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I . INTRODUCTION 

by 

K. Krishna Prasad 

This is the second report from the Wood-burning Stove Group, in the 

Netherlands. In this report the performance of two metal stoves using 

wood is considered in some detail. The performance indicator used is 

the efficiency as obtained from conventional water boiling tests. 

The two stoves are : the Family Cooker and De Lepeleire I Van Daele 

stove. The former has been studied by the group with charcoal as 

fuel, and the results are available in an. earlier report. 

A spectrum of variables has been considered for both the stoves. A 

feature of the present work is the development of a method of driving 

the fire. The heat output of a fire can thus be regulated by control-

ling the fuel addition at varying time intervals. The range of outputs 

that a given stove design is capable of delivering can be established 

by this procedure with reasonable confidence . 

The experiments were conducted at two places : Eindhoven University 

of Technology, and TNO, Apeldoorn. Thus the work shows some difference 

in approach. The Eindhoven study uses a natural way of firing the 

stove as we~l as the forced operation. The Apeldoorn study provides a 

rather exhaustive picture of the heat balance in the De Lepeleire/ 

Van Daele stove while the Eindhoven study relies upon previous expe

rience with charcoal for heat balance indications. 

The question of measuring efficiencies of a cooking stove is considered 

at some length. Various alternatives are examined and the methodology 

of forced operation of fire is shown to lend itself to a definition 

which in principle can account for avariety of cooking situations. 

A last comment in this introduction-is to remind the readers that this 

report describes a laboratory study. It would be unwise to translate 

these tests directly to field conditions. What these results achieve is 

to set the limits of performance that can be realized from these designs. 
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Cooking is a process which demands varying heat inputs according 

to some sequence. These have not been studied here. Next, the 

forced operation of the fire as has been used in these experiments 

will require prior fuel preparation. Further it is incorrect to 

clad a metal stove with an insulator simply because it seems to 

produce larger efficiencies. Such a design procedure is definitely 

not intended here, since life expectancy of the metal wall will be 

considerably impaired due to higher temperatures that the metal 

wil experience. What is intended here is a design guideline, a 

material with lower thermal conductivity is likely to yield better 

results. 

• 
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2. WOODBURNING TESTS ON THE FAMILY COOKER 

by 

M.O. Sielcken and C. Nieuwvelt. 

Eindhoven University of Technology, 

Eindhoven, The Netherlands. 

2.1. INTRODUCTION 

Earlier tests on the Family Cooker (FC1 had been conducted with 

charcoal. The results were represented in our previous report 

(Sielcken & Nieuwveltl980). Since the FC was designed for burning 

wood as well, it was selfevident that experiments should be car

ried out with burning wood too. 

The scheme of the woodburning tests was somewhat different from 

that of the charcoal test. The main intention was to determine the. 

efficiency of the FC as a function of different operational condi

tions. The scheme comprised a number of test series, In each 

series only one parameter was varied. The other parameters were 

kept constant as well as possible •. The woodburning tests were car

ried out over a period of seven months. 

For purposes of comparison, the maximum efficiency obtained wit~ 

charcoal was 34,4 % with an insulated combustion cliamoer and 

29,9 % with a non-insulated combustion chamber. 

2.2. DESIGN 

The design of the Family Cooker is shown in Fig. 2.1. T~s metal 

stove consists essentially of a combustion chamber, a flue oox 

and a chimney. The combustion chamber is built up of two concen

tric cylinders of which the inner cylinder is closed at the Bottom. 

The cylinders are held together by four tubes for admitting air 

into the inner cylinder • 



Fig. 2.1 The Family Cooker 
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Fuel is loaded on top of the grate that is located above the 

air tubes. A second panhole between the combustion chamber and 

the chimney can be used for purposes of preheating or keeping 

food warm. When not 1n use, a covering plate closes this hole. 

A damper is located at the bottom of the chimney to regulate 

the draught in the stove. 

Fig. 2.2. shows the gasflow path and main dimensions of the 

stove. Further details of construction of the stove are availa

ble in a manual prepared by Overhaart (1979). 

2.3. EXPERIMENTAL DETAILS 

2. 3. I Fuel wood 

In all experiments except with those where the dimensions of the 

blocks act as a variable, white fir blocks with dimensions 1,5x 

1,5x5 cm 3 are used. The wood is ovendry. With every experiment 

I kg of wood is used. The maximum charge of fuel that can be 

fed into the FC is 0,2 kg. The combustion rates vary from 7,7-

21,5 g/min. One charge of 0,2 kg will have a burning time varying 

from 9,3 - 26 minutes. In our calculations the lower heating value 

of 18730 + 580 kJ/kg was used, which was determined by TNO Apel

doorn. For further details about the wood, see Appendix 3.1. 

2. 3. 2 Fi'ring the stove 

Firing the stove includes in fact a twofold action. Bringing the 

fuel in the combustion chamber to the ignition temperature and the 

increase of the temperature at the entrance of the chimney so that 

the natural draught can sustain the fire. Forcing the draught 

by burning a wad of' paper at the bottom of the chimney led to a 

serious fouling due to the deposit of ash flakes on the wall of 

the chimney. As a standard procedure the kindling of the wood 

and the preheating of the chimney take place with a propane burner. 

This procedure takes about half a minute. 
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As soon as the pan is placed on the fire, time recording is started. 

In constrast with charcoal there are no difficulties with lack of 

draught when lighting with the maximum amount of wood. 

2.3.3 Burning process 

Immediately after kindling the wood and after refuelling a dense 

smoke is formed lasting 3 - 4 min after that the smoke becomes less 

dense and more grayish till a hardly visible smoke leaves the chim

ney. The latter state lasts till 4 - 5 min befor refuelling takes 

place. 

In the first stage of dense smoke formation it was possible to ignite 

it through the second pan hole. It kept burning in the chimney as a 

blazing fire for 2 to 3 minutes. This process can also occur sponta

neously, preceded by an explosion with flashes coming out of the 

air inlets, underneath the pan and in case of a powerful one, out 

of the chimney. 

The explosions can also be induced by lifting the pan for a moment. 

The explosions were sometimes so powerful that pan and covering 

plate were lifted up for a moment. It appears that during the last 

phase when colorless smoke leaves the chimney there is only 

charcoal in the combustion chamber. 

Refuelling takes place when the orange glow of the burning char

coal starts fading away. This glow can be observed through the 

air inlet pipes below the grate. This is what one may call the 

natural way of operating. There is also a forced":""feeding opera

tion. That is when the fire is operated at a constant fuel con

sumption rate. This means that refuelling takes place at fixed time 

intervals. 

2.3.4 Cooking pan 

The used pan is a normal aluminium household pan with a diameter of 

28 em and a height of 24 em (wallthickness 0,1 em}_ covered with an 

aluminium lid which is provided with a hole for a thermometer, The 

mass of the pan plus lid is 1,35 kg. 

'1 

.. 

J 
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2.3.5 

Since the woodburning experiments started we had to deal with 

tar like deposits on the relatively cold surfaces as pan bottom 

and other exposed surfaces further downstream. 

These products originate the first phase of the woodburning pro

cess. In this phase hydrocarbons with larger molecules are formed 

with a low condensation temperature. This tar layer leads to 

sticking of the ~an to the outer skirt of the combustion chamber 

and to a poorer heat transfer to the pan. 

The latter is illustrated in experiment no. JO, where the tar is 

scraped from the bottom of the pan. This experiment showed J,6 t 

higher efficiency compared with the corresponding experiment no_ 9 

andnr. 19. (seetable2.J) 

2.4. HEAT OUTPUT OF THE FIRE 

Until now the powerrate was governed by the fuelconsumption when 

we operate the stove in a natural way (see 2,3,3,) 

In this case the power output is an implicit parameter. 

For reason of comparison of different stoves and a single stove 

with different fuels/grades of fuels, the fuelconsumption is not a 

very suitable parameter. Therefore we take the heat output (Q) 

as a more acceptable parameter. 

Still this quantity as it is used here tends to be a little con~ 

fusing because it does not give much information on tlie actual 

heat liberated by the fire. This in fact depends on the combus~ 

tion efficiency. The question is here how much unburnt volatiles 

and CO remained in the flue gases. Besides the heat output is 

not constant during the combustion of the wood. Very roughly we 

can split this process into two phases. 

First the release and combustion of the volatile constituents, 

secondly the combustion of the charcoal. The heat release in 

those two phases is not the same • 
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In our experiments the heat output of the fire is obtained by 

multiplying the wood consumption per unit of time with the 

lower caloric value of the wood. So this figure is a theore

tical one which can be used for comparison • 

. 
Q(kW) = fuelcomsumption per second (kg/s) x 18730 (kJ/kg) 

2.5. EXPERIMENTAL RESULTS 

The tests, as ~n the previous report, were all boiling water 

tests. In the following the results are given for the various 

experiments done with the FC. In these experiments is investi

gated the efficiency as a function of 

I. the damper position 

2. the fuel charge 

3. firing the stove with different constant rates of fuel 

consumption 

4. the height of the combustion chamber 

5. the s1ze of the fuelblocks with natural firing 

6. the size of the fuelblocks with a constant rate of fuel 

consumption 

7. the wear of the stove 

8. the second pan. 

2.5.1 Effect of the chimney damper 

A butterfly-valve is provided at the bottom of the chimney to 

regulate the fire in the FC. This valve is a circular plate 

which is mounted on a spindle in such a way that when the plate 

is in a vertical position, it does not impede tlie passage of 

the flue gases. When the damper is in the horizontal position, 

it completely blocks the chimney and the fire will extinguish

In these experiments 6 positions between the two extremes were 

chosen. 

Taking the vertical as 0°, every following position is increased 
0 ' ' by 11 15 till the position of 67°30 is reached at whic~ the 

fire shows a tendency to die down. 

• 

• 

• 
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Every experiment is completely with one damper position. That 

means that within 2 mintues from the start, the damper is set 

and kept at that position throughout the whole experiment. 

Another way of expressing the damper position is the ratio of 

the open area to the cross-sectional area of the chimney. 

(see fig. 2.3). 
.. 

The results are listed in table 

2. 1. In fig. 2. 4 the efficiency 

is given as a function of the 

damper opening. And in fig. 2.5 the 

heat output of the fire as a function 

of the damper is given. 

fig. 2.3. Passage opening 

1n the chimney as a function 

of the damper position 

Some remarks on the experiments no. 5 and no. 13 are in order here. 

' The stove is then operated at a damper position of 67°30 or 8% 

area opening. At this position it is difficult to achieve a proper 

operation of the fire. It tends to extinguish. Especially when 

there is only charcoal in the combustion chamber. This phenomenon 

is in line with the experiences with the charcoal tests which are 

de'scribed in our previous report. 

What happens is that at a certain stage the flue gas flow through 

the chimney is so slow that the cooling rate by the chimney wall 

is greater than the heat supply by the flue gases, the chimney 

thus cools down and the draught is unable to drag sufficient air 

through the fuelbed. 
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This is what happened with experiment no. 5 and that 1s why time 

to boiling and total burning time are so long. 

With experiment no. 13 it was tried to prevent the dying down of 

the fire by adding a new charge at an earlier stage than usual 

and by opening the damper more when necessary, that is when the 

fire still tends to die down. 

When judging the graphs these experiments are excluded. 

As one can see, efficiencies are not really affected by the damper 

operation (Fig. 2.4 ). They vary between 14,8% and 17,1 %. In case 

of the heat outputs (Fig. 2. 5 )_there seems to be a stronger rela

tionship with the damper position. There is an increase from 3,4 kW 

till 6,1 kW with an increasing damper opening, although there is 

not much difference with the last damper settings. 

The reason for the low heat output of experiment no. 3 is pro

bably due to the feeding rate of the charges Being too low. 

As a general conclusion we can say that the chimney damper as a 
regulating device for the fire is still far from "the turn on the 

knob" as we know from the gas or electric stove. 

Effect of the fuel charge 

To search for the·optimal fuelcharge a series of experiments 

was set up with different fuelcharges ranging from 50 g up to 

200 g. The results are listed in Table 2.2. 

The smaller the charges, the clearer the smoke Became. With the 

charges of 75 g and 50 g the smoke leaving the chimney was Blackish 

and transparant. Another thing was that the smaller the charges, 

the smaller the heat output and the higher the efficiency. Another 

way of expressing the difference in fuelcharges is the ratio of 

the fuelbed thickness - d - to the height - h between the pan 

bottom and the fuelbed (see fig. 2.6}. 

The efficiency 

the fuel charge 

The efficiency 

the heat output 

as a function of 

is given 1n fig. 2.7. 

as a function of 

is given in fig.2.8. 

fig 2.6. fuel bed thick

ness in the combustion 

chamber 
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2.5.3 Effect of the fuel charge at constant rates of heat output 

In the previous tests the decrease of the heat output depended 

on the fuel charge or on the size of the wood whereas the way 

of maintaining the fire remained the same. 

In this respect fuel consumption or heat output were beyond 

control. 

When one wishes to control the heat output of the fire, it 

means that one forces the fire to burn a certain amount of fuel 

within a fixed time interval. This is possible within certain 

limits. Therefore two sets of experiments have been done. One 

with a fuel consumption of 15 g/min and the second with 20 g/min. 

Both showed the same tendency. A higher efficiency with a smal

ler charge. 

On the whole series with the lower heat output show again 

higher efficiencies than the set with a higher heat output. 

The results are listed in table 2.3. The efficiency as a 

function of the fuel charge at constant rates of heat output 

is given in fig. 1.9. 

2.5.4 Effect of combustion chamber height 

In the previous experiments with different fuel changes an 

consequence of the smaller charges was an increased height be

tween fuel bed and panbottom and therefore a larger combustion 

space. To find out whether this was the main reason for a better 

performance it was decided to do some additional tests with dif

ferent combustion spaces but with constant wood charges. 

This was achieved by placing rings on the combustion chamber. 

One on top of the inner pot (the actual combustion chamberl 

and one on top of the outer pot. The joints were sealed with 

high temperature cement. In this way the combustion chamber 

with an initial height of 105 mm was increased to 135 mm with 

a first set of rin8S and to 165 mm with a second set. 

One series of tests were carried out with charges of 0,2 kg 

and a second with 0,1 kg charges. 
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The results are listed in taBle 2.4, To be able to compare 

with the previous experiments, the d/h ratio was chosen as 

a variable. In fig. 2.10 the efficiency is given as a function 

of d/h. As a reference the results of table 2.2 are given as 

well. From the previous set of experiments one would expect, 

that larger gaps between panbottom and fuel bed top surface 

would result in higher efficiencies. On the contrary, in all 

cases the efficiencies decreased sharply and the heat output 

remained high. Also judging from the thick smoke leaving the 

chimney the combustion was still poor. Efficiency as a function 

of d/h ratio and of the heat output of the fire are given in 

figures 2.10 and 2.11 respectively. 

2.5.5 Effect of the size of the fuel blocks 

Through all the preceding tests, fuelblocks with dimensions of 

15 x 15 x 50 mm 3 were burnt. With this set of tests it was the 

aim to search for an optimum among different sizes of the wood 

blocks. 

Therefore·blocks with lengths ranging from 33 mm up to 100 mm 

were used. All of them with a square cross-section and a width 

to length ratio of l/3. As table 2.5 shows, with the increase 

of length the efficiency also increases, ranging from 11,5% 

at a length of 33 mm to 23,0 % at 100 mm, with an optimum of 

23,1 %at a 93 mm length. (see fig. 2.12). 

Fig. 2.13 shows again the phenomenon that the lower the heat 

output of the fire the higher the efficiency. 

A final comment has to be made. With the larger blocks at lengths 

of 93 mm and 100 mm the charges were limited to 160 gebecause 

the combustion chamber became a little overloaded when a charge 

of 200 g was fed to the stove. 

2.5.6 Effect of the size of the fuel blocks at a constant rate of 

heat output. 

To see to what extent it was true that a lower heat output re

sults in a higher efficiency as stated in the previous section, 

' 
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it was decided to do again a series of tests with different 

sizes of fuel blocks. The results of these tests are listed 

in table 2.6. 

As shown in fig. 2.14 there is again an increasing efficiency 

with an increasing size of the fuel blocks, at a constant heat 

output. So for this kind of experiments the statement made above 

does not hold. The higher efficiencies are only due to larger 

blocks of wood. 

2.5.7 Effect of extended use on the performance 

In the course of time leaks in the stove grew larger due to flexing 

of the flue box and covering plate, the chimney became covered 

with deposits and the joints of the air inlet pipes to the com

bustion chamber got loose. One could expect .that these deficien

cies would possibly affect the performance of the stove. 

Therefore a set of experiments has been selected (table 2.7} 

which have been carried out under the same conditions, but spread 

over a period of six months. When the efficiencies as a function 

of time are plotted in a graph (fig. 2.15} one can see that they 

,hardly show any changes. 

2.5.8 Experiments with two pans on the FC 

Essentially the FC is designed to hold two pans. Temperatures 

as high as 290 °C were measured underneath the second pan. 

While a mean value of 250 °C was calculated over the period of 

one experiment which lasted about 85 minutes. 

In the three experiments listed in table 2.8 the extent to which 

the second panhole can serve the purpose of preheating or keeping 

food warm. In experiment no. 53 the water in the second pan reached 

61,0 °C. 

To minimize the cooling effect of air leakage in experiment no. 54 

the stove was sealed with high temperature cement. Now a water 

temperature of 88,8 °C was attained. 
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The maximum gastemperature measured underneath the second pan 

hole was then 450 °C, while the mean temperature was 300 °C. 

In experiment no. 55 the second pan was filled with boiling 
0 water and now the temperature dropped to 88,1 C. The stove 

was not sealed in this experiment. 
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Table 2.1 Effect of the chimney damper 

damper heat total 
run burning 

opening output no. time 

(%) (kW) (min) 

5 8 2.0 180 

13 8 4.0 92 

9 17 3.4 110 

19 1 7 3.6 91 

61 17 3.4 102 

4 30 4.5 76 

7 45 4.6 75 

3 62 3.5 85 

1 I 62 5.6 61 

12 80 6. l 57 

18 80 6.0 57 

38 80 5.2 63 

I 100 6. I 58 

28 100 4.7 70 
10 17 4. I 87 

time 
to 

size of the wood pieces: 
15xl5x50 nm3 

total amount of wood used: 
1 ,o kg 

wood charge: 0,2 kg 
initial amount of water: 

5,0 kg 
initial water temperature: 

17 - 21 °C. 

water effi- remarks eva-
boiling porated ciency 

(min) (kg}. (%) 

138 0.37 13.4 fire extin-
guished 

54 0.41 14.0 

69 0.57 15.8 fire extin-
guished 

46 0.57 15.8 

57 0.48 15. I 

38 0.66 17. 1 

35 0.66 16.9 big explosion 
after lifting 

42 0.65 16.9- light explo-
sions 

30 0.64 16.7 

34 0.51 15. 1 chimney fire 

31 0.52 15. I 

38 0.48 15.0 

26 0.52 15.3 

39 0.48 14.8 

36 0.69 16.7 panbottom 
cleaned 

• 

.. 
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Table 2.2 Effect of the fuel charge. 

size of the wood pieces: 
15xl5x50 nun3 

total amount of wood used: 
1.0 kg 

• initial amount of water: 

• 

symbols: d - fuel bed thickness 
b - distance between fuel 

bed and pan bottom 
(see Fig. 2.6). 

' 
run mass of d/h beat 

charge output no. 

(kg) (ll (kW) 

17 0.050 0.31 2.6 

22 0.075 0.50 2.7 

14 0.100 0.75 3.8 

15 0.100 0.75 4.1 

21 o. 125 1.19 4.7 

16 0.143 1.44 4.7 

20 0. 167 1. 84 5.2 

32 o. 184 2.50 6.0 

1 0.200 3.20 6. 1 

28 0.200 3.20 4.7 

5.0 kg 
initial water temperature: 

21 oc 
chimney damper 100 % open 

total time water 
burning to eva-
time boiling porated 

(minl (mini (kgl 

130 45 1.08 

128 45 0.92 

9.0 37 0.80 

95 37 0,86 

70 32 0.72 

75 34 0.68 

7J 34 0.56 

55 36 0,40. 

58 26 0.52 

70 39. 0.48 

effi-
ciency 

(%) 

21.8 

j 9.. 9 

18.5 

19_. 2 

17.5 

17.1 

15.5 

13.6 

15.3 

14.8 
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Table 2.3 Effect of the fuel charge at constant 
rates of heat output 

symbols: d - fuel bed thickness 
h - distance between fuel 

bed and pan bottom 
(see fig. 2.6) 

mass of heat run d/h 
charge output no 

(kg) (I) (kW) 

47 0.050 0.31 4.7 

50 o.oso 0.31 6.3 

64 0.075 0.50 4.7 

44 o. !00 0.75 4.7 

48 0.100 0. 75 6.3 

49 o. 143 1.44 6.3 

62 0. 143 1.44 6.3 

60 0. 143 1.44 4.7 

45 a. 1so I. 50 4.7 

46 0.200 3.2 4.7 

51 0.200 3.2 6.3 

size of the wood pieces: 
l5x15x50 mm3 

total amount of wood used: 
1.0 kg 

initial amount of water: 
5.0 kg 

initial water temperature: 
21 °C 

chimney damper 100 % open 

total time water 
burning to eva-
time boiling porated 

(min). (min} (kg} 

73 26 l. 28 

60 24 0.92 

67 32 0.80 

70 31 0.82 

60 26. 0,73 

60 30 0.60 

58 29_ 0.6] 

67 44 0.46. 

75 34 0,65 

73 -- 0.54 

60 36 0.38 

effi-
ciency 

(%) 

24.3 

I 9 .• 8 

19_, 0 

18.8 

17.6 

16.0 

16.4 

14.7 

15.9 

15.3 

13.6 
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Table 2.4 Effect of the combustion chamber height. 

Symbols: 

run 
no 

27 

31 

25 * 
26 

29 

30 

1 

28 

d - fuel bed thickness 

size of the wood pieces: 
15x15x50 mm 

total amount of wood used: 
1 ,o kg 

initial amount of wate~ 
5,0 kg 

initial water temperature 19 °C 
chimney damper 100 % open 

h - distance between fuel bed 
and pan bottom 

1 - distance between grate and 
pan bottom (see fig. 2.6} 

mass heat total 
d/h 1 of bu:ning output charge t1.me 

(I} (mm}_ (kg} (kW} (minl 

0.40 165 0.1 5.4 73 

0.50 > 135 0, I 4.3 75 

0.94 165 0.2 6.7 43 

0.40 165 0.2 6.0 55 

1.45 135 0.2 5.6 60 

1.45 135 0.2 6. 1 54 

3.20 105 0.2 6 ~ l 58 

3.20 105 0.2 4.7 70 

time water effi-
to evapo- ciency boiling rated 

(min}_ (kg}_ (%1 

41 0,46. 14,7 

40 0.55 15.8 

35 0.09fl 12.9 

3~l 0.24 12.2 

38 0,30 12.7 

37 0.305 12.9 

26 0 .• 52 15.3 . 

39. 0.48 14.8 

* 0,8 kg of wood is used • 
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Table 2.5 Effect of the size of the 
fuel blocks 

symbols: 1 - length of wood piece 
v - volume of wood piece 

total amount of wood used: 
1.0 kg 

wood charge: 0.2 kg 
initial amount of water: 

5.0 kg 
initial water tempe~ature: 

18 - 20 °C 
chimney damper: 100 % open 

s - surface area of wood piece 

heat 
total time water effi-run 1 v/s burning to 

output 
eva- ciency no time boiling porated 

(mm) (mm) (kW) (min) (min} (kg} (%) 

41 33 2.2 6.0 55 45 0.205 I I • 5 

34 40 2.6 6.4 50 41 0.245 11.8 

1 50 3.3 6. I 58 26 0.52 15.3 

28 so 3.3 4.7 70 39 0.48 14.8 

33 67 4.3 5.7 59 28 0.65 16.7 

35 73 4.8 4.9 71 35 0.72 19.4 

37 83 5.4 3.6 90 39 1.01 21.3 

39 93 6. I 2.9 87 40 0.75 23.1 

42 100 6.5 2.7 122 45 1. 165 23.0 

remarks 

0,9 kg wood 

0.78 kg wood 
o. 16 kg char-
ges 

o. 16 kg char-
ges 

.. 
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Table 2,6 Ef~ect of size of the fuel blocks 
at a constant rate of heat output 

Symbols: 1 - length of wood piece 
v - volume of wood piece 

total amount of wood used: 
] .0 kg 

wood charge: 0.143 kg 
initial amount of water: 

5.0 kg 
initial water temperature: 

17 - 20 °C 
chimney damper 100 % open 
heat output: 4.7 kW 

s- surface area of wood'piece 

total time water effi-run 1 v/s burning to evapo- ciency no. time boiling rated 

(mm) (mm) (min) (min) (kg} (%) 

66 40 2.6 71 44 0.30 12.5 

60 50 3.3 67 44 0.46 14.7 

65 60 3.9 69 31 0.69 17.4 

59 67 4.3 72 31 0.80 18.6 

58 83 5.4 77 32 1.08 20.5 

57 100 6.5 75 28 1. 13 23.0 
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Table 2.7 Effect of wear of the stove 

damper heat run code opening output no. 

(%) (kW} 

1 8003 19 100 6. 1 

6 8003 27 80 3.6 

12 8004 24 80 6. 1 

18 8005 07 80 6.0 

23 8007 22 100 . 

28 8007 23 100 4.7 

38 8009 09 80 5.2 

46 8009 18 100 4.7 

size of the wood pieces: 
15xl5x50 nnn3 

total amount of wood used: 
1.0 kg 

wood charge 0.2 kg 
initial amount of water: 

5.0 kg 
initial water temperature: 

18 - 21 °c 

total time water effi-burning to remarks eva- ciency time boiling porated 

(min)_ (mini (kg) (%) 

58 26 0.52 15.3 

90 46 0.64 16.7 light ex-
plosion 

57 34 0.51 15. 1 chimney 
fire 

57 31 0.52 15. I 

70 44 0 .. 48 15. 1 fire ex-
tinguished 
2x 

70 39 0.48 14.8 

63 38 0.48 15.0 

73 -- 0.54 15.3 
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Table 2.8 Experiments with two pans on the FC. 

. 

size of the wood pieces: 
15xl5x50 nnn3 

total amount of wood used: 
1.0 kg 

wood charge: 0.1 kg 
initial amount of water in 

1st pan: 5.0 kg 
initial amount of water in 

2nd pan: 1.5 kg 
initial water temperature: 

21 °c 
chimney damper 100 % open 

S~bols: Q - heat output of the fire m81 - water evaporated 
n1 - efficiency pan J 
nz - efficiency pan 2 
nt - total efficiency 

pan 1 

run 
no. 

55 

53 

54 

Q 

tt - total burning time 
tbl - time to boiling pan 1 
Tw2 - final.temperature pan 2 

tt tbl Tw2 msl ill 

(kW) (min) (min) (oC) (kg) (%) 

4.0 83 40 88. 1 0.67 17.2 

4. 1 84 39 61.0 0.63 . 16.4 

4.5 77 31 88.8 0.78 1 8. 1 

n2 nt remarks 

(%) (%) 

-0.4 16.8 boiling water 
2nd pan 

1.3 17.7 

2.2 20.3 leaks sealed 

in 
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3. THE DE LEPELEIRE/VAN DAELE WOOD STOVE 

by 

P. Nievergeld, w. Sulilatu and J. Meyvis 

Division of Technology for Society TNO, Apeldoorn, The Netherlands 

3.1. INTRODUCTION 

In 1979 Professor Dr. Guido De Lepeleire of the Catholic University 

of Leuven, Belgium, visited Upper-Volta and Niger to collect informa

tion on the spot regarding the possibilities and the impact of impro

ving wood burning cooking stoves in Sahel countries. An important 

conclusion from his report (I) is that wood consumption for cooking 

purposes could be reduced to a half and maybe a quarter of the pre

sent level by replacing the common open fire by closed stove types. 

After completion of his Sahel mission Professor De Lepeleire and his 

co-worker Van Daele designed and constructed a new metal wood stove 

(2) in which they incorporated some of their ideas to improve fuel 

economy. Preliminary tests in their laboratory showed promising re

sults with respect to wood consumption of the stove when bringing 

to boil a given amount of water. For this reason the Wood Stove 

Group of the Technical University of Eindhoven and the Division of 

Technology for Society TNO decided to include the De Lepeleire/Van 

Daele wood stove in their testing program of existing stove designs. 

In this report a full description will be given of the experiments 

that were carried out by TN0 1 s Division of Technology for Society 

to determine the performance of the De Lepeleire/Van Daele wood 

burning cooking stove. Efficiency measurements, heat balance calcu

lations and flue gas analysis will be discussed in detail. The re

sults of this experimental investigation can serve as a reference 

for further work in the present project. In particular for the future 

choice of stove types to be developed and for the theoretical study 

of combustion and heat transfer in wood burning stoves, the present 

results will be of use. 
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3.2. DESIGN 

As no design drawings are available for the De Lepeleire/van Daele wood 

stove, the prototype constructed by Professor De Lepeleire was trans

ferred from Leuven to the TNO-laboratories in Apeldoorn, where the 

workshop made an exact duplicate of it. At the same time some schema

tic drawings (fig. 3.1; 3.2 and 3.3) and some photographs (fig. 3.4, 

a~d 3.5) were made of the stove. The construction material of the 

stove is galvanized steelsheet of I row thickness. The flat top plate 

is 3 mm thick steelsheet. The overall dimensions are: 

length 0,722 m 

width 0,303 m 

height 0,240 m 

The De Lepeleire/Van Daele wood stove essentially consists of a fuel 

supply shaft, a combustion chamber, a flue gas channel and a chimney. 

The fuel supply shaft is designed for feeding the stove with long 

pieces of wood with a maximum length of approximately 0,60 m. It can 

be closed with a loading door at the side of the stove. The combustion 

chamber has the shape of a funnel with a grate at the bottom. The 

grate (length 0,085 m, width 0,032 m, 27 holes 0 8 mm) can be covered 

on the bottom-side of the stove by a manually operated combustion air 

damper. The position of the combustion air damper can arbitrarily be 

varied between fully open and fully closed. There are two pan or pot 

holes with a diameter of 0,26 m each on top of the stove. The first 

pan is situated directly above the combustion chamber and the second 

pan above the flue gas channel. The depth at which the pans insert 

into the stove can be varied by using an adjustable rim that is 

clamped around the pan. On their way to the chimney, which has a length 

of 0,95 mandan internal diameter of O,JO m, the flue gases from the 

fire will heat the second pan. Also the long pieces of wood in the 

fuel supply shaft will be preheated and dried to some extent if this 

loading procedure of the fuel.is adopted. 
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3.3. EXPERIMENTAL DETAILS 

The performance of the De Lepeleire/Van Daele wood stove as a 

function of a number of variables, which will be specified later 

in this report, was determined by boiling water tests. With every 

experiment a known amount of water in each of the two pans was 

brought to the boiling point and was kept boiling for some time. 

The duration of one experiment was of the order of two hours. 

All experiments were carried out in the laboratory, so the per

formance of the stove was not influenced by wind or draft. The 

stove was mounted on a table which was covered with a layer of 

refractory bricks. Combustion products escaping from the chimney of 

the stove were exhausted to the outside of thebuildingby means of 

a ventilating hood which was situated about 0,5 m above the top 

of the chimney. The pans used were standard, cylindrical aluminium 

cooking pans with a hei3ht of 0,155 m, a diameter of 0,26 m and a 

wall thickness of 2 mm. For all experiments the pans were filled 

with normal tap water and covered with a lid. 

The fuel used in the vast majority of the experiments was oven-dry 

white fir. The density of this wood was 3~0 kg/m3 .!. 10 %. For re

ference some experiments were carried out with natural gas as a 

fuel. For this purpose a small gas burnier was installed in the com

bustion chamber of the stove. In most of the experiments the wood 

fuel was loaded through the pan hole above the fire bed. When char

ging, the first pan was removed. This loading procedure was adapted 

because De Lepeleire's first experiments were done this way and also 

bacause the Family Cooker is operated like this. However, for com

parison some experiments have also been done operating the stove the 

way it is designed for, namely charging long pieces of wood through 

the fuel supply shaft. 

The wood fuel was ignited with a Bunsen-brander in all the experiments. 

Because the chimney draft developed very fast, no problems were en

countered starting an experiment. The start of the experiment was 

taken to be the moment at which the wood first caught fire. The end 

of the experiment was considered to be the moment at which the water 

temperature in the first pan dropped to about 99 °C. 



.. 
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During each experiment the following quantities were measured: 

- mass of the water in each pan at the start of the experiment, 

- mass of the water in each pan at the end of the experiment, 

- mass of each charge of wood used during the experiment, 

-time between the supply of.two successive charges of wood, 

- time between the start of the experiment and the moment at 

which the water starts boiling in each pan, 

- time between the start and the end of each experiment, 

- temperature of the water in the first pan during the experiment. 

Weight measurements were done with a Mettler-P-11 balance with an 

accuracy of+ 0,1 g. Time was measured with a Heuer stopwatch. 

The water temperature in the first pan was measured with a resis

tance thermometer connected to a Mettler read-out unit. 

Together with the measurements mentioned above the following quanti

ties were recorded : 

- temperature of the water in each pan, 

- 22 stove surface temperatures, 

- co2-content of the flue gases, 

- CO-content of the flue gases, 

- o2-content of the flue gases. 

The water temperatures and the stove surface temperatures were 

measured with chromel-alumel thermocouples. A Kay Instruments zero

point thermostat was used as a reference. The position of the thermo

couples soldered on the stove surfaces will be discussed in Appendix 

3.3. 

The co2-content of the flue gases was measured with a vras I infra-red 

gas analyzer, the CO-content with a Unor infra-red gas analyzer and 

the o2-content with a Servomex para-magnetic gas analyzer. Before 

entering the gas analyzing train the flue gas sample stream was cleaned 

and dried by means of standard laboratory equipment. The gas analyzers 

were calibrated at least once a week with commercially available cali

brating gases. 
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All thermocouples and the gas analyzers were connected to a 

Hewlett Packard Input/Output Coupler Controller, which essentially 

consists of a scanning unit and a digital volt meter. The Input/ 

Output Coupler Controller was connected to a Hewlett Packard 21 MX 

computer with a disc memory. Every 20 secons all measuring points 

were scanned and the voltage signals stored in the disc memory. 

Conversion of the voltage signals to temperatures and gas volumetric 

percentages was done by means of a standard software making use of 

the calibration curves provided by the manufacturers of the measu

ring equipment. 

With each series of .experiments one parameter was varied while the 

others were kept constant. In this way the influence of the follo

wing variables on the performance of the stove was investigated : 

the cumulative amount of wood burnt in the stove during the whole 

investigation, 

- the heat output of the fire, 

- the number of wood pieces per charge, 

- the combustion air damper position, 

- the size of the wood pieces, 

- the loading procedure of the wood charges, 

- the total amount of wood burnt in one experiment, 

- the initial amount of water in each pan, 

- the depth of the pans in the stove, 

- the presence of insulation on the stove surfaces. 

The performance of the stove was characterized by calculating its 

efficiency, by drawing up heat balances and by analyzing the com

bustion process. 
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3.4. EFFICIENCY MEASUREMENTS 

For the purpose of this investigation the efficiency of the 

De LepeleireiVan Daele wood stove is defined as the ratio of the 

amount of heat absorbed by the water in '5oth pans and the amount 

of sensible heat supplied oy the fuel. The heat taken up by the 

water is calculated by adding the sensiole heat for bringing the· 

water to the boiling point and the latent heat for evaporating 

part of the water. To calculate the sensible heat supplied by the 

fuel the net calorific vCf.lue or the lower heating value of the 

fuel has to be known. For the wood used by TNO and THE in their 

. experiments (white fir) this value was determined experimentally. 

A detailed discussion on the properties of wood as a fuel is 

given in Appendix 3.1. 

As the De LepeleireiVan Daele wood stove uses two pans, efficiency 

was calculated for each pan separately. The total efficiency of 

the stove was obtained oy simply adding these two partial efficiences. 

The following formula was used for calculating the efficiency for 

each pan : 

m C(Tb - T.) + m l 
n = w ~ s x 100 % 

mf H 

where : 

n = efficiency first I second pan (%) 

m = mass of water in first I second pan at the start of the 
w 

experiment (kg). 

m = mass of water evaporated from first I second pan during 
s 

the experiment (kg) 

mf = total mass of fuel consumed during the experiment (kg} 

C specific heat of water (kJ/kg.K) 

Tb temperature of boiling water (°C) 

T. temperature of water in first I second pan at the start 
l. 

of the experiment (°C) 

L heat of vaporization of water at atmospheric pressure 
0 and 100 C (kJ/kg.K) 

H net calorifi,.c value of fuel (kJ/kg.l{) 
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In calculating the efficiency 

were used : 

C = 4,19 kJ/kg.K 

L = 2 257 kJ/kg 

H = 18 730 kJ/kg 

the following numerical values 

In the following the results of the efficiency measurements will be 

discussed in detail for each parameter varied in the experiments. 

3.4.1 Cumulative amount of wood burnt irt the stove 

As the experiments with the De Lepeleire/Van Daele wood stove were 

carried out over a period of more than six months, it appeared that 

the reproducibility of the efficiency measurements was rather bad. 

This appeared to be caused by a gradually increasing deposition of 

soot and far in the chimney of the stove and on the bottom-side of 

the pans. To illustrate thise phenomena the results of 6 series of 

experiments have been plotted in Fig. 3.6, in which the total effi

ciency of the stove is shown as a function of the cumulative amount 

of wood burnt in the stove since the beginning of the investigation. 

Within each series of experiments the experimental conditions are 

exactly the same as can be seen from Table 3.1. 

From Fig. 6 it is clear that from the experimental point of view 

reliable and reproducible data ca~ only be ob~ined if the chimney, 

the stove and the pans are thoroughly cleaned before the start of 

each new experiment. For the experiments to be discussed in the fol

lowing part of this report, the stove, the chimney and the pans were 

therefore carefully cleaned by brushing them before starting a new 

experiment. Following this procedure, the efficiency measurements 

are reproducible within approximately 3 percentage points as can be 

seen from Fig. 6. The relative accuracy of the efficiency measurements 

can now be estimated to be + 5 %, of which appr. ! 3 % has to be attri

buted to the inaccuracy of the net calorific value determination (see 

Appendix 3.1). 

Fouling of the stove and the pans by soot and tar has also a very im

portant practical implication. As can be seen from Fig. 3.6, a relative 

reduction of efficiency by some 20 % is not impossible. When using this 

stove in practice it should therefore always be advised to clean it 

each time before cooking food on it. 

• 
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The total amount of wood burnt in the stove during the whole 

investigation is approximately 340 kg. The stove is still in a 

good condition. To estimate the lifetime of this stove it seems 

justified to assume that another 1 000 kg of wood could be burnt 

in the stove without any damage. 

3.4.2 Heat output of the fire 

Burning wood in a stove is essentially a non-stationary process. 

To maintain the fire in the stove, adding of new wood charges at 

regular time interval is necessary. To characterize wood stove 

operation, time-averaged values of the operating variables have 

to be used. The average heat output of the fire is therefore de

fined as : 

Q = 

where: 
'o 

Q = heat output of fire 

~mf = mass of wood per charge 

H = net calorific value of wood 

~t = time interval between adding of two charges 

(kW) 

(kg) 

(kJ/kg) 

(.s) 

A number of experiments have been done to investigate the influence 

of the heat output of the fire on the efficiency of the De Lepeleire/ 

Van Daele wood stove. A second purpose of these exp~riments was to 

establish the minimum and maximum heat output of the fire that could 

be obtained with this stove. The experiments were done with three 

different wood charges (4, 6 and 8 wood pieces per charge) and with 

two different positions of the combustion air damper (50 % and 100% 

open). In total six series of experiments were therefore carried out. 

The size of the wood pieces was in all cases 0,02 x 0,03 x 0,20 m, 

the depth of the pans in the stove was 0,05 m and the initial amount 

of water per pan was 5,0 kg. The stove was not insulated. 

The results of these experiments are presented in Fig. 3.7- 3.12. 

In these graphs the efficiencies of the first and second pan and the 

total efficiency are plotted as a function of the heat output of the 

fire. 
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The detailed results of the measurements are summarized ~n Table 

3.2. 

From Fig. 3.7- 3.12 it is clear that the total efficiency of the 

De Lepeleire I Van Daele wood stove is not influenced very much 

by a change in the heat output of the fire. The stove can be opera-

ted with a minimum heat output of the fire of approximately 5 kW 

and a maximum heat output of about 13 kW. With the lower heat out-

put of the fire the total efficiency of the stove is only about 

4 percentage points higher than with the higher heat output. Taking 

the average value of the maximum and minimum total efficiency for 

each series of experiments, it can be concluded that a change in 

the heat output of the fire causes a deviation from this average 

value of the total efficiency of less than ~ 9 % on a relative 

basis. This deviation has to be assessed against the background that, 

according to 3,4.1, the inaccuracy of the efficiency measurements is 

approximately~ 5 % on a relative basis. So, for the conditions 

investigated, the minimum variation of the total efficiency of the 

De Lepeleire I Van Daele wood stove as a function of the heat out

put of the fire is + 4 % and the maximum variation is + 14 %. Both 

are relative percentages, referring to the average value of the 

measured maximum and minimum total efficiency. 

From Fig. 3.7 ~ 3.12 it is also clear that the drop in total efficien

cy with increasing heat output of the fire has to be attributed entire

ly to the first pan. For the first pan, the difference between minimum 

and maximum efficiency is even somewhat bigger than for the total of 

the two pans because of the small increase of the efficiency of 

the second pan with increasing heat output of the fire. On a relative 

basis, the efficiency of the first pan is therefore more clearly in

fluenced by the heat output of the fire than the efficiency of the 

first and second pan together. Taking again the average value of the 

maximum and minimum efficiency of the first pan for each series of 

experiments and taking into account the inaccuracy of the measurements 

it can now be concluded that a change in the heat output of the fire 

causes a deviation from the average value of the first pan's effi

ciency between + 10 % and + 20 % on a relative basis. 
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It can finally be stated that, for the conditions investigated, 

the total efficiency of the De Lepeleire l Van Daele wood stove 

varies, roughly, between 25 % and 30 %. The efficiency of the 

first pan varies between 14 %and 19 % and of the second pan be

tween 12 % and 9 %. In all these cases the first values relate 

to the highest and the second values to the lowest heat output 

of the fire. Although the influence of the heat output of the 

fire on the efficiency of the stove is rather small, it can be 

advised to operate the stove with as low a heat output as is 

possible, particularly when only one pan is used. 

3.4.3 Number of wood pieces per charge 

To investigate the influence of the number of wood pieces per charge 

on the efficiency of the De Lepeleire/Van Daele wood stove, the ex

perimental data of Table 3.2 were re-plotted in Fig. 3.13 and 3.14. 

In these two graphs the efficiencies of the first and second pan 

and the total efficiency of the stove are plotted as a function 

of the heat output of the fire for three different numbers of wood 

pieces per charge. This was done for two different positions of 

the combustion air damp~r. 

It is clear from these figures that in the range investigated, the 

number of wood pieces per charge has only a small influence on the 

efficiency of the stove. Roughly speaking, a change in the number 

of wood pieces per charge from 8 to 6 pieces and from 6 to 4 pieces 

increases the efficiency of the first pan by about 1 percentage 

point at a time, which is of the same order of magnitude as the 

experimental inaccuracy. The efficiency of the second pan is, nearly 

independent of the number of wood pieces per charge. Therefore, in 

an absolute sense, the total efficiency of the stove is influenced 

by the number of wood pieces per charge in the same way as is the 

efficiency of the first pan. 

AlthouRhthe influence of the number of wood pieces per charge on 

the efficiency of the stove is rather small, at least for the size 

of the wood pieces used in these experiments, it can be advised to 

operate the stove with as small a number of wood pieces per charge 

as is possible, particularly when only one pan is used. 
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3.4.4 Combustion air damper position 

To investigate the influence of the combustion air damper position 

on the efficiency of the De Lepeleire/Van Daele wood stove, the 

experimental data of Table 3.2 were now re-plotted in Fig. 3.15-

3.17. In these graphs the efficiencies of the first and second pan 

and the total efficiency of the stove are plotted as a function 

of the heat output of the fire for two different positions of the 

combustion air damper. This was done for three different numbers 

of wood pieces per charge. 

From Fig. 3.15- 3.17 it is clear that the efficiency of the stove 

does not change significantly when changing the combustion air damper 

position from 50 % to 100 % open. However, to investigate this in 

more detail some more experiments were carried out. For a wood 

charge of 6 pieces and an average heat output of the fire of 7,53 kW, 

stove efficiencies were measured for a number of combustion air 

damper positions oetween fully open (100 % openl and fully closed 

(0% open). The detailed experimental.data are also summarized in 

Table 3.2. In Fig. 3.18 the stove efficiencies for this case are 

plotted as a function of the combustion air damper position. From 

Fig. 3.18 it is clear now that the position of the combustion air 

damper does not influence the efficiency of the stove at all~ neither 

of the first nor of the second pan. 

If the efficiency of a stove is not affected by the position of 

the combustion air damper, the stove should be considered well 

designed in principle. However, the De Lepeleire/Van Daele wood 

stove proves to oe able to produce a heat output of 7.53 kW, inde

pendent of the combustion air damper position. Even with the damper 

fully closed this power can be generated by the stove ! Ooviously, 

the access of combustion air to the stove is not adequately control

led by the combustion air damper, which is therefore a redundant 

piece of equipment of this stove. 

3.4.5 Size of the wood pieces 

With all the experiments discussed until now the size o.f the wood 

pieces was 0,02x0,03x0,20 m. To get an impression of the influence 

of the size of the wood pieces on the efficiency of the stove, some 

experiments were done using smaller pieces of wood. 
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The size of these smaller wood pieces was: O,OI4x0,014x0,057 m. 

The efficiency of the De Lepeleire/Van Daele wood stove with the 

smaller wood pieces was determined for three different numbers of 

wood pieces per charge. For the sake of a good comparison with . 

previously obtained results, the experiments with the smaller wood 

pieces were carried out at about the same heat output of the fire 

as with the larger wood pieces. The experimental results are summa

rized in Table 3.3, in which also some earlier found results are 

given. In Fig. 3.19 the efficiency of the De Lepeleire/Van Daele 

wood stove is plotted as a function of the mass of the wood charge 

for two different sizes of the wood pieces. From Fig. 3.19 it is 

clear that, for the range investigated, the size of the wood pieces 

has no significant influence on the efficiency of the stove. 

3.4.6 Loading procedure of the wood charges 

In all the experiments discussed until now the wood fuel is loaded 

through the pan hole above the fire bed. When the wood charge is 

supplied to the stove, the f~rst pan is taken off. However, the 

De Lepeleire/Van Daele wood stove is equipped with a fuel supply 

shaft for feeding the wood to the combustion chamber. The stove 

can therefore also take long pieces of wood. To investigate the 

influence of the loading procedure of the fuel on the efficiency 

of the stove some experiments were done using the fuel supply shaft 

of the stove. The experimental conditions regarding mass of the wood 

charge, size of the wood pieces and heat output of the fire were 

choosen in such a way that a direct comparison with previously found 

results is possible. 

The experimental details and the results of the efficiency measure

ments are given in Table 3.4. For comparison some earlier found 

results are also included in Table 3.4. 

From the table it is clear that with the larger wood p1eces (0,02x 

0,03x0,20 m) the loading procedure of the wood charges does not 

have a significant influence on the stove efficiency. It is also 

apparent that doubling the length of the wood pieces from 0,20 to 

0,40 m, with constant mass of the wood charge and constant heat 

output of the fire, does not changethe efficiency of the stove. This 

leads to the conclusion that all the experimental results tnat were 
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found loading the fuel through the pan hole above the fire bed, 

will also be valid when using the fuel supply shaft and when 

operating the stove with long pieces of wood. 

However, with the smaller wood pieces (O,Ol4x0,014x0,057 ml 

loading the fuel through the loading door at the side of the 

stove tends to produce a somewhat higher total efficiency (3 to 

4 percentage points) than when the fuel .is charged through the 

pan hole. However, because of the divergence of the experimental 

results, the base for this conclusion is not too firm. 

3.4.7 Total amount of wood burnt in one experiment 

With-theexperiments discussed until now the total mass of wood 

burnt per experiment was about 2,7 kg. This implies that it took 

2 to 3 hours to do one experiment. To investigate the influence on 

stove efficiency of shorter burning times, some experiments were 

done using a smaller amount of wood per experiment. These experi

ments were done with a fixed wood charge of 6 pieces, supplied to 

the stove every 10 minutes. The heat output of the fire was there

fore constant in these experiments. The full experimental details 

and the results of the measurements are given in Table 3.5. In Fig. 

3.20 the stove efficiencies are plotted as a function of the total 

amount of wood used per experiment and as a function of the number 

of wood charges per experiment. 

From Fig. 3.20 it is clear that in the range investigated the effi

ciency of the stove is not significantly influenced by the total 

amount of wood used per experiment, also for the case where only 

0,691 kg of wood was burnt. With this experiment the temperature 

of the water in the second pan did not rise higher than 86 °C. 

From the point of view of stove performance, the independance of 

efficiency on the duration of the cooking period is a positive cha

racteristic. From the experimental point of view, it is of value to 

conclude that with the De Lepeleire/Van Daele wood stove relative

ly short experiments give the same efficiency results as experiments 

over a longer period of time. 
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3.4.8 Initial amount of water in each pan 

With the experiments carried out thus far the initial amount of 

water in each pan was 5,0 kg. To investigate the influence on 

the efficiency of the stove of a smaller water content per pan, 

one experiment was done with an initial amount of water per pan 

of 4,0 kg and one with 3,0 kg of water per pan. Also these ex

periments were done with a fixed wood charge of 6 pieces, supplied 

to the stove every 10 minutes. The results of these measurements 

are also included in Table 3.5 and Fig. 3.20. 

The results show that the initial amount of water in each pan.does 

not have any influence on the efficiency of the stove. From the 

point of view of stove performance, this is a positive characte

ristic, as the efficiency of the stove does not depend of the 

amount of food cooked on it. An important conclusion with respect 

to the experimental procedure is that the duration of an 'experiment 

could be shortened considerably, without any influence on the re

sults, by using a smaller initial amount of water in each pan. 

3.4.9 Depth of the pans in the stove 

With the experiments carried out until now the depth of the pans 

in the stove was 0,05 m. As the distance between the cover plate 

of the stove and the fire bed is 0,13 m, the distance between the 

first pan's bottom and the fire bed is 0,08 m.The diameter of the 

fire bed is 0,26 m. To investigate the influence of the depth of 

the pans in the stove on the efficiency, experiments were done in 

which the depth of the pans in the stove varied between 0 m and · 

0,07 m. In these experiments the distance between the first pan's 

bottom and the fire bed varied between 0,13 m and 0,06 m. The experi

ments were carried out with a constant wood charge of 4 pieces, sup

plied to the stove every 6 minutes. The heat output of the fire was 

therefore constant. The experimental details are given in Table 3.6 

and the results of' the measurements in Fig. 3.21. 

From Fig. 3.21 it is clear that there is a linear increase of stove 

efficiency with· increasing depth of the pans in the stove. The in

fluence of this variable is considerable. Between 0 m and 0,07 m 

depth of the pans in the stove the total efficiency increases by a 

factor of 1,6 ! From the point of view of stove performance it can 
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therefore certainly be advised to lower the pans as far as 

possible into the stove. The reason for the efficiency increase 

with increasing depth of the pans in the stove might be the in

crease of the heat transfer surface. Increasing the depth of the 

pans in the stove from 0 m to 0,07 m, increases the total heat 

transfer surface from 0,0531 m2 to 0,1103 m
2

. However, this doubling 

of the heat transfer surface increases the efficiency by only 60 %. 

This is illustrated in Fig. 3.22 in which the relative values of the 

stove efficiencies are plotted as a function of the relative values 

of the heat transfer surface, both with the 0 m pan depth situation 

as a reference. 

From Fig. 3.22 it is clear that up to a relative heat transfer sur

face of approximately 1,5 (depth of pans in stove approximately 0,03 m) 

the increase of the second pan's efficiency is as good as proportional. 

For higher values of the relative heat transfer surface this increase 

is less than proportional. This is likely to be attributed to the 

flow distribution of the flue gases around the second pan which be

comes less uniform with increasing depth of the pans in the stove. 

The same holds for the first pan, right from the beginning of the 

increase of the relative heat transfer surface. Another phenomenon 

that might be of influence with the first pan is a possible decrease 

of combustion efficiency with increasing depth of this pan in the 

stove. 

3.4.10 Presence of insulation on the stove surfaces 

The De Lepeleire/Van Daele wood stove in its standard design is a 

metal stove without insulation on its surface. All the experiments 

discussed in the foregoing part of this report were therefore carried 

out with a non-insulated stove. However, to investigate the perfor

mance of the stove when its surfaces are covered with an insulating 

material, a few experiments were carried out. For this purpose the 

outer surfaces of the stove were covered with a 0,02 m thick layer 

of glass wool. The material used was Isover PSI glass wool blanket 

with a density of 14,5 kg/m3 and a thermal conductivity of 0,085 W/mK 

at 150 °C. 
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The results of the measurements are presented in Table 3.7 and 

Fig. 3.23. In this table and graph are also included the results 

of some experiments that were carried out earlier with a non-insu

lated stove under exactly the same experimental conditions. From 

Fig. 3.23 is clear that insulating the metal surfaces of the stove 

has an enormous influence on the efficiency of the stove. For the 

conditions investigated, the total efficiency of the stove is in

creased by approximately 16 percentage points. The efficiencies 

of the first and second pan are increased by ro~ghly II and 5 per

centage points, respectively. On a relative basis the increase of 

the total efficiency is almost 60 %. For the first and second pan 

the relative increases are about 65 % and 45 %, respectively. If 

the stove is insulated, the efficiency of the first pan equals even 

the total efficiency of the non-insulated stove ! 

From the foregoing it can be concluded that, from the point of view 

of stove efficiency, covering the stove surfaces with an insulating 

material can certainly be advised. Of course this conclusion only 

holds if no space heating is required from the stove. 
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3.5 HEAT BALANCE CALCULATIONS 

To understand stove performance it is of vital importance to 

know how the heat supplied to the stove by the fuel, is used. 

It is necessary therefore to draw up heat balances of the stove. 

Generally speaking, the heat generated by the fuel in a closed 

stove is taken up partly by the food in the cooking pan(s), is 

lost partly with the gaseous combustion products and is transfered 

partly to the surroundings through the stove surfaces. To draw up 

heat balances, each of these amounts of heat have to be determined. 

As the combustion and heat transfer processes in a stove are high

ly non-stationary, the only way to set up heat balances is to cal

culate time-averaged values of the different amounts of heat. The 

heat taken up by the water in both pans with the De Lepeleire/Van 

Daele wood stove under various operating conditions has already 

been discussed in detail in 3.4. The efficiencies of the first and 

second pan, expressed as a percentage of the sensible heat output 

of the fire, are two important items of the heat balance of the 

stove. 

The amount of heat lost through the chimney of the stove can be cal

culated if the flue gas composition,.the flue gas temperature and 

the ultimate analysis of the fuel is known. A distinction has to 

be made between the heat lost through the chimney of the stove as 

sensible heat in the flue gases and the heat lost by unburnt con

stituents of the flue gases. The details of these calculations, based 

on the measured co2-, CO- and o2- content of the flue gases, are 

given in Appendix 3.2 of this report. 

The amount of heat transfered to the surroundings by the stove sur

faces can be calculated if the surface temperatures of the stove 

are known. Heat transfer by convection as well as by radiation has 

to be accounted for. The details of these calculations are given in 

Appendix 3.3 of this report. 

In the ideal case, the addition of the heat taken up by the water 

in the pans, the heat lost with the flue gases and the neat loss to 

the surroundings equals the amount of heat supplied by the wood fuel. 
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However, in the experimental practice there will be nearly 

always some amount of heat that can not be accounted for. 

To check the heat balance calculation procedure, in particu-

lar the calculation of the heat loss to the surroundings by 

convection and radiation, an experiment was done using natural 

gas as a fuel in the De Lepeleire/Van Daele stove. For this 

purpose a small gas burner was installed in the combustion cham

ber of the stove. Natural gas was chosen as a fuel because its 

composition and its combustion characteristics are exactly known 

and because it can be supplied to the stove at a constant rate. 

The results of the experiments are given in Table 3.8. For refe

rence, also the results of some other natural gas experiments are 

included in this table. These show that the calculation procedure 

adopted yields quite satisfactory results regarding the amount of 

heat that cannot be accounted for. Although with the natural gas 

experiments.the heat transfer and combustion processes in the 

stove were essentially stationary, the results of the heat ba

lance calculations particularly confirm the validity of the 

procedure adopted to calculate the heat loss of the stove to the 

.surroundings. ' 

Finally, Table 3.8 shows that with an ideal fuel like natural gas, 

efficiencies of about 30 % for the first pan and 10 % for the se

cond pan can be obtained with the De Lepeleire/Van Daele stove. 

If the stove 1s insulated these efficiences will still be higher. 

In the following results of a number of heat balance calculations 

will be discussed. The influence, of various operating parameters 

Qn the heat balance of the stove will be·shown. These operating 

parameters are the heat output of the fire, the number of wood 

pieces per fuel charge, the combustion air damper position, the 

depth of the pans in the stove and the presence of insulation on 

the stove surfaces. 

3~5.1 Heat output of the fire 

To investigate the influence of the heat output of the fire on the 

heat balance of the De Lepeleire/Van Daele wood stove a number of 

calculations has been carried out. 

' 
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The experiments for which the heat balances were calculated have 

been discussed already in 3.4.2. Although the heat balance calcu

lations were not done for every experiment mentioned in 3.4.2, the 

number of calculations seems sufficient to get a fairly good 

impression of the influence of the heat output of the fire on the 

heat balance of the stove. 

The results of the heat balance calculations are given in Table 

3.9 and in Fig. 3.24 - 3.27. It can be seen from these that the 

accuracy of the heat balances is quite satisfactory, taking into 

account the complexity of the wood burning process. It is also 

evident that the heat output of the fire hardly influences the 

heat balance of the stove. Regarding the efficiency of the stove, 

this was already shown in 3.4.2. Now it is clear that also the 

fractions of the heat output of the fire that are lost through 

the chimney as sensible heat and as unburnt constituents and 

through the stove surfaces by radiation and convection to the 

surroundings, are nearly independent of the heat output of the 

fire. 

3.5.2 Number of wood pieces per charge 

ln Fig. 3. 24 and 3. 25 the heat balance of t.he De Lepeleire/Van 

Dae1e wood stove is plotted as a. function of the heat output 

of the fire for wood charges of 4, 6 and 8 wood pieces per charge. 

These graphs show that the number of wood pieces per charge ·has 

hardly any influence on the heat balance of the stove. 

3.5.3 Combustion air damper position 

In Fig.3.26 and 3.27 the heat balance of the stove is plotted as 

a function of the heat output of the fire for combustion air 

damper positions of 50 % open and 100 % open. These graphs clear

ly show that there is almost no difference in heat balance for 

the damper positions investigated. To investigate the influence 

of the combustion air damper position in more detail_ heat balan

ces were cal~ulated for one series of experiments with variable 

damper position and other conditions held constant 
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The results of these calculations are also included in Table 3.9. 

In Fig. 3.28 the heat balance of the stove is plotted as a function 

of the combustion air damper position for the given set of experi

mental conditions. 

With combustion air damper position going to 0 % open (fully closed) 

the sensible heat in the flue gases lost through the chimney, de

creases. However, at the same time, the un~ccounted for heat losses 

increase. Therefore, the conclusion seems to be justified that the 

combustion air damper position does not have a significant influ

ence on the heat balance of the stove. 

3. 5. 4. Depth of the pans in the stove 

It was not considered very useful to present ~n this report all 

the heat balance calculations carried out for the experiments 

with different sizes of the wood pieces, different loading proce

dures of the wood charges, different total amounts of wood used 

per experiment and different initial amounts of water in each pan. 

As with the efficiency results obtained with these experiments, the 

heat balances are hardly influenced by the variaole_s mentioned. F,ar· 

all the conditions investigated, it can very roughly be stated that 

of the sensible heat output of the fire 15 % is taken up by the wa

ter in the first pan, 10 % by the water in the second pan, 20 % is 

lost as sensible heat in the flue gases, 40 % is transmitted through 

the stove surfaces to the surroundings, 10 % is lost as unburnt 

constituents of the flue gases and 5 % could not be accounted for. 

However, the deptheof the pans in the stove proved to have a rather 

big influence on the efficiency of the stove (~ee 3,4.9.). To inves

tigate this phenomenon in more de~ail, heat balances were calculated 

for the experiments with variable ~an depth. 

The results of these calcula.tions are presented in Table 3.10 and 

Fig. 3.29. From the figure.it is evident that the efficiency in

crease with increasing depth of the pans in the stove, has to be 

attributed to a decrease of the sensible heat losses with the flue 

gases. At the same time, heat losses due to unburnt constituents in 

the flue gases show a small increase, in an absolute sense. However, 

this is more than compensated for by the decreasing sensible heat 

losses in the flue gases. 
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3.5.6 Presence of insulation on the stove surfaces 

Covering the metal stove surfaces with an insulating material im

proves the efficiency of the De Lepeleire/Van Daele wood stove con

siderably, as is shown in 3.4.10. 

To study this efficiency increase in more detail, heat balances 

were calculated for some of the experiments mentioned in 3.4.10. 

However, in the present experimental set up, the calculation pro

cedure according to Appendix 3.3 is only applicable to uncovered 

surfaces. To solve this problem, the unaccounted for heat losses 

were considered to be zero. From the foregoing experience with 

the heat balance calculations this seems to be a reasonable approxi

mation. Under these circumstances the heat lost by convection and 

radiation to the surroundings can simply be calculated by subtrac

ting all the other items of the heat balance from 100 %. 

The results of the heat balance calculations are shown in Table 

3.11. As no temperature measurements of the stove surfaces were 

available for the experiments that were carried out under exactly 

the same conditions as the experiments with the insulated stove, 

two other experiments were chosen for comparison. These experi

ments (no. 101 and 1521 were carried out under conditions compara

ble to the ones with the insulated stove. From table 3.11 it is 

clear that the efficiency increase has to be completely attributed 

to the reduction of the heat transmission of the stove surfaces 

to the surroundings. On a relative oasis, this heat transmission 

is reduced by 40 % to 50 %. 

' 
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3.6 COMBUSTION PERFORMANCE ANALYSIS 

The performance of a wood burning ~ooking stove is determined to 

a great extent by the quality of the combustion process. The com

bustion characteristics of a stove can be investigated by measuring 

the flue gas composition and the flue gas temperatures at various 

places in the stove. 

With the De Lepeleire/Van Daele wood stove the C02-, CO- and o2-

content of the flue gases were measured at about half the height 

of the chimney. The flue gas temperature was measured at the bot

tom of the chimney. According to Appendix 3.2 the amount of air 

drawn into the stove and 'the amount of flue gases leaving the stove 

through the chimney can now be calculated. These calculations were 

carried out for.a number of experiments to investigate the influ

ence of various operating parameters on the combustion performance 

of the stove. The parameters investigated are the heat output of 

the fire, the nu~ber of wood pieces per fuel charge, the combustion 

air damper position, the depth of the pans in the stove and the 

presence of insulation on the stove surfaces. 

3.6.1 Heat output of the fire 

The experiments for which combustion calculations were carried out 

to investigate the influence of the heat output of the fire, have 

been discussed in 3.4.2. Although the calculations were done for 

only a part of these experiments, the number of calculations seems 

sufficient to get an impression of the influence of the heat output 

of the fire on the combustion performance of the stove. 

The results of the calculations are given in Table 3.12. From this 

table it is clear that the total amount of air drawn into the stove 

almost equals the total amount of wet flue gases leaving the chim

ney. As a matter of ~act, this could also be derived from Appendix 

3.2. In the following, only the total amount of air drawn into the 

stove will therefore be discussed. 
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In Fig. 3.30 and 3.31 the amount of·· air drawn into the stove is 

plotted as a function of the heat output of the fire. From these 

graphs it is clear that the total amount of air drawn into the 

stove increases with the heat output of the fire. This is obvious

ly caused by the increasing flue gas temperature with increasing 

heat output of the fire, by which the chimney draught will increase. 

For this stove the result is that the sensible heat lost with the 

flue gases, increases proportionally with the heat output of the 

fire, as was shown already in 3.5.1. In this context it should be 

stressed that the calculation of the amount of air drawn into 

the stove is based on measurements in the chimney. This implies 

that no conclusions can be derived from these measurements regar

ding the amount of air that is actually passing through the fire ! 

The excess air factors tabulated in Table 3.12 have to be assessed 

therefore with some reservation with respect to their physical 

significance. 

3.6.2 Number of wood pieces for charge 

In Fig. 3.30 and 3.31 the total amount of air drawn into the stove 

is plotted as a function of the heat output of the fire for wood 

charges of 4, 6 and 8 wood pieces per charge. These graphs show 

that the number of wood pieces per charge has hardly any influence 

on the amount of air drawn into the stove. 

3.6.3 Combustion a1r damper position 

To investigate the influence of the combustion air damper position 

on the amount of air drawn into the stove calculations were carried 

out for one series of experiments with various damper positions and 

other conditions held constant. These experiments were also discussed 

in 3.4.4 and 3.5.3. The results of the calculations are also included 

in Table 3.12. In Fig. 3.32 the amount of air drawn into the stove is 

plotted as a function of the combustion air damper position. 

It is clear now that the damper position has no influence at all on 

the amount of air drawn into the stove. There is even no significant 

difference between the amounts of air with fully open and fully 

closed damper. 
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This leads to the conclusion that the combustion a1r damper is 

not the controlling flow resistance with the De Lepeleire/Van 

Daele wood stove. Obviously, there are other ways by which the 

air enters the stove, despite the very careful sealing of crevices. 

In this connecti0n might be mentioned the small gap of about I mm 

between the pans and the pan holes.in the cover plate of the stove 

and the clasp of the loading door of the fuel supply shaft. 

3.6.4 Depth of the pans in the stove 

With the heat balance calculations it was found that the efficiency 

1ncrease with increasing depth of the pans in the stove has to be 

attributed to a decrease of the sensible heat losses with the flue 

gases. To investigate this in more detail, the amount of air drawn 

into the stove with different depths of the pans in the stove was 

calculated for the relevant experiments. The results.of these cal

culations are shown in Table 3.13 and Fig. 3.33. 

It is clear from this that the amount of air drawn into the stove 

decreases with increasing depth of the pans in the stove. As the 

flue gas temperature shows no systematic decrease, the chimney 

draught will be more or less constant. Obviously, the pans are the 

controlling flow resistance with this stove. 

3.6.5 Presence of insulation on the stove surfaces 

The amount of air drawn into the stove with and without an insulating 

cover on the stove surfaces was calculated for some experiments 

discussed earlier in 3.4.10 and 3.5.6. The results of these calcu

lations are shown in Table 3.14. From this table it appears that for 

the first experiment with the insulated stove (no. 147). much less 

air is drawn into it than with the later one (no. 1 50)., taking into 

account the difference in heat output of the fire.With experiment 

no. 150 the amount of air drawn into the stove is of the same order of 

magnitude as with the experiments with the non-insulated stove. 

Obviously, air leaks around the pans and at the loading door clasp 

are more or less sealed by the insulating material in the case of 

experiment no •. l47. It looks as if due to repeated operation of the 

stove the sealing of air leaks, especially around the pans,·rapidly 

deteriorates. 
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3.7 CONCLUSIONS 

- The performance of the De Lepeleire/Van Daele wood stove can 

roughly be described by stating that its heat output varies 

between 5 and 13 kW and its total efficiency with two pans 

on top of the stove between 25 and 30 %. 

- The performance of the stove appears to be rather insensitive to 

changes in the heat output of the fire, the number of wood pieces 

per charge, the size of the wood pieces, the loading procedure of 

the wood fuel, the amount of wood burnt per cooking period and 

the contents of the cooking pans. 

- The combustion air damper is unable to control the fire, proba

bly because there are rather big air leaks around the pans and 

at the loading door clasp. 

- Lowering the pans in the stove improves the efficiency considera

bly because of the enlarged heat transfer surface and the smaller 

amount of air that is drawn into the stove. 

- Insulating the outer surface of the stove increases the ~fficiency 

considerably because of the reduced heat transmission to the sur

roundings. 

- The performance of the stove could be improved by reducing the 

amount of air that is drawn into the stove, for example by means 

of a chimney damper. 

- To study the combustion process with this stove in more detail, 

gas temperature and gas concentrations will have to be measured 

at several locations in the stove because of the rather big amount 

of air that is drawn into the stove through small leaks. 

• 
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80 

70 

60 

50 

L.O 

30 

20 

10 

0 
0 0.01 0.0 2 0.03 O.OL. 0.05 0.05 0.07 

depth of pons in slove [m] 

---------
Heai ba! a nee of De Lepe!eire/van Daele wood stove 
as a function of the depih of the pans in the stove 

MT_TNO 
8!.94 

Fig. 29 



- 81 -
damper. combustion air: 50% open 
size of wood 0.02x0.03 x0.20m 

wood charge : 

6pieces (0.237kgl 8 pieces (0.315kg) 
amount of air for stoechiometric comb. • • 
total amount C) • 

amouni of air drown 
3 

into the stove [ m3/s] x10 

1 
80 

70 
l 

' 

6.\J 

! 
: .() 
I • 

5.0 • ~t) 

I () 

' 
L..O 

II' 

i 

3.0 

. 

2.0 ..... .-•• 
6 ... 

10 

0 I t I _l .J 

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 
heat output of fire [ kWl 

Amount of air drawn into Delepeleire/van Daele wood MLTNO 
stove as a function of the heat output of the fire 8494 
with different wood charges Fig. 30 



- 82 - damper combustion air : 100% open 

size of wood 0.02 x0.03 x 0.20 m 

wood charge 

4 pieces ( 0.174 kg l 6pieces (0.246kg 8 pieces ( 0.333 kg 

amount of air for stoechJomeiric comb. 6 6 • 
total amount 0 ., • 

amouni of air drawn 
into I hE> stove [ m3/sJ x10

3 

r 
8.0 . 

I • • 7.0 ---·--------··-· --~ .. 

6.0 I) . ., • 
., 

5.0 
f) 

.,o 

40 ----------

30 f--· -----~-···· 

• • • 
2.0 ·-·----·----~·-~ 

• 64 • 
6 

10 1----------·----·-·-----· --. 

0 ' I I 

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 

... hecit output of fire [ kWJ 

.. 

A mount of air drawn inio De!epeleire/van Dae!e wood MLTNO 
stove as a function of the heat output of the fire 8494 
wiih different wood charges Fig.31 



.& amount of air for stoechiometric 
combustion 

• total amount 

amount of air drawn . 
3 

into the stove [ m3/s] x10 

r 8.0 j---··--------

I 
I 

7.0 

: - 83 -
wood charge 
size of wood 
mass of charge 

.. _ ; .... ,. .,.,.,.~ 

: 6 pieces 
: 0.02 x0.03x0.20 m 

0.238 kg 
time between two charges : 
overage heat outpu1 of fire : 

10 min. 
7.42 kW 

6.0 1---------ir--------+------+-------1-------1 

5.0 1---------l-------illlr------=---+~------=IIIE-t------l • 

f. 0 1--------+-------+-------+-------+-'--------1 

3.0 

I 

2.0 

4~ •• • 4~ 4J. 

1 0 

0 I I I 

0 10 20 3d 40 50 60 70 eo 
--------..... combustion air damper positio·n [% open] 

Amount of air drawn into Delepeleire/van Daele wood 
stove as a funciion of the combllsiion air damper 
position 

•. 

~t 

I 

90 100 

MT~ TNO 
8494 
Fig; 32 



a a mount of air for stoechiometric 
c. om bus tion 

e to to I amount of air 

umount of air drawn 
3 

into the stove [ m3/s] x10 

- 84 -
wood charge : 4 pieces 
size of wood : 0.02x0.03)(0.20 m 
mass of charge : 0.162 kg. 
time between two charges : 6 min. 
average heat output of fire : 8.42 kW 
combustion air damper pos. : 100 % open 

I 8.0 1-----·----f--------+------.,.----;-------
4~ 

I 
7.0 - • 

6.0 1---------+--------+----------t-------

• 
5.0 - • • 
~0 1-----------+----------+------------t---------

30 -

2.0 ·Jr-~--·---. • .-------l----..... _----1-------,-----t----------

1.0 

0 _j I 

0 O.Q1 0.02 0.03 0.04 0.05 0.06 
----11•~ depth of pans in stove [ m 1 

Amount of air drawn into Delepeleire/van Daele wood 
stove as a function of the depth of the pans in the 
stove· 

I 

0.07 

MLTNO 
8494 
Fig. 33 

.. 

.. 



.. 

Table 3.1 I Efficiency of De Lepeleire/van Daele wood stove 
as a function of the cumulative amount of wood 
burnt in the stove. 

Symbols: 
t.mf -mass of charge (kg) t - time to boiling 

b bot-- time between two charges (min) 
Q" -heat output of the fire (kW) 
m~_ - total amount of wood used (kg) 

m - amount of water evaporated: 
s 

M - cu!'1ulative amount of wood used (kg) 
t - total burning time (min) 
T~ - initial temperature of the water (°C) 

1 

. 

n - efficiency: 

tb (minl 

... 

size of the wood pieces: 0.02x0.03x0.20m3 
depth of pans in stove : O.OSm 
initial amount of water per pan: 5.0 kg 
combustion air damper position: 100 % open 

tb 1 - of pan 1 (min) 
tb2 - of pan 2 (min) 
ms 1 - of pan I (kg) 
ms 2 - of pan 2 (kg) 
n1 - of pan 1 (%) 
nz - of pan 2 (%) 
nt.- total (%) 

m (kg} s n (%) 
run no. L\m 

f t.t Q mf M tt T. 00 
Vl 1 

(kg) (min) (kW) (kg) '(kg) (min) (OC) tb1 tb2 ms1 ms2 nl J n2 nr 

Charge: 8 pieces 

-
I 0.332 10 10,4 2.991 2.991 110 10 19 28 2.800 I. 770 14.7 10.5 25.2 

-2 0.309 10 9.65 2. 778 5.769 113 11 23 34 2.590 1 .570 14.8 10.4 25.2 
-3 0.311 10 9.71 2.795 8.564 103 10 21 27 2.680 1 .590 15.2 10.5 25.6 
-7 0.305 10 9.52 2.745 11 .309 105 20 28 45 3.064. 1 .829 16.7 1 1 • 3 28.0 

52 ~ 0.305 10 9.52 2.742 132.492 105 20 24 38 2,268 I , I 05 13.2 8, I 21.4 

106 + 
0.358 10 11.2 2.864 228.772 102 22.6 16 26 2.876 1 • 614 1 5. 1 9.8 24.9 

154 
+ 

0.338 10 10.6 2.366 331.016 90 12 21 31 2.377 1. 264 16.2 10.5 26.7 
-25 0.348 15 7.24 2. 784 58.227 149 23 31 58 2. 172 1 • 108 12.5 7.9 20.4 
+- ' 

14. 1 26 0.343 15 7.14 2.741 60.968 134 17 21 34 2.446 I • 619 10.5 24.6 



Table 3.1 (Continued) 

I tb(minl ms(kg) n(%) 
run no. t;mf M Q mf M tt T. 

~ 

(kg) (min) (kW) (kg) (kg) (min) (OC) tbl tb2 msl ms2 nl n2 nt 

107 + 0.350 15 7.28 2.800 231.572 135 22.2 21 42 2.915 1. 394 15.6 9.2 24.8 

156 + 0.317 15 6.60 2.535 335.517 134 10 27 so 2.849 1. 200 17.4 9.5 27.0 

Charge: 6 pieces 

-10 0.232 7.5 9.66 2.784 18.685 II 0 20 20 36 3.445 1.825 18. I 11. 1 29.2 
67 +- 0.250 7.5 10.4 2.754 173.745 I03 23 22 34 2.388 1. 235 I3.6 8.5 22. 1 

108 + 0.247 7.5 10.3 2. 720 234.292 9.8 23.3 18 30 2.630 l. 514 14.8 9.9 24.7 

153 + 0.226 7.5 9.41 2.483 328.650 105 10 20 35 2.883 1. 337 17.9 10.5 28.4 
-16 0.227 I2 5.91 2.265 33.340 130 22 28 42 2. 509. I. 307 17.2 10.8 28.0 

65 +- 0.275 I2 7.15 2.750 168.234 137 23 30 51 2.454 1.140 13.9 8. 1 22.0 

II 0 + 0.248 12 6.45 2. 728 239.59I 140 24.8 26 51 3.205 1. 738 17.3 I 0. 7 28.0 

155 + 0.246 12 6.40 I. 966 332.982 110 9.5 32 50 2.226 0.754 18.7 9.6 28.3 

Charge: 4 pieces 

29 +- 0. 161 5 10. I 2.744 69.206 109 21 23 31 2.674 I. 774 15.0 10.9 25.8 
69 + 0.173 5 10.8 2.766 179.263 104 23 19 29 3.019 1. 733 16.3 10.7 26.9 
72+ 0. 169 5 10.6 2.709 187.348 105 19 19 30 2.950 I. 400 16.5 9.6 26.0 

.. c 



... . .... 

Table 3.1 (Continued 2) 

fb (min) ms(kg) 
run no. Llmf Llt Q mf M tt T. 

~ 

(kg) (min) (kW) (kg) (kg) (min) (oC) tbl tb2 msl ms2 nl 

151 + 0. 154 5 9.61 2.462 324.327 91 13 26 38 2.940 1. 309 18.3 
-13 0. 159 7.5 6 .62" 2.855 26.334 148 20 36 54 3.740 1.845 18.9 

75 + 0.174 7 7.76 2.782 195.558 120 19 20 39. 3.626 ]. 598 .19 .• 0 

101 
+ 

0. 174 8 6.79 2.787 214.786 152 23.7 24 52 3.557 1. 517 I8.4 

102 
+ 

0. 173 8 6.75 2. 775 217.56.1 141 20.0 24 50 3.664 1. 225 19.2 

152 
+ 

0.153 7.5 6.37 1. 840 326.167 100 15 24 54 2.415 0. 69..4 20.6 

pans and-stove condition:+ pans and stove not cleaned before start of experiment 

+- stove and chimney cleaned before start of experiment; pans not cleaned 

stove and chimney and pans cleaned before start of experiment. 

n(%) 

n2 nt 

10.4 28.7 

10.9 29.8 

I0.2 ! 29. I 

9.6 28. I 

8.5 27.7 

9.8 30.4 



~··-·· 

Tabel 3.2 Efficiency of De Lepeleire/Van Daele wood stove 
as a function of the heat output of the fire 
the number of wood pieces per charge and the 
combustion airdamper 

Symbols: 
d.p. - combustion airdamper position (%) tb - time to boiling 
t..mf - massof charge (kg) 
~t - time between two charges (min) m - amount of water s 
Q - heat output of the fire (kW) 
n. - number of charges (I) n - efficiency 

1 - total amount of wood used (kg) mf 
tt - total burning time(min) 
T. - initial temperature of the water (oC) 

1 

, .. _. 
. 

run no. d.p. mf ~t Q n. mf tt T. tb 
' 1 ]. 

(%) (kg) (min) (kW) (I ) (kg) (min) (oC) tbi 

Charge: 4 pieces 

71 100 0.168 12 4.37 16 2.685 200 19 33 

152 100 o. I 53 7.5 6.37 12 I .840 IOO 15 24 

70 100 o. 168 8 6.56 16 2.691 152 20 32 

101 100 o. 174 8 6.79 16 2.787 152 23.7 24 

75 100 0. 174 . 7 7.76 16 2.782 120 19 20 

74 100 0.168 6 8.74 16 2.689 1 13 19 19 

!51 100 o. 154 5 9.61 16 2.462 91 13 26 

72 100 0.169 5 10.6 16 2. 709 105 19.0 19 

69 100 0. 173 5 10.8 16 2.766 104 23.0 19 

size of the wood pieces: 0.02x0.03x0.20m 3 

depth of pans in stove: O.OSm 
initial amount of water per pan: 5.0 kg 

tb 1 - of pan I (min) 
- of pan 2 (min) tb2 

evaporated: msi - of pan l (kg) 
ms2 - of pan 2 (kg) 
ni - of pan (%) 

- of pan 2 (%) n2 
nt - total (%) 

(min) m (kg) n (%) s 
tb2 ms1 ms2 n1 n2 nt 

70 3.462 I. 219 18.9 8.9 27.8 

54 2.415 0.694 20.6 9.8 30.4 

41 3.031 I. 735 16.9 11. I 28.0 

52 3.557 1. 517 18.4 9.6 28.1 

39 3.626 1. 598 19.0 10.2 29. I 

33 3. 150 1.613 17.5 10.6 28. I 

38 2.940 1. 309 18.3 10.4 28.7 

30 2.950 I .400 16.5 9.6 26.0 

29 3.019 l. 733 16.3 10.7 26.9 

.. ..: 



Tabel 3,2 (continued) 

tb (min)l m (kg) n (%) d.p. L1mf L1t Q T. s run no. n. mf tt ~ ~ 

(%) (kg) (min) (kW) (I) (kg) (min) (oC) tbl tb2 msl ms2 n1 n2 nt 
73 100 4 16 I 

24.6 
0. 171 13.3 2.739 ' 98 20 18 28 2.550 1. 563 14.5 10. I 

81 50 0. 158 10 4.93 18 '2.841 170 18 27 53 3.808 1. 322 19.4 8.8 28.2 
80 so 0.189 8 7.37 IS 2.832 153 18 24 45 3.570 I. 639 18.4 10.2 28.6 
79 50 0. 171 7 7. 63 16 2.740 132 18 28 42 3.059 l. 756 16.8 II. I 27.9 
78 50 o. 172 6 8.95 IS 2.575 112 19 23 37 2.629 1. 682 15.8 11.4 27.2 
77 so 0. 170 5 10.6 16 2.712 110 19 22 32 2.649 1 • 51 I 15. I 10. I 25.2 
76 so 0. 171 4 13.3 16 2.741 I 0 I 19 18 26 2.489 I. 481 . 14.3 9.8 24. I 

Charge: 6 pieces 
109 100 0.257 15 5.35 10 2.571 159 23.0 24 51 2.908 1. 241 17.0 9. I 26. I 
1 ss 100 0.246 12 6.40 8 ).966 II 0 9.5 32 50 2.226 0.754 18.7 9.6 . 28.3 
110 100 0.248 12 6.45 I 1 2. 728 140 24.8 26 51 3.205 I. 738 17.3 10.7 28.0 
123 100 0.239 10 7.46. 10 2.389 112 18.7 24 39 2.430 1. 195 16.9 9.7 25.9 
121 100 0.240 10 7.49 1 I 2.640 126 20.8 23 35 3.266 I. 840 18.3 11.8 30.0 
1 I 1 100 0.266 10 8.30 10 2.658 118 22.0 22 36 2.890 I. 597 16.4 10.5 26.9 
153 100 0.226 7.5 9.41 I I 2.483 105 10 20 35 2.883 1. 337 17.9 10.5 28.4 
108 100 0.247 7.5 1 0. 3 I 1 2. 720 98 23.3 18 30 2.630 1.514 14.8 9.9 24.7 
I 18 50 0.247 IS 5. 14 9 2.227 143 22.6 40 62 2.717 0.923 18.6 8.9 27.5 
117 50 0.239 12 6.22 9 2. 152 124 23.2 25 50 2.701 0.973 19.2 9.4 28.6 



Tabel 3.2 (continued 2) 

d.p. Llmf Llt 6 t T. run no. n. mf ~ t ~ 

(%) (kg) (min) (kW) (I) (kg) (min) (oC) 

116 50 0.239 10 7.46 11 2.631 130 21.9 
135 so 0.228 9 7.91 11 2.506 117 21.2 
134 50 0.233 8 9.09 1 l 2.568 108 19.1 
124 0 0.239 10 7.46 10 2.391 135 18.2 
128 20 0.240 10 7.49 10 2.397 119 19.0 
127 40 0.237 10 7.40 10 2.371 119 19.6 
126 60 0.238 10 7.43 10 2.382 114 18.4 
125 80 0.233 10 7.27 10 2.327 I 14 18.7 

I Charge: 8 pieces 

138 100 0.304 17 5.58 8 3145 19 
156 100 0.317 15 6.60 8 2.535 1 J34 10 
107 100 0.350 IS 7.28 8 2.800 135 22.2 
137 100 0.310 12 8.06 8 2.479 113 19.5 
154 100 0.338 10 10.6 7 2.366 90 12 
106 100 0.358 10 11.2 8 2.864 102 22.6 
136 100 0.313 8 12.2 8 2.506 96 19.2 
139 50 0.308 17 5.66 8 2.462 147 16.9 
115 50 0.301 15 6.26 6 1.805 115 20.5 
I 14 50 0.301 12 7.83 9 2. 708 125 19 ' 
119 so 0.335 12 8.71 8 2.679 123 20.2 
111 50 0.327 !0 J0.2 8 L 3.~~ . .?_ 106 19 _,__., ----- --~·-

.. • 

tb (min' m (kg) s 

tb l tb2 msl ms2 

23 42 3. 106 1.575 

23 35 2.787 1.502 

20 32 2.678 1.577 

27 49 2.540 1.165 

24 39 2.798 I. 371 

26 40 2. 774 I. 361 

24 43 2.679 1. 302 

23 37 2.967 1.428 

28 56 2.563 1.153 

27 50 2.849 I. 200 

21 42 2.915 I. 394 

25 38 2.448 I. 290 

21 31 2.377 1.264 

16 26 2.876 I. 614 

18 28 2.284 1.320 

2.667 1.246 

23 35 I. 893 0. 712 
I 

23 39 2.790 

I 
1.493 

25 38 2.405 1 406 

22 31 2.433 1 •. 3'>8 
-~-

n, 

17.7 

16.9 

16.2 

16.6 

17.9 

17.9 

17.5 

19.3 

16.4 

17.4 

15.6 

15.5 

16.2 

15. I 

14.5 

16.8 

17.5 

15.8 

14. 1 

J /j. 6 

.. 

n 

n2 

10.3 

10.7 

10.8 

9.7 

10.7 

10.8 

10.3 

11.2 

9.4 

9.5 

9.2 

9.9 

10.5 

9.8 

10.1 

9.9 

9.8 

10.0 

9.7 

9.9 

nt 

28.1 

27.7 

27.0 

26.3 

28.6 

28.6 

27.8 

30.6 

25.8 

27.0 

24.8 

25.4 

26.7 

24.9 

24.5 

26.7 

27.2 

25.8 

23.8 

24.5 

1..0 
0 



Tabel 3.3 Efficiency of De Lepeleire/Van Daele wood stove 
as a function of the size of the wood pieces 

Symbols: n number of woodpieces per charge ( I } 
limp - mass of charge (kg) 
litf - time between two_charges (min) 

Q - heat output of the fire (kW) 
mf total amount of wood used (kg) 
tt total burning time (min) 

(oC) T. initial temperature of the water 
~ 

. 
run no. n tunf lit Q mf tt "'' .... p ~ 

(1) (kg) (min) (ktJ'i {kg) (min) (OC) 

~b 
m s 
• 
n 

damper combustion air: 100 % open 
depth of pans in stove: 0.05 m 
initial amount of water per pan: 5.0 kg 

time to boiling tb l - of pan 1 (min) 

tb2 - of pan 2 (min) 
amount of water evaporated:ms 1 - of pan 1 (kg) 

of 2 (kg) m - pan s2 efficiency : n of pan (%) 
I of pan 2 (%) n 2 

n - total (%) t 

th (min) m (kg) n (%) s 

tbl tb2 ms I ms2 nl n2 nt 
··--·· 

size of woodpieces: 0.02 X 0.03 X 0.20 m3 

151 4 0.154 5 9.61 ·2. 462 91 13 26 38 2.940 I. 309 18.3 10.4 28.7 

72 4 0. 169 5 10.6 2.709 105 19.0 19 30 2.950 1. 400 16.5 9.6 26.0 

69 4 0. 173 5 10.8 2.766 104 23.0 19 29 3.019 1. 733 16.3 10.7 26.9 

153 6 0.226 7.5 9.41 2.483 105 10 20 35 2.883 l. 337 17.9 10.5 . 28.4 

108 6 0.247 7.5 10.3 2. 720 98 23.3 18 30 2.630 1. 514 14.8 9.9 24.7 

154 8 0.338 10 10.6 2.366 90 12 21 31 2.377 1.264 16.2 10.5 26.7 

106 8 0.358 10 11.2 2.864 102 22.6 16 26 2.876 1. 614 15. 1 9.8 24.9 

size of woodpieces: 0.014 x 0.014 X 0.057 m 

120 43 0. 191 6 9.94 2.676 102 21.0 25 39 I. 846 I. 076 11.7 8. 1 19.8 

122 43 0. 195 6 I 0. I 2. 727 128 19.0 24 34 2. 709 1.514 15.2 9.9 25. 1 

104 43 0. 199 I 6 10.4 2.790 108 21.8 21 28 2.434 1. 560 13.8 9.8 23.5 

158 32 o. 126 4.5 8.74 2.022 82 15 25 34 2. 135 1 • 139 17.4 1!.5 28.9 

157 22 0.100 3 10.4 2.807 98 18.6 19 29 3.001 1. 927 16. I 11.5 27.6 . 
···--··· 



Tabel 3.4 Efficiency of De Lepeleire/Van Daele wood stove 
as a function of the loading procedure of the 
wood charges 

Symbols: n - number of woodpieces per charge (I) 
limp - mass of charge (kg} 
litf time between two charges (min} 
Q heat output of the fire (kW) -
mf total amount of wood used (kg) 
tt - ·total burning time (min) 
T. initial temperature of the water (OC) 

1 

tb -

m s 

n 

damper combustion air: 100 % open 
depth of pans in stove: 0.05 m 
initial amount of water per pan: 5.0 kg 

time to boiling tbl - of pan I (min) 

tb2 - of pan 2 (min) 
amount of water evaporated :msl - of pan 1 (kg) 

- of 2 (kg} ms2 pan 
efficiency : n, - of pan (%) 

n2 - of pan 2 (%) 

nt - total (%) 

. tb (min}_ m (kg) n (%) s run no. limf li.t Q T. np mf tt 1 

(I) (kg) (min) (kWl (kg) (min) (oC) tbl tb2 ms1 ms2 nl n2 

size of woodpieces: 0.02 x 0.03 x 0.20 m3 

-70 4 o. 168 8 6.56 2.691 152 20.0 32 41 3.031 1. 735 16.9 1 I. I 

102 + 4 0.173 8 6.75 2. 775 141 20.0 24 50 3.664 1. 225 19.2 8.5 
-101 4 0.174 8 6.79 2.787 152 23.7 24 52 3.557 1.517 18.4 9.6 

size of woodpieces: 0.014 x 0.014 X 0.057 m3 

-120 43 o. 191 6 9.94 2.676 102 21.0 25 39 1. 846 1.076 11 • 7 8. 1 
-122 43 0. 195 6 10. 1 2. 727 128 19.0 24 34 2.709 I. 514 15.2 9.9 

105 + 43 0.198 6 10.3 2. 774 118 22.0 19 31 3.347 1. 652 17.7 10.3 
-104 43 0. 199 6 10.4 2.790 108 21.8 21 28 2.434 1. 560 13.8 9.8 

size of woodpieces: 0.02 x 0.03 x 0.40 m3 

103 + 2 0.174 8 6.79 2. 783 143 21.3 24 43 3.528 1. 670 18.4 10.4 
····-

loading procedure: fuel is loaded through pan hole above fire bed. When charging, pan is taken off 
+ = loading procedure: fuel i.:; loaded through loading door at the side of the stove. 

n t 

28.0 

27.7 

28. I 

19.8 

25. 1 

28.0 

23.5 

28.8 



....... 

Tabel 3.5 Efficiency of De Lepeleire/Van Daele wood stove 
as a function of the amount of wood used in one 
experiment and of the initial amount of water in 
each pan. 

Symbols: m. initial amount of water l.n each pan (kg}. T. 
L\ml. l. - mass of charge (kg) tb f n - number of charge (1) ·c 

Q - heat output of fire (kW) m 
total amount of wood used (kg} s 

mf 
tt total burning time (min} 

. 
ilmf Q ~t T. run no. m. n mf l. c l. 

(kgl (kgl (11 (kWl (kgl (min} (°Cl 

129 5.0 0.230 3 7.18 0.691 I 40 19.2 

131 5.0 0.235 7 7.34 1. 642 79 19.2 

130 5.0 0.236 5 7.37 1.180 60 20.1 

123 5.0 0.239 10 7.46 2.389 112 18.7 

121 5.0 0.240 I I 7.49 2.640 126 20.8 

11 I 5.0 0.266 10 8.30 2.658 1 l8 22.0 

132 4.0 0.227 8 7.09 I .812 88 17.3 

133 3.0 0.232 6 7.24 I .393 70 19.3 

size of the wood : '0.02 x 0.03 x 0.20 m3 
combustion air damper position: 100 % open 
depth of pans in stove: 0.05 m 
wood charge: 6 pieces 
time between two charges: 10 min. 

initial temperature of the water (°C) 
time to boiling: tbl - of 

tb2 - of 
- amount of water evaporated :ms 1 - of 

ms 2 - of 
efficiency :nr of pan I (%);n2 -of 

nr - t t l (%) o a 0 

tb(min} m (kg} s 

tbl tb2 msl · ms2 nl 

24 0.334 19. 1 

23 41 I. 732 0.655 18. 1 

24 36 1.044 0.340 18.6 

24 39 2.430 1 • 195 16.2 

23 35 3.266 1.840 18.3 

22 36 2.890 1. 597 16.4 

17 33 2.145 0.861 18.3 

15 25 1.650 0.752 18.2 

pan 
pan 
pan 
pan 
pan 

n(%) 

n2 

13.0 

10.5 

10.7 

9.7 

11 •. 8 

10.5 

9.8 

10;4 

I 
2 
1 
2 

(min) 
(min) 
(kg) 
(kg) 
(%) 

nt 

32. I 

28.5 

29.3 

25.9 

30.0 

26.9 

28.2 

28.5 



Tabel 3.6 Efficiency of De Lepeleire/Van Daele wood stove 
as a function of the depth of the pans in the stove 

Symbols: d depth of pans in stove (m) 
lim - mass of charge (kg) tb -·f 
Q - heat output of fire (kW) 
m - total amount of wood used (kg) m f 

total burning time (min) s t -r: initial temperature of the water (oC) n 
1 

-

I tt run d t.mf Q T. tb (min) 
mf no. 1 

I 
(oC) tbl tb2 (m) (kg) (kW) (kg) I (min) 

140 0 0. 158 8.22 2.524 I 12 17.8 26 57 

141 0.01 0.160 8.32 2.560 116 20.2 24 52 

142 0.03 0.165 8.58 2.312 101 15.4 27 39 

143 0.05 0. 165 8.58 2.304 99 20.4 20 38 

74 0.05 0. 168 8.74 2.689 113 19.0 19 33 

144 0.07 0.162 8.43 2.274 99 19.0 20 35 

time to 

size of the wood pieces: 0.02 x 0.03 x 0.20 m3 
combustion air damper position: 100 % open 
initial amount of water in each pan: 5.0 kg 
wood charge : 4 pieces 
time between two charges : 6 min 

boiling tb1 - of pan 1 (min) 
of pan 2 (min) tb2 -

amount of water evaporated: msl - of pan I (kg) 
- of 2 (kg) ms2 pan 

efficiency : ljl of pan (%) 
- of pan 2 (%) nz 

nt - total (%) 

m (kg) s n (%) 

msl ms2 n1 nz nt 

2. 107 0.645 13.7 6.6 20.3 

2.279 0.800 14.2 7.3 21.5 

2.434 I. 102 16.8 9.8 26.6 

2.917 I. 235 19.0 10.4 29.4 

3.150 I .613 17.5 10.6 28. I 

3. 165 1.500 20.8 11.9 32.7 



,., 

Tabel 3.7 Efficiency of De Lepeleire/Van Daele wood stove 
with and without insulation on the stove surfaces 

size of wood pieces: 0.02x0.03x0. 20 m 3 

wood charge: 4 pieces 

Symbols: 

run insu-
no. lation 

74 no 

147 yes 

70 no 

101 no 

148 _yes_ 

massof charge (kg} 
time between two charges 

- heat output of the fire (kW} 
;... total amount of wood used (kg) 

total burning time (min} 
initial temperature of the water 

. 
t.mf flt Q mf tt 
(kg) (min) (kW} (kg} (min) 

combustion air 

a. 168 6 8.74 2.689 113 
' 

0. 162 6 8.41 2.262 102 

0.168 8 (?.56 2.691 152 

0. 174 8 6.79 2.787 152 
~ 

0.150 8 5.85 1.495 92 

combustion air 
·-----·~---

78 no 0.172 6 8.95 2.575 112 

149 yes o. 157 6 8. 17 1.565 78 

80 no 0. 189 8 7.37 2.832 153 

ISO yes 0. 153 8 5.97 1.530 94 

/ 

T. 
~ 

(oC) 

damper 

19 

15 

20 

23.7 

17.6 

damper 
-

19 

12.5 

18 

16 

depth of pans in stove: 0.05 m 
initial amount of water per pan: 5.0 kg 

time to boiling 

m 
s 

amount of water evaporated: 

n efficiency 

tb (min) m (kg) s 

tbl tb2 msl ms2 n1 

position 100 % open 

19 33 3.150 1.613 17.5 

17 25 4.294 2.424 27.0 

32 41 3.031 1. 735 16.9 

24 52 3.557 l. 517 18.4 

22 41 2. 773 0.930 28.5 -----
position 50 % open 

-
23 37 2.629 1. 682 15.8 

19 28 2.750 1.392 27.4 

24 45 3.570 1. 639 18.4 

23 41 2.945 1 . 16'8 29.3 

tbl - of pan I (min) 
tb2 - of pan 2 (min) 
msl - of pan I (kg) 
m - of pan 2 (kg) s2 n1 - of. pan I (%) 
n2 - of pan 2 (%) 
n total (%) It - . 

n 

n2 nt 

10.6 28. 1 

16.8 43.8 

1 I. 1 28.0 

9.6 

I 
28. 1 

13.7 42.2 

11.4 27.2 

17.0 44.4 

10.2 28.6 

15.3 44.4 



Table 3.8 

.... 96 -

Heat balance of De Lepelaere/Van Daele wood stove 
with natural gas as a fuel 

depth of pans in stove: 0.05 m 
initial amount of water per pan: 5.G kg 
combustion air damper position: 100% 

open. 

percentage of heat output of the fire in 

run ~ •Oil ·r 
:::1 ~ C/) :> ~ (I) 

no. p. <ll Q) ~·.-1 (I) C/) 
~ 11 (I) oro ~ "'0 0 
:::l <I) <ll t) ~ r:: Q),..-4 
0 H Oil :::1 <I) ~ 

•.-I 
,-.i v-1 

<I) '0 0 ::I r:: ~ 
~4-l""' ...-4 Q) r:: k ~~ :::1 <ll 
l\l :3 ~· ro'* ;.Q ;:l l\l H r:l•.-l 0 <I) 
<ll4-l~ ~ '-' r:l'-' •.-l ...-4 ;:1 ~-~~ t.J..d ..c::o'-' C/) 0 Ul 4-l . (I) .E~,.-l ~k..--1 H r:l ;d ~ r:: ,..... '0 .,...... 

•.-1 <ll Q)r:lN l\l ON r:lON ~0~ 
4-lP. C/) p. til •M ....._., H ~- ::lt.J'-" ::I 4-l '-' 

4 1) 6. 16 29.8 10.3 * * * * 

5 1) 6.38 29.6 9.4 * * * * 

6 1) 5.93 32.0 10.5 * * * * 

112 5.74 28.3 9.6 30.6 34.4 0 -3.0 

146 2) 5.37 35.3 13.6 31.9 19.2 0 0 

* not measured 

l) water content second pan 4.0 kg 
2 ) stove insulated ; unaccounted for heat losses assumed to be zero 

.), 
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Table 3.9 Heat balance of De Lepeleire/Van Daele 
wood stove as a function of the heat 
output of the fire, 

~ 
0 

·r-+ 
.j.J . ·r-+ 

0 {/)-

~ 0 r::: j:l.g. 
r::: 
;:;· j..,'O 
H Q)~ 

~-
t1l 

"0 

101 100 

109 100 

110 100 

123 100 

121 100 

108. 100 

118 50 

117 50 

116 50 

135 50 

134 50 

124 0 

127 40 

126 60 

125 80 

107 100 

137 100 

106 100 

136 100 

139 50 

115 so 
I 19 so 

the number of wood pieces per charge 
and the combustion air damper position 

,....... 
+.>!3: 

Q.) ;::s~ 
00 p.........-,_. .j.J 

qj...-. ;:; Q.) 
,.c:: {/) 0 H 
·u Q.) ..... 

0 .j.J 4-l 
"0 Q.) (lj 
Q•.-i <!)4-l 
0 j:l. ..d 0 
;3:'-' 

4 6.79 

6 5.35 

6 6.45 

6 7.46 

6 7.49 

6 10.3 

6 5.14 

6 6.22 

6 7.46 

6 7.91 

6 9.09 

6 7.46 

6 7.40 

6 7.43 

6 7.27 

8 7.28 

8 8.06 

8 1 1 • 2 ' 

8 12.2 

8 5.66 

8 6.26 

8 8. 71 

size of the wood pieces: 
0.02x0.03x0.20 m3 

depth of pans in stove: 
0.05 m 

initial amount of water per 
pan: 5.0 kg 

percentage of heat output of the fire in 

{/) ,_. 
b() 0 

+J {/) . ~ 4-l 
t1l Q.) >•.-< {/) 

Q.) {/) §'g ·+.> "0 {/) 
,.c:: t1l ·~ Q.) Q.) 

00 0 ;:; Q.) +J {/) 
Q.) 0 ;:'l r::: {/) 

.-I <!) "0 ,_. +.!+-' ::I 0 
"0 ...a ;::s r::: ,_. C::·.-i 0.-1 

.+-' ~ ..... .-I t1l ::I 1-1+-' C) 

{/) 0 {/)4-j . {/) ;::s {/) C) +J 
. H r::l v-1 0 r:::...-.i r::: ....... "0 - o.Or:::- mm...-< 
•...+ t1l IN! Q.) m~ Q.) 4-l ~ cdO~ r:::o!Nl QQ.)~ 

4-l p.. '-' {/) p.. '--' Cf.IO'-' !->+-''--' ;:lO'-' ::I ..d '-' 

18.4 9.6 24.4 42.2 5.2 0.3 ~ 

17.0 9. 1 24.0 42.4 3.7 3.8 

17.3 10.7 21.2 40.1 4.2 6.5 

15.2 9.9 22.4 37. I 9.8 5.6 

18.3 11.8 26.7 41.7 4.7 -3.2 

14.8 9~9 23.2 38.8 5.2 8.1 

18.6 8.9 22.7 41.7 7.4 0.7 

19.2 9.4 22.6 43.3 7.4 -1.9 

17.7 10.3 22.2 42.0 7.8 -0. 1 

16.9 10.7 20.5 40.2 8.7 2.9 

16 •. 2 10.8 23.3 37.2 9.2 3.2 

16.6 9.7 15.4 36.8 9.1 12.4 

17.9 10.8 17.4 37.9 I 0. 1 6.0 

17.5 10.3 21 .4 39.0 8.3 3.5 

19.3 11.2 23.0 40.6 5.6 0.3 

15.6 9~2 21.0 37.8 6. 1 10.3 

15.5 9.9 19.6 35.5 9.5 9.9 

15. r 9.8 17.8 34.5 6.5 16.3 

14.5 10.1 17.1 35.0 10.5 12.9 

16.8 9.9 20.9 38.4 7.8 6.3 

17.5 9.8 25.2 41.8 7.9 -2.2 

14. l 9.7 18.6 33.3 11.6 • 12.5 



Tabel 3.10 

140 

141 

142 

143 

144 
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Heat balance of De Lepeleire/Van Daele 
wood stove as a function of the depth 
of the pans in the stove 

!/j 

§ 
0.. 

4-1 (I) 
0 ;::. 

0 
,.d.W"'"' 
,1-J ttl s 
0.. '-" 
(I) Q 

''Cl ..... 

o.o 

0.01 

0.03 

0.05 

0.07 

8.2 13.7 

8.3 14.2 

8.6 16.8 

8.6 19.0 

8.4 20.8 

size of the wood pieces: 3 
0.02x0.03x0.20 m 

initial amount of water per 
pan: 5.0 kg 

wood charge: 4 pieces 
time between two charges: 

6 min 
combustion air damper posi

tion: 100 % open 

percentage of heat output of the fire ~n 

6.6 36.3 41.2 

7.3 25.5 41.0 

9.8 27.0 42.5 

10.4 22.8 40.4 

11.9 21.1 38.8 

3.7 

5.3 

4.7 

6.0 

5.6 

l-1 
0 

4-1 

~ ~ 
.w ttl 
t:: !/j 

=' 0 
0~ 
() 
o.w...-. 
ctlCI!s-.'< 
Q(\)'-' 
;j;.C 

-1.5 

6.7 

- .8 

1.4 

1.7 



Table 3. II 

0 . 0 
0 •r-f 
p .LJ 

Cll 
0 ,....; 
:::l :::l 
1-< en 

0 
·r-f 

147 yes 

150 yes 

101 no 

152 no 
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Heat balance of De Lepeleire/Van Daele 
wood stove with and without insulation 

percentage of 
0 
0 

•r-f 
.LJ .LJ 

•r-f ,.-... :::l 
<I:J ~ p.. 
0 <l) .LJ 
p..P.. :::l 0 

0 0,......; 0 t1j 
1-< ::s: Cll p.. 
<UN ..LJ~ p.. 
p.. ....... <1l'-' 't:l 

~ <l) .LJ,......, QV"'! 
,.c: <J:JN ON 

't:l H'-' <:) ._, 

•r-f QJ 
4-1 (I) 

100 8.41 27.0 16.8 

50 5.97 29.0 15.4 

100 6.79 18.4 ·9.6 

!00 6.37 20.6 9.8 

size of wood pieces: 
0.02x0.03x0.20 m3 

wood charge: 4 pieces 
depth of pans in stove: 

0.05 m 
initial amount of water per 

pan 5.0 kg 

heat output of the fire in I, 
<I:J <I:J 
00 <!) 

.LJ <I:J . ~ <I:J 
Cll <!) >·.-t <I:J <I:J 
<l) en S::'t:l .LJ 't:l 0 ,.c: Cll 0 ~ m <!),....; 

bJJ <:) :::l ..LJ 
<!) 0 :::l Q.LJ 

,....; <!) 't:l H .LJ.LJ :::l (1j 
..a :::l ~ H ~·r-f 0 <l) 
•.-!,....;- (1j :::~---- 1-<.LJ.,.-..: <:) .a ....._ 
<I:J4-l!N! . enN ::leniN! <:) N 
s:: '-" 't:l ..._, ..OS::"-' <1l!-<'-' 
QJ 0 t1j 0 s:: 0 s:: 0 
<I:J•.-f H .LJ :::l <:) :::14-l 

23.6 26.0 6.6 * 

31.3 18.9 5.4 * 

24.4 42. I 5.2 0.3 

29.2 42.7 4.2 -6.5 

* - unaccounted for heat losses were assumed to be zero. 



Table 3.12 Combustion performance of De Lepeleire/Van Daele wood 
stove as a function of the heat output of the fire, 

run d.p. no. 

the number of wood pieces per charge and the combustion 
air damper position. 

d.p. 
n ·c 
Q 
T 

- combustion air damper position (% open) 
- number of wood pieces per charge (l} 
- heat output of the fire (kW) 

gs.c -
. flue gas temperature (OC) 
stoechiometric combustion 

q fraction of wood converted to CO (I) 

flue gas amount of air drawn 
stove . 

n Q 
for s.c. c 

into the 

total 

size of ~he wood pieces: 0.02x0.03x0.20m 3 

depth of pans in stove: 0.05m 
initial amount of water per pan: 5.0 kg 

excess amount of flue gases 
air leaving the stove 
factor q per kg of wood 

(%) (I ) (kW) co2 co 02 (oC) (m3kg ~m3 Is) (m3kg (m3'/ s) 
x103 · 

from s. c. total 
0 
0 

101 100 4 6.79 6.93 0.61 14.60 240 

109 100 6 5.35 5.58 0.34 15.76 192 

110 100 6 6.45 7.21 0.50 14. 14 218j 
123 100 6 7.46 6.66 I. 21 I4.99 222 

' 121 100 6 7.49 6.40 0.50 14.91 ! 246 • 
108 100 6 10.3 8.90 0.78 12.62 i 289 
I18 50 6 5. 14 6.22 0.81 15. I I 210 

Il7 50 6 6.22 6.42 0.84 14,63 220 
1 I6 50 6 7.46 6.88 0.96 14,06 234 
135 50 6 7.91 7.97 l. 25 13.83 236 

wood) wood) x!0 3 

4.28 1.55 13.34 4.84 

4.34 I. 24 I7.90 5. I I 

4.32 I. 49 13.67 4.71 

4.05 I • 6I 13.27 5.29 

4.31 1.72 14.31 5.27 

4.28 2.35 11.07 6.09 

4. 18 I • 1 5 14.28 3.29 

4. 19 1.39 13.49 4.48 

4. 17 I. 66 12.40 4.94 

4. i l I. 74 11.26 4.76 

(I) ( 1) 

3. 12 0.091 

4. 12 0.063 

3. 16 0.07I 

3.28 0. 192 

3.32 0.079 

2.59 0.090 

3.42 0.133 

3.22 0.130 

2.97 0. 137 

2.74 0.166 

(m3) (m3) 

4.92 

4.97 

4.95 

4.74 

4.94 

4.92 

4.84 

4.85 

4.84 

4.79 

table continued 
next page 

13.98 

18.53 

14.30 

13.96 

14.94 

11. 71 

14.94 

14. 15 

13.07 

11.94 



Table 3.12 (continued) 

flue gas amount of air drawn into the amount of flue gases 
stove excess 

leaving the stove run . 
air d.p n Q T for s.c,. total factor q per kg of wood heat no. c. 

g 
rn co 02 (OC) 

{nP kg (m3/sl (m3kg (m3/s from s.c. total (%) (I) (kW) v •• 2 
woodl xJO woodl xJO (I) (1) 

(m3) (m3) 
134 50 6 9.09 7.88 1.33 14. 15 26~ 4.07 1. 98 II. 51 5.59 2.83 0.182 4.76 12.20 
124 0 6 7.46 7.57 1. 26 14.14 172 4.09 1. 63 11 . 73 4.67 2.87 0.175 4. 77 12.41 
127 40 6 7.40 6.81 I • 28 14.61 181 4.05 1.60 12.65 5.00 3.12 0.] 93 4.74 13.34 
126 60 6 7.43 6.97 1.04 15. 17 209 4. 1 1 ' I. 63 13.46 5.34 3.27 0. 165 4.79 14. 14 I 

125 80 I 6 7.27 6.37 0.61 I 14.01 228 4.28 

' 
1.66 13.22 5.13 3.09 0.090 4.92 13.86 

107 100 8 7.28 6.95 0.74 14.94 205 4.23 1.64 14.83 5.76 3.51 0. 114 4.88 15.48 

0 

~ 137 100 8 8.06 6.71 I. 17 15.28 190 4.05 I. 74 13.64 5.87 3.37 o. 191 4.74 14.33 
106 100 8 11.2 8.03 0.91 13.23 209 4.23 2.53 12. II 7.24 2.86. 0. 114 4.88 12.76 
136 100 8 12.2 7.76 1.52 13.74 200 4.03 2.62 II. 05 ! 7. 20 2.74 0.202 4. 72 11.74. 
139 50 8 5.66 5.59 o. 77 15.96 172 4. 16 I. 26 16.26 4.91 3.91 0.145 4.82 16.92 
115 50 8 6.26 5.42 0.76 15.88 206 4. 16 1.39 16.32 5.45 3.92 0. 143 4.83 16.99 
119 50, 8 8.71 6.54 1.44 13.86 204 4.02 1. 87 II. 94 5.55 2.97 0.205 4. 72 12.64 

amounts of air and flue gases are expressed in m3 at standard conditions (0 °c,· 1013.25 mbar). 



Table 3.13 Combustion performance De Lepeleire/Van Daele 
wood stove as a function of the depth of the 
pan in the stove 

symbols~ ~ - depth of the pan in stove (m) 
Q - heat output of the fire (kW) 
T - flue gas temperature (°C) 

g 

run . 

s.c. 
q 

amount of 

3 size of the wood pieces: 0.02x0.03x0.20m 
initial amount of water per pan: 5.0 kg 
wood charge: 4 pieces 
time between two charges: 6 min 
combustion air damper position: 100 % 

stoechiometric combustion 
fraction of wood converted to CO (1} 

air drawn into the amount of flue gases 
stove excess 

~eaving the stove air d.p. Q flue gas (%) Tg T For s.c. total factor q per kg of wood heat no. g 
from s.c. total 

Cflz co 02 (oC) 
(mjkgl (mj~s} (mjkg (mj/ sl 

~(m) (kW) 'wood xJ03 wood xJ03 (Jl (Jl (m3)._ (m3)._ 

140 o.o 8.2 5,0 0.3 15.~ 270 4.35 1.91 17 .'10 7.84 4.JJ 0.059 - 4.~ 18.53 

141 0.01 8.3 6.06 0.54 15.8 214 4.30 I. 91 15.88 7.06 3.69. 0.097 4.93 16.52 

142 0.03 8.6 8.05 0.64 13.56 301 4.32 I. 98 11.54 5.29 2.67 0.083 4.95 12. 18 

143 0.05 8.6 8.44 0.87 13.26 2&9 4.27 1.~ 10.88 4.~7 2.55 0. 107 4. 91 11.53 

144 0.07 8.4 8.60 0.82 12.74 .:.39 4.29 I. 9.4 10.47 4.72 2,44 0.097 4.93 11.11 

I 

amounts of air and flue gases are expressed in m3 at standard conditions (0 °C, 1013,25 mbarl 

0 
N 



Table 3. 14 Combustion performance of De Lepeleire/Van Daele 
wood stove with and without insulation on the stove 
surfaces 

S~"DlbO 1 S : <f·P· - combustion air damper position (% open} 
Q - heat output of the fire (kW) 0 . 
T - flue gas temperature ( C) 
gs.c - stoechiometric combustion(l) 

q - fraction of wood converted to co (1) 

•· -· 

size of wood pieces: 0.02x0.03x0.20 m3 
wood charge: 4 pieces 
depth of pans in stove: 0.05 m 
initial amount of water per pan: 5.0 kg 

amount of air drawn into • amount of flue gases 
the stove leaving the stove 

insu- . flue gas (%) excess per kg of wood heat run d.p. Q T total air la- For s.c. q no. g factor from s.c. total tion open co2 I co 02 
(m"kg (m·l/s} l(m"kg (m" /s} 

(%) (kW) (oC} wood) xto3 wood) x1o3 (I) 01 (m3) (m3) 

147 yes 100 8.41 9_. 69 I • 11 · 12.52 310 4.21 1. 89. 9.65 4.33 2.29. 0.123 4.86 10.30 

150 yes 50 5.97 6.72 0.62 15.94 269 4.24 1. 35 15.36 4.90 3.62 0.108 4.89 16.0 I 

I 0 I no 100 6.79 6.93 0.61 14.60 240 4.28 1.55 13.34 4.84 3.12 0.091 4.92 13.98 

152 no 100 6.37 4.68 0.33 14.71 233 4.35 1.48 16.70 5.68 3.84 0.060 4.97 17.32 
' ~ 

amounts of air and flue gases are expressed in m3 at standard conditions (0 °C, 1013,25 mbar}. 

0 w 
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APPEND IX 3 • 1 

Properties of wood 

In experimental research on wood stoves it is of considerable 

importance to have at our disposal reliable data concerning the 

properties of the fuel. For the wood used by TNO and THE in their 

experiments (white firl the proximate analysis, ultimate analysis 

and calorific value were therefore determined. The results of the 
• measurements are given in Table A-1. This table also contains 

some data derived from literature (Spiers, 1950, Wagner 1 979-} 

for comparison with the measured values. 

As is to be expected, Table A-1 shows that the properties of the 

wood used by TNO and THE (white fir} do not differ substantially 

from the average values derived from literature for the proper

ties of wood. It can moreover be concluded from Table A-1 that 

the results of the proximate analysis and the ultimate analysis 

fo•md by TNO are consistent with the results of determinations 

of the calorific value. This can Ee demonstrated as follows: 

According to Wagner (1979) the nett calorific value of dry 

wood can be calculated with 

(1.08xi04xo)} x (1-a) 

where 

H = nett calorific value of dry wood (kJ/kg) 

c = mass fraction of carbon in dry, ash-free wood (- )_ 

h mass fraction of hydrogen·in dry, ash-free wood (-) 

0 = mass fraction of oxygen in dry, ash-~free wood (-) 

a = mass fraction of ash 1n dry wood (-} 

The results of the calculations are given in Table A-2. In the 

calculations use has been made of the average values of the dupli

cate determinations which were made both for the Apeldoorn-wood 

(sample 1, 3-9-1980) and for the Eindhoven-wood (sample 3, 3-9-1980}.. 

Reference is made to Table A-1. 
\. 
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Because no direct measurement of the mass fraction of oxygen ~n 

dry, ash-free wood has been carried out, it has been assumed 

that the dry, ash-free wood consists exclusively of carbon, 

hydrogen and oxygen. The error introduced in this way may be con

sidered to be negligibly small. 

From Table A-2 it is apparent that.the net calorific value for 

the wood from Apeldoorn that hasbeen calculated from the ulti

mate apalysis is slightly lower than the measured net calorific 

value. The calculated value is only 4.5 % lower than the measured 

value. Also for the wood coming from Eindhoven a lower net calo

rific value is calculated from the ultimate analysis than was 

measured. But as this difference is within the inaccuracy limits 

of the measurements, it is not significant .• It can therefore be 

· concluded that the results of the ultimate analysis are consis

tent to a large extent with the measured values of the net calori

fic value. 

Table A-2 also shows that the measured net calorific values for 

wood from Apeldoorn and wood from Eindhoven do not differ signi

ficantly from one another. For the net calorific value of the 

wood used by TNO and THE the following relationship can there

fore be adhered to : 

(18.7 ~ 0.6) x 103 kJ/kg (dry wood) 

For sample I (7-3-1980) and sample 2 (17-4-19801 of the Eindhoven

wood only the gross calorific value (dry wood} was determined. 

Using the average values of the proximate and ultimate analysis 

of sample 3 (3-9-1980) of the wood from Eindhoven, the net calori

fic value can be calculated therefrom in accordance with the 

Dutch standard NEN 935-11 (April 1964). The results are given in 

Table A-3. 

From Table A-3 it appears that the calculated values of the net 

calorific value (dry wood) that are calculated from the measured 

values of the gross calorific.value (dry wood} do not significant-

ly differ· from the earlier quoted net calorific value of (18. 7 ~ 0.6)x 103 

kJ/kg (dry wood) ror woods from Apeldoorn and Eindhoven, respectively. 
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APPENDIX 3.2. 

COMBUSTION CALCULATIONS 

According to Appendix 3.1 it may be assumed that the wood fuel 

used with the experiments exclusively consists of carbon, hydrogen, 

oxygen and ashes. Under this assumption combustion of I kg of dry 

wood yields : 

(I - f) X (J 
c 

- a) x 12.01 X 22.39 m3 co2 I kg dry wood 

f (1 - a) c 
X 22.39 m3 co I kg dry wood X X }2,01 

( 1 - a) h 
X 22,39 m3 H20 I kg dry wood 

X 2.016 

0.79 X vl m3 N2 I kg dry wood 

0.21 X (Vl - vlo) m3 02 I kg dry wood 

where: f mass fraction of dry wood converted to CO (l) 

a = mass fraction of ash in dry wood (1} 

c = mass fraction of carbon in dry, asb.-free wood (11 
h mass fraction of hydrogen in dry, ash-free wood(J} 

v1 = total amount of combustion air per kg dry wood (m3/kg) 

v10 stoechiometric amount of combustion air per kg dry wood 

(m3 ikg) 

In the relations mentioned above, use has been made of the following 

numerical values 

molar mass of carbon 

molar mass of hydrogen 

molar volume of ideal gas 

volumetric composition of combustion air 

12.01 kg I kmol 

2.016 kg I km.ol 

22.39 3 /kmol m 

21 % oxygen, 79 

All volumetric amounts mentioned, refer to standard conditions 

0°c and 1013.25 mbar. 

% nitrogen 
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For the wood fuel used with the experiments, it can be derived 

from Appendix 3.3, Table 4.4 : 

a = 
c = 

0.009 

0.512 

h 0.054 

Substituting these values in the relations for the flue gas compo~ 

sition gives 

0,946 X (I - f) m3 co2 I kg dry wood 

0.946 X f m3 co I kg dry wood 

0.594 m3 H20 I kg dry wood 

0.79 x v
1 

m3 N2 I kg dry wood 

0.21 x (Vl - v lo 
m3 02 I kg dry wood 

The flue gas composition as it was measured with the experiments, 

refers to dry flue gases, therefore 

[C02] = 
0.946 X (1 -fl 

' v r 

[CO] 
0.946 X f = 

V' 
r 

[oz] 0,21 X (Vl - V10 )_ = 

V' r 

Where: 

[C02] measured co2-content of dry flue gases (fraction by 
volume~ 

[CO ] = measured CO-content of dry flue gases (fraction By 
volume) 

[o2 l == measured o2-content of dry flue gases (fraction hy 
volume) 

(J). 

Ol. 

(ll 
V' total amount of dry flue gases per kg dry wood ( m31 kg} r 

Solving the equations for the co2 - and CO - content of the flue gases 

for f and V' gives r 

[CO] 
f = ------

[COz] + fCO] 
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0.946 

Adding the amount of H
2

0 in the flue gases to v; gives the total 

amount of wet flue gases per kg dry wood : 

v == r 

0.946 

+ reo] 
+ 0.59.4 (A2.1 ) 

where: 

V = total amount of wet flue gases per kg dry wood (m3 / kgl 
r 

The total amount of wet flue gases can also be. calculated starting 

from the measured o2 - content of the. dry flue gases : 

= 
0.21 X (Vl - vlo), 

ro2J 

Also: 

V' 
r 

v 
r 

= v;o + (Vl - Vlol 

Vro + (Vl - Vlo} 

where: 

From 

From 

V' = ro 

these 

v r 

stoechiometric amount of dry flue. gase.s per kg d;ry wood 
(m3 / kg} 

stoechiometric amount of wet flue gase.s per kg dry wood 
(rn3 / kg) 

three equations follows 

v + 
[02] 

X V' ro 
0.21 [oz] 

ro -
the relations for the flue gas composition can be de.rive.d 

V 0.946 X (J - f} + 0.946 X f + 0,594 X 0.79. Vlo ro 
v;

0 
= 0.946 X (I -f)+ 0,946 X f + 0,79 V

10 

The amount of air required for stoechiometric combustion of J kg of 

dry wood is given by : 
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22.39 c c 
X { (1-f) x ( 1-a) 

0.21 
x--

12.01 
+ ~f X (1-a) X -- + 

12. OJ 

+ ~ x (1-a) x _h_- (1-a) x _o_} 
2.016 32.00 ' 

.As a numerical value for the molar mass of oxygen, 32.00 has been 

used in this relation. 

Using the numerical values mentioned earli.er in this Appendix and 

putting 0 = 0.434 (see Appendix 3;3, Tab~e A.4}, it can now be 

derived 

v
10 

= 4.499 x (1 - ~ f) - 0.017 

Using the equations for Vro' v;
0 

and V
10

, it can now he calculated : 

where: 

f = 

-----X (J ,068 - 0.59-~ X 102] - 0.373 X ;f)_ 
0.21 - 102] 

[CO) 

In the experiments the co2 -, CO - and 02 - content of the. flue 

gases were measured every 20 seconds with the data~acquisition 

(A2. 2)_ 

system. At the end of each experiment the measured data were averaged, 

thus finding the values for fC02], fCOJ and 102] for eaciL experiment. 

With equation A2.1 the total amount of wet flue gases was calculated 

based on the measured values of fC02] and lCO]. WitiL equation A2.2 

the amount of flue gases was calculated based on the measured values 

of [Co2], [CO] and .[02]. Finally the average value of both_ amounts 

was calculated. From the experimental data it is clear that the two 

flue gas amounts calculated separately do not deviate by more than 

about 10 % from the average value. With most experiments this devia

tion is even much smaller, namely of the order of 5 %. 

With the equations given in this Appendix also the composition of 

the flue gases can be calculated. With these data the average speci

fic heat of the flue gases at the measured flue gas temperature was 
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determined, using well know correlations for the specific 

heat of co2 , CO, H20, N2 and air as a function of the temperature. 

The sensible heat loss with the flue gases can now be calculated 

by multiplying the total amount of wet flue gases with the average 

specific heat of the flue gases and the temperature difference be

tween flue gases and surroundings. 

The heat loss by unburnt constituents in the flue gases can be cal

culated by multiplying the amount of CO in the flue.gases with its 

combustion value which is 2.85 x 105 kJ I kmol. 
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Body of De Lepeleire/Van Daele wood stove 

subdivided into surface elements and with 
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Fig. A3.2. Cover plate of De Lepeleire/Van Daele wood 

stove subdivided into surface eUnents and 

with the position of the thei~o-couples. 

(scale 1:10) 
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APPENDIX 3.3 

HEAT TRANSFER TO SURROUNDINGS BY STOVE SURFACES 

To determine the heat loss of the stove surfaces to the surroundings 

22 stove surface temperatures were measured by means of thermocouples. 

The total surface area of the stove was therefore subdivided into 

25 surface elements, as is shown in Fig. A3.1 and A3.2 of this 

Appendix. The thermocouples were soldered in the middle of each sur

face element with the exception of the elements no. 11, 18 and 19 

which were not equipped with thermocouples. The temperature of these 

elements was assumed to be equal to the temperature of the elements 

no. 6, 8 and 17, respectively. With each experiment, the thermocouples 

were scanned every 20 seconds. For each period of 20 seconds, the 

heat transfer of each surface element by convection and radiation 

to the surroundings was calculated. The following relations were 

used for these calculations : 

convection 

radiation 

Nu = ! 0.53 ( Gr x Prl 

Qconv.i = a. x A. x (T. - T 1 
1 1 1 0 . 

= e: • X C x A. X 

laminar free 
convection 
according 
to a data 
book (General 
Electric 1976) 

Qrad.i 1 s l. 

x\{(Ti + 273f= rol:O 274n Qrad.i = £. X c x A. 
l. s l. 100 . 

radiation 

Q. = Qconv.i + Qrad.i 1. 
total 

where : 

Nu dimensionless Nusselt number 

Gr = dimensionless Grasshof number 

Pr dimensionless Prandtl number 

Q . = heat loss by convection of surface element i conv.1. d . 20 ur1.ng seconds 

heat transfer coefficient for convection of surface 

(I ) 

(1}. 

(J} 

(W}. 

0'.· 
l. element i (W /m2K} 

A. = surface area of surface element i 
l. 
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T. = measured temperature of surface element i 
1 

T = 
0 

measured temperature of surroundings 

Q = heat loss by radiation of surface element 1 rad.i during 20 seconds 

£. = emission coefficient of surface element i 
1 

(W) 

(I ) 

= 5.67, Stefan-Bolzmann constant for black radiation (W/m2K4) 

heat loss by convection and radiation of surface 
element i during 20 seconds (W) 

After each sean. the heat loss of the stove surfaces during the period 

of 20 seconds was calculated by adding all calculated values of Q .. 
1 

The heat loss of the stove by convection and radiation during the 

whole experiment is finally found by adding the heat losses calcula-

ted for each 20 seconds-period. 

The same procedure was adapted to calculate the heat losses of the 

pans to the surroundings. 

For the emission coefficient e:. the .following numerical values were 
1 

used : 

surface element 9 e. 
1 

= 0.94 
II II IO e. 0.25 

1 

" It 12 £· 
1 

= 0.94 
II II 13 £. = 0.83 

1 
II II 14 £. = 0.25 

1 

" II IS £. 
1 

0.94 

" " 17 £· = 0.83 
1 

II u· 20 £. 
1 

= 1.0 
II It 21 £. 

1 
1.0 

tt II 22 £. = I. 0 
1 

II II • 23 1.0 £. 
1 

" It 24 E; • 
1 

= 1.0 
tl II 25 E:· 

1 
= 1.0 

These values were measured using a Thermodot infra-red pyrometer. 

The emission coefficients of the remaining surface elements were as

sumed to correspond with these values for reasons of symmetry. The 

emission coefficient of the pans was assumed to be 0.2. 
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Summarising, it can therefore be stated that the results of 

the measurements obtained by TNO contain sufficient evidence 

for using equal values for the proximate analysis and ultimate 

analysis and for the calorific value, for the wood from Apel

doorn and that from Eindhoven, respectively. These values can be 

calculated by taking the average of all the measurements. The 

results of these calculations are given in Table A-4. If the 

nett calorific value of dry wood that is mentioned in Table A-4 

is used in establishing the efficiency of wood burning cooking 

stoves, a relative error of+ 3.1 %in the calculated efficien

cy is the result of the inaccuracy in the determinations of the 

net calorific value. Starting from the gross calorific value in 

determining the efficiency, the relative error in the calculated 

efficiency is~ 4.9 %. 

The efficiency measurements on open fires and on the Family Cooker 

that have been carried out by THE so far all relate to the gross 

calorific value (upper heating value) of dry wood. For this lat

ter value19.8xl03 kJ/kg was used in all cases, which agrees very 

well with the gross calorific value mentioned in Table A-4 

(4) 

In a wood stove, however, only sensible heat is transferred and it 

is more obvious therefore to relate the efficiency to the net 

calorific value (lower heating value) of the fuel. Consequently, 

when heat balances are drawn up for the wood stoves, the latent 

heat discharged with the flue gases can be left out of considera

tion. This is the reason why in this report the net calorific value 

of dry wood will be used in the efficiency calculations, which 
' according to Table A-4 amounts to !8.7x103 kJ/kg. 



' TNO 

Spiers Wagner 
wood from 
Apeldoorn wood from Eindhoven 

(1950) (1979) 
sample 1 sample 1 sample 2 sample 3 
(3-9-!30) . (7-3-8Ql (17:-4-80). (3-9-80} 

! , Moisture content (wt.%) 15 12-25 9. 14 9.19 - - - - 8.66 8.74 (moist wood) 

' Proximate analysis 
' · (dry wood) 

volatile matter (wt.%) 80 > 80 - - - - - - - -
fixed carbon (wt.%) 20 < 20 - - - - - - - -
ash (wt. %) trace 0.2-1.1 0.90 0.79 - - - - 0.76 1. 02 

Ultimate anal~sis 
(dry, ash-free wood) 

carbon (wt.%) 50.0 50.0 51.2 51.3 - :... - - 51.1 51.8 
hydrogen (wt.%) 6.0 6.9 5.36 5. l 1 - - - - 5.52 5.41 
nitrogen and sulphur (wt.%) 1.0 - - - - - - - - -
oxygen (wt.%) 43.0 44.0 - - - - - - - -

i 
I 

Calorific value j 
(dry wood} 

X ) 0
3 

(kJ/kg( gross 18.6. - 20.2 19. 7' 20.8 18.9 I9. 9' 19.9 19.3 20.2 
net X 103 (kJ/kg) 17.3 

20~0 
19. I. 18.5 - - - - 18. 1 19.0 ·--.. -~ .... ·-~--

REMARKS I. Data quoted by Spiers and Wagner are average values for different kinds of wood. 
2. TNO-measurements refer to white fir as kind of wood. 
3. For each sample investigated TNO-measurements were carried out in duplicate. 
4. Moisture content quoted in Table I for TNO-measurements is moisture content in equilibrium with air of approx. 

70 % relative humidity. · 
5. Calorific values were determined by TNO according to the Dutch Standard NEN 935-11 (April 1964). 
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Table A 2 Net calorific value of wood calculated from ultimate analysis 

wood from Apeldoorn 'wood from Eindhoven 

sample 1 (3-9-80}_ · sample 3 (3-9-80) 

mass fraction of ash I) 

(dry wood) (I} 0,00845 + 0.00055 0.00925 + 0.001'65 
- -

mass fraction of carbon 

(dry, ash-free wood) (I) 0.5125 + 0.0005 0.512 + O.OOi l - -

mass fraction of hydrogen 

(dry, ash-free wood) (I) 0.05235 + - 0.00125 0.05475 + 0.00045 -

mass fraction of oxygen 

(dry, ash-free wood) (I) 0.43515 + 0.00175 0.43325 + 0.00145 - -

calculated net calorific 

value (dry wood) (kJ/kg) (18.0 .:!:_0.2}x103 (18 .2 + 0. Ilxl o3 -

measured net calorific value 

(dry wood) (kJ/kg} (18.9 +0.3)xt03 (18 .6 + 0.5)xJ03 
-

Table A 3 Net calorific value of wood calculated from gross calorific value 

wood from Eindhoven 

sample I sample 2 
(7-3-801 (17-4-80} 

measured gross calorific value 

(dry wood) (kJ/kg} 19.9.:!:_1..:,0)xl03 (19.9.:!:_0.5)xto3 

calculated net calorific value 

(dry wo~d) (kJ/kg) 18.7.:!:_l.O)x103 (18. 8~o. SlJtJ o3 
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Table A 4 Properties of wood from Apeldoorn and Eindhoven 

' i 

ash (dry wood} (wt.~) 0.9 + 0.2 -
carbon (dry, ash-free wood) (wt.%) 51.2 + 0. I -
hydrogen (dry, ash~free wood (wt.%) 5.4 + 0.3 -
oxygen (dry, ash-free wood) (wt.%) 43.4 + 0.4 -
gross calorific value 

(dry wood} (kJ/kal (J 9. !l + l.Olxto3 -
net calorific value 

(dry wood} (kJ/kg) (18.7 + 0.6)xJ03 -
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IN SEARCH OF A DEFINITION FOR THE EFFICIENCY OF 

WOOD BURNING COOKING STOVES 

by 

K. Krishna Prasad 

Department of Applied Physics 

Eindhoven University of Technology 

Eindhoven, The Netherlands. 

4.1. INTRODUCTION 

Defining the efficiency of a cooking stove under the best of 

circumstances is a hazardous task. 

The best of circumstances I am thinking of is a gas or electric 

fire operated by a relati~ely enlightened person in a highly 

organized system, Efficiency is conventionally defined as the 

ratio of output and input. For the example I am considering, the 

latter is easily measured (in the sense we know how to do iti, 

but the former is simply unknown - in principle the energy 

content of the .cooked food is not a quantity that can be easily 

measured in a direct manner. Hence we resort to some level of 

adhocism. 

We can adopt a rather pragmatic approach to the definition of 

efficiency. Efficiency of a cooking stove could be thought of 

as a measure of its fuel consumption to accomplish a specified 

t'ask under a regime of well-defined operational procedures. The 

word task is to be interpreted to include quantity as well as 

type of food that is being cooked. The operational procedure 

includes a whole lot of things such as: the .lid is on or off 

from the pot; the actual methodology of cooking, say, the actual 

amount of water employed for cooking things like potatoes and 

rice; use of pressure cookers; etc., etc •• 

We now move to the actual problem of measurement. As was men

tioned earlier, the input is easily measured for gas or elec-
. ' ' . ' . 

tric fires. But our interest is in wood-burning systems. 
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There are two distinguishing features of these systems that make 

life rather difficult as far as measurement of input energy is 

concerned. 

The first one is concerned with the fact that a solid fuel device 

of the capacity that we are considering is a batch process system. 

In other words, the fuel is not available on tap, but an operator 

has to load the fuel into the stove and keep on doing this at 

frequent intervals. The number of refuelling operations is de

pendent on the total cooking period and the burning time of one 

batch of wood - can be as large as 5. This makes it difficult 

to monitor the system's input with the same degree of reliabi

lity as we could achieve with gas/electric fires, 

The fact that the wood-burning system operates on a batch prin

ciple has other implications as well. The concept of efficiency 

is the direct outcome of the First Law of Thermodynamics. This 

law does not explicitly involve time as an independent variable. 

For continuous systems, the law is used by defining a steady state 

mode. Such a mode of operation is not easily realized in a batch 

system. However, one could identify such a mode in a batch opera

tion provided the interval of burning of one batch of wood is 

sufficiently large. Another way of overcoming this complexity is 

to consider the stove to be in steady periodic operation. In 

other words the period of each cycle of adding and burning of wood 

remains constant over the entire duration of cooking. The latter is 

realizable only in the desciplined environment of a scientific la

boratory. A kitchen is hardly such an environment. Thus we are es

sentially dealing with a fully time-dependent process. The best 

one could do under such circumstances is to be satisfied with some 

form of average heat input. 

As can be inferred from our earlier discussion on output, the actual 

cooking process is a batch process with a characteristic time asso

ciated with it. In addition, there is a sequential variation of 

heat demand during this time, depending on the type of food that is 

being cooked. This time dependence is to be superimposed over the 

characteristic time associated with the heat supply from the stove 

mentioned earlier. Thus the problem is not given to easy analysis. 

I 
, I 

\ 
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I started out by saying that there were two features that dis

tinguish wood-burning systems from those using gas or electrici

ty as far as measurement of input energy is concerned. The second 

feature is the fuel quality. I use this as a catch-all term to 

denote the wood species, the as~fired moisture content in the 

W!Jod, and the size of wood actually employed in the stove. All 

these factors seriously affect the heat output from a given 

stove. 

Added to these rather natural complications of the fuel used, 

there is yet another difficulty - a completely man made one. 

Many a stove designer claims that his design can burn any fuel. 

What he means by this is that his design will accept all kinds 

of fuels so long as they are-solid. Specifically what he means 

is that you can load these into his stove, and burn them after 

a fashion. Saying this is one thing and it is quite another to 

say that all these fuels provide the s~me amount of heat output 

from a given design. If t.he design is any good at all, it will 

provide .the best performance for one fuel. Other fuels when used 

will yield performances that depart from the above depending upon 

the departure of the fuel characteristi~from the design fuel. We 

will reject the stoves that are designed without taking the fuel 

characteristics into consideration as unreliable. 

We can now state the following about the efficiency of a wood

burning stove. Tt is a function of the task (defined in our special 

sens), operational procedure (for food preparation}, fuel quality 

(to include all the things we have stated above), and the opera

tional procedure of the stove. All these _are design specific. 

I would like to submit that these are not idle comments of one 

of those ivory tower university chaps. We have solid laboratory 

evidence for many of the claims I make. 

·Yet, we stick to the notion of the single number .for the efficiency 

of a stove. The reason is that the energy policy maker requires that 

number. His attitude to the efficiency'is to seek an answer to the 

question concerning the amount of fuel used by each household in 

a given community over a representative period of time, say one 

year. 
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Aggregrating this value over the community, a figure of merit 1s 

assigned to the stoves being used by that community. Thus if two 

stoves are capable of achieving all the tasks a given household 

desires, and if stove A shows a higher fuel bill than B, then 

stove B is deemed to be more efficient than stove A. In principle 

this bit of information is sought after (preferably in quantita

tive terms) by the energy policy maker. Armed with this, he can 

carry out his trade off arithmetic among several factors like: 

investment in forests; subsidies for stoves; training schemes 

for stovemakers; centres for information dissemination; etc, 

etc. 

You now immediately see two levels of conflicts. The first level 

of conflict is with the fact that the efficiency is dependent 

on several factors and the desire to treat it as a single number. 

The second conflict is between laboratory information that design

ers can provide with confidence and the field information that 

forms the basis of energy policy maker's calculations. I am sad 

to state that there is inadequate appreciation among the frater

nity of stove designers about this basic distinction that needs 

to be made between these .two attitudes. I suggest that the stove 

designer has to satisfy two constituencies - one made up of the 

customers and the second the energy policy makers. If the customers 

fail to approve the design, the best policies put forth by the 

energy policy makers will come to a grinding halt. Hence it seems 

wise to satisfy our customers first. 

Unfortunately life is not that simple. Energy policy maker's views 

are of long term goal and we will have to heed his views one of 

these days. The only way we can come up with a solution to the con

flict is to answer the following question : How can we simulate the 

field conditions in the laboratory? I am afraid this is not an 

easy question to answer. The difficulty arises on two counts: 

(i) what are the parameters that describe the system? and 

(ii) how do we simulate the process of cooking in the laboratory? 

Because of the difficulty in answering these questions, I contend 

that the argument has been shifted to the definition of the effi

ciency. The latter is simply a diversionary tactic to hide our igno

rance of how the stove works in quantitative terms. 
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4.2. SOME DEFINITIONS 

For whatever it is worth, let me recount the 3 methods of defining 

efficiency that have been considered in the quarterly meetings of 

the wood-burning stove group at Eindhoven/Apeldoorn. All these 

methods involve water boiling tests. The assumption is that they 

adequately represent the cooking situation. 

( i) The general method: 

(ii) 

I call it general because it is the most common method employed 

A known quantity of water is brought to boil and kept Boiling 

till the quantity of wood you want to use in the test is ex

hausted. The weight loss in water is measured and this loss 

is attributed to the steam that escaped from the pan. The 

heat content of this steam is added to the heat required to 

raise the water temperature to boiling point. This is divided 

by the heat content of the wood that was used up in the test. 

The quotient so obtained is taken to be the efficiency of the 

stove under test. 

The De Lepeleire method (1980}: 

De Lepeleire contends that theconcept of efficiency is valid 

only for the warming up period of the water to the boiling 

point. The later phase of cooking is to be assessed on the 

basis of fuel consumption. 

(iii} The Attwood method (1980): 

Attwood formalizes the concept of De Lepeleire. His opinion 

is that steam is an unwanted by-product of the cooking pro

cess. So he proposes a rather novel definition of efficiency. 

What we desire is to maintain the cooking mixture at a temper

ature close to the boiling point •. What foils this desire is 

the heat loss from the pan. The job of the stove is to make 

up for the heat loss. Thus he determines the cooling rate of 

water at boiling point in the pan, and compares this with the 

rate of wood consumption to maintain the water just simme

ring. This ratio is called the efficiency. The idea as you 

perhaps will realize is inspired by the concept of the hay box. 
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Each one of the above methods has its drawbacks. The general method 

is considered undesirable since it clubs the warming-up process and 

the boiling process. It is expected that the heat loss processes are 

different under these conditions and can cause confusion in designing 

stoves. 

The De Lepeleire scheme is complicated to implement in practice. 

It results in two numbers ~ one an efficiency and the other fuel 

consumption. Of course it is possible to convert both into fuel 

consumption. The latter, which seems to be gaining in popularity, 

is dependent on two factors - efficiency of the stove as well as 

the output level of the stove. 

The Attwood definition favours systems that have low outputs. More

over the cooling rate value which is used in the calculation is a 

strong function of temperature difference Iq(convectionl«&T i and 

q(radiation)a:(T4 - T4 b}] and as such the efficiency determined pan am 
will depend upon the temperature range over which it was determined. 

At any rate the 6T that is operative when the pan is on the fire is 

different from that when it is off the fire (as it will Tie. for the 

cooling rate testi, A redeeming feature of course is that tliamethod 

produces a conservative estimate, This can be illustrated Sy looking 

at the cooling test results of Attwood. Table 4.J reproduces the re

sults in a slightly di~erent form. 

Table 4.1. Cooling test results of ATTWOOD 

Initial mass of water : 1981 g 

260 rom aluminium pan with a lid 

Attwood presents cumulative values; those values'have been used to 

arrive at heat loss values for each time interval, 

elapsed water water 
heat 

evap. 
heat 

total 
heat time temp. 

(min) (oc) (loss kJ} (loss kJl loss (kJ 

0 100 

10 78 184 75 259.. 

20 68 84 27 1 1 l 

30 60 67 15 82 

40 56 33 9. 42 

50 52 33 12 45 

60 49 25 7 32 
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Cumulative values for 60 minutes: water heat 426 

evap. heat 145 

total heat 571 

It is instructive to look at this table carefully. The heat loss 

during the first ten mintues was 259 kJ, but in the last ten mintues 

it was only 32 kJ! Attwood uses the cumulative results obtained 

from the cooling test for 1 hour to estimate the efficiency of the 

family cooker operated with charcoal briguettes under best air 

supply conditions as 27.1 t. On the contrary if the result for the 

first ten minutes h~d been used, he would have obtained an efficien~ 

cy of 73.1 %. As a matter of fact if one were to assume that simmering 
0 conditions prevail in the temperature interval of JOO - 95 C, the 

heat loss will be even higher resulting in efficiencies of 9.0 % or 

higher. 

The above discussion brings out a number of deficiencies in Attwood's 

work. Even if one were to accept the definition at its face -value, his 

way of implementing it is subject to gross errors. 

Secondly, a cooling test in the temperature interval of 10.0 - 95 °c 
requires continuous monitoring of both weight and temperature for a 

reasonably reliable measurement - not a difficult task, hut not trivial 

either. Lastly, the major objection is against the definition itself. 

A stove designed on the basis of stmmering requirement will surely 

take far too much time to bring a given quantity of water to boil. 

Moreover, if simmering were the only objective of a stove., we can 

as well dispense with the idea of a stove and use a hayhox instead. 

The latter uses zero fuel and thus has an infinite efficiency ! 

In our work we have so far used the general method - it being the sim

plest in practice. I have heard objections against this procedure. In 

particular we have been criticized for the large efficiencies we have 

got for open fires.*) The large efficiency, it has Eeen stated, is 

really due to the method rather than any intrinsic merit of th.e open 

fire. 

*) It should ~e noted here that Attwood's comparison of our open fire 
r:sults (V1sser & Verhaart, 1 980} is incorrect for. seve.ral reasons. 
F1rstly, we use wood and Attwood uses charcoal briquettes. It is 

(foot note continued 
next page} 
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My contention is that the improved stoves if they are worth their 

salt should match the performance of the open fire under similar ex

perimental conditions. My personal feeling is that so long as one 

restricts oneself to measuring comparative performance of different 

stoves, what method one uses to calculating efficiencies is a trivial 

matter. 

I have introduced a new term in the business - the performance of 

a stove. I will explain this term by a familiar example from 

Mechanical Engineering - a centrifugal pump. The operating variables 

of the pump are discharge and head, both controlled by operating a 

valve on the pump delivery side. The design variables of the pump 

are the impeller diameter and the rotational speed. A third quanti

ty that is of fundamental interest to the user is the energy con

sumed by the pump. Finally a measure to judge the quality of the 

pump is the efficiency which is simply the ratio of the energy con

tent of the pumped water (the product of mass o~ water pumped per 

unit time, the height to which this water is lifted and the constant 

of gr~vity ) to the energy_supplied per unit time to the 

system that is driving the pump. For a given family of designs, 

these different variables exhibit a definite relationship among 

themselves and this relationship is displayed as a family of curves. 

These are usually referred to as the performance characteristics of 

the pump. Fig. 4.1 shows a typical chart for a whole class of designs. 

I assert here in analogy with a pump that a relationship exists 

among the different parameters that go to describe the performance 

of a stove. Once we are able to discover this, the arguments about 

defining the efficiency of a stove are irrelevant. I attempt in what 

follows to construct such performance curves for a few hypothetical · 

stoves. 

Fig. 4.2 shows a conceptual chart for the performance of stoves. 

Three hypothetical situations have been considered - an ideal, a 

good and a poor stove_. The horizontal axis is the load on the system. 

It could be thought of as the rate of heat absorption by the food 

that is being cooked. At the moment we do not have an appropriate 

methodology to carry out such tests. 

(foot note continued} known that charcoal is much easier to burn 
than wood and as such is capable of producing higher efficiencies (see 
for example Sielcken & Nieuwvelt, 1981 and Singer, 1961). Secondly, the 
best open fire result was not picked for comparison. Finally, our expe
riments have not been performed to produce simmering conditions. 

'j 

\ 
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These curves have been drawn on the faith that we will be able to 

device such a methodology pretty soon. 

I am not suggesting that the curves obtained for actual stoves look 

like the ones I have shown. Most engineering systems show a load

efficiency curve similar to the ones shown in Fig. 4.2. We have no 

reason to believe that stoves behave any differently. Fig. 4.2 

makes two points; a stove should be capable of providing for low 

heat absorptions; it should also be capable of producing several times 

this output to meet demands of larger loads. In other words the 

stove should be able to bring to boil a mixture of rice and water 

rather quickly, and be able to cut the heat down to a low level 

to maintain simmering conditions, as Attwood suggests. A stove 

that caters only to simmering conditions will be rejected by our 

customers. 

Once we have performance curves of the type shown for a variety 

of design parameters, then we will be able to tailor the stove 

design to meet varying demands. Till such time we will be simply 

making asserions without knowing what the stove does coupled with 

lot of 'static' about cooking habits. 

A proposal for a laboratory technique for measurement of stove 

performance 

In this section, a methodology is developed to obtain performance 

data of cooking stoves. With this view, we examine the data in 

Table 3.2 of the previous chapter. It can be seen for every single 

entry in the table, the total burning time exceeds the product of 

the number of charges used in each experiment and the corresponding 

time interval between two successive charges. In order to under

stand the implication of this observation, let us consider a speci

fic example, say run number 69. For that run, the total burning 

time was 104 minutes while 16 charges were added at an interval of 

5 minutes. At the end of the 80thminute, the fire expected tore

ceive another charge, but it did not. However the fire continued 

to burn for 24 minutes more. 

• 
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This means that for the fire to consume wood at the rate of 4 

pieces every 5 minutes, it sfumld have a finite depth. It is this 

fuel bed that provides the heat for the pan during the last period 

of 24 minutes. This we shall call the decay phase of the fir. 

Analogously, we should expect an initial phase of fuel bed build-up. 

There is an intermediate phase where fuel is consumed. at the rate 

of 4 pieces every 5 minutes. We shall call this the steady periodic 

regime with a period of 5 minutes, with a constant mean heat output 

of the fire, which happens to be 10.8 kW for this case. 

With these ideas we are able to establish an analogy between a pump 

and a stove as follows : 

pump 

head, m 

discharge, kg/s 

stove 

boiling temperature 
of water, °C 

steam generation, kg/s 

Thus the curves in Fig. 4.2 are really a representation of the 

efficiency against rate of steam,generation at one temperature. 

The method of changing the rate of steam generation is simply the 

one adopted at TNO - by changing the time interval between two 

wood charges. Each stove is capable of delivering a range of power 

outputs. Presumably one could construct similar curves corresponding 

to different temperature levels at boiling (which can be obtained 

either by using different liquids or steam-water system at different 

pressures}. In the framework of the development of a cooking stove, 

this is unduly sophisticated. We could be satisfied with the boiling 

water test at atmospheric pressure and identify two limits of output. 

The high end of the regime corresponds to large rates of steam 

generation which could be interpreted to suggest the capability of 

a stove to meet the needs of deep frying (Approvecho Institute, 

1980}. The low end is really the simmering limit corresponding to 

low rates of steam generation. Quantifying these two limits as well 

as establishing the efficiency curve is the function of a stove tes

ting programme. Widening the range and pushing the efficiency curve 

to as high a level as is feasible subject to constraints of materials 

of construction and cost is the function of a designer •. 
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Finally, providing design curves to provide guideline$ as to the 

factors that influence the range of output and level of the effi

ciency curves would be the task of engineering research. 

The final qu~stion that remains is the relationship that exists 

between the steady state efficiency defined above and the efficien

cies discussed in section 4.2. The experiments reported in chapters 

2 and 3 of this report were not conducted with a view to determine 

the steady state performance. As such an exact value for this effi

ciency can not be obtained. An attempt is made below to estimate 

this efficiency on the basis of some assumptions. This will be fol

lowed by certain comments on these assumptions to establish reliabi

lity of these estimates. 

The analysis of the results is based on the model shown in Fig. 4.3. 

In Fig. 4.3 (a), tt is the total burning time and t ;::; the number s,e 
of charges x period between two successive charges. This is taken 

as the end of the steady periodic regime of the fire, t b is the 
x, 

beginning of the steady periodic regime and tb is the start of the 

boiling. The maj'or assumptions involved in the analysis are: 

(a} t b = tt - t · ; stated in words, the build-up of the fuel s. · s, e · 
bed takes the same time as its decay; (bl the build-up and decay 

of the fuel bed occur linearly; and (c). 

\ 
= 

&:If x H 

t (4 .11-
c 

where &:If = mass of charge, kg 

H = heating va1ue of fuel, kJ/kg 

tc 

Qs 

= time interval between two successive charges, s. 

steady state mean heat output of the fire, kW, 

Similarly with regard to steam generation, the following additional 

assumptions have been made: 

(a) there is no evaporation before boiling; 

(b) when tb < ts b' a linear build~p of rate of steam generation 
' . to the steady state level of m (kg/ sl_; s,s 

(cJ when tb > ts,b' an instantaneous build up of rate of steam 

generation to ~ ; and s,s 
(d) a linear decay of ~s in the period from t to tt. s,e 

This model can be used to evaluate the steady state efficiencies for 

the system as follows. 
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We first note that 

where mf is the total fuel used during the experiment. 

Next, 

t - t 

(4.2) 

m 
s x L = m s,s 

. t b - tb 
[ s, + t 

2 s,e 
t s,e - t + ___ ......__ ] if tb < 

s, b 2 

m s,s 

tt - t s,e 

2 

The steady state efficiency is then defined by 

m XL s,s . 
Qs 

(4. 3) 

(4.4) 

The results so obtained for the experiments of Tables 3.2 and 2.3 

are presented in Tables 4.2 and 4.3. n in these tables are the 
0 

efficiencies calculated by the general method of section 4.2. A}l 

the efficiencies correspond to first pan results. 

Two important observations can be made from a comparison of n and 
s 

n • Firstly, n < n for every case tabulateC. <eh ... t.pt for run number 
0 s 0 

151 in Table 4.2 and run number 60F in Table 4.3. 1he actual depar-

ture of n from n in Table 4.2 ranges from 1.6% to 13.7% based s 0 

on n with an average of 8.2 %. Similar results have been obtained s 

t s,b 

for the family cooker. According to the model proposed, there is not: 

an enormous departure of ns from n
0 

and the method followed in our 

work produces acceptable results. 

In order to ascertain the validity of the assumptions made in the 

model, efficiencies for the warming up period were calculated as 

follows : 

m x C (100- T.) w p l. 

) 
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m XC (100 - T.) 

~ t: J tb l. 
if (4.5) 

Qs lt 2 
s,b 

This is compared with nh 1 calculated by 
' 

= 
m x C x (100- T.} w p l. 

(4.6) 

In equations (4.5) and (4.6), m 
w is the initial mass of water;C 

p 
is the specific heat of water and T. is the 

l. 
initial temperature 

of water. The results are again displayed in tables 4.2 and 4.3. 

ng,I is reasonably close to n
0 

while nh,Z shows considerable 

departures. In particular for cases where ts,b > tb the departures 

are by as much as a factor of 2or more. These findings provide a 

clue as to the nature of the approximations involved. 

There is little reason to doubt the validity of the formula (4.1) 

and as such the existence of a steady periodic regime. Thus the 

errors in estimates of n (which is our principal interestl can s 
only _arise by the method of estimating m • The error in m s,s s,s 
can arise due to three factors. Firstly, we have ignored the 

evaporation rates during the warming-up period. As Attwood's 

cooling experiments show, these are of the order l g/minute while 

evaporation rates in the experiments here are upwards of 20 g/minute. 

For all practical purposes this source of error can be ignored. 

Secondly, and probably the most serious one, is the assumption that 

t = t - t . The effect of changing this assumption is illustra-s,b t s,e 
ted in Fig. 4.4. It has only a marginal effect' on m s,s while a sub-

stantial effect on the fuel consumption estimates on the warming 

up period. Thirdly, the linear assumption of decay and build-up of 

fire is also suspect. In this connection it is to be remembered 

that Qs and mf are to be held constant. This leads to the conclu

sion that the heat liberated during the build-up and dec.ay of the 

fire should be equal. In other words these processes can be quite 

different and these can easily account for the unduly large effi

ciencies during the warm-up period. 
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The main conclusions to be drawn from the above exercise are 

that : 

(a) the model proposed here produces reasonably correct estDnates 

of steady state efficiencies for the system; 

(b) the general method for determining efficiencies used in our 

work produces results that are in close agreement with the true 

steady state efficiencies; 

(c) there is no reason to believe that large quantities of steam 

produced in experiments of this type produce artificially high 

efficiencies; in fact, the efficiencies during warming-up 

period .will be higher than those for the boiling period; 

(d) the large efficiencies obtained for the warm-up period, parti

cularly at high powers, a.re suspect; provided the experiments 

are carried out for a sufficiently long time, these have only 

marginal influence on steady state efficiencies. 

These somewhat conjectural arguments require experimental support. 

The experiments need to measure at the minimum the water weight 

loss at virtually the same intervals as the charging intervals. 
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U.S. gallons 

!50 
Imp. gallons 

CAPACITY, gol/min 

Fig. 4.1 Characteristic curves for centrifugal pump 

( Reproduced from Coulson & Richardson, 1970 ) 
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Fig. 4.2 A aonaeptual ahart for perfoPmanae of stoves 

ideal;-•-good; ----•poor 

Design Objectives: 

- maximize P /P . max m~n 

- maximize 

- minimize 

Constraints: 

- aost 

.- aomfort 

P: Load; n : Effiaienay 

p 
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Table 4.2. Efficiencies of De Lepeleire/Van Daele stove 
(first pan only) 

Symbols: 

run 
no. 

71 

152 

70 

I 01 

75 

74 

15 I 

72 

69 

73 

109 

155 

J 10 

123 

121 

Ill 

153 

I 08 

. 
(Data from table 3.2 with fully open damper; 
other details as in table 3.2) 

Q heat output of fire 
tt - total burning time 
t - time at the end of steady state operation 
t~,e - time at which boiling starts 
nt - overall. efficiency 
n

8
• - steady state efficiency 

nh,J - efficiency during heating up period according to Q 
nh 2 - efficiency during heating up period according to 

' scheme in Fig.4.3 • 

. 
Q tt t tb nt ns nh 1 s.e 

' (kW) (min) (min) (min) (%) (%) (%) 

charge: 4 pieces 

4.37 200 192 33 18.9 18.3 19.6 

6.37 100 90 24 20.6 20. I 19.4 

6.56 152 128. 32 16.9 16. I 13.3 

6.79 152 128 24 18.4 17.0 16.3 

7.76 120 112 20 19.0 18.3 18.2 

8.74 I 13 96 19 17.5 15.9 17.0 

9.61 91 80 26 18.3 
I 

19.3 12.2 

10.6 105 80 19 16.5 I 14.8 14.0 

10.8 104 80 24 16.3 14.9 13. I 

13.3 98 64 18 14.5 13. 1 11.7 

charge: 6 pieces 

5.35 159 150 24 17.0 15.7 20.9 

6.40 1 I 0 96 32 18.7 18.4 15.4 

6.45 140 132 26 17.3 17.0 15.7 

7.46 I 12 100 24 16.2 14.9 15.9 

7.49 126 110 23 18.3 16. l 16. 1 

8.30 I 18 100 22 16.4 15.0 14.9 

9.41 105 82.5 20 17.9 15.9 16.7 

10.3 98 I 82.5 18 14.8 13.3 14.4 

nh 2 
' (%) 

22.3 

24.6 

21.3 

32.7 

22.6 

25.8 

15.4 

37.0 

33. I 

36.5 

25.8 

23.0 

18.5 

21 • 1 

24.6 

25.0 

37.6 

25.4 

table continued on 
next page 
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Table 4.2 (continued} 

run . 
Q tt t t nt ns nh, 1 nh 2 no. s,e b 

' (kW) (min) (min) (min) (%) (%) (%} (%) 

charge: 8 pieces ' 
l 

138 5.58 145 136 28 16.4 15.3 18. I 

___ , 
21.& 

156 6.60 134 120 27 17.4 16.2 17.6 23.8 

107 7.28 135 120 21 15.6 14.1 17.8 27.6 

137 8.06 113 96 25 15.5 14.5 13.9 21.1 

154 10.6 90 70 21 16.2 14.3 13.8 26.3 

106 11.2 102 80 16 15. 1 13.4 ] 5. 1 20.7 

136 12.2 96 64 18 14.5 12.8 12.8 45.7 
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le 4,3 Efficiencies of the family cooker 
(Data from Table 2.3; details as in 
Table 2.3). 

Symbols: - heat output of fire 
- mass of charge 
- total burning time 

time at the end of steady state 
- time at which boiling starts 
- overall efficiency 
- steady state efficiency 

operation 

0 

- efficiency during heating up period according to Q 
- efficiency during heating up period according to 

scheme in Fig.4.3. 

run . 
I Q funf tt t tb nt ns nh,I nh 2 no. s,e 

' 
(kW) (kg) (min) (min} (min) (%) (%) (%) (%) 

47 4.7 0.050 73 66.4 26 24.3 23.4 22.6 45. I 

64 4.7 0.075 67 66.4 32 19.0 18.4 18.3 36.6 

44 4.7 0. I 00 70 66.4 31 18.8 18.4 18.9 37.8 

60 4.7 0. 143 67 66.4 44 14.7 16.2 13.3 26.6 

45 4.7 0.150 75 66.4 34 15.9 15.4 17.3 34.5 

50 6.3 0.050 60 49.6 24 19.8 17.8 18.2 36.5 

48 6.3 0. I 00 60 49.6 26 17.6 14.6 16.8 33.6 

49 6.3 o. 143 60 49.6 30 16.0 14.4 14.6 29.2 

62 6.3 o. 143 58 49.6 29 16.4 14.7 15. 1 30.2 

51 6.3 0.200 60 49.6 36 13.6 12. 1 12.2 24.3 

Note: t for this set has been calculated by s.e 

t s,e 

mf x 18730 
. 
Q X 60 

where mf is the total mass of fuel used = 1 kg 

the constants represent the calorific value and conversion factor 
to convert kW to kJ. 
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5. DISCUSSION AND CONCLUSIONS 

by 

K. Krishna Prasad and P. Verhaart 

Eindhoven University of Technology, 

Eindhoven, The Netherlands. 

In chapters 2 and 3, a series of test results on the family cooker 

and De Lepeleire/Van Daele stove have been presented. Both are metal 

stoves and use wood. The former has received consideraBle pulllicity 

and the latter has none to its credit. It is believed that the tests 

reported here are quite adequate to establish a few design points 

concerning metal stoves. The discussion in chapter 4 gives confidence 

in the method adopted for calculating efficiencies in this work. 

The two have distinct patterns of behaviour. The main feature that ap

pers to be common to both is that they show a drop in efficiency with 

increasing heat output from the fire. In other words, a blazing fire 

suffers from a double disadvantage - not only does it consume more 

fuel/unit time but also it shows poor heat utilization, Thus for a 

reasonable fuel economy one needs to use a heat output rate consistent 

with. the cooking requirements. The family cook~r :s quite sensitive 

to changes in operational conditions while the De L~peleire/Van Daele 

stove does not show such a marked dependence on parameter charges. 

The former has poor heat recovery as far as the second pan is con

cerned, but the latter's heat recovery characteristics are excellent. 

In the rest of this section, we discuss some specific design issues. 

The family cooker as its design stands now is quite sensitive to the size 

of the charge. Depending upon the power level, changing the charge from 

50 g to 200 g can result in a drop in efficiency of 6 to 9 .. percentage 

points. Considering the fact that the maximum efficiencies are of the 

order of 24 % this is a substantial influence on fuel economy. Experi-

ments with taller cylinders for the combustion chamber show further reduc- ~ 

tion in efficiency with larger charges. This means that the heat loss 

from the combustion chamber sides seems to dominate the process in the 

stove, or the design do.es not tolerate large fuel bed thicknesses, 
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On the basis of the present results, it is difficult to state that. 

one or the other is the controlling parameter. Another feature of 

the stove is that about 1 kg of wood is ournt in approximately J hour 

at the relatively low power output of 4 kW. This means that for modest 

efficiencies one needs to refuel once in 5 minutes or so - obviously 

a cumb~rsome procedure even if one were to provide a liopper. 

A very interesting set of experiments on the family cooker is the one 

that uses different wood piece sizes. Unlike some of the earlier ex

periments, the power level was held constant. In the range of these 

experiments there is a monotonic increase in efficiency witQ increa

sing volume/surface area ratio, or larger blocks of wood, It is well 

that the rate of burning of wood is mainly governed by the rate of 

evolution of volatiles. With larger blocks, heat transfer rates to the 

interior of the wood is reduced resulting in lower rates of evolution 

of volatiles. Consequently lower burning rates are realized. This 

coupled with the earlier result of increasing efficiencies with lower 

power outputs seems to suggest that any operational feature of a 

wood stove that suppresses rate of burning improves fuel economy 

(with the proviso that combustion is·reasonable}, 

The De Lepeleire I Van Daele stove does not show such marked dependence 

on these operational features. Of course this statement applies to 

the overall efficiency which includes the heat extraction from both 

the pans. The first pan efficiency, however, is more strongly in

fluenced. But it appears that the influence in no case is as strong as 

it is with the family cooker. 

Both stoves show a rather weak dependence on draft control. The 

family cooke.r uses a chimney damper and the De Lepeleire I Van Daele 

stove uses a combustion airdamper. In general the best control of 

a fire can be expected with a simultaneous adjustment of fuel char

ging rate and air supply. The tests on the family cooker (table 2.1} 

do conform to this idea in the sense that the fire was operated in 

a natural manner. Such an operatio'n leads to a power output range 

of 3 to 6 kW. (lower power outputs can be realized, but the fire 

under such conditions is quite erratic), 
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The experiments on the De Lepeleire I Van Daele stove were not 

conducted according to the above manner. However, between JOO % 

and 50 % of the damper position, there is no variation in the range 

of heat output of the fire (see Fig. 3.15). In fact the stove can 

be operated with the damper completely shut. Apparently air enters 

the fire from somewhere else. For both stoves the efficiency is 

virtually uninfluenced by the damper position, On the basis of the 

present experiments, it is not possible to choose a preferred mode 

of draught control. 

The domestic cooking gas burner is capable of providing a range 

of 15 % to 100 % of its full output. (V.E.G. 1968) 

The capability of these stoves does not meet this requirement. At 

this moment, it is not clear whether lower charges in the family 

cooker will provide somewhat larger range. So far we can say one 

thing - the heat output from the fire can be regulated only by the 

rate of fuel supply to the fire. No heat balance measurements were 

carried out on the family cooker this time. 

It was however done with charcoal (Sielckens, Nieuwvelt, J9BOt. It 

showed considerable losses by way of incomplete combustion. Since 

the efficiencies with wood are much lower, it s~~ms that combustion 

losses are much higher in the present experime .. 1ts, assuming that 

other losses are not substantially different for the two cases. 

Large numbemof heat balances on the De Lepeleire I VanDaele stove 

show that combustion performance of this stove is significantly 

superior - only of the order of 5 % or so is lost as unburnt CO. 

The largest loss is from the sides of the stove, accounting for 

roughly 40 % of the heat output of the fire. 

In case of the family cooker were operated on charcoal, providing an 

insulation did not materially change the efficiency of operation. 

But the De Lepeleire I Van Daele stove shows a substantial increase 

in efficiency of the stove from about 30 % to nearly 44 % (these 

are overall efficiencies). 

Sinking of the pans is a feasible proposition with the De Lepeleire I 
Van Daele stove. As the pans are sunk deeper the stove registers higher 

efficiencies. 
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However, the increase in efficiency is not commensurate with 

the area increase available for heat transfer from the fire. 

Since the combustion efficiency does not seem to change signifi

cantly (see Fig. 3.29), the conclusion is that all this increased 

area is not exposed to the fire. The chimney draft apparently is 

too strong. Some form of baffle system seems called for. 

Both stoves have been used for a long period of time fairly 

satisfactorily, though they show the signs of wear. Consistent 

performance from such stoves can only be obtained By regular clea

ning of the chimney and interior passages. The family cooker is 

prone to spontaneous combustion of the flue gases in the second 

pan area and the chimney when operated with wood. Thus it suffers 

from serious safety problems. 

It seems reasonable to wind up this section with an answer to 

the question : which is the preferred stove ? The answer unfo(tu

nately cannot be categorical. The family cooker is a smaller output 

stove, while the De Lepeleire/Van Daele stove is a large output 

stove. On the basis of overall performance (that is when we con

sider both the pansl, the latter is decidedly superior. However, on 

its first pan performance the family cooker scores. From an operatio

nal point of view the De Lepeleire/Van Daele stove is extremely 

convenient in the sense that the pans are firmly fixed, fuel loading 

is easy. 

The family cooker seems unsafe to work with wood~ The De Lepeleire / 

Van Daele stove seems a promising design for carrying further im

provements. 
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