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Abstract

Worldwide, approximately three billion people coitieir food using biomass fuels such as wood, cleravop residues, and
animal dung. The emissions produced by these srfigg/lead to four million premature deaths annuad large environmental
consequences. While the negative effects of biorhassing have spurred much research into desigieisg polluting cookstoves,
researchers need a knowledge-base to draw from wiading design decisions. However, previous resebhas measured these
emissions relatively far away from the source, exqiloring how the design modifications affect tlotual combustion. In this study,
the emissions from an improved cookstove, the BeykBlarfur Stove, and single blocks of wood are eranhin-situ using laser
extinction. The pollutant production, measuredHty dpacity or soot volume fraction, was compardd/ben the two systems to gain
a deeper understanding of combustion in the stdikeweroviding initial steps towards a non-intrusisampling system for pollutant

production in cookstove combustion chambers.
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1. Introduction

Smoke from current biomass cooking stoves used
by three billion people around the world leads to
enormous health and environmental issues. This smok
is associated with 4 million deaths per year due to
adverse impacts on respiratory, cardiovascular,
neonatal, and cancerous conditions, and was rgcentl
determined to be the largest environmental threat t
health in the world [1, 2]. Biomass cooking hasoals
been found to significantly contribute to globahwhte
change, including promoting increased snow and ice
melt [3, 4].

Due to the undesirable side effects caused by
current cooking practices, there is consideraltierést
in developing fuel-efficient biomass stoves with
hundreds of researchers around the world striving t
reduce pollutant emissions [5]. However, few ofsého
researchers are specifically studying the combnstio
occurring in the stove; instead, the focus is on
emissions that have left the stove. Emission
measurements provide a useful overall emissiorilerof
for the stove, however only non-intrusive diagnosti
techniques that probe the combustion chamber can
provide the flame characteristics on a local leseethat
the regions of the stove to be modified for emissio
reduction will be known instead of hypothesized.

Applying modern  combustion  diagnostic
techniques, similar to those used for engines aekep
plants, to cookstoves will provide insight about th
characteristics of combustion in stoves that have
previously gone unmeasured.
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2. Experimental methodology

Laser extinction was chosen as the measurement
technique for this system as it is well-known, adbfe,
nonintrusive, and robust, even being used as a
calibration technique for other methods [6, 7]islta
line-of-sight technique that measures the atteonaif
the laser beam, that is, how much of the lasett ligh
attenuated by particulates in the beam-path, pasises
through the flame. A limitation of the extinction
technique is that it does not reveal soot sizeildigion
(which is particularly important to assess humaalthe
effects); this would require more elaborate expenta
(such as laser-induced incandescence) or a sampling
approach. Importantly, the simplicity of extinction
allows for more flexibility in experimentation aslyg
requiring one laser to go through the fire lesstes
number of optical entry points needed into the stov

A 1064 nm continuous wave laser was used with a
frequency-controlled chopper fixed at 170 Hz to
provide laser pulses. The 1064 nm wavelength laser
was chosen to avoid some well documented issuds wit
polycyclic aromatic hydrocarbon (PAH) absorption
created when using a laser in the visible specf8]m

Soot volume fraction is determined from the laser
extinction measurements, which in the case of adwoo
flame, is not just related to soot but all opaque
components of smoke. The light extinction coeffitie
(Ke) is dependent on the fuel and laser wavelength.
From the work done by Chat al., the K, value was
chosen to be 9.0, although this is likely to be an
overestimation due to the differences in laser
wavelengths between that work and the current
experiment (633 nm vs 1064 nm) [6].



3. Wood block trials

Solid fuel systems are quite difficult to analyaesd
to the non-homogeneity of the system, so it wagulise
to obtain example burn profiles of a relatively wel
defined system. As a simplified trial, the combmstof
individual 20 mm cubes of locally-sourced Australia
Douglas fir was explored.

3.1 Experimental setup and protocol

Each wood block was combusted using a
continuous natural gas flame located 45 mm belav th
center of the block. The grain of the wood was elra
to the laser, which was aligned along the centertif
the wood block, 10 mm above the surface of the wood
block.

All trials were recorded with a video camera
focused in-line with the laser. This provides
simultaneous data of the observational occurrentes
flame and the measured emissions (attenuation).

Two conditions were examined with the wood
blocks. In the first condition, a single block wasld by
a clamp with a flame surrounding it, revealing fhk
burn profile of the wood. In the second, a singteck
was placed on a flame limiter made of mesh with
circular holes of 4 mm diameter separated by 2 tom,
prevent direct contact of the natural gas flamén lie
wood so the block was being heated but not allowed
flaming combustion. This simulated the portion loé t
fire when wood is releasing some volatiles but lmab
to get the heat needed to transition to flaming
combustion.

For the wood block trials, the optical path length
(L) was considered to be the width of the wood block,
namely 20 mm. In general, this leads to an
overestimation of the path length. Time-averaged
samples were taken every 15 seconds for the flame
limiting trials and every 5 seconds for the opeanfé
trials, allowing a visualization of the trends wvehil
averaging the fluctuations created by turbulena am
extremely variable flame.

4. Berkeley-Darfur trials

To compare the basic burn configurations from the
wood block with a real world condition, emissionsrh
the Berkeley-Darfur Stove (BDS), an improved
cooking stove, were also examined. The BDS is a
wood-burning cookstove developed at Lawrence
Berkeley National Laboratory (LBNL) for internally
displaced persons in Darfur, Sudan. It is a prduet
efficient, natural-convection stove [9, 10]. Woos i
combusted on a cast iron grate within a metal fixeto
promote proper air flow through the combustion
chamber and reduce heat losses to the environment.

4.1 Experimental Setup and Protocol

Five pieces of 20 x 20 x 150 mm Douglas fir were
used as fuel. For each trial, the wood was staaked
slightly askew pyramid (Fig. 1) such that the nalur
gas flame would ignite the middle of the stack. The
bottom two pieces of wood were laid in a v-shapth wi
the back ends touching and the front ends
approximately 40 mm apart. The second layer was als
v-shaped, approximately 10 mm apart in the frotie T
top stick was laid diagonally across with its framtd
back corners aligned with the centerline of thecgée
directly below. The wood was ignited using a ndtura
gas flame for 3 minutes; if the wood did not ignitte
the first 3 minutes, 30 extra seconds of natura ga
ignition were added to the test.

The wood was allowed to burn untended; no sticks
were moved or turned and the fire was not fed. Data
was recorded from the end of the natural gas mmiti
until no visible flame remained in the firebox.

Three holes, each of diameter 6.35mm, were
driled in the stove body wall and the firebox,
perpendicular to the firebox opening, to allow thger
beam to pass through the stove with minimal light
pollution from the flame reaching the photodiodEse
beam was aligned to the center of the firebox and
approximately 10 mm above the top wood stick in the
pyramid. For some trials, a camera viewed the logrni
wood pile from the firebox opening (perpendicular t
the laser) to obtain an average flame width; othals
viewed the flame through a hole cut directly abthe
hole for the laser to observe when the laser was
traveling through a flaming region.

For the BDS case, the path length was known to be
no larger than the inner diameter of the fireboQ0(1
mm) so that was chosen as the optical path letigid.
important to note that in the majority of instandhe
path length is much smaller than the firebox, se th
calculated soot volume fractions are potentially
significant underestimations. Time-averaged
measurements were taken every 30 seconds.

Figure 1: Wood configuration in Berkeley-Dfar Stove
trials.



5. Results

Trials revealed several trends in the wood
combustion profile for a single block of wood that
could be easily compared to the combustion in the
BDS. Data from a few trials are shown in Figs. 265
show examples of these trends.

From the observational videos of the case presented
Fig. 2, it is determined that charring of the wdmst)jins
almost immediately as the volatiles are releasedmF
0-180 seconds, the emissions measurements are
sporadic. At this stage of combustion, values agbdr

and more variable while the wood is heating and
releasing volatiles with lots of visible smoke, rtha
values at a time greater than 200 seconds, when the
wood is fully ignited. Once the exterior of the wibo
block has caught fire (at approximately 200 sechnds
the emissions measurements drop dramatically. Only
when the wood block is fully burning from the iriter

of the block (starting at approximately 330 secgrisls
there any variation in the opacity. However, thisreo
visible smoke during this time, indicating thesdues
relate solely to the release of soot. The embdy ful
extinguishes with a puff of smoke at around 480
seconds.

Figure 3 shows the results from the laser extimctio
measurements for a typical BDS trial. Clear trends
between the BDS trials and the wood block triaks ar
evident. In Fig. 2, the fuel is allowed to fullyafhe and
combust. When compared to Fig. 3, this indicates th
during the BDS trial, the top stick is fully flangrand
combusting in similar peaks. There is more variatis
multiple sticks are at different stages of comlmrstat

the same time, but the general trend is evident and
provides an indication of the application of scdlbat

is, the results of a “simple” cube of solid fuelnche
extrapolated with some confidence to more complex
configurations of batch-fed solid fuel combustion.

Observational data indicates the presence of srfarke
the first 400 seconds. After this stage, the eateof
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Figure 2: Typical results of the soot volume fraction from

laser extinction measurements of a 20 x 20 x20 nuuglxs

fir wood block during the entire burn cycle.
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Figure 3: Typical results for a BDS trial throughout theiemnt
burn cycle.

the top stick fully ignites along with the otheicks,
greatly decreasing the laser light attenuation. At
approximately 800 seconds, the fire burns the entir
stick prior to burning out. These trends are \@nyilar

to those found for the wood block.

From an emissions reduction standpoint, it is evide
even from these preliminary results that fully flam
combustion is the key mode for reduced emissions.
Stoves should be designed to reduce the ignitime ti
and the duration of smoldering, incomplete comiousti
which produce much smoke and pollutants.

To further examine the precursor to the igniticagst, a

20 mm cubic wood block was heated above a flame
limiter. The results, combined with visual analysis
show very little opacity, little charring, and ontyinor
peaks in the data. Example results are shown indrig
The results of extinction measurements with visual
analysis indicate the wood block is releasing vigisit
slowly without fully smoking.

The results in Fig. 4 help describe some unusisailte
obtained during the BDS trials. An example of these
atypical BDS results is shown in Fig. 5. Althoudte t
same protocol was followed for both BDS trials show
in Figs. 3 and 5, due to the variable nature of dvoo
combustion, the results are quite different. Howgeve
the results shown in Fig. 5 are similar to thosanwshin

Fig. 4; the attenuation is small, but emissions are
measureable. The peaks between 1000-1600 seconds in
Fig. 5 are likely owing to the initiation of comhiom

of other sticks in the wood pile.

The similarity between Figs. 4 and 5 suggests ithat
some BDS trials, the top stick is never releasimgle

in view of the laser. However, as all wood pilesrave
burned to completion for each trial, the top sticlst
be burning outside of the path width of the lagérich
can happen if the wood pile collapses before the to
stick is fully ignited. This indicates a future
fundamental direction to explore in full stove tegt—

a multidimensional laser system to capture theethre
dimensional burning profile characteristics of theod.
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Figure 4: Example wood block trial where the wood block is
sitting on a mesh flame limiter.
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Figure 5: BDS trial where the top stick never fully

ignited.
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6. Future Work

Laser diagnostic tests could provide valuable
information to the cookstove community, but thesai
long way to go before comprehensive data is obtkine
A line-of-sight measurement system often misses
valuable information about the wood if the flame
travels away from the laser beam. Averaged
measurements can be misleading due to the turbulent
and sporadic nature of the flames and erroneous
readings could be due to water vapor, etc. Futunkw
will continue to study the effects of cookstove igas
modifications on wood block combustion to solidife
knowledge-base and explore the use of laser digignos
techniques applicable in particle-laden reactirayv§
[11].

7. Conclusions

Laser extinction measurements and visual analysis
have been conducted on the combustion of burning
wood in isolation and in a BDS. Results indicatatth
emissions are highest during ignition and during th
final stages of combustion. That is, pollutant esioiss
are quite low when the fuel is fully ignited andlyu
burning. The ignition section of a burn is the sieek
followed by the extinction of the flame. Modificatis
to reduce the ignition and extinction portions ofris
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would be helpful in reducing the smoke output of
stoves. Additionally, trends in results from tesis
single pieces of wood correspond to findings in the
BDS with piles of wood.
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