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Development of a wood-fired cooking stove to incorporate a thermo-acoustic
engine-generator unit

Ron Denni§  Keith Puller

Abstract

The provision of affordable electrical power in off-grid rural areas oéldging countries is a major
challenge but a vital element in the battle to reduce poverty. In response to thisheeECORE
project objective was to integrate a novel technology, thermo-acoustics dotoestic cooking stove

in order to produce an adequate level of electricity supply for families in g@vgloountries whilst
also providing efficient cooking. The unit is aimed at the majority of pooreiliés in developing
countries that do not have access to electricity and have little hope of being connectied to g
electricity in the near future. The electrical generation funcanvital driver in the adoption of low
emissions stoves which significantly reduce health problems from smoke inhalatisnpaper
describes the design of the cooking part of the stove developed within the framework of the project.

Within the wood burning stove, heat released by combustion is first transfemetth¢rmo-acoustic
engine (TAE) to generate electricity, and then to the cooking part. The papeme®esitre

development of the design and construction of the stove to meet the above objEbis/bas been
progressed through extensive testing of prototype stoves and also through modellirgheft

transfer within the combustion chamber and also for the cooking part of the stove

The paper presents and compares the results from the test programme aaddfeaniodelling and

shows how the results are being used to achieve a stove design with an acceptable level of
performance. It then concludes with a discussion of how this design mighddigced in developing
countries.
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1 Introduction

This paper describes the development of the cooking stove component of the SCORE project
described by Cheat al (1). The requirements of the stove are to provide heat to the thermo-acoustic
Engine (TAE) to produce electricity and to give an acceptable level of copkirigrmance for
families in developing countries. This is to be achieved with a reductifuei use as compared with
traditional cooking stoves and minimising smoke emission which is a major @iailieess and death

from respiratory problems with many existing stoves. It is also desirableef@tave to be operated

and controlled in a similar way to existing stoves so that it is readily accepted by dteitang.

The paper starts with a description of the experimental procedures and instraunehgdthave been

used to investigate and measure stove performance and then shows how the results have been
evaluated to direct the development of the stove. This leads onto conclusions for the fooritbhept

design of the stove and how this might be produced in developing countries.
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2 Development of stove design
2.1 Selection of design concept

The main specifications initially set for the SCORE stove were as follows:

i.  Heat to the thermo-acoustic engine (/AW to produce 100W output for up to 4 hours
per day
il. Boil 3 litre water in 15 minutes
iii.  Wood consumption less than 1.4 kg/hr
iv.  Low emissions
v. Reach 50% power in 20 minutes

The wood consumption is based on reducing the typical consumption for cooking st@@9%.s
review of published information for wood stoves showed an average value of 1.2 kg perpgerson
day (equivalent to about 200W per capita) which, assuming an average family sizparsdris and
cooking time of 3 hours per day, is equivalent to 1.8 kg/hr, @hai(1).

The average calorific value of wood at a typical moisture content of 15% is /k§,Md a burn rate

of 1.4 kg/hr produces 6.2 kW. Boiling 3| of water in 15 minutes requires 1.1 kWv#ahd® kW to the

TAE the required output is 3.1 kW and required stove efficiency 50%. The efficistioyated by
Baldwin (2) for a well- designed stove with a wood burn rate of 1.5 kg/hr is 30%, so the specifications
for the SCORE stove are a considerable challenge, although Grover (3) edtiatadesefficiency of

65% is possible.

In addition it was considered that the operation of the stove should be similasttogegiactice in

order for it tobe readily acceptable to domestic users. The majority of improved cook stoves are
based on the ‘rocket stove’ concept, Bryderet al (4), Winiarski (5), which uses an ‘L’ shape
combustion chamber with a horizontal leg for input of wood and air and a véctioahey’ leg that
creates buoyancy to improve inlet air flow and combustion efficiency. Inyiésdf stove the heat is
controlled by the feed rate of the wood with no other controls which is the procedtnadftonal
cooking stoves and is acceptable to users. This design concept was therefard gmidgbe stove
developed for incorporation of the thermo-acoustic engine.

2.2 Initial stove design

The literature on stove design contains a number of papers describing theakestipgpved wood-

fired stoves and a report by the Approvecho Research Centre (6) gives an exeeksmtof the
performance of a range of designs together with an evaluation of the desoys faittiencing their
performance. However, papers on the detailed design of stoves and parameters affectmgrmerfor
are few, Agenbroadt al (7). Among these, Sharma (8) reviews the pre-1993 work on the effect of
design parameters, whilst Urbah al (9) describe a numerical analysis to improve a Plancha type
stove. Other literature has been largely concerned with the wood-combustion pi@cesample
Kausely and Pandit (10) and Agenbroatdal (11). References (4) and (6) have been particularly
useful in developing the stove design.

The main factor controlling the design layout of the stove was the incorpoddtthe TAE and the
mode of heat transfer to this. It was clear from the comparison of the heat¢megntis for the TAE



and cooking that the TAE would need to precede the cooking section. The initieptwas for the

TAE to be located above the combustion chamber (CC) with heat radiated from the flame and
combustion chamber walls to the TAE via a metal disc placed on top of th&@heCGcombustion
gases would then be exhausted from the CC to pass through the cooking section.

The initial design layout is shown in Figure 1. The three main components, CC, coalting aed
stove body are described in the following sections. In the design of the test stdeedimpment, the
TAE was simulated by a drum of water to provide a heat sink above the CC.

Water drum

Castings

Figure 1. Stovedesign

2.2.1 Combustion chamber: the initial design was set by the TAE which requires a 300 mm diameter
radiating disc at the top of the CC. Guidelines on rocket stove construction suggags CCs from

tiles cemented together to reduce risk of cracking when hot so the initimb€@ade with eight tiles

in the shape of an octagon to match the disc. It was decided to initiallystigvéim though the cross-
sectional area was much higher than recommended. Winiarski (5) recommends arlaéea 20

mm for a family stove, equivalent to diameter of 135mm, whilst Winkelmanns{igjests a grate
area of 3750 mAkW, giving a diameter of 170mm for 6kW. The height of the CC needs to be
sufficient to allow good mixing of the air and wood gases for efficientbastion and to limit
cooling of the flame by the TAE above the CC whilst avoiding the loss of too mutlirér@athe
combustion gases to the CC wall. Winiarski (4) recommends around 3 timgisuireterwhich for

the recommended diameter of 135mm gives a height of 400mm. Since the temperdtaré A t
would be considerably higher than a cooking pot a CC height of 330mm was chosen teenhzamhi
transfer. For rapid heating and hot combustion the thermal mass of the CC needs tovwbasas
possible. Initially tiles were made of a 50/50 mix of fireclay and vernicblit it was found that the
inner surface was damaged by the flame so a change was made to tiles with a 2Bnhayehiof

pure fireclay mounted on a 20mm backing of the mixture used for the stove body, 20% cement/80%
vermiculite, which proved satisfactory.

To control the air flow into the CC a door is fitted at the entry to thedrmaal leg with an adjustable
window for the air. The door is opened to feed wood on top of the grate, 40mm abowvertioé the



CC. The entry part of the grate is covered by a stainless steel shedgheaalhas to pass under and
then up through the grate and burning wood. The cover is heated by conduction from &mel f
preheats the air to around 500K to increase the temperature of the comblastien This also
controls the burning of the wood to the section above the open grate at the base of the CC.

An alternative option for the preheating of the inlet air was initigted in which the air inlet was
through holes in the top of the outer casing around the CC (see Figurenljloivn the outer surface

of the CC to be preheated and passing through holes at the base of the CCthe &efrom under

the grate. However, tests showed the preheating of the air was largely negatednigyatabe CC

wall and so this option was abandoned. In any case it would only work with gapalretween the

CC and outer casing and this was subsequently filled with insulation to reduce heat loss from the CC.

Only a primary air supply was initially included as the rocket-stove comeepaimed to provide a
good draw and effective mixing of the air to achieve efficient combustion.

The combustion gases exhaust from the CC through a rectangular opening 100 x 70 mopaifthe t
the CC below the disc to then pass through the cooking section.

2.2.2 Cooking section: surveys of households in Nepal and Uganda, Sanethal(13) showed a
preference for a stove that could heat at least two cooking pots, with at least pnméary cooking
and one for simmering. Since cooking is done with gases that have already supudiddrable heat
to the TAE it was considered that only two pots would be feasible. For the sasna tka most
efficient mode of heating would be needed to achieve the very tough specification of boiling 8 litres i
15 minutes. It was therefore decided to use recessed pots which would alloot theses to flow
over the maximum surface area of the pots. However, this introduces some disadvansityeshé&ir
pots needdto be a good fit in the top of the recessed holes to limit leakage of capmbgases. The
pot handles caused additional problems with this. Secondly, only cylindrical potsbebuked and
the sizes of the pots have to be matched to the stove. Although some form of spheoselatymight
allow smaller pots to be used in a recess the larger gap between the pot amouliblsignificantly
reduce the efficiency of heat transfer.

The pots used in testing have been stainless steel, 20 cm diameter x 10 cm lig¢bp tdittom
surface and 6 cm of the periphery in contact with the hot gases. In choosing theogapsthe pot a
balance is needed between maximising gas velocity to achieve good convectivanséat without
causing a pressure loss that might affect the flow of air needed femffcombustion. Initially gaps
of 10 mm under the pot and 20 mm around the periphery were chosen.

2.2.3 Stove body: the following criteria were considered in the design of the stove body:

i.  Low thermal mass to minimise heat absorbed by the body
ii.  Robust to resist any vibration transmitted from the TAE
iii. Readily produced in large numbers to a good degree of accuracy for fitting of thanbAE
cooking pots

It was decided to cast the body in sections in plywood moulds from a lightweighirenof
vermiculite and cement (80/20%) and this gave a strong and durable mixture of spauific@i7.
The method was successfully reproduced in making a batch of 17 demonstrationrst¢eaga.
However, for larger batches more durable moulds would be needed.



3 Testing

3.1 Test set-up and instrumentation

It was necessary to carry out laboratory testing in an area with a fume extraction system tolexhaust t
flue gases from the stove chimney and remove any leaking combustion gases. Since work on the stove
was carried out in a different area the stove was assembled onto a tradlégwtat to be easily

moved. The test rig set-up is shown in Figure 2. The relative heighedfolley and inlet to the
extractor duct allowed a chimney height of 2.55 m. The height of the chimney isamtgartreating

the buoyancy to draw air through air and combustion gases through the stove. Comuaadial

stoves seem to recommend a minimum height of 3 to 4 m so the test set-uparéghsidered low.
However, no problems were found with air flow during the testing.

Position of
thermo acoustic
engine

Cooking pot 1

Figure 2. Stove experimental test rig

The instrumentation used for the tests is illustrated in Figure 3 and included 2@dbeples as
listed in Table 1.



Table 1. L ocation of thermocouples

Combustion 1: Mid-front outer | 2: Mid-fontinner | 3: Top-side outer | 4: Top-side inner
chamber 5: Mid-back outer | 6: Mid-back inner | 7: Base-side outer | 8: Base-side inner
Flame 9: Lower— 110mm| 10: Upper -

above grate 290mm above gratq
Disc 11: Front 12: Side 13: Centre 14: Back
Cooking | Gas 15: Entry Pot 1 17: Between pots | 19: Exit Pot 2
SeCtion vl [ 16  Entry Pot 1| 18: Between pots | 20: Exit Pot 2

All these thermocouples were logged at 30 second intervals. In addition, three ynaaadll
thermocouples were used to record the water temperature in the drum and two cooking pots.

For pressure, three differential pressure transducers were used to measure the pressutediap
through the cooking section, sensor one at entry to Pot 1; sensor two between potthreenabexit
from Pot 2. These had a full-range setting of 25 Pa to measure the very low pressure expected of
around 15 Pa.

A flue gas analyser placed before exit to the chimney to measure the compositienfloetgas
emissions and evaluate the efficiency of combustion. Finally, a hot-wire anemometasatiato
measure the velocity of the inlet air to the combustion chamber. This wasédvaaross the inlet
window to obtain the average velocity and the air flow rate.
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Figure 3. Instrumentation



3.2 Testing procedure

Tests were carried out over a one hour cycle using normally 1.5 kg of wood fed iregular

interval. The wood used washtree type of around 250mm length and 60mm section to allow the
stove door to be kept closed to control the air flow into the stove througidjtistable window. The

moisture content of the wood was measured and kept as uniform as possible. Water tles&lsuim

and pots were recorded at the beginning and end of the tests to measure any evaporation. Over 50 tests
have been carried out to date with many repeat tests to check findings siite peesented in the

next sections have been checked by at least two tests

4 Test resultsfor first prototype

Initial tests suggested that the grate area was too large as suspected antbindaifficult to
achieve strong combustion at the required wood feed rate of 1.5kg/hr. The maXiamen
temperature achieved was 825K and average disc temperature 475K. The latter is fahéelow t
estimated disc temperature of 1025K needed to radiate 2 kW to the TAE, LgwhRvé#d at a wood

feed rate of 2.5kg the maximum temperatures reached were only 900K for the flame and TB6K for
disc as shown in Figure 4.

Tests with a smaller CC of equivalent diameter 140mm (Figure 4) showed that aeftapesdture of
1000K was achieved at a wood feed rate of 1.5kg/hr but the average disc temperatureddexreas
600K due to the reduced view factor for radiation. It was therefore de@ded & conical CC to
reduce the grate area whilst maintaining full exposure to the 300 mm disc at the top of the CC.

The other significant factor noted from these initial tests was the fanggerature variation across
the disc with the front of the disc being about 120K cooler than the reag Wegecombustion gases
are exhausted to the cooking section. This suggests there is also consideradtdedieato the TAE
via convection from the gases. The heat transfer achieved was 0.64 kW, 32% of the target.

_— Flame Temperature Average Disc temperature
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| y 10000 600.0 M/\;b%
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Figure 4. Comparison of temper atur es achieved with large and small CCs
(Note wood burn rate for large CC of 2.5 kg/hr and small CC 1.5 kg/hr)



5 Stove development

5.1 Combustion chamber development

Figure 5 shows the conical CC assembly that was tested next. Note also the exhaustdiwgtHfi
the aim of forcing the gases to flow more uniformly over the disedaae the temperature variation
across the disc. Two CC were tested, a clay pot of 10 mm wall thiclamelsa stainless steel cone

rolled from 0.6mm sheet. The space between the CC and outer casing was filled with insulating wool
to minimise thermal mass.

Clay or stainless steel conical CC:
Top dia. 300 Base dia. 200 Height 135 mm ;

200
40
Vermiculite/cement
firebox lined with fire
cement on inside mbustion chamber assembly

Figure 6 compares the average flame and disc temperatures for three CC atHarmgtifireclay CC

and conical CCs made from clay and stainless steel. The wood burn rates werthr2fbrkipe

fireclay CC and 1.5 kg/hr for the two conical CC. It is seen that thditdeifference for the flame
temperatures but for the disc temperatures the stainless steel C@ giggsficantly higher rate of

heating and reaches a higher temperature. Unfortunately the test on the clag €@ short because

it cracked. However, the conical CCs show a marked improvement over thayfi@C, achieving a

higher disc temperature at 60% of the wood burn rate. Part of this was due to a more even temperature

variation across the disc achieved by the exhaust duct, with the difference b&twdeand rear
reduced to about 70K.

Average Flame Temperature Average Disc Temperature
1200 900.0
f o 800.0
1000 N o Lo
AR S

« 800 f J Y\ ¥ 600.0
T “\// 3
3 5 500.0
8 B0 ——Fireclay CC ® —— Fireclay CC
% / —=Clay CC E_J.DO.O / ——Clay cC
# a0 Stalnless steel CC ® 3000

Stainless steel CC

g 8

o
e
o

] 0 an -] B0 0.0 200 40.0 60.0 80.0

Timve,/ minute Time/ minute

Figure 6. Comparison of temperatureéfor various combustion chamber materials



It may be noted from Figure 5 that the height of the CC has been reduced to 288npaned to 330

mm for the initial fireclay CC. The effect of this was invesgghby adding in a cylindrical section at

the base of the cone to increase the height to 330 mm. The effect of CCdreftgme and disc
temperatures is shown in Figure 7. This shows little difference in flame teompecaice steady
combustion has been achieved but a slightly higher disc temperature for the shorter CC. This indicates
the reduction in height has not had a significant impact on combustion or cooling aftkeafid has

slightly improved heat transfer to the disc.

Subsequent tests were carried out with the stainless steel CC assembly as shown in Figure 5. Although
stove performance had been significantly improved by changes to the CC and the heattlflew

water drum increased to 0.85 kW, the disc temperature was still consideriahthe estimated to

be needed to transfer 2 kW to the TAE. It was thought that this might be due to theg effelct of

the water drum which was reaching a maximum temperature of less thanr3aa¥e hour test. A

baffle was therefore inserted between the disc and drum to check this. As seeuarén 8-itpis
significantly increased the disc temperature but had only a small effect on tregeavtame
temperature. Also the heat flow to the tank was reduced by around 19% due to the reduced
temperature difference between the disc and the flame and CC walls.

Average flame and disc temperatures
1200.0

1000.0

800.0

——Flame / 265mm
600.0

=—Flame / 330mm
Disc / 265mm
——Disc / 330mm

Temperaturef K

400.0

200.0

0.0

0 20 40 60 80
Time/ minute

Figure 7. Effect of CC height on flame and disc temperatures

Effect of baffle on average flame and disc
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Figure 8. Effect of placing a baffle between the disc and water drum



5.2 Evaluation of stove performance

The efficiency of the stove over a one hour test based on the usefgirb@ated in the drum and
cooking pots as a percentage of the heat input from the wood was measured as betwand 23%
27%, only about one half of that required. A calorific value of [18.8.2.(% moisture content)]
MJ/kg was assumed for the wood. A heat balance was therefore carritmldetdrmine the losses at
each stage of the stove based on the estimated heat content of the combustion geseésshayvs

the heat content of the combustion gases calculated for various levels of excdsom the
combustion equation for wood (stoichiometric):

1 kg wood + 6.13 kg air—>  1.83 kg £60.59 kg HO + 4.71 kg N
Figure 9 also shows that the gas temperature expected from burning wood withcypditibns of

15% moisture content, 100% excess air and 20% heat loss is around 1050K, the samé& order
magnitude as measured in the tests.

Temperature vs Heat Content
60000.0

50000.0

—Stoichiometric

40000.0 ——100% excess air
150% excess air

——400% excess air
30000.0

Heat content kl/kg

20000.0

15% moisture, 0% loss

15% moisture, 20% loss
10000.0

0.0
0 200 400 600 800 1000 1200 1400 1600 1800 2000
Temperature/K

Figure 9. Heat content of gases from combustion of 1kg of wood

An algorithm derived from this analysis was used to estimate the heat conteatcohibustion gas
and heat losses at different stages in the stove at half-minute intereaks ®st run. The results are
shown in Figure 10 and are similar to values estimated by Kausely and Pandit (10).



Pattern of heat loss over test
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Figure 10. Pattern of heat loss from stove over test cycle

Additionally it was noted, that after an initial period of heating up the R¢codmbustion process is
quite efficient but variable. It is considered that this due to the begchniy of the wood. When wood

is added it tends to smother the flame reducing efficiency of combustion but therstooingsy and
efficiently. It is possible that using longer lengths of wood and pushing theouildl achieve a more
uniform combustion process. There are also considerable heat losses in heating Potséemhitth

be related to the strength of combustion. It appears that when combustion is strong the heabtransfer
Pot 1 is not efficient enough to transfer all the heat and losses increaséddes at Pot 2 and to the
flue are relatively low and follow the same pattern as Pot 1.

As an improvement, two vertical stainless steel ducts of cross-sectiodB@r were fitted above
the grate to feed inlet air to the upper part of the CC. Tests oasspoior to this modification are
labelled Test Series A and after, Test Series B. The other change foefiestEBwas to reduce the
gap around the pots from 20 to 10mm to try to improve the heat transfer to the pots.

The results of an analysis of heat losses at various positions along thessgoxeniin Table 2 for
Test Series A and Test Series B. For Test Series A, the small differenez=hdtve heat loss in
combustion, indicated by the upper flame temperature, and the total heat loss in the CG thafgest
combustion is also occurring towards the top of the CC. This is also suggested fact that
sometimes the temperature of the exhaust gas was higher than the upper flameuemfiesaéms
possible that the air and wood gas were not mixing well enough to achieve effizi@nistion in the
CC and combustion might be improved by directing heated air to the upper CC to coritibitieew
unburnt gases. In response to this, the modifications previously described, TesBSeres made
and the results shown in Table 2 suggest this had a significant effect, improviatj comtbustion
efficiency to 80%. Results in Table 2 also show this also produced a signifiganaivement and
with the time to boil 2 | of water in Pot 1 reduced from 27 to 18 minutes.



Table 2. Examples of heat balance for two series of tests

Component  of | % of Input Heat Loss | Explanation

heat loss SeriesA | SeriesB

Combustion 25.8 30.2 Heat from wood- gas heat at top flame temp
1CC 26.0 21.5 Heat from wood- gas heat at CC exitheat to drum
2Pot 1 29.2 23.6 Gas heat before petheat after pot heat to Pot 1

3 Pot 2 10.5 6.0 Gas heat before petheat after pot heat to Pot 2

4 Fluegas 12.9 20.2 Gas heat to flue

Total loss 78.6 715 Losses 1to 4

Useful heat 20.9 29.5 Heat to drum + heat to pots

Total check 99.5 101.0 Total loss + useful heat

5.3 Analysis of losses

Table 2 shows that 30.5% of the total heat loss occurs in the combustion section, M1t i
cooking section and 28.1% in the flue gas, indicating that a signifivergase in stove efficiency is
potentially achievable by reducing heat loss and improving heat transfer in the cooking section.

5.3.1 Heat losses in cooking section: this comprises heat absorbed in the stove body, heat lost from
walls of stove and heat lost from the cooking pots. Table 3 shows a summary of thes arfidigsit
losses based on measurements of the temperature profile of the stove body under atgeady st
conditions.

Table 3. Summary of heat lossesin cooking section of stove

Component of heat loss Value Comment
Total heat loss over 1 hr test 6.25 MJ From gas temperatures
Heat absorbed in stove body 3.29 MJ 53% of total occuring mainly durin

initial heating up of stove

Rate of total heat loss at steady state | 1.67 kW From gas temperatures

Heat transferred to walls of cookinf 0.92kW Estimate assumes h = 20W/k as for
section by convection and radiation cooking pots and emissivity of gas = 0.
Heat loss from cooking pots 0.42 kW Evaporation is included in heat

cooking pots and this estimat
convection from the water surface bas
on cooling rate results

Conduction through stove body 0.74 kw




Heat loss from cooking potghis was measured over a 20 minute cooling period of the stove gave the
following data on heat loss from the cooking pots:

Heat loss = heat input from gases (291W) + drop in water temperature (1G8xaforation (22/)
= 375W; (Note there was some heating of gases from the embers of the fire)

Based on the average water temperatures during the cooling period the heat transtexntdeffi
convection from the surface of the water (all other surfaces are recesbedstove) is 98W/AK.
This value has been used to estimate the losses by convection from the wates Butfaeeooking
pots during the steady-state part of the test. They are clearly a signgiaréion of the overall heat
loss from the cooking section.

Heat balance: considering the fluctuating temperatures and assumptions made in e thpadyis
reasonable agreement between the measured heat lost from the gases (1.6 7th&\@sdimdated loss

of 1.34 KW comprising that transferred to the stove body (0.92 kW) and thétdimsthe cooking

pots (0.42W). Also the heat transfer into the stove body compares well witbridaction through

the body (0.74kW). However, the heat loss from the outer wall of the stegendd seem to fiin

with this heat balance. The steady-state temperature profile measured on the ositerdigatesa
coefficient of 40 Wm?.K would be needed to account for the convection component of a 0.75kW loss
by convection and radiation to the surrounding air. This is very high compared to the ¢txpegte

of 5— 25 W/nf.K (16). 41% of the heat is lost from the top surface of the stove arbarmboking

pots where the surface temperature reach%s. 80

5.3.3 Heat transfer in the cooking section: if heat losses in the cooking section are reduced by
improved insulation there will be an increase in gas temperature and inelas transfer to the
cooking pots is also improved part of the benefit will be lost to highemgtisetemperatures. A heat
transfer model indicates that the limiting factor is the surface ande @oking pots in contact with
the gases. A ribbed hotplate with increased contact area has therefore betigaiadesThis
comprises an aluminium heat sink with 19 ribs, 25mm deep. The results shown in Figurgpadecom
the two methods of heating.
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Figure 11. Heat transfer ratesin cooking

The results show a significant increase in heat transfer rate for thetéiaphapared to the recessed
pot even though the transfer is now indirect via conduction through the hotplate and tineniséar
model still shows that the limiting factor is the transfer from the gas into the teofplee hotplate has
other advantages in completely enclosing the gases and allowing a range of cookingsptut e
used. However, it adds significantly to the cost of the stove.

Figure 11 also shows results from a test on one of the stoves undergoing tkalsya. Pot 1 is a
recessed pot directly above the combustion chamber while Pot 2 is recess@dilardayout to the

City stove. Comparing the results for the two pots shows the considerable hédtanpradiation

from the flame and combustion chamber. The higher heat input for Pot 2 compared to the recessed pot
in theCity stove is due to a larger pot size, 300 mm diameter compared with 200 mm diameter.



5.4 Review of progress

Table 4 compares the performance of the stove achieved to date with the target specificati@ns. Furt

progress needed is to increase CC temperatures to increase heat flowA& tredTtio improve heat

transfer to the cooking pots.

Table 4. Comparison of performance achieved against tar get

Performance criterion Target Achieved to date
1 Heat to TAE 2 kw 1.08 kW
2 Boil 3l of water 15 minutes 27 minutes

3 Reach 50% power90% temperature

945K in 20 minutes

895K in 25 minutes

4 Wood consumption reduced 20%

< 1.4kg/hr

1.5 kg/hr

4 Low emissions

Minimise smoke

Achieved with chimney

5 Stove efficiency

50%

29.5%

CC temperature: Figure 9 indicates the principle means of increasing CC gas temperatures is to

minimise the excess air level. However, care is needed in this as it cdn Iradmplete combustion
and high levels of Carbon Monoxide. Figure 12 shows a summary of results frastthbeogramme
showing that the CO level rises rapidly below around 80% excess air and thisbmight as the

lower limit.
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Figure12. Relationship between excessair and CO emmissions

Another possibility to improve combustion is to incorporate a small fan to improviewiino the
CC. The Approvecho Research Centre (6) report tests on stoves incagparédn greatly improved

combustion and reduced emissions due to improved mixing of air and gases in the CGarHibwgev
was on stoves without a chimney the same level of improvement may not be achieve@®mwitov




a chimney where air flow is improved by the bouyancy effect of the chimney. @etimainary tests
have been carried out but no conclusive results obtained so far.

Cooking: reducing the gap around the pots significantly improved the heat transfanybétirther
reduction is likely to lead to an excessive pressure drop that reduces thd #awnto the stove.
Although the recessed pot gives the most direct method of heating it hasathediage of requiring

a specific shape and size of pot to match the recess. Analysis shows the limiting factor on heat transfe
to the pot is the surface area in contact with the gases for convectsmiution to overcome both

these drawbacks is to use a hotplate that both encloses the gases and allows moieofi&iigland

a wide range of cooking utensils. Figure 11 shows that heat transfer can be impitbvedotplate

but a gas temperature of over 8DGs still needed to achieve the design aim of boiling 3l of water in

15 minutes. This cannot be achieved with cooking following the TAE and it appearsytisoloitibn

is to divert some of the combustion gases directly to the cooking section.

6 CONCLUSIONSON STOVE DESIGN

This paper has described the development of a stove in which the main mode of heattorainafer
TAE is by radiation. It is estimated that flame temperatures of around 1¥80keaded to achieve
the target heat flow of 2 kW, a considerable challenge for the combustisoodf at an acceptable
burn rate. Average temperatures reached to date are around 1075K and it is considénedishat
approaching the maximum that can be achieved in a low-cost domestic stove buonithgofw
different varieties, shape and size. Even so if the 1.1 kW heat transfer to th@rodces an
electrical output of 50 W this will be a major achievement with considerable commereiatial.

A second stove is also being developed in whieth#at transfer to the TAE is mainly by convection
so flame temperature is not as critical. However, for both stoves achieving coatdrigrgets is a
problem because at least 20% of the combustion heat has already been taken out By fhesTA
results and analysis indicate that heat transfer to the cooking pots is limited by the surtateaceat
between the combustion gases and the pot and that an indirect heating method usintganitbtpla
much larger contact area could improve the heat transfer. This would also have otteer maj
advantages in allowing a wider range of cooking pot shapes and sizes and other modes of cooking.

The design concept developed for a production stove is likely to comprise three main sections:

1 An inner heat resistant shell of low thermal mass comprising combustion chamber and ducts
leading to heat sink hot-plates. At present a stainless steel combustion cisabéiag used
but this may not be durable for long-term use and some form of ceramieatayfitiles may be
needed, keeping these as thin as possible.

2 A thick layer of lightweight insulation to limit heat loss. Although naturaterials such as
wood ash, rice husk ash or pummice rock might be used, supplies may not be adequate f
large-scale production and it may be better to import rockwool. This camstand
temperatures to around 800K so that a layer of ceramic wool or fibre boardemaseded
around the hottest sectons of the stove

3 An outer robust and durable casing that gives the stove an attractive appearapdbisSimit
be well insulated from the inner shell thermal mass will not be an issue armbsbwoncrete
blocks may be used, cast to the required shape.
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