Space fire is assumed to be in flaming mode right from the beginning. For relative 

times up to about tr ≈ –8.5 minutes (starting stage) the Plain fire has a higher burn rate than 

the other three burners. This may account for the high concentration of CO in the Plain fire in 

comparison to the other three. From a relative time tr = -6 minutes up to the end of the 

smoldering phase, [CO] is higher in the Grate than Plain fire even though both fires have 

almost equal burn rates at this stage. One possible explanation for the higher CO emission in 

the Grate fire is that the stack is hot enough at this stage for the higher oxygen concentration 

in this burner to react with char layers on pellets, a reaction that produces both CO and CO2. 

In the stage ending at tr = -4 minutes, the Center Space burner emits less CO than the 

Annular burner which in turn emits less than the Plain and Grate burners. This order of CO 

emission approximately corresponds to the order of smoldering extent (intensity of smoke) 

noted in section 5.3.1, i.e. Center Space (non-smoldering) < Annular < Grate  ≤ Plain. 

 All the four burners have almost equal [CO] at the full flaming stage. This flaming 

[CO] level is lower than the level for smoldering in the Plain, Grate and Annular burners. A 

unique feature of the Center Space fire is that its [CO] during the stage corresponding in time 

to smoldering in the other three burners is, on average, approximately equal to that in full 

flaming stage. From the time at which [CO] starts rising rapidly towards the end of flaming, 

it can be seen that the duration between peak exhaust temperature time and the beginning of 
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the glowing phase is in the order: Annular < Center Space ≈ Plain < Grate. Also, from the 

gradients of these steep sections of the curves, it can be seen that Annular and Center Space 

fires have sharper flaming-glowing transitions than the other two. Due to its higher glowing 

burn rate (Figure 5.20) relative to the other fires, the Grate fire also has the highest [CO] 

levels in this phase. Although the Annular and Center Space fires have almost equal glowing 

burn rates, the former fire has a higher [CO] probably due to a lower boundary layer 

temperature (Figure 5.10a), and hence lower CO oxidation rate, caused by higher air supply 

rate at stack level. Peak [CO] is lower in the Plain burner than in the Annular burners even 

though these two burners have nearly equal burn rates at this stage (Figure 5.21) and the 

Annular burner has a higher temperature (Figure 5.10a).  It should be recalled that the molar 

ratio CO/CO2 at the reaction sites on the surface of charcoal increases with temperature. 

Hence a possible cause of higher [CO] in the Annular burner is its higher temperature, which, 

though higher than that in the Plain burner, is not higher enough to result in higher CO 

oxidation. The Plain burner has higher [CO] at the end of glowing phase, corresponding to its 

relatively higher burn rate at that stage. 

 Carbon monoxide emission factors (Eco) for different combustion phases in the four 

burner geometries are shown in Figure 5.25. Corresponding contributions of combustion 

phases to total CO emission are shown in Figure 5.26. Smoldering phase Eco in the four 

burners is in the order: Plain ≈ Grate < Annular, the Annular emission factor being less than 

50% of the factors for the Plain and Grate fires. This indicates, as was observed visually, that 

the Annular burner is significantly cleaner in its smoldering phase than burners without air or 

combustion space in the middle. In comparison with variation of smoldering phase PM and 

CO emission factors with burner geometry, flaming phase Eco varies by only slightly (about 
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20%) between the burners, being lower in burners a with flow or non-flow space in the 

middle. This reduced CO emission in theCenter Space and Annular burners is due to higher 

combustion temperature in these two geometries during most of flaming phase (see Figures 

5.10b, and Figures 5.11 through 5.18). In all the four burner geometries, glowing phase Eco is 

more than 20 times as high as that for flaming mode, with emission factors in the order: 

Center Space < Annular < Plain < Grate. The value for Center Space burner is about 20% 

less then values for Plain and Grate burners, and only about 10% less than the value for 

Annular burner. The relatively low glowing phase CO emission factor in the Annular fire is 

likely due to its high temperature in the boundary layer around the charcoal (Figures 5.18, 

and A1), which favors faster oxidation of CO by O2 and other oxidants. In addition to 

boundary layer temperature, oxygen supply to charcoal bed may account for differences in 

glowing Eco between burner geometries. From Figure 5.26, it is seen that glowing phase 

produces the majority of CO in batch combustion with the balance coming from smoldering 

(where this phase occurs) and flaming phases. Further, in the fire with the cleanest apparent 

combustion (Center Space, without smoldering) glowing combustion produces about 80% of 

CO emission. 

 Figure 5.27 shows CO emission factors for combustion up to the end of the flaming 

phase and both CO and PM emission factors for entire batch operation. Batch particulate 

matter (PM) emission factors increase in the same order as the visual smoke intensity in 

smoldering phase, i.e. Center Space < Annular < Grate < Plain. Because batch CO emission 

factors are dominated by the relatively very high emission factors from glowing phase, which 

has very low PM emission, there is no apparent correlation between batch PM and CO 



emissions. However, when only CO emission up to the end of flaming is considered, a linear 

correlation is obtained between CO and PM emissions, as shown in Figure 5.28. 

Particulate matter emission from the smoldering phase can be estimated by assuming 

that the glowing phase produces negligible PM, and that PM emission factor from flaming 

phase, Epm,f, is the same for all the four burner geometries. Approximate values of Epm, f can 

be obtained using values measured from Center Space fire: 

fb,fpm,gfb,gfpm, ΔmEΔmE =++  

fb,

gfb,gfpm,
fpm, Y

ΔYE
E ++=  

2.2
Y

E
E

fb,

gfpm,
fpm, ≈≈ +                                                                                            5.1 

In Equation 5.1, subscripts f and g denote flaming and glowing phases, respectively, 

while f+g denote combined flaming and glowing phases. The symbols Δmb and ΔYb 

respectively denote actual mass and fraction of fuel burnt in a phase. For Center Space fires, 

the subscript f+g denotes the entire batch since this fire does not have a smoldering phase. 

Hence for this geometry, ΔYb,f+g = 1, ΔYb,f  ≈ 0.86. Consequently, Epm, f ≈ 2g PM/kg of fuel 

burnt, a value assumed to hold for flaming phase in each of the fires.  

For the fires with a smoldering phase, PM emission factor for combined 

smoldering and flaming phase can be estimated using the equation: 

fsb,

batchpm,
fspm, ΔY

E
E

+
+ ≈                                                                                                    5.2 

Splitting Epm,s+f  into smoldering and flaming components gives. 

Δmb,s Epm,s + Δmb,f Epm, f  = Epm,s+f  Δmb,s+f, 
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From this equation, and substituting the right hand side of Equation 5.2 for Epm,s+f , an 

estimate for Epm,s is obtained from: 

sb,

fb,batchpm,
spm, ΔY

2ΔE
E

Υ−
≈                                                                                             5.3 

Equation 5.3 gives Epm,s ≈ 40 g PM/kg of burnt fuel for the Plain and Grate fires, and 

Epm,s ≈ 10g PM/kg of burnt fuel for the Annular fire. Thus PM emission factors for 

smoldering phase are more than three times the values calculated for the batch process, but 

the magnitudes are in the same order as the batch values. Further, it is seen that Annular fire 

emits about four (4) times less PM in smoldering phase than Plain and Grate fires. By 

comparing the amount of particulate matter from smoldering combustion to that from the 

whole batch, it is seen that smoldering accounts for about 90%, 80% and 50% of total PM in 

Plain, Grate and Annular fires, respectively. Corresponding values for contribution of 

smoldering to total CO are (see Figure 5.26) are about 30% for Plain and 20% for Grate and 

Annular fires.  

For the geometries studied, it may be concluded that: 

• Space in the middle of the fuel stack can eliminate the smoldering phase or 

significantly reduce the amount of fuel consumed and the amounts of pollutants 

emitted in this phase. 

• In burners with a smoldering phase, the Annular fire emits substantially less CO and 

PM in this phase than the Plain and Grate fires, both of which have comparable CO 

and PM emission factors.  

• Smoldering phase contributes the bulk of the particulate matter emission, this 

contribution being in the order Plain (≈ 90%) > Grate (≈ 80%) > Annular (≈ 50%). 
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• Smoldering phase contribution to total CO emission are in the order: Plain (30%) > 

Grate ≈ Annular (20%). 

• Center Space and Annular fires have 20% lower flaming phase CO emission factors 

than Plain and Grate fires.  

• Glowing CO emission factor is more than an order of magnitude higher (more than 20 

times) than that for the flaming phase.  

• Burners with air or combustion space at the middle emit slightly less CO in glowing 

mode, and have a sharper transition from flaming to glowing, than the Plain and Grate 

burners. 
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Figure 5.24. Evolution of CO Emission for Four Burner Geometries. 
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Figure 5.26. Contributions of Combustion Modes to Total Carbon Monoxide Emission. 
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Figure 5.28. Correlation Between Batch Particulate Matter, and Combined Smoldering and Flaming Carbon 
Monoxide Emissions 
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CHAPTER SIX. 
 

CONCLUSIONS AND RECOMMENDATIONS 
 

6.1. General Conclusions. 
 

Effects of combustion air distribution on emission and flame characteristics of a 

batch-operated wood fire have been studied. Approximately 0.275kg of wood pellets each 

1.8x1.8x5cm in size are burnt in burners constructed from a vermiculite bed around which a 

mesh wire fence is attached to hold the fuel. The basic configuration (Plain) has a diameter of 

15.6cm and a pellet stack depth of 7cm. The burner is raised from the floor to allow air 

supply from under the bed, and set on a load cell to monitor fuel mass. The fuel stack is 

ignited at the bottom and let to burn through a sequence of phases consisting of combined in-

stack smoldering and flames (termed smoldering), flaming above the stack, and charcoal 

glowing phases.  Smoke and hot gases from the fire are drawn through a hood and ducts for 

particulate matter (PM) sampling, carbon monoxide (CO) analysis and flow rate 

measurement. Fire temperatures are measured along the axis. Three geometric modifications, 

each of 16.4cm overall diameter to give 10% more bed area, are compared with the Plain 

burner. In the first (Grate), the extra bed area accommodates sixteen equal-sized holes 

distributed in the bed. The second modification (Annular) has a 5cm diameter flow-through 

space in middle surrounded by ring-like fuel holding space to simulate a partially premixed 

fire. The third configuration (Center Space) is obtained by closing the center hole of the 

Annular burner to leave a combustion space in the middle. 

 The following general conclusions apply to all the burner geometries tested: 
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• When smoldering combustion phase occurs it is the main source of particulate matter 

(PM) and a significant source of carbon monoxide emitted in a batch operation. 

Smoldering Phase PM emission factors are approximately an order of magnitude higher 

than corresponding flaming phase values. Carbon monoxide (CO) emission factors are 

several times higher in the smoldering phase than flaming phase. Thus designs of wood 

combustion devices should include features that reduce or eliminate smoldering during 

batch or quasi-steady operation. If the design allows significant smoldering in batch 

operation, procedures such as tending are necessary to reduce pollutant emission. 

Alternatively, in applications such as incineration, pilot flames may be placed above the 

fuel stack to ignite the pyrolysis products released in the smoldering phase. 

• Whole-batch PM emission factor is linearly correlated to CO emission factor for fire 

stages up to the end of the flaming phase. Because PM sampling and measurement is 

usually more involved, more costly and more sensitive to experimental conditions, 

measurement of CO emission factor for the combined smoldering (where it occurs) and 

flaming phases can be used to make deductions about PM emissions. 

• Of the three combustion modes (smoldering, flaming and glowing), flaming phase has the 

lowest CO emission factor and glowing the highest. 

•  In the flaming phase, the peak burn rate occurs before the peak overall combustion 

temperature as indicated by the temperature of the exhaust plume at locations where 

radial variations are eliminated by mixing. This characteristic of a batch fire can be 

utilized in designing operation schemes. For example, in an operation intended to 

maintain the rate of heat transfer to a load within a given range, it may be necessary to 

change load-fuel distance or reduce the fire after the peak burn rate. In the start-up stage 
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leading to a quasi-steady operation, additional fuel charge will produce the least emission 

if they are placed in the combustion device just after, rather than at peak burn rate. 

• In full-flaming phase, axial temperature above the fuel stack rises with height to a 

maximum, then drops in three regions with successively decreasing magnitude of 

temperature gradient. This characteristic is caused by the complex interactions between 

flow patterns and structures such as pulsation and vortices and air entrainment with the 

accompanying reduction in reaction rate (heat release) due to cooling. A heating load 

device, such as a pot, placed in the fire reduces air entrainment, but still cools the fire, 

because the load temperature is lower than product gas temperature. Thus there should be 

an optimal heating load location for which high thermal efficiency can be obtained with 

only slight increase in emission in comparison with a load-free fire. 

• Although only 10 to 20% of total fuel burnt is consumed in the glowing phase, this phase 

is the main source of carbon monoxide, with emission factors  more than an order of 

magnitude higher than those corresponding to the flaming combustion phase (greater than 

100g CO/kg of charcoal burnt). This indicates that although a charcoal fire appears clean 

due to its low PM emission, its high CO emission can be a health and safety hazard in 

poorly ventilated spaces. Possible means of reducing CO emission from this phase 

include maintaining a low flame to raise the temperature and provide non-oxygen 

oxidants such as OH, which are necessary to oxidize CO to CO2. 

• Glowing burn rate is about an order of magnitude slower than flaming burn rate. Further, 

during glowing, the maximum temperature outside the fuel stack occurs just above the 

stack. Hence this phase is only useful for low power load. Full utilization of the energy 

available from this phase during a cooking operation requires the pot-fuel distance to be 
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adjustable in order to move the pot from locations above the fuel during the flaming 

phase to the top of fuel stack during the glowing phase. 

 

6.2 Effects of Burner Geometry. 

As fire progresses through the different phases, burn rate, fractional residual fuel 

mass, overall combustion temperature (as indicated by exhaust temperature), axial 

temperature profiles, and pollutant emission factors of one fire geometry relative to the others 

change in complex ways that may be explained in terms of relative predominance of several 

factors. These factors include tendency of the air inside or at the middle of the fuel stack to 

increase reaction rate, to cool the fire and to reduce emission factors; a space in the middle of 

the fuel stack  favoring reduced smoldering in comparison with geometries without such a 

space; air flow in middle space favoring shorter flame length. 

 
6.2.1 Emissions 

• In comparison with the Plain and Grate burners, the amount of fuel consumed in the 

smoldering phase and related emissions can be drastically reduced or eliminated by 

means of a combustion space, without free air flow, in the middle of fuel stack. Such 

a space can thus be used at the beginning of batch fire operation to reduce or 

eliminate smoldering and its associated emissions, and make the energy that would 

otherwise be lost from this phase available to the load. Hence in addition to reducing 

emissions, designs or operations using a combustion space without free air flow can 

give increased thermal efficiency. 
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• In fires with a smoldering phase (Plain, Grate, Annular), burn rate in this phase is 

higher and emissions significantly lower in the burner with a flow-through space 

(Annular) in the middle. The burn rate at the beginning of the Annular fire is also 

higher than corresponding rate in the fire with a non-free flow combustion space 

(Center Space). Some optimal airflow in the middle space would be necessary to 

obtain both reduced emission and increased burn rate at the beginning of a fire. This 

may be obtained by allowing partial opening of a hole at the center of the bed. 

• Burner design with flow-through space (Annular) burns with a significantly shorter 

flame than burners without such airflow. This, together with reduced CO emission in 

this burner geometry indicates that the advantageous characteristics observed in gas-

fueled partially premixed or modified inverse diffusion flames can also be obtained in 

fires. 

• Although flaming phase emission factors are less sensitive to burner geometry than 

smoldering emission factors, flaming phase CO emission factor is slightly lower in 

burners with a space (flow or non-flow) in the middle. Hence a design with partial 

premixing (Annular) can be used to obtain the low flaming phase emission of the 

design with a non-flow combustion space, without the disadvantageous longer flame 

length associated with the latter design. 

• Fires with a space in the middle have lower glowing phase carbon monoxide emission 

factors than Plain and Grate fires. 
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6.2.2. Temperature 

• Burner geometry with non-flow middle space (Center Space) has a higher overall, 

batch-averaged temperature (as indicated by heat retained in exhaust gases) and axial 

temperatures than the other geometries. The Annular and Grate fires have 

approximately equal temperatures and are both hotter than the Plain fire. In 

applications such as space heating where reducing flame length to a level shorter than 

that obtained in the Plain of Grate burner is not important, the Center Space fire 

would give a hotter, cleaner fire. 

• At all stages of combustion the Plain fire geometry has the lowest exhaust 

temperature. 

• Prior to the peak burn rate, combustion temperatures are highest in the Annular fire 

and about equal in Center Space and Grate fires. 

• At the time of the most intense combustion, relative magnitudes of exhaust 

temperature in different burner geometries are in the same order as whole-batch 

exhaust heat retention, being highest in the Center Space fire, about equal in the 

Annular and Grate fires, and lowest in the Plain fire. 

• Towards the end the flaming and throughout most of the glowing phase exhaust 

temperatures are in the order: Grate > Center Space > Annular > Plain. 

• Axial temperatures at the base of the fire and in the region with steepest temperature 

gradient are not in the same order, across different burner geometries, as the exhaust 

temperatures. Hence axial temperatures in these regions cannot be used to estimate 
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relative exhaust temperature, which represents a reaction volume-averaged 

temperature subjected to cooling by heat loss and entrained ambient air. 

• During the flaming phase, the location of maximum axial temperature is nearly 

constant in the Annular and Grate fires, but varies with time in the Plain and Center 

Space fires. This would indicate that adjustment of load position to maintain a given 

level of thermal efficiency is less in the Annular and Grate fires. 

• During the flaming phase Grate and Annular fires have the lowest temperature 

gradient near the base of the fire. 

• The Annular fire has the shortest distance between the location of maximum axial 

temperature and the flame tip. Thus, for a given distance between a load and the 

hottest axial location, Annular fire will produce less pollutants than the other 

geometries. 

• In the region between the bottom of the fire and the location of steepest temperature 

gradient, the Center Space fire reaches usable temperature levels earlier and stays 

above these levels for a longer time than the other fires. 

• In the region above the maximum axial temperature, temperatures in the Plain and 

Grate fires reach their maximum values at the same time as peak exhaust temperature. 

Hence temperatures in this region are higher at the peak exhaust temperature time 

than at the peak burn rate time. 

• For burners with a space in the middle temperatures in the region with the steepest 

gradient reach maximum values at about the same time as the peak burn rate time. In 

contrary to corresponding regions in the Plain and Grate fires, temperatures in the 
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Annular and Center Space fires are lower at the peak exhaust temperature time than at 

the peak burn rate time. The difference in axial temperatures in this region between 

peak burn rate and peak exhaust temperature times are lower in fires with a space in 

the middle. 

• Grate burner and burners with a middle space have significantly higher volume-

average glowing phase temperatures than the Plain burner. 

 

6.2.3. Burn Rate and Fuel Consumption in Combustion Phases 

 
• Most of the fuel consumed in the smoldering mode (where this phase occurs), is 

consumed in the flaming (rather than the glowing) phase mode when the smoldering 

is phase is eliminated. 

• During the combustion process through the end of the flaming phase, the burn rate in 

the Center Space fire is significantly higher than in either Plain or Grate fires, and 

slightly higher than in the Annular fire. 

• The Annular burner reaches its peak burn rate earlier and sustains this rate for a 

longer time than the other burners. 

• The Grate burner has significantly faster glowing phase burn rate than the Plain 

burner, but is only slightly faster than burners with a space in the middle.  

• Overall burn rates in the Grate and middle space (flow and non-flow) burners are 

higher than in the Plain burner. 
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6.3. Sensitive Characteristics 

• Smoldering and related emissions are reduced by unobstructed airflow (Annular 

burner) or combustion space (Center Space burner) in the middle of the fuel stack. 

• The glowing phase carbon monoxide emission is reduced by flow (Annular burner) or 

non-flow (Center Space burner) space in the middle of the fuel stack. 

• The flame length is reduced by unobstructed air supply (Annular burner) at the 

middle of the fuel stack. 

• Axial and overall combustion temperatures are increased by a non-flow combustion 

space in the middle of the fuel stack (Center Space burner). 

• Non-glowing burn rate can be increased by air flow (Annular burner) in the middle of 

fuel stack  or non-flow (Center Space burner) space in the middle.  

• Glowing phase burn rate can be increased by under-bed air (Grate burner), air flow in 

middle of fuel stack (Annular burner) or non-flow (Center Space burner) space in the 

middle.  

 

6.4. Recommendations for Design and Operation of Solid Fuel Devices. 

• Design of wood combustion devices should include features that reduce or eliminate 

smoldering during batch or quasi-steady operation. If the design allows significant 

smoldering in batch operation, procedures such as tending are necessary to reduce 

pollutant emission. Alternatively, in applications such as incineration, pilot flames 

may be placed above the fuel stack to ignite the pyrolysis products released in the 

smoldering phase. 
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• Hybrid designs and operation schedules would give better performance than any one 

of the three modifications of the Plain burner. For example, providing a non-flow 

space in the middle of fuel stack at the start of the fire would reduce or eliminate 

smoldering and its associated emissions, and make the energy that would otherwise 

be lost from this phase available to the load. Allowing air to flow in this space after 

fire start-up will shorten flame length and increase combustion temperature. These 

features will allow the load to be place closer to the hottest location and obtain higher 

thermal efficiency without substantially increasing pollutant emission. Airflow 

through the middle space can be reduced in glowing combustion to obtain higher 

temperature, higher burn rate and reduced CO emission.  

• In applications such as space heating where reducing flame the length to a level 

shorter than that obtained in the Plain or Grate burner is not important, the Center 

Space fire would be hotter, and less polluting. 

• In addition to adequate oxygen supply and high temperature (both required for 

oxidation of CO with O2 in the boundary layer), emissions from glowing combustion 

in a charcoal fire or at he end of a batch fire can be reduced by sustaining a low flame 

to supply non-O2 oxidants of CO, such as OH radicals. 

• For batch-operated cooking fire, flexibility to adjust elevation of the pot can be used 

to obtain to optimal performance (high thermal efficiency and low emission). 
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6.5. Recommendations for Further Research. 

• Measurement of temperature distribution in both radial and vertical directions, 

especially for burner geometries with a space in the middle of the fuel stack. Would 

be useful to obtain better comparisons of hottest regions, and regions controlling 

overall fire temperature in different burner geometries.. 

• Gaseous products of incomplete combustion other than CO should be measured to 

obtain more complete more complete information on effects of geometry and air 

supply on pollutant emission, and variation of pollutant characteristics with 

combustion phase. 

• Computational Fluid Dynamics (CFD) should be used to analyze and identify flow 

characteristics that would enhance mixing of air and gaseous pyrolysis products close 

to the base of a fire to produce shorter,hotter and  less polluting combustion. 

• Due to the large number of variables affecting characteristics of a fire, it would be 

useful to apply Design of Experiment tools for efficient acquisition of more complete 

information on effects of such variables. 

• Due to the high CO emission factor of charcoal combustion, more research should be 

conducted to determine burner geometries, operation schedules or oxidants that can 

increase oxidation of CO to CO2. 

• The tests performed here should be repeated with larger fuel pieces in order to verify 

applicability of the observations obtained with pellets to real fires. . 
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APPENDIX 
 

TEMPERATURE EVOLUTION AT AXIAL LOCATIONS. 

 



    
 

    

0

100

200

300

400

500

600

700

800

900

1000

-10.0 -8.0 -6.0 -4.0 -2.0 0.0 2.0 4.0 6.0 8.0 10.0 12.0 14.0

Time From Peak Exhaust Temperature (min)

T
em

pe
ra

tu
re

 (o C
)

T5 plain
T5 Grate
T5 Annular
T5 Cntr Spc

 

 
 
 
 

358 

Figure A1. Temperature Evolution at z = 5cm 
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Figure A2. Temperature Evolution at z = 13cm. 
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Figure A3. Temperature Evolution at z = 21cm. 
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Figure A4. Temperature Evolution at z = 29cm. 
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Figure A5. Temperature Evolution at z = 37cm. 
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Figure A6. Temperature Evolution at z = 45cm. 
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Figure A7. Temperature Evolution at z = 55cm. 
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Figure A8. Temperature Evolution at z = 65cm. 
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Figure A9. Temperature Evolution at z = 75cm. 
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Figure A10. Temperature Evolution at z = 85cm.  
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