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1. s~ 

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

The flame length theory of Bussmann et. al. was tested for single 
wiek 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 wiek stoves and for building new ones~ for use in 
Sahelian countries. 

The experiments were carried out with: 

a mass balancel to determine the mass rate 
and a gas analysis setupl to determine the 00/002 ratio of the fuel 
gas. 

In case of complete cambustion 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 
kV to 7.2 kV. 

A number of single wiek experiments was carried out under 
different circumstances. The mass rate through a wiek with free wiek 
lengthof 5 mm reached values up to 6 ag s-1~ which under clean 
cambustion conditions equals approximately 250 V. 

A remarkable result is that the rate of fuel consumption 
dramatically decreases when the draft around a wiek is increased above 
a certain value. This phenomenon is preceded by a large CO emission. 
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2.Introduct1on 

2.1 Use of Energy in the Third Vorld 

A very important energy souree for over half the world's 
population is fuelwood. This enoraous 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 Vorld. Tbe effects are not only noticeable 
during flood disasters but also in the accelerating growth of the 
deserts and subsequent loss of large agricultural areas. 

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. Vith a growing populatiori 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 programs. One 
must ensure that the available firewood is used as efficiently as 
possible. One must look f~r 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 problea to the shortage of fuelwood, but 
very related to the cooking conditions, is the hazardous emission of 
poisonous flue gases, containing aostly carbon monoxide. It should be 
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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) bas extensive expertise and 

experience. 

2.2 Tbe Woodburninq Stove Group 

The Woodburning Stove Group started as an informal association of 

people from the faculties of Physics and Becbanical Engineering at the 

Eindhoven University of Technology and the Division of Technology for 

Society at TNO, Apeldoorn. The group was formed in Barch 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 cernbustion in biomass 
burning devices. 

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

(c) This research bas 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 aembers of the group have provided 
technical advice to projects in 17 countries. 

lnother highlight of the group was the achievement of P.J.T. 
Bussmann in 1988 with bis dissertation 'Woodstoves Theory and 
Applications inDeveloping Countries'. 

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

(1) the wood burning bakery oven project; 

(2) the clean cernbustion project; 

(3) the kerosene wiek stove project. 
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The laboratory vork on the woodbakery oven project started in the 

beginning of 1987 with the building of a working scale aodel of a 
bread bakery oven. The vork on clean combustion involves two 
woodstoves, the cogenerating stove and the downdraft stove. The vork 
on karosene wiek stoves is concentrated on the combustion of the fuel 
at a single wiek under different circumstances. 

2.3 The Kerosene Vick Stove Pro1ect 

The vork on karosene stoves started in 1983 at the instanee of 
the Energy Assessment Division, of the Energy Department of the World 
Bank. The main purpose of the vork was to provide reliable data on 
karosene stoves of diversedesigns, as an aid to policy planners for 
selection of design. A result of the test programme was that none of 
the commercially available karosene stoves at that moment had a 
maximum power output above 2 kW (World Bank, 1985). Inthetest 

programme two major types of stoves, each with its own advantages and 
disadvantages, vere found: the kerosene pressure-burner and the 
karosene wiek stove. A complementary field project in Niger shoved 
that the pover outputs of the wiek stoves, in combination with their 

efficiencies, resulted in an unduly long cooking time for the average 
aeal in Niger (Bussmann, 1986), although for the first time in a 
Sahelian country karosene stoves were succesfully tried out at the 
family level (ftadon, 1986). It is against this background tbat the 

World Bank in 1987 avarded an R&D contract to the Woodburning Stove 
Group in Eindhoven. The purpose of this project was: 

(a) to develop a high-power, lov-cost karosene wiek stove; 
(b) to use the information obtained during the course of the 

vork to recommend measures to adapt existing stoves. 
A direct result of this vork was the development and building of 

a high-pover karosene stove, the Pet Stove. The Pet Stove bas the 
various adjustments suggested by the results of the R&D vork. In the 

report of this R&D vork (Bussmann, 1987) it is clearly stated that the 
Pet Stove is still a prototype and not yet ready for large-scale 
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production. At that aoment a new high-power kerosene stove was 

discovered on the commercial aarket, the Thomas CUp 36. In field 

studies in Burkina Faso (Sulilatu, 1988) and in C&pe Verde (Bussmann, 

1988) both stoves were tested and showed disappointing results towards 

power output and efficiency. Another problem of the kerosene wiek 

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 wiek stove is a promising stove for 
developing countries, due to the easy maintenance, the low purebase 

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 folioving chapter presents a brief description of the 

kerosene stoves needed in the Sahel, a small history of kerosene wiek 

burners, the operating principles of wiek humers and some results of 
previous work, most of them carried out in Third Vorld countries. 

Chapter 4 contains a description of the buming 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 humers 
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 wiek setups, which were used to get a 
better impression of the fuel buming at such a wiek. The chapter is 
written in the order in which the experiments were carried out. The 

measurement setups and aetbods are explained in chapter 7. This 
chapter contains schematics of the mass rate1 the heat transfer and 
the gas analysis setup; it also explains how the flame length was 
measured. 

The different experiaents and their results are discussed in 
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chapter 8. For convenience this chapter is split into tvo aections; 

the first section is about kerosene atoves and tbe second one is about 

the single wiek fuel burning. The first section contains the different 
pover 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 wiek 
setups. Chapter 9 gives conclusions and recommendations that evolved 
from this vork. 

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

and its functioning. 
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3. Kerosene Stoves 

3.1 Kerosene Stoves for Cookinq in the Third Vorld 

In tbe report 'On tbe Designing of High Power Kerosene Stoves' 

(Bussmann, 1987) tbe following specifications of a kerosene wiek 

stove, suitable for a Sahelian country, are given: 

(a) aaximum power > 4.0 kW; 

(b) minimum power < 0.7 kW; 

(c) tbermal efficiency > 50 '; 
(d) adapted to cooking habits in Niger (touo preperation, use 

of spherical pots); 

(e) low cost. 

A more extensive specificatien regarding requirements for kerosene 

stoves for tbe Sahel is given by E.T. Ferguson in appendix A. 

Tbe metbod most generally used to prepare food is boiling (A 

Voodstove 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. Tbe 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 needed to keep the water and food combination at tbe 

boiling point without evaporating too much water. The useless 

evaporation of water leads to a large energy loss, which bas nothing 

to do vith the actual cooking of the food. The low pover 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. Vith a very 

low stabie minimum power and a large maximum power, in combination 

vith a large beat transfer efficiency, a stove is suitable for the 
differently sized Sahelian pans. 
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s. 2 Bistory of Vick Stoves aDd Xeroaene Burners 

Although the use of aineral oil and its residues for burning and 

other purposes bas been recorded since ancient times, the aajor 
breakthrough in the application of fuel oil for tecbnical purposes is 
not aore tban one hundred years old. 

With respect to the constructive development of kerosene lamps, 
vhich are in principle identical to kerosene wiek stoves, the 
folloving remarks, aade over half a century ago (Romp, 1937), aay be 

of interest: 

"Novadays people very often speak disparagingly of oil lamps, 
vhich are seen to be ridiculously primitive devices, but it is 
often forgotten tbat they are the result of very elaborate and 
painstaking research done half a century ago. Readers vbo are 
interested in this aatter are recommended to read Stepanoff's 
book 'Grundlagen der Lampentheorie' (1894), for vhich 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 aany difficult mathematica! formulae in 
this dissertation." 

Kerosene lamps were originally made vith cord vicks, 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 theraally stable air instead of unstable hydrocarbons. 
This construction change can still be found in the different stove 
designs, vhether they consist of a single ring wiek or a group of 
small vicks gathered in a ring. 

After the introduetion of a motor-driven oil burner in 1880, 
which ble~ 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, 

9 



resulting in a aore vivid cambustion 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 wiek as compared with the outside of the flame. 
The application of a large glass chimney and a hollow wiek, which 
creates a premixed flame, is nowadays still used in a kerosene lamp, 
the Aladin Lamp. The kerosene wiek stove is known since 1916 (Romp 

1937). In today•s kerosene wiek roomheaters, like Zibro Kamin and 
Elegance, and kerosene wiek stoves, like Pet Stove and Thoaas CUp, 
natural draft is created by tall cambustion chambers in vhich the air 
is drawn through the perforated cambustion chamber walls. 

figure 3.1 
The Aladin Lamp, 

a kerosene burner vhose function is to give light. 
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3.3 Principle of Operation of Keroaene Stovea 

In general, kerosene burners for domestic use can be classified 

into tvo aain cateqories: 

(1) vapour jet burners; 

(2) vick burners. 

The vick burners can again be subdivided into open vick burners and 

range vick burners. This study and report is concerned vith the 

latter. Range vick burners vere developed to increase the power output 
of wiek burners, while keeping the cambustion 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. !oving up and down causes them to emerge into 
an annular space, the cambustion zone, formed by two 

thin-walled concentric perforated steel shells, the flame 

bolders. 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 bolders 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 bolders into the annular space. At 

these small holes tiny blue flames can be observed. If the 

vicks are being turned up to a sufficient height, the top level 
of the flames gradually rises, eventually filling the whole 

annular space and emerqing from the open top in a stable blue 

flame. Raisinq the wicks even more vill aake the upper part of 

the blue flame become yellow, which is an indication of 
crackinq 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 vill, aftersome time, make the flame bolders glow red 

hot. To keep that heat from radiatinq avay, the burner is 
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usually provided with an outer cover, the wind shield. 

In figure 3.2 a range wiek burner is described. 

Pan Support------... --~:=:=============----

Shield-----------------tl-__ _1~~~~~~-,~ 

Wiek Adjustment Lever 

Kerosene Tank ------

figure 3.2 
A kerosene wiek stove with pan support 
of the •ul ti wiek type range burner. 
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3.4. hsulta of Previous Vork 

Literature on kerosene wiek burners today is scarce. Books from 

the past, like Stepanoff's 'Grundlagen der Lampentheorie' of 1906 and 

the book of Romp '011 Burning' of 1937, are the aajor information 

sourees on kerosene wiek burning in this study. In the Energy 

Department Paper No.26 (World Bank, 1985) a number of kerosene stoves 

is described. The maasurement aethods described in this report, 

regarding aaximum pover output, minimum pover output, blue flame 

maximum pover output and heat transfer efficiency, are adopted in this 

study: they are described in chapter 5. The results in the Vorld Bank 

report, specific for kerosene wiek burners, are summarized in table 

3.1. 

table 3.1 
Su.ary of results of Vorld Bank report on kerosene stoves 

(Vorld Bank, 1985) 

brand Pmax Pmin dp dw pan dia 
name (kW) (kW) (cm) (cm) (cm) 

As hok 2.0 0.6 9.0 2.3 18 
Nutan 1.1 0.2 9.0 0.0 14 

Divyajyoti 1.2 0.1 8.7 5.5 16 
Bock 1.8 0.4 10.0 4.5 18 

Svan 14 1.3 0.3 9.3 3.9 14 
Svan 20 2.0 0.5 12.0 4.7 18 
Lark 1.4 0.3 8.6 4.0 16 

dp = wiek pitch diameter 
dv = distance pan bottom - burner head top 
Pmax = the blue flame aaximum pover 

Eff. 
(%) 

48 
44 
24 
43 
39 
41 
41 

Eff. = the efficiency of the heat transfer from the flame 
to a pan vith water 

Reports of field studies on energy in Third World countries of P. 

Bussmann and B. 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 
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behaviour of the Pet Stove and Thomas Cup 36. The Burkina Faso results 

are in table 3.2. 

table 3.2 
Su.ary of the Burkina Puo re sul ts on '1"hoMs Cup 36 

vith different pan sizes 
(Sulilatu, 1988) 

pan dia. 
(cm) 

Pmax 
(kW) 

Pmin 
(kW) 

dp in dp out dw 
(cm) (cm) (cm) 

Eff. 
(%) 

20 
24 

5.01 
5.13 

0.73 
0.67 

9.0 
, , 

15.5 4.3 
I I I I 

dp in = wiek pitch of the inner ring with 12 wicks 
dp out = wiek pitch of the outer ring with 24 wicks 
dw = distance pan bottom - burner head top 
Pma.x = the bl ue flame maximum power 

31 
33 

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 wiek stoves at 

the •oment of writing this report. Some of the important conclusions 
are: 

(a) kerosene stoves show a vide range of efficiencies 

(33 to 51%) without bias towards factory or artisanally 

produced wiek 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 bottem and 
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burner head, and the burner head width. An efficiency aeasurement 

should always include these data. 

table 3.3 
Kerosene stoves built and tested in Indonesia 

(Sangen, 1988) 

brand Pmax Pmin dp dw pan dia 
name (kW) (kW) (cm) (cm) (cm) 

Butterfly-10 1.8 0.5 8.5 3.3 24 
Dua Saudara 1.9 0.4 10.5 4.2 24 

Rantai 1.6 0.8 11.7 2.4 22 
Tiga Gelang 2.1 1.6 11.8 4.4 24 
\lhee 1 Brand 2.0 1.6 8.5 2.9 24 

Bandung sma.ll 1.0 0.3 7.3 1.8 20 
!l.angga Biru 1B 3.2 1.2 14.0 5.7 28 

Pasar llinggu 2A 1.6 1.2 11.0 8.7 22 
si nar :na tahari 1.5 1.2 9.4 3.5 22 

Butterfly round 2.0 1.0 8.4 3.2 24 
Toyo Fuji 1.9 1.9 10.9 3.9 24 

dp = wiek pitch 
dw = distance pan bot~om - burner head top 
Pmax = the blue flame maximum power 

Eff. 
(%) 

51 
42 
33 
42 
46 
49 
38 
44 
45 
37 
50 

Eff. = the efficiency of the heat transfer from the flame 
to a pan with water 
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4. eo.buation Theoa 

4.1 Cbellical iea.ction 

The burning of hydrocarbons in free air is a complex and 

difficult phenomena. For the burning of a simple hydracarbon like 

methane , CH4 , up to 90 reaction steps are possible (Lamers, 1985). 

Descrihing 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 hydracarbon to 

the reaction: 

fuel + oxidant ~ product (4-1) 

Fuel and oxygen combine in stoichiometrie ratios according to: 

1 kg of fuel + s kg of 02 ~ (1 + s) kg product (4-2) 

where s is the stoichiometrie oxygen to fuel ratio. 

The next section is about the burning of alcohol and kerosene. 

4.2 eo.plete eo.bustion of Kerosene and Alcohol 

Kerosene is actually a mixture of hydrocarbons with one aain 

component. This component is the hydracarbon c 1 oH22. For the 
experiments it is presumed that kerosene consists only of C1 oH22 • Tbe 
complete cambustion reaction of kerosene is given by: 

(4-3) 

It is presumed that the used alcohol is 100 \ pure C2H~OB. Tbe 

complete cambustion reaction of alcohol is given by: 

(4-4) 

There are now several questions of interest one can find an 
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ansver to. Tvo of these questions are: 
Vhat is the stoichiometrie ratio for kerosene and air at a.t.p.? 

Vhat is the stoichiometrie ratio for alcohol and air at s.t.p.? 
For convenience only average values are used to ansver the question: 

1 •ole at s.t.p bas a volume of 22.4 1. 
1 aole of C1oB22 has a mass of 142 g. 
1 mole of C2B50B has a mass of 46 g. 
1 mole of 02 has a aass of 32 g. 

Volumetrie composition of air at s.t.p.: 02 20% and N2 80 '· 

Bass fractions of air at s.t.p.: 02 23% and N2 77 '· 

Toburn one mole of C1oB22 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 C2B50H at s.t.p. completely, one needs 3•32 g = 96 g 

of oxygen or (96/23)•100 g =417 g of air. 

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

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

4.3 Different Types of Coabustion 

The Bunsen burner operates vith tvo visibly different fla.es. The 
tvo flame types are a noisy stabie blue flame and a quiet flickering 
yellov fame. The first one is a premixed flame and the second one is a 
diffusion flame (Fristrom, 1965). Both flames have distinct zones 
vhere the reaction takes place. The yellovness 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 tbus a 

region on the fuel side of the reaction zone in vhich gas vith an 
appreciable proportion of fuel, but no oxygen, is maintained at a high 
temperature. Under these conditions there is a tendency for 
hydracarbon molecules to crack and polymerize, forming on the one hand 
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11gbter aolecules and on the other hand particles of carbon or tarry 

matter. The latter, being very hot, radlate the characteristic bright 

yellow light. This light often makes it difficult to observe the blue 

emission, characteristic of the reaction zone itself (Spalding, 1955). 

mfuel 

d1stance 

mfuel 
T m02 

m02 

T 
perpendi cul ar to flame 

figure 4.1 
TftP8rature and concentration profile 
of a diffusion flaae (Spalding, 1955) 

fuel 
concentrat ion 

curve 

02 
concentrat1on 

curve 

temperature 
curve 

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 vhere the flow velocity equals the flame velocity (Glassmann, 

1977). These flames can also occur with yellow tops if the temperature 

of the surroundings vhere the reaction takes place, becomes too hot. 

~omp speaks in bis work of two types of combustion: tbe 

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 
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hydrocarbon ia oxidized, there ia a natura! tendency for 

ita hydrogen atoms to be auccessively converted into OH 
groups, thus producing hydroxylated molecules vith 
consequent heat evolution. 

(2) The thermal diasociation theory. The diasociation of 
certain molecules under the infuence of heat. 

According to Romp, there ia a race betveen thermal dissociation and 
hydroxylation. If the conditions favour hydroxylation, there vill be 

no aoot. If, hovever, conditions favour cracking, the heat from the 
combustion of part of the hydrocarbon decomposes or cracks the 
remainder. In accordance vith the theory aentioned above, a blue flame 
burning vith a diffusion flame is possible if the temperature of the 
fuel stays lov enough to avoid cracking. A metbod 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 beated vhich, favours "clean" chemica! 
reactions vith the hydrocarbons (Prasad, 1983). It is on this 
principle most of the existing ke·rosene stoves are based. In figure 
4.2 the reverse flame principle is demonstrated. 

fuel 

mfuel concentrat ion 
a.rve 

02 
m02 concentrat ion 

curve 

distance perpendicular to flame T te:rperature 
ct..rve 

figure 4.2 
Tbe reverse flame principle 
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The range burner .antioned and described in the first part of 
this vork, is a burner which works on the reverse flaae principle. 
With this type of burner the air is sucked by natural draft into the 
holes of the perforated shells, the flame bolders, which fora the 

cOlabustion chamber. The cambustion chamber is filled vith fuel vapour 
evolved by evaporation at the wicks. Thus every little hole vill form 
a small perfectly blue flame of air burning in hydracarbon gas in 
accordance vith the aldehydeous cambustion process; these flames 

make the shells red hot. 

A flama holdera ~ 
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figure 4.3 
Tbe range burner principle 

20 



4.4 l'lue Lenqth Theory 

Bussmann et. al. introduced a theory for open fire wi th the aim 

that an insight lnto the processes that are involved with open fires, 

will lead at least to first guesses on the rules governing the 

dimensioning of cambustion spaces in woodburning stoves. This theory 

is used in this chapter to see if it can also be fitted for open 

single wiek 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 vick fuel burning are 
kerosene and alcohol, vhich 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 bas the convenience that one can choose 

the mass fraction of each. 

4.5 The Flaae Lengtb Ilodel 

The problem of the rising gas column above tbe 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 folioving assuaptions 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 bas 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 significanee for this situation. The radial pressure 
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difference is neglected because the transverse 

accelerations are saall relative to those in the vertical 

direction. 

(4) Turbulent flow is fully developed and thus aolecular 

transfer mechanisms are neglected relative to turbulent 

processes. 

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

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 = T(z), u= U(z) 

r > b ~ T = Ta , u = 0 

where r and z are cyl indrical coordinates, 

Ta is the ambient temperature, 
u and U(z) are veloeities in z-direction. 

(4-6) 

Secondly it is assumed that the way in which air is entrained can be 

described by the entrainment assuaption for strong buoyant flames 

where vz·~ is the velocity in r ~mat height z, 
Pa is the ambient density and, 
~ is the entrainment constant. 

(4-7) 

Thirdly it is assumed that volatiles burn instantaneously with 
entrained air and that the air quantity is the stoichiometrie amount 

plus excess amount. 
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4. 7 'l'be Coputer Proqra8e 

All the assuaptions .entioned 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. 
Vhen 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 secti on. 

table 4.1 
Tbe default values of physical constante for a wood fire 

1 The cambustion value of fuel is: 
2 The gravitational accel. is: 
3 The entrainment constant is: 
4 The excess air factor is: 
5 The stoich. air to fuel ratio is: 
6 The ambient temperature is: 
7 The temp. of the fuel bed is: 
8 The ambient density of air is: 
9 The spec. heat coeff. of air is: 

10 The fuel bed area is: 
11 The combustion value of chaorcoal 
12 The mass frac. of volatiles is: 
14 The pover of the fire is: 
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4.8 The Pbysical Constante of a nre 

tbe coabustion value 

the amount of energy in J that is released by the burning of 1 kg 
of fuel. Some examples; 

for kerosene: 0.435!+08 Jfkg 

for white fir: 0.187E+08 Jfkg 

the gravitational acceleration 

for alcohol: 0.200!+08 Jfkg 

for charcoal: 0.330!+08 Jfkg 

acceleration with which a body would fall freely under the 
action of gravity in a vacuum. Usually g = 9.8 m;s 

the entrain~Ktnt constant 

a constant which determines how much air is entrained into a jet 

or plume. This empirica! constant can have values between 0.057 

for round jets near the souree to 0.082 for round plumes far from 

the souree (Steward, 1970). 

tbe excess air factor 
the proportion of air that bas to be supplied, in excess of what 

is theoretically required for complete cambustion of a fuel, 

because of the imperfect conditions under which combustion takes 
place in practice. 

tbe stoichia.etric air to fuel ratio 
the ratio of the theoretica! uount of air in kg to the amount of 
fuel that can be burned with this amount of air completely. 
Some examples; 
for kerosene: 15.2 for alcohol: 9.1 

tbe te~~perature of the fuel bed 

for a wood fire this is the temperature of the charcoal bed. 

For a gas or liquid fuel fire this is the temperature of the 

mouth of the nozzle of a gas jet or the temperature of the wiek 
top. 
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tbe fue 1 bed area 
for a wood fire this is tbe charcoal bed size. lor a Uquid or 

gas fire this is the cross section of the nozzle or wiek top. 

tbe .aas fr.action of volatiles 
the fraction of wood which is not burned as charcoal, but as 

volatiles. For •ost wood species 0.8. 
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5. Six different Types of lange Buroers 

5.1 Introduetion 

In this vork six different designs of kerosene wiek 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; 

(e) An extra goal was to gain some ideas to improve the 

wiek stove, regarding power output, efficiency, eombustion 

quality and safety. 

table 5.1 
Six different kerosene burners and tbeir origin 

brand 
name 

Pet Stove 
Thomas Cup 24 
Thomas Cup 36 

Elegance 
Zibro Kamin 
Aladin Lamp 

Country of 
manufacturing 

The Netherlands 
Indones ia 
Indones ia 
Taiwan 
Japan 

Brasil 

type of 
burner 

aulti wiek stove 
aulti wiek stove 
multi wiek stove 

ring wiek room heater 
ring wiek room heater 

ring wiek lamp 

All six burners use natural draft to get air into the 

eombustion area. Three burners, the Pet Stove and both Thomas 

Cups, are eonstructed with aultiple small wicks, which are 

placed in a ring, while the other three have a large annular 
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ring wiek: the Zibro Kamin, the Elegance and the Aladin Lamp. 

Except for the Aladin Lamp, vhich bas a large glass chianey, 

the burners get their natural draft through the tall cambustion 

chambers. In all six burners tbe wiek area exposed in the 

cambustion area, can be increased or decreased by means of a 

control lever, resulting in an increase or decrease of the 

pover output of the burner. Table 5.1 lists some of the 

characteristics of the six burners. The next sections contain 

aore detailed descriptions. 

The existence of a pover output control lever for all the six burners, 

made it possible to measure three different powers, each vith its own 

different function: 
(1) The minimum power is the lowest power at vhich the burner 

still burns. 

(2) The maximum power is the largest power a wiek 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 tbis case there is no soot. 

The available laboratory equipaent aade it possible to measure tbe 
minimum and maximum power output of tbe burners, the heat transfer 

efficiency towards a pan during a boiling test with a stove, the 

001002 ratio of the flue gases, and tbe temperature of the kerosene in 
the kerosene tank. Due to their construction, it was not possible to 

do the beat transfer efficiency .easureaents with the Zibro Kamin and 

the Aladin Lamp; also the Zibro Kamin bas a closed kerosene tank, 
vhich made tank temperature measurement impossible. Although in 

principle the Elegance is a roomheater, it can easily be changed into 
a cookstove. For convenience the maxi•um power, minimum power and 

efficiencies are already given vith the stove descriptions in tbe next 

sections, vhereas the measurement aetbod is described in chapter 7. 
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5.2 Pet Stove 

Name 
ftanufacturerjcountry 
Weiqht (empty) 

:Pet Stove 
:The Netherlands 
:4.5 (kg) 

Tank capacity 
Jlaterialjfinish 
Wiek material 

:2.2 (kg) 
:steel 
:Cotton 
:None Fuel level indicator 

Type :See fiqure 5.1 

OVerall dimensions (round) d * h 
Number of wicks nw 
Wiek travel 
Wiek diameter dw 
Wiek pitch circle dp 
Wiek pipes length lw 
Flame holder (inside) di * hi 

(outside) do ,. ho 
Flame holder holes (inside) da 

diameter (outside) da 
Flame holder holes (inside) a ,.. b 

pattem (outside) a ,. b 
Central hole diameter de 
lnside air holes (number) Dv 

(diameter) dv 
Outside air holes (number) nu 

(diameter) du 
Shields (number) ns 

(diameter * height) d, * hs 

Jlinimum power P.lD 
Jlaximum power Pmax 
Nominal power Pnom 
Efficiency (- evap. water) ' Efficiency (+ evap. water) '1/ 

:190 * 300 (mm) 
:21 
:35 (mm) 
:6 (mm) 
:112.5 (aun) 
:50 (aun) 
:100 * 140 (mm) 
:125 * 140 (mm) 
:1.3 (mrn) 
:1.3 (mm) 
:10 ... 10 (mm) 
:10 "' 10 (mm) 
:10 (mm) 
:1 
:94 (liDI) 2 

:31 
:10 (mm) 
:1 
:185 * 190 (mm) 3 

:1.6 (kV) 
:5.1 (kV) 
:3.0 (kV) 
:50.4 (%) 
:54.1 (%) 

I The lower 20 mm of the cambustion chamber walls are not perforated. 
2 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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5. S Thou.s CUp 36 

Name 
Banufacturer;country 
Weight (empty) 

:Thomas Cup 36 
:Indonesia 

Tank capaci ty 
Wiek material 
Fuel level indicator 
Baterial/finish 

:3.25 (kg) 
:cotton 
:None 
:Steel 

Type :See figure 5.2 

Overall dimensions (round) d * h 
Number of wicks nw 

Wiek diameter dw 
Wiek travel 
Wiek pitch circle dp 
Wiek pipes length lw 
Flame holder (inside) d· 1 * hj 

(outside) do * ho 
Flarne holder holes (inside) da · 

diameter (outside) da 
Flame holder (inside) a * b 

holes pattern (outside) a * b 

Central hole diameter de 
OUtside air holes (number) n 

(diameter) du 
Shields (number) n, 

:210 * 330 
:36 

inner outer 
:6 :6 
:30 :30 
:90 :155 
:70 :70 

80 * 110 :140 * 110 
:100 * 100 :170 * 110 

:1.3 :1.3 
:1.3 :1.3 

:11 * 10 :11 * 10 
:11 * 10 :11 * 10 

:15 
:32 
:20 
:1 

(diameter * height) d, * h, :220 * 210 
Shield top diameter d, :180 

JUnimum power Pain :0.9 2 
!laximum power Pa a x :7.2 
Nominal power Pnom :4.8 
Efficiency (- evap. water) 1J :48.4 

(+ evap. water) ' :54.3 

(mm) 

(mm) 
(mm) 
(mrn) 
(mrn) 
(mm) 
(mm) 
(mm) 
(mm) 
(mrn) 
(mm) 

(mm) 

(mrn) 

(mm) 
(mm) 

(kW) 
(kW) 
(kW) 
(%) 
(%) 

I In this stove there are twc rings with wicks; the outer ring contains 
24 wicks and the inner ring 12 wicks. 
2 (Sulilatu 1988). 
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5 . 4 Th0118.S CUp 24 

Name 
Banufacturerjcountry 
Weight (empty) 

:Thomas Cup 24 
: Indones ia 

(kg) 
Tank capacity 
Baterial/finish 
Wiek material 

:3.25 (kg) 
:steel 
:cotton 
:None Fuel level indicator 

Type :See figure 5.3 

Overall dimensions (round) d • h 
Number of wicks nw 
Wiek diameter dw 
Wiek pitch circle dp 
Wiek pipes length lw 
Flame holder (inside) di • hi 

(outside) de • ho 
Flame holder holes (inside) da 

diameter (outside) da 
Flame holder holes (inside) a •. b 

pattern (outside) a • b 
Central hole diameter de 
Inside air holes (number) nv 

(diameter) dv 
outside air holes (number) nu 

(diameter) du 
Shields (number) ns 

(diameter • height) d, • hs 
Shield top diameter dt 

Binimum power Pmin 
Baximum power Pmax 
Nominal power Pnom 
Efficiency (- evap. water) " (+ evap. water) " 
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:210 • 310 (mm) 
:24 
:6 (mm) 
:155 (mm) 
:70 (mm) 
:140 • 115 (mrn) 
:170 • 115 (mm) 
:1.3 (mm) 
:1.3 (mm) 
:11 • 10 (mm) 
:11 • 10 (mm) 
:15 (mm) 
:1 
:133 (mrn) 
:32 
:20 (mm) 
:1 
:220 • 210 (mm) 
:180 (mm) 

:2.0 (kW) 
:5.4 (kW) 
:3.1 (kW) 
:46.3 (%) 
:52.2 (%) 
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5.5 Elegance K786 

Name 
Banufacturertcountry 
Weight (empty) 

:Elegance 1<786 
:Taiwan 
:5.5 (kg) 

Tank capaci ty 
Baterial/finish 
Wiek material 

:4.0 (kg) 
:Steelfpa.inted 
:Glassfiber 
:Yes Fuel Level indicator 

Type :See figure 5.4 . 

Overall dimensions (round) d .. h 
Number of wicks nw 
Wiek travel 
Wiek width dw 
Wiek pitch circle dp 
Flame holder (inside) di .. hi 

(outside) do • ho 
Flame holder holes (inside) da 

diameter (outside) da 
Flame holder holes (inside) a • b 

pattern (outside) a •· b 
Central hole diameter de 
Inside air holes (number) nv 

(diameter) dv 
outside air holes (number) nu 

(diameter) du 
Shields (number) ns 

(diameter • height) ds • hs 
Shield top diameter dt 

Binimum power Pmin 
llaximum power Pmax 
Nominal power Pnom 
Efficiency (- evap. water) 'IJ 

(+ evap. water) 'I 

.- _c-o-........_....;;,~" . , 

:299 .. 300 (mm) 
:1 

(mm) 
:6 (mm) 
:99 (mm) 
: 85 .. 100 (mm) 
:110 .. 105 (mm) 
:1.4 (mm) 
:1.4 (mm) 
:6 .. 11 (mm) 
:6 .. 11 (mm) 

(mm) I 

:1 
:77 (mm) 

(mm) 
:1 
:130 .. 110 (mm) 
:130 (mm) 

:1.6 (kW) 
:3.2 (kW) 
:2.6 (kW) 
:51.8 (%) 
:55.7 (%) 

I There is no central hole on the top of the inner flame bolder, but 
there is a number of small holes near the edge of the cambustion 
chamber. On the top there is an extra shield, vhich forces the flames 
outwards. 
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5.6 Zibro Kaain RCA68 

Name 
Banufacturer;country 
Weight (empty) 

:Zibro Kamin RCA68 
:Japan 

(kg) 
Tank capacity 
llaterial/finish 
Wiek material 

:4.0 (kg) 

Fuel level indicator 
Type 

:steel/painted 
:Glassfiber 
:Yes 
:See figure 5.5 

Overall dimensions (square) 
Number of vicks 
Wiek vidth 
Wiek pitch circle 
Wiek pipes length 
Flame holder (inside) 

(outside) 
Flame holder holes (inside) 

diameter (outside) 
Flame holder holes (inside) 

pattem (outside) 
Central hole diameter 
Inside air holes (number) 

(diameter) 

1 * V * h 
nw 
dw 
dp 
lw 
di * bi 
d 0 * ho 
da 
da 
a * b 
a " b 
de 

OUtside air holes (number) nu 
(diameter) du 

Shields (number) 
(diameter * height) 

Shield top diameter 

JUnimum power 
llaximum power 
Nomina.l power 
Efficiency (- evap. water) 

(+ evap. water) 

Pmio 
Pmax 
Pnom 

' ' 

:480 * 220 *420 
:1 
:6 
:68 

:56.7 * 79 
:80 * 92.5 

:1 
:100 * 60 

:1.6 
:1.6 

(mm) 

(mm) 
(mm) 
(mm) 
(mm) 1 

(mm) 
(mm) 2 
(mm) 3 
(mm) 2 
(mm) 3 
(liDI) I 

(mm) 

(mm) 

(mm) 
(mm) 

(kW) 
(kW) 
(kW) 
(') 
(') 

I On the top of the inner flame holder there is an extra construction 
which, according to the manufacturer, functions as a turbo cambustion 
in three steps. The construction is patented by Zibro Kamin. 
2 There are three different sets of holes, divided in a lover-, a 
middle- and, an upper part; the diameters are respectively 1.4, 2.0, 
and 2.4 mm. 
3 There are two different sets of holes, divided in an upper- and a 
lower part; the diameters are respectively 1.4 and 3.5 mm. 
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5.7 Aladin Lamp 

Name 
ftanufacturertcountry 
Weight (empty) 

:Aladin Lamp 
:Brasil 

(kg) 
Tank eapacity 
lfaterial/finish 
Wiek material 

:1.0 (kg) 
:Steelfpolished 
:Cotton 
:None Fuel level indicator 

Type :See figure 5.6 

Overall dimensions (round) d • h 
Number of wicks nw 
Wiek diameter dw 
Wiek pitch circle dp 
Wiek pipes length lw 
Flame holder (inside) dj • hj 

(outside) do • ho 
Flame holder holes (inside) da 

diameter (outside) da 
Flame holder holes (inside) a ~ b 

pattern (outside) a • b 
central hole diameter de 
Inside air holes (number) nv 

(diameter) dv 
outside air holes (number) nu 

(diameter) du 
Shields (number) nli 

(diameter • height) ds • hs 
Shield top diameter dt 

ftinimum power Pain 
ftaximum power Pa a x 
Nominal power Pooa 
Efficiency (- evap. water) " (+ evap. water) " 
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:100 • 600 (mm) 
:1 
:6 (mm) 
:26 (mm) 

(mm) 
:22.5 • 12.5 (mm) 
:35 • 7.5 (mm) 
:1.3 (mm) 
:1.3 (mm) 

(mm) 
(mm) 
(mm) 

:1 
:20 (mm) 

(mm) 

(mm) 
(mm) 

(kW) 
:1.1 (kW) 
:0.7 (kW) 

(%) 
(%) 
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6. Single Wiek Setups 

6.1 !'ree Single Wiek Fuel Burninq 

The first experiments on a single wiek are tbe measureaents of 
the aass rate, tbe 00/002 ratio and tbe fla.. length of a single wiek 
vith different wiek lengths. The wiek's setup forthese measurements 
is shown in figure 6.1. In all tbe experiments it consists of two 
vicks vhich do not influence each other; tbe aass rate of one wiek is 
too sma.ll to aeasure it with the aass balance used. Earlier 

experiments showed that the aass rate of a wiek is constant in time 
vhen the distance of the fuel level in the fuel tank is constant 
(Kriesels, 1988). All the experimentsstart vith a saae distance 
between the fuel level and the wiek ~upport top. Due .to tbe very 

limited mass rate of the two wicks it is reasonable to assume that 
this distance is constant in time. 
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figure 6.1 
A beaker vith tvo vicks and a ruler to M&Sure flBM lengtb 



6.2 Glus Chilmey Setup 

The glass chianey experiments are done to aeasure the influence 
of draft on the .ass rate and the quality of the combustion. For these 

experiaents a nuaber of differently sized glass tubes vere .ade. The 
diameters of all the tubes are indentical; the length of the tubes 
differ froa 1 ca to 14 ca in steps of 1 cm. To carry out the 
experi .. nts a supporting device, consisting of saall aetal vires to 
avoid the influence on the air flow, was constructed. The glass 
chimney bottom is at the saae level as the wiek support top, and the 
air enters the chimney by the annular gap betveen the wiek and the 
chimney. Figure 6.2.a shows an example of an alcohol flame on a wiek 
vith a 4 mm length and a chimney of 6 cm. Figure 6.2.b gives the 
general lay out of the wiek - glass chimney configuration. 
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6.3 Tbe Bassive Bolder Effect 

This experiment is done to see the influence of a massive •etal 
object near tbe wiek support top on the .ass rate and the quality of 
tbe coabustion. In the configuration as described in figure 6.1, the 
wiek is supported by a small aluminillll tube vith screv-threads, before 
i t aakes contact vi tb the free air. lecause this tube is in direct 
contact vith tbe air, it stays relatively cool, tbus bardly 
influencing the evaporation of fuel. A .assive .etal object on the 
alUilinium top is beated up by the wiek flame, it gives this heat back 
to the aluminium top and indirectly to the wiek, thus influencing the 
fuel evaporation rate. The massive metal object is a holder for 
supporting small metal tubes. The bolder is screved on the top of the 
aluminium tube such tbat the top of the bolder is on a level vith the 
start of the wiek. In figure 6.3.a a draving of the bolder is given. 
In figure 6.3.b the general lay out of tbe bolder vith the wiek is 
given. 
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6.4 Different Bolders and Cb!lneys 

A kerosene range burner consists of vicks at the bottom of 
the coabustion chaaber,. and the coabustion cbaaber itself is 
perforated with air holes. A siailar approach is possible vith a 
single vick: a vick at the bottom is connected to a aetal tube 
vith air holes. To achieve this construction, a holder bas to be 

attached near the vick top to hold the aetal tube. Of these 
bolders five types vere designed, each vith a different 

configuration. The dravings of holder Ho. 1 are already given in 
figure 6.3.a. The dravings of the otber four bolders are given in 
figure 6.4.a, b, c, and d. Besides the five bolders, four 
different types of chimneys vere constructed. Tbe dravings of 
these chimneys are in figures 6. 5, 6, 7, and 8. They are named 
after the burner vhich shows an identical air hole configuration. 
Figure 6.6 gives an example of bov a holder and a chimney fit 
together. 

I 1 
I I I I 
I I I I t I I I I I I I I I 

~15.5 

~19.5 

~1.5 

MB 

}2511 

m~1-~~~Î! 
I I I I I 1 I 
I I t 1 I 
I I J 1 I 

I I I I I 

~ 
I I 

No. 2 

I 

~ I I I 
I 

a. 
flat bolder with 12 air 
holes of 1. 5 • eliaeter 

figure 6.4 

43 

~15.5 :~: I 

•
: :I:---~--~:·~: ~--t··V. 

: I ·~. ~ 

I I 1 I I 
I I 1 I I 

I 1 1 ···~··•I: I•Î··r·· 
~19.5~ 

No. 3 

M8 

}251 1 

b. 

I 

~ I I I 
I 

I 

I 
I 

flat holder wi tb 12 air 
holes of 1 • diaeter 



' ' I I I I 1 1 I 

r~..~5.5 : ~ : I 
'!-' I I I I I I I V 

J.~::t:~~-~ ·~ 
M :\-V-.. L .. [.J;.f .. î. 

ic:)t-: : : 
1 I I 1 I 

sz$19.5 ~ 
I I I I I 

: ' ' , , No. 4 
$61.5 : : 

No. 

' 
' 

'' 0 0 I 
I I I I 1 I 

rl.~5.5 ~: ~ 'P I I I I I l 

' .:. .. ~---~·--'·!·i··· . 

~ "---~---', I-~- ('I 
I ' ' ' ~ 

•• •• I ' """ (") :.0 .. ~---· ···'-f··y· 
3iq{-: : : 

I 1 I I I I 

I I I I I 

szS 19.5 ki-:---+-7Di 
I I I I I 5 ! I I I I 

rJ1 . : 

MB 

c. figure 6.4 d. 
angled holder vitb 12 air angled holder vitb 12 air 
holes of 1.5 .. dia.eter holes of 1 .. dia.eter 

HOLE CONFIGURA TION 

• $251.5 

' 

>-w····l···· ··_-_ -__ -_ _,:_·-J-o·-_.-.... o~·-5_ • ••••••••••••••• 
t ••••••• 

zo ........ •••••••• I 2 ~ # • • • • • • • •--- ... L----~--
I ~ •• • • • • • •· .. :t. 0 
u ____ L __ ····:· .. ::~:::::. . . . ~ ~ ..... ··-f-T 

: I ~6k:t--. ' 

figure 6.5 
Taiwan stove ebiliJlef ••11 

44 



>-w 
z 
2 -
I 
u 

9)15.5 

HOLE CONFIGURA TION 

• ,01.5 

1 I -- .. --. ----- . ----- .. --.--

L[) 

0 
~ 

I 
I __ .. __ 
I 

0.5 

•••••••• 
~ . . . . . . . 
• • • • • • • • 

~ ...... . 
• • • • • • • • 

~ ...... . 
•••••••• 

~ ...... . 
•••••••• .... •••••••• 
• ••••••• 

~ ...... . 
•••••••• 

• • • • • • • • 
• • • • • • • • " . . . . . . . 
• • • • • • • • I 

I •••••••••••••• ··~: :::L· ~-
:t:::::• • ~6L····t--·r 

I I 

figure 6.6 
'l'ai1RlD Stove chilmey large, fitted to bolder no.l 

45 



y5 Î 5.5 
~ 

HOLE CONFIGURA TION 

• Xf Î .5 
·- .. -- .. -- .......... 

• • • • • • 
~ • • • • • 

0.5 • • • • • • 
' ' ...... ----4--i ' ..... -.. 

~ • • • • • ' ' 

• • • • • • 
>- ~ • • • • • w Lil z -2 't • • • • • • 
- ;-

I 
~ • • • • • () 

• • • • • • 
~ • • • • • 
• • • • • • 

______ j __ 
~ • • • • ·---- J .. 0 • • • • • ·--__ J ______ . 0 (\j 

• • ' ' ·rr lO ·-- .. ---- .... --- ---r·---- ' ' 
~Bkl-

' ' 

figure 6.7 
Pet Stove Cht.ney 

46 



l[) 

C5î 

I I 
I I 
I I ..... ~--.--

I 
I 
I 

CHIMNEY 

HOLE CONFIGURA TION 

• fd105 

.3·~.:~ 
• • ••••••••••• 00 ooOo ooo~ooo ooOOOO 

~ ~ ~ ••••••••••• 0 Otöooorooo Ooo oooOOo 

c:::. / ~ .. 
1 

~ ••••••••• 0 OOO!oOOO 0000 OowooOO 
0 ~ ~ • • • • • • • .0000 oo ooOO OOiDoorooOO 

~ ~ ... • • • • • • • .0 000 OOO(ÖOO~OoloOOO 

~6~ .. • • • • • • ·oooO oSOorOTooToooo 
0.5 . . . ...... •· .l .. J. ..... ;···· 
-•~c::L ~ ............. l .. -fu.LN~ooooOoo 

"LJ. • • • • • • • .• 0 00 ooooo 009..00 00000 

5 ~ + ~ • • • • • • • .000 oo OOOO!oOO\QolÖOOOO 

~ ~ ' ••••••••• 0 Oi.öooo ooOÎOooiooooo 
; • " ••••••••••• 0 ootoooo~oo ooo ..... . 

--c:'- • • ••••••••••• 00 oooo.:'lloo~Oo 000000 3;:;rr ~ ........... :::J:ry:: 

figure 6.8 
Experiaental Chianey 

47 



The five bolders and the four cbimneys give a total of 20 coabinations 

which can be investigated. The experiaental chimney is actually 
constructed after experiaents with the other four chimneys were done 
and the results were available. The three cbimneys with the five 

bolders give a total of 15 experiments. 
The air holes in the aetal tubes are drilled from the outside 

inward., thus leaving burrs in the inside of the aetal tube. An 

experiment was carried out to investigate the influence of these burrs 
on the aass rate and quality of the combustion. First the experiment 
was carried out with the Taiwan Stove Cbimney with burrs inside, and 
then the burrs were removed and the mass rate and quality of the 
cambustion were measured again. 

It is known that for a stove the ainimum power also influences 
the fuel economy. With the Taiwan Stove Chimney witbout burrs, ainimum 
power experiments were carried out. The free wiek length for these 
experiments was cbosen at 0 mm. 
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7 l!?cperiaental Setup 

A total of four different experi .. nts vere done: a aass rate 
experiJDent, an efficiency test by aeans of the water boiling aethod, a 

gas analysis of the Pet Stove, and a flame length aeasurement. 

7 .1 llass late 

The ma.ss rate of a burner is measured by •eans of a ma.ss balance 
on vhich the burner rests. The ma.ss balance records the mass loss due 
to the fuel consumption as a function of time. The ma.ss loss as a 
function of time gives the ma.ss rate of the burner. In figure 7.1 the 
experimental setup of the aass rate measurement is given. In the setup 
the computer controlled datalogger samples, at fixed intervals of 
time, the output of mass balance and thermocouples. 

For complete combustion the pover output of the burner is defined 

as the ma.ss rate multiplied by the lover calorific value of the fuel: 

P = B * ~ (7-1) 

vhere P = the pover output of the burner, 
At = a time interval, 
Am = the maas loss in time interval At, 
B = the lover calorific value of the fuel, 
for alcohol B = 2.003 * 107 J kg-I and 

w, 
s, 

kg, 
J tg·l 

for kerosene B = 4.353 * 107 J kg-I (World Bank 1985). 

The tests are described in the folloving section. 
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7. 2 Tbree Types of Pover OUtputs 

As is .entioned in chapter 5.1 the wiek setting of the range 

burners can be changed by a control lever. Vhen the stove or burner is 

lit, the wicks are in their highest position inside the cambustion 

chaaber. After a preheating phase of approxiaately 10 ainutes, the 

stove will burn with large yellow flames. The .axiaal wiek length 

inside the cambustion chamber is prearranged by the experimentator 
such that yellow flame power output will always occur. The power 
output aeasured by this type of flame is called the yellow flame 

maximum power output. The blue flame aaximum power output is obtained 
by lovering the wicks until the yellow flame just tends to turn blue. 

By lovering the wicks even more, the blue flame bacomes yellow and the 
blue flaae minimum power is reached. 

The advantage of the yellow flame power output is that from every 
stove the maximum wiek length is known, such is not the case with the 

blue flame maximum power measurement, where the wiek length depends on 
the moment where the flames turn from blue to yellow. With the maximum 
wiek length and the yellow flame maximum power output the wiek 

efficiency is found. The wiek efficiency (We) is defined as the yellow 
flame power output (Py) divided by the free area (At) of the wiek 
inside the cambustion chamber: 

Py 
At 

The wiek efficiency is in units of Watts per square meter. 

(7-1) 

The free area of the wiek depends on the diameter of the wiek and 

the length of this wiek in the cambustion chamber. There are two kinds 
of burners used in the experiments: 

(1) burners consisting of a number of single wicks: 
(2) burners where the wiek is an annular ring. 

The total free area (At) of a multi single wiek burner is calculated 
by: 

At = n <i~d2 + ~dl) (7-2) 

where At = the free area, 
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n • the number of vicks, 
d = the diameter of a single wiek, m 
1 = the wiek length inside the cambustion chamber, m. 

The total free area (At) of an annular ring wiek stove is given by: 

At = tro2 - iri2 + ril + rol (7-3) 

vhere At = the free area, a2 
o = the outside diameter of the ring wiek, m 
i = the inside diameter of the ring wiek, a 
1 = the wiek length inside the caBbustion chamber, m. 

7.3 Tbe Boilinq Test or Beat Transfer Efficiency Test 

Due to the specific construction of the different types of 
burners this test involves only the Pet Stove, the Thoaas Cups 24 and 
36, and the Elegance K786. The heat transfer efficiency is measured by 

means of the water boiling method. This metbod involves the measuring 
of the pover output of the stove, the time it takes to heat a pan vith 
a knovn quantity of water from room temperature to 100 oe, and the 
water evaporated out of the pan during the heating process. The pan 
with water hangs above the stove, vithout resting on the stove, vith a 
fixed distance between the top of the burner and the bottom of the 
pan. The pan bottom - burner top distance is kept at 2 cm. The stove 
burns vith blue flame maximum pover output. Everytime the water in the 
pan starts boiling, the pan is taken from the stove and replaced by a 
similar pan vith water at room temperature. To measure the water loss 
by evaporation the heated pan is, immediately after it is taken from 
the stove, placed on a second mass balance. In total five pans were 
used, each containing 5 kg of water. The pans vere of the Sahelian 
type no. 3, vhich is a round bottom pan vith a diameter of 24 ca. A 
short preheating phase was taken into account before the first pan was 
put above the stove. The fifth pan was kept on boiling for tventy 
minutes before the evaporated water amount was measured. All the 
experiments vere carried out with a lid on the pan. The experimental 

51 



setup of this test is drawn in figure 7.1. 
From the experiment described above tvo types of efficiencies can 

be calculated: the efficiency vith water evaporation and the 
efficiency vithout water evaporation. The equation to calculate the 

efficiency vith water evaporation is: 

- mv (Tb - Ti) cp + me B 
' - m B * 100 ' 

f 

vhere ' = heat transfer efficiency, 
Tb = boi 1 ing temperature of water, 
T. = initia! temperature of water, 

1 
m = initia! mass of water, 

V 

c = specific heat of water, 
p 

B = latent heat of evaporation of water, 
m = mass of evaporated water, e 
mf = fuel used in the test, 
B = lover calorific value of the fuel, 

' 100 oe 
oe 
kg 

4.186 kJ kg-I 
2257 kJ kg-I 

kg 
kg 
kJ kg-I 

(7-5) 

To calculate the efficiency vithout water evaporation one can also use 
equation (7-5), by stating me= 0 kg. 

COMPUTER 

A: TH!RIIO-
COUPLE 

figure 7.1 

A: CONNI!CnD TO PAN 

1: cotiECTED TO TAf« 

C: IEFORE lOLliG 

D: AFTER IOILINQ 

Ex:perillental set-up of the II&SS rate and 
heat transfer efficiency aeasureaent 
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7.4 Gas lnalysis of the Flue Gas 

Due to the general construction of the burners and the laboratory 
equipment it is not possible to aeasure the pure flue gas. The flue 
gas sample was taken above the burner and is a mixture of flue gas and 

air. See fiqure 7.2 for the expertmental lay out of tbe gas analysis. 
The sample is pumped through two filters and a water trap to the co, 
C02 and 02 meters. The ~~eters are read by the c011puter controlled data 
logger at fixed time intervals. 

Air is a mixture of different types of gases. For the contents of 
air see table 7.2. 

table 7.2 
Contents of dry at.ospberic air 

(Cba•bers, 1983) 

constituent content content 
by vol. % by weight % 

nitrogen 78.08 75.5 
oxygen 20.95 23.1 
argon 0.93 1.3 
co2 0.03 0.05 
rest 0.01 0.05 

air 100 100 

The unknown quantity of air in the flue gas sample makes it actually 
impossible to estiaate the flue gas contents. The C02 concentratien of 
the flue gas sample varies between 2 and 6 %, so tbe 002 content of 
air can be neglected. This assumption makes it possible to estimate 
the 00/~ ratio of the flue gas. The 00/~ ratio is an indication 
for the virulence (Sulilatu, 1985) and for the release of the unburned 
hydrocarbons (Sangen, 1983). 
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DISK 

COMPUTER 

02 
METER 

&OOT 
FILTER 

CO - C02 
METER 

figure 7.2 

WATER 
TRAP 

Experiaental setup of the gas analysis and 
ass rate aeasure~~ent on a kerosene wiek burner 

7. 5 Flaae Length lleasure~~ent Set up 

Tbe flame length is measured by taking a black and white photo of 
the flame and a ruler which is near the flame. The open kerosene 
diffusion flames have mostly a soot flow at the top of the flaae. Tbe 

soot flow at the top of the wiek is very hot and radiates light. This 
phenomena. makes it almost impossible to aeasure the real flue length. 
To solve this problea it is assumed that the flaae radiates a brighter 
light than the soot column. The blackness of the kerosene flaae photo 
is scanned by a computer controlled digital television camera. The 

part of the photo with the lowest blackness is assumed to be the 

flame. The flame length is measured from the end of the wiek support 
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tube to vhere the blackness suddenly increases. In figure 7.3 an 

alcohol flame photo and a kerosene flame photo are presented. 

a. 
kerosene flue 

figure 7.3 
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b. 
alcohol flue 



8 lesults 

For convenience the results are presented in two sections; the 

first section is about kerosene stove and the second one is about 

single wiek fuel burning. 

8.1 Results of the Test of the Kerosene Burners 

In this section the results collected during the testing of the 

kerosene burners are presented. The results are discussed with 

reference to design and operational characteristics. In table 8.1.1 a 

summary of the results is given. 

table 8.1.1 
Summary of the results 

Pet Thomas Thomas Elegance Aladin Zibro 
stove Cup Cup K786 lamp Kamin 

2-4 36 

11in. power (kW) 1.6 2.0 1.6 
nom. power (kW)a 3.0 3.1 -4.8 2.6 0.7 1.6 
IIBX. power (kW)b -4.9 5.-4 7.2 3.2 1.1 1.6 
~emp. increase 
tank (K ain.-l)c 0.21 0.1-4 0.09 0.08 
power during 

boiling (kW) 2.7 -4.-4 5.6 2.-4 
time for boil. 

(min. 1-1) -4.2 2.8 2.3 -4.6 
eff. -evap. 

vater (%)d 50.-4 ~.3 -48.-4 51.8 
eff. +evap. 

vater (%)d 5-4.1 52.2 5-4.3 55.7 
fuel used for 
boiling (g) -428 -488 -481 -426 
wiek efficiency 

(W cm-2) 58.0 56.0 -49.0 45.0 60.0 58.0 

a blue flame maximum power output. 
b yellow flame maximum power output. 
c temperature rise per minute during boiling test. 
d heat transfer efficiency. 

empty spaces: measurement not possible or carried out. 
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8.1.1 Baxi.ua Pover OUtput Test Results 
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figure 8.1.1 
Yellov flaae llëlXi.IIUII power output as a function of tiae 

of the six test burners. 

In figure 8.1.1 the yellow flame maximum power output as a 

f~ction of time is given. This power is dependent on the pre-arranged 
wiek setting of the operator and is therefore arbitrary. 

The small decrease of the power output of the Thomas Cups and the 
Pet Stove is due to the large fuel consumption, and consequently of 

the lovering of the fuel level in the fuel tank. 
It turned out, after the experiment, that the wicks of both 
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Thomas Cups and the Pet Stove were burned quite distinctly. In the 

exstinguishing phase there were small yellow flames on the wicks, 

which is an indication that not only the fuel but also the wiek 

material was burning. For the wiek efficiency calculation the initial 

maximum wiek length is taken, assuming that the wicks were burned only 

during the extinguishing phase. The values of wiek diameter, wiek 

length, number of wicks, and the free area of the wicks, are given in 

table 8.1.2. 

table 8.1.2 
Vick characteristics of the different burners 

brand number wiek type wiek free area 
of length of diameter wicks 

wicks (mm)x burner (mm) (mm2)xx 

Pet stove 21 20 single 6 8505 
Thomas Cup 24 24 20 single 6 9720 
Thomas Cup 36 36 20 single 6 14580 
Elegance K786 1 10 ring 96 ... 102 7153 

Zibro Kamin 1 5 ring 65 ... 71 2777 
Aladin Lamp 1 10 ring 23 ... 29 1780 

x maximum wiek length inside combustion chamber. 
xx maximum free area inside the combustion chamber. 

The maximum power output for the calculation of the wiek 

efficiency is the power output of the burner after it has burned for 

one hour. The results of the maximum power output and the wiek 

efficiency is given in table 8.1.3. 

table 8.1.3 
Vick efficiency and .axi.ua pover results 

Brand 

Pet Stove 
Thomas Cup 24 
Thomas Cup 36 

Elegance 
Aladin Lamp 
Zibro Kamin 

maximum 
free area 

(mm2) 

8505 
9720 

14580 
7153 
1780 
2777 

58 

power 
at 1h 
(kW) 

4.90 
5.40 
7.21 
3.22 
1.06 
1.61 

wiek 
eff. 

(W cm-2) 

58 
56 
49 
45 
60 
58 



In design four of the six stoves are nearly identical. Of these four 

stoves the Pet Stove and Thomas Cup 24 have a wiek efficiency larger 

than 55 W cm-2, that of the Elegance and Thomas Cup 36 is smaller than 

50 W c•-2. The main difference in design betveen the former and latter 

tvo is the structure of the burner head top; the Pet stove and the 

Thomas CUp have a nearly closed burner head top, while the Thomas Cup 

36, vith its tvo rings of vicks, and the Elegance have an open burner 

head top. It is reasonable to presume tbat a burner vith a nearly 

closed burner head top has a larger air flow resistence than a burner 

vith a nearly open top. It is the air flow near the vicks vhich cools 

the vicks and lovers the evaporation rate. 

Tbe Aladin Lamp and tbe Zibro Kamin, vhicb in design structure 

differ from the otbers, have a nearly identical wiek efficiency vith 

the Pet Stove and Thomas Cup 24. 

At this moment no final conclusions can be dravn tovards 

influences on the wiek efficiency; there are still too many parameters 

that need to be investigated. These parameters are given by the 

differently designed burners; some of them are: 

a chimney to create draft, 

the porosity of the flame bolders, 

tbe wiek material, cotton or glass fiber, 

tbe burner head top, 

the wiek support tube. 

In the sectien on the single wiek fuel burning, more information of 

the wiek efficiency is given. 
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8.1.2 Bini.ua Power OUtput Test Results 
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fiqure 8 .1. 2 
Biniaua power output as a function of tiae. 

After 20 ainutes of full power output burninq of 4 test burners. 

After twenty minutes of full power output burning the burners 

were turned down to minimum power output. It took approximately 10 

minutes before a stabie minimum power was reached. The test with the 
Thomas Cup 36 failed, there was no stabie minimum power output. During 

the experiments all 36 wicks were used. Sulilatu used for this stove 

only the inner 12 wicks and reached a power of 0.9 kW (Sulilatu, 1988). 
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8.1.3 Blue Flaae Baxiaua Power OUtput Results 

figure 8.1.3 
Blue fla.e power output as a function of tt.e. 

The ThOIIaS CUps were readjusted after 15 ain. 

The blue flame maximum power output of all the burners is quite stable 
in time. The small decrease of the power output is mainly due to the 
lovering of the fuel level in the tank during the operation. 
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8.1.4 Beat Transfer Efficiency Results 
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figure 8.1.4 
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figure 8.1.5 
Beat transfer test with the Thomas Cup 36 

on five pans with 5 kg of water each 
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figure 8.1.6 
Beat transfer test with the Pet Stove 
on five pans with 5 kg of water each 
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Beat transfer test with the Elegance K786 
on five pans vith 5 kg of water each 
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As is mentioned insection 7.3, five pans filled with water were used. 

The time it takes for the water in the pan to start boiling and the 

amount of water evaporation was measured. These data are presented in 

tables 8.1.4 to 8.1.7. These tables contain all the relevant data to 

calculate the heat transfer efficiency, as well as the efficiency 

itself. For each type of burner the tests were similar. The power 

output, the fuel tank temperature and the temperature of the water in 

the pan are presented in figures 8.1.4 to 8.1.7. 

Pan 
No. 

1 
2 
3 
4 
5 
Sa 

Pan 
No. 

1 
2 
3 
4 
s 
5a 

boil. 
time 
(s) 

830 
830 
830 
860 
790 

table 8.1.4 
Heat transfer efficiency test results of the 

Thou.s CUp 24 

water energy energy energy eff. 
evap. supplied to boil to evap + evap 

(g) (kJ) (kJ) (kJ) (%) 

129 3700 1680 291 S3.3 
99 3613 1680 99 S2.7 
79 3613 1680 79 Sl.4 

104 3657 1680 104 52.4 
3482 1680 

1142 S093 2576 50.6 

average heat transfer efficiency x 52.2XX 

eff. 
- evap 

(%) 

4S.4 
46.S 
46.S 
4S.9 
46.1 

46.3 

x without pan no.1 xx also without Sa 

boil. 
time 
(s) 

67S 
61S 
575 
670 
790 

table 8 .1.5 
Heat transfer efficiency test results of the 

ThOMS CUp 36 

water energy energy energy eff. 
evap. supplied to boil to evap + evap 

(g) (kJ) (kJ) (kJ) (%) 

103 3744 1680 232 51.1 
75 3439 1680 169 S3.8 
91 339S 1680 20S 5S.S 

102 3S69 1680 230 S3.S 
36S7 1680 

1142 6791 3S96 S3.0 

average heat transfer efficiency x S4.3XX 

eff. 
- evap 

(%) 

44.8 
48.9 
49.S 
47.1 
48.3 

48.4 

x without pan no.1 xx also without Sa 



Pan 
No. 

1 
2 
3 
4 
5 
5a 

Pan 
No. 

1 
2 
3 
4 
5 
5a 

boil. 
time 
(8) 

1380 
1330 
1380 
1390 
1380 

table 8.1.6 
Beat transfer efficiency test results of the 

Elegance 

water energy energy energy eff. 
evap. supplied to boil to evap + evap 

(g) (kJ) (kJ) (kJ) (%) 

67 3569 17&4 151 53.6 
42 3352 1764 95 55.5 
55 3395 1764 124 55.6 
61 3352 1743 138 56.1 

3439 1743 
692 3004 1561 51.9 

average heat transfer efficiency x 55,7XX 

eff. 
- evap 

(%) 

49.4 
52.6 
52.0 
52.0 
50.7 

51.8 

x without pan no.1 xx also without 5a 

boil. 
time 
(s) 

1170 
1275 
1275 
1300 
1270 

table 8.1. 7 
Beat transfer efficiency test results of the 

Pet Stove 

water energy energy energy eff. 
evap. supplied to boil to evap + evap 

(g) (kJ) (kJ) (kJ) (%) 

52 3526 1743 117 52.8 
43 3439 1743 97 53.5 
55 3439 1743 124 54.3 
69 3482 1743 156 54.5 

3482 1743 
7&4 3221 1724 53.4 

average heat transfer efficiency x 54.1XX 

eff. 
- evap 

(%) 

49.4 
50.7 
50.7 
50.1 
50.1 

50.4 

x without pan no.l xx also without 5a 

All the average heat transfer efficiency values are calculated 

without the results of pan no.1. The heating of pan no.1 is clearly 

influenced by the preheating phase of the stove. In table 8.1.8 the 

average heat ·transfer efficiencies are presented with their standard 

deviation. The standard deviations show that the results are very 

accurate. 

The differences between the heat transfer results without water 

evaporation are more pronounced than those with water evaporation. 

When one looks at the results with and without water evaporation, the 
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difference for the Pet Stove and Elegance is approximately 4 % and for 

the Thomas Cups 6 % in favour of the efficiency with water 

evaporation. The actual boiling of water with the Thomas Cups was more 

violent than that with the Pet Stove and Elegance. It took some time 

before the pan with boiling water was taken of the burner. During this 

small period of time it is reasonable to assume that with the more 

powerful Thomas CUps more water vapour escaped. 

table 8.1.8 
Average heat transfer efficiency results 

efficiency effiency. 
brand with water evap. without water evap. 

(%) (%) 

Pet Stove 54.1 :l: 0.5 50.4 :l: 0.4 
Thomas Cup 24 52.2 ... 0.7 46.3 ... 0.3 
Thomas Cup 36 54.3 :1: 1.1 48.3 :1: 1.0 

Elegance 55.7 ... 0.3 51.8 :l: 0.8 

The standard deviation of the heat transfer efficiency without 

water evaporation of the Elegance is strongly influenced by the 

different result of pan no.5.; without this result the average is 52.2 

% and the standard deviation is 0.4 %. 

8.1.5 Pet Stove Flue Gas Results 

The flue gas analysis was concentrated on the CO/C02 ratio. This 

CO/C02 ratio was aeasured in combination with the power output of the 

Pet Stove. The results of this test are presented in figure 8.1.8. The 

power output and the co;co2 ratio are presented as a function of time. 

The time axis is divided into five phases. The first phase represents 

the lighting of the stove and the preheating. The large co;co2 ratio 

in this phase shows that there is a large production of unburned flue 

gas. The second phase is the blue flame maximum power output burning. 

This phase represents the actual eperating of the stove for cooking 

tasks. The co;co2 ratio is smaller than the standard value of 1.2 % 

for kerosene humers (Bussmann, 1988). The third phase is the yellow 
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flame maximum power output burning. In this phase the co;co2 ratio is 

also small. The fourth phase is the minimum power output burning. Due 

to a mechanica! defect of the stove the power output could not be 

lowered more. The actual lowering of the wicks resulted in the 

increase of CO emission, which decreased when the stove burned in a 

stationary state with minimum power. The 00/002 ratio in this phase 

was somewbat larger than the ratio in phases two and three, but still 

below the standard value. Finally the fifth phase represents the 

extinguishing of the fuel burning. The fire was extinguished suddenly 

and violently, the flames were blown out. Due to the heat of the stove 

at that moment there was a large evaporation of kerosene at the wicks 

and semi-cambustion inside the cambustion chamber, which resulted in 

an extremely large CO emission during a short period of time. The 

CO/C02 ratio grew to 120 %. This large ratio is also due to the 

decrease of 002 production in this phase. 

Both the lighting and extinguishing of the stove produces CO, 

which is harmful to health and influences the taste of food 

negatively. 
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figure 8.1.8 
CO/et:J2 ratio and pover of the Pet Stove as a function of tiae 
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8. Results (continuation) 

8.2 Results of the Single Vick Fuel Burninq 

In this chapter the results of the different experiments on 

single wiek fuel burning are presented and discussed. In table 8.2.1 a 

summary of the results of the tests with alcohol is given. Alcohol is 

only used in the free burning tests and the glass cht.ney tests. In 

table 8.2.2 a summary of the results of the tests with kerosene is 

given. Kerosene is also used in the tests with the different bolders 

and metal chimneys, but because these tests are somewhat different 

from the free burning and glass chimney tests, they are presented in a 

different table. The results of the different holder and metal chimney 

tests are presented in table 8.2.3. In the following sections the 

results are presented in more detail; they are presented in graphs and 

discussed in the context of the experimental approach and setup. The 

results of the flame length measurements are presented in tables 8.2.5 

and 8.2.7. Bost of the results are not given in tables, because 

especially the results of the co;co2 ratio measurements as a function 

of time go up to a hundred data points. To present these data in 

tables would make this report become too extensive. 

In table 8.2.0 the extreme valuesof the results of alcohol and 

kerosene are presented. 

table 8.2.0 
~ results of alcohol and kerosene for single wiek 

alcohol kerosene 

maximum power output 108 V 266 V 
minimum power output 22 V 24 V 
maximum mass rate 5.3 119 s·• 6.1 mg s·• 
minimum mass rate 1.08 mg s·l 0.56 mg s·l 
maximum CO/C02 ratio 1.13 % 48.2 % 
minimum CO/C02 ratio 0.00 % 0.11% 
maximum wiek eff. 90.9 V em·2 420.9 V em·2 
minimum wiek eff. 45.2 V em·2 25.4 V em·2 
maximum flame length 103 mm 103 mm 
minimum flame length 11.9 mm 10 mm 
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wiek length chimney 
(mm) (mm) 

o.o 
1.0 
2.0 
3.0 
4.0 
5.0 
7.5 

10.0 
5.0 0 
5.0 20 
5.0 40 
5.0 60 
5.0 80 
7.5 0 
7.5 20 
7.5 40 
7.5 60 
7.5 80 
4.0 0 
4.0 20 
4.0 40 
4.0 60 
4.0 80 
3.0 0 
3.0 20 
3.0 40 
3.0 60 
3.0 80 
2.0 0 
2.0 20 
2.0 40 
2.0 60 

table 8.2.1 
Alcohol results 

mass rate power CO/C02 ratio 
(mg/s) (W) (%) 

1.08 22 0.05 aO.o.t 
1.88 38 0.18 a0.05 
2.96 59 0.20 =':0.05 
3.54 71 0.12 ~o.o.t 
4.00 80 0.13 a0.03 
4.50 90 0.17 :&:0.05 
5.30 106 0.11 :&:O.o.t 
4.90 98 0.12 •0.06 
4.33 87 0.12 a0.03 
5.01 100 0.15 :l:0.03 
5.00 100 0.85 a0.07 
4.89 98 0.33 •0.13 
4.90 ,.. 0.03 •0.02 
4.66 93 0.07 :&:0.03 
5.11 102 0.10 :l:O.o.t 
5.38 108 1.13 ~0.09 
4.79 96 0.64 •0.09 
4.75 ,.. 0.00 ::i:O.OO 
3.93 79 0.07 :&:0.03 
4.53 91 0.11 ~0.03 
4.59 92 0.81 a0.09 
4.58 ,.. 0.08 =':0.06 
4.55 • 0.00 ::i:O.OO 
3.34 67 0.13 ::i:O.o.t 
3.77 75 0.13 =':0.04 
3.87 77 0.53 =':0.12 
3.76 ,.. 0.09 :&:0.06 
2.02 40 0.23 •0.05 
2.60 52 0.11 aO.o.t 
2.96 59 0.07 =':0.02 
2.98 60 0.08 :l:O.o.t 
2.o.t 40 0.42 •0.06 

wiek eff. 
(W cm-2) 

77.8 
80.6 
89.4 
83.7 
77.2 
73.5 
62.5 
45.2 
71.0 
81.6 
81.6 
80.0 ,..,.. 
54.8 
60.1 
63.7 
56.6 ,..,.. 
76.2 
87.8 
88.7 
•• 
•• 

79.0 
88.4 
90.8 ,..,.. 
47.2 
78.8 
89.4 
90.9 
60.6 

• There is a large unburned fuel vapour emission which makes it 
impossible to calculate the power output of these flames. 
•• The wiek efficiency is related to the power output. 

69 



wiek length chimney 
(DU11) (mm) 

0.0 
1.0 
2.0 
3.0 
4.0 
5.0 
7.5 

10.0 
10.0 0 
10.0 20 
10.0 40 
10.0 60 
10.0 80 
7.5 0 
7.5 20 
7.5 40 
7.5 60 
7.5 80 
5.0 0 
5.0 20 
5.0 40 
5.0 60 
5.0 80 
4.0 0 
4.0 20 
4.0 40 
4.0 60 
4.0 80 
3.0 0 
3.0 20 
3.0 40 
3.0 60 
3.0 80 
5.0 0 
5.0 10 
5.0 20 
5.0 30 
5.0 40 
5.0 50 
5.0 60 
5.0 70 
5.0 80 
5.0 90 
5.0 100 
5.0 140 

table 8.2.2 
Kerosene results 

ma.ss rate power co;co2 ratio 
(mgjs) (W) (%) 

0.56 24 0.40 •0.05 
1.69 74 0.62 :t0.04 
2.39 104 0.63 :t0.04 
2.96 129 0.74 •0.04 
3. 72 162 0.78 •0.05 
4.20 183 0.84 :t0.07 
5.30 231 0. 98 :t0.15 
6.10 266 1.06 •0.14 
3.40 148 1.30 •0.48 
4.10 178 0.77 :k0.03 
4.04 176 1.13 :tO. 24 
3.98 lilt 16.50 •1.60 
1.27 55 0.23 :t0.03 
4. 76 207 1.23 •0.19 
5.20 226 0.93 :k0.09 
5.19 226 0.83 •0.11 
3.70 161 3.57 •2.10 
1.85 80 0.47 :k0.08 
4.34 189 1.27 :t0.10 
5.20 226 1.07 •0.06 
3.68 lilt 12.00 •2.00 
1.32 57 0.27 :k0.06 
1.20 52 0.38 :k0.04 
3.47 151 2.24 •0.55 
4.70 205 1.13 :t0.10 
3.99 174 1.24 :H.08 
1.86 81 0.32 :k0.06 
1.26 55 0.27 •0.04 
3.11 135 3.08 :k0.06 
3.60 157 1.21 :t0.13 
3.48 lilt 8.04 :t1.84 
2.40 104 0.99 •0.70 
1.13 49 0.45 a0.05 
4.14 180 1. 24 •0.10 
4.67 203 1.01 :k0.05 
4.77 208 1.02 •0.11 
4.82 210 1.03 •0.12 
4.88 212 0.80 :k0.07 
5.03 219 2.60 :t2.40 
4.86 lilt 11.83 •2.70 
3.25 141 0.64 :k0.05 
1.38 60 0.21 :k0.04 
1.28 56 0.28 :k0.06 
1.28 56 0.27 •0.03 
1.22 53 0.40 •0.05 
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wiek eff. 
(W em-2) 

84.9 
157.0 
157.6 
152.1 
156.3 
149.4 
136.2 
122.7 
69.3 
82.1 
81.2 
liltlilt 

25.4 
122.0 
133.2 
133.2 

94.9 
47.2 

154.3 
184.5 

llltllt 

46.5 
52.0 

145.7 
197.7 
167.8 

78.1 
53.1 

159.2 
185.1 

liltlilt 

122.6 
57.8 

146.9 
165.7 
169.8 
171.4 
173.0 
178.7 

liltlilt 

115.1 
49.0 
45.7 
45.7 
43.3 



table 8.2.3 
Holder and chianey results vith kerosene 

wiek ho. ehim. ra te power wiek eff. CO/COa ratio top 
(IUD) No. type (1119/S) (W) (W cm-2) (%) flame 

5.0 1 Pet 1.22 * ** 40.00 al.OO no 
10.0 1 Pet 1.65 * ** 48.20 al.30 no 
15.0 1 Pet 3.15 * ** 46.20 a0.70 no 
15.0 1 Pet 3.18 138 44.4 0.41 •0.06 yes 
15.0 1 Pet 3.02 * ** 45.80 a7.70 no 
1.0 1 1.26 55 116.7 0.83 ä0.04 
2.0 1 2.10 91 137.9 0.81 ä0.04 
3.0 1 2.53 110 129.7 0.81 •0.03 
4.0 1 3.21 140 135.0 0.80 ä0.04 
5.0 1 3.81 166 135.5 1.00 ä0.06 
7.5 1 5.12 223 131.5 1.14 ä0.06 

10.0 1 5.91 257 118.6 1.27 •0.13 
0.0 2 Taiw. 2.17 94 332.5 1.52 ä0.21 no 
2.5 2 Taiw. 2.75 120 159.2 5.15 ä0.49 yjn 
5.0 2 Taiw. 3.48 151 123.2 1.99 :l:l.54 yjn 
7.5 2 Taiw. 4.24 185 109.1 0.64 :l:O.ll yes 

10.0 2 Taiw. 4.61 200 92.3 0.41 a0.05 yes 
0.0 2 TaiW# 2.67 116 410.3 4.71 ä0.60 no 
2.5 2 TaiW# 3.15 137 181.7 4.71 :l:0.31 no 
5.0 2 TaiW# 3.83 166 135.5 0.97 •0.24 yes 
7.5 2 Taiw# 4.39 190 112.0 0.55 :t0.07 yes 

10.0 2 TaiW# 4.97 216 99.6 0.50 :l:0.07 yes 
0.0 1 Exp. 3.77 * ** 20.70 ä0.42 no 
2.5 1 Exp. 4.39 191 253.3 0.17 •0.04 yes 
5.0 1 Exp. 5.00 217 177.1 0.15 :t0.03 yes 
7.5 1 Exp. 5.92 258 152.1 0.23 ä0.04 yes 

10.0 1 Exp. 5.95 259 119.5 0.25 ä0.04 yes 
0.0 1 TaiW# 1.82 78 275.9 0.30 •0.03 no 
0.0 2 TaiW# 2.57 119 420.9 3.96 a0.85 no 
0.0 3 TaiW# 1.80 78 275.9 0.15 ä0.06 no 
0.0 4 TaiW# 1.08 47 166.2 0.20 ä0.03 no 
0.0 5 TaiW# 0.82 35 123.8 0.11 •0.03 no 

The top flame is the flame on top of the metal chimney. It is not 
a reversed flame but a premixed flame. 

# The difference between the Taiw. chimney and the TaiV# chimney 
is that the former bas burrs inside and the latter does not. 

* The power output cannot be calculated. The CO/C02 ratio clearly 
indicates incomplete combustion. 

** Wiek efficiency and power output are related. 
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8.2.1 Free Single Vick Fuel Burninq and llaae Lenqth 

In figures 8.2.1 and 8.2.2 the mass rate and the CO/C02 ratio of 

the flue gas is plotted against the free wiek length. 

For kerosene and alcohol the mass rates are nearly identical. It 

should be stated that the density of kerosene and alcohol is also 

nearly identical. 

The mass rate increases progressively with increasing wiek 

length, although this mass rate increase gradually becomes smaller. 

The part of the wiek exposed to a high temperature is larger when the 

free wiek length is large. Thus the wicks have more chance to be 

carbonized when their length is larger. The carbonization of the wiek 

influences the mass rate through the wiek negatively. This explains 

the diminishing increase of the mass rate. 

In contradietien the flue gas quality of both liquids differs a 

lot. The CO/C02 ratio of the alcohol flue gas is almost always below 

0.2 %. The CO/C02 ratio of the kerosene follows the mass rate curve of 

kerosene. The difference between the alcohol- and kerosene flue gas 

6,~------------------~~~~-------; 
,> rrass rate • COIC02 ra~10 

I 

5~ 
I 
I 

I 
4~ 

i 

2 

0.80 

0.60 

0.4C 

4 6 8 10 

free wiek length (rrm) 

figure 8.2.1 
Free burninq of alcohol at wielts wi tb different lenqths 
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0.40 0 
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0.00 
0 2 4 6 8 10 
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figure 8.2.2 
Free burning of karosene at wicks of different lengtbs 

quality can be found in the difference of the chemica! reaction steps 

in the burning of these fuels. It is beyend the scope of this work to 

explain these chemica! reaction steps. It should be stated that 

probably the co;co2 ratio curve of alcohol also fellows the mass rate 

curve, but the equipment is not sensitive enough to measure the very 

small CO concentrations of the alcohol flue gas. 

The measured flame lengtbs of alcohol and karosene are presented 

in figures 8.2.3 and 8.2.4. The graphs of these figures have different 

scales on the axes because of plotting difficulties. 

In the figures also the flame lengths, calculated according to 

the theory mentioned in chapter 4, are presented. There are two 

theoretically calculated curves for each graph. The solutions with the 

largest excess air factor have the largest flame length. For the 

alcohol flame the solutions, even with the lewest possible excess air 
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factor, are larger than the measured flame lengths. 

The alcohol and kerosene curve, with excess air factor 1, are 

nearly identical. The main differences between the two reactions can 

be found in the stoichiometrie air to fuel ratio and in the wiek top 

temperature; the former are 9.1 for alcohol and 15.2 for kerosene, the 

latter are the boiling temperature of alcohol, 351 K, and of kerosene, 

435 K. It turns out that both differences have minor influence on the 

calculated flame length. 

For alcohol and kerosene the measured flame length curve and the 

calculated one vith excess air factor 1 interseet approximately at an 

identical point: a power output of N 140 W and a flame length of N 50 

mm. For power outputs above 140 W the theory, when the excess air 

factor is 1, gives lover values for the flame length than the measured 

ones. For power outputs below 140 W the theory, even when the excess 

air factor is 1, gives larger values than the ones measured. 

+ measurec A trrecry 0 theory 
ftame ;ength e.af. = , e.a.f. = 1.5 

80r---------------------------------------~ 

o~l ------~------~----~------~----~ 
35 50 65 80 95 110 

power M1 

figure 8.2.3 
Fla.e length of an alcohol flame at a wiek. 

Beasured, and calculated vitb tvo different excess air factors. 
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+ meas.;red A theory 0 tr.eory 
f~ame !er.gth e.af. = 1 e.a.f. = 2 

150.-----------------------------------------~ 

0~--------------J-------~------~------~ 
20 70 120 170 220 270 

power lW1 

fiqure 8.2.4 
Flame length of a kerosene flame at a wiek. 

Beasured, and calculated with tvo different excess air factors. 

The theory is based on a fully developed turbulent flow. In all 

cases the flames have a typical laminar character. The pictures 

presented in figures 7.3 show stable laminar flames, thus the 

entrainment assumption should be valid for laminar conditions. 

Tables 8.2.4 and 8.2.6 show examples of calculated flame length 

with the parameters which are also used for the calculation of the 

data of figures 8.2.3 and 8.2.4. Tables 8.2.5 and 8.2.7 contain the 

measured and theoretically calculated flame lengths. 
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table 8.2.4 
Exaaple of the ~ters used for calculation of 

the alcohol flaae length 

The fuel is alcohol 

1 The cambustion value of fuel is: 
2 The gravitational accel. is: 
3 The entrainment constant is: 
4 The excess air factor is: 
5 The stoich. air to fuel ratio is: 
6 The ambient temperature is: 
7 The temp. of the fuel bed is: 
8 The ambient density of air is: 
9 The spec. heat coeff. of air is: 

10 The fuel bed area is: 
13 The power of the wiek is: 

No variabie parameters 

.3533 
7.51 

.2003E+08 
9.80 

.057 
1.00 
9.10 

293. 
351. 

1.25 
1000. 

.283 
106.16 

Froude number at fuel bed = 
The cambustion number = 
The velocity at fuel bed = .1795 mjs 

Jfkg 
mjs"2 
(-) 
(-) 
(-) 
K 
K 
kgjm"3 
K kg/J 
cm"2 
w 

The flame length of the fire with given parameters is 50.3 mm 

Froude number at flame top = 1.386 
The velocity at flame top = 1.237 m;s 
The width at flame top = .927 cm 

table 8.2.5 
Flaae lengtbs for alcohol 

measured theor. calc. 
power output flame length e.a.f.=1 

(W) (mm) (mm) 

38 11.9 33.6 
59 21.0 40.1 
71 23.8 43.0 
80 28.0 45.0 
90 33.6 47.1 

106 38.6 50.1 
98 35.7 48.6 
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flame length 
e.a. f .=1. 5 

(mm) 

44.5 
53.1 
56.9 
59.6 
62.4 
66.4 
64.4 



table 8.2.5 
Exaaple of tbe para.eters used for calculation of 

tbe kerosene flaae length 

The fuel is kerosene 

1 The cambustion value of fuel is: 
2 The gravitational accel. is: 
3 The entrainment constant is: 
~ The excess air factor is: 
5 The stoich. air to fuel ratio is: 
6 The ambient temperature is: 
7 The temp. of the fuel bed is: 
8 The ambient density of air is: 
9 The spec. heat coeff. of air is: 

10 The fuel bed area is: 
13 The power of the wiek is: 

No variabie parameters 

Froude number at fuel bed = .6083 
The cambustion number = 9.77 

.~353E+08 

9.80 
.057 

1.00 
15.20 

293. 
525. 

1.25 
1000. 

.283 
265.53 

The velocity at fuel bed = .3090 m;s 

Jjkg 
m;sA2 
(-) 
(-) 
(-) 
K 
K 
kg/mA3 
K kg/J 
cmA2 
w 

The flame length of the fire with given parameters is 6~.2 mm 

Froude number at flame top = 1.527 
The velocity at flame top = 1.595 m;s 
The width at flame top = 1.270 cm 

table 8.2.7 
Flame lengtbs for kerosene 

measured theor. calc. 
power output flame length e.a.f.=1 

(W) (mm) (mm) 

2~ 10 22.3 
7~ 30 39.1 

11M 33 44.7 
129 ~3 ~8.6 
162 63 53.1 
183 71 55.7 
231 89 60.9 
266 103 M.2 
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flame length 
e.a.f.=2 

(mm) 

40.3 
62.1 
71.1 
77.3 
8~.6 

88.6 
97.0 
102.~ 



8.2.2 Glass chi.ney test results 

In figures 8.2.5 and 8.2.6 the mass rate and the oo;co2 ratio is 

presented as a function of the glass chimney length for 4 different 

free wiek lengths. 

The mass rate and the 00/002 ratio of the four wiek lengtbs are 

similar in shape. The mass rate is increased when a small glass 

chimney is used. The increase in draft, due to the small chimney, 

increases the mass rate by approximately 10 % compared to the mass 

rate without glass chimney. When a large chimney is used, especially 

for kerosene, the mass rate decreases dramatically. The draft created 

by a large chinmey decreases the temperature of the wiek in such a way 

that the evaporation of fuel at the wiek also decreases. The mass rate 

of alcohol with large glass chimneys does not decrease as much as for 

kerosene, because the boiling point of alcohol is much lover than the 

boiling point of kerosene. The alcohol flame in a large chimney is 

very small compared to the alcohol flame without chimney. 
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figure 8.2.5 
Burning of alcohol in different glass chi.neys 

at wicks with different lengtbs 
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figure 8.2.6 
Burning of kerosene in different glass cbi~ys 

at vicks vith different lengtbs 

The CO/C02 ratio of such flames is very low. 

0 
;; 
(I) ... 
N 

8 
0 
(] 

The co;co2 ratio as a function of the glass chimney length has a 

similar form for both alcohol and kerosene. The co;co2 curve stays 

more or less constant for small chimneys and is very low for large 

ones. Vhen small chimneys are used most of the fuel is burned 

completely. The CO emission rises to very large values when the 

chimney length is increased more. The burning of fuel into carbon 

dioxide and water is a multi-step reaction which needs time. The 

velocity of the fuel vapour, due to the draft created by the chimney, 

is such that only part of the burning reaction takes place, which 

explains the large CO emission. 

In figure 8.2.7 a more extensive survey of the mentioned 

phenomena is done on a 5 mm wiek with kerosene as fuel. The co;co2 

curve and mass rate curve of this figure confirm what also bas been 

presented in figures 8.2.5 and 8.2.6. 

Tbe mass rate increases with increasing chimney length and 

decreases when the chimney length is increased even more. The decrease 

79 



of the mass rate takes place very suddenly; from 6 cm chimney to 8 cm 

chimney the mass rate decreases by approximately 70 %. For chimney 

lengtbs larger than 8 cm the mass rate remains more or less the same. 

The CO/~ ratio stays more or less constant with increasing 

chimney length, until the chimney length of 5 cm is reached. The 

00/002 ratio increases considerably with a chimney length of 5 cm. 

With a chimney of 6 cm the C0/002 ratio is increased even more; the 

00/002 ratio is approximately 12 times as large as the ratio of a 

flame without a chimney. If the chimney length is now increased more, 

the C0/002 ratio will decrease to a very low value and will stay more 

or less constant. In all three figures it can be seen that the largest 

CO/C02 ratio occurs with the chimney with lengtbs of 4, 5 and 6 cm. 
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figure 8.2.7 
llass rate and C0/002 ratio as a function 

of glass chianey length vbile burning kerosene at wiek 
with a 5 mm free wiek length 
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Flue gas of the burning of kerosene in a 5 ca glass chimney 
at a wiek with a free length of 5 8m 

If one looks at the details of figure 8.2.7 one will see that the 

error bar of the oo;co2 ratio at 5 cm glass chimney is quite large. 

The 00/002 ratio is the average value of all the oo;co2 ratios 

calculated by means of the measured CO and 002 concentratien as a 

function of time. The standard deviation of all the co;oo2 ratios is 

the error of the average oo;oo2 ratio. Thus the error bar at 5 cm wiek 

length indicates a large varianee in tbe 00/002 ratios. In figure 

8.2.8 the measured CO and C02 concentratien is presented as a function 

of the measuring time. From this figure the quality of the cambustion 

can be found; a large 002 concentratien and a small CO concentratien 

indicate a good cambustion and the other way around a bad combustion. 

It is clear in this case that the cambustion is not always good. The 

draft is not yet strong enough to blow the partly burned flue gases 

continuously out of the cambustion zone, as is the case with the 6 cm 

chimney. 
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All the remarks regarding the decrease of the sass rate with 

increasing chimney length, do not explain why the mass rate drops so 

suddenly. It can be stated that the draft is a function of the chimney 

length; the draft increases when the chimney length increases. The 

chimney length increase is gradual and thus is the increase of draft. 

The kerosene flame at large chimney lengtbs is a small 

non-sooting yellow flame, which is concentrated at the top of the free 

wiek. In figure 8.2.9 a small sketch of this flame is drawn. From the 

sketch it can be seen that there is no flame at the edges of the free 

wiek; this is in contrast with the kerosene flame photo of figure 7.3. 
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figure 8.2.9 
Kerosene flaae sketch 
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The decrease of the mass rate can be explained by the difference 

between the two flames. In case of the free burning, figure 7.3 and 

figure 8.2.9.b, the flow is not strong enough to blow away the flame 

at the edges of the wiek. In case of the large glass chimney the flow 

is larger than the flame velocity, and so it blows away the flame at 

the edges of the wiek. The air flow which blows aside the wiek has the 

ambient temperature, which is far below the boiling temperature of 

kerosene, and thus reduces the evaporation of kerosene at the wiek. 

The boiling temperature of alcohol is smaller than of kerosene; this 

explains why the decrease of mass rate is more evident with karosene 

than with alcohol. 

It is clear that the mass rate decreasas when the draft bacomes 

above a certain value, but all the ramarks made above do not explain 

why this decrease takes place so suddenly. Although it can be seen 

from figures 8.2.5 and 8.2.6 that the decrease also takes place at 

different wiek lengths, it is not sure that it will occur at the same 

chimney length. 

The phenomenon of fuel evaporation at a wiek is not as 

straightforward as it seems to be and clearly needs further 

investigation. 
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8.2.3 The Bolder Effect 

In figure 8.2.10 the mass rate and the flue gas quality are 

presented as a function of the free vick length. The result with and 

vithout a massive holder can be compared in this figure. For all free 

wiek lengtbs the mass rate with holder is approximately 10 % larger 

than vithout bolder. The higher temperature near the vick due to the 

holder has a positive effect on the mass rate. 

The influence of a holder on the flue gas quality is substantial. 

The air flow to the combustion zone is obstructed by the holder and 

the quality of the combustion gets vorse. 
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8.2.4 Holder No. 1 and Pet Stove Chi.ney 

The results of the combination Pet Stove Chimney and Holder No.1 

are already presented in table 8.2.3. They clearly show the influence 

of the existence or non-existence of the top flame on the combustion 

quality. The large values of the 00/002 ratio clearly indicate the 

incompleteness of the combustion. At some of the air holes in the 

chimney the fuel vapour and oxygen have reacted only partially. At a 

number of air holes no small flames were observed. The top flame, when 

appearing, burns the partly reacted flue gas and the oxygen - fuel 

vapour mixture completely. In figure 8.2.11 the CO, 002 and 02 

concentrations, regarding the experiment with the 15 mm free wiek 

length, are presented as a function of time. At t = 1340 the top flame 

was extinguished todetermine the consequences of its disappearing. 

The increase of the 02 concentratien and decrease of the 002 

concentratien show that a large part of the fuel vapour is not burned 

at all and the increase of CO shows that the part that is burned bas 

not reacted completely. 
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Contents of flue gas of the combination 

holder no.1 - Pet Stove c~ey at 15 .. free wiek length 
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8.2.5 A Survey of Different Bolder-Chianey Configurations 

The results of the survey analysis of different chimney - holder 

configurations are presented in table 8.2.9. The flue gas quality for 

the combination Taiwan Stove chimney - holder no. 2 is the best of all 

the tested combinations. Nearly all the combinations with holder no. 2 

show a better flue gas quality than the combination with other 

bolders. The large air flow through the holes in holder no. 2 clearly 

makes the cernbustion of better quality. The flue gas quality of the 

combinations with the Taiwan Small Stove chimney is also very low, but 

these flames soot. The chimney is obviously too small to burn the fuel 

premixed with the air. The flames of these chimneys are nearly similar 

to the free wiek flames of sectien 8.2.1. The results clearly show 

that an ideal chimney should not be too large, like the Pet Stove 

chimney, nor too small, like the Taiwan Small chimney. The ideal 

chimney should have a concentratien of air holes near the wiek, like 

the situation with holder no. 2. 

table 8.2.8 
Survey results of the fuel burning at a 

10 • wiek vith different holder - chimley ca.binations 

chimney holder top flame soot co;co2 ratio 

Pet Stove No.l blown away no > 5 % 
Pet Stove No.2 unstable no N 5 % 
Pet Stove No.3 blown away no > 5 % 
Pet Stove No.4 blown away no > 5 % 
Pet Stove No.5 blown away no > 5 % 

Taiwan No.l unstable no N 1 % 
Taiwan No.2 large, blue no < 1 % 
Taiwan No.3 unstable no .... 1 % 
Taiwan No.4 tiny, blue no N 5 % 
Taiwan No.5 tiny, blue no N 5 % 

Taiwan Sma.ll No.1 large I unstable yes < 1 % 
Taiwan Small No.2 large I unstable yes < 1 % 
Taiwan Sma.ll Bo.3 large, unstable yes < 1 % 
Taiwan Small No.4 large, unstable yes < 1 % 
Taiwan Small No.5 large, unstable yes < 1 % 
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8.2.6 Taiwan Chianey vith and vithout Burrs 

In figure 8.2.12 the mass rate and co;co2 ratio of the 

combination Taiwan chimney - holder no.2, with and without burrs, are 

presented as a function of the free wiek length. Only for 0 mm free 

wiek length the oo;co2 ratios of both differ from each other. The mass 

rate of the experiment with burrs at 0 .m free wiek length is low 

enough to allow the air - fuel vapour mixture to be burned nearly 

completely inside the chimney, whereas the mass rate of the experiment 

without burrs is too large. The mass rate of the experiment without 

burrs is larger than that with burrs. The difference in percentage of 

the mass rate for small free wiek lengtbs is approximately 10 %, while 

for large free wiek lengtbs it is decreased to approximately 5 %. 
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figure 8.2.12 
lfass rate and 00/002 ratio 

as a function of the free wiek length 
for the Taiwan Stove chimney - holder no.2 coabination 
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8.2.7 The Experiaental Chianey- Bolder Ho.l eo.bination 

The Experimental chimney - holder no.l combination proved to be a 

very good combination for free wiek lengtbs larger than 2 mm and 

smaller than 7.5 mm. The mass rate forthese wiek lengtbs is large. 

and the quality of the combustion, except for small wiek lengths, is 

good. In figure 8.2.13 the mass rate and the 00/002 ratio are 

presented as a function of the free wiek length. The quality of the 

cambustion for free wiek lengtbs smaller than 2.5 mm is very bad; the 

co;co2 ratio for 0 mm free wiek length is 20 %. The flames at the free 

wiek lengtbs larger than 7 mm produce soot and are therefore of lesser 

quality. Remarkable for this combination is that the mass rate. and 

under clean cernbustion conditions the power output. is very large 

regarding the small free wiek lengths. 

The burrs inside the chimney are also removed . 
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8.2.8 ftiniaum Bass Rate Experiaent Results 

Until now all the results show a disappointing flue gas quality 

for the small free wiek lengths. In figure 8.2.14 the mass rate and 

00/002 ratio of the Taiwan Chimney, without burrs and with different 

bolders, are presented in a bar chart. It can be seen from this figure 

that the combination with holder no. 2 bas the largest 00/002 ratio 

and thus the poorest flue gas quality. In contrast with this result it 

is this combination which has the best flue gas quality for large wiek 

lengths. The mass rate of this combination is also the largest. 

: n1ass rate ~ COIC02 ratio 

3- -4 

- 3 

~ -
I 
-~ 

o-
[l

-1 

-o 
Nc.1 Nc.2 No.3 No5 

holder ~ype 

figure 8.2.14 
nass rate and CO/C02 ratio of 

different holder - Taiwan stove chianey caabinations 
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9 Conclusion and Recoaaendations 

9.1 Kerosene Burners 

Six burners were tested during this study: 

(1) the Thomas Cup 24, a stove with 24 wicks; 

(2) the Pet Stove, a stove with 21 wicks; 

(3) the Thomas Cup 36, a stove with two independently operated 

sets of wicks, one of 12 wicks and the other of 24 wicks; 

(4) the Elegance K786, an annular ring wiek room heater; 

(5) the Zibro Karnin, an annular ring wiek room heater; 

(6) the Aladin Lamp, an annular ring wiek lamp. 

Only four of the six burners can be compared with each other. 

They are the Thomas Cups, the Pet Stove and the Elegance K786. The 

Zibro Karnin is designed to function as a room heater. This is not only 

evident from the general appearance of the design, but also from the 

design of the burner head. The Aladin Lamp is even more different from 

the rest. This burner uses a tall chirnney, to create the draft which 

draws air into the cambustion zone. 

Remarkable is that the mass rate of kerosene per unit of wiek 

area, defined as the wiek efficiency, is nearly identical for the 

Aladin Lamp, Zibro Karnin, Pet Stove and Thomas CUp 24: approximately 

60 W cm-~. Both the Thomas Cup 36 and the Elegance K786 have a low 

wiek efficiency, because in these stoves the cooling air flow near the 

wicks is probably quite large. The flow resistence of this air flow is 

srnall because of the large air holes in the top of the burners. 

The blue flame maximum power output of the burners is the maximum 

power output, without producing soot and with only a blue flame. This 

power output bas its function for the actual cooking task. 
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Testing this output was also possible with the Aladin Lamp and the 

Zibro Kamin. For all the burners the blue flame maximum power output 

burning is very stable in time. 

The minimum power output of a stove is the lowest power at which 

a stove still burns stable and is used during the simmering phase of 

cooking. The minimum power output of the four stoves - both Thomas 

Cups, Pet Stove and Elegance K786 - was measured. In all cases, except 

for the Thomas Cup 36, the minimum power output is quite large 

compared to the blue flame maximum; it is only a factor 2 smaller. 

This factor is called the turn down ratio. The test with the Thomas 

Cup 36 - all 36 wicks were used - failed, because there was no stable 

minimum power. A turn down ratio of 5 with this stove is possible when 

one only uses the inner 12 wicks (Sulilatu, 1988). 

If one divides the minimum power by the number of wicks, in case 

of the multi single wiek stove, one will get a nearly identical 

minimum power output per wiek for each stove. This is demonstrated in 

table 9.1. 

brand 

Thomas Cup 36 
Thomas Cup 24 

Pet Stove 

table 9.1 
Binimum power output per wiek 

no. of minimum minimum 
wicks power power per wiek 
used (kW) (W) 

12 0.9 75 
24 2.0 83 
21 1.6 76 

It is as if there is a lowest minimum power per wiek; this leads to 

the assumption: to get a very low minimum power one better reduce the 

number of wicks used. 
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The heat transfer efficiency tests were carried out with the 

water boiling method. From these tests two heat transfer efficiencies 

can be obtained: the efficiency with water evaparatien and the 

efficiency without water evaporation. 

E. Sangen (1988) presented a graph where he plotted the heat 

transfer efficiency as a function of the pan diameter - wiek pitch 

ratio; a similar graph is given in figure 9.1. The results of E. 

Sangen's work are also presented in this graph. From this it is 

clearly seen that a more compact stove has a larger heat transfer 

efficiency than a stove with a large wiek pitch. The disadvantage of 

the work of E. Sangen is that, in his efficiency measurements, he did 

not keep the pan bottem - burner head distance constant, which 

resulted in a larger varianee in the results of this work. The results 

of the efficiencies without water evaparatien are presented in figure 

9.1. 
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The flue gas of the Pet Stove has more CO in the preheating phase 

and the extinguishing phase than allowed by standard. The lowering of 

the power will increase the CO emission, although this emission is 

still below the standard. Except for the already mentioned preheating 

and extinguishing phase, the stove does not emit harmful quantities of 

co. 

9.2 Single Wicks 

A nurnber of experiments was carried out on different single wiek 

configurations, in order to see the influence of temperature and draft 

on the mass rate and cambustion quality. The theoretically calculated 

flame lengthof Bussmann et. al. is compared with the measured 

results. 

The mass rate through a wiek is a function of the free wiek 

length. The mass rate increases with increasing free wiek length, 

until the free wiek length is so large that it is burned away partly; 

the mass rate will then decrease. The emission of CO follows an 

identical curve as the mass rate as a function of the free wiek 

length. The flames at a free single wiek are all laminar diffusion 

flames. The flame length is a function of the mass rate: the larger 

the mass rate, the larger the flame length. A large flame length means 

that a large part of the fuel is exposed to high temperatures. At high 

temperatures fuel without oxygen shows a tendency to crack and soot. 

The soot only reacts partially with oxygen, which accounts for the 

larger CO emission. 
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For power outputs below 140 W the flame length theory gives too 

large values, even if an excess air factor of 1 is chosen. Above 140 W 

the measured flame length values are between the theoretica! curve 

with excess air factor 1 and the curve with excess air factor 2. The 

flame length theory assumes a fully turbulent flow, while all the 

flame length pbotos clearly show stable laminar flames; so the theory 

is not applicable for very small laminar fires. 

An open glass chimney to create draft alongside a wiek, has a 

large influence on the mass rate and the cernbustion quality. A very 

small glass chimney increases the mass rate with approximately 10 % 

and influences the cernbustion quality very much. A very tall open 

glass chimney reduces the mass rate with 70 % compared to the free 

wiek burning, and the combustion quality is very good. This mass rate 

drop happens very suddenly. The reason why this happens needs further 

investigation. Before this phenomenon occurs, part of the flame is 

already blown away by the large draft in such a way that the 

cernbustion reaction bas taken place only partly, which accounts for 

the large CO emission in this phase. 

The relation between the mass rate and the power output is no 

longer valid when the combustion reaction only bas taken place partly. 

A large draft in kerosene wiek stoves is dangerous, because it can 

blow away partially reacted fuel gas, containing poisonous CO. 

A large massive object, attached to the place where the wiek 

enters the free air, increases the mass rate and influences the 

cornbustion quality compared to a wiek without such an object. The 

large massive object is heated by the flame and gives this heat back 

to the wiek. From a warm wiek more fuel can be evaporated, thus 

increasing the mass rate. The object near the wiek blocks part of the 

air flow, so the fuel vapour and the air are not mixed as is the case 

without the object; this influence works negatively on the combustion 

quality. 



The mass rate through a wiek with a very small free wiek length 

can be increased substantially, by combining the massive holder with a 

chimney which creates a draft that transports the fuel vapour. The 

mass rate in such a combination at a 5 mm wiek equals the mass rate at 

a 20 mm wiek of a kerosene wiek stove. 

The wiek efficiencies of single wicks vary from 25 to 420 W cm·2, 

while those of the tested kerosene range burners vary from 45 to 60 

W cm·2. It seems that the wiek efficiency in a stove bas an upper 

limit far below that of the single wicks. A stove can be built more 

compact if larger wiek efficiencies in a stove can be obtained. 

Several chimney - holder combinations were constructed and 

tested. The combination with a large number of air holes near the 

wiek, in the lover part of the chimney and at the end of the chimney, 

bas the largest mass rate. The air holes in the bottam are the holes 

by which the air enters the chimney. The entrainment at the top 

through the air holes reduces the flow velocity and stahilizes the 

flame on top of the chimney. In the case of the chimney holder 

combination a flame on top of the chimney is essential for the 

completeness of the combustion. The cambustion is complete when the 

top flame appears and is highly incomplete when it does not; the flue 

gas will then contain an enormous amount of CO. 

The holder-chimney combinations show three types of combustion: 

(1) the mass rate is low and the cambustion is complete and 

takes place entirely inside the chimney; 

(2) the mass rate is medium and the cambustion reaction 

is partial and takes place inside the chimney; 

(3) the mass rate is large and the cambustion is complete and 

takes place partially inside the chimney and partially at 

the top of the chimney by the top flame. 

Cambustion type no.2 should alvays be avoided, because of its 

harmful CO emission. 
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9.3 Reca..endations 

It is clear from the heat transfer efficiency measurements 

that a compact stove has an effective heat transfer. Also, it is 

obvious from the maximum pover output tests that a burner vith 

many vicks has the largest maximum pover. These burners can not 

be built compactly, because each wiek needs a minimum area. A vay 

of solving this problem is increase the mass rate through the 

vicks. At this moment no final conclusions regarding the 

designing and improving of stoves can be drawn. The single wiek 

experiments prove that it is possible to increase the mass rate 

through a wiek substantially, vithout influencing the flue gas 

quality negatively. There is still a large number of obscurities 

concerning the single wiek fuel burning vhich needs further 

research. 

As a final remark it should be stated that this vork is not 

complete in itself, but only the start of more practical and 

theoretica! vork on kerosene stoves. 
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Appendix Requira.ents for Kerosene Stoves for the Sabel 

In the Sahel, sustituting LPG or Kerosene for fuelvood and ebareaal 
is an important vay of reducing deforestation due to fuelvood 
consumption. Hovever, no really practical stoves for kerosene are 
yet available. This note lists preferred requirements for such 
kerosene stoves; completeness was attempted but certainly not 
attained. The list sets high demands; it vill certainly prove 
impossible to satisfy all conditions simultaneously. Designers 
could aim for the closest approach feasible, using the list as a 
'check-list' of aspects to be included in the evaluation of the 
competing designs. 

The requirements are formulated as if for one stove. It may be 
necessary to specify a set of several stoves of increasing sizes, 
but this can mean that some households vould have to buy tvo stoves 
instead of one, thus increasing the effective price. 

Usage and performance 
may be either a wiek or a pressure-burner stove (each bas its 
advantages and disadvantages) 
suitable for Sahelian round-bottomed pots of sizes 1 to 6. 
No accurate fitting of the stove to pot needed; in some areas 
flat-bottom pots are also used and should fit 
an advantage if also suitable for frying (flat or bovl-shaped 
pan) 
easy lighting, also in a vind: preferably no separate lighting 
fuel (such as petrol or spirits) 
maximum pover sufficient for cooking meals in the largest pots 
lov specific energy consumption at high pover even in medium 
vind 
lov fuel consumption vhen siromering (maintaining boiling) 
easy pover regulation: turn-down ratio of 4 or preferably more 
no unintended extinguishing of the flames at lov pover, even 
in vind 
no very hot outer parts (danger of burns; children!) 
pots and pans can be put on/taken off vithout getting burned 
good quality combustion; no CO, smoke or smells 
clear indication vhen fuel is lov 
easy filling vith fuel, even vhen hot 
should stand stable on sand or uneven soil 
the pot/pan should stand firmly injon the stove, especially if 
the food requires vigorous stirring as for tö 
only simple instructions for use 
errors in bandling should not lead to danger 
lifetime at least several years vith daily use; materials used 
should not age 
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ftaintenance and servicing 
simple maintenance and cleaning by housewife, even in the 
unfavourable conditions of Sahelian households 
should withstand boiling-over of food without damage or need 
for servicing 
mechanica! moving parts must move easily, both when hot or 
cold. even if dirty or poorly oiled or aaintained; should not 
get out of adjustment 
tolerant of sand and dust, both outside and in the fuel 
tolerant of mechanical mishandling (dents, breakage) or being 
left unused for a long time (dirt and rust) 
infrequent replacement of consumable parts (such as wicks), 
preferably by the owner; minimum maintenance 
no loose parts or items that can be lost 
simple spare parts that any local retailer can sell or fit 
spare parts to use materials or items currently available 
(e.g. pump, seals for motor vehicles; standard wicks) 
maintenance by a dealer should not require complicated tools 
or training, no accurate adjustment needed 
exchangeability of parts between different models and sizes; 
no possibility of confusion of parts looking somewhat alike 
no possibility for wrong assembly 

llanufacture 
as far as possible local manufacturer in one or more Sahelian 
countries 
type of manufacturer to correspond to manufacturing techniques 
and accuracy required 

1 

if possible manufactured by local artisans of the informal 
sector 
a price that is not more than three times that of a 
traditional metal stove ("foyer malgache") 
no difficult ma.nufacturing "know-how" that requires extensive 
training or special equipment 
most ma.terials to be locally available or already normally 
imported; use of local raw materials (like clay or recuperated 
metal) is an advantage 
any special parts (e.g. wicks, jets) may if necessary be 
imported 
support by a multinational may be an advantage, but 
monopolistic supply is too vulnerable; second sourcing 
required 

I would be grateful for comments and suggested improvements to the 
list. 

dr. ir. Eric T. Ferguson 
van Dormaalstraat 15, 
5624 KH Eindhoven 
The Netherlands 
tel. +31 40 432878 

20 september 1988 
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appendix Bl ue f laae power aeasuraents 

Thomas Cup 36 blue flame pover measurements. Nev wicks. 
24/feb/1988 15:00 - 16~30 

1-The first measurement was five minutes after the stove was lit. 
2-The first three measurements are influenced by wiek readjustment. 

temp. fuel power 
time tank used 5min. 
(min) (OC) (g) (kW) 

0 23.4 0 
5 23.7 41 5.95 

10 23.6 79 5.51 
15 24.0 114 5.08 
20 24.5 148 4.93 
25 25.0 181 4.79 
30 25.6 214 4.79 
35 26.3 248 4.93 
40 27.0 282 4.93 
45 27.8 315 4.79 
50 28.6 349 4.93 
55 29.4 382 4.79 
60 30.2 415 4.79 
65 31.0 449 4.93 

Thomas Cup 24 blue flame power measurements. New wicks. 
24/feb/1988 11:00 - 12:15 

1-The first measurement was five minutes after the stove was lit. 
2-The first three measurements are influenced by wiek readjustment. 

temp. fuel power 
time tank used 5min. 
(min) (OC) (g) (kW) 

0 16.7 0 
5 16.8 18 2.61 

10 23.6 79 5.51 
15 24.0 114 5.08 
20 24.5 148 4.93 
25 25.0 181 4.79 
30 25.6 214 4.79 
35 26.3 248 4.93 
40 27.0 282 4.93 
45 27.8 315 4.79 
50 28.6 349 4.93 
55 29.4 382 4.79 
60 30.2 415 4.79 
65 31.0 449 4.93 
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Appendix Bl ue flue power aeasurements 

Pet Stove blue flame power measurements. 
24/feb/1988 10:30 - 12:00 

1-The first measurement was five minutes after the stove was lit. 
2-The first three measurements are influenced by wiek readjustment. 

temp. fuel power 
time tank used 5min. 
(min) (OC) (g) (kW) 

0 19.4 0 
5 22.3 20 2.93 

10 24.9 40 2.86 
15 27.3 60 2.95 
20 29.3 80 2.95 
25 31.2 100 2.95 
30 32.9 121 2.96 
35 34.5 142 2.95 
40 35.9 162 2.95 
45 37.3 182 2.93 
50 38.7 202 2.95 
55 40.0 223 2.93 
60 41.4 243 2.92 
65 42.8 263 2.95 

Elegance blue flame power measurements. 
29/feb/1988 10:30 - 12:00 

1-The first maasurement was five minutes after the stove was lit. 
2-The first three measurements are influenced by wiek readjustment. 

temp. fuel power 
time tank used 5min. 
(min) (OC) (g) (kW) 

0 18.0 0 
5 19.2 18 2.63 

10 19.8 36 2.55 
15 20.6 53 2.54 
20 21.4 70 2.55 
25 22.3 88 2.54 
30 23.1 106 2.55 
35 23.8 124 2.55 
40 24.5 141 2.55 
45 25.3 159 2.55 
50 25.9 176 2.57 
55 26.5 194 2.54 
60 27.0 212 2.57 
65 27.5 229 2.55 
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Appendix Blue flame power aeasurement 

Zibro Kamin blue flame power measurements. 
29/feb/1988 13:00 - 15:00 

1-The first measurement was five minutes after the stove was lit. 
2-The first three measurements are influeneed by wiek readjustment 

temp. fuel power 
time tank used 5min. 
(min) (OC) (g) (kW) 

0 0.0 
5 10.3 1.49 

10 20.8 1.52 
15 31.9 1.61 
20 42.8 1.58 
25 54.1 1.64 
30 65.5 1.65 
35 76.7 1.63 
40 87.7 1.60 
45 98.8 1.61 
50 109.9 1.61 
55 121.1 1.63 
60 132.2 1.61 
65 143.3 1.61 

Aladin Lamp blue flame power measurements. 
29/feb/1988 13:30 - 15:00 

1-The first maasurement was five minutes after the stove was lit. 
2-The first three measurements are influeneed by wiek readjustment. 

temp. fuel power 
time tank used 5min. 
(min) (OC) (g) (kW) 

0 20.5 0.0 
5 21.2 6.0 0.87 

10 21.9 11.4 0.78 
15 22.4 17.5 0.89 
20 22.9 22.3 0.70 
25 23.2 27.1 0.70 
30 23.3 31.9 0.70 
35 23.5 36.1 0.61 
40 23.7 41.0 0. 71 
45 23.9 45.2 0.61 
50 24.1 50.0 0.70 
55 24.2 54.2 0.61 
60 24.4 59.0 0.70 
65 24.5 63.3 0.62 
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Appendix Bimimum power .easurement 

Thomas Cup 24 mimimum power. 16/mar/1988 13:15 - 14:45 

1-The first twenty minutes the burner was put on maximum. 

temp. fuel power 
time tank used 5min. 

(min.) (OC) (g) (kW) 

0 19.7 0.0 
5 19.7 12.6 1.83 

10 19.9 47.5 5.06 
15 20.3 77.8 4.40 
20 20.9 105.4 4.00 
25 21.8 128.6 3.37 
30 23.1 145.4 2.44 
35 24.7 161.6 2.35 
40 26.3 176.8 2.21 
45 28.1 192.1 2.22 
50 29.9 206.9 2.15 
55 31.6 220.7 2.00 
60 33.3 234.5 2.00 
65 34.8 248.0 1.96 
70 36.2 261.6 1.97 
75 37.5 275.0 1.94 

Thomas Cup 36 mimimum power. 16/mar/1988 13:15 - 14:45 

1-The first twenty minutes the burner was put on maximum. 

temp. fuel power 
time tank used 5min. 

(min.) (OC) (g) (kW) 

0 19.8 0.0 
5 19.7 9.3 1.35 

10 19.7 51.0 6.05 
15 19.9 89.3 5.56 
20 20.2 127.1 5.48 
25 20.9 160.9 4.90 
30 21.8 182.0 3.06 
35 22.9 201.2 2.79 
40 24.1 220.0 2.73 
45 25.4 238.0 2.61 
50 26.7 254.6 2.41 
55 28.1 270.3 2.28 
60 29.5 282.6 1. 78 
65 30.7 291.4 1.28 
70 31.5 312.8 3.11 
75 32.4 338.4 3.71 
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Appendix Biaiaum power aeasurement 

Elegance mimimum power. 16/mar/1988 15:15 - 16:45 

1-The first twenty minutes the burner was put on maximum. 

temp. fuel power 
time tank used 5min. 

(min.) (OC) (g) (kW) 

0 20.3 0.0 
5 20.3 6.0 0.87 

10 20.5 23.0 2.47 
15 21.1 40.7 2.57 
20 22.0 58.7 2.61 
25 23.1 72.8 2.05 
30 24.5 85.5 1.84 
35 25.7 96.9 1.65 
40 26.9 107.8 1.58 
45 28.0 119.0 1.63 
50 29.2 130.3 1.64 
55 30.3 141.7 1.65 
60 31.1 152.4 1.55 
65 32.1 162.9 1.52 
70 33.0 173.7 1.57 
75 33.8 184.2 1.52 

Pet Stove mimimum power. 16/mar/1988 15:15 - 16:45 

1-The first twenty minutes the burner was put on maximum. 

temp. fuel power 
time tank used 5min. 

(min.) (OC) (g) (kW) 

0 21.4 0.0 
5 21.5 5.5 0.80 

10 21.9 19.8 2.07 
15 23.4 41.8 3.19 
20 25.8 67.8 3.77 
25 28.6 87.8 2.90 
30 32.2 100.1 1. 78 
35 35.6 113.4 1.93 
40 39.1 126.7 1.93 
45 42.8 139.2 1.81 
50 46.8 151.0 1.71 
55 50.5 162.4 1.65 
60 54.1 173.3 1.58 
65 57.0 183.9 1.54 
70 59.7 194.8 1.58 
75 62.3 206.0 1.63 
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Appendix Yellow flaae .axi.um power 

Thomas Cup 36 maximum power. 01/mar/1988 14:30 - 16:00 

1-The first maasurement was 5 min.after the stove was lit. 

temp. fuel power 
time tank used 5min. 

(min.) (OC) (g) (kV) 

0 21.6 0.0 
5 21.6 48.0 6.96 

10 21.7 100.1 7.56 
15 21.9 152.2 7.56 
20 22.S 203.9 7.SO 
25 23.1 2SS.S 7.49 
30 23.9 307.0 7.47 
3S 24.6 358.2 7.43 
40 25.3 409.0 7.37 
45 26.0 459.6 7.34 
50 26.7 510.0 7.31 
55 27.4 560.1 7.27 
60 28.2 609.8 7.21 
65 28.9 659.2 7.17 

Thomas Cup 24 maximum power. 01/mar/1988 14:30 - 16:00 

1-The first measurement was 5 min.after the stove was lit. 

temp. fuel power 
time tank used 5min. 

(min.) (OC) (g) (kV) 

0 21.8 0.0 
5 21.9 23.8 3.45 

10 22.1 60.3 5.30 
1S 22.4 98.6 S.56 
20 22.9 136.7 S.S3 
25 23.7 17S.1 S.S7 
30 24.S 213.0 s.so 
3S 25.S 250.8 5.48 
40 26.S 288.S S.47 
4S 27.S 326.3 5.48 
so 28.S 363.6 S.41 
ss 29.6 400.7 S.38 
60 30.6 437.9 5.40 
6S 31.6 47S.2 S.41 
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Appendix Yellow flaae .aximum power 

Elegance maximum power. 02/mar/1988 10:30 - 12:00 

1-The first measurement was 5 min.after the stove was lit. 

temp. fuel power 
time tank used 5min. 

(min.) (OC) (g) (kW) 

0 22.2 0.0 
5 23.6 22.7 3.29 

10 24.8 44.8 3.21 
15 25.8 66.9 3.21 
20 26.0 89.2 3.24 
25 27.0 111.3 3.21 
30 27.9 133.6 3.24 
35 28.7 155.8 3.22 
40 29.4 178.1 3.24 
45 30.1 200.3 3.22 
50 30.8 222.5 3.22 
55 31.3 244.8 3.24 
60 31.9 267.0 3.22 
65 32.4 289.1 3.21 

Pet Stove maximum power. 02/mar/1988 10:30 - 12:00 

1-The first measurement was 5 min.after the stove was lit. 

temp. fuel power 
time tank used 5min. 

(min.) (OC) (g) (kW) 

0 21.8 0.0 
5 21.9 25.0 3.63 

10 22.2 55.4 4.41 
15 22.7 88.7 4.83 
20 23.3 123.3 5.02 
25 24.1 158.6 5.12 
30 25.1 194.0 5.14 
35 26.1 229.1 5.09 
40 27.2 264.3 5.11 
45 28.3 299.2 5.06 
50 29.4 333.9 5.03 
55 30.5 367.8 4.92 
60 31.6 401.6 4.90 
65 32.8 435.4 4.90 
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Appendix Yellow flame aaxiaum power 

Aladin Lamp maximum power. 02/mar/1988 10:30 - 12:00 

1-The first measurement was 5 min.after the stove was lit. 

temp. fuel power 
time tank used 5min. 

(min.) (OC) (g) (kW) 

0 23.8 0.0 
5 24.0 7.8 1.13 

10 24.2 16.3 1.23 
15 24.4 24.1 1.13 
20 24.7 31.9 1.13 
25 25.0 39.8 1.15 
30 25.3 48.2 1.22 
35 25.6 55.4 1.04 
40 25.8 63.3 1.15 
45 26.1 71.1 1.13 
50 26.3 78.3 1.04 
55 26.5 86.1 1.13 
60 26.7 93.4 1.06 
65 26.9 100.6 1.04 

Zibro Kamin maximum power 29/feb/1988 13:00 - 15:00 

1-The first maasurement was five minutes after the stove was lit. 

temp. fuel power 
time tank used 5min. 
(min) (OC) (g) (kW) 

0 0.0 
5 10.3 1.49 

10 20.8 1.52 
15 31.9 1.61 
20 42.8 1.58 
25 54.1 1.64 
30 65.5 1.65 
35 76.7 1.63 
40 87.7 1.60 
45 98.8 1.61 
50 109.9 1.61 
55 121.1 1.63 
60 132.2 1.61 
65 143.3 1.61 
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Appendix Boiling aeasurements results 

Elegance efficiency test 10/mar/1988 14:15 - 16:45 

temp. temp. fuel power 
time tank water used 3min. 

(min.) (OC) (OC) (g) (kW) 

0 16.7 16.9 0.0 
3 16.8 17.4 0.3 0.07 
6 16.8 32.1 10.8 2.54 
9 16.9 16.0 22.6 2.85 

12 17.1 29.3 34.0 2.76 
15 17.2 41.9 45.2 2. 71 
18 17.5 53.9 55.9 2.59 
21 17.8 65.7 66.6 2.59 
24 18.1 76.9 77.2 2.56 
27 18.4 86.9 87.8 2.56 
30 18.8 95.3 98.4 2.56 
33 19.3 17.8 108.9 2.54 
36 19.6 30.6 119.3 2.52 
39 20.1 42.2 129.8 2.54 
42 20.5 54.4 140.1 2.49 
45 20.9 67.0 150.5 2.52 
48 21.2 77.1 160.8 2.49 
51 21.6 87.3 171.2 2.52 
54 22.0 97.8 181.6 2.52 
57 22.3 24.5 191.8 2.47 
60 22.7 36.4 201.9 2.44 
63 23.0 48.0 212.0 2.44 
66 23.3 59.5 222.1 2.44 
69 23.6 70.4 232.2 2.44 
72 23.9 80.7 242.3 2.44 
75 24.2 91.0 252.2 2.39 
78 24.5 98.8 262.5 2.49 
81 24.8 26.0 272.6 2.44 
84 25.0 37.0 282.7 2.44 
87 25.3 48.4 292.8 2.44 
90 25.5 59.8 302.5 2.35 
93 25.7 70.0 312.8 2.49 
96 25.9 80.6 322.8 2.42 
99 26.1 90.0 332.8 2.42 

102 26.4 98.9 342.8 2.42 
105 26.5 22.3 352.9 2.44 
108 26.7 34.1 363.3 2.52 
111 26.9 45.8 373.6 2.49 
114 27.1 57.6 384.0 2.52 
117 27.3 68.6 394.3 2.49 
120 27.4 79.1 404.5 2.47 
123 27.6 88.9 414.8 2.49 
126 27.8 98.3 425.1 2.49 
129 27.9 100.1 435.4 2.49 
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Appendix Boiling aeasurements results 

Thomas Cup 36 efficiency test 09/mar/1988 10:30 - 12:15 

temp. temp. fuel power 
time tank water used 3min. 

(min.) (OC) (OC) (g) (kW) 

0 17.2 16.0 0.0 
3 17.2 16.4 
6 17.2 18.6 16.7 4.04 
9 17.2 20.6 40.6 5.78 

12 17.3 43.4 63.8 5.61 
15 17.3 67.8 87.3 5.68 
18 17.4 89.4 110.7 5.66 
21 17.4 17.2 134.2 5.68 
24 17.6 43.6 157.1 5.54 
27 17.8 67.4 179.7 5.47 
30 18.0 90.8 202.3 5.47 
33 18.3 20.9 225.1 5.51 
36 18.6 48.0 247.8 5.49 
39 18.9 70.6 270.2 5.42 
42 19.3 93.9 293.2 5.56 
45 19.6 23.3 190.3 
48 20.0 47.8 337.8 
51 20.4 71.5 359.7 5.30 
54 20.7 92.9 381.7 5.32 
57 21.1 13.9 404.1 5.42 
60 21.5 49.0 427.8 5.73 
63 21.8 71.5 451.1 5.63 
66 22.2 94.1 474.5 5.66 
69 22.6 100.1 497.8 5.63 
72 23.0 100.2 521.1 5.63 
75 23.3 100.1 544.3 5.61 
78 23.7 100.1 567.6 5.63 
81 24.0 100.1 590.7 5.59 
84 24.4 100.0 613.8 5.59 
87 24.7 100.1 637.0 5.61 
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Appendix Boiling aeasura.ents results 

Pet Stove efficiency test 15/mar/1988 13:15 - 15:45 

temp. temp. fuel power 
time tank water used 3min. 

(min.) (OC) (OC) (g) (kV) 

0 16.4 16.3 0.0 
3 16.4 16.3 1.6 0.39 
6 16.5 18.2 6.8 1.26 
9 16.7 23.5 15.4 2.08 

12 17.4 28.1 26.3 2.64 
15 18.6 40.8 39.0 3.07 
18 20.3 55.0 52.6 3.29 
21 21.9 71.2 67.0 3.48 
24 22.4 84.3 79.8 3.10 
27 23.9 94.0 91.1 2.73 
30 25.2 17.2 102.3 2. 71 
33 26.4 31.1 113.7 2.76 
36 27.5 43.8 124.8 2.68 
39 28.5 56.5 136.0 2. 71 
42 29.4 68.8 147.0 2.66 
45 30.2 80.1 158.2 2. 71 
48 31.0 91.3 169.2 2.66 
51 31.7 99.3 180.4 2. 71 
54 32.5 26.6 191.5 2.68 
57 33.2 38.3 202.6 2.68 
60 33.9 51.5 213.9 2.73 
63 34.4 63.4 225.0 2.68 
66 35.1 75.1 236.2 2. 71 
69 35.8 85.9 247.4 2. 71 
72 36.4 96.5 258.6 2. 71 
75 37.0 23.6 269.7 2.68 
78 37.5 38.0 281.0 2.73 
81 38.1 48.5 292.1 2.68 
84 38.6 59.8 303.1 2.66 
87 39.1 72.1 314.2 2.68 
90 39.7 83.4 325.3 2.68 
93 40.1 93.9 336.3 2.66 
96 40.6 19.5 347.5 2. 71 
99 41.0 28.8 358.8 2.73 

102 41.6 41.0 370.2 2.76 
105 41.9 53.1 381.5 2.73 
108 42.2 65.1 392.8 2.73 
111 42.5 76.5 404.1 2.73 
114 42.7 88.0 415.4 2.73 
117 43.0 97.8 426.7 2.73 
120 43.3 99.3 438.1 2.76 
123 43.5 99.3 449.3 2. 71 
126 43.7 99.3 460.7 2.76 
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Appendix Boiling aeasure.ents results 

Thomas Cup 24 efficiency test 02/mar/1988 10:30 - 12:00 

temp. temp. fuel power 
time tank va ter used 3min. 

(min.) ( OC) (OC) (g) (kW) 

0 19.6 19.7 0.0 
3 19.6 20.1 1.4 0.34 
6 19.7 24.4 21.5 4.86 
9 19.7 24.2 41.3 4.79 

12 19.8 34.4 59.9 4.50 
15 19.9 54.4 79.8 4.81 
18 20.0 73.8 99.3 4.72 
21 20.2 91.8 119.0 4.76 
24 20.5 15.3 135.8 4.06 
27 20.9 40.2 157.2 5.18 
30 21.4 59.0 174.8 4.26 
33 21.8 76.6 192.6 4.30 
36 22.5 91.9 210.5 4.33 
39 22.8 30.8 228.4 4.33 
42 23.4 34.2 246.6 4.40 
45 24.0 53.5 264.9 4.43 
48 24.6 72.6 283.5 4.50 
51 25.1 89.5 301.0 4.23 
54 25.7 16.2 318.6 4.26 
57 26.3 34.1 336.1 4.23 
60 26.9 53.5 354.3 4.40 
63 27.4 71.9 371.7 4.21 
66 28.0 88.1 389.2 4.23 
69 28.5 29.0 407.0 4.30 
72 29.1 36.9 425.2 4.40 
75 29.6 55.4 443.2 4.35 
78 30.1 73.4 460.9 4.28 
81 30.6 90.2 478.7 4.30 
84 31.1 100.0 496.4 4.28 
87 31.5 100.0 514.3 4.33 
90 32.0 100.0 531.7 4.21 
93 32.5 100.0 549.1 4.21 
96 32.9 100.0 566.5 4.21 
99 33.3 100.0 583.6 4.14 
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Appendix Computer progru.e for the input of data for the 
calculation of flame heights. 

1 C FORTRAN77 
2 c 
3 C This programme contains data for the flame height calculation 
4 C according to the metbod of Paul Bussmann et. al. 1982 
5 c 
6 REAL X,XOUD,XVLAn,B 1 BOA(20),B2,F,FO,F2,V,ft,ftOUD,P,P2,U,UO,G 
7 REAL ALFA, LANDA I NU INS I ROl, PGRA(20) I RPR, SGR, QW I QC I QV I CP I U2 
8 REAL TI TO I TA I RO I R02 I ROOI ROA I RRO I RROO I RROA I RR02 I PGRl, BO I AREA 
9 REAL VLAnGRENS,ONDER,BOVEN,ftU,PI,JJ,HLPl,HLP2,HLP3,HLP4 

10 REAL POW(99),RADI(99),VLBODEft,PITLA(20),B02,PGR,PITL,FLUC(lOO) 
11 REAL AAl, BB2, CC2, DD2, EE2, FF2, BOl, VALl ( 14) I LOW I UPP I DESTEP 
12 INTEGER N,I,J,L,FIRST,I2,J2,YORN,NUftl,VAL2(14),LQWD,PORn 
13 INTEGER NUft2,LUSTEP,ftSTEP,YORNl,YORN2 
14 EXTERNAL Il'IP I IftPJ I IftP2, IftP3 
15 CHARACTER ALIST(18),EXTEND(5),LIST(16),DISK(l) 
16 CHARACTER"'l4 ANME 
17 CHARACTER"'70 EERSTE 
18 CHARACTER"'70 TWEEDE 
19 CHARACTER LIST1(70),LIST2(70) 
20 DATA EXTEND/'. I I 'P' I 'R' I 'N' I 

1
:

1
/ 

21 c 
22 911 DO 1 J2=1,24 
23 001 WRITE(,.. I I () I) 
24 WRITE (*,53) 
25 053 FORftAT(lX, 'Give the name of the disk on which you want the • 
26 "''data'/' (A, B, or C) 1

) 

27 READ (*,54) DISK 
28 054 FORftAT(lA) 
29 050 WRITE ("',10) 
30 010 FORftAT (1X, 'Give only name of data file (maximum 8' ,1X, 
31 #'characters)'/,lX~ '12345678') 
32 READ ("',20) LIST 
33 020 FORftAT (16A) 
34 DO 040 1=16,1,-1 
35 LAST=I 
36 IF (LIST( I) .NE. I I) GOTO 030 
37 040 CONTINUE 
38 GOTO 50 
39 030 CONTINUE 
40 IF (LAST.GT.8) LAST=8 
41 DO 70 I=l,LAST 
42 FIRST=I 
43 IF (LIST(I).NE.' ') GOTO 60 
44 070 CONTINUE 
45 060 CONTINUE 
46 DO 080 1=1~4 
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47 LAST = LAST+l 
48 LIST(LAST)=EXTEND(I) 
49 080 CONTINUE 
50 DO 090 I=l 1 LAST 
51 ALIST(I+2)=LIST(I) 
52 090 CONTINUE 
53 FIRST=FIRST+2 
54 ALIST(FIRST-l)=EXTEND(5) 
55 ALIST(FIRST-2)=DISK(l) 
56 FIRST=FIRST-2 
57 WRITE(ANAnE 1 

1 (14A)')(ALIST(l) 1 I=FIRST~LAST+2) 
58 WRITE ( * ,lOO)ANME 
59 100 FORftAT(////,1X, 1 The data will be stored on: ~~A14,////) 
60 OPEN ( 6 I FILE= I NtmBER I I STATUS= I NEW I I FORn= I FORliATTED I ) 

61 WRITE (6 1 313)ANME 
62 313 FORnAT(A14) 
63 c 
64 
65 
66 
67 
68 
69 
70 
71 
72 
73 
74 
75 
76 
77 
78 
79 
80 
81 
82 
83 
84 c 

WRITE(* 1 987) 
987 FORftAT(1X 1 /,1X, 'Which fuel do you use 1 j, 

* 1 Wood= 1 Liquid fuel = 0 1
) 

READ(*,988) LQWD 
988 FORnAT(Il) 

PI = 4. *ATAN(l.) 
VAL1(1)=1.87E7 
VAL1(2)=10. 
VAL1(3)=0.08 
VAL1 ( 4)=1. 8 
VAL1(5)=5.1 
VAL1(6)=293. 
VAL1(7)=1100. 
VAL1(8)=1.25 
VAL1(9)=1.E3 
VAL1(10)=0.085*0.085*P1*10000 
VAL1(11)=3.3E7 
VAL1(12)=0.8 
VAL1(13)=1. 
VAL1(14)=6000. 

85 701 DO 091 J2=1,24 
86 091 WRITE(*~ 1

()
1

) 

87 WRITE (*,410) VAL1(1) 
88 410 FORftAT(1X~ 1 1 The cambustion value of fuel is: 1 ,E15.4, 1 Jjkg 1

) 

89 WRITE (*,420) VAL1(2) 
90 420 FORftAT(1X, 1 2 The gravitational accel. is: ',F12.2,8X,'mjs~2 1 ) 
91 WRITE (*,430) VAL1(3) 
92 430 FORDAT(1X, 1 3 The entrainment constant is: 1 ,F14.3,7X, '(-) 1

) 

93 WRITE (* 1 440) VAL1(4) 
94 440 FORnAT(1X, 1 4 The excess air factor is:',F16.2,8XI '(-) 1

) 

95 WRITE (*,450) VAL1(5) 
96 450 FORnAT(1X~' 5 The stoich. air to fuel ratio is: 1 ~F8.2~8X, 1

(-)
1

) 

97 WRITE (*,460) VAL1(6) 
98 460 FORHAT(1X~ 1 6 The ambient temperature is: 1 ~F12.0 1 10X, 1 K1

) 
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99 
100 
101 
102 
103 
104 
105 
106 
107 
108 
109 
110 
111 
112 
113 
114 
115 
116 
117 
118 
119 c 
120 
121 
122 
123 
124 
125 
126 
127 
128 
129 
130 
131 
132 
133 
134 
135 
136 
137 
138 
139 
140 
141 
142 
143 
144 
145 
146 
147 
148 
149 
150 

WRITE (~,470) VAL1(7) 
470 FORnAT(1X, 1 7 The temp. of the fuel bed is: 1 ,F10.0,10X, 'K 1

) 

WRITE (~,480) VAL1(8) 
480 FORftAT(lX, 1 8 The ambient density of air is:' ,F11.2,8X, 1 kgjmA3 1

) 

WRITE (*,490) VAL1(9) 
490 FORftAT(1X, 1 9 The spec. heat coef. of air is: 1 ,F8.0,10X, 'K kg/J') 

WRITE (~,492) VAL1(10) 
492 FORnAT(1X, '10 The fuel bed area is: ',F8.3,7X,'cm~2') 

IF (LQWD. EQ .1) THEN 
WRITE (~,495) VAL1(11) 

495 FORnAT(1X, '11 The cernbustion value of charcoal:',E14.4,' Jfkg') 
WRITE (*,497) VAL1(12) 

497 FORftAT(1X, '12 The mass frac. of volatiles is:',F12.4,6X, '(-)') 
WRITE (~,498) VAL1(14) 

498 FORnAT(1X, '14 The power of the fire is: ',F12.2,8X, 'W') 
ELSE 
VAL1(12)=1. 
WRITE (~,491) VAL1(13) 

491 FORftAT(1X, '13 The mass rate of one wiek is: ',F12.4,6X, 'mg/S 1
) 

ENDIF 

WRITE (~,600) 

600 FORnAT(/,1X, 'How many of these values you want to change? (xx)') 
READ c~,6o1) NUn1 

601 FORftAT( !2) 
IF (NUn1.EQ.O) GOTO 700 
DO 610 I=1,NUn1 
WRITE (~,620) I 

620 FORnAT(/,1X, 'Which ',I2,' th number you want to change? (x)') 
READ (~,630) VAL2(I) 

630 FORnAT(I2) 
610 CONTINUE 

DO 640 I=1,NUIU 
IF (VAL2(I).EQ.1) THEN 
WRITE (~,410) VAL1(1) 
WRITE (~,649) 

649 FORftAT(1X, 'Give the value you want it to be: (x.xxxEyy)'/) 
READ (~,651) VAL1(1) 

651 FORnAT(E15.4) 
GOTO 640 
ENDIF 
IF (VAL2(I) .EQ.2) THEN 
WRITE (~,420) VAL1(2) 
WRITE (~,650) 

READ (~,652) VAL1(2) 
GOTO 640 
ENDIF 
IF (VAL2(I).EQ.3) THEN 
WRITE (*,430) VAL1(3) 
WRITE (~,650) 

READ (~,652) VAL1(3) 
GOTO 640 
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151 ENDIF 
152 IF (VAL2(I).EQ.4) THEN 
153 WRITE (*,440) VAL1(4) 
154 WRITE (*,650) 
155 READ (*,652) VAL1(4) 
156 GOTO 640 
157 ENDIF 
158 IF (VAL2(I).EQ.5) THEN 
159 WRITE (*,450) VAL1(5) 
160 WRITE (*,650) 
161 READ (*,652) VAL1(5) 
162 GOTO 640 
163 ENDIF 
164 IF (VAL2(I).EQ.6) THEN 
165 WRITE (*,460) VAL1(6) 
166 WRITE (*,650) 
167 READ (*,652) VAL1(6) 
168 GOTO 640 
169 ENDIF 
170 IF (VAL2(I).EQ.7) THEN 
171 WRITE (*,470) VAL1(7) 
172 WRITE (*,650) 
173 READ (*,652) VAL1(7) 
174 GOTO 640 
175 ENDIF 
176 IF (VAL2(I).EQ.8) THEN 
177 WRITE (*,480) VAL1(8) 
178 WRITE (*,650) 
179 READ (*,652) VAL1(8) 
180 GOTO 640 
181 ENDIF 
182 IF (VAL2(l).EQ.9) THEN 
183 WRITE (*,490) VAL1(9) 
184 WRITE (*,650) 
185 READ (*,652) VAL1(9) 
186 GOTO 640 
187 ENDIF 
188 IF (VAL2(I).EQ.10) THEN 
189 WRITE (*,492) VAL1(10) 
190 WRITE (*,650) 
191 READ (*,652) VAL1(10) 
192 GOTO 640 
193 ENDIF 
194 IF (VAL2(I).EQ.11) THEN 
195 WRITE (*,495) VAL1(11) 
196 WRITE (*,749) 
197 749 FORMAT(1X, 'Give the value you want it to be: (x.xxxEyy)'/) 
198 READ (*,751) VAL1(11) 
199 751 FORMAT(El5.4) 
200 GOTO 640 
201 ENDIF 
202 IF (VAL2(I).EQ.12) THEN 
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203 WRITE (•,497) VAL1(11) 
204 WRITE (•,650) 
205 READ (*,652) VAL1(11) 
206 GOTO 640 
207 ENDIF 
208 IF (VAL2(1).EQ.l3) THEN 
209 WRITE (•,491) VAL1(13) 
210 WRITE (•,650) 
211 READ (•,652) VAL1(13) 
212 GOTO 640 
213 ENDIF 
214 IF (VAL2(1).EQ.14) THEN 
215 WRITE (•,498) VAL1(14) 
216 WRITE (•,650) 
217 READ (•,652) VAL1(14) 
218 GOTO 640 
219 ENDIF 
220 650 FORnAT(1X, 'Give the value you want it to be: (xxxx.yyyyy)') 
221 652 FORnAT(F16.8) 
222 640 CONTINUE 
223 GOTO 701 
224 LUSTEP=1 
225 700 WRITE (•,611) 
226 611 FORnAT(/,1X, 'Which value do you want to let fluctuate (xx)',J, 
227 •• If you give 0 there will be no fluctuation!',/,' Rernark: ' 
228 •• the power or rnass rate can be varied randornly') 
229 READ (•,612) NUn2 
230 612 FORnAT(I2) 
231 IF (NUn2.EQ.O) GOTO 811 
232 704 IF (NUn2.EQ.1.0R.NUn2.EQ.11)THEN 
233 WRITE (•,812) 
234 812 FORnAT(/,1X, 'Give lower boundary, upper boundary and number', 
235 •• of steps.'/' (x.xxxEyy,a.aaaEbb,cc)') 
236 READ (•,813) LOW,UPP,LUSTEP 
237 813 FORnAT(2E15.4,12) 
238 ELSE 
239 WRITE (•,814) 
240 814 FORnAT(/,1X, 'Give lower boundary, upper boundary and number', 
241 •1x, 'of steps.'/' (xxx.xxx,aaa.aaa,cc)') 
242 READ (•,843) LOW,UPP,LUSTEP 
243 843 FORnAT(2F15.6,12) 
244 ENDIF 
245 WRITE(•,761) 
246 761 FORnAT(1X, 'Is this correct? Yes= 1 or No= 0') 
247 READ(*,702) YORN 
248 702 FORnAT(I2) 
249 IF ( YORN. EQ. 0) GOTO 704 
250 DESTEP=(UPP-LOW)/(LUSTEP-1) 
251 IF (NUn2.EQ.13.0R.NUn2.EQ.14)THEN 
252 ~STEP=1 

253 GOTO 851 
254 ENDIF 
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255 811 WRITE(*,847) 
256 847 FORnAT(1X, 'Do you want random power(wood) or rnass rate(liquid)' 1 

257 *' input'/' Yes= 1 No= 0') 
258 READ(*~849) YORN1 
259 849 FORnAT(I2) 
260 ftSTEP=l 
261 IF (YORN1.EQ.O) GOTO 851 
262 WRITE(*~853) 
263 853 FORnAT(1XI 'How many power or mass rates do you want to give?') 
264 READ(* 1 855) ftSTEP 
265 855 FORnAT(I2) 
266 DO 791 I=1~ftSTEP 

267 WRITE(*~792) I 
268 792 FORnAT(1XI 'Give the ',12, 'th power in Watts(wood) or mass rate' I 
269 *' in mgjs(liquid)'/' and the width in cm of the fire' I 
270 *' (aaa.aaa~bbb.bbb)') 
271 READ(*~793)POW(I),RADI(I) 
272 793 FORnAT(2F12.6) 
273 791 CONTINUE 
274 741 WRITE(* 1 771) 
275 771 FORHAT(//~lX,'Nurnber power-rnass rate width' ~I· 
276 *' (Watts-mgjs) (cm)') 
277 DO 722 I=1 1 ftSTEP 
278 WRITE(* 1 723)I,POW(l) 1 RADI(I) 
279 723 FORnAT(4X 1 12 1 5X~F14.4~8X 1 F6.3) 
280 722 CONTINUE 
281 WRITE(* 1 731) 
282 731 FORHAT(/~1X, 'Are these correct? Yes= 1 or No= 0') 
283 READ(*~732) YORN 
284 732 FORHAT(I2) 
285 IF (YORN.EQ.O) THEN 
286 WRITE(* 1 733) 
287 733 FORHAT(/~lXI 'Which one is wrong? Give the number! ') 
288 READ (*,734) YORN2 
289 734 FORnAT(I2) 
290 WRITE(*,738) 
291 738 FORnAT(jj,1XI 'Nurnber power-rnass rate width'~/~ 
292 *' (Watts-mgjs) (cm)') 
293 WRITE(*~735)YORN2~POW(YORN2),RADI(YORN2) 
294 735 FORnAT(4X,I2,5X,Fl4.4,8X,F6.3) 
295 WRITE(*,736) 
296 736 FORnAT(lX, 'Give the correct values first power-mass rate', 
297 *' and than the width') 
298 READ (*,737)POW(YORN2),RADI(YORN2) 
299 737 FORnAT(2Fl4.4) 
300 GOTO 741 
301 ENDIF 
302 851 IF (YORN1.EQ.O) ftSTEP=l 
303 IF (NUft2.EQ.O) LUSTEP=l 
304 IF (LQ'WD.EQ.1) THEN 
305 WRITE(6,960) 1 
306 960 FORnAT(I2) 

118 



307 ELSE 
308 WRITE(6,961) 0 
309 961 FORnAT(I2) 
310 ENDIF 
311 WRITE(6,962) nsTEP•LUSTEP 
312 962 FORnAT(I3) 
313 WRITE(6,971) NUn2,YORN1 
314 971 FORnAT(2I2) 
315 DO 819 J=1,nSTEP 
316 IF (YORN1.EQ.O) GOTO 921 
317 VAL1(10)=RADI(J)*RADI(J)*PI/4. 
318 IF (LQWD.EQ.1 )THEN 
319 VAL1(14)=POW(J) 
320 ELSE 
321 VAL1(13)=POW(J) 
322 ENDIF 
323 921 DO 815 I=1,LUSTEP 
324 IF (NUM2.EQ.O) GOTO 922 
325 VALl(NUn2) = LOW+(I-1)*DESTEP 
326 922 QW =VAL1(1) 
327 G = VAL1(2) 
328 ALFA = VAL1(3) 
329 LANDA = VAL1(4) 
330 NS = VAL1(5) 
331 TA = VAL1(6) 
332 TO = VAL1(7) 
333 ROA = VAL1(8) 
334 CP = VAL1(9) 
335 BO = 2*SQRT(VAL1(10)/PI) 
336 QC = VAL1(11) 
337 NU = VAL1(12) 
338 QV = (QW-(1.-NU)*QC)/NU 
339 IF (LQWD.EQ.1) THEN 
340 PGR = VAL1(14) 
341 ELSE 
342 PGR = VAL1(13)*QW/1000./1000. 
343 ENDIF 
344 WRITE(6,310) QW 
345 310 FORnAT(E15.4) 
346 WRITE(6,320) G 
347 320 FORnAT(F12.2) 
348 WRITE(6,330) ALFA 
349 330 FORnAT(F14.3) 
350 WRITE(6, 340) LANDA 
351 340 FORnAT(F16.2) 
352 WRITE(6,350) NS 
353 350 FORnAT(F8.2) 
354 WRITE(6,360) TA 
355 360 FORnAT(F12.0) 
356 WRITE(6,370) TO 
357 370 FORnAT(FlO.O) 
358 WRITE(6,380) ROA 
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359 380 FORnAT(F11.2) 
360 WRITE(6,390) CP 
361 390 FORnAT(F7.0) 
362 WRITE(6,392) BQ•BO•PI/4. 
363 392 FORnAT(F8.3) 
364 IF (LQWD.EQ.l) THEN 
365 WRITE(6,395) QC 
366 395 FORnAT(E15.4) 
367 WRITE(6,397) NU 
368 397 FORnAT(F12.4) 
369 ENDIF 
370 WRITE(6,398) PGR 
371 398 FORnAT(F12.2) 
372 815 CONTINUE 
373 819 CONTINUE 
374 STOP 
375 END 
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Appendix Ca.puter pr~ for the calculation of 
flue heights. 

1 C FORTRAN?? 
2 c 
3 C This programme calculates the flame height according to the 
4 C metbod of Paul Bussmann et. al. 1982 
5 c 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 c 
25 
26 
27 
28 c 

REAL X~XOUDIXVLAniBIBOA(20)1B21FIFOIF2~V~n~nOUD~P~P21UIUOIG 
REAL ALFA~LANDA~NU~NS 1 ROl~PGRA(20)~RPRISGRIQW 1 QCIQV~CP~U2 
REAL TI TO I TA I RO I R02 I ROOI ROA I RRO I RROO I RROA I RR02 I PGR1 I BO I AREA 
REAL VLAliGRENS I ONDER I BOVEN I nu I PI I JJ I HLP11 HLP2 I HLP3 I HLP4 
REAL POW(99)~RADI(99) 1 VLBODEn~PITLA(20)~B02 1 PGR 1 PITL 1 FLUC(lOO) 
REAL HIP I InPJ I InP2 I InP3 
REAL AA11BB2~CC2~DD2~EE2~FF2~B011VAL1(14)~LOWIUPP~DESTEP 
INTEGER N~I~J~L~FIRST~I2~J21YORN~NUn11VAL2(14)1LQWD~PORn 
INTEGER NUn2~LUSTEPiftSTEPIYORN1 
EXTERNAL InP I InPJ I InP2 I InP3 
CHARACTER ALIST(l8) 1 EXTEND(5)~LIST(l6)~DISK(1) 
CHARACTER* 14 ANAnE 
CHARACTER*70 EERSTE 
CHARACTER*70 TWEEDE 
CHARACTER LIST1(70)~LIST2(70) 
DATA EXTEND/ 1

•
1 

I 
1 P1 

I 
1R1 

I 
1 N1 1 1 :

1
/ 

OPEN ( 6 I FILE= I NUnBER I I STATUS= I OLD I I FORn= I FORnA'M'ED I ) 

PI=4. *ATAN(l.) 

READ(6,312)ANAnE 
312 FORnAT(A14) 

OPEN (7 ,FILE=ANAnE, STATUS='NEW' 1F0Rn='FORnATTED') 

29 READ(6 1963)LQWD 
30 963 FORnAT(I2) 
31 READ(61962) nsTEP 
32 962 FORnAT(I3) 
33 c 
34 
35 
36 
37 c 
38 
39 
40 
41 
42 
43 
44 
45 
46 

READ(6~971)NUn21YORNl 
971 FORnAT(2I2) 

DO 815 J=1~ftSTEP 

READ (61410) VALl(l) 
410 FORnAT(E15.4) 

READ (6,420) VAL1(2) 
420 FORftAT(Fl2.2) 

READ (6,430) VAL1(3) 
430 FORnAT(Fl4.3) 

READ (6~440) VAL1(4) 
440 FORnAT(Fl6.2) 

READ (6,450) VAL1(5) 
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47 450 FORnAT(F8.2) 
48 READ (6,460) VAL1(6) 
49 460 FORnAT(F12.0) 
50 READ (6,470) VAL1(7) 
51 470 FORnAT(F10.0) 
52 READ (6,480) VAL1(8) 
53 480 FORftAT(Fl1.2) 
54 READ (6,490) VAL1(9) 
55 490 FORnAT(F7.0) 
56 READ (6,492) VAL1(10) 
57 492 FORftAT(F8.3) 
58 IF (LQWD.EQ.1) THEN 
59 READ {6,495) VAL1(11) 
60 495 FORftAT(E15.4) 
61 READ (6,497) VAL1(12) 
62 497 FORnAT(F12.4) 
63 READ (6,498) VAL1(14) 
64 498 FORnAT(F12.2) 
65 ELSE 
66 VAL1(12)=1. 
67 READ (6,491) VAL1(13) 
68 491 FORnAT(F12.2) 
69 ENDIF 
70 c 
71 IF (J.EQ.1) THEN 
72 IF (LQWD.EQ.1) THEN 
73 WRITE(7,960) 
74 960 FORnAT(/,1X, 'The fuel is wood'/) 
75 ELSE 
76 WRITE(7,961) 
77 961 FORnAT(/,1X, 'The fuel is liquid'/) 
78 ENDIF 
79 WRITE (7,401) VAL1(1) 
80 401 FORnAT(1X,' 1 The cambustion value of fuel is:',E15.4,' J/kg') 
81 WRITE (7,402) VAL1(2) 
82 402 FORnAT(lX,' 2 The gravitational accel. is: ',F12.2,8X, 'm/sA2') 
83 WRITE (7,403) VAL1(3) 
84 403 FORnAT(1X,' 3 The entrainment constant is:',F14.3,7X, '(-) 1

) 

85 WRITE (7,404) VAL1(4) 
86 404 FORnAT(lX, 1 4 The excess air factor is: 1 ,Fl6.2,8X, 1

(-)
1

) 

87 WRITE (7,405) VAL1(5) 
88 405 FORftAT(1X, 1 5 The stoich. air to fuel ratio is: 1 ,F8.2,8X, 1

(-)
1

) 

89 WRITE (7,406) VAL1(6) 
90 406 FORftAT(1X, 1 6 The ambient temperature is: 1 ,F12.0,10X, 1 K1

) 

91 WRITE (7,407) VAL1(7) 
92 407 FORBAT(1X, 1 7 The temp. of the fuel bed is: 1 ,Fl0.0,10X, 1 K1

) 

93 WRITE (7,408) VAL1(8) 
94 408 FORnAT(1X, 1 8 The ambient density of air is: 1 ,F11.2,8X, 'kgjmA3 1

) 

95 WRITE (7,409) VAL1(9) 
96 409 FORnAT(1X, 1 9 The spec. heat coef. of air is: 1 ,F8.0,10X, 1 K kg/J 1

) 

97 WRITE (7,412) VAL1(10) 
98 412 FORnAT(1X, 1 10 The fuel bed area is: 1 ,F8.3,7X, 1 CmA2 1

) 
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99 I F ( LQWD. EQ. 1 ) THEN 
100 WRITE (7,415) VAL1(11) 
101 415 FORnAT(1X, '11 The combustion value of charcoal:' ,E14.4,' Jjkg') 
102 WRITE (7,417) VAL1(12) 
103 417 FORnATt1X, '12 The mass frac. of volatiles is:',Fl2.4,6X, '(-)') 
104 WRITE (7,418) VAL1(14) 
105 418 FORnAT(1X, '14 The power of the fire is:',5X,F11.2,8X, 'W'//) 
106 ELSE 
107 VAL1(12)=1. 
108 WRITE (7,419) VAL1(13) 
109 419 FORnAT(1X, '13 The power of the wiek is:',5X,F11.2,6X,' W'//) 
110 ENDIF 
111 ENDIF 
112 IF (YORN1.EQ.O.AND.Nm12.EQ.O) THEN 
113 WRITE (7,521) 
114 521 FORnAT(1X, 'No variable parameters '//) 
115 ENDIF 
116 IF (YORN1.EQ.O.AND.Nm12.NE.O) THEN 
117 IF (NUH2.EQ.1.0R.Nm12.EQ.11)THEN 
118 WRITE (7,522)NUH2,VAL1(NUn2) 
119 522 FORnAT(lX, 'The changed parameter is number ',12,/, 
120 •16X,' and the value is now ',E15.4,' Jjkg'//) 
121 ELSE 
122 WRITE (7,523)NUn2,VAL1(NUn2) 
123 523 FORnAT(1X, 'The changed parameter is number ',12,/, 
124 •16X,' and the value is now ',Fl5.4,//) 
125 ENDIF 
126 ENDIF 
127 IF (YORN1.NE.O.AND.NUn2.EQ.O)THEN 
128 IF (LQWD.EQ.l) THEN 
129 WRITE (7,524)VAL1(10),VAL1(14) 
130 ELSE 
131 WRITE (7,524)VAL1(10),VAL1(13) 
132 ENDIF 
133 524 FORftAT(1X, 'The area is ',F11.5,' cmA2 and the power is ' 
134 •F12.2,' Watts'//) 
135 ENDIF 
136 IF (YORNl.NE.O.AND.Nm12.NE.O) THEN 
137 IF (NUn2.EQ.1.0R.NUn2.EQ.ll) THEN 
138 WRITE (7,525)Nm12,VAL1(Nm12) 
139 525 FORnAT(1X, 'The changed parameter is number ',I2,f, 
140 •16X,' and the value is now ',E15.4,' Jfkg'//) 
141 ELSE 
142 WRITE (7,526)Nm12,VAL1(Nm12) 
143 526 FORftAT(1X, 'The changed parameter is number ',12,/, 
144 *16X,' and the value is now ',F15.4,/) 
145 ENDIF 
146 IF (LQWD.EQ.1) THEN 
147 WRITE (7,527)VAL1(10),VAL1(14) 
148 ELSE 
149 WRITE (7,527)VAL1(10),VAL1(13) 
150 ENDIF 
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151 
152 
153 
154 
155 
156 
157 
158 
159 
160 
161 
162 
163 
164 
165 
166 
167 
168 
169 
170 
171 
172 c 
173 
174 c 
175 
176 
177 c 
178 
179 c 
180 
181 c 
182 
183 
184 
185 
186 
187 
188 
189 
190 
191 
192 
193 
194 
195 
196 
197 
198 
199 
200 
201 
202 

527 FORnAT(1X, 'The area is ',Fl1.5,' cmA2 and the power is ' 
*,F12.2.' Watts'//) 
ENDIF 
QW =VALl(l) 
G = VAL1(2) 
ALFA = VALl( 3) 
LANDA = VAL1(4) 
NS = VAL1(5) 
TA = VAL1(6) 
TO = VAL1(7) 
ROA = VALl(B) 
CP = VAL1(9) 
BO = SQRT(VAL1(10)/PI)/100 
QC = VAL1 (11) 
NU = VAL1(12) 
QV = (QW-(1.-NU)*QC)fNU 
IF (LQWD.EQ.l) THEN 
PGR = VAL1(14) 
ELSE 
PGR = VAL1(13) 
ENDIF 

ROO is the density of the gas at the fuel bed 
ROO = ROA*TA/TO 

RROA is the dimensionless density 
RROA = ROA/ROA 
RROO = ROO /ROA 

UO is the velocity of the gas leaving the fuel bed 
UO = (NS*(1.-NU)+1.)*PGR/QW/ROO/PI(BO(BO 

FO is the Fraude number 
FO = SQRT(2.*ALFA)*UO/SQRT(G*BO) 

V is the cambustion number 
V = QV/LANDA/NS/CP/TA 
N = 0 
XVLM = 0. 
F = FO 
WRITE(7,801)F,V,UO 

801 FORnAT(1X, 'Fraude number at fuel bed= ',F6.4,j, 
*1X, 'The cambustion number = • ,F6.2,j, 
*1x, 'The velocity at fuel bed = • ,F6.4,' mjs'/) 

IF (V .EQ.O) THEN 
F2 =FO 
B2 = BO 
02 = uo 
R02 = ROO 
ENDIF 
IF (V .NE.O) THEH 
VLAftGRENS = RROO*F*(NS*LANDA+1.)/(NS*LANDA*(1.-NU)+1.) 
VLBODE!f = RROO*F 
DO 151 J2=1,25 

151 WRITE( *I I() I) 
WRITE (*,150)J,ftSTEP 

150 FORnAT (////.1X, •start • ,13, • th Simpson calculation of',l3,/) 
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203 
204 
205 
206 
207 
208 
209 
210 
211 
212 
213 
214 
215 
216 
217 
218 
219 
220 
221 
222 
223 
224 
225 
226 
227 
228 
229 
230 
231 
232 c 
233 c 
234 c 
235 
236 
237 
238 
239 
240 
241 
242 c 
243 c 
244 c 
245 
246 
247 
248 
249 
250 
251 c 

X= SiftPSOH(IftPJ 1 JJ 1 VLBODEn 1 VLAnGRENS 1 100~V~RR00 1 F) 
DO 161 J2=1~25 

161 WlUTE ('*'I I () I ) 

XVLAn = X*B0/2./ALFA 
WRITE (7~170) XVLAn*1000. 

170 FORnAT (1XI 'The flame lengthof the fire with'~ 
*' given parameters is' 1 2X 1 F5.1 1 ' mm'/) 

H=VLAnGRENS 
R02=ft/((ft-RROO*F)*(V+1)+F)*ROA 
RR02=R02jROA 
U2=InP(ft1V1RR001F)[n*UO{F 
B2=SQRT(ft*ft/IHP(ft1V1RR001F)(RR02)*BO 
F2=SQRT(2*ALFA)*U2/SQRT(G*B2) 
WRITE(7 1 802)F2~U2,B2*100 

802 FORnAT(1X, 'Froude number at flame top = ',F6.3~/, 
*lX1 'The velocity at flame top = ',F6.31' m;s•;, 
*1X, 'The width at flame top = ',F6.3,' cm'/) 
WRITE(7,096) 

096 FORHAT(1XI '-------------------------------------------------'I 
*'--------------'//) 

ENDIF 
815 CONTINUE 

WRITE ( * 1100)ANAnE, ANAnE,ANAnE 
100 FORHAT(////,1XI 'The data is stored on: '~A14~11// 1 1XI 

*'With the DOS command: '//' TYPE' 1 A14~11~' you will see the '~ 
*'results on the screen'/' or with DOS command:'f/' COPY ',A14, 
*'' PRN'//' on the printer'////) 

STOP 
END 

Function InP 
The dimensionless momenturn flow rate in z-direction 

REAL FUNCTION IftP(IHI IV I IRROOI IF) 
REAL IV I I ft I IRROO I IF I HELP11 HELP2 I HELP3 I HELP4 
IHP = ((5./6.*1V*(IH**3.-(IRROO~IF)**3.)-

# 5.j4.*IRROO*IF*(IV-(l.-IRROO)/IRROO)*(IH**2.-(IRROO*IF)*'*2.)+ 
i (IRROO*IF*'IF)**(S./2.))**2.)**0.2 

RETURN 
END 

Function IHP2 
The dimensionless momenturn flow rate in z-direction 

REAL FUNCTION lftP2(IH~IV,IRR02~IF) 
REAL IV~IH~IRR02~IF,HELP2,HELP3,HELP4 
IHP2 = (5./4.*1RR02*1F*(l.-IRR02)/IRR02*{IH*'*2.-(IRR02*1F)**2.)+ 

i (IRR02*IF*IF)**(S.j2.))**(2.j5.) 
RETURN 
END 
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252 c 
253 c 
254 
255 
256 
257 
258 
259 
260 c 
261 c 
262 c 
263 c 
264 c 
265 c 
266 c 
267 c 
268 
269 
270 
271 
272 
273 
274 
275 
276 
277 
278 
279 
280 
281 
282 
283 
284 
285 
286 
287 
288 
289 c 
290 c 
291 c 
292 
293 
294 
295 
296 
297 
298 

Function Ilfil3 
The dimensionless momentum flow rate in z-direction 

REAL FUNCTION InP3(IJJ~I~2~IRR0 1 IF) 
REAL In2~IJJ~IRRO,IF~HELP2~HELP3 
InP3 = (5. /4. *lRRO* IF* ( 1. -IRRO)/IRRO"' ( IJJ**2. -( IRRO*IF) *"'2. )+ 

I (IRRO*IF*IF)**(5.j2.))**(2.j5.) 
RETURN 
END 

SIIIPSOn 
Simpson integration calculation 
SFX function that is to be integrated 
SX variable 
SXO lowerboundary of the integral 
SXB upperboundary of the integral 
SN numer of steps 

REAL FUNCTION SilfilSOn(SFX~SX~SXO~SXB~SN~SA~SB~SC) 
REAL sFX I sx I sxo I sxa I sTEP I sun I scoUNT I sA I sB I sc 
INTEGER SN 
STEP = (SXB-SXO)/SN/2. 
sun = SFX(SXB~SA~SB~SC)+SFX(SXO~SA~SB~SC) 
SCOUNT = 0 
DO 310 I = l 1 SN-1 
SCOUNT = SCOUNT+SFX(SX0+2.*I"'STEP 1 SA 1 SB~SC) 
WRITE (*~305) I,SN*2 

305 FORnAT('+ ready '14' of 'I4) 
310 CONTINUE 

sun = sun+2.*SCOUNT 
SCOUNT = 0 
DO 320 I = 1,SN-1 
SCOUNT = SCOUNT+SFX(SX0+(2.*I-l.)*STEP,SA,SB,SC) 
WRITE (*,315) I+SN,SN*2 

315 FORnAT('+ ready '14' of '14) 
320 CONTINUE 

SinPSOn = STEP"'(SUl1+4.*SCOUNT)j3. 
RETURN 
END 

Functie IlfilJ 
The dimensionless momentum 1/sqrt(flow rate) in z-direction 

REAL FUNCTION InPJ(IJJ,IV,IRROO,IF) 
REAL IV' IJJ' IRROO I IF 
InPJ = SQRT((l./(5.j6.*IV*(IJJ**3.-(IRROO*IF)**3.)-

I 5.j4.*IRROO*IF"'(IV-(1.-IRROO)/IRROO)*(IJJ**2.-(IRROO*IF)**2.)+ 
I (IRROO*IF*IF)**(5.j2.)))**(2./5.)) 

RETURN 
END 
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Appendix Setup of the coaputer progra..e on 
floppy disk 

The computer programme is split up into tvo independent fortran 
progammes which communicate with each other. For the user the total 
of the tvo programmes looks as one single programme. The programme 
that communicates with the user is the programme for the input of 
data for the calculation of the flame heights. The secend programme 
is the programme that calculates the flame heights. In an ftS{PC DOS 
surrounding the programmes on a floppy disk look like: 

FLMEA BAT 145 14-01-89 15:38 
INPUT FOR 11008 14-01-89 15:40 
INPUT OBJ 15812 14-01-89 15:42 
INPUT EXE 56900 14-01-89 15:44 
OUTPUT FOR 9856 14-01-89 15:55 
OUTPUT OBJ 15650 14-01-89 15:57 
OUTPUT EXE 57764 14-01-89 15:59 
NtmBER 179 14-01-89 16:05 
FLAI'IEB BAT 145 14-01-89 15:39 

The programmes called INPUT communicate vith the user and store the 
physical constants and number of calculations to be done in a 
temporary file called NtmBER. The programmes called OUTPUT read the 
data of the temporary file NUHBER and use this data to calculate 
the Froude number at the fuel bed, the Froude number at the flame 
top and the flame height. 

The files called FLAKEA and FLAl'IEB are batch files by which 
the tvo programmes are combined to one programrne. The file 
FLAftE*.BAT (* = A orB) looks like: 

* :\ 
INPUT 
OUTPUT 

One can start the programme on a PC with the command •a:flamea' if 
the disk vith the programmes is in drive a, or vith 'b:flameb' if 
the disk is in drive b. 
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This sectien represents what will happen if one gives the 
cernmand 'flame'. All the output that appears on the screen is 
boxed, every remark that is not on the screen starts with the % 
sign and is not in the box. The example is carried out on a Philips 
PC with two floppy disk drives. The disk with the programmes is in 
drive a and a secend disk is in drive b for the data storage. 

% starting of the programme, given by user. 

Give the name of the disk on which you want the data 
(A, B, or C) 

% given by user, the data will now be stored on 
the disk in drive b. 

Give the name of data file (maximum 8 characters) 
12345678 

% given by user, name of the file in which the 
data is stored on the disk in b. 

The data will be stored on: b:example.PRN 

Vhich fuel do you use 
Wood = 1 Liquid = o 

% Wood consists of two combustible parts; charcoal and volatiles. 
Liquid fuel is presumed to consist of 100 % volatiles. If you 
choose wood by giving '1' the physical constants will contain the 
cernbustion value of charcoal, the mass fraction of the volatiles 
and the power of the fire. If you choose liquid fuel by giving '0' 
the programme will make the mass fraction of volatiles to be 1 and 
will give the mass rate of the liquid fire. 

~ % the user's choice is wood. 
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1 The combustion value of fuel is: 
2 The gravitational accel. is: 
3 The entrainment constant is: 
4 The excess air factor is: 
5 The stoich. air to fuel ratio is: 
6 The ambient temperature is: 
7 The temp. of the fuel bed is: 
8 The ambient density of air is: 
9 The spec. heat coeff. of air is: 

10 The fuel bed area is: 
11 The combustion value of charcaol: 
12 The mass frac. of volatiles is: 
14 The power of the fire is: 

.1870E+08 
10.00 

.080 
1.80 
5.10 

293. 
1100. 

1.25 
1000. 
226.980 

.3300E+08 

.8000 
6000.00 

How many of these values you want to change? (xx) 

Jjkg 
mjsA2 
(-) 
(-) 
(-) 
K 
K 
kg/mA3 
K kgjJ 
cmA2 
Jjkg 
(-) 
w 

% In total in this example 13 physical constants can be changed. 
The number the user can give varies from 0, no changes, to 13, 
change all. If the user answers this question with for example '3' 
the computer will ask to give the number of the first physical 
constant that has to be changed. After the user•s answer the 
computer will give the physical constant with its default value and 
asks to give the value the user wants it to be. The programme also 
gives an example of the type of value the user has to give. For 
example the configuration (aaa.bbb) means: give a real number with 
three numbers bebind the decimal point. For convenient purposes 
these numbers bebind the decimal point can be neglected if they are 
all zero, but the decimal point always has to be included in a real 
number. For example if you want to change the ambient temperature 
in 300 K you have to give 300. to the computer. The computer will 
give physical constants until the value of the numbers you wanted 
to be changed, is reached. After this the computer again gives all 
the physical constants and again asks you how many,you want to 
change. If you do notwant to change any, give •o•. 

% the user•s choice is not to change any of the 
physical constants. 

Which value do you want to let fluctuate (xx) 
If you give o there will be no fluctuation! 
Remark: the power or mass rate can be varied randomly 

% This part is specially designed if one wants to investigate the 
influence on the flame height of one of the above mentioned 
physical constants. If you answer this question with the number of 
the constant you want to fluctuate, the computer will ask you to 
give 

129 



the lower boundary, upper boundary and the number of steps for this 
value. The number of steps represent the number of flame height 
calculations the computer bas to do, so the lowest value of this 
number is 2. Again be careful with real numbers. 

% given by user, so no fluctuations. 

Do you want random power(wood) or mass rate(liquid) input 
Yes = 1 No = 0 

% Different experiments can have different power outputs in case of 
a wood fire, or different mass rates in case of a liquid fire, even 
if the experimentator keeps all the physical properties constant. 
For a wood fire the charging rate determines the power output and 
for a wiek stove the wiek length inside determines the mass rate. 
So this part of the programme is designed to cope with this 
problem. If you answer the question with •yes• the programme will 
ask you the number of power or mass rates you want to give. After 
this question the computer asks you step by step to give the power 
or mass rates. Be careful with real numbers; do not forget the 
decimal point. After you have given all the power or mass rates the 
computer will show you the values you gave and asks you if they are 
correct. Incorrect values can be changed by giving the number of 
these values. After you have corrected the mistakes the computer 
will ask you again if the values are correct. If you answer this 
question with 'no' the data input programme INPUT is finished and 
the calculation programme OUTPUT will start. 

jstop - Programme terminatedl % INPUT programme is finished 

% The programme OUTPUT will start with the following counter 
indicator, whose only purpose is to give the user an indication.of 
the calculations already done and the calculations still to be 
done. 

Start 
ready 

1 th Simpson calculation of 1 
xxx of 200 

% In this example the programme tells the user that it is busy with 
the first Simpson calculation of a total of one. The Simpson 
calculation in this programme uses 200 steps to come to an answer; 
the programme tells you how many of these 200 are already finished. 
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% After all the Simpson calculation are finished the computer tells 
you where the data is stored and how to get it. 

The data is stored on: b:example.PRN 

With the DOS command: 
TYPE b:example.PRN 
you will see the results on the screen 
or with DOS command: 
COPY b: examp 1 e. PRN PRN 
on the printer 

Stop - Programme terminated 

% For this example the data looks like: 

The fuel is wood 

1 The spec. heat of the fuel is: 
2 The gravitational accel. is: 
3 The entrainment constant is: 
4 The excess air factor is: 
5 The stoich. air to fuel ratio is: 
6 The ambient temperature is: 
7 The temp. of the fuel bed is: 
8 The ambient density of air is: 
9 The spec. heat coeff. of air is: 

10 The fuel bed area is: 
11 The spec. heat of charcoal is: 
12 The mass frac. of volatiles is: 
14 The power of the fire is: 

No variable parameters 

Froude number at fuel bed = .0372 
The cambustion number = 5.62 

.1870E+08 
10.00 

.080 
1.80 
5.10 

293. 
1100. 

1.25 
1000. 
226.980 

.3300E+08 

.8000 
6000.00 

The velocity at fuel bed = .0858 m;s 

Jjkg 
m;sA2 
(-) 
(-) 
(-) 
K 
K 
kg/mA3 
K kgjJ 
cmA2 
Jjkg 
(-) 
w 

The flame length of the fire with given parameters is 121.0 mm 

Froude number at flame top = 1.232 
The velocity at flame top = 1.988 mts 
The width at flame top = 4.166 cm 
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