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Preamble

The work as it is, except for the preamble and the appendix on page 130,
represent the master thesis presented to the examination committee of the
faculty of physics at Eindhoven University of Technology.

The goal of the thesis is to explain the functioning of the kerosene wick
stove and the mass rate through a wick under different circumstances.

Regarding the latter a rather unexpected behavior of the mass rate as a
function of the glass chimney length has been observed. An explanation of
this phenomena is not included in the original thesis. An attempt has been
made in the appendix on page 130.

ir. N.A. Verhoeven
april 1989
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1. Summary

A study was made of the properties of six different kerosene wick
burners and of the burning at a single wick.

The flame length theory of Bussmann et. al. was tested for single wick
flames and proved to be wrong for these very small flames.

The aim of the study was to gain some ideas for improving existing
kerosene wick stoves and for building new ones, for use in Sahelian
countries.

The experiments were carried out with:

a mass balance, to determine the mass rate
and a gas analysis setup, to determine the CO/CO; ratio of the flue gas.

In case of complete combustion the mass rate and the power output
are directly related.

For the kerosene burners the heat transfer efficiency and three different
power outputs were determined. The measured heat transfer efficiencies are
all around 50 % and the power output varies from 0.9 kW to 7.2 kW.

A number of single wick experiments was carried out under different
circumstances. The mass rate through a wick with free wick length of 5 mm
reached values up to 6 mg s1, which under clean combustion conditions
equals approximately 250 W.

A remarkable result is that the rate of fuel consumption dramatically
decreases when the draft around a wick is increased above a certain value.
This phenomenon is preceded by a large CO emission.



2.Introduction

2.1 Use of Energy in the Third World

A very important energy source for over half the world’s population is
fuelwood. This enormous wood consumption, in combination with natural
catastrophes, like large rainfall or no rainfall at all, is already having a
really devastating effect on the ecological environment of the Third World.
The effects are not only noticeable during flood disasters but also in the
accelerating growth of the deserts and subsequent loss of large agricultural
arcas.

The effects mentioned above not only influence the environment but
also the supply of fuelwood and its derivative, charcoal. Food must be
cooked before it becomes edible. So for more than half the world’s
population fuelwood is as essential to survival as food itself. With a growing
population in these areas, the discrepancy between fuelwood supply and
—consumption is even more striking. It is known for several years now that,
if no adequate actions are taken, by the year 2000 the fuelwood supply for
some 1000 million people will be so critical that they will no longer be able
to cook their food sufficiently.

The fuelwood deficit must be tackled from different fronts
simultaneously. One must ensure a reasonable and continuous supply of
firewood; this is possible by large scale afforestation programmes. One must
ensure that the available firewood is used as efficiently as possible. One
must look for available substitute fuels and ensure that these are also used
as efficiently as possible. In the Sahel, substituting LPG or kerosene for
fuelwood and charcoal is an important way of reducing deforestation due to
fuelwood consumption.

An indirectly related problem to the shortage of fuelwood, but very
related to the cooking conditions, is the hazardous emission of poisonous flue
gases, containing mostly carbon monoxide. It should be clear that increasing
the efficiency of a cookstove should never result in an increase of poisonous
flue gas emission. Every newly developed cookstove should not only be very



efficient but also burn cleanly. In both aspects the Woodburning Stove
Group (WSG) at Eindhoven University of Technology (TUE) has extensive
expertise and experience.

2.2 The Woodburning Stove Group

The Woodburning Stove Group started as an informal association of
people from the faculties of Physics and Mechanical Engineering at the
Eindhoven University of Technology and the Division of Technology for
Society at TNO, Apeldoorn. The group was formed in March 1980, with the
aim of developing a set of design rules for efficient wood burning cookstoves
for use in the Third World. Since the beginning some of the significant
achievements of the group are:

(a) The group has developed a unique research facility to study
heat transfer, fluid flow and combustion in biomass burning
devices.

(b) The group has extensively studied open fires, closed stoves of
single pot stoves and two—pot stoves.

(c) This research has enabled the group to come up with designs
specially suited to households, institutions and commercial
enterprises in different Third World countries.

(d) Over the years the members of the group have provided
technical advice to projects in 17 countries.

Another highlight of the group was the achievement of P.J.T.
Bussmann in 1988 with his dissertation 'Woodstoves Theory and Applications
in Developing Countries’.

At the moment of writing this report the work of the Woodburning
Stove Group in Eindhoven is concentrated on three projects:

(1) the wood burning bakery oven project;

(2) the clean combustion project;

(3) the kerosene wick stove project.

The laboratory work on the woodbakery oven project started in the
beginning of 1987 with the building of a working scale model of a bread
bakery oven. The work on clean combustion involves two woodstoves, the
cogenerating stove and the downdraft stove. The work on kerosene wick



stoves is concentrated on the combustion of the fuel at a single wick under
different circumstances.

2.3 The Kerosene Wick Stove Project

The work on kerosene stoves started in 1983 at the instance of the
Energy Assessment Division, of the Energy Department of the World Bank.
The main purpose of the work was to provide reliable data on kerosene
stoves of diverse designs, as an aid to policy planners for selection of design.
A result of the test programme was that none of the commercially available
kerosene stoves at that moment had a maximum power output above 2 kW
(World Bank, 1985). In the test programme two major types of stoves, each
with its own advantages and disadvantages, were found: the kerosene
pressure-burner and the kerosene wick stove. A complementary field project
in Niger showed that the power outputs of the wick stoves, in combination
with their efficiencies, resulted in an unduly long cooking time for the
average meal in Niger (Bussmann, 1986), although for the first time in a
Sahelian country kerosene stoves were succesfully tried out at the family
level (Madon, 1986). It is against this background that the World Bank in
1987 awarded an R&D contract to the Woodburning Stove Group in
Eindhoven. The purpose of this project was: "

(a) to develop a high-power, low—cost kerosene wick stove;
(b) to use the information obtained during the course of the work
to recommend measures to adapt existing stoves.

A direct result of this work was the development and building of a
high-power kerosene stove, the Pet Stove. The Pet Stove has the various
adjustments suggested by the results of the R&D work. In the report of this
R&D work (Bussmann, 1987) it is clearly stated that the Pet Stove is still
a prototype and not yet ready for large—scale production. At that moment a
new high-power kerosene stove was discovered on the commercial market,
the Thomas Cup 36. In field studies in Burkina Faso (Sulilatu, 1988) and in
Cape Verde (Bussmann, 1988) both stoves were tested and showed
disappointing results towards power output and efficiency. Another problem
of the kerosene wick stoves, found during field studies, was that, even if the
wicks were protected as suggested by the R&D work, they wear out very



quickly (Bussmann, Sangen, Sulilatu and Visser, internal communication
1988). On the whole the kerosene wick stove is a promising stove for
developing countries, due to the easy maintenance, the low purchase price
and the possibility of local manufacturing of the stove by small-scale
industries and artisans (Sulilatu, 1988 & Sangen, 1988).

2.4 Plan of the Report

The following chapter presents a brief description of the kerosene
stoves needed in the Sahel, a small history of kerosene wick burners, the
operating principles of wick burners and some results of previous work, most
of them carried out in Third World countries. Chapter 4 contains a
description of the burning of alcohol and kerosene and it presents the
assumptions which led to the flame length theory of Bussmann et. al. In
this chapter the computer programme, whose design is based on the flame
length theory, is presented as well. In chapter 5 a very extensive description
of the tested burners is given, in tables as well as in figures. Also the three,
in essence different power outputs of the stoves are explained. Chapter 6
contains the different single wick setups, which were used to get a better
impression of the fuel burning at such a wick. The chapter is written in the
order in which the experiments were carried out. The measurement setups
and methods are explained in chapter 7. This chapter contains schematics of
the mass rate, the heat transfer and the gas analysis setup; it also explains
how the flame length was measured.

The different experiments and their results are discussed in chapter 8.
For .convenience this chapter is split into two sections; the first section is
about kerosene stoves and the second one is about the single wick fuel
burning. The first section contains the different power outputs of the
burners, the heat transfer efficiencies of the stoves and the flue gas quality
of the Pet Stove. The second section contains different mass rates and flue
gas qualities of single wick setups. Chapter 9 gives conclusions and
recommendations that evolved from this work.

A set of appendices is included, containing recommendations for
kerosene stoves, some measured data and the entire computer programme
and its functioning.



3. Kerosene Stoves

3.1 Kerosene Stoves for Cooking in the Third World

In the report 'On the Designing of High Power Kerosene Stoves’
(Bussmann, 1987) the following specifications of a kerosene wick stove,
suitable for a Sahelian country, are given:

(a) maximum power > 4.0 kW;

(b) minimum power < 0.7 kW,

(c) thermal efficiency > 50 %;

(d) adapted to cooking habits in Niger (touo preperation, use of

spherical pots);

(e) low cost.
A more extensive specification regarding requirements for kerosene stoves for
the Sahel is given by E.T. Ferguson in appendix A.

The method most generally used to prepare food is boiling (A
Woodstove Compendium, 1981). Raw food is placed in a pan with water and
put on a stove. The stove at this point is on its maximum power output.
The power output is decreased when the water in the pan starts boiling.
The use of maximum power shortens the warming up time. The low power
is nceded to keep the water and food combination at the boiling point
without evaporating too much water. The useless evaporation of water leads
to a large energy loss, which has nothing to do with the actual cooking of
the food. The low power should, in view of fuel economy, be as small as
possible, although it should give enough energy to keep the water and food
at boiling point. With a very low stable minimum power and a large
maximum power, in combination with a large heat transfer efficiency, a
stove is suitable for the differently sized Sahelian pans.



3.2 History of Wick Stoves and Kerosene Burners

Although the use of mineral oil and its residues for burning and other
purposes has been recorded since ancient times, the major breakthrough in
the application of fuel oil for technical purposes is not more than one
hundred years old.

With respect to the constructive development of kerosene lamps, which
are in principle identical to kerosene wick stoves, the following remarks,
made over half a century ago (Romp, 1937), may be of interest:

"Nowadays people very often speak disparagingly of oil lamps, which

are seen to be ridiculously primitive devices, but it is often forgotten

that they are the result of very elaborate and painstaking research

done half a century ago. Readers who are interested in this matter

are recommended to read Stepanoff’s book ’Grundlagen der

Lampentheorie’ (1894), for which he was awarded the Nobel prize."
Remarkable is a similar statement on woodstoves in a review of the
dissertation of P.J.T Bussmann (1988), in two dutch newspapers in 1988
(Eindhovens Dagblad & Volkskrant):

"That woodstoves are not the simple construction they seem to be,

is proven by the many difficult mathematical formulae in this

dissertation."
Kerosene lamps were originally made with cord wicks, like those of candles,
but very soon annular wicks with air admittance in the centre proved to
reduce the tendency to soot considerably, obviously because the centre, being
exposed to a strong radiation of heat, then consisted of thermally stable air
instead of unstable hydrocarbons. This construction change can still be found
in the different stove designs, whether they consist of a single ring wick or
a group of small wicks gathered in a ring.

After the introduction of a motor—driven oil burner in 1880, which
blew air into the flame by means of a propeller driven by clockwork, had
proved to be unsatisfactory, natural draught was applied to suck air into the
flame by means of a glass chimney, resulting in a more vivid combustion
and a higher temperature. According to the research of Stepanoff (1906) it
proved to be a most important point to establish a suitable distribution of
air for the inside of the hollow wick as compared with the outside of the
flame. The application of a large glass chimney and a hollow wick, which




creates a premixed flame, is nowadays still used in a kerosene lamp, the
Aladin Lamp. The kerosene wick stove is known since 1916 (Romp, 1937).
In today’s kerosene wick roomheaters, like Zibro Kamin and Elegance, and
kerosene wick stoves, like Pet Stove and Thomas Cup, natural draft is
created by tall combustion chambers in which the air is drawn through the
perforated combustion chamber walls.

figure 3.1
The Aladin Lamp,
a kerosene burner whose function is to give light.



3.3 Principle of Operation of Kerosene Stoves

In general, kerosene burners for domestic use can be classified into two

main categories:

(1) vapour jet burners;

(2) wick burners.
The wick burners can again be subdivided into open wick burners and range
wick burners. This study and report is concerned with the latter. Range
wick burners were developed to increase the power output of wick burners,
while keeping the combustion clean. The principle of the construction is as
follows (Prasad, 1983):

A number of wicks is fixed in a holder such that they can move
up and down. Moving up and down causes them to emerge into an
annular space, the combustion zone, formed by two thin-walled
concentric perforated steel shells, the flame holders. The distance
between the inner— and outer flame holder is a little more than the
thickness of the wicks, usually around 12 mm. The height of the
cylindrical flame holders is about 10 cm.

To start the stove, the wicks are turned up and set alight. The
draft created by the flames draws ambient air through the small
holes in the flame holders into the annular space. At these small
holes tiny blue flames can be observed. If the wicks are being turned
up to a sufficient height, the top level of the flames gradually rises,
eventually filling the whole annular space and emerging from the
open top in a stable blue flame. Raising the wicks even more will
make the upper part of the blue flame become yellow, which is an
indication of cracking of the kerosene in the flame (Spalding, 1955).

The cracking of kerosene is mostly accompanied by the production of
soot. Soot reduces the heat transfer from the flame to the pan and
is therefore undesirable.

The heat generated by the reaction of air and kerosene vapour
will, after some time, make the flame holders glow red hot. To keep
that heat from radiating away, the burner is usually provided with
an outer cover, the wind shield.

In figure 3.2 a range wick burner is described.
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3.4. Results of Previous Work

Literature on kerosene wick burners today is scarce. Books from the
past, like Stepanoff’s ’Grundlagen der Lampentheorie’ of 1906 and the book
of Romp ’0il Burning’ of 1937, are the major information sources on
kerosene wick burning in this study. In the Energy Department Paper No.26
(World Bank, 1985) a number of kerosene stoves is described. The
measurement methods described in this report, regarding maximum power
output, minimum power output, blue flame maximum power output and
heat transfer efficiency, are adopted in this study; they are described in
chapter 5. The results in the World Bank report, specific for kerosene wick
burners, are summarized in table 3.1.

table 3.1
Summary of results of World Bank report on kerosene stoves
(World Bank, 1985)

brand Pmax Pmin dp dw pan dia Eff.
name (kW) (kW) (cm) (cm) (cm) . (")
Ashok 2.0 0.6 9.0 2.3 18 48
Nutan 1.1 0.2 9.0 0.0 14 44
Divyajyoti 1.2 0.1 8.7 5.5 16 24

Hock 1.8 0.4 10.0 4.5 18 43
Swan 14 1.3 0.3 9.3 3.9 14 39
Swan 20 2.0 0.5 12.0 4.7 18 41
Lark 1.4 0.3 8.6 4.0 16 41

dp = wick pitch diameter

dw = distance pan bottom - burner head top

Pmax = the blue flame maximum power

Eff. = the efficiency of the heat transfer from the flame

to a pan with water

Reports of field studies on energy in Third World countries of P.
Bussmann and H. Stiles ’'Stoves for Cape Verde’ (1988) and W.F. Sulilatu’s
'Evaluation of Wood Stoves, Gas and Kerosene Stoves in Burkina Faso’
(1988) give extra results on kerosene stoves tested under field conditions.
The Cape Verde results show a disappointing behaviour of the Pet Stove
and Thomas Cup 36. The Burkina Faso results are in table 3.2.

11



table 3.2
Summary of the Burkina Faso results on Thomas Cup 36
with different pan sizes
(Sulilatu, 1988)

f! pan dia. Pmax Pmin dp in dp out dw Eff.
L (em) (kW) (%) (em)  (em)  (em) (%)
i‘ 20 5.01 0.73 9.0 15.5 4.3 31
H 21 5.13 0.67 . ), ., 33
dp in = wick pitch of the inner ring with 12 wicks
dp out = wick pitch of the outer ring with 24 wicks
dw = distance pan bottom - burner head top
Pmax = the blue flame maximum power
Eff. = the efficiency of the heat transfer from the flame

to a pan with water

A consultancy mission for the Industry and Energy Department of the
World Bank by E. Sangen to Indonesia ’Kerosene and LPG stoves in
Indonesia’ (1988) is the last known study on kerosene wick stoves at the
moment of writing this report. Some of the important conclusions are:

(a) kerosene stoves show a wide range of efficiencies (33 to 51%)
without bias towards factory or artisanally produced wick
stoves;

(b) it was clearly shown that the high efficiencies were obtained
with stoves constructed compactly (relative to pan diameter).

The results of E.Sangen are in table 3.3.

An overall conclusion from these reports is that the efficiency is a
function of the pan size, the distance between pan bottom and burner head,
and the burner head width. An efficiency measurement should always include
these data.

12



table 3.3
Kerosene stoves built and tested in Indonesia
(Sangen, 1988)

brand Pmax  Pmin dp dw pan dia BEff.
name (kW) (kW) (cm) cm) (cm) (%)
Butterfly- 10 1.8 0.5 8.5 3.3 24 51
Dua Saudara 1.9 0.4 10.5 4.2 24 42
Rantai 1.6 0.8 11.7 2.4 22 33
Tiga Gelang 2.1 1.6 11.8 4.4 24 42
Vheel Brand 2.0 1.6 8.5 2.9 24 46
Bandung small 1.0 0.3 7.3 1.8 20 49
Mangga Biru 1B 3.2 1.2 14.0 5.7 28 38
Pasar Minggu 24 1.6 1.2 11.0 8.7 22 44
Sinar Matahari 1.5 1.2 9.4 3.5 22 45
Butterfly round 2.0 1.0 8.4 3.2 24 37
Toyo Fuji 1.9 1.9 10.9 3.9 24 50
dp = wick pitch
dw = distance pan bottom - burner head top
Pmax = the blue flame maximum power
Eff. = the efficiency of the heat transfer from the flame

to a pan with water
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4. Combustion Theory

4.1 Chemical Reaction

The burning of hydrocarbons in free air is a complex and difficult
phenomena. For the burning of a simple hydrocarbon like methane , CHy,
up to 90 reaction steps are possible (Lamers, 1985). Describing a chemical
reaction system in detail is only possible on computers with enormous
calculation power. Fortunately most details are less important. One can
simplify the burning of a hydrocarbon to the reaction:

fuel + oxidant - product (4-1)
Fuel and oxygen combine in stoichiometric ratios according to:
1 kg of fuel + s kg of O, »+ (1 + s) kg product (4-2)

where s is the stoichiometric oxygen to fuel ratio.
The next section is about the burning of alcohol and kerosene.

4.2 Complete Combustion of Kerosene and Alcohol

Kerosene is actually a mixture of hydrocarbons with one main
component. This component is the hydrocarbon CiyHss. For the experiments
it is presumed that kerosene consists only of CjHj2. The complete
combustion reaction of kerosene is given by:

2 CioHeo + 31 Oy » 20 CO4 + 22 HYO (4—3)

It is presumed that the used alcohol is 100 % pure C,HzOH. The
complete combustion reaction of alcohol is given by:

CoHsOH + 3 O3 » 2 CO, + 3 H,0 (4—4)

There are now several questions of interest one can find an answer to.
Two of these questions are:
What is the stoichiometric ratio for kerosene and air at s.t.p.?
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What is the stoichiometric ratio for alcohol and air at s.t.p.?
For convenience only average values are used to answer the question:

1 mole at s.t.p has a volume of 224 1.

1 mole of CjoHy2 has a mass of 142 g.

1 mole of CoHs;OH has a mass of 46 g.

1 mole of O, has a mass of 32 g.

Volumetric composition of air at s.t.p.: Oy 20 % and N4 80 %.

Mass fractions of air at s.t.p.: Oy 23 % and N, 77 %.

To burn one mole of CyoHoy at s.t.p. completely, one needs (31/2)*32 g =
496 g of oxygen or (496/23)*100 g = 2157 g of air.

To burn one mole C,H;OH at s.t.p. completely, one needs 3*32 g = 96 g of
oxygen or (96/23)*100 g = 417 g of air.

The stoichiometric ratio of air to alcohol is (417/46) = 9.1

The stoichiometric ratio of air to kerosene is (2157/142) = 15.2

4.3 Different Types of Combustion

The Bunsen burner operates with two visibly different flames. The two
flame types are a noisy stable blue flame and a quiet flickering yellow fame.
The first one is a premixed flame and the second one is a diffusion flame
(Fristrom, 1965). Both flames have distinct zones where the reaction takes
place. The yellowness of the diffusion flame can be explained by reference to
figure 4.1. Fuel approaches the reaction zone from one side, oxygen from the
other. There is thus a region on the fuel side of the reaction zone in which
gas with an appreciable proportion of fuel, but no oxygen, is maintained at
a high temperature. Under these conditions there is a tendency for
hydrocarbon molecules to crack and polymerize, forming on the one hand
lighter molecules and on the other hand particles of carbon or tarry matter.
The latter, being very hot, radiate the characteristic bright yellow light.
This light often makes it difficult to observe the blue emission, characteristic
of the reaction zonme itself (Spalding, 1955).
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figure 4.1
Temperature and concentration profile
of a diffusion flame (Spalding, 1955)

For the blue premixed flame the position and the extension of the
reaction zone depends on the flow velocity of the fuel vapour — air mixture
and the flame velocity. The flame velocity is directed to the highest fuel
concentration. In this case the distinct blue reaction zone resembles a
standing shock wave. The position of the reaction zone is where the flow
velocity equals the flame velocity (Glassmann, 1977). These flames can also
occur with yellow tops if the temperature of the surroundings where the
reaction takes place, becomes too hot.
Romp speaks in his work of two types of combustion: the aldehydeous
combustion and the carbonic combustion (Romp, 1937). This splitting of the
combustion process is based on two theories (Chambers, 1983):
(1) The hydroxylation theory. Based on the idea that when a
hydrocarbon is oxidized, there is a natural tendency for its
hydrogen atoms to be successively converted into OH groups,
thus producing hydroxylated molecules with consequent heat
evolution.

(2) The thermal dissociation theory. The dissociation of certain
molecules under the infuence of heat.
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According to Romp, there is a race between thermal dissociation and
hydroxylation. If the conditions favour hydroxylation, there will be no soot.
If, however, conditions favour cracking, the heat from the combustion of
part of the hydrocarbon decomposes or cracks the remainder. In accordance
with the theory mentioned above, a blue flame burning with a diffusion
flame is possible if the temperature of the fuel stays low enough to avoid
cracking. A method to achieve this is called the reversed flame principle.
This principle is based on the fact that the temperature inside the flame is
the highest. If a jet of air is fed into an environment of combustible gas or
vapour, the jet of air is most intensely heated which, favours "clean"
chemical reactions with the hydrocarbons (Prasad, 1983). It is on this
principle most of the existing kerosenc stoves are based. In figure 4.2 the
reverse flame principle is demonstrated.
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figure 4.2
The reverse flame principle

The range burner mentioned and described in the first part of this
work, is a burner which works on the reverse flame principle. With this
type of burner the air is sucked by natural draft into the holes of the
perforated shells, the flame holders, which form the combustion chamber.
The combustion chamber is filled with fuel vapour evolved by evaporation at
the wicks. Thus every little hole will form a small perfectly blue flame of
air burning in hydrocarbon gas in accordance with the aldehydeous
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combustion process; these flames make the shells red hot.
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figure 4.3
The range burner principle
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4.4 Flame Length Theory

Bussmann et. al. introduced a theory for open fire with the aim that
an insight into the processes that are involved with open fires, will lead at
least to first guesses on the rules governing the dimensioning of combustion
spaces in woodburning stoves. This theory is used in this chapter to see if it
can also be fitted for open single wick fuel burning. It is not the aim of
this chapter to reproduce the theory and its setup completely, only general
lines on which the theory is built are given. For a detailed description see
Bussmann et. al. 1983. The theory is initially set up for open woodfires
which have two types of combustible products: charcoal and volatiles. The
fuels used at the open single wick fuel burning are kerosene and alcohol,
which in a manner of speaking consist of 100% volatiles. The theory as it is
given in this chapter also speaks of volatiles and charcoal, but it has the
convenience that one can choose the mass fraction of each.

4.5 The Flame Length Model

The problem of the rising gas column above the fuelbed is considered
to be a turbulent free convection problem. The fundamental equations of
mass, momentum and energy make up the basis of the model. In arriving at
these equations the following assumptions are made:

(1) The volatiles leaving the fuelbed and the air that is entrained in
the convection column, behave like ideal gases; the gas
properties of the volatiles and air are the same.

(2) The convection column has reached a steady state.

(3) The driving force is the buoyancy; pressure gradients are
neglected. The pressure differences in the vertical direction, due
to the hydrodynamic pressure gradient, are of no significance for
this situation. The radial pressure difference is neglected because
the transverse accelerations are small relative to those in the
vertical direction.

(4) Turbulent flow is fully developed and thus molecular transfer
mechanisms are neglected relative to turbulent processes.

(5) Radiant heat losses from the flames need not be taken into

19



4.4 Flame Length Theory

Bussmann et. al. introduced a theory for open fire with the aim that
an insight into the processes that are involved with open fires, will lead at
least to first guesses on the rules governing the dimensioning of combustion
spaces in woodburning stoves. This theory is used in this chapter to see if it
can also be fitted for open single wick fuel burning. It is not the aim of
this chapter to reproduce the theory and its setup completely, only general
lines on which the theory is built are given. For a detailed description see
Bussmann et. al. 1983. The theory is initially set up for open woodfires
which have two types of combustible products: charcoal and volatiles. The
fuels used at the open single wick fuel burning are kerosene and alcohol,
which in a manner of speaking consist of 100% volatiles. The theory as it is
given in this chapter also speaks of volatiles and charcoal, but it has the
convenience that one can choose the mass fraction of each.

4.5 The Flame Length Model

The problem of the rising gas column above the fuelbed is considered
to be a turbulent free convection problem. The fundamental equations of
mass, momentum and energy make up the basis of the model. In arriving at
these equations the following assumptions are made:

(1) The volatiles leaving the fuelbed and the air that is entrained in
the convection column, behave like ideal gases; the gas
properties of the volatiles and air are the same.

(2) The convection column has reached a steady state.

(3) The driving force is the buoyancy; pressure gradients are
neglected. The pressure differences in the vertical direction, due
to the hydrodynamic pressure gradient, are of no significance for
this situation. The radial pressure difference is neglected because
the transverse accelerations are small relative to those in the
vertical direction.

(4) Turbulent flow is fully developed and thus molecular transfer
mechanisms are neglected relative to turbulent processes.

(5) Radiant heat losses from the flames need not be taken into

19



account.
These assumptions will simplify the fundamental equations and after some
manipulations will introduce a set of integrated equations.

4.6 Boundary and other Conditions

Before the integrated equations lead to solutions, some more
assumptions have to be made. They concern firstly the shape of the velocity
and temperature profile, which are asumed to have a top-hat shape. Thus if
b represents the plume radius then for

r<b-T="Tz), u= U(z)
r>b-T=T, , u=0 (4-6)

where 1 and z are cylindrical coordinates,
T, is the ambient temperature,
u and U(z) are velocities in z—direction.

Secondly it is assumed that the way in which air is entrained can be
described by the entrainment assumption for strong buoyant flames

IV, = O [—‘Z—a]% ub (4-7)

where v, is the velocity in r — oo at heigth z,

pa is the ambient density and,

o« is the entrainment constant.
Thirdly it is assumed that volatiles burn inStantaneously with entrained air
and that the air quantity is the stoichiometric amount plus excess amount.
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4.7 The Computer Programme

All the assumptions mentioned above form a solvable set of equations
and boundary conditions. The solution involves a set of physical constants
which have to be given. The original computer programme was written in a
nowadays unused computer language and was therefore rewritten in Fortran
77. This version of the computer programme was specially written for use on
a small personal computer. When one runs this programme, it will ask the
user several questions. The programme will give a set of physical constants
and their computer values, default values, and asks the user if he or she
wants to change them. In tables 4.1 the physical constants for a wood fire
and their default values are presented. In the appendix the computer
programme, the setup on a floppy disk, a print out of the screen
communication, and a print out of a result as presented by the computer, is
given. The physical constants presented in table 4.1, are explained in the
next section.

table 4.1
The default values of physical constants for a wood fire

1 The combustion value of fuel is:. .1870E+08 J/kg

2 The gravitational accel. is: 10.00 m/s"2

3 The entrainment constant is: .080 -

4 The excess air factor is: 1.80 -

5 The stoich. air to fuel ratio is: 5.10 -

6 The ambient temperature is: 293.

7 The temp. of the fuel bed is: 1100. K

8 The ambient density of air is: 1.25 kg/m"3
9 The spec. heat coeff. of air is: 1000. J?(K kg)
10 The fuel bed area is: 226.980 cm”2
11 The combustion value of chaorcoal .3300E+08 J/kg
12 The mass frac. of volatiles is: .8000 ()
14 The power of the fire is: 6000.00 v
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the fuel bed arca
for a wood fire this is the charcoal bed size. For a liquid or gas fire
this is the cross section of the nozzle or wick top.

the mass fraction of volatiles

the fraction of wood which is not burned as charcoal, but as volatiles.
For most wood species 0.8.
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5. Six_different Types of Range Burners

5.1 Introduction

In this work six different designs of kerosene wick burners are tested
and compared: the Pet stove, the Thomas Cup 24, the Thomas Cup 36,
which are stoves; the Elegance K786, the Zibro Kamin RCA68, which are
roomheaters; and the Aladin Lamp, which is a lamp. There were several
goals:

(a) getting familiar with the available experimental equipment;

(b) getting familiar with the different stove designs and working
characteristics of the stoves, and the measuring methods for the
different experiments;

{c) An extra goal was to gain some ideas to improve the wick
stove, regarding power output, efficiency, combustion quality and

safety.
table 5.1
Six different kerosene burners and their origin
brand Country of type of
name manufacturing burner
Pet Stove The Netherlands multi wick stove
Thomas Cup 24 Indonesia multi wick stove
Thomas Cup 36 Indonesia multi wick stove
Elegance Taiwan ring wick room heater
Zibro Kamin Japan ring wick room heater
Aladin Lamp Brasil ring wick lamp

All six burners use natural draft to get air into the combustion area.
Three burners, the Pet Stove and both Thomas Cups, are
constructed with multiple small wicks, which are placed in a ring,
while the other three have a large annular ring wick: the Zibro
Kamin, the Elegance and the Aladin Lamp. Except for the Aladin
Lamp, which has a large glass chimney, the burners get their natural
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draft through the tall combustion chambers. In all six burners the
wick area exposed in the combustion area, can be increased or
decreased by means of a control lever, resulting in an increase or
decrease of the power output of the burner. Table 5.1 lists some of
the characteristics of the six burners. The next sections contain more
detailed descriptions.
The existence of a power output control lever for all the six burners, made
it possible to measure three different powers, each with its own different
function:

(1) The minimum power is the lowest power at which the burner
still burns.

(2) The maximum power is the largest power a wick burner can
achieve through its controls. The burner in this case often
produces yellow flames, frequently accompanied by soot.

(3) The blue flame maximum power is the maximum power at
which no yellow flames occur. In this case there is no soot.

The available laboratory equipment made it possible to measure the
minimum and maximum power output of the burners, the heat transfer
efficiency towards a pan during a boiling test with a stove, the CO/CO,
ratio of the flue gases, and the temperature of the kerosene in the kerosene
tank. Due to their construction, it was not possible to do the heat transfer
efficiency measurements with the Zibro Kamin and the Aladin Lamp; also
the Zibro Kamin has a closed kerosene tank, which made tank temperature
measurement impossible. Although in principle the Elegance is a roomheater,
it can easily be changed into a cookstove. For convenience the maximum
power, minimum power and efficiencies are already given with the stove
descriptions in the next sections, whereas the measurement method is
descrbed in chapter 7.
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Mat€rial/nnisn oteel

Wick material :Cotton
Truel level indicator :None
Type :See figure 5.1
Overall dimension(round) d *h :190 * 300 (mm)
Number of wicks Ny :21
Wick travel :35 mm
Wick diameter dw :6 mm
Wick pitch circle dp :112.5 mm
Wick pipes length ly :50 mm
Flame holder inside) d; * by :100 * 140 mm) 1
outside) do * hg 1125 * 140 mm) !
Flame holder holes (inside) da :1.3 mm
diameter - (outside) d, :1.3 mm
Flame holder holes (inside) a*b :10 * 10 mm
pattern outside) a * b :10 * 10 mm
Central hole diameter de :10 mm
Inside air holes number) ny .1
diameter) dy :94 (mm) 2
Outside air holes number) ny, :31
diameter) d, :10 (mm)
Shields (number) ng 11
diameter * height) ds * hg :185 * 190 (mm) 3
Minimum power Puin 1.6 kW
Maximum power Prax :5.1 kW
Nominal power Prom :3.0 kW
Efficiency (- evap. water) n :50.4 %
Efficiency (+ evap. water) n 54.1 %

! The lower 20 mm of the combustion chamber walls are not perforated.

? Inside the inner flame holder a radiation shield is attached with a diameter
of 80 mm. The actual inner air hole is a gap with a diameter of 20 mm.

3 Between the shield and the outer flame holder there is a gap; this annular
gap can be closed by a control mechanism.
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