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CpREFACE .

N Thls 1s a fourth report of ‘the laboratory 1nvest1gat1ons on
woed stoves ‘at Apeldoorn, Eindhoven and Leuven. The work s\A
described in the report was carried out for most parts durlng o
the calggdgr ygg; 1982,kIhe§wcyk pas:beeg grouped under‘threex

parts.

Part A: Problem areas
Part B: Stove designs

Part C: Fuels and performance

A significant fact that emerges from the report is that wood
stoves can be designed, constructed, and operated to yield
efficiencies between 40 and 50%. Two crucial aspects require

a closer look: that of realizing acceptable turn-down ratios
(they are not quite good yet); and the carbon monoxide produc-

tion containment which is a serious health hazard.

Editors

. Eindhoven
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R Part A: Basic theoretical and .

experimental studies




1.1

OBSERVATIONS ON- COMBUSTION AND-HEAT TRANSFER
by | |
M. 'Chrlstl.aens an& G. De Lepelelre \

Cathbllc Unxvers:ty Leuven
Belglum

g

Introduction

~ Theoretical analysis (De Lepeleire, 1981) has shown that at‘high 
firebed temperatures the dlrect ‘radiation induces heat" flux '
den81t1es at the pan bottom whlch are well over what is commonly
dchieved by convection. A ‘
ﬁith“moderate firebed temperatures however this rédiaﬁion heat -

transfer drops dramatically due to the well known fourth powef;

50n\the other hand, \wﬁereas thé'expeCted convection hea£ flux .
den31t1es are 11m1ted in an ‘open fire or with a low Speed\ducted
gas flow, they can be falrly 1ncreased through hlgher speed
forced flow along the pan bottom and walls. Even, with moderate e

firebed‘temperatures as expected in practice, and. special

L empha51s on convection, 1t seems possible to get convectlon flux  ¢'“0

den$1t1es higher, than those for radlatlon (De Lepeleire, 1982)

In theory the convective heat transfer can-be manipulated a-lot{ ‘
by suitable geometry of the heat transfer zone, far more so tham . -
radiation. ‘ ' o I

These theoretical conélusions however so far have not: been

- checked by experiments. So the intention arose to do 80;§and‘to‘

. compare convection and radiation densities. : « R

In a‘first phase this will be done with a shiéided fire without.
a chimey (type GDL1). From theory it is expected that the feasxble
power and flux density will be rather 1ow due to the very 11m1teé

draft available in a stove without a chlmney. Afterwards slmllar

tests are programmed on a stove Wlth a chlmney...
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?reliminary‘resuits.have been recorded on radiation and éonvéétionf
ﬁowéverfcombustionfprpblems interféred a lot and had to be 1ookéd
into as well, as geometries for emphasis on convection induced a “
rather eritical air sﬁpply situation in. the cﬁimmeyiess stove
tested. Therefore'the grate had to be adapted toisome extgnt,zaﬁd
this point necessarily was part'oﬁ'thé investigation. '
Hereafter limited results and comments are presented on cdmbusgion

and heat transfer.

Test conditions and general data

. Fuelwood;

- meranti

.~ size : 20x20x70 mm

- dried at 110°C for 25 hours

- measured heating value :
wood Ho & [9. 5 kJ/gram
charcoal ~ 30 kJ/gram

- fir

- size : 20x20x70 mm

- dried at llOOC‘for 24 hours

- measured hegting‘valueé :

| wood Ho = 20,3 kJ/gram
charcoal Ho =2 31,5 kJ/gram )

Hunityéhatges : about 100 g added as soon as flames from former

charge disappeared.

Ho {charcoal) ‘
Ho (wood) = 1,5

From the above : ratio

Only high power tests were done very much like a short bniiing
test (SBI). In fact the test procedure itself was tested at the

same time.¥

* The fire was started with a gas burner, which is very convenient in

“‘a lab. For the field test some kerosene might be the best way
out., (cfr, Field test draft 3, Arlington.) A
\
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- Figure 1.1: Testvstqve, with - Flgure 1 2 Typlcal gas analy51s;A1
radiation shield under pan - ' grate Wlth secondary axr hclas'{

L4

' was 1nc1uded (CO A co, 0 ) Puzzllng results came out sbow1ng a f
/due to a leakage in the pump of the O

sw1tched to normal“ levels.

Ll e = 55 or o mm

Together with welghlngs and temperature meaSuremenﬁ§‘gas analysxa;

very hlgh ccncentratxon up to 29% (CO + 0 ) Thls appeared to! be o

’ analyser (suctlon sxde).
Therefore . the 02 indications were wrong. After repaxr the £1gures

Observations on combustion

Test series 1 ‘ - \ B ‘ T ‘ - Sy

A conical grid in i mm steelsheet was used, as‘sﬁown in figufeAlﬁi.

In the central area, 38 primary air holes § 10 mm were drilleﬁ? éf

the periphery 36 holes § 10 mm for secondary air. The air flow was - =
- to some extent - controlled through obstruction w1th sand of ‘the .

2 LT
trlangular air intake Ao with 5280 mm™ max. cross ‘section. .‘ T

Vol ?’
20—

,‘2
Y
3
B

bottom | b, - 250 wm T

I primary air holes (38 § 10) \ e
2 secondary air holes (36 @ 10) o RN

D, =50, 100, 150, 200, 250 or 320 mm. S -




" When' startlng a wood flre, stable volatlles flames 1odged on/tb_if"‘
'secon&ary alr holes A falr combustlon was achleved with Low CQ
ccncentratlon (< 0 +3). The CO2

concentratlon went up‘after addxng
wood (up to 10..122). (flgure 1.2) \

However after some time a charcoal bed built up, and a serlous

drop 1n the stove power and efficiency was observed. The power

(rate of combustion) went down, probably due to the fact that w1th
‘the given stove geometry and fire: structure there was a poor a1r ‘ ‘ ’
/ dlstrlbutlon. With too low a, power level the heat losses from the ’“f ;f'";lg
stove and pan systems to the surroundings are relatively higher .
when cémparéd with the net heat input into the pan. Even there is
sbme power level where the pan temperafure is just maintaihed,
without any further increase: at this level the efficiency in fact

" is zero.

Obﬁiously-cUmulative obstruction of the primary air holés’an&‘

byp3351ng of the air through the secondary air holes resulted in

" a shortage of combustion air in the charcoal bed

Test series 2

To prevent charcoal build up, a grate without secondary air holes
ﬁas‘tried. It'was’éxpected that in this case any of the limited
air supply available WOuldng thfough the central grate. area and
thus through the charcoal bed. The charcoal did completely burn
indeed. Thg co, and CO concentration'peaksAincreased‘(figure 1.3).
" A lot of smoke was generated, but the power and efficiency were ,
- not serlously affected except with small Dl dlameters. In this case‘; . x
CO2 went up to 18%, CO up to 3% (figure 1.4). va1ously.thebcharcoa1 o
combustion was 'paid for" with a poor combustion of the volatiles. 4
From the high CO2 content one could conclude that the stove was o l,ﬂé
overloaded. . ' S S

On one hand the high CO content indicates poor combustion, but on

the other hand the very high CO, concentration suggests that ;his

2 , .
. is due not to poor mixing or too low combustion temperatures, but =~ .

~ rather to shortage. of air input (air excess factor about 1.2). In R

other therms: an excess of wood...



Figure 1.3: Typical gas analysis; Flgure 1. 4 Typ1ca1 gas ana1y91s' s
grate without seéondary air,holes; grate w1thout secondary alr hcles,\</

7j,7‘;i D1m= 250 mm f D, =50mm .- . PR

riﬁf:‘f: Tests at lower power level or w1th a ﬁlfferent grate mlght glve N

' the answer .

',Anyhow, it seems that in thls stove, at the power 1evels used

(3 ..4 kW), on one hand fair combustion of volatlles requlres ample

Lifi“°‘ sacondary axx holes whereas charcoal burnout requlres to obstruct
e  ”iz !them. The a;r control damper upstream from,the grate (Ao) has a

R _ poor effect on the process. The questlon ar1ses 1f actlve control

iﬂ * Former tests in Elndhoven by P. Visser with a very slmllar stove
- (but with-a flat grate) reportedly have shown excellent overall
‘ efficiencies together w1th ugly combustlon (smoke' and/or charcoal >

bulld up) . o . : . .

*of the prlmary to secondary air ratio is necessary. ' L i Lo
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Ait supply / _ ii~ o i' "&““~}

Beyond the air supply in sufficient quantities there is another

~ problem about mixing of secondary air and volatiles. In'a low

draft system turbulency can hardly be expected. It has been

observed that laminar flows in parallel direction do not mix

easily, as diffusion is the main transport phenomenon involved,

' which is rather slow. However, cross flow arrangements perform,

visibly better, which is not.astonishing at all.vCross,flowbt
occurs for example where volatiles circulate éiong a sheet,'while‘ 
combustion air comes in at a right angle, through holes in the
said sheet. Of course the higher the available draft the higher

the combustion air speed and throw, and the better the mlxxng

will be.

Here a conflict arises.

Other studies (De Lepeleire, 1982) have shown that for good-
convection heat transfér‘pressure drops should concentrate in the

heat transfer area, not in the chimmey or in air dampers; here it

- seems that some draft is to be consumed in the combustion zome.

In the end we have to look for a fair compromise, énd spend some

.of the llmlted draft available 1n the combustion zone, and some

in the heat transfer area. In any case it seems that pressure
dropsvout81de the combustlon or heat transfer zones (for example o
in separate air dampers upstream) should be avoided or kept at

a mlnlmum. «’

These are tentatlve concluszons to be checked by further
experlments.

A next step therefore will be to try a grate with built in and

separate flow controls for primary and secondary air. Let's stress =

‘the "puilt in" 1dea. in this way the available draft is convegted

into kinetic energy in the firebed, and avallable for m1x1ng
combustlon air and volatiles. Another phllosophy behind 1t has to
do w1th ‘the stove flex1b111ty. It is well known that 1n general

a stove has a limited power range (P_. -P ).
min " max’
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‘Power can be written!

P=(B/A) . AW

’whefe (P/A) isﬁéispecific ?ower‘(kW/mg)‘ A is the grate‘éréé;
,“Now, the power range can be influenced through (?!A) (whlch is v V
pretty'dlfflcult) Qr through (A). The "bullt in" concept wlll /ui;g »dj

include a variation of the active grate area..

‘ Alnput is lncreased due to the hlgher gas veloc1tles as- 1mposed by

Observations on heat transfer

Similar stoves have been tested, which were different only in the

diameter BI in ‘a horizontal shield parailel with the pan bottom at

»a«distance Ho (5 or 10 mm) (figure 1.1). In fact if D1 is equal to -
. D for example, the firebed radiates directly to the pan. bcttom,

and probably takes an 1mportant share in the heat transfer. Hewever,

when D, is small as compared»w1th D, (for example 1/3) the pan

_ bottom area exposed to direct radiation from the firebed 'is reduced

- to a bit more than 1/9; the remainder now receives indirect radiatioﬂ V

from the shield, and increased convection inputs. The convection

the small gap w1dth Ho.
The question was to see how the heat transfer efficiency changes as
a function of (D Ho), or in other terms whether'radiation or

convectxon heat transfer processes are the 1mportant ones. Test o

results are Summarlsed in table 1.1, o . ) o

The stove was operated as explained 'above: about 100 g of dry wood.

(size 20x20x70 mm) was added when the flames of the former charge

disappeared. o )

Some tests were dome oncé, others twice, whereas eleventtesﬁs withr
(D = 250, HZ = 55 mm) are done. These eleven tests rangé in éower‘f
from 2.24 kW to 3.87 kW. In fact the disappearance of volatiles

flames is an unstable criterion for adding wood. Note that when

- short, sqdare‘wqod is added (in fact it has'to'be thrown in) magyafa}

differentrfirebed structﬁfes may resu1t. Probably this explains.wﬁy S

the power varied so much.

‘
“




= 5.5 Hy = 11 H, = §55
H = 1.0 H = 0.5 H = 0.5
[s] [s]
D1 test eff. power test eff. powef - | test eff. power
nrs (average) kW nfs (average) kW nrs (average) kW
5 2 !
32 274 3.15 14 317 2.38 - - -
A ‘ V »
» 15
10 - - - 3 382 3.27 42 2.58
25 ‘ :
Y |
15 | 39 3913 3.4d57 4 .396  3.26 16 .40 4.50
40
20| 3| .395  3.40 (1 40  3.97 17 | .408  3.17
38 11 -
18\
o5 | 34 | 417 3.1 3994 3.8475 | V2| | 4219 3.17
10 23 : :
47 24
26 max, .508/2.24
27) - |
33 min.  .35/3.20
48
49
50
‘51/
: 20
32 7 L4246 4.66 22 } 445 3.6
41

Table 1.1: Overview of the tests performed.




VQOn the qther Band the power was relatlvely low. - oy , :
As a conclusxon, 1t seems that the procedure used to controi the
flre power 1eve1 mainly adding wood when flames dissapears, is
not the best one. Looking at the efficiency: there seems to be

a tendency for efficiency decrease at higher poéer. However, the -
power range and the number of tests looks too‘Small for final

conclusions.

Let's comparé now the complete set of results, and look for the
influence of the diameter D1 of the hole 1n the radiation shield
under the pan bottom. The influence of D, is rather small in the .

range 100-250 mm, when the efficiency islconsldered, and a little -
<more visible for the power level. This-is not astonishiﬁg, as
certainly the stove with emphasis on convection has higher flow
resistance and a similar draft.. | ;

On the other hand it appears that shielding the pan bottom with

D, = 100 mm does not destruct the heat transfer efficiency. Ig
other terms: a drastic reductioﬁ of direct radiation is compensated
by convection heat transfer and indirect radiation. However: when
D1 is further dedreased to Di = 50 mm both the power and the: |
efficiency suffer a lot. When no radiation convection shield is
used at all (D1 = 32 cm), the fire power increases (as expected)

and so does slightly the efficiency.

From the foregoing the following first conclusions are suggested:

- A radiation-convection shield is not recommended for a shielded
stove without a chimney, as it does not increase the efficiency,
whereas the possible power level is reduced.

- However: the fbrced flow convection heat transfer was strong

~ enough to maintain the efficiency. It might be useful in stoves
with a chimney where more draft is available, and where more
emphasis can be put on convection by narrowing the gap width (Ho) .

This will be investigated later.
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between the oxygen percentages 1nferred from the carbon balance

calibration problem of the oxygen meter. A second confusing factor

is the oxygen present in the wood, which also part1c1pates in the /

The most accessible way of measuring nltrogen is by means of a

Introduction ‘ \ ‘ - f. .

One of the basic requirements for drawing mass and energy balances o

in a wood stove is the quantity of air flowing thfough the stove. ‘
Direct measuremeﬂt of air flow through a small naturally asplrated
device like a wood stove is not an easy experlmental task. Therefore¢J

the,group has relied on the carbon balance technique to infer the

air flow through the stove using measurements of gas composition,’ 7
fuel quantlty and the ultimate analysis of the fuel. The method . Qirg:ff

while being reasonable did produce off and on irreconcilableé resultsf :Q\ﬁ;

technique and the oxygen meter records. This was traced to a

combustion process along with the oxygen in the air.

in view of these’difficulties; it was decided during the éoprse ofln
the work to obtain an independent check on the gas analysis and
results. obtained therefrom. The obvious candidate for this was to
measyre nltrogen, since it is present in air only, always at the
same concentration and passes through the stove without any chem1ca1

interaction.

gas/chromatograph which is discussed in section 2.2 (a test stand

for measuring nitrogen in fluegases of woodfires).




2.2

In sectlon 2 3 of thls chapter the Ostwald d1agram.w111 be'
dxscussed‘ The dlagram prov1des a qulck check on. the excess alr
flow1ng through a stove by just knowing the CO and co content in

2
the combustion products. For work on stove design devalopmentvwa

expect that this quld be a very useful ﬁopl which avoids the ‘?

laﬁorious process ‘adopted by the Woodburning Stove Group. Wood
contains carbon, hydrogen and oxygen. These constltuents vary w1th

the different wood species and therefore w111 affect the combustlan h

" process. The dszerence ¢an be easily deplcted in the Ostwald'diagram.

A test stand for measuring nitrogen in flue gases of woodfires

The measuring circuit to determine nitrogen includes a gas chromato—’
graph an integrator, a stripchart recorder and further necessary

accessories (see figure 2.1a). This setup is preceded by a gas

~ handling train to clean the flue gases (see figure 2.1b). For the

apparatus used see the detailed instrumentation list in appendix A.

The principle of gas chromatography

The chromatographic separation of different gases on a solid adsorbent

‘the so—calléd-Gas Solid Chromatography (GSC) is a result of different

adsorption coefficients of the gases interacting with the solid phase.
These different adsorption coefficients led to different retention

volumes (this is the volume in the column required for elution of

‘the sample, When a mixture of gases is lead through a column at a

constant flow,different retention times are attained. In.this case

the column is streamed with helium at a constant flow, this is the

so-called carrier gas. By means qf a sampling valve a plug of purified

fluevgas is ihser;ed in the carrier gas'flowﬁand is leadxthraugh’the

_column. In the column, the plug is unraveled into separate'tompdnénts -

which leave the column one after the other and are led through the

katharometer. As these components have dlfferent c.q. lower thermal

conductivities compared to that of the hel1um they cause a temperature

rise at the filaments of the katharometer. This temperature deference\u’

results in’ a ‘change in re31stance of the metal wire and is measured
by means of a Wheatstone brzdge. The katharometer is 11nked to a

strxpchart recorder and an 1ntegrator.

i
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Since the signal is too small for the integrator tohandle, it is first
amplified. The column is of the molsieve type and is capable of
‘determining nitrogen, oxygen, carbon monoxide and methane. Carbon
dioxidevis too big a molecule and therefore it cannot pass the

- column. Although we are interested mainly in the nitrogen
concentration also oxygen and carbon monoxide are quantitatiyely
measured. And at certain stages of the experiment c.q. just after

a new charge, methane is qualitatively determined. Carbon monoxide
because of its low concentration comparéd to those of oxygen and
nitrogen showed a great deviation even at the calibrating stage

and 1s therefore not taken into account.
Measurements

At a carrier gas flow of 22 ml helium pef minute it takes 4 minutes
for a sample to pass the column with oxygen having the smallest’
retention time of 97 seconds and carbon monoxide having the longest
of 189 seconds.:Taking the running start and the run out of the
components into account, the time elapsed between the first and the
last peak is about two minutes. Because all the operations had to
be done by hand and to have a safe margin in which a sample can be
analyzed thevtime interval of three minutes was derived. This means
that when a sample is still leaving the column and entering the
katharometer a following sample is aiready injected into the column.
Before and after an experiment of about two hours which iﬁcludes

40 measurements, the chromatograph is‘calibrated with air, pure
nitrogen and a calibration gas. The latter contains 0,57 CO, 6Z,C02,
7,5% 01 and 867 Nz. The peak areas are measured with an integrator
and the output is displayed on a voltmeter. From the calibration
~gases and their corresponding peak areas the conversion factors

can be calculated. With these factors the peak areas of the measured

samples can be converted into concentrations.
Flue gas handling

Before a fluegas sample can be led into the column of the gas-
chrométograph it has to be freed of all its solid particles and

water vapour. Therefore a gas handling train was constructed to

v
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%&cccmpllsﬁ this {3@& flgure 2. lb) It couszsts of- thﬁéfollowmng
) components. ‘A tube leled with glass wool at the’ sample inlet .
leters away the course soot, tar and ash partlcles, then the

“gas is led through an 1cecooler where the main part of the water

vapour is condensed Further downstream there are a paper fllter,
a pump and a line filter (boro 8111cate) with a retentlon ,

\ efflc1ency -of 99,95% for particles of 0,6 mlcron and even a

~ ‘higher efficiency for particles above and beyond this. size. Then : SRR

.the gas flows past a dryer. Thls,ls a thin walled tube of 1,2 m
rlong wifﬁ\a diameter of abdut 3 mm that adsorbs and permeates . '

" water only. This tube is sealed in an impermeable shell througb
whlch a dry gas (nltrogen) flows counter current to the sample flow.

,At the end a prec131on pressure regulator provides a constant sample'

flow of 100™ /m1n to the gas chromatograph.
Experiments

Burlng tests with the Metal Experlmental Stove the flue gases were

' measured for thelr nltrogen content. For a descrlptlon of the

Metal Experlmental Stove see Chapter 6. Three tests were performed.
The first two were identical w1th a 10%7 primary air inlet openlng

Tand ‘the third, with a 1007 inlet openlng In all cases the tests N
were carried out with white fir, no secondary air was admitted, -

| the/gfate*panbdttom distance was 80 mm and the fire was driven at

a nom;nal power of 6 kW, During every experiment the CO», COé- énd“'

‘02~content of the flue gases and the temperatures at varlous spots

- of the stove were recorded ‘ o : o

For purposes of . comparisoﬁ formulas havé been given to calculate'
the oxygen and nltrogen content and the excess air factor from the
co and CO content The derlvatlon of these formulas is shown in- SPIUN

2.
Section 2.3 of this chapter. The formulas are:

0,79 - 0,40 [CO] - 0,004 [cozl'

n,] = |
[0,] = 0,21 - 0,601 [co] - 0,99 [cO,]

o I - [co] - [co,] - g

A = ~ + 0,21

2,36 [CO] + 4,74 [eoz]" ‘




-18"'

" where [CO], [Cozj,,[oz} and [Nzl,are coneentrations of the respective:
gases and A is the excess air factor, which is defined as the ratio
of the total amount of air drawn into the stove and the stoichiometric

amount of air required for the combustion process.
. r - ‘
Measurements and their results

Before and after each experiment the gas chromatograph was calibrated.
The gases applied for calibration were: air c0néisting of |
20,95  0,01% 0, and 78,08 # 0,01% N,. Nitrogen o technical quality
with 99,9 ¢ 0,1% N and a calibration- gas contalnlng 0,49 = 0,057 CO,
6.00 % 0,17 002? 7 16 £ 0,17 02 and 86,35 £ 0, 27 N2

The results of the nitrogen measurements are plotted on top of the.

\-

Co~—, 002- and Ozvgraph. And the oxygen results are presented as little

crosses in the graph (sée figures 2.2, 2.3 and 2.4). In the tables
2.1, 2.2 and 2.3 a number of experimental results as well/és the
calculated values are listed. The calculated values are derived

through the formulas mentioned above with values of CO and 602, which

are read from the graphs at distinct moments. These calculated values -

’canybe~compafe& with the experimental results. With the same CO and
CGZ concentrations aiso the excess air factor for that particular
moment can be calculated. As is shown from the tables the excess air
fac;oré in the tail end of the tests are very high, The reason for
this is that the gasstream through the stove, determined by the
temperature in the chlmney, is much larger then requlred

For purposes of comparison in a general sense some fictitious values
of co, 602 and the calculated values for 02, N2 and A are listed in \
table 2.4. For CO concentrations between 07 and 2% the nitrogen

percentage shows a slight variation ranging between 79% and 78,1% Nz.
First experiment

. Before and after the experiment two calibrations had been done.
The relative error in both the oxygen and nitrogen value is 27. As
can be seen from figure 2.2 and table 2.1 the nitrogen contents

show too low a value compared to the calculated ones. Thig is

probably due to the limited calibration.
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The oxygen content shows:1-1,6% higher vélues comparéd'to‘thé -
paramagnetic measurement of oxygen, but it confirms with the
~calculated value. ' .

Second experiment

As said before this experiment is identical to the previous one.

But the calibraticn of the gés éhromatogfaph was more extensive. The
relative errors for the oxygen and nitfbgen are respectively 2% and .
17. This time the qitrogen'measurements shown in figure 2.3 match
reasonably well with the calculated values. Still the'ﬁaramagnetig

measurement of the oxygen is 1-1,5% too low (see table 2.2).
Third experiment

This is the experiment with the primary air inlet completely'open;' -
go higher oxygen valdes could be expected as can be ‘seen from

figure 2.4. The paramagnetic measuring device was recalibrafed but
now for the range of 7-21% instead of 0-21%. This resulted in some
1mprovement. , ‘

Again the nitrogen measurements showed too low a value of about l?—v
2% (see table;2.3). The excess air factors show considerably higher
values‘cempared to the previous experiments as was to be expected.
The conclusxon drawn from these experlments is that the carbon P
balance technique of estlmatlng mass balances in a stove is adequate

for most stove design development work.
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. The Ostwald combustion diagram for wood -
‘We will start by tonsidefing‘WQodxas\eefuel in some detail. R
_ The basic'iﬁgredients for forming wood are carbon dioxide and T
.water, By means of photosynthesxs 002 and H 0 are converted
into three major constltuents of wood namely cellulose (C6 10G5)ﬁ’

’These constltuents ‘vary Wlth wood species. In general hard wooda

“whlle soft woods have approxlmately 437 cellulose, 29% 11gn1n,
Vamong wood fuels.’?or example holo cellulose (cellulose and heml*f
‘that wood with a hlgher lignin content also has a higher heat

The -composition of wood also determines how it releases its energy.'.

‘chemlcal formnla of lignin which shows a hlgher relative proportlon a0

"of carbon compared to holo cellulose. -
- For purposes of calculating air pequirements andvcombustioo gas.
production it is sufficient to know the ultimate analysis of the

fuel. This analysis provides the pfoportions of carbon, hydfogen‘

.quantities of CO

relative proportions of CO

'thls kind of a graphical display of the combustxon process it 18

l( . N “ ) - - -

11gn1n (C.H and hemicellulose (C5 8 4)

gtt;003(CH, 0)0 9-1,7m L

contaxnoabout 437 cellulose, 227 lignin and 35% hemlcellulose,

and 287 hemlcellulose (Shaflzadeh and De Groot, 1976). The dlfferent,-/

chemical composxtlons are respon31ble for varying combustlon values

cellulose) has a combustlon value of 17,46 MJ/kg Whereas 11gnln L

accounts for 26,63 MJ/kg. Therefore it can be stated generally :

conteot (Tlllman, 1978).

Wood combustion starts with pyrolysis. In pyrolysis holo celloloee,
pr1nc1pally promotes the release of volatiles. While llgnln also
releases volatlles, it primarily promotes char formatlon (Shaflzadehﬁ-'“

and De Groot 19?6) This can be more or less derlved from the

\

and oxygen present in the wood These constituents determine the ‘
9 CO and H20 produced by the combustlon. The

9 CO and 0 ‘are deplcted in the Ostwald
diagram 1nd1cat1ng the overall course of combustion. To, reallze

necessary to make some assumptlons which state.

- The wood entlrely burns to CO, CO2 and HZG thus no hydrocarbons,,‘

soot partlcles etc. are formed.
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~ In the first instance no difference is made between the flame
phase in which the hydrocarbans, in the form of volatiies, burn

-

and the charcoal phase in which only carbon burns.

This last assumption will be relaxed at a later stage.

Quantitative determinations of soot particles and CxHy by TNO
(Claus et al, 1981) proved that these fractions account for a very
small part in the mass balance (0,1%-2%) and heat balance (0,1Z-

2,5%).. So the first assumption is valid within reasonable 1limits.

When we. want to drawn a relationship between the constituents
C, Hy and 0 in the wood and the production of CO, CO2 and 320 in
general way, we state that wood consists of p% carbon; x%
hydrogen, (8x + y)7Z oxygen and r% ash. These fractions are all mass
fractions. Notlng down the oxygen fraction in this particular form
. has the follbwing‘reason. By weight one part of hydrogen requires
eight parts of oxygen to form water. Dependent on the wood species
| this ratio of oxygen and hydrogen is somewhere around eight. In
‘other words there is a deficit or a surplus of oxygen in the wood,
or the oxygen just,balanceS*the hydrogen. So the value of y can be
hegative, positive or zero. Converting the mass fractions into \
, and (8x +$y)/32~

; mo1 02, where 12, m2 and 32 respectively are the molar masses of. -

molar fractions they become p/12 mol C, x/2 mol H

carbon, hydrogen and oxygen. If f is the fraction of the wood that

is converted into CO it becomes:

- molCo - - [co]
molCO + mOlC02 [coj «+ [COQ}A

The volumes of the several flue gas components expressed in moles,

taking 100 g. of wood as a basis, will then be:

f . p/l12 A molCO

Voo *
V002~z (1 - £) p/12 “ molCO,

‘VHZO f»x/2 L \ ) molH20
, V02‘ = 0,21 (Va - Va.st.)~ mclOz B

Vv, =0,79 .V =0,79 . A .V mo1N.

Np a a.st. . . 2
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‘ where V st is' the stoichiometric amodnt~of‘air‘an&3V the'tbtaiﬁj,tg!V*
amount of air drawn into the stove. The excess air factor A is

Adeflned as the quotlent of V .and v a.st.’
The st01ch10metr1c amount of combustlon air then becomes:

v -V ) mol

o
i

> 1
a.st - 02T G Vo * Veo, * 7 Ym0 ~ Vo, in wood
' 2 2 2
I S | P P .1 x_8x+y
Va.st = 0,21 G-f.q3r -0 .3+5.3 T332 = m?l
-’.—.Q._L.. 1 P _ X
va.st 0,21 La Zf) . ) mol (2.1

_ While the co-, COZ- and Oz—meters can only cope with dryAflue gas,

the derived councentrations are also based upon dry flue gases,

Therefore we can state

p
Ve v
[CO] Pkt
v ! P
- £1 £1 .
V' ' ' 2‘2
Yoo (1-£)2 ~ TeoT + [co,] mol - @2
" 12
[COT = V7
£l £1

'V%l is the amount of dry flue gas.

' E
Vf1 VCO + VCOZ + VO2 + VNZ

' P B _ . B
Vfl £ 17t (1-£) . 13t 0,21, (V‘ Va.st)'+ 0,?? . Va_ ‘
t o P ey P _¥
Vg =3t A - o, 2‘){n 71 (* 51)- 97 32} | @3

- Combining the two equations (2.2) and (2.3) leads to:

31. »
12 - A= 0,21 leyp oy ,
{00} + T¢o, 3 12 Y (U - 20 37 -39 (2-4)
dividing by I; and expressing in terms of A results in:
o 1~tco3-[c01 o L
A =0,21( ) + 0,21 @)

G-3D lol+ (-3 D ooy




making [CO] explicit‘thévsamg’equation (2.4) results in:

- 0,21 - 0,21 3 [co ] - - §‘29 X [co, b
[col = 7

3y
0:21(—2»“‘ gp) ;*' A ('5 §p)

" Drawing a similar equation including the oxygen concentration will -

be as follows:

v,
'y 0, ;VO’Zl (Va‘“’va.st)
{0 } = Vl =7 . vt .
f1 fi
4 .. ’ L N ' * -
Subsgltutlng Va’ Va.s and Vfl will give

[col + [coé]

_ _ 1 - 1 Ay
2] = 0:20.00 = Do (A = 36) 5 = ) ——
. 12
1 = () - 1.3y (1 -3Y
[o,] (A - 1) ((2 8{p) [col + (1 3 p) {COZ]) Q‘

Replaciﬁg Awith equation (2.5) and writing [CO}‘and’{COzl as

separate terms_leads to:

[0,] =0,21 - (0,605 -

aﬂu:

y - co,
> 0,79) [CO] (1 8p 0, 79) { ]

To get an impression of how the‘Ostwald diagram works, we simply
- state the oxygen content in the wood matches with the hydrogen‘
in it. So y is zero. Then the equations (2.6) and (2.7) turn into

the following gxpressioﬁs,

0,42 - 2A [co ]
A+021

[co] =

[0,
These éqnations (2.8) and (2.9) are plotted in figure 2.5. As an
overall picture,this diagram will tell us as a first approximation

in which region the combustion process»will stay.

(2.8)

(2.6)

2.7

- 0,21 - 0,605 [CO] - [€o,] 'V 2.9)



for white fir.

»

The Ostwald d

ig. 2.5.

F

iagram
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One can see that the combustion process especially appiicable\té
) wood étoves'isvconcentratedvin the éhaded area bordered by [CO};
',lines-corresponding to 0% and 2Z, the line at which A = 1,5 at
the top and the [CQZ] = 0%Z~line at the bottom.'Sihce this band 7
is too narrow to emable quantitative reading, a more spacious = o
presenca;ion of the Ostwald diagram would be prefe;able. This

~will be done for the examples of white fir, Detarium microcarpum .

and the flame phase of Detarium microcarpum.

The two wood species white fir a soft wood and Detarium micro-

carpum, an african hardwood are taken as examples because they
represent the cases of surplus and insufficient oxygen to account = . K
" for the combustion of hydrogen in the wood. According to the

ultimate analysis carried out by TNO-Apeldoorn the samples consist

of:
White fir (wf) Detarium microcarpum (dm)
0,9 7% ash ' 1,9 7 ash
50,7 ZC 48,8 7 C
5,3 % H, o 6,1 ZH,. h
43,1 7 0, 43,2 %0,

18,7 MJ/kg combustion value7'20,35 MJ/kg combustion value

One can expect that due to the presence of lignin, which has a
deficit of oxygen, the oxygen~hydrogen ratio of 1:2 would be

' disturbed. In most cases this is true, like in Detarium microéérpum,

- but in the case of white fir it is not. In white fir the oxygen“ o
hydrogen ratio is very close to 1:2 this is probably due to the presence

of resins in the wood which make up for the shortagé of oxygen,

From hereon we will derive the'formulas for the two wood species.

Therefore we have to determine y, which represents the difference

, 27
8.7 Hz. So for white fir y = 0,7 and for detarium m., y = - 5,6. .

between the oxygen and hydrogen content in the wood. y = Z 0

Thé latter clearly indicating a lack of oxygen in the wood.




i

Substituting these values plus the values for the carbon fraction

into‘the equations (2.6) and (2.7) we obtain for white fir

0,424 - 0,002 [co,1 - 2,011 A [co, ]

[co] = AT (2.10)
and
[0,] = 0,21 - 0,601 [cO] - 0,99 [CO,] O @an
oY .
[co,] = 0,211 - 0,603 [CO] - 1,004 [0, ] o 2,12)
for Detarium microcarpum.
» 0,387 + 0,017 [C0,] - 1,921 X [CO,] ;
[col. = 0T (2.13)
and,
[c0,} = 0,203 - 0,618 [CO] - 0,967 [0,] (2.14)

The equations (2.10) and (2L12) are pfesented in figure 2.6 and the
equations (2,13) and (2.14) in figure 2.7. ‘

Finélly we set a side the assumption in which is stated that no
difference is made between the flame phase and the charcoal phase.,
The .charcoal phase which is considered to have no oxygen and hydrogenA
at all isAdescribed by equation (2.8) and (2.9).‘In the case of
‘white fir the situation between flame and charcoal phase is very
much aiike; Comparing the equation (2.8) with (2;}0) and (2.9) with
(2.11) one can see that they agfee with'each>other fairly well.

"This is obvious because the value of y is small which means that
oxygen and hydrogen are nearly complementary to one another. And
because oxygen and hydrogen happen to be only in the volatlles thus
~flame phasg,the same situation occurs as with white fir asya-whole."
In contrast to this Detarium miéroéarpum has a surplus of hydrogen
in the volatlles, which has to be burned by external combustion air.
Assuming that charcoal and volatlles account approxlmately for
respectively 207 and 807 (Brame and King, 1967) .
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The wood consists of:
1,9 7 ash
28,8 % carbon
6,1 Z hydrogen{ - wvolatiles
43,1 Z oxygen

20,0 7 carbon - charcoal

The volatile parts have to be reworked into weight fractions again’

for calculation y and the carbon fraction p. We obtain:

36,9 % C
7,8 % H

) - y=-7,1
55,3 % 0 :

2

substituting these values into equatiomns (2.6) and (2.7) results in:

9,367 + 0,026 [002] - 1,874 A [cozi

Lco] A+ 0,157

1

(2.15)

and
[co,] = 0,199 - 0,626 [CO] - 0,946 [0, ] ~ (2.16)

These equations are presented in figure 2.8.
Discussion

If one has no access to sophisticated apparatus like infrared
analysers or gas chromatographs but still desires to draw a heat
balance of the stove at hand, the Ostwald diagram can be of use.
One can attain to different levels of accuracy. The crudest one
does not even require the use of the Ostwald diagram and it defines:
the excess air factor as X = %—ng this follows directly from

equatlon (2.5), assuming that there is no CO in the flue gas and
hydrogen and oxygen in the wood match each other. By means of the
following examples the sensible heatloss is determined. For this
one needs to know the stoichiometric amount of air and this amount '’
is dependent on tﬁe CO concentration. In the graph of figure 2.9
this dependence is shown by means of equation (2.1). To burn 1 kg
of white fir and assuming there is no CO thus f = 0, the

stoichiometric amount is 4,5 m3 air.



' The Ostwald diégram for the flame ﬁhase 6f Detarium.

Fig. 2.8
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the CO range of 0 - 2%.
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“Wlth a 002 Concentratlon of 107 )\ = %x%l = 2,1.. Thé'tgta1~émodnt, 7  i’;r? 1"2;
- of air ‘dravn into the stove is thenm 2,1 . 4,5 = 9,5 m” of air- Co C

with a épecific density of 1,3 kg/m3.:The total mass going throuéh A

the chimiey is 2,1 . 4,5 . I,3'+ 1 = 13,3 kg of fluegas. Assuming

that the flue ‘gas has a temperature of 150 C and a spe01flc heat of- ‘

1,05 o—— k .K , the heat carried away by the flue gas becomes 2,1 . 103 ka
Relatlng this loss to the heat 1nput which is the combustion value

’ of white fir (18,73 . 10 kJ/kg). The sensible heat loss accounts for

117. 1If we are able to measure carbon monoxide and we‘méasure 1Z €O,

then A = 2 (see figure 2.6) and V = 4,3 ms (see figure'Z,S).

a.st
Following the same lines like the sample above the sensible heat loss
accounts for '10,2Z. If we add to that the latent heat loss due to ‘
CO formation, which is in the order of 6,37 (1,8 . 103 kJ) the

total heat loss from the flue gases becomes 16,57.

When knowihg the ultimate analysis of a certain wood species, for
‘instance Detarium microcarpum one can adapt the Ostwald diagram

and depict A more accurately and the same applies for the

stoichiometric volumé as a function of f. For the concentration of ,
CO2 = 10% and CO = 1Z, A = 1,9 and Va.st; becomes a little over - - -
4,3 cm3. The sensible heat carried away now is (4,3 . 1,9 .‘1 3+ 1)

. 150 . 1,05 = 1830 kJ. With the combustion value of 20350 kJ/kg for
; Detarium microcarpum the relative heat loss is 9%. At last we . /1‘:

calculate the heat loss in the flame phase only. For [CO] = 1% and

[C0,]1 = 10Z we find A = 1,87 and V, _ = 3,37 m. Q= 1448 kI
per | kg of volatiles. However burning 1 kg of wood approximately

O,8rkg of volatiles is generated. Correcting the heat loss for this’

amount relating it to 1 kg of wood results in a heat loss of 5,52.
'The heat carried away during the charcoal burning becomes

[Cér. 4,24 .2 . 1,3) + 0,21 . 150 . 1,05 = 727 kJ » 3,6Z. -l

Another purpose served by the Ostwald diagram is that one can
determine instantaneous excess air factors when one knows the CO .
and,CO2 concentrations at certain moments. Examining gas analyses

of ekperimehts it became evident that at the last stage of an

experiment very high excess air factors where attained (A > 6).
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i» Altheugh the burnlng rate of thls end. phase is very low, chlmney
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temperatures at thls stage do not drop considerably and hence the
air sucked into the stove reduces not that much also, The alr flow
in this stage can be diminished by means of dampers, whether thls

will improve the performance of the stove needs closer investigation.
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) time | %co | %zco, | %0, {20, [ zo, | zN, [ zN, | A~
; C(min) | IR IR PM | esc | cAaLc | esc | cALC - | caLc
3 1,20 | 9,9 9,4 | 10,6 | 10,4 | 75,7 | 78,5 | 2,6

7 0,20 7,7 | 12,0 | 13,3 ] 13,2 | 76,4 | 78,9 | 3,5

10 | 0,20 7,5 | 12,1 13,5 | 13,4 | 75,3 78,9 | 3,6

15 | 0,51 | 1,6 18,4 | 17,9 | 19,1 | 75,3 78,8 | 14,5

18 0,78 8,4 10,9 | 12,3 | 12,1 | 74,9 | 78,7 | 3,1

21 0,56 | . 7,9 1,6 | 12,6 | 12,8 | 76,0 | 78,7 | 3,3

24 0,63 | 7,5 12,0 | 13,2 | 13,2 | 76,6 | 78,8 | 3,5

27 0,95 7,1 12,1 | 12,0 | 13,6 | 75,8 | 78,8. | 3,7

30 0,65 9,1 | 10,0 | 11,0 11,5 | 76,3 | 78,7 2,9

33 0,72 | 10,2 |- 9,0 10,6 | 10,4 | 76,1 | 78,7 | 2,6

3 | o062 | 7,6 | 11,5 | 13,0 | 13,0 | 76,4 | 78,7 | 3,4

39 0,52 6,05 | 13,0 | 4,7 14,6 | 75,9 | 78,8 | 4,3
42 1,14 | 10,3 | 8,7 | 10,0 | 10,0 | 74,8 | 78,5 2,5
45 | 0,97 9,5 9,4 | 1n,0°| 10,9 | 74,2 | 78,6 2,7

48 | 0,81 | 8,9 | 10,2 | 11,7 | 11,6 | 75,2 | 78,6 | 2,9

51 0,66 6,6 | 12,6 | 14,0 | 14,0 | 76,9 | 78,7 3,9

54 | 0,55 4,9 14,5 | 16,0-| 15,8 | 77,3 | 78,8 | 5,3

57 | 0,48 3,6 | 15,5 | 16,5 | 17,1 | 76,6 | 78,8 | 7,1

o | 66 | 0,41 | 2,7 17,3 | 18,1 | 18,1 | 77,0 | 78,8 | 9,6
T T 0,39 | 2,5 | 17,5 | 18,2 | 18,3 | 75,7 | 78,8 |10,1
| 72 | 0,39 2,1 18,0 | 18,6 | 18,7 | 77,1 | 78,8 | 11,9

- 75 0,35 2,0 18,2 | 18,7 | 18,8 | 76,6 | 78,9 .]12,6

Table 2.1 : Measured and calculated values belonging to experimént 1.
IR = Infrared Gas Analyzer; GSC
PM‘#)Magnetic'0xygen Meter; CALC

]

Gas Solid Chromatpgraphy;

il

Caiéulate& values,
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time | zco fxeo,| %o, | %o, [ 20, | xw, | 2N, A o}
(min) IR IR PM | GSC | CALC | GSC.| CALC |caLc f =~
21,15 | 0,5 | 8,7 10,9 | 12,3 | 12,0 | 78,2 | 78,8 | 2,4 |
15 0,5 2,0 18,5 19,4 18,7 | 78,6 78,8 | 9,4
126,15 | o, 9,3 10,3 | 11,8 | 11,5 | 78,8 | 78,8 2,2
30 0,7 8,6 10,7 | 12,2 | 12,0 | 78,9 | 78,7 | 2,4 |-
3% | 0,6 8,9 10,6 | 12,0 | 11,7 | 78,1 | 78,7 2,3
37,15 | 0,4 6,1 13,2 | 14,7 | 14,7 | 79,3 | 78,8 | 3,4
43 i,1 | 10,5 8,5 9,8 9,8 | 77,9 | 78,5 1,9
46 0,8 | 10,1 8,9 | 12,3 | 10,4 78,6 2,0
49 0,6 9,4 9,7 | 11,2 | 11,2 | 78,5 | 78,7 | 2,2
52,10 0,6 5,3 14,2 | 15,6 15,3 | 79,0 | 78,7 3,8
58 0,5 | 4,1 15,8 | 16,9 | 16,6 | 78,6 | 78,8 | 4,9
67 0,4 2,5 17,8 | 18;7 | 18,2 78,7 | 78,8 | 7,8
73 0,2 | 1,5 19,0 | 19,5 | 19,4 | 77,7 | 78,9 | 13,2
\ » |

Table 2.2 : Measured and calculated values belonging to experiment 2.

IR = Infrared Gas Analyzer; GSC. = Gas Solid Chromatog:aphy;

PM = Magﬁetic Oxygen Meter; CALC = Calculated values.




; time | 2co [ 2co, [ 20, | w0, | 20, |z, [ 2N, | 2
) | (min) IR | IR | PM | GSC | CALC Gsc | CALC - | CALC.
s ol o2 | 5,7 (ie2 fis,0 ) as,2 | 77,8 | 78,9 | 3,6
e ] o | w3 | aes | 16,7 |- 16,6 | 77,8 | 78,9 | 4,8
- - 9 | 0,1 | 4,0 16,5 | 17;0 | 17,0 | 77,8 | 79,0 | 5,2
| 2 | 0,3 1,7 18,9 | 19,0 | 19,1 | 77,7 | 78,9 | 11,5
; 15 | 0,4 | 6,8 | 13,7 | 13,2 13,9 | 77,4 | 78,8 | 3,0
; 8 | o3 | 74 12,5 | 13,4 | 13,4 | 77,5 | 78,9 | 2,8
5 21 0,2 |. 6,3 N13;7 1 14,4 14,6 7?,5 78,9 | 3,3
\ 26 | 0,4 3,4 | 16,8 17,5 17,4 | 77,3 | 78,8 5,9 |
27 | o4 | 2,7 7,8 | 16,5 | 18,1 | 77,2 | 78,8 | 7,3 |

§ \§0 | 0,3 | 6,4 13,7 14,3 | 14,4 77,2 78,9 | 3,2

. 33 | 0,3 5,9 14,3 | 15,0 | 14,9 | 77,3 | 78,9 3,5’
36 0,3 4,9 | 15,2 - 15,9 | 77,2 | 78,9 | 4,2

" 39 04| 2,5 | 17,8 | 18,3 | 18,3 | 77,3 | 78,8 | 7,9
48 0,6 | 8,2 t,6 | 12,3 | 12,5 | 77,1 | 18,8 | 2,0
45 0,3 | 7,5 12,5 13,5 | 13,3 | 77,1 | 78,8 2,7

|48 | 0,3 | 5,4 14,4 | 15,5 | 15,4 | 77,0 | 78,9 | 3,8

51 0,3 | 2,9 17,4 | 18,0 | 17,9 | 77,8 | 78,9 | 6,9

e s& | 0,3 | 2,3 18,2 | 18,4 | 18,5 | 76,8 | 78,9 | 8,6
o | 57 0,3 1,9 18,7 | 18,7 | 18,9 | 76,7 | 78,9 | 10,4
60 0,3 1,7 19,0 | 19,0 | 19,1-| 76,8 | 78,9 | 4,6

- Table 2.3 : Measured and calculated values belonging tO‘experiment 3.
IR
PM

Gas Solid Chromatography;’

i
]

Infrared Gas Analyzer; GSC

Calculated values.

ft

Magnetic Oxygen Mefer; CALC



1 Zco | % ccz 1 2 02 1z NZ A

0 0 21,0 79,0 | &
0 1 20,0 79,0 21,2
0 4 17,0 79,0 5,3
0 8 13,0 | 79,0 2,6
1 1 19,4 | 78,6 14,1

R 4 16,4 | 78,6 4,7 T
- 8 12,4 78,6 2,5 L
2 2 17,8 78,2 7,0 ' *

2 10 9,8 78,2 1,9

2 15 4,8 78,2 1,3

34 0,4 0,0 | es,4 | 1,0

" Table 2.4 : Fictitious values of CO and CO2 and the

consequent values for 0,, N, and A,




Aggéndik A

Instrumentation for Gas Solid Chromatography.<,

- F&M (Hewlett»& Packar&)'scientific 700 laboratory =
chromatograph mode: 700-0119F, serialno.: 809-30]938.

- Control cabinet
model: 700-0119F, serialno.: 809-T01938.

- HP stripchart recorder, 1 channel, model: 7127A

~ Iantegrator, homemade

~ Digital Voltmeter Fluke
model: 88004, digital multimeter

~ Columns ‘
'MOLSIEVE 13%X80 - 100 Mesh 3,6 m * 3,2 mm ¢
PORAPAK  Q 80 - 100 Mesh 0,5 m * 3,2 mn ¢

~ Detector

Thermal conductivity cell (Katharometer)

- Amplifier 0~1000X

Electro instr. inc., model: A20B-2

- Carrier Gas: Helium

Gas flow 20 ml/min

- Dryer S
model: Mini Dryer 125-48P, 1,2 m * 3,2 wm ¢

- Flowmeters Porter Instrumentation Camp. Inc.

model: 65A~125~3 with regulator
max. flow 130 ml/min (air)
{

- Pressure regulator Porter

model: 8286
- Sample Valve 8-port sampling valve

-~ Soap~film flowmeter.
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~ THE EFFECT OF BAFFLES ON THE PERFORMANCE OF THE NOUNA WOOD STOVE

by ,
D.J. v.d. Heeden, W.F. Sulilatu, C.E. Krist-Spit,
TNO,_Apeldoorn. '

Introduction

~ To see what effect could be expected from baffles a number of

experiments have been carried out with different baffle constructions
in the existing Nouna Wood Stove. The aim of these experiments was
to improve the efficiency o0f the Nouna Stove. On the other hand an -
attempt is made to deliver nmew concepts for consideration by the
fielﬁworkers:hlﬂpper~Volta. This report shows the set up of the
baffle experiments and it shows that the efficienéy of a stove can
be improved with changes of the constructiqn{

Special attention is given to reduce the standard‘ﬁinimum heat
output of the existing Nouna Wood Stove without a remarkable
deterioration of the combustion quality. For the best modification
the influence of several variables on the efficiency and the

combustion performance is studied.
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" The effects of baffles

Design of ‘the stove

A complete description of the Nouna Stove has already been pﬁblishgd i
in Prasad (1981). V

For the baffle experiments, however,xthis stove is modified in
various ways. The set up~of the modifications introduced in the
orlglnal stove des1gn are presented in flgure 3.1,

The various modifications are specified by the lettres A, B and C.
The discussion of the results wil mainly be restricted to the "C"
modification. Figure 3.2 shows a complete drawing of the "C"astové.
The baffle is constructed out of fire bricks audrconcrete-and-can
easily be removed out of the stove. The' gap between the bottomside
of the second pot and the baffle is 0.02 m.

The length of the chimmey is still | meter and is provided with a
chimney damper which can adequately control the draft.

An impression of the "C" stove‘ié'given by means of a picture in

figure 3.3.

Experimental details

The performance of the modified stove is determined for a number .

- of experiments specified by A and B.

With these experlments for the first and second ‘pan 4 1 and 2 1

of water were used respectlvely.

However, for the experiments specified by "C", another pan was
placéd in' the heating chamber. The diameter was 0,26 m and the
height 0.155 m. The amount of water for these experiments was & 1 -

for both the pans. The experimental set up of the measurements was

'similar to that of the original Nouna Wood Stove and is given in

Prasad (1981). These tests included the water boiling testé and
the flue gas analysis. The fuel used in the majority of the
experiments was planed oven-dry white fir with a size of

0,02 * 0.03 * 0.2 m and with a den51ty of about 350 kg/m . .The

duration of the experiments varied between 0.5 and 2 hours.
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Effect of various baffle constructions on the efficiency

fperlments have been carried out W1th different baffle constrnctxons

in the Nouna stove. The results of the experlments are summarized ‘

_ troduC1ng a baffle.

‘fThe reduction of the flue gas ‘channel w1th 65% for the A mod1f1~

»catlonrresults in a higher efficiency espec1ally for the first

“the first pan.

of the flue gas pattern, which results in an 1ncreased convective.

" of the efficiency of the stove. A foint that has ‘to be mentioned -

crease the height of the baffle.

To see what effect .could be expected from baffles a number of ex-

in tables 3.1 and 3.2, ) :
To see the progress in efficiency of the stove, by 1ntroduc1ng the 4
various modlflcatlons, the average values of the experlments A, B f_‘i
and C are presented in table 3.3 and plotted in figure 3.4. The flaure
shows that in general the stove eff1c1ency can be 1mprcved by 1n~

Mod1f1cat10n HAM

- e 1t o e e S

pan. This can be attributed to a hlgher combustlon temperature,
caused by the 1ower amount of air that is flowing through the .
stove. Consequently more radiation heat is tranSferred\to the
pan and -also the convective heat part is more impoftant.jApgrt
from the highef«flue gas temperature the convéctive heat»transfef

has improved because the baffle prevents the flames to turn off
The eff1c1ency of the secsnd pan is 1nfluenced by the alteratlon

heat transfer.

Modlflcatlon "B"

The experiments with the B modification show- another improﬁemeqt

in this case is the removing of the flue gas duct and the sand
which fllled up the space between the inner and outer wall of the

stove. Removxng the flue gas duct created the PGSSlbllltY to 1n-‘
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Both radiation and convection are positively influenced by the
increased height of the baffle. In addition to this one side of
~ the first pan may receive convective heat now. This explains the

 higher efficiency of the first pan.

Undoubtédiy the smaller gap between the baffle and the second pan

is responsible for the increase in efficiency of this pan.

Modification "C"

The best results are obtained with this modification. The most im-
portant aspect of this modification is the replacement of the second
pan by a pan with a,larger diameter. The new pan has §‘30% larger dia-
‘ héteg, corresponding with 0.26 m. As a consequence of this replace-
| ment, the diameter of the heating chamber changed to 0.275 m. A
The 3dapted'baffleiunde; the second pan is made of a concrete cy-
linder while the -gaps are filled up with sand, especially at the
connection with the part of the baffle in the flue gas duct. |

The gap between the bottom of the pan and the baffle is about

0.02 m. As to the importance of this gap nothing can be concluded -
yet. However, experlments have showed that a smaller gap influen-
ces the combustion quality in the negative sense. On the other hand
it can be eXpected that the. convective heat transfer will increase

by diminishing the gap.

Compared with the original Nouna stové the "C" Nounatstove effi-
ciency has improved with 50% for the first pan and even w1th 180% .

for the second pan in the relative sense.

. The improvement of the efficiency of the first pan can be attri-

buted to a higher combustion temperature. This is because less com~
bustion air is flowing through the stove now. Figure 3.7 illustrates
this. The flgure shows the excess air factor versus the heat output

for the original and modified Nouna Stove.



" undoubtedly be attributed to the increased pan diameter.

3.2.4

3.2.4.1

pan. There is a suggestion that this relationship for the second

“The "C" Nouna Stove

. 25%. The data summarized in table 3.1 are plotted in figure 3.5..

-7
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The remarkable imptovement of thé gecond pan.efficieney can .

The obtained data from the experiments with the "B" and "C" stove 7
present the opportunity to make an exercise concerning the relation- ' -

ship between the efficiency and the heat transfer surface of the

pan might be a proportional one, within a certain range of relative

surface enlargment (Claus et al 1982). A difference between the

present case and the results, of the earlier work is that:the‘

. surface area ‘increase in the latter was obtained by sinking the pan.

in the stove body, while in the present work the area increase was
achieved by increasing the pan diameter. In spite of this difference - .-
we use the result of Sulilatu and Claus to convert the measured -

efficiency for the smaller second pan ("B") into the expécted

efficiency due to surface enlargement. This calculation results

in an efficiency of 11%Z, while the measured efficiency for the 'ﬁ(ﬁgf[
bigger second pan ("C") is 10.8% (table 3.3). | ’ |

Although the relative surface enlargement lies at the top of the
lineair interval, there is a good agreement between expected and
measured efficiency, This exercise therefore sustains the above

3

mentioned idea.

The performance of the "C" Nouna Stove is studied in more detail

in the following chapter.

Effect of the heat output of the fire on the efficiency '

To investigate the influence of the heat output a number of
experiments were performed in the way as described in Prasad 1981.

These experiment have been carried out with a damper position of

It shows the total efficiency as well as the efficiency for the
first and second pén as a function of the heat output of the fire.
Under the conditions investigated, the efficiency of the stove .
varies from 30% to 39%. The:efficiency of the first pan is about

2 times higher than the efficiency of the second pan. Under normal
conditions the heat output of the fire varies between about 4 and

8 kW.
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However, the minimum heat'outptt’can'be'reduced to. about 2 kW when

the combustion chamber is fully closed and draft is reduced.

" For these experiments see table 3.1exp. nr. 23, 13 and 26.

Experiment nr. 23 started with a hot stove and with a reduced draft
of about 1.5 Pa. Under these conditions and a fully closed combuﬁ—
tion air damper a heat output of 3 kW can be realised. :
The experlments nr. 13 and 26 present the results when the heat
output is reduced to about 2 kW. The experiment nr. 13 started
with a charge of 4 pieces of wood in 10 min. corresponding to

6.3 kW. After three charges ahd the burning away of the femainingu'
charcoal the evaporated water was measured by weighing and replaced
into the stove. Now the experiment was/contiﬁued with 2 pieces of‘
wood at a charge time of 15 minutes. The damper was fully closed
while the draft was reduced from 3.4 Pa to 0.98 Pa. The results

of this experiment are\summarized in table 3.4, It show5‘:heaevapb~

rated amount of water during the first and second period in g/min.

" It is rather satisfactory that the efficiency does not drqp.‘The

table shows that the efficiency of the first pan increases while

the efficiency of the second’pan drops. An explanation for this

‘can be .that because of the lowtburning vélocity of the wood, most

of the convective heat is transferred to the first pan.

Consequently less heat is left for the second pan.

Effect of the combustion aiv damper on the efficiency

To show the influence of the combustlon air damper p031t10n on the
efficiency of the Nouna Wood Stove, the experlmental data of table 3.1
at the same chimmey damper positions are plotted in figure 3.6.

The graph .shows the efflc;ency of the first and second pan, as well

.as the total efficiency. In contradiction to experiments reported in

(Prasad 1981), the recent experiments point out that the damper

' position hardly influences the efficiency. The variationm in

efficiency for 12.5% to‘fully open air intake is in the order of 4
percentage points.
The insensitivity of the efficiency for the damper position can

probably be atttibuted‘to the dimensions and the construction of

“‘the stove. In contradiction to-the original Nouna Wood Stove the
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main pressure drop occurs over the baffle. This is a really
important aspect of the improvement of the Nouna Wood. Stove.
Most probably this is also valid for other existing stoves of .

the same type as the Nouna Wood Stove.
Effects of the chimmey draft on the efficiency

Earlier experiments,~déscribed in (Prasad 1981), already indicated

that efficiency can be influenced by draft. In spite of the limited

experiments with variable draft, it can be carefullu concluded

that the efficiency increases at a reduced draft, The experiments

. also indicate that a variable chimmey damper is very useful.

The minimum output of 2 kW could only be achieved by adjusting

this damper.

The usual way to establisch the minimum draft is to reduce the
chimney damper position until a point has been redched at which

‘smoke is emitted through the front side of the stove. These mani-

pulations hardly influence the combustion quality.

- Some experiments show that it is even possible to influence the

ratio of the total generated heat over the pans by means of
regulation with the chimmey damper, see the boiling time of the

two pans for the experiments 21 and 22. It would be worthwhile

to perform further experiments to clarify this effect.

AN

Effect of the initial condition of the stove on the eff%eiency

In order to test the influence of the initial condition of the

' stove on the efficiency the "C" Nouna Stove was operated several ‘

times in cold condition and two. times in hot condition. The first -
two tests w'28vapd\28' - were carried out on the same day at an

interval of 4 hours. 28 was at high power and 28' was at low power,
the latter showing an efficiency increase of about 7 percentage

points. Much of this increase in efficiency should be attributed

" to the change in power ratter than the change in initial condition

(see Figure 3.5).




- 56';,

" The second set 29 and 29"followed the;same*patfern‘as'abové"f'
. but at the same power level, and this time no change in
efficiéncy was observed. The conclusion drawn for ﬁhis is ‘that
the time constant for the stove was approximately three hours
‘and as such‘tﬁe tests 28' and 29' should be considered to

~ correspond. to cold condition.

In order to clearly demonstrate the effect of a hot stove on the

efficiency, two more tests — 30 and 30' - were conducted under

real hot conditions. This condltlor was realized by operatlng
the stove for 3 hours at the same power before starting the
‘experiment. The efficiency in this case was 6 percentage points

higher than the results for the tests 28', 29 and 29°'.

The data of the flue gas composition and the average~f;uegas

- temperature for the experiments with a cold stove show, that the
sensible heat loss is approximately 117 of the generated heat,

see section 3.2.6. For the hot stove this is about 17%.

-~ 3.2.5 © Combustion performance of the "C" Nouna Wood Stove -

3.2.5.1 Effect of the heat output on the combustion performance

Figure 3.7 shows the excess air factor as a function of the heat

output for the “C" and original Nouna Wood Stove. Over a heat

output range from 4 to 9 kW the excess air factor of the "C"
Nouna Wood Stove decreases from 3 to 1.5. The originaldeuna

Stove, on the other hand, draws in much higher quantities of

‘air into the stove and moreover the excess air factor is only .

mildly influenced by the power level of the fire. Figure 3.8

compares the CO production (9/kg of wood burmed) in the two stoves:
While both the stoves show approximately the same CO content at .

,the low power end, the modlfled "C" stove shows -a rapidly xncrea81ng

CO formation w1th 1ncrea81ng power of the fire. This poses an
Jlmportant‘de31gn dilemma. The modified "¢" stove shows a total
efficiency of about 337 in comparison with an efficiency of 13%
for the original design (see figure 3.4); The resolution of this

dilemma needs further investigation.



The "C" stove as it stands now needs to be operated at low pdwer‘f\'

outputs and figure 3.5 shows that this procedure will not have an

& .
;SR .

adverse influence on the efficiency.

To gain more insight into the problem, further results are
presented in figures 3.9 and 3.10. Figure 3.9 shows the €0, and

€O concentrations as a function of the power level of the fire.

The 002 concentration increases from 6 to 11% and the CO concentratlon
from 0.3 to 1.3%. Unless the chimney gases are led outside from

the kitchen, the‘highar values of CO can pose a health hazard.

Figure 3.10 shows thét the efficiency is more or less independent

of the CO productiom,

The last result suggests that the loss in efficiency due to the
formation of CO is compensated by the reduction in heat loss in
some other part of the heat balance in the stove. This suggestion
was tested by examining the results in table 3.2 on combustion
quality corresponding to 257 damper posxtlon. There appears to be
a general 1nd1cat1on 1n support of the statement that sensmble
heat loss reduces with increases in CO content, However we must
caution that this is an ambiguous result because small chahgesvin

power level produce significant changes in the results (see table 3.6):

It is interesting to compare the combustion quality of the Nouna ‘
"C" stove with more séphisticated domestic heating stoves marketed |
in Holland whic¢h are présently being tested in TNO labs at
Apeldoorn. The CO-content in the Nouna "C" lies in the range of
40-130 g/kg while the domestic heating stove shows a range of
45-110 g/kg for the same power level of the fire.

It has te be noted that the presented co concentratlons are the
average values over an experiment. A real impression of the
instantaneous concentration is given in the figures 3.13 and 3 16.
These are the results of experiments 26 and 27. Flgure 3.13‘shows
the emission at the maximum and minimuﬁrheat output that Qaﬁ be
realised with the "C" stove. This cor:eSpoﬁds with experiment

nr. 26, It shows that for the firét pért of the experiment a CO

concentration as high as 37 can be reached while the average
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‘value is 1.1%. Figure 3.15 shows the emission of the flué}gases‘

at a reduced heat oﬁtput of 4.5 kW. This corresponds with

experiment nr. 27, The maximum CO concentration of 0.7% is low

relatively speaking though still unacceptable from heéith.

point of view.

Effect of the combustion air damper on the combustion performance
Figure 3.11 shows the excess air factor versus the damper pqsition;

The figure shows that the excess air factor varies from 2 to 3.5

‘between air intake at 12.5% of the damper opening and fully open

air intake. The figure further shows that the damper appéars to
control the combustion air between. 12.5% and 50% of the damper
opening. Figure 3.12 shows a decreasing CO concentration in this

range. Above 507 damper opening hardly more combustion air is

sucked through the stove even without the complete steel sheet,

whilé the CO concentration still drops. Figure 3.6 haslindicatédv
already that the damper opening hardly effects the efficiency.
So the conclusion can be drawn, that firing the stove with a
damper position above 50% diminishes the CO concentration without

loss of efficiency.

The winimum heat output of 2 kW, however, can only bearaacﬁedvby
reducing the draft as mentioned in section 3.2.4.3 in combination

with a fully closed combustion air damper.

Heat balance of the "C" Nouna Stove

For the experiments that have been carried out, no complete heat

balance can be made because the wall temperatures and‘ugburnt

‘hydrocarbons have not been measured.

Nevertheless, the data of the flue gas composition present the
opportunity to calculate the approximate sensible heat losses

and unburnt constituents based on the carbon monoXy&e production, .
For a’féW'experiments these calculations have been carried out.

They are summarized in table 3.7.

|
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Although the data for the approximate heat balance are obtained .
from exper{ments;with a non-stationary stove condition, they
provide an indication of the difference between the original and -

"C'" Nouna Stove.

The ‘results for both the cold and the hot "C" Nouna Stove point

- ogt about 15 percentage points less sensible heat loss compared

to the originai Nouna Stove. As the loss due to unburned

~ constituents does not change remarkably and the efficiency

l‘ increases with about 157, this gain in the sensible heat losses

’

must at least partly be transferred to the pans.

Whether the accumulated heat loss is less for the "C" than for

the ‘original Nouna Stove can not be concluded from this data.
However, the difference between the data for the cold and the hot

"C" Nouna Stove indicates, that this heat still is an important

factor. Decreasing this factor may realise even higher efficiencies. -

Determinationgof the minimum and maximum heat output

The maximum and minimum heat output were established by means of

~the charge time. In generai the experiments have been carried out

with four pieces of wood.
The charge time for the maximum heat output is considered to be

the. shortest possible time between two charges, at which no

‘building up of the fuel bed is observed.

The charge time for the minimum heat output is considered to be
the largest possible time between two charges at which the new
supplied charge of wood still can be ignited without an external

pilot flame.
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Conclusions

From the experiments with the modified Nouna "C" Wood Stove the

*

following conclusions can be drawn.

A baffle construction improves the cooking efficiency with about

7 percentage points. Increasing the pan diameter of the second

pot gives another improvement of the efficiency with about 8%.

Compared w1th the original Nouna Wood Stove the final 1mprovement'
of the’ eff1c1ency is 807 in the relatxve sense, which is 157

absolute. .
The efficiency varies between 30% and 40%.

The stove can be operated with a minimum heat output of 2 kW and
a maximum heat output of 9 kW.
The minimum heat output of 2 kW can only ée reached wi:h a closed

combustion air damper and a strongly reduced draft.

The heat output of the fire hardly affects the efficiency.

The combustion air damper position, taken between 12.5% and fullyr
open air intake (steel sheet removed), has no influence on the

efficiency.

' The initial condition of the stove, in the sense of hot or cold,

affects the efficiency in the following way; at a heat output of .
5 kW the efficiency of the hot stove is about 6 percentage points
higher than for the cold stove.

The concentration of carbon monoxide rises with a factor four by

‘increasing the heat output from 4 to 9 kW.

Operatlng the stove at a damper position above 507, has a favour—:
able effect on the CO—concentratlon. Because in both cases the
efficiency does not drop remarkably the stove should by preference

be fired at a low heat output and an open air intake.



Sk \'\I"the COfcm&entffaﬁibﬁ %}iérieé between 037 a_ixd 1.12." Although these

percentage are still rather high the stove can compete with the
existing domestic heating stoves.

A.s‘ -
The stove glves a hxgh users comfort in the gsense of easy wood
1gn1t10n, little smoke production and a boiling time for the fxrst
pan of 20 minutes.
*'1 The approximate heat balance shows that the sensible. heat loss is

reduced from about 307 for the. orlglnal stove to about 157 for the

"C" stove. It can be excepted that this heat is absorbed by the pans.

*  For existing heavy stoves the application of a baffle can be

recommended for improving their efficiency.
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Table 3.1

position for various baffle comstructions.

“Sggbolsi‘

Efficiency of the Nouna wood stove as a function
of the heat output of the fire and the damper

size of the wood pieces:
depth of pans in stove :
initial amount of water:

0.02x0.03x0.2m
0.11 m _
first pan 4.0 kg |
second pan 2.0 kg

- LS -

210

26.5) .. "

24.9)

Open air intake. Steel sheet removed.

d.p. - combustion air damper pOS1t10n [ %] t,, - time to boiling : ty, - of pan 1 [min]
Amf - mass of charge [ kgl . T, - of pan 2 [min]
At™ - time between the two charges [min] m - amount of water evaporated: m ;] - of pan 1 [kg 1
Q - heat output of fire [ kW] m_, - of pan 2 [kg ]
n, - number of charges’ [ 1] n - efficiency | M of pan 1 [ % ]
mg - total amount of wood used [ kgl ' n, - of pan 2 [ %1
‘t, - total burning time » [min] ny - total [ %1
‘Ti - initial temperature of the [ °c]
water
t, [min] ‘' [ke] 0 [%]
Type and d.p mg At | Q n, Amf t, Ti o _
5 . ) - - o } . |
| run no. (41| [kgl | [min]| [o9] |21 | [kg] | [min]| [°C] [&,; |t my oy ny |y | omg
'} Original ; : »
1 42 25| .912 8 8.9 4 0.228 50 22 24 [97°] 0.4509| - 113.6 | 3.7 '17.3
12 37111 " 2.329 “ 9.110 | 0.233 [ 108 | 20 | 26 | 44 2.362 | 0.436 | 15.4 | 3.9 | 19.3
. é' o
3 251 1.3033 " 6 0.2172 68 18 21 33.5 1.1464 ) 0.2102 | 16.22f 4.75
4 "l 0.9087] v 4 [o0.227 | 48 | 23 | 18 | 27 0.7096 | 0.1026 | 16.97 5.14| 22.1
4 | | | | : 1
5 * open| 0.852 " 4 | 0.2125} 50 21 18 25.51 0.864 |0.1315|20.5| 6
6 25| 0.8406] " 8.2 4 fo210 | 51| 16 | 22| 26 | 0.575 |0.147617.2| 6.6 | 23.8
7 25| 0.898 | - 15 T 4 1 0.224 49 | 18 | 24 | 38 0.8696 | 0.0877 |'19:6 | 5.31|
L , : \ . , \ ;




Table 3.1(continued) - y ‘ R
‘ | - dinitial amount of water: first pan 4.0 kg
' ‘ _second pan 4.0 kg

] | t, [min] "} m_ [kg]l | n [%]
Type and | = d.p. me At é n, | Amg | ot T, - / . 1
run no. [%) | [kg] [|lmin} | [kW] |[1] | [kgl {min] | [°C] |t t ~m m m o ln o |n -
1 o o b | b2 sl | s2 1 2 t
g | | |
8 * open | 0.6892] 10. 7.2 13 |o0.230 | 45 | 20 [22 |27 | o.4841]0.0084|19 |12 |31
9 100 | 0.6818| 10 7.1 |3 |0.227 | 55 |20/14| 19 |28 | o0.6248 |0.1293|21.5 | 13.6 | 35.1
10 25 | 0.6706| 10 7 |3 |o0.223 | 48 | 20 |15 |26 | 0.8044|(100°) [25.11) 10.65(35.8 |
i 12.5| 0.7049{ 10 7.3 |3 | 0.235 58 18/12| 18.5[[95°] 0.8252] - 24.5 | 10.5 | 35 e
12 | * open | 1.0023] 10 7.8.{ 4 |.0.2505| =~ |20/17{19 | 27.5| 0.9311}0.4748 |18.32 13.1 |31.4 |
‘13 100 | 0.6048] 10 6.3 |3 | 0.2006| 38 |25/24{22 |26 | 0.3324{0.0991|17.7 |13.2 |31
|14 50 | 0.6651] 10 6.92| 3 | 0.222 | 50 22 |17 | 27 0.588 |0.115 |21.2 | 12.55(34 _
15 * open | 0.6597] 10 , | 6.86|3 | 0.220 | 49 | 25 | 18.5| 23.5| 0.5787 |0.2074 | 20.72| 13.94| 34.7
16 | 25 | o.6581] 15 4.56| 3 | 0.219 | s5 |13/19] 24 | 37 0.6209 {0.0743-{ 23 | 12.35] 35.3 i
17 25 | 0.873 | 8 8.5 | 4 | 0.218 - 14 | 24 | 30 0.7326 |0.2312 | 19 12 - |31
|18 25 | 0.9087 8.9 | 4 | 0.227 | 54 | 19/16( 16 | 28 1.3092 [0.1993 [ 24 = | 10.5 |35.5
19 | 25 | o0.6977] 12 6 |3 |o0.232 | 45 13 1 19.5| 34 0.9109 |0.0853 | 26.9 | 12:61 | 39.5 :
26 25 | 0.965 | 8 9.4 | 4 | 0.241 | 60 |20/19| 21 |26 | 0.899 |0.308%4|18.63| 11.35] 30
27 25 | 0.6745| 15 4.7 | 3| 0.225 | 57 21 |23 | 34 0.6913 |0.2043 | 22.81| 14.11| 37 =
20 25 Jo.7071|12 | 6.13] 3 | o.2357| 72 | 23/17| 19 | 29 0.949 |0.3653 | 25.9 | 16.71] 42.6 .
*

" Open air intake: Steel sheet removed.




Table 3.1{continued) , initial amount of water: first pan 4.0 kg
: ‘'second pan 4.0 kg

t, [min] - m [ke] n (%]
Type and|  d.p.| mg At Q o, |Am, | e | T, | |
run no. %] | [kel |[min] | [kW} [[1] | [kg] | [min]| [°C] [t | ¢, m,  [mg, ngo{np e ]
g : | |
21 | * open | 0.6941] 10 7.2 | 3 {o0.231 | 47 18 | 24 | 255 | 0.311 |0.245 | 16 15 31 |
22 closed| 0.677 | 10 7 3 |o.225 | 55 | 17720 22 | 22.5 0.535 |0.285 | 20.5 | 15.6 | 36.1
' 4 pieces ’ -
23 | closed| 0.4604] 24 3 2. | 0.2302{ 42 22 | 21 | [70°]| o0.5392f - 29.24 9.31| 38.5 ~‘;{
] V , 4 pieces ‘ ' ,ng
13 , 100 | 0.6048| 10 6.3 { 3 |o0.2016{ 38 |[25/24]| 22 | 26 0.3324{0.0991{ 17.7 | 13.2 | 31.2 |y
, 2 pieces ; o - =
130 closed| 0.2142f 15 2.2 | 2 |o.1071] 44 | - | - - 0.8856/0.1598| 31 | 3.4 | 34.4
‘ 7 ' ; | -4 pieces ’ . ‘
26 25 | 0.965| 8 9.4 | 4 |o.241 | 60 | 20719 21 | 26 | 0.899 |0.3084] 18.6 | 11.35| 30
| » ' = R 2 pieces ' : ‘ -
26! ~ closed| 0.338 | 15 | 2.3 |3 |o.112| 60 | - - - | 1.7288|0.5527| 20.6 | -8.71| 38.3 |
%

Open air intake. Steelashegt removed.
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_ Table 3.2 Combust1on performance of the modificated Nouna Wood stove as a
function of the heat output of the fire and the combustlon air

Open air intake. Steel sheet

-damper p051t10n for various baffle comstructions.
‘ Sygbolsi d.p. - combuatlon air damper p651t10n [% open]
' n, - number of charges , [11
Q" - heat output of the fire [kw]
Tg - flue gas temperature [ec]
/ initial amount of water
A/B pan 1 : 4 kg; pan 2: 2 kg
C pan 1 : 4 kg; pan 2: 4 kg
Run d.p. n, Flué gas composition Excess | Draft
no. L air -
co, | co| co | o, p |facter |
[%] [1] [kw] | [%] | [%] |[s/ke]| [%] [°c] | [-1 [Pa]
25 8.9 [6.73)0.15| 26 | 13.9(313 | 3 | 4.2
2 25 9.1 | 6.80| 0.24| 40.4 | 13.98/276 | 3 "
‘;A
(3 25 9.11 0.31] 39 11.05| 362 2.21 4.2
4 .25 8.54'| 0.27| 36.2 12 297 | 2.4 "
B y '
5 * open’ 8.12| 0.37] 51.5 | 12.9 (231 | 2.45 4.2
6 25 9.01] 0.59| 72.6 | 12.3 | 107 | 2.2 "
7 25 .5 1 0.25| 51.3 | 16 141 3.61 "
* open 3 7.2 | 7.18] 0.31| 48.9 13.93 13| 2.8 | 3.4
9 100 3 7.1 8.8 | 0.46] 58.7 11.84 119 2.25 "
{10, 25 3 7 [8.7 |0.68] 85.6 | 11.95(139 | 2.22 | "
11 12.5 3 7.3 | 9.5 | 1.06(118.6 | 11.21f 80 [ 1.97 | "
Ry * open 4 7. - - - - - - oo
113 100 3 6.3 15.81| 0.28| 54.3 | 15.85/129.7 3.41 | "
14 50- 3 1 6.92,6.8 [0.19] 32.1 | 14.72/156 | 2.92 { "
15 * open 3 6.86| 6.4 | 0.22| 39 | 15.26{ 177 | 3.15 "
.‘,3% R i
removed.




“Table 3,2(continued)

-6l -

Run d.p. n; é h Flue gas tomposition« . quess Draft
no. - - ( ~-= 1 air :
| [co, {co | co Jo, | T |facter |

I 1| Dl | [%1{1%] [e/kel | [%] ([°€1| [-1 | [Pal .

16 | 25 3 | 456 6 o.32|60 |15.3|126] 3.3 | 3.4

17 25 4 8.5 - |- | - - |22 - |

18 5. | 4 8.9 | 12.24/1.5 {129 | 7.8 108| 1.51 |

19 25 35| 6 7.7700.61 | 86 .| 12.76 137 | 2.5 "

26 25 4 9.4 | 9.7 |1.11 |121 |11.51 156 1.92 | "

27 25 3 4.7 | 6.85[0.29 | 48 | 14.57 158 | 2.91 | "

20 25 3| 6.® | 9 . lo.51] 63.6|11.35 187 2.2 1

21 open. | 3 7.2 | 6.4 |0.19 |36 |15 |195] 3.15 | 4

22 closed | 3 7 8 lo.34 |50 |13.6|200] 2.5 | 4

23 | closed | 2 3 7.5 lo57 | 83 |13.13 83| 2.6 | 1.5

13 100 3 | 6.3 | 5.8100.28 | 564 |15.85129.7 3.4 | 3.4

131 closed AR 2.2 - - - - - - 1

26 25 | 4 9.4 | 9.7 |1.11 {121 |11.51156 | 1.92 | 3.4

261 | closed | 3 2.3 | 6.2500.45 | 79 |14.98 125 | 3.1 | 1
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Table 3.3 Effect of introduced baffles in the Nouna wood stove on efficiené§

of the stove.

damper position: 25%

heat output : 8.5 kW

Efficiency Improved efficiency
in the relative sense
Type of M 2 Ntotal M Ny Ttotal
stove ’ .
[%] [%] [%] (%1 - [%] [%]
original o
design 14.5 3.8 18.3 - - -
A 16.6 4.9 21.5 14.5 29 . 18
B 18.9 6.6 25.5 31 % |40
c 22.1 10.8 32.9 53 184 80




Table
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3.4 Effect of lowering ﬁhe»heat‘output on efficiency. EXPQ‘IS and\26.

Efficiency [%] Evaporated water [gr/min] f?t:”‘
Exp.| pieces| charge] Q | draft| n n N, . .| pan 1 pan 2. 4
No. ' time ‘ b 2 | “total
: [-1 [min] {kW] [Pa]
13 4 10 | 6.3 3.4 |18 |13.2| 31.2 | 21 12.6
13! 2 15 2 1 31.12¢ 3.4 34.5 6 1.3
26 4 8 9.4| 3.4 | 18.6 |11.35 30 23 9
26" 2 15 2.3] 1 29.6 | 8.7 38.3 14 4




" Table 3.5 Influence of the initial condition of the stove on the efficiency

~ 1exp. giﬁgiion At | n | Q@ |t ,‘tbz‘ Ny V.qz Neot g;ngzion :
(%] | [min] | [1] | (k9] |[min] |[min] | (3] |[%) | (%] | *°%°
28 25 8 | 4 | 9.4 21| 26 |18.6|11.4 | 30.0 ‘cold
28? 25 s |3 | a7 23| 36 [22.8 160 | 36.8 '~ cold
29 25 15 | 4 | 48| 22| 35 |21.3 14.0 35.3 cold
29" 25 15 |3 |s.2| 21 | 34 |21.7|13.5 | 35.2. | cotd
30 25 15 | 4 |s5.2] 20| 21 |22.8]18.8 | 41.6 hot
| 30" 25 15 5.4 0.9 22.2 [18.8 | 41.0 | hot




-

- 65 -

Table 3.6 Chimnéy losses of the "C" Nouna Stove for various

power levels,

Run Heat Latent - Sensible Total
no., output heat loss = heat loss chimney loss
- [kw] [kI/kgl [kJ/kg] [kI/kg]

16 4,56 566 | 2071 2637
27 4.7 . . 453 2377 2830
19 6.0 811 | 1732 2543

20 6.13 600 2175 2775

10 7.0 807 1564 2371

18 | 8.9 1216 - 787 2003

26 9.4 1141 1546 2687,




Table 3.7 ‘Approximatﬁ‘heat Balance'of the "C" Nound wood stove
Run Heat Total Sensible " Unburnt Stove
no. “output efficiency heat -in 1 constituents CO condition .
: : flue gas S * : )
[kw] [%] %l 21 [%] 1%
261 | 2.3 | 38.3 11 4 | cold
) 16 4.6 | 35.4 12 3 cold
: 19 6 | 3.5 | 10 5| cold
w0 7 35.8 9 | 5 _ cold
26 9.4 30 1 7 cold
| 30 5.2 | 41.6 18 | 4 | bot
300 | 5.4 | 410 17 s hot
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HEAT TRANSFER CHARACTERISTICS OF METAL, CERAMIC AND CLAY STOVES
by
K. Krishna Prasad and P. Bussmann,

Eindhoven University of Technology,

Eindhoven, The Netherlands.

Introduction

The wood stove literature abounds with statements that generally

go as follows:

(1) metal stoves, unlike clay stoves, lose a great deal of heat
to the surroundings; the implication is that metal stoves

show poor efficiencies due to this reason;

or more sophisticatedly,
(ii) metal stoves are better for short intermittent operation while

clay stoves are better for long durations of operation.

These are really opinions based on intuition rather than on evidence

in a strict scientific sense.

We first take a look at some experimental evidence (figure 4.1)
obtained by TNO on a metal and brick stove (see Prasad 1982).

A superficial look at these heat balance diagrams indeed support the
first part of the first statement. However the efficiency of the
metal stove is very much higher than that of the brick stove. Thus

it is clear that the second part of the first statement is not
necessarily true. Moreover, a closer examination of the heat balances
shows that there is nearly 127 of heat unaccounted in the estimations
provided for the brick stove. Drawing heat balances for a wood stove
in general is a complex task and it is more so in a heavy stove

- be it made of clay or bricks. The difficulty in the heavy stoves
arises due to the large number of temperatures that need to be

measured. This is not easy to arrange and thus the estimates of heat

accumulation in the stove body could be in error by significant margins.



TR

A METAL STOVE (De Lepeleire/Van Daele stove)

WA heat output . ' 27.9% useful heat BEB

stove-body . [l

Tosses

2
< flue gas. 2 .
losses
.
A HEAVY STOVE (Ncuna stove)
heat output 4% useful heat @Bl
of fire' : ]
; 1
. 1% stove-body
“losses 29
i flue gas 39
losses
2
|

0%

2%

.8%

.8%

.6%
.9%

2%

0%

A%

8%

first pan

second pan

convection and
radiation

accumulated in
stove-body
sensible heat

incomplete
combustion

first pan

second pan

convection and
radiation
accumulated in

stove-body

sensible heat

incomplete
combustion
unaccounted for
heatloss

Fig. 4.1. Effect of construction material on heat balances in stoves
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It is quite concervable that a substantial ﬁropo:tion of unaécounted

heat could be due to the underestimate of the accuﬁulated'heat. From °

" these, it is reasonable to suppose that the stove body losses are not

very different for the two stoves. In particular it seems that as far
as obtaining high efficiencies from cook stoves are concerned there
is no evidence available to suggest that the material of construction

is a serious limiting factor.

The present note presents a relati&ely simple analysis to provide a
qﬁantitatiﬁe éuppérf to the neuristic discussion above.  In addition,

it is hoped that the analysis will indicate the directions for further
experimental work, that will remove some of the restrictive assumptionglV'T;73

made in the analysis.

The\stove model

Figure 4.2 shows the prototype éf a stove ﬁodal,considered in the

study. It consists of a square cavity of side a. At the bottom of \
the cavity is the fuelbed and the height of the cavity above the fuel- ;:fjfs
bed is h. The pan is located at the top of the cavity. The walls of o

the‘cavity and the pan receive heat from the fuelbed and the flames

Fuel Bed

AN AN NN N

a -

Figure 4.2: The stove model

on top of the fuelbed by radiation and convection. The purpose of
the present excercise is to calculated the heat flow through the
walls of the cavity as a function of time for a given power .output
of the fire,
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The physical:model

The modelling of heat transfer from a wood fire is too complex and
demands a knowledge of the heat liberation from the fire as a function
of time. This knoﬁledge is in the process of being accumulated by the
group. For the purposes of trhe present study we represent the fire By
a constant heat source. The heat source itself is assumed to be _
symmetric in the cavity soﬁthat each wall of the cavity receives the
same amount of heat. In addition we ignore the presence of corneré.
and the effect of the finite height of cavity. With these assumptions
the prohlem reduces. to one of heat conduction in a slab. The physical

situation is depicted in figure 4.3.

Figure 4.3: The physical model: heat conduction

in a slab.
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The face x = 0 is exposed to the fire suddenly atﬁtime t = 0 which
according to our’éssumption is at a uniform temperature Tg thereaftér.
The face x = L is exposed to the environment at temperatu:e-ra.
The temperature distribution in the slab varies with time and is
depicted qualitatively in the figure. The analysis will result in the
determination of heat flow through the wall at x = 0 as a function

of time.

The mathematical model

The physical problem of the previous section can be described

mathematically by the following equations.

| 2 . »

T k¥T (t >0, 0< x <L) o 4. 1)

.ot 2 o

ax \ : .
T(x, 0) = T, i ’ 4 (4.2)
T _ _ | :
Y N - = oy {Tg T(0,t)} . (4.3)
, aT _ "
“Asg| o= o, {T(L,t) - Ta} . (4.4)
x=L

where T = the temperature, K

= the time, s

= the distance, m

the thermal diffusivity, mgls
= the thermal conductivity, W/mK

Qo> B M ot
n

= the heat transfer coefficient, w/mzK

and the subscripts g corresponds to gas and a corresponds to air,

This is the classic diffusion ptoblem. For constant ag and aé, its
solution is given in terms of an infinite series of exponential
functions. (see for example Carslaw & Jaeger) The series is rather
slowly convergent and cumbersome to evaluate in practical situatioms
where there is a need to investigate a large number of parameters.

In addition the procedure is not easy to adopt to the real problem
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I

where ag and o are functions of temperature, and the problem

 becomes nonllnear. While we restrict ourselves to the linear problem ,

in this study, we adopt a more general but approximate procedure

of solution.

The solution technique

We adopt a solution technique called the intégral‘technique (see
OZlﬁlk 1980 for details of the procedure). The technlque divides the
solutlon in two phases, which can be seen from flgure 4.3, For small.
t}mes a distance § can be identified beyond which the slab does not
notice the presence of the fire at x = 0. In other words only part

of the slab experiences the femperaturé increase. This fact will be
easily observed by énybody working with heavy stoves by simpiy
touching its outer skin. It will not feel warm to the touch for
considerable periods of time after a fire has been stafted. It is

to be noted that § is a function of time and the purpose of the
solution technique is to determine 8. The second phase of the solution
starts when § = L and the temperature of the outer skin increasés till
a steady state is established, after which the temperatures do not

vary with time,

The technique consists in integrating equation (4.1) over x from O

to 8 for the first phase. This results in

8 \ . ‘ ,
d « aT )
I [ iv T(x,t) dx - T, s(e)] =« e ©0,t) + - (4.5)

The function T(x,t) is approximated by an assumed profile. We use a

parabolic approximation

T(x,t) = A + Bx + Cx> . ' | (4.6)

The coefficients - which are functions of time - are evaluated by

the~following‘conditions

At x = 0, = A =— = o, [Tg - T(0,t)] ' (4.7)



- 89 -

At x = 8, TI8(D),e] = T, T (.8
T =0 \ (4.9)
ox ) :

x=8

-

The resulting expression is substituted into equation (4.5). The
indiéated integration and differentiation are then carried. The
procedure leads after some algebraic maﬁipulation to the folloﬁing
differential equation |

r

. 9 ’ :
2 &% + &% ds* ‘

§
* =
where 8 2—:}\7&;

- t
.2

2\
)
g

1
K
Equation (4.10) is sowedeith the initia1 copdition
§* (0) = 0 | - N (A1)
The solution fo? (4.13) and F&.ll) is given implicity by

o ='%>[ 5 {0 #69% -1} - log (1 + 69)] (4.12)

We now proceed to comstruct the solution for phase 2. The integration
of equation (4.1) for this phase is carried from O to L over x and

results in

oT

= (4.13)

4 -
dt 1

o &
-3
o

. N P
=
|

) for t > t

x=0

where ti is the time determined by equation (4.12) when § = L.

Again we assume a parabolic profile for the temperature

T =a + bx + cx° ‘ h.14)




290 -

The coefficients this time are determined by equations (4.3), (4.4).

and
TO,£) = T (). - o (4.15)
In this phase of 301ution'T is treated as. the,unknown.‘Oncé<a, b and

c are determined, the resultlng temperature proflle is substituted

into equatlon (4.13). We then get

d 8] - | o
= + ¢ 91 =y ‘ : ; | K4,16)
TluTé
where 91 = v
4
,¢' _ 2(1+H) / (H~1L¥)
- 2 [+L¥
‘ * ¥ . 2
L¥[1 + L¥{3 §Yﬁ:i?7}]
vz 20/ (H-L*)
- 2 J+L*
* *[% _ P
LA+ Wy - gy )
@gL
L =%
o
and . H = 2L* + &g

a

The initial conditibn‘for equation (4.16) is

* = : . . 3 )
/91 (6% =8, ; | o (4.17)

61~i has to be obtained from the first phase solution. The solution
R ‘

for equations (4.16) and (4,17) are given by

2 =¥_ ¥_g - G(tHe ¥
6, (t*) 5 (¢ Ol,i) exp{~ ¢(t | F‘ )} | N (4.18)
It is interesting to mote that Y/¢ is the steady state solution of

the problem as can be seen by either setting d@ /dt* =0 in equation

(4.16) or by taking the limit of expression (4. 18) as t¥* > w,
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Denoting this by 61'8 . We can ﬁrite (4.18) as
4

1,st 1+H

t
0, () = 8 g = ©) o0 -6, expl- 8(c*- ti*}} G |
61’8t can élso be expressed by ;
o ., = i

Solution output : ‘ ‘ | - -

' Three of practical results can be expected from the solutions given

by expressions (4.12) and (4.19).

(a) iempefature distributions as a function of time: this result is v‘;;i
not veryﬂuseful from a practical point of vieg. However the ‘
maximum temperature in the system occurs always at X = 0. The ;

rate of growth of this temperature would be useful in estimating |
the radiant heat transfer to the pan. Si’nce"l‘l’st is the maximum
temperature recorded, it will provide indications whether a given
material could be used with confidence for the application under . o 4

 consideration. ‘ '
The‘relevant expreésions for the temperature are given by:

for t* < tis

*y = ,
el(t ) T—m (4.20)
where &% is given by Eq. (4.12);
for t* 3.t1"61(t*) is given by Eq. (4.18).

(b) Time, at which steady state is reached: this will indicate the relative

importance of stored heat in the wall and heat loss from the outer 'skin
of the wall \ S
(¢) Heat flow through the inner skin of the wall: this is calculated by

q = gag{Tg - T{(t}} dt -

per unit area of the slab.

This is the information that will be useful in determining the stove

constructionmaterial from the point of view of heat loss fromthe stove. ' ...
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\ ag can not be specified with any confidence for wood-burning
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Results and discussion

We make a comparative study of three principal contendors for
materials of construction of stove.

These are: . -

" {a) clay (air-dried):

~(b) ceramic;

{c) metal.

We need to specify several parameters before we can use the solutioﬁs
to obtain quantitative information that could be effectively used

for purposes ofAdesignr These parameters are Tg’ ag,‘aa, L, and the
material properties A and K. A major limitation on the usefulness

of a theory is the knowledge of theseVparameters. In particular Tg.and
systems. Appendix ! discusses the problem in greater detail and

provides a basis for the values chosen in this work.

"Figure 4.4 presents the growth of the wall temperature at x = 0

with time. The parameter values used to obtain these results are
shown as.an inset in the diagram. The inner wall temperature of

the clay wall raises slowest while the metal wall,reSpOnds fastest -
a well-known result. The steady state temperatures are 465, 566

and 655 C- for metal, ceramic and cla& walls respectively. The

times, at which steady states are attéined, are approximately

20 and 60 minutes for the metal and ceramic walls respectively.

The clay wall does not attain steady state at all during the

computational period of 2‘hours.vFinally, other temperature

‘results that are useful are the times at which the outerwalls

begin to sense the presence of the fire at x = 0., These times
are less than | minute, about 5 minutes and about an hour for

the metal, ceramic and the clay walls respectively

Table 4.1 giﬁes the cumulative heat flow results for the same

conditions used in fig. 4.4 for three representative times,
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Figure 4.4: Growth of the wall temperature with time for the

various steve walls,
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\
Table 4.1 Heat flow results in MJ/m2

Time in
hours i 1 2
Material
Metal 15.2 29.3 57.6
Ceramic | 14.6 23.6 41.2
Clay . | 19.7 33.2 | 54.7

i, 1 and 2 h. The table shows that the ceramic is the material

that loses the least amount of heat. In particular the common

" . statement that the metal stoves lose a lot more heat than the.

clay stoves is not supported by these calculations. However,.

-

it should be pointed out that the results in Table 4.1 are the
heaf flows through'the inner skin of the stove. There is no
doubt that a substantial proportion of. thlS heat is stored in
the clay stove. However, it is to be doubted whether such

stored heat could be used for any significant cooking actlvity.

Because of the considerable uncertainty involved in the evaluation
of'ug, we present some results in Table 4.2 on its effect on

. the results obtained For the configurations studied here, a
factor of 3 varlatlon in Oy produces a change in heat 1oss over
.a perlod of 2 hours of 74. 4, 42 and 527 for metal, ceramic and-
clay respectlvely. In general the metal stoves require a more
careful-estimationvof ag than the ceramie or clay stoves. Another
influence of change in ag-is the time required to attain steady .
state. For the metal it changes from 48 minutes to about 25
minutes when dg,changes‘from 15 to 45 kW/mzK. The corresponding
results for the ceramic wall are 120 and 90 minutes.

Next, Table 4.3:presents.theJeffect of Tg on the heat flow.'As
can be gathered.this)is.an important parameter for obtaining
reasonable estimates of heat flow. Tg does noﬁ significantly
affect the times over which the steady state is attained by the

system.




-"95 -

Table 4.2 Effect of o on heat flow MI /)

Time in . S o :
hours 3 1 12
ag Material
W/m?K

Metal 10.7 | 20.3 | 39.5
15 Ceramic 10.7 18.2 32.0
 Clay 13.0 23.3 40,5
Metal | 17.6 34.7 68.9
45 Ceramic 16.5 26.5 45.5
Clay 23.5 38.9 61.6

Table 4.3 Effect of T on heat flow (MJ/m)
(ag = 30 mezK; Material: ﬁetal; L = 0.0015 m)

Time in - ‘
hours 4 I 2
T
g
K
700 7.32 14.1° 27.6.
800 1 9.67 18.7 36.8
900 12.2 23.7 | 46.7
1000 14.9 29.0 | 57.3

Finally, Table 4.4 compares the results of heat flow and wall
temperatures with wall thicknesses for a clay wall. The main
conclusion is that the heat flow through the inmer skin of the

stove wall is remarkably insensitive to changes in wall thickness.
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 Table 4.4 ’1pf1uence of wall thickness on inner wall heat

flow, temperature and outer wall temperatures

0.05 | 23:1 525 277 |36.0 585 356 | 56.9 603 378
0.10 | 24.2 505 82 | 39.3 561 275 | 60.7 613 275
0.15 | 23.5 512 T |38.6 558 347 | 61.6 604 172

a
0.175 | 23.2 512 T_ | 38.1 563 35| 61.2 601 130
0.20 | 22.8 512 T | 37.6 568 T, | 60.5 601 94

K

Notes:
Hot gas temperature: 727° C

Environment temperature: 27° C -

A o= 1,23 W/mK
= 10:6m2/s
o = 45 W[mzK

g
Q is the cumulative heat flow in MJ/mz

T. and T in°C
i 0

It is important to point out here that the results of Tables

4.2 and 4.4 should be interpreted rather cérefﬁlly. For the
configurations we are considering theré are three resistances

to heat flow - the gasiside (as represegted by mg}, the wall
itself (as represented by its thickness and the material), and
thevambient side. The ambient side heat transfer coefficient
was allowed to vary parametrically with the temperature of the
outer face of the wall and o, was estimated by using the formulas
" given in the Appendix. Thid does not greatly influence the

relative results, however.

For the metal wall, ignoring the resistance of a metal
. ' 2
wall, changing oy from 15 to 45 W/m K changes the total
resistance to heat flow only from .1333 to 0.07350. This is
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the reason why the large change in gas éidé heat transfér
coefficient does not result in a correspondingly largé change
in heat flow. Since the ambient side heat transfer coefficieﬁt
is the coﬁtrolling resistance to heat flow, it was necessary:

to estimate,this‘quantity more carefully.

‘For the case of varying thicknesses of the wall such a simple

approach is not useful due to the large heat capacity of the
wall. More detailed calculations are necessary before it it

possible to explain the results of Table 4.3.

.Coricluding remarks

It is worthwhile to consider the usefulness of the highly
idealized model presented in this work in predicting the

heat fiow through stove walls; Direct comparisons of the
results are not possible since the test results on stove
models of the type considered in this study are not available
at this moment. Thué we restrict ourselves to some ad hoc
comparisons with the results from the metal shielded fire
shown in Fig. 4.5. It shows the wéll temperature records

as a fuhction'of time for the points‘marked on the stove
diagram shown as an inset. Before making any strict comparisons, .
a few points about the experiments are to be mentioned. The |
periodic nature of the temperaturé record is a consequence of
the mode of stove operation. The latter is done by periodically

charging the stove with known quantities of fuel.

Comparison of Figs. 4.5 and 4.4 shows that the response of the
actual stove to the fire is much slower than the prediction
of the model. Secondly, the maximum temperatures attained in the

real system are over 100 degrees lower than the ones predicted

by the modél. This suggests that the ag and Tg assumed in the -
" model are too high. For Tg = 700 K and ag =15 W/mZK, the heat

loss predicted by the model is over 3 times as large as the
one computed from the temperaturerecords measured during the

stove operation.
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There are a number of factors thét probably cause these rathet.

1arge differences. The main weaknesses of the model 1ie in

»treatlng the problem as a linear one and assuming T to be

constant rather than periodic as it is in the real 31tuat10n.

It should also be pointed out that the heat loss from the t
fire box in the laboratory stove is just 1% of the total heat ‘ - ‘Q,ffr
input into the stove. Estimation of such small heat losses ' ﬂ
by experiment are always éubject to great errors. The main

heat loss from the 1éboratory»stove is from.the shield covering’

the pan which accounts for over 27% of the total heat input -

into the stove. The model can be expected to proVidevbetter

estimates of heat losses in this region since the nonlinear

effect of radiation from the fuel bed is absent in this region.

The main use of the/model as it exists now is to provide
rather qulckly the relatlve changes that could be expected by
changing the geometrlc parameters as well as change of -

materials of constructlon.
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APPENDIX

ESTIMATION OF HEAT TRANSFER COEFFICIENTS AND COMBUSTION TEMPERATURES

The combustlon temperatures are estimated with the assumptlon that
the constituents of wood in a broad sense are 207 fixed carbon

and the,rest volatiles. The small amount of ash in the wood has
been ignored in the present analysis. The fixed carbon burns on
the fuelbed and the volatlles burn in the gaseous phase. The
following energy balances have been used for estimating the-

combustion temperature in the gas phase and fuelbed.

4
mB = Imc .(T){T -7T_ .} (a.1)
VY s dipiig s ref ‘ . g
mB =mB -mB o : : (A.2)
vV VoW cc V
 _ _ t*¥* 5 4 4 - :
mB =mC (T, =T)+/ I oAF (T -T)dt " (A.3)
cc ap 0,g o i=1 0,1 © 1 :
where m = mass of volatiles, kg/kg of oven dry wood
B, = calorific value of volatiles, J/kg
m = mass of the constituent j in the combustion
products, kg ’
cp ; = specific heat at constant‘preésure‘of constituent
? . B

" j in the combustion products, J/kgK
= combustion temperature, K

= reference temperature taken as 300 K

e ref
‘ﬁ‘ m = mass of oven dry wood, kg
B, = calorific value of oven dry wood, J/kg - : | -
- m, = mass of fixed carbon, kg/kg of oven dry wood
S B, = calorific value of fixed carbon, J/kg
m, = mass of air required to burn completely 1 kg of

carbon into CO2, kg

To,g =‘temperature of the gas leaving the fuel bed, K )
o = Stefan-Boltzmann constant, 5.7 x 10-8 W/m?k*

Ao = area of the fuel be& surface, m?

Fo,i\= configuration faétor between ‘the fuel bed and

surface 1
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o = the fuel bed temperature, K
Ti = the temperature of surface i, K
t¥ = time needed to burn 1 kg of wood, s

Eduation'(A.l) is an energy balance for the gaseous phase. The
components j are taken to be CO,, H0, 0, and N,. The mass of the
components N, and O is assumed on the basis of excess air valués
(which is treated as a parameter). Two important assumptions have
been made while writing eq. (A.1). The first one concerns the
dissociation effect. At the temperatures prevailing in a wood
fire (see later) this assumption is not expected to introduce

any significant error in the estimation of Tg. The second
assumption is a more serious one and concerns the adiabatic
nature of the combustion process. This is not true since the
flames lose heat to the stove body and the pan by radiation A
and convection. This is partially compensated by the fact

that we do mot include the contribution of radiant heat

transfer from the flames in our estimation of heat transfer
~coefficient to the walls. The left side of eq. (A.1) is

determined from eq. (A.2).

Table A.1l presents the results of calculaﬁions carried out By
Herwijn (1983) using eqs. (A.1) and (A.2) for different excess
air factors, A, mo, M, Bw aﬁdechave been taken to be 1 kg,
0.2 kg, 18.7 MI/kg and 33 MJ/kg respectively. The specific
heat values as given in standard tables (see for example'

Handbook of Chemistry and Physics 1978) have been used.

A value of 1000 K has been used in the main text and this
corresponds to an excess air factor between 2.0 and 2.5. The
available‘experimentél evidence with the group seems to support

this assumption.
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Table A.1 .

Estimates of Gas Temperatures

p) T,

- | (excess air factor) |  (K)
1.5 ] 1262

2.0 | 1074

2.5 950

3.0 861

3.5 794

4.0 742

 We now turn to a discussion of Eq. (A.3). It represents‘an
energy balance on the fuel bed. The first term on the right hand.
side is the heat carried away by the combuétiog.gases of the: |
bhrning carbon. ma‘in‘that term'is taken to be the stoichiometric _V
amount of air to burn carbon to carbondi-oxide. This invdlvesr‘ V
two assumptions, The first is concerned with the formation of CO.
Since we have no experimental evidence on the amount of CO
produced from the fuel bed combustion, we have taken this to

 be zero. The secéqé aasumption concerns the amount of air

- passing through the fuel bed. This is taken to be the stoichio-
metric quaﬁtit§ of air. The argument is that we are interested

only in the product mgﬁ To and increase in m results in a
. ,
corresponding decrease in T . The error introduced by this

%) :

argument lies in the evaluation of E% which is dependent on

temperature.

N 0.25 m
[} 5 ~_0.25 m
0.125 m| A :

1 3

Fig. A.1 The enclosure for the radiant energy balance (surface
0 is the fuel bed, 1, 2, 3 and 4 are the sides of the

combustion chamber, and 5 is the pan bottom).
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The second term is the radiant energy balance in the enclosufe
(see Fig. A.1). The Fo ;

. L4
evaluated from the formulas available in standard heat transfer

is the configuration factor and can be
texts (see for example Eckert & Drake 1972).

The problem of'solving for To»requires the specification of

T . A simple ass tion is that T
g mp ump -

?

temperature of carbon which is said to be 1100 K (Wagner 1978).

is equal to the burning

For thevpurposes of this work, this value has been assumed. A
detailed evaluation of the fuel bed temperature will be taken
up in a separate work ﬁhat is under progress (Herwijn 1983).

The pan tempefature has been assumed to be 373 K, The walls

have been assumed to be at a uniform temperature which is

varied parametrically. Table A.2 has been constructed with these

assumptions.

Table A.2
Fuel bed temperatures and heat

transfer coefficients by radiation

T T q h
W o r , g,
K K watts w/m°K
300 911 263 12.0
400 914 253 13.5
500 919 - 231 14.8
600 928 191 15.3
700 943 126. 13.4

The measured wall temperatures rarely exceed 700 K and thus
the computations have been stopped at this value. Note that
 the fuel bed temperatures and the heat transfer coefficients

are not strong functions of the wall temperature,

The second mode of heat transfer is due to convection and is

much more difficult to estimate, The first problem is to
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determine whether the flow is léminar‘er turbulent. We‘facitiy‘
assume that the flow field is laminar because of the relatively
low velocities involved. The second problem is to identify the
type of solution to be used. There are two choices. The first is

the conventional solutions for hydrodynamically and thermally

' developing flows in a square duct. However, this does not adequately

represent the strongly accelerating flow field with varying
temperature difference along the flow direction. From Eckert &
Drake (1972) the following relations for linearly varying velocity

and temperature difference are used.
—=1.7 o : N WY

This gives the relation between Nusselt numbers for constant
free stream velocity_(Nup) and those for linearly varying

velocity fields. Next we have

Nu

Nu.
“is

~ 1.3 - | - (A.5)

which represents the relation- between Nusselt numbers for constant
temperature (Nu ) to that of 11near1y varying temperature '

difference for the veloc1ty field given for eq. (A.4).

The local Nusselt number ‘for a flat plate with constant free

stream velocity and constant temperature difference is given by

1/3pe 112 (A.6)
X

Nu = 0.332 Pr
x N : «
where Nu = %X
A
‘Pr ==§- (Prandtl number)
Re =YX (Reynolds number)
XV : |

and v is the kinematic viscosity.

Thus the local Nusselt number for the present case is given by,

Na = 0.734 pr'/3pe!/? » o (A.7)
X X . .
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" This is not the end of the problem. Equation (A.7) provides a
local heat transfer coefficient and what we require is an
average value for use in the solutions. This requires much
more effort than is envisaged in the present work and we.

use as a first approximation the known result for a flat plate
with constant free stream velocity’and constant temperature
difference. This result simply is to‘double the coefficient

in (A.6) and correspondingly for the present problem, we have

No = 1.468 Pr‘f3Re£/2» | (A.8)
‘The fluid properties are evaluated at the temperature Tg

derived earlier.

The characteristic velocity for the Reynolds number is chosen

as the velocity at the exit of the fuel bed and is taken to

be 0.5 m/s and the characteristic length is 0.125 m. This leads

to an average Nusselt number of 30 and the corresponding convective

heat transfer coefficient of 16 W/m?K.

Thus the total heat transfer coefficient is about 30 W/m?K
that includes both convective and radiative transfer. Due to the

many uncertainties involved in the estimations provided here,

" the heat flow results in the main text are given for three
values of\qg, namely 15, 30 and 45 W/m?K. In addition the gas L

temperatures have also been varied parametrically.
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PERFORMANCE OF THE TUNGKU LOWON WOOD STOVE

by/ .

Ir. J.: Claus, W.F. Sulilatu and M. Verwoerd

Netherlands Organization for Applied Scientific Research

Apeldoorn, The Netherlands

Introduction

In the framework of the research project for improving the efficiency
of wood stoves to be used in the third world countries, a test programme

has been carried out with an Indonesian mud stove.

This two-pot Tungku Lowon mud stove is based on a traditional Indonesian.

design. It has been developed by members of Dian Desa, an Indonesian
field station.

The drawings and data for the construction materials were delivered by

\ The Intérmediate Technology Development Group in Reading, England (ITDG).

The stove was made in the workshop of TNO's Division of Technology for

Society in Apeldoorn, the Netherlands. In this feport‘a full description - '

will be given of the experiments carried out on the Tungku Lowon stove.

To promote collaboration among research groups working on the subject

in different parts of the world. TNO has carried out a nﬁmber of

experiments in accordance with the ITDG-test procedute.‘On the other
hand, some experiments using the TH/TNO-procedure have been carried out
by ITDG. | | ’

Special attention wili‘be'given to efficiency and combustion performance;

~ and a comparison will be made between the Tungku Lowon and the Nouna

wood stove, with special reference to the above two items.

T
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Design of the stove

The Tungku Lowon is a two-pot stackless mud stove. It‘consists of a
combustion chamber without a grate, a flue gas channel and a s:;a(::ond'~
heating chamber (Fig. 5:1). The pan hole of the secdnd_heating chamber
is provided wi;h four apertures for transportatibn of the flue gases.
A gaﬁ above the entrance to the combustion chamber prevents cracking -

of the stove wall when the stove is fired.

The combustion chamber, with a volume of 0100755_m3, is\provided with -
two air-inlet holes for secondary air supply, one on either side of the

combustion chamber. The stove body material is composed of:

- clay '20 vol.%
sand 40 vol.%

~ash ' 10 vol.%  water added = 9 1.
dried cow dung 20 vol.% ' V

river sand 20 vol.%

The total weight of the stove is about 70 kg. Due to shrinkage of the stove

after construction, its dimensions change depending on the treatment it is

subjected to. The overall dimensions are given in Table 5.1 for three stages

of treatment, i.e. after building, after drying and after firing the stove.
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Experimental details

The performance of the stove was determined by boiling water tests

(Nievergeldret al, 1981). For these experiments two authentic

Indonesian aluminium pans were used. The heights of the pans were

0.115 m and 0.095 m, and the diameters were 0.225 m and 0.20 m,
reépectively. The height‘of the pan above the fire plate was 0.18 m.
Prior to placing the stove on a table its base plate was provided

with a 0.05 m thick glass wool layer. Fig. 5.2 shows the experimental '
set-up of the Tungku Lowon Stove. Except for the gas sample line

and the temperature.meaSuring device, the experimental set—upbﬁas
similar to fhatVused in the earlier’experimenis (Claus et al, 1981).
Flue gas samples were taken with a special sampling device consisting

of a copper ring with an inner dlameter of 0.015 m 1nto which four tubes
with an inner diameter of 0.003 m had been 311ver-soldered (Fig. 5.3).
The length of the four tubes was such that the tube ends wera‘leveled
with the port inlets formed by stove and pan. The flue gas temperature
was measured by four chromel/alumel thermo cduples located in series at _v

the 1n1ets of the ports.

" In order to check the repeatability of these measurements temperatures

were measured sequentially in each of the four ports. The temperature

spread over the width of the ports was % 1°C..

Two typeé of tests were carried out with the Tungku Lowon stove. One

serie of tests was méde in accordance with the TNO/TH-procedure and one
adopting'the procedure used at ITDG. For the TNO/TH-tests unsmoothed white '
fir'was used, the size of the wood chips being 0.02 x 0.03 x 0.2 m. The
density of the wood was 350 kg/m3. These experiments were carried out with .
oven-dry wood and with wood having a moisture content of 6%. A Bunsen
burner was used for igniting the wood fuel.

The initial amount of water accommodated on the pans were &4 kg and 2 kg

for the first and second pan respectively. The duration of the tests lasted .~

over periods ranging from 1 to 48 hours depending on the type of experimeﬁts“;
being carried out. The experiment was considered after the water had o
been boiling for a certain period of time. The data for these experiments :
are presented in Table 5.2. The tésts carried out at Reading were done with .

unchaved yelutong wood with an average density of about 355 kg/m3.
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Dimensions -of the wood sticks were 0.03m* 0.03m* 0.5 m. Moiéfure
contents were 6% and 13% respectively. For igniting the fire, three
. sticks were dipped into kerosene in such a way that about ld g of
"kerosene was absorbgd in the wood. The duration of the Reading tests
depended on the‘type of test performed. The start of all the experiments
| wés,considered to be thelmoment at which the wood first ignited. In Tabie 5.3

the data of these experiments are summarized. The following factors were

‘investigated.

o

b

Heat output (min. and max. heat output)

Lk

Moisture content
yelutong wood 7% and 13%
~white fir - oven dry and 6%

y _ J

* Firing procedure o , /

b

 Water content of pans with yelutong wood
2 * 2 1 water '
4 % 2 1 water

* Wood igniting procedure.
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5.4.1

5.4.1.1

For the TH/TNO testing procedure,‘the efficiency is célculated‘using’

‘the formula as given in (Nievergeld et al, 1981).

‘stove varies between 18% and 22%. Fig. 5.4 shows that the highest
‘wood stove decreases when the heat output is increased. The
- The operating range of the stove is limited. With two pieces of wood .

- minimum capacity was the result of the fire having gone out. The

“Efficiency of the’Tungku Lowon Stove. !

The calculations involved in the ITDG-testingvprocedure concerning

efficiency and burning rate are described in (Joseph & Loose 1981). -

Effect of the heat'output of the fire

TH/TNO experimental procedure

To investigate the influénce of the heat output of the firé the heat

load on the stove was varied by changing the charge-time. The results o
of the experiments are summarized in Table 5.2. In Fig. 5.4 the ovérall} 1'-1
efficiency and the efficiencies of pans 1 and 2 are plotted as a ‘

function of heat output of the stove.
Under the conditions investigated the efficiency of the Tungku Lowon

efficiency is obtained with a heat output of about 3.5 kW.. As opposite

to that of the Nouna wood stove the efficiency of the Tungku Lowon

change in effieiency can be attributed almost entirely to the first

pan, which is about three times higher'than that of the second pan.

per charge the Tungku Lowon stove can be operated with a minimum

heat output of 2 kW and a2 maximum heat output of about 7 kW. The

maximum capacity was limited by a combination of insufficient*draught; S
the moderate size of the combustion chamber and blocking of the flue
gas channel.
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ITDG experimental procedure

(experiments carried out by TH/TNO)

A number of tests have been carried outvusing the ITDG testing

procedure. These tests can be categorlsed into BPl’ BP BP2530 tests.

B? BP and BP 830 refer to the time of completion of a test. BP1

‘refers to tests that ended when the first pan started bo:t.hng,,BP2

to tests that are terminated when the second pan (after being
exchanged with pan 1 at BPI} started boiling. BP2830 refers to tests
that are finished 30 minutes after BP,. The tests areshown.schematlcally

in fig. 5.5. A complete descrlptlon o% the tests is. given by

Joseph &1@989 (1981). The data relating to these testsarEtpresented in
TébleS.3.Thétab1eshows the results of the experiments withranl
initial amount of water of 2 * 2 kg énd 4 * 2 kg in the first and
second pan respectively. The moisture contents of the wood were

13% and 6%. | S

- Due to the different set-up for carrying out the experiments, a

direct comparison of the results of the two procedures is not
possible. This is certainly true of the effitiency\measurgments.
For the TH/TNO-procedure this efficiency has been deliberately
determined for the whole operation range of the stove, whilst for
the ITDG measurements the efficienc§ is an average result of a
boiling water teét during which the péns were exchanged and firing
rate was modified. ) /
Therefore the only comparison that can be made is on the basis of
the results obtained for the BP, test for é water content of 4 kg

1 ,
in the first pan. The results of this comparison are given in Fig. 5.6,

This graph shows that the firing technique used by ITDG results

in first-pan efficiencies which are about 6% higher and that the
form of the curve showing the relationship between efficiency and
heat load is the same.

In chapter 5.7, where the difference in the two testing procedures
is discussed in more detail, reasons for the difference in BP, -results
will be dealt with. |



5.4.2

5.4.3
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Effect of moisture content of the wood

In order to determine the effect of the moisture content of thg

fuel on the efficiency of the stove, datafhave(been collated in

Table 5.4 for white fir and in Table 5.5 for yelutong wood. Comparing

the experimental results for white fir with a moisture content of
0% and 6% respectively (see also Fig. 5.4) it is obvious that there
is no marked difference in the efficiency of the stove for similar

heat loads.

For yelutong wood the efficiency is more'affected by the moisture
content of the wood. Whep the data with respect to wood with 6%
moisture are compared’with those for wood of 13% (see Fig. 5.7), it
is obvious that for theiyelutong experiments moisture content has a
considerable influence on stove efficiency such that the lower

the moisture content the lower the efficiency. For the BP2 tests

_ the average efficiency is about 7% lower than for the wood with 13%

moisture.

Visual observations showed that when using wood with the 6%

moisture content, during the whole testing period, a lot of

wood burns outside of the stove body. The reason for this is

~ that the flame proportion along the dryer sticks is much faster. - .-

This effect can only influence the efficiency measurements when

long sticksiare used as fuel. This does not occur when the much
shorter pieces of white fir are used. It can therefore be concluded
that the way in which moisture content affects stove efficiency very

much depends on the manner in which the stove is fired.'When‘;he

’ pieces of wood are so small that all the heat is released inside-

the stove there seems to be hardly any effect of moisture content -

on stove efficiency.

- Effect of the water content of the first pan

The experiments forming part of the TH/TNO programme have been
performed with 4 kg water iﬁ the first and 2 kg water in the second
pan, whilst the ITDG experiments have been carried out with 2 kg |
water in the two pans. In order to correlate thé TH/TNO- and ITDG
measurements a few experiments were performed under similar firing

conditions and different water contents of the first pan.




The experimental results are given in Table 5.3.

From this table Fig. 5.8 has been derived,, which shows the time

BP, for the 4 kg pan and 2x BP, for the 2 kg pan as a function

of the heat load of the stove. )

It is obvious that within the scatter of the data obtained no :
‘difference in the two experiments can be observed. This meané‘that‘
the average heat losses of the pan per unit time can be considered
constant during the heating-up period of the pan. This also means
that within the range investigated the water content of the pan
does not affect the efficiency, and that for the same pan diameter
~ boiling test values of TH/TNO are comﬁarable with those from ITDG.

BN

i
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5.5 . Combustion performénce
5.5.1 - Effect of the heat output of the fire ) | R
5.5.1. 1 TH/TNO éxperimental procedure

The‘data relating to the combustion performance of the’Tungku Lowbnh
stove are given in Table 5.6. This table shows the general flue gas;':
analysis. No soot concentrations were measured hecause technical 7

_ problems were experienced in taking reliable sahples from‘the'four
slits through which the flue gas escapes.‘However, tests made with
the Nouna wood stove showed concentrations to be émall, so that "‘
they could be neglected in calculating heat losses. As a result BRI Fff
of.technical problemé and limited possibilities of the eqhipment o
concerned, C};Hy could not be measured at every point of time.

In Figure 5.9, CO,, CO and temperature of the flue gases are plotted

s
as a function of:;eat output of the stove. ,

ThlS figure shows that the COz-concentratlon increases when heat

output is rising. ‘

This is éaused by the fact that at higher heat loads a\ielatively
smaller amount of air is sucked in by the étqve (Figure 5.10), which
has a favourable effect in flue gas losses. However, the smaller améuﬁt ;
of air (low excess air factor) also results in higher CO-concentratioﬁs.5

 Figure 5.11 shows the CO-concentration against the excess air factor.

As Figure 5.4 demonstrating the mosf‘working point of the stove is at
a heat output of about 3.5 kW. However, the amount of combustion air
required for this heat output is more than twice the stoechiometric .

~

value, and the CO-concentration is still unacceptably high.

An other serious problem experienced with the Tungku Lowon stove is

- the smoke emission during the starting and almost entire testing
period. . o B
Imprqvement‘of the situation with respect to the CO- and smoké
production can be achieved by increasing the émount of excess air.
The excess air factor strongly influences the CO-concentration>v 7
(Figure 5.11), but hardly affects the efficiency (Tables 5.2 and 5.6).
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The best way to do this is to provide the stove with a chimney.
This can also be used to emit the combustion products out from the

room or house. Other solutions such as a larger cross-section of the

flue gas duct maybe to be considered worthwhile.
In any case it must be concluded that the stove in its present state

is not suitable for indoor use.

. 5.5.1.2 ¢ ITDG experimental précedure

The results obtained with the yelutong wood sticks are given in
Table 5.7. | '

5.5.2 Effect of moisture content of the wood

When the data for white fir with 0% and 6% moisture w1th respect to
j{ - the combustion performance of the stove are compared, no substantial
’;i« / dxfferences are observed (Tabel 5.4). All that can be said is that
o there is a small tendency that CG and temperature of the flue gases
rise with the increase of the m01sture content.

/

The change in moisture cenfent from 13 to 6% of the yelnténg hés a
marked influence on the combustion performance of the stove. (Table 5.5).
First of all there is an increase of about 50% in the combustion rate
‘when the moisture content drops from 13% to 6%. Secondly combustion
performance\becomesﬂmuch poorer. The CO-concentration increase‘frOm
an average of O,Sl% to 1,26%, in spite of the fact that the flue gas
temperature rise. The»rgason for this is the much lower amount of -
excess air when the moisture content is 6%. Howéver, the C02- and CO~
concentrations and therefore the amount of excess air are of‘the same’
order of magnitude as observed for the same combustion rate when the
13% moisture wood is fired. : | '
This confirms the opinion that the heat load is the factor that-

determines the combustion performance.
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i_Heat‘balante

o anr- o

"be neglected It was decided therefore to omit the soot concentratlon

avallable durlng all the tests the accurate value of the C Hy—

determined. Using this relationship the heat lost as a result of .

The heat balance is presented in Table 5.8.

In order to get a clear insight into stove performance it is necessary
to draw.up heat balances for the stove. The construction of the flue

gas outlet of the stove was such that it did not allow available,sampling

techniques to be used. The development of a special technique for

sampling soot would have been far outside the scope of the experiments.

However, heat balancesidrawn up for the Nouna Stove (Claus et al, 1981)

had shown that the amount of heat lost because of soot emission cOuld‘

measurements. Because suitable equipment for measuring C H was not .':}fﬁ

concentratlon in the flue gases could not always be determlned To be
able to estimate the amount of heat lost with unburned hydrocarbons

a separate experiment was performed in which the ratio CO/C*Hy.Was'
unburned constituents was calculated.

The set—up of the heat balance for the Tungku Lowon is similar to
that used for the Nouna Wood Stove. A descrlptlon of the set*up for
establlshlng the heat balance is given in (Nievergeld et al, 1981
Claus et al; 1981). o

For the experlments for which no proper calculatlons could be made
the accumulated heat and the part "unaccounted for" have been added
togethet.‘The perceotage "unaccounted for" changes from -6% to +8%.
In this flgure the heat lost through the wood fuel 1n1et port has

been taken into account.

An other approach to getting an insight into the amount of heat
accumulated in the stove body was the use of an exc1st1ng computer
program for kiln calculations. (see Appendlx 1 in Claus et al, 1981)

To translate the actual situation into the computer model some
51mp11f1cat10ns 1n the constructlon have been made. Combustlon chamber,
flue gas channel and ‘second heating chamber have been scheduled in

one hole over the length of the model. The propertles of the mater1a1
such as thermal conduct1v1ty, spec1f1c heat and den51ty, are based ‘
on the properties of the actual materials of which the stove is

constructed.
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‘The model’ represents only half of the stove, because for reasons of
;symmetry the centra plane can be con51dered to be an adlabatlc surface.

The model and its constituent parts are shown in Figure 5.13.

In the model the input can be effected in two different manners. The
first is based on the measured inside wall temperatures of the stove.

" These temperaturés are measured in the combustion chaﬁber (3x), flue
gas channel (1x) and second heating chamber (2x). The second is based
on a knowledge of the total heat input to the stove Body. ’

With this éomputer model calculations were made for ome éxperiment;'
'This experiment cémprised a heating period followed by a cooling down
“period. Using the program the average shrfacé temperature of the Side‘
walls of the stove were calculated In Figure 5.14 the calculated
temperatures and the average measured surface temperatures are plotted
for run 7. In this graph‘three lines can be distinguished. The first
line (top line) is the average measured surface temperature, the second
. one is the‘calculated line based on the total ﬁeat input "and the third
one is the calculated line based on temperature méasuremehts,ih‘the stove
(combustion chamber, flue gas channel and second heating chamber).

It is clear that the results based on the heat 1nput as a starting point
’ are in good agreement with the measured temperatures, and that the
choice of the temperature as input gives less accurate results.

}The reason for this is that the inside temperature of the stove variés
considerably along the combustion- and heating chamber, so that an
average temperature based on a few temperature measurements is not a

sound basis for a good estimate of the average wall temperature.

The "unaccounted for" of the heat balance is acceptable, especially
when the difficulties encountered in making reliable flue gas analyses
are taken into account. The most striking feature in the héat balance
for the’Tungku‘deon stove is the low sensible heat loss. Depending on
the heat load this loss varies from 10 to 23%.

On the other hand the heat loss due to unburned constituents is hxgh
with values ranging from 7 to 17%. The above two figures can be
explained by the low excess air factor maintained in this stove. The

accumulated heat varies from.37 to 54%.
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Comparison of TH/TNO and ITDG operating and<testiqg procedures

Comparison of operating procedures @

The‘experiments that have been carried out by TH/TNO and ITDG using
the .same test procedure are summarized in Table 5.9 and 5.10 7
When 100k1ng more closely at the experiments ‘summarized in Table 5 9 5.9a -
and Figure 5.15 it dppears that the efficiency determined by ITDG 1leslﬂ4 |
between 18 and 23% and that determined by‘TH/TﬁO between 18/and 22.4%;

The efficiency of the first and second pan is roughly in the same

order of magnitude just as the boiling times of pan 1. This boiling
time varies depending on the heat output between 60 and 30 minutes.
These figures are in good agreement. Furthermore the operating range
is found'to be 2 to 7 kW for the TH/TNO experiments and 2.7 to 7 kW
for the ITDG experiments. |

It can therefore be concluded that the results of the above two kinds

of experiments are nearly the same. However, the highest efficiencies

Figure 5.15, where the efficiencies of the respective experiments are
plotted against heat output. It appears from this figure that the
efflclen61es as measured by TH/TNO have the tendency to decrease at . the
rising of the heat output, whilst the ITDG experiments show an increase

of efficiency at a rising heat output.

By comparing the measured flue gas composition figures it is remarkable
that these show no'similarity at all. This is clearly demonstrated in
Figurefhls,ﬁhereﬁhecoz-and CO-concentrations are plotted against
heat output. This figure shows that the COz—concegtrations measured

at Apeldoorn are about two to three times higher and the CO-concen-
trations even more then four times higher than those measured at |

Reading.

What is even m&re important is that the ITDGhmeasurementé show‘a g?eater"
scatter and have certainly not the same measure of accuracy as the<TN04
data. Only the value for a heat load of 16 kW is close to the TNO;data,
and for thlS experiment the measured eff1c1ency is nearly the same as

that found by TNO. .




When the poss1b111ty of a fa1lure in the sampllng and analy81ng system
‘s excluded, it is reasonable to assume that the excess air factor has
been much higher during most of‘khe ITDG experiments. Unfortunately

no temperature measurements and heat balance data are ava11able of

these experlments This would have provided the opportunlty to check

the sensible heat lossés calculated with the measured 002- -and CO-
concentrations in the heat balance of the stove.

Based on the évailable data it must be concluded that the performance ’
of the stove at ITDG has not been the same as that at TNO durlng most
"of the experlments. ‘ 4
A probable reason for this difference could be a dlfference in dimension
of the flue gas channel either resultlng from different manufacturing
tolerances or from blocking due to soot, tar or the loading procedure

applied.

Table 5.10 gives\a summary of the results of the experiments cairied
~out in accordance with the ITDG testing procedure (Joseph & Loose, 1981).
For making an overall compérison possible between the ITDG an TNO/TH
_test results the average va1ues for efficiency, boiling pciﬁt and
burnlng rate have been collated in Table 5.11.

From this table it is clear that when the same test procedure is used
“entirely different results are obtained with respect to boiling times.
‘The efficiencies are in good agreement but there is a great d1fference
in burning rates especially in the BP1 part of a complete test. For
this period the burning rate during the ITDG-test is almost twlce than
that found during the tests conducted at TNO. ’

The amount of fuel necessary to make the water boil in the flrst pan is

~smaller for the tests carried out by TNO. The fact that the overall’

efficiency is smaller as well, is caused by the poorér heat transfer to
the second pan. | ' |

At BP the temperature of pan 2 for the TNO-test is +&0°C and for the
ITDG-test i60°C, which means that at a starting temperature of about
 20°C approximately twice as much heat is absorbed by the 2nd pan during‘

" the ITDG experiments. Because the duration of the test is about 1.6ktimeé
shorter, the heat transfer to the secoﬁd pan during the ITDG experiments
has been about 3.2 times higher. This exaﬁple illustrates the difference
in performance in spite of the fact that a similar test procedure was
needed. ‘




5.7.2

=121 -

The fact that the heat transfer also to the second pan is so much ‘
higher and that the burning rate especially in the BP -perlod is hlgher
too, 1nd1cates ‘that in the ITDG experiments the wood has burned with much

larger flames.

In Table 5.3 some measurements carried out by TNO with wood of 67 m@istdﬁe SRR

content are given. For these measurements the average BP1 is 14;5‘minu§¢s,
BP2 is 21.2 minutes and the average burning rate is 20.2 minutes. These
values are much closer to the ITDG-values. An explanation for the
discrepancy between the TNO- and ITﬁG-measuremeﬁts possibly lieé in the

fact that different techniques were used to measure moisture content.

Comparison of test procedures

With the experience obtained with the two test procedures it is possible
to make a comparison. This will be done for the experiments performed -

at TNO, for a number of results.

Boiling time BP1

This time, necessary to make the contents of the first pan boil, is

measured in each test procedure. ,

Figure 5,17 clearly indicates that for the same water contents in pan I
the boiling time for the ITDG firing procedure is shorter, i.e. by
20-35%, depending on the heat load. V

One explanation of this difference in boiling time is that 10 grams of

kerosene are used in the ITDG experiments to light the fire.

For an aygfage BPl—time of 35 minutes this means that the heat load

has been 0.23 kW higher than that determined from the decrease in

wood weight. In relation to the & kW heat load this means a 6% higher

heat load. This does/not'fully cover the difference in boiling time, ;
however. An other possible explanation is the difference in loading |
procedure resulting in a different excess air factor. Figure 5.12a shows,'
however, that this difference (if any) is very small and that it is
cgrta1n1y nq; large enough to clarify the difference in BPI'

A more probable explanation is that during the first part of the .
experiment mbrerolatiles ére burning. This results in a higher heat

production per kg weight loss than during a long trial or a trial such

as that performed at TH/TNO in which smaller wood charges are used.
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An other factor worth considering in this respeét is the uncertainty
involved in weighing the wood. Errors may be introduced by rubbing the
charcoal from the sticks, ‘because bf ash-still present in the sticks.
An 6ther important'aspebt is that the different loading procedures may
result in a different distribution of the flames in the combustion
- chamber, with the ultlmate effect of a higher efficiency for the ITDG~
test procedure ,
From the factors quoted in the foregoing the extra heating value of .
the kerosene and the higher heat production due to combﬁstioﬁ of the
volatiles are the principal errors introduced in the ITDG procedure.
In the ITDG experiments it is clearly noticeable that the BP (and
’ therefore BP2 as well) is strongly affected by the temperature of the
stove wall. There remains however, a good relationship between BP1 and
the total heat output of the fire. It is advisable therefore to quote
BP-vaiues always in relation to the heat load at which they have been

determined.

- Boiling time BPZ‘

In the ITDG-test procedure to. determine BP

z,the position of pan 2 is
changed after BP1 has been reached. This procedure is completely
different from the one used by TH/TNO, and it is not possible there- -

fore to make a comparison between the two.
Efficiency

The same agreements as used for the BPlrand.BPz'tests apply to the
gfficiency of the stove. Only the efficiencies of the first pan are

‘directly comparable during the B?1~test; The efficiencies are shown

in Figure 5.6,

With respectyto’ﬁhe BP,-tests only overall efficiencies can be compared,

N 2 ,
whilst it is hardly possible to make a comparison for the BPZSSQrtests
because the firing conditions were altered during operation.

In Figure 5.18, BP eff:.c:.enc:.es are given for the TH/TNO- and ITDG-exper:L-

2
ments. Because of the stable combustion rate reached w1th the TH/TNO~
testing procedure during the measurements (Claus et al, 1981), ¢t

‘efficiency determined for the whole test period has been used.
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. Differedces in efficiency are not noticeable. Therefore it can be
concluded that when the duration of the test is long enough any
differences in the measured efficiency become negiigible. This streng- o
thens the arguments used in explaining the difference in*BP1 formed erV ";31;;
the ITDG- and TH/TNO procedures because during longer testing periods
the effect of kerosene and volatiles combustion becomes of minor

importance.

Heat balance

One of the‘important tools to find ways for improving stove performance

is the heat balance of the stove. »

.. To be able to draw up such‘a balance with an acceptable degree of
'vaccuracy the duration of the»test should be long enough and the burning

rate must be kept constant.

This aim can only be reached by using the TH/TNO testlng procedure

Firing practice

During the experiments it was éxperienced that in case of the ITDG~tesiing
procedure it is éasier to maintain a constant fuel bed The batch-wise
loadlng procedure practised in the TH/TNO procedure can cause blocking of ‘

the flue gas channel espec1ally at high heat loads. ’ L v {

In conclusion it can be said that the ITDG-firing procedure has some
practical advantages but does not give the test étability’that is
necessary to draw reliable conclusions for further development of

wood stoves.

In view of the latter aspects the TH/TNO procedure is more suitable.
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Compatrison between the Nouna Wood Stove and the Tungku Lowon Wood Stove

Efficiency

When the overall efficiencies of the Nouna wood stove (between 17.and
23%) and the Tungku Lowon wood stove (between 18 and 22%) are compared,
it can be concluded. that there are no significant differences in
performance of the stoves under cooking conditions as prevail in the
field, although the efflc1ency of the second pan is generally higher

for the Tungku Lowon stove than for the Nouna stove.

It is important to notice that the Nouna stove is provided with panholes

of 0.25 and 0.2 m and that the pan diameters used for the Tungku Lowon -

~ experiments are 0.225 and 0.2 m respectively. The efficigncy‘for the first

pan of the Tungku Lowon stove must therefore be corrected by 25% to mékg

figures comparable. When this correction is taken into account effjciency‘

‘range of the Tungku Lowon stove becomes'21—26%, which is considerably

higher than the efficiencies of the Nouna stove. This is in spite of
the fact that the distance above the fire plate is 0.18 m for the
Tungku Lowon stove and 0.15 m for the Nouna stove so that a lower
efficiency could be expected. v

An explanation for the higher efficiency is no doubt the lower excess

air factor with the Tungkn Lowon stove, which results in higher flame

temperatures.

Combustion performance

" As stated already'in Chapter 5.5 the combustioh performance of the Tungku

Lowon stove is very poor. This is caused by the lack of combustion air.

As tompared with the Nouna stove the cross-sections of the flue gas
channels and inlet- and outlet ports are of the same order of magnitude.
The maln and crucialbdifference is the stack with which the Nouna stove

is. prOV1ded | ' ,

The smallest cross-section in\the Tungku Lowon étové has the flue gas
outlet with an area of 0.0032 m?. In case of the Nouna stove the smallest \
cross-section is that of the damper aperture, which for a 37.5% opened

damper amounts to 0.0033 m?.
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For these;more or less comparable situnations the excéss air factor for
a heat load 6f'5 kW is 2.06 for the Tungku Lowon stove and 5.2 fqr:the ' ‘
Nouna stove. For a heat outbut of 7 kW these figures ére 1.6 and 4. o ,'f;
respectively, This means that the amount of combustion air in the -

Nouna stove is 2.5 times larger than in the Tungku Lowon stove.




5.9

Conclusions
- s —

Wlth respect: to the different alms of the trlals the followlng conclu51ons |

can be drawn.

Performance of the Tungku Lowon

The main characteristic of the Tungku Lowon is that it can be

“operated at heat loads ranging from 2 to 7 kW, with efficiencies

from 18 to 22% and BP, times from 15 to 18 minutes. This applies

to an arrangement with two pans on top of the stove.

The €fficiency of the Tungku Lowon is not very semsitive to burning

rates.

The effiCiency of the first pan is about 3 times that of the

second pan.

Exploratory measurements to investigate the effect of moisture content

indicate that when the wood fuel pieces are so small that they burn
completely inside the combustion chamber no marked differences
in efflclency and combustion performance can be noticed for wood

with 0Z and 6% moisture content when the same heat load is used as

~ a reference point.

The efficiency measurements give similar results when the water

contents of the first pan are 2 kg and 4 kg respectiveiy provided

‘the heat load is used as a reference.

The combustion performance ofvthevTungku Lowon is\poorf Almost

during the entire duration of the test smoke escape from the stove.

The CO*content of the combustion gases is unacceptably high. This

makes .the Tungku Lowon in its present state unsuitable for use in
badly ventilated kitchens. ( :

Research to improve the combustion performance of the stove should
concentrate in the size of the flue gas channels, the application

of a chimey and/or revising the back.




-~ . It is possible to draw up héat balances with a good(deg@ee of
aecuracy (“unaccounéed for" between -67% and +8%). Accum#lated

heat ranges from 37 to 547, sensible heat losses from 10 to 23%

and losses due to unburned constitnents from 7 to 17Z.
- Wall temperatures predicted with the aid of a computer model
are in good agreement with the measured values when the heat

flow to the stove wall is used as input for the computer program.

Comparison between the ITDG and TH/TNO experiments

- When the TH/TNO testing procedure is tried out at ITDG and TNO,
the efficiency measurements give similar results. This also _ C s

applies to determination of the operating range and boiling time

BP!‘ The differences in measured gas concentrations areAso large,
however, that, irrespective of failures in the sampling and.
analysing system, it must be concluded that there has been a
different in perfofmance,of the stoves during the greater part of

the experiments.

= _ "When the 1TDG testing procedure is carried out at ITDG and TNO,
the efficiencies are in good agreement. However completely different

BP., and BP

results are found for the boiling times BP], 2 2530 -

because of difference in the burning rate.

-  Measurements conducted at TNO show'thét the time at which the first
pan starts boiling‘(BP!) is different for the TH/TNO and ITDG
testing procedure. The main reasons for this difference are:

- the method of ignition adopted
- the difference in fuel wood length and

- the amount of wood in the fire box.

- - Measurements carried out at TNO show that overall efficiencies
during the BPz—period are in good agreement for the TH/TNO- and.

ITDG-procedures.
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- A proper heat balance can ohly be drawn up when the TH/TNO-testing
procedure is used. Therefore this procedure provides very good :
physical insight into the working of a wood stove and thus is very

suitable for development work in wood stoves.

=~ For the Tungku Lowon the ITDG—testing procedure has partical
advantages because batchwise loadlng as applied in the TH/TNO—testlng
procedure can cause blocklng of the flue gas channel esPec1ally

at high heat loads.

Comparison of the Tungku Lowon and the Nouna Stove

~  For the same pan dlameters the efficiency of the Tungku Lowon Stove
 is 3 to 4% (absolute) hlgher than that of the Nouna Stove.
" The explanation is the low excess air factor at which the Tungku

Lowon Stove operates..

- The combustion performance of the Tungku Lowom Stove is very much

poorer than that of the Nouna Stove. This is caused by the chimney

~of the Nouna Stove. This chimney introduces so much draft that the
amount of combustion air in the Nouna Stove is about 2:§~time,1arger

than in the Tungku Lowon Stove.
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Table 5.1

Overall dimensions in (m.) .
{

After building |After drying |After firing

Height of the stove 0.22 0.22 : 0.22
Height of the 0.19 0.19 0.19
combustion chamber _
Diameter of the 0.18 0.185 | 0.185
combustion chamber
height second - 0.105 0.095 ~0.095
heating chamber ‘ '
Diameter of the . 0.14 0.135 0.135
heating chamber
Wood entrance . e ,

height = 0.11 0.10 0.10

width - 0.15 0.165 0.165
‘Split above 0.005 0.02 0.02
combustion chamber ; .
Cut aways heating ghamﬁer

width - 0.04 0.06 0.06

depth - 0.02 0.018 0.018
cross~section of the flue:
gas channel - ;

width - 1 0.10 n 0.095 © 0.095.

Total length of the stove 0.70 0.70 0.70
Air holes ' 0.02 n 0.017 0.017




kind of wood white fir.

size of the wood pieces 0.02x0.03x0.2 m

depth of pans in stove LI

initial amount of water . : first pamm 4.0 kg
: ' second pan 2.0 kg

Table 5.2 gfficiency of the Tungku Lowon wood stove as
a function of the heat output of the fire

T

Symbols: _ .
m.c. - moisture content of wood 1z 1 th - time to hoiling c : tbl -~ of pan 1 [min] V L
Am ~ mass of charge fkg | . . . ‘
£ . : tt,, ~ of pan  [min]
. - time between the two charges [min] . N h2
. : s m - amount of water evaporated Tmoy of pan 1 fkg }
Q ~ heat output of the fire few ] 5 8 , A
. M " of pan 2 kg ]
n, - number of charges [t 1 n - efficiency " - of pan 1 {% {
mg " - total amount of wood used fkg 1 | n, - of pan 2 iz |
t, - total burning time {min]. ,]; - total 1z
T; - initial temperature of the [0(2 1 .
water :
TNO/TH ~ experiments
Lun no.l m.c. l\mf At (.2 " me t T‘ Y fmin Me fkgl no 17l
[%} {kel fminj few] | [0 fkgl [min} fo.l
, ¢ “bi %2 st | M2 "y ) "3
charge: 2 pieces
- |
5 oven dry{0.110 10 3.43 1. 1.2098¢§ 117 17 535 96.5] 0.68267 | 0.2455 15.641 5.93 21.60 -t
7 " 0.106 10 3.40 12 1.2728% 120 20 30.51 106 1.040 0.2368 . 16.901 5.50 | 22.40 ﬁ )
6 " 0.107 9 3.7 9 0.9625] 81 19 49 68 | 0.4852 | n.1007 15.0 | 5.5 20.50 {
1 " 0.097 8 4.20 ] 1.1837 88 18 46.53] 64 0.7737 | 0.,909 13.1 5.5 20.60 i
4 " 0.104 6.5 5.02 to 1.0448 65 21.5 40.51 65 0.4715 | 0.1181 13.9 | 5.6 19.50 '
2 " 0.110 5 6.88 i3 1.4323 65 17 35 62 0.7214 0.1436 13.4 | 4.5 i7.9
2 " 0.113 15 - 2.20 6 0.6776 91 19.5 a3 - 0.2547 0.0323 15.85] 4.83 20.7
charge: 1 piece of wood
3 oven dryl0.054 8 L0 1 16 0.8283] 128 6.5 76 —: 0.4917 0.0682 iI5.8 15 20.8
8 " 0.062 8 10 16 0.9271] 136 20.5 ? - 0.6514 0.0715 16.1 4 20.1
charge‘: 2 pieces
10 6 fo.12z0 } 10 316 | 10 0.2003| 100 20.5 |48 | 82 Jo.7354 o116 | is.65) 5,82 | 215
1t e 0.123 6.5 4.07 10 1.2301 65 20. 42 'ig L0.4626 1 0.1A13 15.0601 6:31 21.35 ..
12 " 0.062 8 2.13 16 ©.993 128 20.5 61 =7 ] 0.6496 ] 0.0598 17.1 4.2 21.3
x) not cooked '
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Table .5.3 TH/TNO- Experiments - according the ITDG Procedure.

kind of wood : yelutong. - - TNO/TH - experiments

i
3

. water content of pans 2 x 2 kg.
¥ - 2

zi'Rﬁn noJ type off efficiency jpeilin time temp. |total ' 6 burning| stove ’MC
' ‘ test pan lipan 2 jpan | | pan 2 pgn,z test time - | rate - |condition | .
(%) (%) |(min) - (min) | (7C) (min) ka} (g/min) , (%)

181 B 1] 155105631 - | 3 | 31 {2.48| 8.45| colda |13

15 " 17.3 | 4.4 22 - 37 22 "3.58 12.}7_ hot . | ™

20 “} 15.3 (4.9 }21.5 - 41 21.5 4.09 13.92 " "
21" 15.4 | 5.2 23.5 - 45 23.5 3.93 13.37 . A B

26 " 16.1 12.9.| 38 - 30 38 1.77 6.03 1 cold "

28 oon 15.8 | 6.1 22 -, 50 22 4.03 13.71 ’hot "

22 | Bp2 11.61{9.05 |27 | 41.5) 35 | 41.5 |3.38| i1.51 | cota [

23 . L 11.3419.82 | 20 .| 30~ 49 30 4.53 15.41 hot M

- 24 n © 11.55] 9.91 17 28 46 - 28 4,75 16,17 S . "
15 §22330 9.75 11.28 21.5| 36.5 38 - 66.5 3.14 10.69 cold. "

16 ! 10.24] 13.81] 20.5 30 52 60.0 3.27 11.13 hot . 1"

.25 " 8.53/ 14,121 17.0 |, 28 45 58 3.50 11.89 " "
.27 ‘ " ' 9.10{ 13.35 22.0 36 34 66 2.98 16.13 " ) "

29 " 10.02| 14.8 | 17.0 | 27 46 .| 57 - 13.3 11.24 "o "

ﬁater content of the pans 4 x 2 kg.

1 Bp 1 19.6 | 3.62] 32 - 50 | 32 4,19 .14.24 | cold [13

2 | T 19.26] - |46 - 43 46 2.92| 9.9 | cold :

3 . C16.41) 4.5030 |- | 67 30 5.56| 18.91 hot | "

4 ol 17.97) 5.327 | - 70 | 27 5.51| 18.74 | hot | "

s o 16.97] 5.7 [26.5| - 77 26.5 |6.06| 20.60 | hot | "
% 2 &8 72837 | 55 55 | 45 Z 13.62 | cold | ™

7 | " | 15,18 7.15 27 36 62 36 4,911 16.70 hot | "

I 15.67| 7.80{25.5 | 31 67 31 5.39| 18.33 " .

9 " 10.64 5.41127.0 | 31 79 | 31 5.44 18,50 | " "

10 | mp2saol 13.6810.7 {37.5| 47 | 57 | 77 2.93| 9.97{ cold |"

11 R 14.04)12.55| 36 45 57 | 75 2.95| 10.03 hot | "

12 " 15.91/'17.40{36 | 41 80| T 3.03| 10.30 hot "

water content of the Pans 2 x 2 kg.

30 | Bp2 6.41| 6.39)17 | 25.5| 49 | 25.5 |5.86| 18.72| colda |6

31 " . 8.63| 7.1814.5 | 21 56 21.0 |5.47| 17.49 | hot 6

6

32 " 7.84] 6.86)12 <17 60 | 17 7.61 24,32 hot
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.

INO/TH - experiments

Table 5.4 The effect of moisture content of the wood fuel
i White Fir
Run no |{wood A Q effi- co co 0 T. | Excess |moisture|
: t . 2 2 - . A
charge » ciency air factor| content | .-
(-1 [|[win] | [kW] (%] [%] (71 | [z1 (el [-] (7]
. 2 10 3.4 22.4 8.16 | 0.78|12.01| 205 2.42 |oven dry}
4. 2 | 6.5 5.02 | 19.5 9.23 | 0.87 [10.19] 210| 2.06 - |oven dry} -
. 1 8 2.1 20.8 4.3 | 0.28116.7 | 157| 4.62  [oven dry}
10 2 10 3.16 | 21.47 9.03 | 0.5 |11.45] 228| 2.23 6
11 6.5 4.07 | 21.35 10.49 | 1.21| 9.41| 227| 1.85 "
12 | 1 8 2.13 | 21.30 4.5 0.33 | 16.69] 160! 4.7 "
! Taﬁle 5.5 TNO/TH - experiments
\ Yelutong
A ! ) : B
Run no| type of Q effi~ co, co . 0, T. | Excess |moisture] .
test ciency ‘ air factor content;r:”,l )
(kW] | [7] (21 | 12 | 1= |(°cl| [-] (%]
22 Bp 2 '3.28 | 20.66 5.45 | 0.36| 15.11| 107]| 3.74 13
23 " 4.53 | 21.16 8.07 | 0.481{12.04/ 190| 2.53 "
24 " 4.75 | 21.46 10.23 | 0.71| 9.95|'202|  1.98 "
30 Bp 2 5.86 | 12.80 8.57 | 1.3 | 12.29|214] 2.45 6
31 " 5,47 15.8] 11.56 | 1.22] 9.13}268| 1.81 "
32 " 7.61 | 14.70 9.18 | 1.28| 11.92|274| 2.3 | "




" Table 5.6 Combustion performance of the Tungku Lowon stove as a function

Symbols

”>T‘i34‘+”

of the heat output of the fire, the wood pieces per charge.

: m.c. -moisture content of wood [ Z] TNO/TH - experimenﬂs
nl -number of the wood pieces [1r1] ‘ o
N -heat output of the fire [ kW] ’
‘ Tg -flue gas temp. [ °q) %
‘ kind of wood: white fir
initial amount of water
pan 1: 4 kg; pan 2: 2 kg.
g S ‘ o
run m.c. |[n : é Flue gas composition ‘ éxceSs;
no. (7] 01 |pew ?:§ ?Oj [0§ [CXHﬁt Soot [gg} pir factoi
‘ z 4 Z] lippm @ C '
|w | ,
- ’ | |
-3 | oven dry| 1 2.1 4.3 0.28 16.7 650 - 157. 4.62
8 " 1 2:1 4.35 1 0.28 16.86] 650 | - '157.76 | 4.60
7 0" 2 |3.30| 8.16 | 0.78 | 12.01] 2400 | - 205. 2.42
6 " 2 | 3.71 | 802 0.79 | 11.58 2600 | - 196 2.36
1 " 2 4.20 | 10,62 | 0.83. 9.85] 2600 - 250. 1.90
o | 2 [5.02 | 9.23{ 0.87 | 10.19 2700 | - 210, |2.06
2 " 2 6.88 12 1.81 - 7.34) 7000 - 213.. 1,60
; 9 M 2 ] 2.2 5.74 ] 0.43 15.06] 950 - 149 4.42 4
J 10 | s 2 | 3.6 9.03| 0.5 | 11.450 1300 - 228 2.23
11 m 2 | 4.07 | 10.49 | 1.21 9.41] 4500 | - 227 | 1.85
12" " ¥ 2.13 4.5 0,33 16.69] 700 - 160 4.70 -




‘the ZTDG procedure

‘- e - “» 135 - :
Table é 7 Combustlon performance of the Tungku Lowon wood stove accmrding

as a function of the heat output of the flre

TH/TNO - experiments .

Symbols: m.c. -moisture content of the wood [%Z ]
A n, -number of the wood sticks [11]
é ~heat output of the fire [kW]
Tg -flue gas temp. [OC}
kind of wood : yelutong )
initial amount of water’
pan 1: 2 kg; pan 2: 2 kg. .
run m.c. 'ni é Flue gas composition excess air |-
’ [no. . - ' - ; :
[z | 011 | w31 | co, | co 0, | CH |Soot T, factor
71| (%] (2] | lppm} | [ m [°c)
20
26 13 5 1.78 1 2.94 | 0.16 | 18.12] 380. - 61 6.97
28 " " 4,04 | 5.96 | 0.32 | 14.8 | 775. - 161 - 3.3
22 | " " | 3.39] 5.45 | 0.36 | 15.11 | 820. - 107 3.74
23 " " 4.54| 8.07 | 0.48 | 12.04 | 1200. - 190 2.53
24 " " 4.77 110.23 | 0.71 9.95 | 2150. - 202 1.98
15 " " 3.15 - - - - - 192 -
16 " " 3.28 - - - - - 196 -
25 " " 3.51 | 6.79 | 0.49 | 13.39] 1250. - 195 - 2.99
27 | " " | 2.99| 6.13 | 0.37 | 14,78 | 975. - 158 3.33
29 " " 3.31 | 7.11 | 0.43 | 13.51 | 1025. - 213 2.87
30 6 5 5.86 | 8.57 | 1.3 12.29 | -~ - 214 2.45
31 " " 5.47 |11.56 | 1.22 9.13 - - 268 1,81
32 " " 7.61 | 9.18 | 1.28 | 11.92 - - 274 2.3
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 Table 5.8 Heat balance of the Tungku Lowon ) TNO!TH-éxpérimenr;s :
~ ‘wood stove for the test period as -
a function of the heat output of . : . et .
the fire and the wood pieces per kind of wood: white Fir
~ charge. initial amount of water;
pan 1: 4 kg,pan 2: 2 kg,
~ |~ g
o § {: 3 2 ey * Lol
4 m o~ ] 5 QO o~ - ~ ]
818 |2 o |7l eE "B s |55
2 ' g@ L\\/ % E orel /? ) oo Uad LN .
o | o |« = o S| B | o | mw |
v g? a " % £ E-- I c ] a o @ «
@ N b = a : [~ e} O e dd ) oo Ry
s 12 |3 o _~| 7 ce |3 § |38 &
o =) 3] % o £ e -3 - 2 53 g
o 44 ot [~ [ - g :
© s+ 4 w ] w e 8 § 8 o 8 S
E 12 18 |39 - $ gg‘colcu we |9 s | oa|:
N a B L U 1%} w o |- R4 [~ ?, :’é g g g
310 |1 2.1 |15.8 |5 ]20.8 {4 f2.4 ) 13.1 | - - 38.9
s |" |1 |21 [16.1 | 4. |20.1 [3.902.5 | 12.6 [41.9 [-1.L
“ » : ‘ not relable
5 2 13.43 [15.64] 5.9 |33.5 |4. 10.3 |49. Comeasuremeny
70" ]2 |3.4 [16.9 | 5.5 [14.4 |5.6]5. 10.3 {35.9 | 6.4 .
61" |2 |3.71 |15 5.5 [13.6 [5.7(4.8 | 8 47.4
T2 fe2 150 ] 50515 ad6fea1 | 7.7 54, | -6,
41" b2 5,02 [13.9 ) 5.6 (13 [5.5/4.8] 6.6 [39.6 [11.
2| " | 2 |6.88 {13.4 | 4.5 | 10.4 |8.4[9 | 4.4las| 5.8
9 " | 2 2.2 |15.85| 4.83 14.8] 4.5/2.7| 7.8 49.52
ro| 6 | 2 |3.16 }15.65 5.84 18;74 4.1{2.4| 8.2]137.1| 8.
il " | 2 |a.07 |1s.04] 6.31 18.89 9.5|6.8| 4.4 39.12
121 " 1 {23170 4.24-23.79 5.1|2.5] 12.2] - 35.2




, : s -
Table 5.9 Camparlson of the TH/TNO and ITDG experxments
accordlng the TH/TNO procedure.»

water content of the pans: 4 x 2 kg.

kind of wood : White Fir - oven dry,

ITDG Experiments (Reading)

é' | At B Flue gas composition[7] | témp, reecs i
(kW] | [min] (%] co, o, co | % | T B

2.7 | 14 18.9 2.4 18.1 0.11 - 8.3 2

3.42 |12 19.6 5.7 16.9 0.17 - 3.6

4.41 10 20.4 4.7 18.3 | 0.19 - - 4.3

4.13 8 21.5 - - -

4.92 | 8 121.9 3.2 18.5 0.21 - 6.1

5.62 7 22.6 5.8 16.5 0.28 - 3.5

6.03 6 18 13.8 7.5 1.66 - i

TH/TNO Experiments (Apeldoorn)

L h Flue gas analysis [7] temp excess
Q At n o air
, : [c]

- [kw] [min] [Z] €Oy 0, co factor

2.1 8 20.8 4.3 16.7 0.28 157 7462

2.1 | 8 20.1 4.35 16.86 0.28 . | 157 4.60 .
2.2 15 . 20.7. 5.76 | 15.06 0.43 149 4o62 |y
3.4 10 22.4 8.16 12.01 0.78 205 2,42 e
3.7 9 20.5 | 8.02 11.58 0.79 | 19 2.36 ;
4.2 '8 20.6 10.62 9.85 | 0.83 250 1.90

5.02 | 6.5 19.5 9.23 | 10.19 0.87 | 210 | 2.06 |
6.88 | 5 ©17.9 12.0 7.3 | 1.81 213 1.6
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Table 5.9a ITDG experimenté accdrding the TH/TNO

test procedure.

Water contents of the pans : 4.x 2 kg. : ,” -

kind of wood : : white fir - oven dry.

ITDG Experiments (Reading)

Efficiency [Z%]

Q 4 Bp 1 ‘panl |  pan 2 total
[KW] [min] |

2.5 54 14.1 . 4.8 189
3.14 54 15.25 | 5.55 21,1
3.42 45 13.4 5.7 19.6
4.13 30 15.7 5.8 21.5
414 40 14.7 5.7 20.4
4.76 34 ~ 13.8 5.7 ' 19.5
4.92 | 34 15.9 6.0 S 21,9
5.62 32 16.5 6.1 . . 22.6
6.03 31 11.8 6.3 18.1
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Water content of the pans: 2 x 2.kg.

moisture content
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o f3 %

"t Table 5.10 Comparison of the ITDG and TH/TNO Expefimeats acéQr&iug:t

Kind of Wood: yelutong .

1TDG Expefiments (Reading)

ne ITBG7p

rbmur&* h

Test|Type of | Efficiency Boiling time | Temp. Total test Burning Stove
0o | test e 9 time rate condition
pHU 1} pHU 2° | pan llpan 2 panB 1 o
; (21| (%] |min] | fmin] | oy® | [min ] [g/min] | [-]
1 Bp | 18.1 | 17 - 61 17 19 -
2 L 17.9 | 12.1| - 66 12.1 29.4 -
3 " 17.8 | 12.5| - 59 |. 12.5 26.2 -
4 " 16.2 | 15.5| ~- 60 15.5 22.6 -
5 " 20.2 | 16.8| - 55 16.8 17.2 -
6 " 19.7 | 19.0| -~ 62 19.0 18.3 -
7 | Bp 2 22.0 | 15 | 23 55 23.0 18.5 -
8 . 21.8 | 16 25 51 ©25.0 17.4 -
" 21.9 | 15 21 61 21.0 18.2 -
10 |Bp2830 20.8 | 14.8| 22.8) 49. 52.8 12.8 -
TH/TNO Experiments (Apeldoorn)
18 [Bp 1 18.17| 31 - 34 31 8.45 cold
19 " 17.26 | 22 - 37 22 12.17. hot
20 | " 015,35 21.5 | - 41 21.5 13.92 "
21 " 15.36 | 23.5| - 45 23.5 13.37 "
26 " 19.15| 38.0 | ~ 30 38 6.03 cold
28 | ™ 15.85| 22.0 | ~ 50 22 13.71 hot
22 IBp 2 20.66 | 27 41.5 | 35 41.5 11.51 cold
23 " 21.16 | 20 30 49 .30 15,41 hot
26 " 21.46 | 17 28 46 28 16,17 hot
15 |[Bp2830 21.03 | 21,5 | 36.5 38 66.5 10.69 cold
16 . 24.05120.5| 30. 52 60 11.13 hot
25 23.65 | 17 28. 45 58 11.89 "
27 22.45 | 22 36. 34 66 10.13 "o
29 24.82 | 17 27. 46 57 11.24 "
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Table 5.11 Average values of the ITDG and TH/TNO.

Experiments according the ITDG procedure

(with yelutong wood).

ITDG Experiments

TNO/TH Experiments

fype of

Efficien-

Fuel

. Efficien-|{Test time Burningratekhel used Test time|Burning rat ‘
itest ey (%) (min) (g/min) gram cy (%) (min) (g/min) wed gran
o fmer 1823 | ses 22 341 17 26 11.3 | 294
" IBp 2 22 23 18 414 21 32 V. | 461
- {Bp2s30*| 21 53 13 689 23 62 1 682

"% one measurement
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‘Table 5,12 Combustion performance of the Tungku Lowon stove.
as a function of the Burning rate.

Kind of wood: yelutong (137 m.c.).

TH/TNO Experiments (Apeldoorn)

Run nof Type of Burning rate Flue gas éomposition ‘ 1  stove | excess. 1
test - : . condition| air facr} -
' 002 Cco 09 Stack temp f o " ‘ 
[g/min] | (2] | [2] (21 | (% B R I o B
: - ' : , , fﬁ&[g
26 |Bp 1 6.035 2.94 | 0.16 | 18.12} 61 cold | 6.97 %}
28 | " 13.71 5.96 | 0.32 | 14.8 | 161 hot | 3.3
22 |Bp2 | 11.51 5.45 | 0.36 | 15.11| 107 cold | 3.74
23 | ' 15.41 8.07 | 0.48 12.04| 190 \ hot 253 31
24 |" 1617 10.23 | 0.71 | 9.95| 202 T S R
15 |Bp2s30 10.69 | ‘ 192 . | cold |
16 | 11.13 | | 196 - | hot S
25 11.89 | 6.79 | 0.49 | 13.39] 195 " 2.99 |
27 10.13 6.13 | 0.37 | 14.78{ 158 " | 333
29 11.26 | 7.11 | 0.43 | 13.51| 213 " 2.87
) ITDG Experiments (Reading)
1 |Bp 1 19 9.6 1| 121 ) 169 - 2.1
2 | 29.4  |11.5 1.2 | 17.2 | 248 - 1.73
3" | 26.2 9.5 1.1 16.7 | 187 - | 2.4 0
& | - 22.6 5.4 1.3 | 1ss | o7e | - 4.22
‘ 4
1B ‘ | » E
7 |Bp2 | 185 16 1.2 20.1 | 230 - 3.17 -}
" 17.4 5.9 0.8 19 172 - 4.06 |
" sz - |62 1.2 | 16.6 | 282 - 3.08
10 [Bp2s30 | 12.8 | 6. | 0.1 16.6 | 185. 1 - ] s
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AN EXPERTMENTAL METAL STOVE

by

N.J. Vermeer

and M.0. Sielcken

Eindhoven University of Technology
Eindhoven, The Netherlands

Introduction

-

The reasons for designing and constructing an experimental metal

stove were two-fold, Firstly, the Woodburning Stove Group wanted

to have a device where it had easy access to changes in the

~configuration of the stove. Secondly, we wanted to implement

some of the design ideas the group has gathered over the last

two to three years while testing currently popular stoves.

The following changes are possible with the designﬁ

- (a) the height between the grate and the pan bottom;

(b) adjustable air inlets and chimmney dampers; .

(é) ‘conversion of the stove into a simple shieided fire by
easily removable top collar and chimney assemﬁly; and . .

(d) a simple collar at the top of the stove to permit variable

depth insertions of the pan into the stove bodﬁ;

The design ideas that can be incorporated into the operation
at will are: |
(a) provision of primary and secondary air holes with
indepen&ent adjustments of openings (from 0 to IQOZV

openings);

' (5) preheating of combustion air with a double wall

construction with the outer wall carrying two sets of.
primary air holes -~ one set at the top and the other
at the bottom - again with provision of independent

controls;
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from the past experience. These velocities ran from 0,5 to | n/s
Holding to the lowest value and taking into account a flue gas

2,8.107% m®/s, For a 6 kW fire this leads to an excess air P
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(¢) incorporation of a removable eccentric collar on top of -
V the stove to provide for a more uniform flow of combustion

gases around the pan on their way to the chimmey; and 7
(d) easily removable grate to study the possible influence

of the grate shape on the stove performance.

In addition the stove has been designed as a closed fire,

chamber with a fuel door.

A geometric view (Fig. 6.1) shows the principal features of ‘f;‘ 
the design. a |
We would like to stress that this stove, although it burns

wood and it cooks fco&, is‘anythihg but the final goal we are.

aiming for: a woodburning cooking stove to be used in the

field in vast numbers. The present design is nothing more than

a device put together from an investigative point of view, and

.not from considerations of marketing. \ e

Technical data

The stove is constructed from 1,5 mm thick stainless steel

plate except for the grate, which is a welded mild steel construc-

tion. The pan and the chimmey are of aluminium. It weighs 28 kg.

The stove is designed to operate at a power of 6 kW. As.a e

point of reference we have taken some crude velocity measurements

of the flue gas in a 0,11 m wide chimmey.

temperature of 150° C a flow rate of 3. 1073 m® per second at

0° C results. The corresponding in-flow of combustion air is

factor of 2. -Higher velocities will lead to more excess air.
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To us it seemed sufficient to have 60% éxtra‘combus;ion air
(A = 1,6). It was thus decided to have a smaller chimney
diameter of 70 mm available in lengths of 0,25 and 1 m. The

2, To be’on the safe

cross-section of this pipe is 3850 mm
side the other passages in the stove were taken about two
times bigger than the chimney cross-sectionm. However, there

was sti11<the option to reduce these passage a?eas. So the

inlet areas at their 100%Z openings are as follows.

~ top inlet: . 12 squares of 50 = 10 mmz = 6000 mm?
bottom inlet: 12 ™ " 50 x I5 mm® = 9000 mm’
primary air: 10 " " 50 x 15 m? = 7500 mm?
secondary air: 10 " " 50 x 10,mm2 = 5000 mm’

A1l the inlets are equipped witthliding collars to vary

the openings. The chimney has a slide vglﬁevat the bottom.
The overall size of the stove is dictated by the pan size
with a diameter of 280 mm and a 240 mm height and the

distance between grate and pan bottom enabling a maximum

. distance of 200 mm.

The main dimensions are presented in figure 6.2.

“Experimerntal details

Tests on the performance of the stove described in this

chapter concern a limited number of variables. Other para-
meters and their effect on the performance of the stove

will be studied in due course.

The parameters under investigation are:

-  the nominal power range; '

=  the distance between grate and pan bottom;

- the distance between grate and pan bbttom in relation

to the inlet area of the secondary air holes;

.- the pan area exposed to the hot\gases (in other words

the depth of the pan sunk'into the stove body).
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In addition there were a few tests to assess the influence

of the eccentric gap around the pan, the effect of preheating

combustion air and the use of a larger pan.

The parameters that have been set to fixed values are:‘
- The amount of fuel burnt was always | kg of oven-dry

whlte flr.

- The dimensions of the wood blocks were 32 X 32 x 111 ‘mm®

- The size of the fuel charges and their feedlng rate to the
stove is kept at 0,25 kg every 13 minutes. This means a
nominal power of 6 kW. Of course this does not hold for .
the case of varying the power range. .

-  The pan is filled to one third of its capacity with 5 kg
of water. / » '

- The height of the chimney was | m and the damper at its
bottom was always fully open.

All the teéts were boiling water tests with a 1lid coveriﬂg the
pan. Of every first éharge one block was split into four smaller -
pieces and placed on the grate, the remaining blocks were |
stacked on top of it and then the wood Wés lit by a propane
burner. With most of the tests temperatures at niﬁeteen spots

on the dtove (see fig. 6.3) were recorded at 1 minute int?ivals
throughout the experiment., Carbonmonoxide, carbondioxide and
oxygeﬁ,contenﬁ of the flue gases were recorded at intervals of

10 seconds. '

‘

Instrumentation

The stove temperatures are measured with chromel—alumel thermo-
couples connected to a datalogger (Hewlett & Packard, type 3&97 A),
which is monitored by a Hewlett Packard HP 85 computer. CO and

- €Oz are measured by infrared gas analyzers (Maihak, type UEOR)

and the 0z-measurement is-based upon the paramagnetic principle
(Siemens, type OXYMAT). The output of‘therthree gas analyzers is
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[

also fed to'the datalogger mentioned above. The data is stored

in a cassette to be transferred later on to the Burroughs 7700
computer for further processing like drawing graphs and making .

heat balances.

Stove performance

The performance of the stove is measured in terms of efficiency
given by the formula in K. Krishna Prasad (1981). The results of

all the tests are summarized in table 6.1 (see Appendix 6.1).

The power range .

Determination of the power range was established by varying the
time interval between the charges. As mentioned before the
charges were 0,25 kg except for the first experiment (see
table 6.1) with a power of 4,7 kW which had three charges
0,31 kg. With these experiments (no.'s ! to 9) both primary
and gecandary air inlets were set at 50% of the total inlet
area, Secondary air was admitted at 50 mm above the grate.
The combustion air entered the stove at the top and was
therefore preheated. In figure 6.4 the plotted points of
efficiency versus power show marginal différences. At the
lowest power the fire showed a tendency to die down and at
the highest power the fuel bed was building up and when
charging another batch of wood there were sdill a lot of
flames from the previous charge. The minimum - maximum power
ratio is therefore 1 : 2,2 and the efficiencies range between
37,6% and 42,3%. The time to get'the water to boil = tpei1 ~

versus the power shows a more pronounced difference

Distance between grate and pan bottom.

For this set of experiments (no.'s 10 to 16) secondary air

was closed down completely and the primary air inlet fully
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open (72 cma).'The'reason for this was that when loﬁering or

r

raising the grate the distance between the grate and secondﬁ;y
air inlet changes as well. The results are plotted in figuré
6.5 and the efficiency ranges between 40,0 - 44,7%. It is ‘
interesting to note that this stove shows a very little
variation in efficiency with height between the grate #nd_

the ﬁan bottom. This result is in contrast with open fires (see
P. Bussmann et al., 1983) and the tubular stbvé\(J. Delsing,
1981), both of which show drastic reductions in efficiency with

increasing distance between grate and pan bottom.

However, there is strong evidence for poorer:combustion with
decreasing distance between grate and pan bottom. Observing/
the average CO contents (see table 6.2) per charge interval
of 12 minutes every charge number shows an increasing CO

content with smaller heights,

Table 6.2

Exp. D ~ Average CO content~perlcharge’
no. {mm) interval of 12 minutes in percentages
\ ] 2 | 3 4

10 185 [ 0,05 0,19 0,24 0,26
T 165 0,12 | 0,19 0,21 | 0,28

13 135 | 0,10 0,20 | 0,36 0,39

14 105 | 0,23 0,28 0,45 - 0,48

15 85 0,18 | 0,35 0,37 | 0,52

16 65 0,35 0,43 0,39 . 0,40 |

6.5.3 Distance between grate and pan bottom in combination with

secondary ‘air

In this set of experiments (no.'s 18 to- 30) secondary air is
xp .

supplied at 50 mm above the grate for four different distances
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(186 mm, 167 mm, 147 mm and 129 mm) and for each distance three
different inlet areas are chosen (33%, 66%Z and 100%) and for k
two distances also 0% secondary air is included. The results
are éresented in figure 6.6. And‘thé straight forward
conclusion of these tests is that secondary air in this stove
has no influence. Due to this it was decided to do suhsequent

tests without admlttxng secondary air.

Effect of the primary air inlet

Experiments no. 17 and 30 revealed that a deﬁrease of the

primary air inlet area by one third did not show a significant

change'in the‘efficiency. Therefore some tests (no.'s 37-41)

were carried out with which the air inlet was reduced furtherﬁore
plus a check test (no. 41) in which the inlet for primary air

was set fully open, With all the tesﬁs no sécondary:was admitted
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Fig. 6.7. Efficiency as a function of the primary air inlet area.
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and the combustion air was not preheated. Figure 6.7 shows an m
increase in the performance (1ny=40,6 - 43,8%) only at relatively ' , ,;‘:
~small openings (0 - 10%; 0 - 15 em?). This ig probably due to |
the fact that with small openings less excess air is going
through, resulting in higher gas temperatures and hence a

better heat transfer. (Compare the three experiments discussed o

in Sec. 2.2, representing respectively no. 40, 41 and 42.)

Note: Experiments no. 39 is not fepresentative because the

stove was tested to determine the extent to which there was ‘ ?,';

air leakage. The test showed no air leaks since the fire
extinguished within five minutes with the air inlets closed.
To proéeed the air inlet was opened By little steps to
determine the minimum opening at which the fire could sustain

itself. This appeared to be at an opening of 2 cm?.

6.5.5 Pan wall exposed to the hot gases , o Ll

N

By shifting the ring around the pan downwards, the pan depth

into the stove can be decreased, which means that the pan wall

area exposed to the hot gases and the hot stove wall also |
decreases. With the experiments no.'s 33-36 (see table 6.1) the
dlstance between grate and pan bottom is kept at 150 mm. This,
however, limited the number of experiments, because Ilftlng the
pan furthermore and keeping the same pan-grate dlstance resulted

in blocking the fuel loading door. To evade this one could take
the pan off and then add the wood. This was considered inconvenient
and only four tests are carried out with the normal refuelliﬁg ‘
procedure. They show a decreasing efficiency (42,3Z'~ 37,3%) . 3
with a decreasing pan depth (205 mm - 102 mm) (see fig. 6.8).
Extending the number of experiments for/smaller pan depths seems
worthwhile, because the smallest pan depth of 10 cm is just
above. the water level in the pan. Goiﬁg beyond this level

might influence the efflclency even more, but it also calls

for repeating the other four tests at the new refuelllng |

procedure for good comparison.

{

It should be noted that shifting the pan upwards, more of it
is exposed to the environment and due to this a higher cooling

rate of the pan occurs especially in draughty conditions.
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.6.5.6 Thé eccentric gap around the pan
This design idea was suggested by W. Micuta in "Modern Stoves
for all" (1981). When sinking the pan into the stove body, and
having a chimney, one has to prevent’the,hot,gases being short
circuited direétly to the chimney entrance. Therefore, a ring-like.
baffle was installed whichVnarrowed the passage near the chimney
and provided for a wider gap at the other side of the pan.
’Coﬁpa&ing the experiments 4-5 and 12-13 it shows a significant
difference of 4,6 to 5,6 percentage points with and without the

use of an eccentric ring.

6.5.7 Preheating the combustion air
) . ' - ’
~Also an idea of Micuta was to equip a stove with a double wall
and lead the combustion air from the top to the bottom underneath

the grate in order to preheat the combustion air. This procedure

\
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,élso reduces the temperature at the outside of the stove.
Preheating in experiment 13 resulted in an efficiency of 43,4%
’whereas experiment no. 17 without preﬁeating resulted in 40;3%
efficiéncy. There is a difference but not very large. One of

the reasons for the meagre result is probably that there is too
large a gap (30 mm) between the two walls. This is due to the
fact that all the energy taken up is by convection. To promote
this the gap between the walls should be small (see De Lepeleire,
1983). | |

The use of a bigger pan

Out of | mm sheet aluminium a pan was constructed with a
diameter of 320 mm and a height of 240 mm. Introducing this
pan into the stove‘brought about two.changeskin‘the configura—-
tion of the stove. Firstly, the heat exchange surface was

ehlarged‘from 0,21 m?

to 0,32 m?. Secondly, the gap between
the stove wall and the pan reduced from 30 mm to 10 mm. In the
first test (no. 43) the circumstances were the same as for the
previous test with the normal pan (no.«42£.n e 40,62), and an
efficiency of 46,8% waé obtained. In the second tesf (no. 44)
the pan was filled with 12 kg of water instead of 5 kg and

2 2

the air inlet was reduced from 75 cm? to 6 cm® and an efficiency

of 55,37 was recorded.




6.6 Heat balance calculations

Heat liberated by burning wood in a stove ends up as follows:
(a) - The pan, ’
( i) heating up the water and
( ii) producting steam»during the boiling period
(iii) heat stored in the pan A ,
( iv)‘heat lost dge/toicanyectidn and radiation frcm.thé

pan walls;

(b) /' The stove body; accounting for
(¢ i) radiative and ,
( ii) . convective heat losses of the ekposed parts to the
environment o

(iii) and the accumulated heat in the stove body;

(c) Stack losses, consisting of
{ i),senSible heat carried away by the hot gases
( ii) unburnt €0 and
(iii) unburnt‘CXHyV ’ |
- The latter two are a result of incomplete combustion and

Called‘thé latent heat.

(d) Soot and tar depositsfparbly stuck to the pan walls, and
~ the inside of the stove body and partly*darried away

by the flue gases.

(e) Unburnt charcoal in the ash at the end of an experiment.

> | .
Efficiencies in our studies always account for a (i) and (ii).

"Quantitive measurements of CgHy, soot and tar by %.N.Of J. Claﬁs_et
all, 1981) and weight loss measurements of the fuelbed in the Nouna
Stove and visual observations of the reminder of the fuelbed at the
end of an experiment with the Experimental Metal‘Stove as well as the

De Lepeleire Stove revealed that c (iii), d and e are insignificant,
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6.6.1 The T.N.0. method for calculating heat balance. ; o  ? £5\

The procedﬁre for calculating the heat balance by T.N.O. for

the De Lepéleire Stove, the Nouna stove and the TungkuvLowoﬁ

is as follows. There are three periods;during an experiment,

which play a role in determining the various heat losses.

&8 The firing period. At fixed time intervais a fixed
quantity of wood is fed to the stove. The firing
period ends when a new charge of wood should be
added but is omitted. So the firing period is simply
determined by the number of charges times the
charging interval. The duration of the~firingkperiod
ranges Betweeﬁ 80 and 180 minutes. During this peériod
gas an& surface temperatures and CO#, C09=, and 0y~
concentrations of the flue gas are recorded at 20 second
intervals. It is in this period only that the excess air
faétor and the stack gas losses are determined.

(2) The burning out period. This accounts for a relatively
small time lapse (6 to 28 minutes) in which the remaining

wood and charcoal is burned. This phase reaches its end

‘when the C02 content drops below 1%, this coin@idqs with

the moment that the water in the first pan ceases to
boil. Then the pans are taken out and weighed to deter~
mine the water loss due to boiling. Then the overall

efficiency over the entire experiment is calculated.

For calculating the radiative and convective heat losses
the stove is divided in about 20 surface elements. Of
every élement the temperature is recorded at 20 second
intervals. In this way every 20 seconds the radiative
heat 1Qéses of all the elements are calculated and
adding them together over both firing and burning out
period will give the total heat 1ossAby radiation. The

same applies for thevconveqtive heat loss.
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The cooling period. After the pans are taken of the

stove all the opening in the stove body like the fuel

loading entrance, pan holes and chlmney entrance are

sealed. During this phase the stove 1s 1eft for 24

to 48 hours to cool down ‘to room temperature to deter-
mine the accumulated heat in the stove body. The coolingA
rate of the stove body is recorded by means of tempera-
ture/heasurementsvat.l to S‘Qinute7intervals. The
thermocouples for measuring these temperatures are placed
at representative spots in the stove body. The spots were
selected by means of an’infrared meter. When the stove
body reaches its initial state at' room temperature, the .
total amount of radiative and convective heat losses o

account for the accuﬁulated heat in the stove bodyQ This

~ type of calculating the accumulated heat applies mostiy

 for high mass stoves, because it is very difficult to

assess the temperature profile in a complex geometry
and therefore the heat distribution in the stove.

Schematically the experiment looks as follows:

.firing period | -burning out ' cooling period
samples at " | samples at - samples at 1-5 min.
20 sec. intervals | 20 sec. intervals duration of 24~48 hours
duration of ‘| duration of ' /
2 - 3 hours 20 min.
—scalculation of«d) : ~—~f-———5caiculation of-Q
sens - : acc
\Qlat
A
» calculétlon of-Qrad
?conv‘
n

The argument for neglectingmthe burning out period

concerning the calculation of the stack losses and
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excess air is that during this period the -gas flow is
small and the CO and CO9 concentrations are low. In
this period the burning rate drops because available
fuel is diminished, so a smaller amount of o, is pro-
duced. Because of the lower burning rate the temperature

in the chimney drops. Hence less air is drawn in.

6.6.2 The THE method. o , : 7 A : R,

The method for calculating the overall heat balance by THE differs S

from the TNO method fbr several reasons: : ) ’

(a) If we restrict ourselves to the Experimental Metal
Stove, the total experimental time is significantly
shorter, being of the order of 80 ‘to 100 minutgs,‘than
the time taken with e.g. the Nouna Stove tests which

last for 120 to 180 minutes.. o ,;ﬂf

(b) Also the firing'period takes much lesser time. About
50 minutes as against 80 to 150 minutes with the TNO-

tests.

(c) However, the burning out period is longer (40 to 60
‘minutes) due to a severe build up of the fuel bed. It
therefore is also difficult to make a fair distinction

between the firing and burning out period.

(d) The stoves, tested by THE, wére ﬁainly low mass metal
stoves. So kéepihg a cooling period seemed redundant
because at the end of an experiment the temperature
of various elements/were accurately known.

So the heat balance calculations adopted byﬂTHE’look as follows.

Calculatidn of the excess air factor, the sensible heat loss and 

the latent heat loss is based upon the carbon balance. Therefore

the CO and the.002 content is averaged over the entiré experiment

and related to the total amount of wood burned.
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For the sensible heat the temperature at the bottom of the
P ‘ " chimney is taken and also averaged over the experiment. For
determining the radiative and convective heat loss the same

i:;‘ o procedure is followed as with TNO with the only difference

that the time interval at which the temperature is measured o
. is | minute instead of 20 seconds. The accumulated heat in
“the stove body is determined by the initial and final tempe-
ratures of the\elements.‘?he initial temperature is assumed
to be room temperature which holds for the stove as a whole.

And every element is assumed to have a uniform final temperature.

6.6.3 Instantaneous heat balance.

There were some motives which made it desirable to have a
“closer look at the heat distribution in a stove during

operation. The considerations for taking up this task were

‘twofold. One is based upon practical reasons on designing

a stove and another is from an investigative point of view.

When designing a stove one should aim for a piece of’equip~
ment in such a way that it matches the cooking task. For:
instance cooking rice involves bringing rice and water to
the boil’ 1n about 20 mlnutes and let it simmer for about § -
an heur. The idea is to charge ; sufflclent amount of wood
with which it is p0351b1e to have a period of a relat;ve1y<
high power durlng the flame phase. This phase also enables
one -to build up a fuelbed which contains enough charcoal to
fulfil the simmering task at a low power. Ideal would be if,
one charge will meet both ends. There are two sets of limita-
tions that hinder the realization of this ideal. In the
heéting phase these factors are 1ike size of the combustlon
chamber, productlon of unburnt constituents (smoke), CO
emission, a too fast escape of the volatlles, etc,. In the

Smeerlng phase these are too high a power or cooling of the

combustion gases due to excess air,
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All these short comings will be uncovered by the instantaneous
heat balance and appropriate measures can be taken to improve
the design. For instance when during the flame phase high absolute
;alues of CO are found, combined with excess air factors, the

' combustion' chamber might need a closer look. Or when low efficiencies
are found in combinations with high powers. Baffles in the stove
need attention. In case of high excess air factors during simmering.

a reduction of the air entries is called for.

Returning to the tests and their results of the Experimental Metal ’
Stove, a few phenomena caught the eye. One is the difference
between the charged or nominal power output and the average power
'output. As mentioned before the burning out period is about as

long as the firing period. Therefore the mean power is half the

nominal pgwér (see table 6.1.).

From visual observations and previous studies of the open fire ‘
(Bussmann and Visser, 1981) it appeared that the heat liberated

by the fire was far from stationary. Looking at the gas analysis
chart (fig. 6.9.) there is quite a variation in the concentrations
of the various gas components. E.g. 0y varied between~SZVand 20%Z,
COy between 13Z and 0,5% and O between 0,57 and 0,05%.\These
- changes coincide with thé flame and non-flame period. Whereas
with the‘fiame period relatively high COj percentages were ob-
tained as against 10w/percéntages for €O, in the non-flame phase.
Also the temperatures showed a similar tendency of increasing

and decreasing as the gas concentrations.
Whereas all these phenomena are relative measures an attempt is
made at quantifying them by drawing up an instantaneous heat

balance. : ’ . b

6.6.4 Instantaneous volume flow.

The main problems encountered in doing this was to establish how

much wood and which part of it was burnt per,minute, because the
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' volatiles produce less heat per unit mass (9,7 mJ/kg) than
charcoal (33 mJ/kg). ' ‘ '
While the stove was too heavy to put on the balance, used
for the open fire, there had to be another way of assessing
the weight loss of the fuelbed. A
Therefore we tried to relate the volumeflow through the
stove to the draught in the chimney, which is determined by
the temperature in the chimney and the temperature of the

environment.

An average flue gas flowiaﬁ is calculated, based upon mean
values of CO and G0y averaged over the entire experiment.
_The driving force for this flow is the mean chimney temperature .

Tohim defined as:

(=

— I ,
Tchim = 3 ¥t (Teop * That) = Te

-t

Ttop = temperature at the end of the chimney [°C] -

Tpor = temperature at the bottom of the chimney [°C]

=
o
[

temperature of the enviromment [©C]

o
[}

total number of temperature measurements during an .

experiment

The quotient of the average flue gas flow and the mean chimmey
temperature acts as a constant for calculating the instantaneous

rate of volume flow in the chimney

'

6. =

chim

*

[!ﬂfﬂ

‘(Q(Ttop + Thot) ~ Te)
chim -

=3

According to this model the volume flow varied between ! and 6

litres per second during an experiment.

Armed with the instantaneous volume flow and the recorded
values for CO and COy, the aﬁount of carbon burned can be cal- .
culated. Also the' latent and sensible heatlosses per minute.

can be calculated.
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Now the next problem is whether the carbon originates from
the volatiles or the charcoal. That determinés the heét
liberated by the fire. Relating the instantaneous heatlosses
to the momentary heat input causes very unsatisfactbry _
results. Leaving an unaccounted for of - 110Z to + 60%. At
the time of this writing this problem had not yet been solved.
The instantaneous heat balance could tell us more about what

happens,in the stove when it is in operation. But after dealing

with all kinds of phenomena on heat transfer we have to return

to where we commenced, at the motor of the system - 'the fire -.

Heat balance results.

Oﬁer the past year a computer program for heat balance
calculations has been developed and. is near completion.

At this stage some results could be presented. Some problems
with the data processing kept us from presenting the results
of all the tests. \ ’

The formulas applied in the computer progrém are listed in

- Appendix 6.2.

Overall heat balance.

In table 6.3 the results of five tests are tabulated. The\/
experiment numbers correspond with the numbers in table 6.1.
The three tests with the numbers 40,41 and 42 are the same

as discussed in chapter 2. The four lines at the top of table
6.3 indicate some of the initial conditions at‘which the
tests are'fqﬁ and the parameters that are chénged. The
experiments 40 and 42 are conducted under the same conditions
s0 one gets an impression about the deviation of the calculated

values.

In experiment no. 42 the primary air is set fully open which
leads to significant changes, compared with the previous

two tests. The mean power increases as well as the excess air.




Therefore the amount of flue gasagbing through ;hefstové»per

unit time has increased and a higher sensible heat loss results

of 35,5% compared to 24% of the previous tests.

table 6.3

values.

Experiment no. 40 41 42 13 16
d (grate-pan bottom) mm 80 80 80 135 65
prim. air inlet % 16 16 100 100 100
preheated comb. air no no no yes Yes
nominal power kW 6,0 6,0 | 6;0/ 6,0 6,0
mean power KW 2,6 3,0 3,8 2,9 2,9
time to boil min 19 21 18 19 19
total burning time min 118 105 83 . 98 103
() o A 0,42 0,41 | 0,25 | 0,26 0,31
oy - 4,35 4,68 | 3,72 4,75
0, ; e 15,46 15,36 16,75 15,25 16,13
excess air - A - - 4,6 4,3 5,5 4,3 5,3\,
useful heat efficiency % - 43,5 41,6 41,3 | 44,0 40,1
stack losses ‘ o R \\“ ,
sensible heat 7 24,2 23,3 35,3 22,8 | 27,1
latent heat A 6,9 6,2 | 4,5 3,9 5,5
stove Sody losses |
radiation yA 5,2 4,75 3,1 6,0 4,1
convection 7 16,7 15,0 10,9 16,9 13,1
accumulation % LANA 4,5 5,7 6,2 5,3
unaccounted for A - 0,9 + 4,9 - 0,8 + 0,2 + 4,8
~ Overall heat balance results and other calculated

3,84




- Comparing the heat losses by radiation and cgnveétién the
three eXperiments show a‘déc;ease in heat loss with. time.
At the tests no. 13 and no. 16 the distance between grate
and pan bottom has been halved from 135mﬁm to 65 mm. It

" can be seen that the differences are not asAgreat as one
should expect.,Mosf striking is the decrease in efficiency
whereas one should expect the opposite from the open fire
experiments. Another point which can be clearly stated is
that in the case of experiment no. 16 with the émall distance
of 65 mm combustion quality is far lower compared to experiment
no. 13. This can be concluded from the higher CO-content and
the higher CO-content and the higher excess air factor. As
a consequence absolute values of CO production and latent
heat loss will be higher in experiment no. 16 compared to no.
13. As an illustration some of these values are presented in -

table 6.4.

In genéral it can Ee stated that 40% of the heat is delivered
to the pan, 307 is leaving the chimney as stack losses. Whereas
the CO produc;ion(in terms of combustion quality is not much

to worry about. As a healﬁh‘hézard it should always be iookedf
at. About 20% of the heat generated is 1os€ to the éurroundingé
by radiation and convection. The heat stored awa§ in the stove

body is 57 and the -unaccounted for is about 5%. -

6.7.2 Instantaneous heat balance.

‘The instantaneous heat balance is an attempt to determine the
‘heat losses at | minute intervals. While weight loss experiments
.of the fuel bed were beyond the reach in the Metal Stove as
well as water weight losses of the pan only during the period
of bringing water to the boil it was possible to determine the'
- useful heat going into the pan on the bases of water temperature

measurements.
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time ~ (O-emission %§,~ latent heat kW Q0 y-content 7 :
min. 13 16 1316 | 13 16
| 0,2 0,1 0,00 0,00 1,19 1,0
3 2,7 26,2 0,02 1,24 6,8 8,9
5 6,8 22,2 0,06 0,20 9,1 8,1
7 3,4 18,2 0,03 0,17 1 7,3 6,1
9 3,2 16,2 - 0,03 0,15 5,9 5,6
11 . 4,1 15,7 0,04 0,14 5,8 3,5 1
13 | - 8,8 12,6 © 0,08 0,12 4,2 2,0 :
15 | 7,9 23,2 0,07 0,21 8,4 6,1 :
17 8,6 32,8 0,08 0,30 7,0 9,0
19 : 7,5 25,7 | 0,07 0,24 6,7 7,9
21 10,8 27,6 0,10 0,25 | 6,5 7,4 -
23 10,6 24,8 | 0,10 0,23 5,6 6,0 '
25 : 21,0 18,4 0,19 0,17 V 8,2 3,0
27 38,6 19,4 0,35 0,18 14,0 3,5
29 : 18,6 24,5 0,17 0,22 11,0 7,7
31 12,7 23,1 1 0,12 0,21 9,5 7,6
33 11,1 26,2 0,10 0,26 8,6 7,5
35 20,5 33,9 0,19 0,31 . 5,6 7,4
37 25,1 30,6 | 0,23 0,28 6,6 5,8
3 | 42,5 33,5 | 0,39 0,31 3,0 4,5
41 19,6 37,4 0,18 0,34 11,00 7,1
43 | : 13,8 28,1 0,13 0,26 10,5 6,3
45 ' 12,7 23,4 0,12 0,21 9,4 5,8
table 6.4 Instantaneous values of CO-emission, latent heat

¢

and COy-content of experiments no. 13 and no. 16.
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Taking experiment no. 40 as an example the following table

can be produced (see table 6.5). Theknumbers in the first,\

column are the minutes in which the heat losses are determined.

The second column represents the useful heat that went into ;
the pan to heat up the water. The third column represents the
total heat losées and the fourth‘is the sum of the values in |

~ the second and third colﬁmn;fin other words, the héat that we
have been able to account for. The fifth column lists calculated
values of the accounted heét divided by 40%. This will be

~discussed later. The sixth represents the heat liberated by the
fire calculated with the model applied in the computer program. |
The seventh columnigivas the difference between the accounted‘
heat and the heat produced by the fuel bed. The unaccounted for
is expressed in percéntages. In the last column the gaéffidw

- through the stove is given merely from an illustrative point

of view. At the bottom of the table the average values are

calculated of the foregoing numbers.

As ‘a comparisson we calculate the heat that went intg the pan
during the heating up period,
5,0.4,186.(100-24) _

Fto boil = 19.60 = 1,40 kW

which exactly conforms with the mean value mentioned at the
bottom of column 2. If we assume an efficiency of 407 during
the heating up period the total amount of heat gengrated will

which is the same as thé average value of the accounted heat,
Then same procedure is followed for the instantaneous values
and the results are shown in column 5. Ruling out the initial
two values and the last one, the resemblance with the accounted
heat values in column 4 is satisfying. The reason why the

calculated heat in the first two minutes turns out to be too
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time | heat| total [total |calcul.| fuel | unacc.|: gas flow

~into| heat |heat |divided | bed for | through
the | losses|losses|by 407 ] the stove’
pan tpan | 1 | S
(1 |t |1 | [isr |ter | 71 | 81 D
min | kW | kW kW kW | kW % L/S R
1 |0,38 | 0,94 [1,32 |0,95 2,65| +50 | 1,7 | R K
2 10,9 | 2,26 3,20 |2,35 6,06 | +47 | 2,7 T
3 [1,40 | 2,50 3,90 [3,50 |6;28| +38 | 3,1 , )
4 1,95 | 2,67 |4,62 |4,88 |5,70| +19 | 3,2 | Sy
5 |2,02 | 2,75 [4,77 5,05 [5,43] +12 | 3,3 | et
6 1,64 .| 2,66 |4,30 |4,10 5,04 | + 15 3,3 ;"
7 12,13 | 2,44 4,57 |[5,33 4,52 -~ 1 | 3,2 a
8 |1,78 | 2,58 |4,36 |4,45 |4,70| + 7 | 3,3
9 |2,16 | 2,59 |4,75 [5,40 | 4,80 | + 1 | 3,4
10 |1,78 | 2,63 |4,41 4,45 |4,45 | + 1 | 3,4
11,85 | 2,42 4,27 |4,63 |3,86 | - 11 | 3,3 5
12 | 1,47 | 1,98 [3,45 |3,68  |2,69 | - 28 | 3,1 Lo
13 |0,98 | 1,37 [2,35 |2,45 1,76 | - 34 | 2,8 B
14 [0,70 | 0,90 1,60 [1,75 0,78 | -105 | 2,5
15 (0,56 | 0,58 [1,14 [1,40 1,56 | +27 | 2,2 ;
16 0,63 | 1,33 |1,96 |1,58 4,72 | + 58 2,9 ;.
17 - |1,60 | 2,34 3,94 |4,00 5,99 | + 34 | 3,4
18 |1,67 | 2,64 4,31 4,18 5,94 | + 27 | 3,5
19 |0,87 | 2,72 |3,59 2,18 |5,61 | +36 | 3,5° -
1,40 - 13,52 3,49 4,34 | mean values average
| | over 19 minutes
téble 6.5 - Instantaneous heat losses and their derivative

values during the heating up period of experiment
no. 40. /
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low is due to the fact that relatively more heat is required B
to heat the stove body and therefore the assumed efficiency

of 40% is too high. Calculating the heat absorbed by the

pans by taking only the temperature rise of the water ds

~bound to give/unrealistic values when boiling temperature is

reached. That is why in the 19th. minute the estimatgd hgat

that went into the pan, is too low, because it isiliﬁelyythét

already heat is taken up to evaporate water.

The main conclusion that can be drawn is that determination

of the«diffefent heat losses of the various elements is

rather good. Even assessing the stack losses which are based
upon the flue gas flow make sense. Whereaé the model for deter-
mihing the flow seeme& a weak link in the calculation, this

" doubt can be taken away.

From values listed in column 6 and the average value it can
be said that the heat liberated by the fuel bed is estimated
too high. Along with this they show a very inconsistent course

which is stressed once more by the percentages unaccounted for

3

©_in column 7.

There are various effects that obstruct a clear establishment

of the heat flow from the fuelbed. ‘

One is the energy that‘went‘intolthe‘wcod to heat togliberatg ‘

the vo}atiies. Although'this energy is'incorporated into the.

heating value of the wood. This heat is taken up in a rather

short time 1apse and has to be compensated for in a 1ater stage. . .
E.g. when O, 25 kg. of white fir with a specxflc heat of 0,27 kJ/kgK

has to be heated to 420° C and When this takes one mznute then a

heat flow of

0 27 x 400 x 0 25

60 4 5 kW is required
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Thus when a new chafge is added less heat can be delivered to

the pan in the first minute than the successive minutes.

A second problem is to assess the contribution of.the vo1éti1es
to the heat flow. We assume that, during the fifing pefiod,
(which consists of 4 batches of wood each weighing 0,25 kg.
charged every 13 minutes) only'voiatiles‘are burning. Then the

average power will become

_0,8.15,2.103

P 52.60

= 3,9 kW

1 kg. of white fir consists of 807 voiatiles with a heating
value of 15,2 MJ/kg. The value of 3,9 kW is stiil higher than
the average value of the accounted heat (3,52 kW). That
suggests»that not all the volatiles were bufned‘dufing the
firing period, which was more or less confirmed by the fact
that there were still flames visible after 52 minutes. But

the whole reasoning gets clouded if one realizes that during:

the firing period also charcoal is burning.

It becomes clear that we are not get able to determine the
instantaneous heat liberated by the fuelbed and therefore
needs closer investigation. ‘

Solving this problem will provide a better grip on how to
control the fire, one of the most promising factors of

saving fuel.

P T
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- APPENDIX 6.1

Table 6.1: Summary of the experimental results

- Exp. Mass

16—

Power Power Time Time to Distance Preheat. Mass - A A n Height
no. wood nominal average total boil gr.-pan B | of comb. evap. prim. sec, pan wall
© (kg) (kW) (kW) (min) (min) (m) air (kg) (cm?) (em?) ¢ (mm)

1 0,93 4,7 - - 19 170 yes 2,51 37 25 42,2 205
2 1,02 6,0 3,4 94 23 170 " 2,60 | 37 25 39,7 7

3 1,00 7,8 4,7 69 17 170 " 2,70 37 25 42,3

4 0,99 6,0 3,3 9 23 170 " 2,26 37 25 36, 4%

5 0,98 6,0 3,1 98 24 170 " - 2,60 37 25 42,0

6 - - - - - - " - - - -

7 0,96 3,8 2,5 120 31 170 " 2,23 37 25 37,6

8 0,98 8,5 3,6 85 19 170 " 2,40 37 25 | 39,5

9 | 0,% 6,0 - - 22 170 " 2,18 37 25 37,3

10 0,94 6,0 3,4 86 21 185 " 2,57 | 60 0 42,2

1 0,94 6.0 3,2 92 19 165 " 2,50 60 0 41,4

112 | 0,94 6,0 2,9 100 22 135 " 2,34 | .60 - 0 39,3*

13 | 0,90 6,0 2,9 - 98 19 135 " 2,55 | 60 0 43,9

14 0,92 6,0 2,9 | 100 19 105 " 2,60 | 60 o | 44,7

15 | 0,9 6,0 3,0 100 18 "85 " 2,63 | 60 0 42,4

6 .| 0,9 6,0 2,9 103 19 65 . 2,44 60 0 40,0

17 0,96 | 6,0 3,4 87 19 135 " no 2,49 60 o | 40,3

18 | 1,00 6,0 3,9 80 21 167 " 2,37 | . 21 50 | 37,4

19 | 1,00 | 6,0 3,7 85 19 167 " 2,41 | 21 3% | 38,0

20 | 0,90 6,0 3,2 89 21 167 " 2,42 21 17 38,4




" Table 6.1 (continued) '

Time to

Height

Exp. ‘Mass Power | Power V Time Distance Preheat. Mass A A n ]
- no. wood -nominal - | average total boil gr.-pan B | of comb. evap. . prim. -gec. pan wall
(kg) (kW). (kW) (min) | (min) 7 (om) - air (kg) (cn?) | (em?) | (D) (mm)
21 1,00 6,0 3,8 83- | 20 129 no 2,59 | 21 50 | 40,2 205
22 0,98 6,0 3,6 - .| 84 20 129 o 2,47 21 34 39,8 o
23 1,00 6,0 3,3 94 19 129 " 2,61 21 17 40, 4
24 0,99 6,0. 3,5 89. 19 186 " 2,54 | - 21 17 40,4
25 1,00 6,0 3,4 91 20 186 L 2,48 | 21 34 38,8
26 0,99 6,0 3,3 93 - 19 186 " 2,43 21 50 | 38,6
27 1,00 6,0 3,3 9% 20 147 " 2,52 21 50 39,3
28 1,00 6,0 3,3 94 22 147 " 2,53 21 34 39,5
29 1,01 6,0 3,4 92 19 147 " 2,53 21 17 39,1
30 1,01 6,0 3,3 97 18 129 " 2,68 21 0 40,8
31 0,99 6,0 3,3 95 17 102 " 2,87 21 0 43,9
32 1,00 6,0 3,4 92 18 80 " 2,98 21 0 44,8 |
33 1,00 6,0 3,3 94 20 150 " 2,77 21 0 |42,3 205
34 1,02 6,0 3,4 95 18 150 " 2,74 21 o |a1,2 178
35 1,00 6,0 3,4 92 18 150 " | 2,64 21 0 40,8 153
36 | 0,99 6,0 3,8 82 18 150 " 2,32 | 21 0 37,3 4 102
37 1,00 6,0 | 3,6 88 18 - 80 L 2,82 | 10,5 |7 © 42,9 205.
38 0,97 6,0 3,0 102 17 80 L 2,81 | 24 0 43,8 )
39 0,99 6,0 2,6 120 34 80 o 2,37 |0 0 37,7
40 1,00 6,0 2,9 106 19 80 g 2,90 | 7,5 0o 43,3

=761 ~-. B




Table 6.1 (continued)

Exp. Mass Power Power Time Time to Distance Preheat. Mass A A n Height

no. | wood nominal average total boil gr.-pan B | of comb, | evap. prim. sec, pan wall
(kg) (kW) (kW) (min) | (min) (m) | air (kg) (em?) | (en®)'| (%) (mm)

41 1,00 6,0 3,3 94 21 80 no 2,71 7,5 0 41,6 205

42 1,00 6,0 3,8 82 18 80 " 2,64 75 0 40,6

43 1,03 6,0 4,0 80 16 80 A 3,26 75 0 46, 8¥*

A 1,00 6,0 3,5 90 32 80 " 2,85 6 0 55,3%*| 205

Remarks:

* no eccentric ring

**  larger pan size ¢: 320 mm

H: 246 mm

-6l -
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APPENDIX 6.2.

To determine the heat lossés due to radiation, convection and.
‘accumulation, the stove is divided into 9 elements. Of e§ery

surface element the heat losses per minute are calculated and
added together over the eﬁtire experiment. The formulaayapplied,

in the computer programme for determining the losses are the

following:
Radiation
- ot 4 ‘
Uag.i = g'si'Ai’(Ti Té?'At
Convection
Qconvfi =fui'Ai'(Ti - Te)'ﬁt
; ) c
_ Nu.x | _ 2
o = 3 Nu = C](Pr.Gr)
1 . R .
g.L? T
6r = 21 (1 - TE)
v i
- Accumulation
Qacc.i - Cp.i'mi'(Tnew - Told)i

The stack gas losses are divided into two parts, one part
represents the sensible heat carried away by the hot gases,

the second part is the latent heat loss due to CO-formation.

Sensible heat

‘ Qsens = ¢f1'cp.fl‘pf1'(Tbc - T?}.At

Latent heatl

Qat = Boo-Pgq- [CO] -0pg-AL
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For calculating ¢£1 see Sec. 6,6.4 on instantaneous volume flow,
The formulas used for calculating the heat produced by the fuelbed
are left out of consideration here because the calculation is ‘

incomplete.

The applied symbols used above are listed in Appeﬁdix~6.3 and
the element characteristic values and material constants are

1lsted in Appendix 6.4.

.
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APPENDIX

List of symbols

Q

Srad.i
Q
Q

conv,i
“acc. 1
Q

sens

Qlat

PEN

3

1
e

new

old

6.3. .

amount .of heat lost by radiation by an element i
amount
amouht of heat accumulated in an element i
amount of sensiblekheat lost by thé dry flue gas in
the bottom of the chimney

amount of heat lost due to CO-formation

temperature of an element i

temperature of ﬁhe environment |

tempeﬁature of an element i measured during the
minute follo&ing the minute at which T , . is
measured

tempeature of an element i measured during the .
minute preceding the minute at which Tnew is
measured / ,
temperature at the bottom of the chimngy'
surface area of an element i
time’intervaltover which the heat loss is
mass of an element i o

characteristic length of an element i
specific heat of an element i

specific heat of the dry flue gas

Nusselt number

Prandt]l number

Grasshof number . 7
édnstants‘dependent on the geometry of surface
element i as well as the value of Gr.Pr '
acceleration due to gravity

heating value of CO

. concentration of CO

uged in the formulas presented~inAAppendix,6.2.

of heat lost by convection by an element i ,.

L
3]

{31

131

(a1
(k]
[x]
[x1

[k]

k1]
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Stefan Boltzmann constant

emission coefficient of an elemént i
heat‘tfansfer,coeffiﬁient‘for convection of a
surface element‘i

thermal conductivity of air

kinematié coefficient of viscoéity

density of the dry flue gas

density of CO

volume flow of dry flue gas

s g

/a2l

-1

[W/a’K] .

[w/mk] -

‘[mz/s}
’ [kg/m3]

[kg/mB]‘
[m3/s]




'APPENDIX 6. 4.
o =5,7. 1078 W’k

stove body (stainless steel): € = 0,24

pan lid (aluminium)  : e = 0,04
g = 9,81‘m/32 .
A =3,0.107% WK of air at 80° C
v o= 2,1. 107> m?!s of air at 80° C
Pr = 0,69 ‘ of air at 80° C
i %
top surface of the stove : 0,15 0,33

stove wall (vertical cylinder): 0,59 0,25
stove bottom : 0,58 0,20

3
b, 1= 0546 107 J/kek

pan (aluminium) . C .=0,806. 100 J/keK

stove body (stainless steel): C

p.l

¢, ¢ = 1,012, 10> J/kgK, for this value the ¢, of air at 100° C is
- taken., \ .

Pgp = 1,293 kgfm?, for this value the density of air is taken at 0° ¢
and 1 bar, ) ‘
B. =9,43.10% J/kg of white fire.

co 3
DCO = 1,25 kg/m” at 0° C and 1 bar.
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7. A SURVEY OF TEST RESULTS ON WOOD STOVES

by
E. Sangen i
Eindhoven University of Technology,

Eindhoven, The Netherlands,

7.1 Introduction

Until now the W.S.G. has produced descrip;ions and test results

of several'stoves. A comparison of several'stoves and an attempt

to explain the differences among them have not been done.

One exception has’to be mentioned. Claus and Sulilatu (1982)

compared three different stoves. However their study was limited

to the compariéons of efficiency, heat balance and combustion S
quality of thehstoves. : ' o

A more logical way of studying stoves is to relate their design

features to the efficiency and combustion quality as was

demonstrated by the tests, The présent study is thus an attempt

to elaborate on the work initiated by Claus and Sulilatu. o i
Teéts on nine stoves (includihg the open fire) carried out over a
period of 3 years and in two labs are included in this study.

Due to this fact, several important restrictions’arise during
comparisons. The first one is that a number of people were
involved in conducting the tests. In spite of the relatively

- simple, but highly regimented testing procedure, this fact no

doubt influences'the results obtained. For example tests at
Eindhoven show that differences up to 10Z could be obtained in
tests coﬁducted by two people on the same stove under seemingly
identical conditions. Presumably this influence could be minimized
by performing repeated tests under the same conditions on the same

stove. Due to the very large numbéer of variables considered in

‘these tests, such a procedure is too time consuming. Hence the.
present study does not concerm itself with absolute performance

values but only with trends of results.
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A second difficulty encountered. in the study can be“attributgdA?

to the evolution of thinking about stoves in the course of

3 years. It was not always easy to isolate two variables and

study the rélationship between these for all the stoves concerned.
Hence we have had to satisfy oursei§es in most cases with plot%igg«
all the measured points and represent them by an agréed average on"
an ad-hoc basis. Sometimes even this was difficult, a cloﬁd of
points emerged on the plot due to the large dispersion in the

results.

Some of these problems are characteristic of all large scale
testing enterprises. This situétion‘must be superimpbsed on the
fact that we are interested in woodburning stoves for domestic use.
These are small naturally aspirated combustion devices. The demands
on accuracy and reliability from instrumentation of such systems
are quite high and not easily attained. Added to this is the

) complex1ty of non steady operation associated with these dev1ces.-

" The following is a simple example of the limitations of 1nstruman*
tation. In none of the tests considered in this study there has-
been a direct measurement of air flow into the stove. It has ‘always
been inferred from the carbon balance technlque using gas analysis
and the ultimate analysis of the fuel Both the latter are subject
to considerable uncertainties. Thus we have not been surprised at

the lack of elegance in the emerging comparisons.

Finally, we should like to point out a set of restrictions on. the
present analysis. It does not consider any aspects of materials and

constructional techniques for comparison of stove designs. Further-

' more, caution is necessary while interpreting the results of this

analysis. The results used in this analysis have nbt‘béen obtained
on stoves that could be considered optimum designs in any sense of
theé word. As the results of Sulilatu et al/(see elsewhere in this
report) shows the Nouna Stove is capable of much higher efficiencies
with relatively small modifications. The purpose of the»analysis'
'is therefore quite limited in scope. It attempts to elucidate the

factors that could promote better performance from stoves. It does

not propose to be a consumer service suggesting stove designs for

wide scale adoption.
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‘The study is divided into several sections. The following section

provides in tabular form the most important dimensions of the

stoves fesped..This»is followed by fuel cbnsumption estimates
deriwed from efficiency figures of three stoves for specific

cooking tasks. We then move on to delineating the differences
between one pot and two pot stoves. A logical way of distinguishing
between design features and their influence on performance with
plausible explanations for the observed behaviour is next considered.
Finally some tentative conclusions and suggestionsbfor further work

are presented.

Survey of several stoves and their most important dimensions

The stoves dealt with in this report, are all stoves which have
been tested by the woodburning stove group itself. Although a

classification can be made in categories like open fires, shielded

- fires and closed fires this is not done, mainly because only nine

stoves are dealt with. Separate treatment of the three groups would

give too little data for comparison. That is why all stoves are

treated without any distinction based on the design.

A summary of the stoves and the most important dimension is given

in table 7.1; in this table also the most important design L '1‘ f
characteristics are given. Figures 7.1 to 7.9‘give sketches of the |

, P

ax’ design :
tabulated; these numbers are derived from graphs which -

stoves. In table 7.1 quantities such as Pm etc., are also
are presented later. They are presented here to see, whether it is
possible to derive some simple design rules. One could think of
ratios like powef and grate surface area, power and combustion
volume, pan load etc. ' , |

In the Woodstove Compendium (De Lepeleire et al. 1981) tentative
figures for these ratios have been given. These are however not
based on detailed performance testing of several stoves and cannot

be considered reliable.
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Figure 7.1: The Experimental Stove.
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Figure 7.5: The Heavy Experimental Stove.
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Figure 7.6: The Tungku Lowon Stove.
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Experimental

Stove

De Lepeleire
Van Daele Stove

Family Cooker

Nouna Stove

Heavy
Experimental’
Stove

Tungku Lowon

Cylindrical
Combustion
Chamber

Shielded Fire

Open Fire

Reference

Number of pots

Chimney
~ length
- diameter
Damper
- primary
- secondary
- chiyney

Grate surface

(m)

{mm)

(cmz)

Combustion volume (1)

Outer dimensions

Péwer
-~ max (kW)
- nont (kW)
- min (kW)

Combustion volume/

(m)

grate surface (1/kW)

- Power/

Pan size

Pan load

grate surface (W/eud)

(m)

(w{cmz)

Vermeer 1982

430
3.44

9.4 * .56

8.5

3.5
40

19.8

.24 * ¢ .28

13.8

Prasad 1981 (a)

.95
100

X

27
.51

72 0% (30 % 24

13
7.3
4.5

481

L1585 * ¢ 26 (2x)

24.5

Prasad 1981 (b}

2.1
110

W22

49.2

L25 % ¢ .28

10.6

Prasad 1981 (a)
Sulitatu 1983

490
9.8

1.10 * .60 * .30

9.5
6.5

1.03

9.6
L1458 * ¢ .25
- 115 * ¢ .20

19.4

Prasad 1981 (b)
Engberts 1983

2

70

625
7.5

93 * 52 % (45

12
6
2.5

.63

19.2

.26 % ¢ .28 (2x)

19.5

this report

255
4.6

70 % 40 * 22

3.5
1.8

27.5

J115 % ¢ ,225
.095 * ¢ ,20

17.6

Prasad 1981 (b)

79
2.7

6 .20 * .50

4.16

.65

52.7

24 % ¢ .28

6.8

Visser 1982

27.5

L26 % 4 .28

i1.4

Bussmann

.39

31.4

26 % ¢ 28°F

13.0 |

1982]

- Table 7,1: Survey of the stoves and some important dimensions

‘%*fli)ﬁ {4H |
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The figures given in the Compendium are:

Volume of the combustion chamber: 0.6 1/kW
' Combustion intensity on a grate : 50 W/cmz with chimey

10 w/cm2 without chimmey.

‘The qﬁantities listed in table 7.1 vary however from .04 1/kW
upto 1.03 1/kW for the ratio between combustion volume and power
aﬁd’betweén 4.81 chmz and 9,6 W/cm2 for the combustion.intensity
on the grate. One has to take into account, that in table 7.1
stoves with and without grate are mentioned. The stoves without
grate (Nouna Stove, Tungku Lowon Stove) seem to have a somewhat
1owervcbmbustion intensity compared to the stoves with a grate.
Regarding the/simple/relations used to characte:izeApheistove
designs we can state that the method'presented heré is not
satisfactory and other ways should be developed. Some deflnltlons

stated in this text or in ‘table 7.1 have to be explalned

?rate surface; this quantity gives the magnitude of the grate

area in cmz. In most stoves the grate surface area is‘eéual to
thefbase\of the’éoﬁbustion room. Where this is not the case (for
example in the Experimental Stove)'fhe area of perforated surface
is taken. For stoves without a gtate (Nouna and Tungku Lowon Stove)
a flgure between brackets is glven' the figure indicates the

maxlmum surface area on which wood can be burned

Combustibn'volﬁme; this volume is the product of the grate surface
area and the distance between grate and pan. Although other
definitions are possible this is the most simple and distinct one.
This defiﬁiticn includes however that the volﬁme under the pan in -
the/Experimental Stove (for example) is much larger than the defined

" combustion volume,

In this study we will mention several power—définitions. For
clarity we will list them here. They agree w1th the deflnltlons

stated in Bussmann et al. (1982). C o . -
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Nominal power

we

the power as imposed by charge size m charge
interval time t and the combustion value of the
wood B; P = m . B/t

Minimal power ; the lowest possible nominal power

e

Maximal power ; the highest possible nominal power

L

Design power

1Y

the nominal power which gives the highest
efficiency

Average power ; the power obtained by looking at the total

“w

‘burning process. The time interval between
lighting of the fire and the instant the water

- stops boiling is taken for the time and the

_ total amount of wood used for the mass of fuel
to determine this average power. The averageA
power will always be less than the nominal power.

:

The burning intensity on the grate and the ratio between combustion.

~ volume and power are both calculated for the maximal power.

Some calculations on cooking tasks and fuel consumption

The stoves, tested until now by the Woodburning Stove Group, show
efficiencies varying from 15 to 50 percent (see figure 7.10; this

figure will be explained in detail in section 7.5).

Although features like combustion quality, fire control etc. are

important we will heglect these for the moment and concentrate on
the efficiency of a stove and(the influence of this efficienéy on
the fuel consumption. First we will have a look at a cooking task,
which consists of bringing to boil 5 kg of water. The tifie needed
to perform this is important for the decision whether or not a
stove is used. If this time is too long probably,a stove is not
used at all. A reasonable time which can be statéd_to perform . = ~V@
this task is,about half an hour. When we know the efficiency of , lf
the stove, we can estimate theArequired power of the stove, and

thus the required wood supply.

The required power P is given by

moc. AT

p=Ll W W
n t

- (7.1)
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In thls formula W is the amount of water (5 kg); cw'ls the heat

capacity of the water (4.2 10 J/kg.K); AT is the temperature

difference between the end and the beginning of the experiment

(80 K) and t is the time interval (halfﬂan'hour); Substitution

of these figures into (7.1) yield for the power of the stove.

P =-% * 93,33 : : (7.2)

- In this formula P is eXpresséd in kW and the efficiency nin a

percentage., A stove with 1ow<efficiency {n = 157) must have at
least a power of 6.2 kW, which, as can be:séen—from figure 7.10,
is realized for every stove. Wood consumption differs however for
the various stoves. This wood cdnsumptioh M can be expressed by
the formula | |

M=P.g : ‘ . (7.3)

'Substitution of the correct values for the cooking time t (1800 s)
and the combustion value B (18,7 106 J/kg) yields.

M=P* 0963 | (7.4)
here the power P is again expresSed in kW, while the mass of wood

M is expressed in kg.

Substitution of equation (7.2) yields

M= 8.99/y | | | - 7.5y

For the same cooking task a stove B, with an efficiency of half

the efficiency of stove A, will consume twice as much wood as

stove A does (if they each burn for half an hour). : ‘.7.;5;

- For héating of periods less than half an hour (this will be the
case for higher power levels), the fuel consumption for a stove
can be even less. This can be explained as follows. From figure 7.10

we see, that the efficiency first increases and later decreases

with increasing power. At the highest efficiency the wood, is used

as efficiently as possible for that stove.
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A stove even uses less wood when a higher efficiency 13 obtalned
by a power hlgher than the requlred power for half an hour 8
cooking. One remark however has to be made for figure 7. 10, Thls
figure contains the total efflclencles for the stoves, whlch
means that the eff1c1ency for the first pan of a two pot stove is

less than given in figure 7.10.

Another cooking task, which is closer to reality is the following /
task. Bringing‘a given amount of lentils and water to boil and let
it simmer for one hour. This example will stress the importance of
the power range of a stove. First of all we will assume a constant
efficiency for each stove. From figure 7.10 this seems to;beVnotﬁa
bad approximation and it will simplify our calculations (we will -
only use the maximuﬁ and minimum power of the stove). Say we will
cook m, kg of dry lentils; after codking this will give us

1 ,
2.44 ¥ m, kg of cooked lentils (see Prasad, 1982); (calculations

1
here are similar to the calculations in Prasad (1982)). For heating
and simmering m kg of water is needed, which is partially absorbed
by the lentils (l 44 * m kg) and partially evaporated as steam

(m kg) durlng the 31mmer1ng period.

The stove, as already 1nd1cated Wlll have a constant eff1c1ency
and will burn at two powers; namely the maximum power P ng)'
during the heatlng up period and the minimum power ?min (kw).
during the simmering period. It is assumed that the meal will
keep simmering at Pmin’ which can be confirmed from a'cooling
test of a pan. This test gave a heat loss of 300 to 600 W in the
temperature range of 90°C to 70°C. Realizing that this test was
done on a free standing pan and. that a pan in or on a stove at
least from one site is not exposed to the surroundings we can
accept the statement that the paﬁ's\contents will keep simmering
at P min® (lowest power of a stove is about 2 kW lowest efficiency. |
is about 20%, which means that at least 400 W is transfered to the -
pan.) R 1 ’ ‘
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We can now make the following calculation on fuel use and cooking

time. The enmergy needed to evaporate m, kg of water during the

simmering period (one hour) can be calculated from the energy

equation
Unto pan Qtean ; ‘ o .
P i *103*m"*t=m h .8
min 100 s s ' , ,

i an

In this formula tg stands for sxmmerlng time (s) and h for the

spec1f1c heat of evaporatlon (2.257 10 J/kg)

The amount of steam formed is thus

e -2 s
= * % . S
m =P . *n* 1.595 10 7
The initial amount of water m, (kg) is the sum of the steam "
produced and the water absorbed by the lentils.. 8
£ h- % . h -
m, = m + 1.44% m (?.8%

Now we can calculate the duration of the heating up period £y (s)
from an energy balaﬁce

o~

.3 , , A
* * ¥ = * * o ‘
P x 1Q ,n/IOOf tb (m1 ¢y + m, CW) AT (7.9)

Here AT stands for the temperature difference, which is taken as
80 K; ¢y and c, for the specific heat of lentils and water

3 J/kg and 4.2 10° J/kg). For the time t_ this-

respectively (l:8é 10 b

gives

1 *6.31 + m, * 3.36) * 10 :
max .

(m, 0

‘The total amount of wood consumed durlng this task (M d) is

P * ¢ +1?. * ¢
max b min s

¥§ood = B

(7.11)
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Thé coﬁbustion‘value of the wood is indicated by B (J/kg).
Substituting equations (7.6) till (7.10) for the total wood
consumption (B = 18.7 106 J/kg)

g

M -1 3,374+ P . * 2212 . : T (7.12)
wood n S min , \

The total time (ttotal) needed to perform this task is the sum

of the heating up period and the simmering period.
=t *t, \ | (7‘13)

With formulas (7.7), (7.8) and‘(?.lo), found for the simméring and |
heating up period, (7.13)(éan,be7expre83ed in the variables of the

stove and cooking task

t oL 6312 104« “min 5.3592 103 + 3.6 10° . (7.14)
total P n . ° P ’ ) ‘ '
A max = max

The total required enérgyAiS'found'by the mass of wood from :
fcrmula‘(Y.IZ) and the combustion value of the fuel used.

We see, that the total fuel consumption is determined by the
minimum power, the efficiency of the stove and the amount of
lentils to be cooked. The maximum power of the stove has no\r
influence on the fuelnconsumpﬁion. This value only influences
the cooking time. In fact this is true because we stated a
constant efficiency, in reality the maximum power will also

influence the total energy consumption per cooking’tésk.'

We will now apply these formulas to three stoves for differént
amounts 'of lentils. The three stoves chosen are the Shigldéd, '

. Fire, the Heavy Experimental Stove and the Tungku Lowon Stove.

- Reasons for the choice are: the Shielded Fire has a high

'efficiency, the Heavy Experimental Stove has the greatest power

range and the Tungku Lowon Stove has the lowest minimum power.
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For these three stoves the following data have been used

{Pnin (kW) Poax 49 n(z)
HES 2.2 12 26
TL 1.8 7 | 175
SF 2.5 6.7 43

Table 7.2: The efficiency and powers of the three stoves.

In figure 7.11 the total cooking time and the total energy
consumption is‘plotted as a function of the amount of lentils
to be cooked. It is remarkable, that for small amounts of lentils
the Shielded Fire has the highest fuel consumption. This can be
explainedfby noting that during the simmering time, due to the
high effiéiency, more water is evaporated compared to

other stoves. This implies that during the heating ﬁp period
relatively more water must be heated if we desire the same
final quantity of cooked food. Another strikingvfact is the
exceptionally long cooking time for the Tungku Lowon Stove when
large amounts.of léntils are cooked. This is only due to the.
long heating up'périod (simmering period is taken constant) and

thus due to low efficiency and low maximum power of the stove.

In practice there will be some departures from the results
presented above. Firstly non constant efficiencies with varying’_
powers will result in some changes. Secondly it is improbable
‘that the same pan will be used when my is changed from 1 to 10 kg.
This will have a much stronger-effect on the efficiency.

In spite of these limitatioms, the calculations show the importance
of designing stoves fof low power levels so that the simmering
operation could be carried out with minimum amount of fuel.

The several graphs of figure 7.11 all start with 0.5 kg of lentils.
This amount of lentils is arbitrarily chosen. The maximum amount

of lentils which can be cooked by each stove varies. This variation

is due to the pan size which has been used for the stoves.
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It was assumed, that in the beginning each pan could not be

‘filled for more than 80% of the total volume. With the derived

formulas it was possible to calculate the maximum amount of

lentils which could be cooked in one pan. The density of the

lentils 'is taken 1800 kg!m3~(the volume between the lentils has

taken up water!)

!/

One and two pot stoves

s

As can be seen in table 7.1 there are stoves with one and two
hoies} Two potxhole stoves are intended to cook two pans
simultaneously. In that case the two cooking processes should
be such, that the heating up period as well as the simmering
period are equal in duration. This will never be the case so

that the total efficiency has no practical value., When one has

~ two non "identical" cooking processes it can happen that the

Sécond‘hole is only used part of the time. No use of the second
hole is made when one likes to heat some water or milk when there
is no real reason to heat anything else. In former days in Europe
there was always need of hot water and during colder periods of
the year (£ 6 mbnths) also need for space heating. The climate

in most developing countries does not demand such use. In contrast

‘with stoves, which are intended for cooking two pots simultaneously,

there are also two pot stoves which have a second pot to eﬁhance

the total efficiency. This is really a bad way of improving stoves.
Probably in most cases two one pot stoves (one with a rather high
power and one with an intermediate power) perform better when they
are used simultaneously (for detailed calculations see Prasad 1982).

Other advantages of one pot stoves is the lighter weight, compared

“to two-hole stoves, so they are,portablelandVin addition one can

still use one stove when the other must be repaired, while when
the two pot hole stove breaks down onme has to retreat to the open

fire,

To get an idea of the ratio of efficiency between the second pot
and the first pot figure 7.12 was drawn. In this figure the ratio
between second pan efficiency and total efficiency and the ratio

between second pan efficiency and first pan efficiency are plotted.
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We can see ‘that ornly the De Lepeleire vaniDaele stove gives high.

' figures; higher than about 35% for the total efficiency ratio.

Because the total efficiency is about 30% this means that the
efficiency of the second pan is about 12%, which indicates a

rather 1ow‘efficiéncy of the first pan of about 187. From the

point of view of the efficiency two pot stoves do not perform

better than one pot stoves (figure 7.10), at the same time it
appears that the second pot efficiency is not higher than 40% of
the total efficiency (figure 7.12), which is not higher than 30

' percentage points. This together with the doubfs'statedrbefore

on the effective use of the total efficiency suggests that one.
pot stoves seem to hold more promise for saving fuel than two pot

stoves.

~ Some remarks on the combustion quality of stoves

The combustion quality of a stove is a term indicating the
completeness of combustion. Products of incomplete combustion can
be classified into |

(i) © carbon monoxide ,

(ii) hydro-carbon (oxygen?) components

(iii) soot and tar.

The heavy carbon hydrogen components will be partly«deposited'onf

the (cold) pan and stove, just like most of the soot and tar and

- partly leave the stove as smoke. The CO gas is completely emitted

by the chimney or other devices by which the smoke can escape..

In general incomplete combustion represents a loss in efficiency.

"However the general impression that emerges from the testing:

'p;ogramme in Eindhoven and Apeldoorn -is that products of incomplete

combustion account for at most 5 to 10% of the fuel heat content.

Thus .improvement of combustion efficiency in a stove will not

result in significant improvements in fuel economy. However there

is another aspect to the problem of combustion quality. Many

~ components of the products of incomplete combustion of wood are

known to be carcinogenic. Generally it is assumed that at the

present levels of health in the third world countries, this is
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not a serious éfobiem. The other product of combustion invol?e&\,‘
is carbon monéxide (CO). This can be serious threat to life.

When CO is bréathed, this molecule will combine with the’dxygén‘
carriers in the blood in such a way, that no oxygen can be
transported any more. Figure 7.12a shows the poisoning effect . ) o
fér various CO concentratiéns. A reasoﬁable number of stoves is
operated in closed rooms,vmostly small and the smoke is released
in the saﬁe‘room.~qum figure 7.12a it will be clear that severe

poisoning can result. In figure 7.13 measurements of CO concentrations -

-are shown for various stoves as a function of the power output.

When one states that the CO concentration in the flue gasses mayvnot
be higher than .5%Z the maximum power ofrthe stoves need to be 7
restricted., We see from figure 7.13, while the Nouna Stove is not
affected by this consideration, the other two are affected quite
seriously. Tungku Lowon is the worst of the three in this respebt.‘
Thus the designer is required to specify a new power rating of the
stove, which méy be called the carbon monoxidé limited power level

(analogous to the 'smoke limited power output of a diesel engine).-

The practical implication of this is that it is inadvisable to
operate the Tungku Lowon indoors to bring 3 litres of water to
boil in half an hour. If this is an important function that a
customer desires, it is preferable to scale up the design so that

twice the present power level from the stove could‘be'obtained.

t

Influence of several stove parameters ’
Introduction

In addition to power range and combustion quality investigations
have also been done on the influence of several stove péraméteré
on the efficiéhcy, formation ofvproducts of inéomplete combustion
and excess air factor. As explained in section 7.3, it is very
important that a stove has a power range and that this power range

matches a cooking task.



- 221 -

3 ,
T //, S~
/' [T &
L
2
[
W
o
S
Lo e
o0
II // *-m‘
a | | 4
< =z
Ll Z
0 fg / 7
V o
I 2
II // \
| //
| A . 2
/'/
Vd "
A w
&
§§ o~ - S Eg_
S s
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In this section However only tests are described with a constant ,
~power input. This constant power input means that several
charges of wood of the same weight are added at certain fixed
intervals of time. When the water starts boiling maybe one or

two more charges are added. When the water stops .boiling, the

test is finished.

"Each of the three characteristic stove magnitudes; power range
efficiency and combustion quality; can be influenced by several
parameters., These parameters cah be stove dependgnt ﬁarameters or
parameters which depend on the fuel use.

The parameters related to the stove geometry are:

- distance between (first)pan and grate

depth of the pan in the stove

air supply - primary

i

- gecondary

chinmey length

- aamper

distance between second pai and baffle (if present)
Thefparameﬁersvrelatgd to fuel use are

- fuel species (wood)

- moisture content of‘the fuel
- dimensions of the wood blocks
- charge size (Amf)

- charge time (tc)

- power input

The last three parameters are related through the following

relation:

It is thus possible to vary P by either varying Amf holding t.
constant or vice-versa. From the point of view of the user, it
is much more convenient to have a stove that permits large

values of tc'

B
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The implication of this is that the stove does not require
frequent‘éttention;to maintain a power level that is demanded

by the”cookihg process. Thus the study of the influence of N

- Am_ on the stove performance -is quite important.

£

The distance between pan and grate

- The influence of the distance between the pan and the grate on

the~effiéienéy'of an open fire has been studied in”detail'by
Bussmann et al (1982). Here we shall restrict ourselves to a
qualitative discussion of the problem in closed stovés‘_Fo;

this purpose we shall consider a hypothetical stove with a

‘fixed grate position but with the possibility of varying the

~depth of insertion of the pan into the stove body. When we

permit that the grate can be placed on several places an
analogous treatment can be given of the observed effects. Now -

we will first look at effects on the radiative heat transfer

- when we change the distance L between the pan and the grate,

First of all the view factor from the fuelbed to the pan will

change. This view factér is a measure of the radiation leaving
the fuelbed and incidenﬁ on the pah. When L becomes larger, the
view factbr will become smaller (see Fckert and Drake, 1959 for

details on the view factor between two concentric circles).
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Another view factor which will also become larger is the view .
factbr betweén fue1bed and stove wall and thus stove wall and
pan when the distance h becomes larger. However the énlargement

of the 'sx;n:facé.'A,W is probably more important, because the product
of view factor and surface area detprmine the total radiated energy
from the sto?e.wal} to the pan. This radiation from the side wall
is not negligible compared to the radiation from the fuelbed to

‘the pan because of ‘the rather high wall temperatures. A last item
related to radiation is the change of the ratio of the surfaces

of the pan 1nsmde (A ) and outside (AL) the stove. The higher this
ratio, the more pan surface is exposed to the environment, the more

heat can be lost by radiation to this environment. Delsing

calculated the effect of the changing heat flux to the pén when the

distance between pan and grate changes (Prasad 1981(b)). However

he did not do a proper heat balance on the fuelbed and he calculated
a too high fuelbed temperature. A , '
Besides changes in view factor and surface area, which influence

the radiation heat transfer there are also changes in gas flow

and gas temperature, which influence the convective heat transfer.
The relative importance of these two heat transfer mechanisms have ’
been studied by Bussmaan et al. (1982) for the open fire. Similar

work for closed stove is being attempted now by the group.

The expected changes in gas flow and teﬁperature are caused by the
changing flow resitance in the stovev(betweenkpan and stove wall
for example). This will cause different excess air factors with
diffgreﬁt'éilution of the gases, temperature changes eté., When
the excess air factor increases thére will be more air drown into
the stove. ThlS larger amount of air may affect the combustlon.
Firstly the gas temperature will become lower Whlch could mean
worse\combustlon of the volatiles. The dilution however also
lowers the ccncentration'of the carbon monoxide. Secondly it is
possible that a higher excess air factor willyprovide‘a better
chance for complete combustion because there is more oxygen

available. This also will. cause a lower CO concentration.




The absolute amount of CO produced in the stove depends on the
_product of the CO concentration and the excess air. factor. In
“first instance 1t is not clear wether this total amount of CO w111

be larger with a higher air flow through the stove. In figure 7.14

the influence is shown of the distance between pan and grate for

the open fire and several other designs. All these measurements
were done on metal stoves and not on’brick stoves. From the
graphs it is seen, that the distance between pan and grate has a

big influence on the eff1C1ency of the stove. It is presumed that

in heavy stoves one also needs to pay attention to this dlmen31on.

In figure 7.15 the effect of the insertion depth of the pan on the
- efficiency is shown. Only the experimental stove has a fixed
distance between pan andvgréte while the insertion depth HS is

varied. For the other stoves this means, that identical curves

are shown in figure 7.14 and 7.15. ‘

In figure 7.16 and 7.17 the excessvair(factor k and the CO
concentration respectively are shown against distance between pan
and grate. We see that the excess air factor increases w1th
1ncrea51ng distance h. The variation of k with the CO concentratlon

is as stated before.

 7.6.3 The air supply control

"5 Control of combustloﬁ air is mainly done by changlng the flow .

reSLStance in the stove. In principle the flow reSLStance must

be balanced by the chimmey draft. We will not dlscuss in’ detall‘

how the flow resistance influences the amount of air which flows

through the stove but conflne ourselves to the different dev1ces

;jfff ‘ jwhlch are de31gned to exert this influence. These devices are the

94ﬁ‘ A primary air holes, the secondary air holes, the chlmney length '

' and chimney damper.‘Also the distance between the second pap and
the baffle influences the flow resistance. When ‘the draft is |

‘ assumed constant, flow resistance is only dependent on the chimmey

ylength and temperature of- the gases, we see that the alr flow will

U
L e

be hlgher when there is less resistance. Thls results in a higher
excess air factor with all its possible consequences for the

combustion.
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None of the experiments takes inio'aCCOunt, that thé air(controli
might have a significant influence on the power fangé of a stove.
In the previous section we already discussed the influence of the
excess air factor on the formation of CO and on the coﬁcentrétioﬁ

of carbon monoxide.

The’influenée of the primary air control on tﬁe‘efficiéncyfis
AshoWn in figure 7.18. The primary ;ir‘is expressed in the~relative\pa
opening of the primafy air holes. From the graphé it:will be clear; 
that for the designs ponsidéred this parameter has little influence
on the stoVe;efficiency.'In figure 7.19 the efficiency is'plotted 1
against the secondary air shpply. Also in this graph no influence:
%/V is seen. The data for the Nouna Stove'showvconsiderable scatter
and as such it is shown as a region in figure 7.19.
“From figureé 7.18 and 7.19 we see that the air flow through the
stove is unaffected by the air controls. This can also be seen

from the excess air factor k. This parameter is plotted in figure

7.20 as a function of the air hole opening. (Only the Nouna Stove
and the De Lepeleire van Daele Stove have air hole control /
possibility). Except for very small openings of the air holes the
excess air factor is practically constant. Figure 7.21 shows the
CO concentration. Althrough the scatter in results with the

De Lepeleire van‘Daele,Stevelis quite large, similar trends are

. observable for both Nouna and the De Lepeléiremvan‘Daele Stove.,

In figure 7.22 the influence is shown of the chimmey damper on
the efficiency. Uﬁtil now these experiments have only been done
with the Family Cooker. In the graph 07 open means totally closed
and the smoke can only escape by leaks. Except for very small
openings no influence is seen; below a threshold value of the
damper opening, efficiency drops with decreasing damper openings,
/ é : f ) In general one gan\conclude thatftbe devices especially made to
control the air flow through the stove do not work. Compared to
the distance between the pan and the grate this influence is
negligible and the distance h seems a more useful device to

control the air flow through the stove.
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Influence of air control holes on the
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Until now only few preliminary tests have been done with varyiﬁé

chimmey length. Tests which have been done with the\Heévy
Experimental Stove, are shown in flgure 7.23. We see an 1ncrease
in efficiency with lncrea31ng chimney length No measurements on
the excess air factor have been performed along w1th these tests,
80 MO explanatlon of the 1ncre331ng efficiency can be glven. It 18‘

expected, that more air passes the stove because of the higher

- draft.

7.6.4

The distance h, between second pan and baffle is varied for the

b
Heavy Experimental Stove for four experiments only. The results

‘are shown in figure 7.24. From the graph it is seen, that in
‘particular the second pan efficiency is influenced by this para-—

meter. The efficiency of thg first pan is hardly effected.

A distance of about 20 ﬁm seems to be an optimum value for this
parameter., Probably with smaller values the flow resistance
influenées the efficiency in a negative way. Here agazn no excess
air factor is measured, so that the air flow through the system,
resultlng from the resistance under the second pans cannot be

shown *
Wood properties

In this sectidn we will deal with the influence of several wood
properties on the stove efficiency and combustion. In Chaptér 9
this will be done in detail for the Nouna Stove. Pr0pertiés which
we will discuss are the moisture content, the wood species and the.
dlmenSLOns of the wood plecesp

Bussmann et al. (1982) already pald much attention to the effeet

of moisture content of the wood on the eff1c1ency and on the

: probléms of lighting the fire. Test on stoves showed, as far as

efficiency is concerned, the same tendency with varyiﬁg moisture
content. Hardly any influence has been noticed. In figure 7.25
this effect is shown. In flgure 7.26 the influence of the molsture
content on the CO concentration is shown. We see that these ’

measurements are only performed for the Nouna Stove. The CO

SNt

* See for more details on the effect of thls parameter on the

Nouna Stove (Chapter 2)
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concentration increases somewhat with increasing moisture content’.
In figure 7.24 and 7.25 the moisture content ¢ is expressed as a

‘pefCeniage\onia dry weight basis,

The wood species‘can be characterized by its density, In figure
7.27 measurements are shown for three stoves. Table 7.3 shows
the various wood species used, their demsity, their combustion
value and the stoves in which they have been tested. The effect
‘on the combustion quality of the density of the wood has been
studied systematically‘only for the Nouna Stove. Measurements
however show so much scatter, that no clear trend could be

observed (see figﬁre 7.28).

Wood species | Demsity | Combustion | Open | Tungku Nouna .
‘ ) value - fire Lowon Stove

A , kg/m3 MI/kg

White Fir 400 18.7 X X X

Jelatong 440 17.8 x X

‘Iroko | 580 . 18,1 X

Meranti 660 18.3 X X

Oak ‘ 620 16.9 X

JBeech 650 17.0 x x

Merbau 850 18.1 X

Table 7.3 The wood species, their characteristic dimensions

and the stoves in which they have been tested.

The wood block dimensions are varied for three stoves. (F.C., N.S.,

L.v.D) and the open fire. It is possible to present the results

in two ways, efficiency versus length of the wood or versus

- volume-surface ratio. The last option is chosen and the graphs:

are shown in figure 7.29.

One can see that hardly any influence éan be shown for the Nouma
Stove, while for the Family Cooker and De Lepeleire van Daele Stové
a higher efficiency is measured with bigger wood blocks. Results

for the De Lepeleire van Daele Stove showed much scatter,
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7.6.5

- Power range and charging intervals

The graph for the open fire is based on two measurements, that

is why a straight line is drawn, Effect_on the combustion quality
of the fuel dimensions is only measured for the Nouna Stove. The

results are presented in figure 7.30. The curve is based on

measurements with three kind of volume-surface ratios. Two ratios

however were so close to each other (7.75 and 7.9) that the line

is based on two measurements only.

Before we give the results for all the stoves, we first concentrate

on the De Lepeleire van Daele Stove, just for the simple reason

that a lot of experiments have been done with this stove,

In figure 7.31 all power—efficiency results are shown together

‘with a curve which fits these points. This curve gives a maximum

efficiency for a power between 7 and 8 kW. To find out what the
best chargé‘and chargetime for this power is, we plot the charge
and chargetime versus efficiency for all the measurements with a
power between 7 and 8 kW. This is shown in figures 7.32 and 7.33.
?romlthese figures we find an optimal charge of 230 grams and an
optimum chargetime of 550 seconds. These two numbers correspond
to a power of 7.8 kW, whigh‘corresponds well to the design power
as was deduced from figure 7.31. This seems to be é réasonable |
procedure to determine the optimal chafge and chargetime for a
stove. It is however not done for the other stoves because the

experiments are too few, so no reliable optimum can be determined.

In figure 7.34 all power efficiency curves are shown (this figure

is identical to figure 7.10). The curves are drawn on a identical
way as was done in figure 7.31. As one.can see somé;stoves'have«
a lower efficiency than the open fire. Power ranges of the stoves

vary from less than three to six kW (Heavy Experimental Stove).

- The depéndencé of excess air factor and CO percentage with the

power of the stove is shown in figures 7.35 and 7.36 respectively.
The magnitude of the CO percentage and the possibility of
introducing a CO percentage dependent power has already been .

discussed earlier.
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7.6.6 Combustion quality

The combustion quality is reflected in the composition of the

flue gases, i.e. the amount of CO, C Hy and soot in the fluegas.

~These products are due to imcomplete combustlon and thus their
quantities contribute to the latent heat losses. Compared‘to the. -
- measurements of soot and CxHy it is much easier to measure CO
concentration and that is why only for two stoves the soot and
C Hy concentratlons are measured, while CO is measured for ‘
4 stoves. The contributlon of the C Hy concentration to the heat
‘balance is between .1 and 2.2 percent for the Nouna Stove and
between 2. 4 and !9 percent for the Tungku Lowon Stove. In order -
to apply these results to other stoves a relation is sought
between the CO and the C Hy part of the heat balance and between )
the CO and C By concentrations in the fluegases. In figure 7.37
the C Hy concentration (in ppm) is plotted versus the CO

concentratlon (1n %). This 13 done for all measurements on the

Nouna Stove .and the Tungku Lowon. It is possible now to fit a
curve with the least square method through all the\poihts.

The formula we tried was: \ o
"CH =a COb, V ' i S
xy
with Cxﬁf in ppm and CO in percentage points.

The values we found for the coefficients a and b are

a= ,023
b = .438
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7.7

Discussion

 The results collected together in this study - while forming a

rather incoherent picture - do assist us in delineating a few

'generallzed remarks én the performance of Woodburnlng stoves,

It seems that four factors could be used as performance 1ndlcaters

-for characterlz1ng a stove. These are:

a. maximum power level of a stove, P max

b. power range of a stove, RzPp [P

max min
c. efficiency, 1 -

d. CO concentration, [CO]

Pm prov1des an 1nd1cat10n of the speed w1th which a certaln cooking
task, say, brlnglng a mixture of water and lentils to b011, can be
accompllshed R and n together determlne the fuel economy, partlcularly,-

for those cookxng operatlons that require prolonged perlods of

: slmmerlng. {CO] is introduced as a separate performance 1ndlcator

because it can be a source of serious health hazard

We can write down a few generalized functional reletionships sﬁowing
the dependence of these indicators on the designAand o?ereting pera—
meters. V V

,Pmax &<Pmax{?b’f ’}[CO]}

Where ay is the area of the fire place, f, contains fuel species and

‘condition. As far as can be gathered- ay is the single parameter that

determlnes Pmax of a stove. As higher eff1c1enc1es becomes p0531b1e,

it is obvious, that we will require smaller a However it has not

.be

.been possible to establish a clear relationship between P nax and a -

" As stated in sectlon 7.4 it is possible to restrict P by clalmlng

that the CO concentratlon does not exceed a given 11m1t

;R =’R {mc, fl’ A}

where w, is the charge weight and d is the excess air factor.
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The ekcess air factor in its turn can be given by .~ = .
A =1 {p,C) o . T

P is the power of the fire and C is the construction of the stove ,
(air control, chimney length etc.). The excess air factor inflﬁencgs “l
the combustion of the stove, the exact mechanism is not clear howaverﬂ
A higher excess air factor prévides a lower CO concentratioﬁﬂ‘
The efficiency nis dependent on many factors. A general relationship
is given by ' ‘ ' o
n=n {P,A,fl, m,,c}
The relatlonshlp between the efficiency and the stove de51gn 13 of
 special 1nterest because this relationship can be a tool to des1gn
a stove, Other parameters like power, fuel species efec. are so called ¥

"operational” variables and are only determined by the person who .

uses the stove, Some of the influences of the stove design on the

efflcxency are shown in the flgures presented in ‘the study.

Some relationships, like the distance between first pan ‘and grate,

show a general tendency for all stoves./ Other relationships are only (t'
measured for one stove, like the éhimney lepgth,'énd the figurés show 
only preliminary measurements. In the future more attention/shouid be
paid to determine the influences of the stove design parameters on’

the efficiency.

The last performance indicator is the carbon monoxyde concentratlon

of the flue gases

[ca] [col {a, P}.

In contradiction to the earlier mentioned parameters, theAmaximnm‘A .
[CO] concentration is determined by general rules for health, and noi"
S - by the stove itself, In consequencé the [CO] concentration may restrict.

the power output of a stove (as discussed in chapter 5).

i



~‘Conslderab1e amount of ‘data have been presented in the precedlng
pages. But, unfortunaly, they fall for short of what is requ1red
to give general relatlonshlps for every class of stoves. Very '
much more work both of a. theoretlcal and an experlmental nature N
are necessary before we are in a p051tlon ‘to have the necessary ’
“relationships. Such relatlonshlps will be very useful to understapd
the behaviour of a stove and to predict the influence of a change
in the design of a stove. Further the process ofrﬁesigning will

become easier and more efficient. :

il
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8.1

A SHORT REFLEXION ON WOODBURNI&G COQKING STOVE PERFORMEﬁCES
‘ EFFICIENCIES AND FUEL SAVING

« by‘A

G. De Lepeleire

" Catholic University Leuven

Belgium

Introduction

0

EfflClency is not a physical fact: it is an engineering concept
which can be useful to evaluate the performances of technical
equlpment In principle the eff1c1ency is a d1mens1on1ess ‘ratio

of an actually measured performance and a computed one, asscc1ated

with a reference or theoretical model. Of course this reference.

state conditions are preferred if possible but if necessary a

- well defined cycle may do.

must be clearly defined as well as the test conditions. Steady

-

For example: the efficiency of an engine running at a given sbéed

with a given torque is the ratio of the mechanical power measured
at the shaft to the power that would result if all of the energy ‘1

content of the consumed fuel was converted into mechniéa; power,

Often a system is an assembly of different components,feach with
their own efficiency. The overall system efficiency is the the

product of all the component efficiencies. The other way around:

the efficiency of a machine can be split up in partial efficiencies.

This allows identification and localisation of separate losses®.

product of: - Hydraulic efficiency (which considers
pressure losses in the fluid flow) -

- mechanical efflczency (reflecting
friction losses out31de the fluid flow)

- volumetric efficiency (reflecting

leakage losses)

. For example: the efficiency. of a pump may be considered as a

* Partial efficiencies are very popular among engineers; users
however limit their attention to the overall efficiency.

/



Thé efficieﬁcy concept does not work in those casaé.ﬁheré’ahyf_'
energy‘lnput is converted into losses and no useful energy é 7
output is produced This happens for example with a brake. The ‘
energy. efficiency of a brake would always be zero, this is

obvious nonsense.

4
"' ) N
Many technical systems have to operate under varying conditions
for example atihigh or low power, speed, etc.. Therefore the
performance cannot belexpressed in one single efficiency figure.

Instead efficiency plots are needed to get a correct impression,

For example a fan will show an efficiency plot as in figure 8.1.

Figure 8.1 Fan efficiency plot.

Anyhow: efficiency is a man made concept which needs a clear
définition. Among other things one has to define a referencé to
compute the theoretical performance. Many times this includes a
consensus on what is considered useful and what is a loss.

As a matter of fact allyeﬁergy\flows in techmical syétems in

the end turn into loss. Therefore it is important to state the
‘point at which an ongoing process will be checked, and to define

the assembly of'equipment that'will,be considered...




8.2 - Efficiency Definitions

LR

_An energy flow dlagram in woodburnxng cooking shoves mlght leoka'

like figure 8.2. Charging and burning wood is a batch type.

process; a'strictly steady state situation is therefore not 4 :~”:' T
- feasible. One can however\imagine periodic quési steady states.

7

a:sgmr”
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, , . Fmgure 8.2 "Mass and energy flows
« ' ‘ ' ‘in a woodstove.

Heat is generated by (partial) combustion of wood. This heat
is partly transferred by radiation from the firebed and by -

1

convection from the flue .gas, It is transferred to the stove
- body, the pan- and/or the environment.
~In the end heat left in the flue gas (both sen81ble and latent)

is lost 1n the environment by dllutzon

When starting a cold stove<thingé are complicated by the fact
that heat is stored in the stove body in the beginning to be 1§st
later... « ' T '

In the meantime the cooking pan receives heat‘in many-wéys and
loses heat to the environment. When heating uﬁ.part of the

- received heat is stored in the pan contents (food) and a fraction

.is lost to the environment by radiation and convection from the

5 e i
N

. pan surfaces. When simmering some latent heat is supposed to be



i

Vabsorbed in physmo-—chemcal changes in the food (see 8. 5)
A ma;or part however of the net heat. 1nput is wasted in evaparatlon a
of water whlch acts as a thermostat and 1nduces a qu381 steady '

state,

Many different efficiencies can be suggested.
“For example:' -

1) Combustion efficiency nc
ot
_ heat generated by combustion _ consumed H.-unburnt losses
¢ combustion heat (in fuelwood) " combustion heat ’

2) Heat transfer efficiency Ny

i

_ gross heat input into the pan _ generated heat - stove loss
' generated heat generated heat

N

3) Pan efficiency n

P
now net heat input into the pan _ pross input - pan surface loss
P gross heat input - gross input

- 4) Control efficiency Ny

_ heat absorbed in the food mix _ net input - evaporatlcn

R net heat input into the pan net input

5) Overall cooking efficiency

_ heat absorbed in the food mix _
" combustion heat (in fuelwood)

nC-nTonPonR

stove body loss : -5 P
66

pan_surface Tos

‘ . ' ’ . themosi:atw gteam J N
wood genemted heat. gros...net: heat to pan . ~__used heat >
used " gensible_chimm
‘ unburnt volatiles latent chimney loss

" charcoa ZCD




Nate'that thls 1s not the only p0391b1e layout. For exampie oaé
might suggest a stove efflcxency including combustlon and heat V
transfer. = nc ’fnT \ o
However, thlS concept is not likely to be popular as 1t is net
easily measured. ‘
An efficiency definition whlch is often used is

LI,
Some people call it an overall stove eff1c1ency, as it 13 lndeed

a product of three partial efficiencies.

8.3 Water boiling tests and simulation of cooking

Water boilihg tests have been dome in the lab for example in’

quasi steady state conditions. The power rate of the stove can’

be controlled by the rate of charging and burning wood. The '

"useful" heat transfer to the pan is computed from the evaporation

‘rate. -
o " HNote that this is a simulation where water simulates the food mix,
' ~  and the evaporation represents the storage or absorptxon of heat

in the same mix.

Pan surface losses as such are not measured and not considered
useful. Along the suggested efficiency concepts the reported

h c result thus includes combustion, heat transfer and pan eff1c1ency.

n

Cag T : ; LIS
ﬁ "§ o n nC .

T . nPo

This engineers approach - which is easy to do in a well equipped
lab - results in a power-efficiency plot as shown in fig. 8.3, very
famxllar to engineers indeed. This plot contains a lot of
1nformat10n on the stove tested, for example the power limits

.

Pmln and Pmax, the stove "flexibility" Pmax/Pmin etc.. Pmin is the

‘1ewest power the stove can deliver: at a lower firing rate the

fire might die. Obv1ously‘at a stove power level Pmin the net a

heat input into the pan is Pmin . n°'

[
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Figure 8.3 . Experimental Flgure 8.4 Extended stove

stovepower - power - cooking
efficiency plot. : : efficiency plot.
' If the heat demand - in actual cooking - is lower than Pmmn .rﬁ}

the excess heat input is lost in thermostatlc steam generatlon
(see 8.5), The control efficiency drops, proportlonally ‘

with the reduced heat demand, even down to zero.

As a consequence the overall cooklng eff1c1ency of a slmmerlng »
stove operatlng with a heat demand below Pmln . n can be A
anything between zero and the measured efficiency n'. The‘ 
hekperimentai pover~efficiency plot can be extended as Shown‘in
figure 8;4. A bétter‘image of what happens results when p’ ‘
efficiencies are plotted as a function not of the stove powér;
but of the useful heat transfervbr heat demand P' = P . n as

- shown in figure 8.5.

vz
g

Figure 8.5 Extended heat
demand efficiency
plot.




 gimmered for thirty minutes. Water evaporation in principle was.

. 4326574 15

It appears that at very 1ow power demand P‘ the energy
effxclency of the cooklng system depends not on the measureé

efflc1ency but rather on the slope of ‘the curve a$ in flgure 8 S o

- that is the ratio (n'/Pmin).

It appears that to save fuel, efficiency is not the only pelnt.

~Thms ratlo can be 1mproved in dxfferent ways:

- by an increase in eff1c1ency (obv10us, but perhaps dlfflcult)

- by a decrease of Pmin, through either a reduction of the
nominal power Pmax or by an increased flex1b111ty (Pmax{Pmln)
or both.

Perhaps the extended efficiency plot including control efficiéncy
explalns some of the contradictions that may exxst between lab

results and field experience...

A funny question arises here. If simmering is frequently met in -

the cooking program, and if this involves net heat demands below

‘Pmin, why‘do we worry about the measured efficiéncy? The fuel

consumption is dictated by the minimum stove power, and has

nothing to do w1th the measured efficiency n' as such. Why do

“we mﬁasure it? Englneers may have good reasons to do so, but

the user has not.

Water boiling testsdhave beenjdone in the field, often with»ébme
preferred scenario for example bringing to the boil and then
simmering for 30 or 60 minutes. ‘

The result in this case is not a power—éfficiency plot as just
discussed but a single efficiency figure associated with the
complete cycle. The power rate is known only as an average.
0bv1ously it will not be possible to make an extended plot

either (as in figure 8.4 and 8.5), The ratio (n'/Pmin) is unknown. -

Recently for exampie two charcoal stoves have been tested in

Nalrobl, show1ng interesting results, as in the table below.w’

~ Two liters of water were heated to the boiling point, and then

N

considered useful (ITDG August 1982).




stove S | swo | wvmE

time to boil (tp) . in mins. . .. 26 ,«:- 1 17 -
. charcoal consumed ° {ce). . 150 kg - .168 kg
‘water evaporated (WE) - L150 kg .564 kg
AT = TB -~ To - | 790C 789C

From these data:

energy consumed . (EC) 4800 KJ 5376 KJ
sensible heat to pan (SH) 663 KJ 655 KJ
‘latent heat to pan  (LH) 339 KJ 1275 KJ
total heat to pan  (TH) | 1002 KJ 1930 KJ !
heat left in the‘pan (HL) 614 RJ 470 RJ
efficiencies PHU2 = %% .21 .36
o SH ‘ | '
| PHUI = W .138 122
cooking eff. = H 128 .087
EC \
average power ‘ 1.43 KW 1.9 KW~
simmering power excess .19 Kw .71 KW
SSC (draft standard) .10 kg/kg .15 kg/kg

thé that the overall cooking efficiency of the process is not
zZero. However if the separate simmering period was considefed/*v‘
the cooking efficiency would be zero indeed if at least the
latent heat absorbed in the food mix is negligible. Remember
that with é haybox one can simmer without any heat supply or

~fuel consumption,

From the above table it appears that there is no conflict at all
between an efficiency approach and the specific consumption
concept, if at least the overall efficiency is considered including

the control efficiency.
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On the other hand it appears that there is a contradicitiom

iﬁdeed between the said overall cookihg effiéienqy - or the

88C - and the PHU, be it PHUI or PHUZ; these figpres’do:nat P

reflect the fuel saving ability of a stove.

"Here is a dlssemlnators questlon- why .should a stove user be

impressed more by some partial eff1c1ency figure than by ‘the

actual fuel consumption or the overall cooking efficiency?

If there is a conflict between “engineers" and the users

viewpoint, something is wrong with the engineering. In this

case, notice that the PHU concept forgets the control efficiency.'t

The dramatic importance of: this may be clear from another case.

Imaglne a car with poor or no power control. To go slowly . one

"uses the brakes to compensate the excessive torque of the

engine, which may have an excellent efficiency. What about

the fuel economy of this type of car?

"Field tests

£

It has been suggested tokproceed almost as in lab tests, with

- quasi steady state operation at a controlled power level,

A complete burnout of the stove to mark the end of the test
would avoid pOSSlble errors in the results. These errors

result from the fact that dlstlnct;onvof wood and charcoalvis

" difficult, and that the consumed wood is computed as a

difference of two quantities: the charged wood minus the

recovered equivalent wood.

' In fact this lab testing procedure departs from normal. cooking

- practice for the sake of accuracy of the results. This is quite

normal and an endless dlscu351on can be set up or a compromise.

How to test a stove which explicitly uses long wood, and where

" the removal of fuel is the main way to control. the fire?

Notice that this is what happens in an open fire, in charcoal

stoves and in most "improved" stoves now in the field.

‘Flnally, even if a complete power-eff1c1ency plot is fea51ble,

there is a question about the "effort efficiency" of this

approach in field opetatibns.

decided on. Beyond the compromlse there is a question of fe381b111ty.

e

“h
b
k3

Lok



For many current cooking programs the main things are the i
»pe;formanée at ﬁaximum and minimum power level, and the

”ﬁlexibility of the stove. This flexibility is to bé‘undefsgood

in two ways: the "static" flexibility (Pmax/Pmin). as mentioned
abpve,and'thé'"dynamid" flexibility, that is the ability to

‘switch from one power level to another (AP/Atime).

" A set of two boiling tests (a short and a long one) gives a
lot of information, as high - and low power are involved and
-a traﬁsitidn too. This has been realised by many field testers.

How to handle the reéults?

If any efficieﬁcy concept is to be used, it should be an overall
efficiency, if at least the figure is to be relevant to uSers
and field workers. It has been shown that the overall cooking
efficiency by nature is close to zero for a simmering process.
even with a good stove. This reduces the. concept to nonsense in

- this case.

IQ»is true that the overall efficiency for a full cooking
qperation including heating, as simulated in a Waﬁer boiling -
tesf, is not zero. Still the "spot efficiency" is zero in the
3/qsimmering«phase. Thié explains why many‘people are disappointed
_by. the fact that the overall cooking efficiency (on the samé;
 stove!) drops with increasing simmering times. Whereas increased h

fuel consumption is readily accepted and understood.

In fact, the specific consumption as- suggested in the Marseille
meeting, is the simplest, shortest and most flexible way to

meet all the said problems.

The consumption concept (S.S.C.) is closer to the users own
experience, and closer to the specific day‘cqnsumptiqnyas used
in kitchen performance tests or in any energy demand resear¢h

in general.
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The SSC ébdéept islmore'flexible too to Be used~éftéfw5tés;

to make gue33és ‘on actual fuel consumptlon for ceoklng

scenarlos whlch are dlfferent from the W B.T. —standazd.«

For exampie, if a stove is to be used for‘processes where~ a

‘evaporatlon is involved (for example to distill rhum) the short

WBT whlch is a hlgh power test can be used to guess the A
expected fuel cqnsumptlon. If a stove is to be used for - o
simmering over a period of time other than the 60's standard
the expected fuelwood consumption (M) can be derived from test
data as ‘ - T

M= (Mo) ~ (Mo)

1ong test short test keg/h.

Perhaps it is worthwhile to report explicitly the minimum

(and maximum) power as a test result , expressed in kg/h.

Closing remarks

The cooking process by boiling in water has been investigated

by the food processing industry. Extensive ékperiments'on
sterilisation - and cooking effects have shown that the "cooking
time" needed to get a suitable consistency'(a mechanical concept)

of the food depends both on the kind of food and the proce851ng

“ temperature. It is generally accepted that the cooklng time at

.a’ temperature T can be wrltten as

100-T
time (T) = time (100) . 10 Z

‘where time (100) and Z are typical food parameters. Z ranges

from about>17 to 35°C. This means that the cooking time doubles
for a decrease in temperature of 5 to }OOC and vice versa,
depending on the kind of food. No influence has been' reported

from evaporation rates of the boiling medium: the evaporation

merely acts as a thermostat.

All this has been shown too by common experience with hay

boxes and pressure cookers.
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f,Seme latent heat is: absorbed in the . cooking- process. chmver B
detailed data on’ the heat quantltles ‘involved are rather rare. i
Probably this has to do with the fact that the measurement of |
these’ latent heats is ‘difficult. Anyhow they must be relatlvely f
small Thls appears for example from the fact that 1n a haybox
the necessary heat is supplled by limited conver51on,of senslblé)
heat... '

:If F kg of food are to be cooked with at least - W’kg of water
.to give (F+W)kg of cooked mix on a stove which evaporates DW kg
.of water in the process, one has to start with (W+DW)kg of water,
. or (F+W+DW)kg of mix,

The extra amount of water DW requires an extra amount of. heatN

input DH:
H = DW (c. AT + L)

where ¢ represents the specific heat, L the latent heat of
vaporisation. This extra heat ﬁH probably Comes,ffom”extra,
fuel consumption. To save fuel DW should be as small as possible.
Howéver, if the extra heat DH is considered useful, it_will_u

increase some poorly defined efficiency figures.




‘ THR INFLUENCE OF. wnoa PRDPERTIES ON “THE PERFORMANCE OF TEK
meﬁmwsmm R

, ﬁy

D.J. v.d. Heeden, W.F. Sulllatu, C E. Krlst~8p1t
TNO, Apeldoorn.

Experimental details
The‘expetiments to determine the influence of wood properties‘oﬁ.*
the cooking efficiency, have been carried out in the original
Nouna Wood Stove in hot conditions (see Chapter 3 for details). -

The initial amount of water was 4 1 respectively 2 1 for both

‘the pans used. The experimental set up of the measurements is

similar to earlier experiments that have been carried out (Prasad

1981).

The variables studied were:
1) density of wood,
2) moisture content, L B

3) wood size.

The effect of various wood densities on the efficiency is studied:

with oven dryaMerbau? Beech and Meranti. The proximate analyées of

‘these wood species are presénted in table 9.1. To test the influence
‘of the moisture content on the efficiency white fir has been used

.w1th moisture contents of respectively 10, 20 and 30Z. The experlments

concerning the influence of the wood size on the eff1c1ency have been
carried out with flr with a moisture content of 10%. In relatlon to '
the standard wood size of 0.02 * 0 03 * 0.2 m, the experiments’ have'131f
been carried out with the. following wood sizes: '

6.045 * 0.054 * 0;2 m  perimeter = 2 ¥ L o= 1% .

0.025 * 0.054 * 0.2 m " = 1.6% L o= 1¥ ‘
0.025 * 0.054 * 0.4 m : " = 1.6% L= 2%

i

‘The effect of the variables haé been determined for three‘ﬁagniuudes Vi

_of the heat output with a combustion air damper position of 25Z.
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9.2 -  The influence éf‘woodAgreyerties on the;efficiency_vw

9.2.1  Effect of various wood speciés on the efficiency

As already said the wood used was. oven dry wood with a size of
0.02 * 0.03 ¥ 0.2 m. The results are summarized in table 9.2 and
plotted in figure 9.1. It shows the‘efficiency as a functiahgof_

- the heat output. The efficiency varies between 147 and 21% for a

"~ heat’ output range between 4.5 and 13 kW. Anyhow,‘there,is'no\clear
indication that the investigated wood species considerably influence

the efficiency of the Nouna Wood Stove. This does not imply that the

wood burns away in the same manner. For example the Merbau buins with

short flames, when compared with white fir.

9.2.2. Effect of the moisture content of wood on the efficiency

These -experiments have been carried out with white fir and a size

of 0.02 * 0.03 * 0.2 m. The moisture content of the wood varies
‘between 07 and 307. The experiments are summérized«in,table 9.3 and
are plotted in figure 9,2. This graph shows the efficiengy as a
function of the heat output. The efficiency of the étové varies

Vbetween 15 and 22% for a heat output between 2.7 and 10. 5 kw.;

The experiments that have been carried out with a 30% moisture S

. content of :the wood, show that the minimum heat output can be .

- reduced .to a value of 2.7 kW. It is possible that a héavy‘wcod

species in combination with a high moisture content can lead to

‘remarkable resuits concerning the minimum heat output of a stove.
However, further experiments would be necessary to. proof this . \;g;7‘
contentlon. ‘Anyhow, in general the conclusion can be drawn that the
-moisture- content has no remarkable influence on the eff1c1ency.

- Only the experiments with a 307 moisture content have the tendency

to give higher efficiencies. However this result requires greater

consideration. : ' \ . : s ’
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9.2;3 ;Effect‘ofVtheAﬁdaﬁfsize\on the-efficiency

To see the 1nfluence of the wood 51ze on the eff1c1ency a serxas

e he

S of experlments have been carried out with variations 1n parxmﬁtar
‘;>; ~ \1\, "~ and length in relatlon to the standard wood size of 0. 02 * 0,03 %
0. 2 m. With the wood sizes used the stove could still be flred
;w1th the combustxon air damper in the wood entrance. The results

: of the experlmﬁnts are summarized in table 9.4 and are piotte& in Y

,flgure,9.4. The figure shows that no remarkableklmprovement 92 the
efficiency can be observed by firing the stove with the varicﬁsv
-wood sizes. The efficiency varies between 12 and 197 for a heat

SR output range from 4.4 to 9.6 kW.

' 'To see the influence of the wood properties on boiling tiﬁg, a
‘;Z;f, . figure is made in which the boiling time of the first pan is plqttéd R
L as,a'functiop'of the heat output (figure 9.5). The experimenis with
the various kinds of wood show no remarkable influence on the
‘boiling time.VThe boiling time has the tendency to rise for higher - -
moisture contents of the wood. No conclusions can be drawn from the

experiments with the different wood sizes.

9.3 Effect of various wood properties on the combustion performance

For each of the‘experiments the flue gas composition has been measured,
,Because no noteworthy facts are observed the results of the experlmants
" are limited to the presentation in table 9.5.

s

9.4 Experiments‘with wood from Upper Volta

In order to find out what would be the effect of firing the stove’
with wood from Upper Volta, an experiment was carried out in the “C" '
Nouna Stove with'a spiece of wood, so called Detarium Microcarpum.

This wood was one of the seventeen wood éamples supplied by field~

 workers of GTZ in the framework of the collaboration with the woéd-i‘“”

_ burning Stove Group.



B Y T

E

QTha 1ength and daameter of the used Bpper Volta wood was 0. 25 n and

0.06 m respectlvely The weight of the wood was 0.353 kg with a

kdansxty of 700 kg/m and a moisture content of about 8%. ‘Because only

one p:ece of the Upper Volta wood was avallable, the experlment
started w1th oven dry white flr, comparable to a heat output of about

5 2 kW. After burning out the remanlng charcoal the experiment _

‘restarted with the wood from Upper Volta with a heat output of 1. 6 kw.
‘Desgpite the low level of this heat output, the total efflclency dces"

Vnct drop very much while the evaporated water of the first pan is

reduced w1th a factor two and of the second pan even with a factor
three. The results are presented in table 9.6. Two plots were made.
of the flue gas, composition during the experiment., (see»figuresi?.ﬁ

and»9.?), Visual observations show;‘that the Upper Volta wood burns

away in another manner compared with the standard wood. In contradic—

tion to the white fir pieces, that are burned entirely, the Upper

Volta wood 1s burning from the front of the stove to the back szde.
Because of thls phenomenon in combination with the dlameter of the

wood of O 06 m, a lot of smoke is produced during this part of the

‘experlment Cuttlng the wood in small pieces can lead to a solutloa

of this problem and avoid the production of smoke. The low heat output

"~ of 1.6 kW can be attributed to the low burning veloc1ty of the wood.
Another problem is, that the user has to take care of keeping the

fire burning. Of course more experlments with this type of wood are

needed to give certainty concerning the behaviour of the wood As ‘
already mentioned in this chapter, GIZ* supplied seventeen wood samples
and four charcoal samples to the Woodburning Stove Group. For four of
those samples a completé analysis has been made and for‘anothet«four
samples only an approximate analysis has been carried out. These
values are presented in table 9.7. Table 9.8 presents the densities

of the other wood samples. The samples were sent to the W. S G. in .

'sealed plastic packs.

¥ GTZ -~ Gesellschaft fur Technische Zusammenarbeit.




9.5 Conclusions = T

- The follcw1ng conc1u31ons ‘can be drawn. Concerﬁlng the efftat 95

‘Wood propertles on the- performance of the orzglnai Nouna wsed Stnwﬂ__

*  Variations of the wood' size do not influence the efficiency mor

the boiling time.

* A high moisture content reduces the minimum heat output. On the - -
‘other hand boiling time rises with higher moisture contents. '

No influence on the efficiency can be‘obseryéd.k

*  Neither the efficiency nor the boiling time are influenced by

_the used of different wood species.

* . Care should be excercised whiieAusing these conclusions 3ecah3e."
they are valid only for the original Néuna,Wood Stove. It is ~>"4;?j
possxble that other stoves show another relatlonshxp between | )
eff1c1ency'and wood properties. Hence this issue deserves further

consideration.

*  No conclusion can be drawn about the wood from Upper Volta

because only one piece was available. ‘ O
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fft Table 9.1

; . |Bample
" .| Ash '

1 Velatile matter

. | Density “\'

e

* Proximate analysis for various kinds of wood

Merbau - .

Meranti

tBegch |

Yelutohg

e %]

.?‘Gréﬁ”éaloxific,value'[kJ/kg]

. Z’Nét”caIOrific value»»{kJ{kg}‘

 [kg/n?]

W %]

0.2
73.9
19,550

18,050

~ 813

0.02
78.1
19,775
18,250

~ 472

0.3

84.5

18,525

116,975

~ 722

0.3 -

| " 82.80

19,375

17,775

o o~355




-+ ~Table 9;2 ‘Efficiency of the Nouna wood stove as a funéﬁzdﬁ',v . size of the wood pleces;‘Qﬂ62;2~0:03:#fé;2 m -
- of the heat output of the fire for various kinds \ depth of pans in stove : 0.11 m

of wood. , : : . initial amount of water: first pan 4.0 kg
, C - ' ‘ : S : second pan 2.0 kg

Symbols: ' o T
d.p. - combustion air damper position [ % ] - t, - time to boiling : t - of pan 1 [min]
Am. - mass of charge - - [ kgl - : \ o 5 = of pan 2 [min]
At” ~ time between the two charges [min] m_ - amount of water evaporated: m_] - of pan 1 [kg ]
- Q - heat output of fire [ kW] , g . m_, - of pan2 [kg ]
ni - pumber of charges [ 1] 'n - efficiency Py ~of pan 1 [ % ]~
mg - total amount of wood used o [ kgl : A n, - of pan' 2 [ %1
t. - total burning time [min] , , B total [ % ]
T, - initial temperature of the [ °¢} m.c. - moisture content o %1
ot water ‘- ‘
t, [min]‘ \ ‘msV{kg}
Type and‘ d.p. Am£A At Q n, me tt ‘1‘i
- |runmo. 1 [%]| [kel | [min]| [kW] [[1] | [kel [min] |[°C]| &, | %, ) m_, me, |y
- ‘ Meranti m.c. = 0% :
2510.227 | 8 | 8.65| 4 | 0.9102 18 |24 | * 0.4468| 0.0127 | 14.33]
"10.218 12 | 5.53 ] 4 0.873 | 51 22 | 21 42 0.5585} 0.0323] 16.12
3 "lo.221 | 15 | 4.50 | 4 | 0.8835 | 65 |20 |33 | 51 0.4936| 0.0480 | 15.2
. ‘ : : \:“ - Lo R Ai“ Beech m.c. = 0% ’ ’
2500251 | 8 | 8.9 |5 |‘1.2513| 60 |20 |27 | 32 0.7268] 0.1411 | 13.95] 4
1 , oomhoe.255 |12 6 5 | 1.274 | 70 [20 |35} 50 | 0.572} 0.0737]12.15] 3.
“1sa | . mloe.2ss | 12 | 6 {5 | 1.2732 | 75 |21 | 27} 52 [79°] 0.6629] 0.0614 | 13.04]:3.6
6 ~ | rlo.256 | 15 | 4.8 |5 |1.2808 | 90 {2335 | 50 | 0.8251]0.0776 | 14.49} 3.77

E - A e — e e e : S S LA A
Lo oometcoeked. o LT T e e




 Table 9.2 {continued)

. t, [min] m  [ke] n (%]
Type and d.p. Amf At Q n, m tt ' Ti . oL
run no. [%] | [kgl | [min] { [kW] | [1] | [ke] - | [min] | [°C] |t t m  |m n 1|In
| / bl | b2 s1 s2 | 1 | 2
Merﬁau m.c. = 0%
7 25 [0.3479 13.1 | 4 |1.3916 22 |22 |30 0.8034] 0.028 | 12.4 |2,85
7a. 25 [0.3532 13.3 | 5 |1.7662] 89 | 19 |27 |34 1.064 | 0.1745] 11.8 {3.35
" 10.3482| 12 8.73 | 4 |1.3931 19 {21 |42 1.2742| 0.0828| 16.82}3.44
| "lo.3492| 15 | 7 4 |1.3971 22 |26 |56 1.1945| 0.0309| 15.90{2.86
9a S "10.3599| 20 | 5.3 {5 |1.7596| 115 | 20 |34.5| 85 1.4166 | 0.0557| 14.28{2.50 |
159 25 19 | 5.5 | 4 |1.3889| -86 | 20 |45 |63 0.6384| 0.0191}11.081}2.84 |




. Table 9.3 Efficiency of the Nouna wood stove as a function of the heat output of the fire for various moisture contents
‘ of white fir. : ‘ : . S L P S

ty [m;nl\ | "_; m  [kg]
Run no. | d.p. ‘émf ﬁt_ Q o, me t, T, | | I
| o 0% | kgl | [min] | [kW] |[1] | [kg] [min] | [°C] | t t | m fm -
A B ’ ' bl b2 sl s2
"Moisture content = 0%" \
10 25 |0.268 8 | 8.4 1.073 20 | 23 | = 0.6799| 0.0298
11 . A " .10.266 12 5.55 1.0661 | 22 3 | 51 .| 0.5629[ 0.013
12 - mlo2e4| 15 | 4.4 1.0582 22 | 36 * | 0.6835| 0.0176
“"Moisture content 109"
1 61 25 8 | 8.7 4 |1.0038 {56 21 35.5{ 35.5 | 0.3168| 0.0737
62 , " 12 5.6 0.9662 | 57 .21 | 33.5] 43 | 0.3526| 0.04
60 " 17 0.9703 | 70 21| 37 | 63 | 0.522 | 0.0245
"Moisture éontent 20%"
157 25 8 8 5 | 1.3687 | 60 20 | 40 | 40 | 0.461 | o0.1322|
65 EE 8 | 8 5 | 1.3171 | 60 21 | 33 | 35 | 0.4524)0.0663 | 12.2
64 . 1 " | 15 | 44| 4 f1.079 |78 | 18 | s52.5| [80°]| 0.243 | - .|12.2
1s6 1 | . p20 | 3.4l 4 |1.1294 {90 '} 20 | 56 | [82°]] 0.2472) 0.0134}11.6

T

- mot.cooked. -




Table 9.3 (continued) Eff1c1ency of the Nouna wood stove as a functlon of the heat output of the fire for varmus
contents of white fir. :

t, [min] m_ [kgl a %

' Run no. d.p. Amf At Q n, me t, Ti ’ o

[%] |lke]l ([min] | [&W] [[1] [kg’} [min] ([°C] b1 |2 me, | mg, ny P
"Moisture content 30%"

66 25 15 3.86] 4 |1.1105 | 63 |16 | 47 | 57 0.2614 | 0.0184 14.4 | 5.4 |20
| 67 L 21 2.73] 3 | 0.8255 | 78 19 | 41 | [79°] |0.073 - 15 4.8 |20
|68 " 20 2.89| 4 | 1.1105 | 82 18 | 53 | [90°] - - - - -
73 " 12 4.74] 4 | 1.0928 | 81 19 | 35.5( [83°] Jo.4911| - |18 | 4 22

%




TTEEEELELENEfficieﬁcﬁ Gf~tﬁé Kcun&fwodd*§i¢Ve as a function of the HééiadutputVof'the fi:e7f0rlvariéus wood sizes.

e,

‘Run_ no.

.
(%1

Am

f -
>[k8]_

At

{ﬁiu]

AnA .

U
[kg]

tt'

T.
e

[min] ;Jﬁc] ’

t, [min]

m_ {kg]

n'iil

t

bl

b2}

m
- sl

"
82

White vfir

nMoisture content

104"

0.02 % 0.03 * 0.2

23
24
25

25

1"

-0.219

0.214
0.215

12
15

8.52
5.55

3 | 0.6595
0.858
1.0754

25
22
23

21

29

45 -

. 0.1892
0.3838
1 0.4682

271
| 2.76 |
2.5

0.045 * 0.

126
27
28

25

L3

"

0.656‘
0.670
0.668

38 -
31
22 -

6.73
9.45

.3129
1.341
.3368

76
62

44

16

22

22

32

29

27

47

45
33

-0.8513
0.8937
0.8047

 4.09
3.42
| 3.181

0.025 * 0.

129
30
31
32

25

1

"

.384
.384
.388
.395

15
16
21
28

47

51

NN WoWw

.1536
.1527
.7761
.7892

O e

45
48
42
56

20
20
19

18

33 .
28

28
32

39
40

0.5714
0.637
0.2817
0.4245

3.54

- 3.53.

3.8

0.045 % 0.

a3

, 35

136

25

17" .

14

| 0.5543

- 0:9835

0.7755

40
45

47 1

5.35

6601 o

0.5543
0.77155
.9835

40
45

471

20
22
o

28
29 |
21

* 10.1486. |0
* lo.818 fo |

cooked.
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* Table 9.5

Combastxan performance of the Nouna %eod stave a5
heat " eutpuu of the flre for various weoé preye:tles ’

-oftzhe

| I |

A |

Aw,A,

Rk S

cembustzon*alr damper'posztien ‘
number of the wood pieces

heat autput of the fire

flue gas temperature

o ra 4'

‘1nzt1a1 amount of water

functign

[% upen]
[1]
[kW]

pan 1: 4 kg, pan 2 2 kg

f Runf\ - d.p. n, é Flue gas composition
e | | co, [ co| co {o, | T S
(%1 | (10 | [ew) | (%] | (%] |le/kel| [%1 |f°c] -
1 25 4 8.65| 6.75]| 0.12| 20.6 | 13.8{326 = |
2 " " 5.53) 5.41] 0.34] 70 | 14.96 292.5 -
3 " " 4.5 | 6.43] 0.30) 75 | 16.13 2645
4 T 5 9 7.3 | 0.22]| 34.5 | 13.20 - .
5 " " 6 | s5.46|0.31] 63.7 | 14.9]315
‘58 " " - S S T
6 A a8 | - | - |- - |-
7 " 4 13.1 | 7.04| 0.18| 29.4 | 13.5| 395
Ta " 5 13.3 | 7.90{ 0.13 19.0 { 12.56 390
8 " 4 8.73| 6.42( 0.26| 46 § 13.92 312
9 " 4 7 | 5.12] 0.32| 69.5 | 15.5| 260
9a " 5 s3 - | - |- -] -
|23 25 3 8.52| 6.02] 0.19] 36.14! 13.01 373
l2s " 4 5.55| 4.6 | 0.23] 56 | 16 | 246
25 " 5 4.5 | 3.6 | 0.22| 68 | 16.8 221 -
26 " 2 5.4 | 5.11] 0.21f 47 | 16.4 27
27 " 2 6.7 | 5.97| 0.2 |38 155 306
28 " 2 9.457.6 | 0.21) 32 | - 332 .
l29 " 3 | 8 |s.62|0.18] 36.661 14.7 322
30 " 3 7.5 | - | - - -
31 " 2 5.75| 4.76| 0.23| 54.45| 15.8 , 290 -
32 " 2 4.4 | 3.93| 0.22] 62.62| 16.74 -
33 " 1 4.36| 4.6 | 0.25) 60.89| 16.9 | 219
34 " 1 5.35| 5.13| 0.25| 54.89| 16.4 | 243
35 " 1 6.60| 6.23( 0.28] 50.81} 15.3 | 283




‘“'f‘Table 9 §{cont1nued) -
PO . WW
. Combustion perfaxmance cf the*Neuna wcod steve as a- functlon oﬁ

the heat output of the fzre for varzous ‘wood praperties

‘f;‘ 3g§baxs,

d.p, - combustion alr“dampeerosltion [% open]
A 91‘ .~ number of the wood pieces (1]
Q" . - heat output of the fire - [kW]
Tg. - flue gas. temperature . [“C]
| . | ‘initial
pan 1 :
' Run d.p. n, é Flue gas composition
‘too. . T
. L co, |co fco [0, IR BT
(%] [%] (kW] | [%] |[%] [fs/kel |[%] f°cl ;j'i;*“if7x
61 25 4 8.7 | 3.5 |0.08 26.40| 16.3 | 364 A
o Le2 " " 5.6 | 4.4 | 0.17] 44 | 15.84| 306 2
: : : 1
57 25 5 8 4.53| 0.23| 57.1 | 16.13| 285 | .o
65 " 5 8 3.84| 0.24f 69.5 [ 16.5 | 246 . | oo
|64 . 4 - 4.4 | 6.11|0.23 42.85| 13.81| 357 .} -0
56 " 4 3.4 | 3.25| 0.24| 81.23] 17.7 | 187 | K
| 66 25 4 5.86| 2.53] 0.240102 | 18.05| 182 :
67 " 3 2.73| - - - - T TR
68 w4 2.89| 3.04|0.26] 93 | 17.55| 196 [V
13 e 4 sasl - | - | - - -




Table 9.6 Influence of original Upper Volta wood on efficiency of the Nouna "C'" stove |
: : _ Eyaéoréted water |
| ty [min] - m_ [kg] n %l .. (g/min)
1d.-p-| Amg - At Q n, me t. T, ‘ o R )
, ) o , R P
(%1 | [kel [mm_] Lew] (1] | [kg] . |[min]| [°CI} t.; | &, mo, |, ny n, UM pan 1 | pan 2 -
25 | 0.252| 15 | s5.24{ 3 |o0.7568 | 54| 20| 21 | 34 0.7681}0.2538| 22 13.5] 35.5| 23.3 13
" | 0.3527] - 1.62 0.3527 | 64 | - - - 0.7113{0.273 | 24.3 | 9.3| 33.6| 11 4




Table 9.7

Properties of wood. from Upper Volta _

17,375 -

‘15,39ﬂ 17,196

Anogeissus |Detarium Eucalyptus} Butyrospermus | Casia |Acacia Azadirachta':famaiinéus,ij:lf
leinocarpus |microcarpuml]camaldulensis]parkii Siamea Seyal '&Indica Indica o |
Sample No. 1 10 12 16 2 3 | 14 17
‘méisture content ’ . | i R
of original sample [Wt%] 9.95 8.1 8.7 11.1 6.2 | 7.1 8.8 7.2
ash ' [We%] 3.3 2 0.5 2.0 4.9 | 5.7 2.8 | 7.0
volatile matter  [Wt%] 84.9 80.1 88.5 83.7 76.3 | 74.7 | 78.6 1 69.7
carbon fwez] 46.9 49.3 49. 3 49.5 - - - -
hydrogen [wegl 6.11 6.13 6.2 6.2 - - - -
oxygen [we%] 45.5 43.6 45.8 44.5 ro- - - -
Gros calorific o | 1
value [kI/kg) 18,800 20,350 19,750 120,125 19,209| 16,894 18,696
Net calorific ‘ ‘ \ : ' |
value [kJ/kg] 19,000 18,325 18,725




":;ﬁﬁﬁgiiy'of»WGod,yrnm Hp@eerolta‘

 density kg/m® 12% Mc

,sf;?)Vﬁnogg15538 1eibca?pu§A
2%
{ 3%

Cassia siamea.

Acacia seyal

"4°) " gourmaensis
" 59) " .sieberiana

igjs¢3
g0y
99

‘Hitragynayinefmis
Khaya senegalensis
Comﬁretum;giutinosun

Sclerocarya birrea
1 10°) Detarium microcarpum?

t’,"11‘2’)']La::meaz‘Aacida 7

k '12°) .Eucalyptus cémaldulensié

§}3§} Gmelina arborea

1“1ﬁ6);ééadirachté indica

“15°) Balanztes aegyptlaca

Butyrospermum park11

.

?Tamarindus’indica»

’1661
71°)

fruit trees

(910 - 1010)

“1020 - 1140
~ 864
730 - 800 5 )
650 - 720
- (Mirubro stipulata 544)
650 - 900 (dependent from place to pl&aﬁ}
~ 900
510 - 640
| 600 -“700 (maséocéspum)f
_(Lannea schimperi = 400) ’
910 - 1010% 810 - 900+
460 - 500% 510 - 570
650 = 720% 810 - 900%F
730 - 800 768 - 800
29 heavy (2 900) | .
810 - 1140 928

% plantation
%% native
7¢1it.:,1) Trees of Kenya'

2) NEN: 1015
Handelsnaam voor houtsoorten

: Amsterdam

~

Q-COliected by: Koninklijk Instituut Voor De Tropen
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