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This paper reports the results of an experimental study carried out over 30 years ago on the combustion and air
pollution characteristics of biomass fuels when used with downdraft combustion. Such combustion involves the
flow of fuel and air in the same direction (cocurrent) leading to the biomass to gasify first to a combustible mix-
ture including carbonmonoxide (CO) and hydrogen (H2) that will burn in a gas phase with high combustion ef-
ficiencies and low total suspended particulates (TSP). It is noteworthy that over 300 years ago, Justell published a
report of a similar device that led to apparently very clean combustion.
The study ascertained the extent to which complete combustion is possible in a cocurrent burner using primary
air only or using both primary air and secondary air, exploring other variables such as dry or wet woodfuels and
control of heat transfer from the combustion zone. The study has resulted in some generalized concepts for
cocurrent combustion that link the oxygen requirements to the reactor conditions that impact upon the rate of
pyrolysis or devolatilization of the biomass material. Clean combustion can be obtained with very little CO and
TSP in the flue gas, with primary air only or a mixture of primary and secondary air. In the latter, the primary
must be just enough to operate the device as a gasifier. The device seems to operate above theWHO PM2.5 Emis-
sions Rate Target butmeets the Intermediate Emissions Rate Target for cookstoves and easilymeets the incoming
USEPA emissions standard for woodheating stoves.
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Cookingwith biomass is, literally, as old as humanity. Indeed, control
of fire is the defining criterion of the transition to becoming human
(Wrangham, 2009). As human populations increased in size and lon-
gevity and settlements increased in density over the millennia, how-
ever, the smoke produced by wood and other biomass fires came to
be a concern; first as irritation and in modern times in recognition of
the significant health impacts it imposes (Smith & Ezzati, 2005).
Today, cooking with biomass is thought to be responsible for more
lost healthy life years than any other environmental risk factor in the
poorest 100 countries of the world. It ranks in the top three of all risk
factors of all kinds in these countries, the others being other ancient
risks such as those that lead to child malnutrition (IHME, 2018).

Beginning with the “smokeless chulha” programs in India in the
1950s and progressingwell into the 21st century, there have been thou-
sands of efforts by academic researchers and both small private compa-
nies and NGOs, often backed by national and international agencies, to
develop stoves that burn wood and other biomass more cleanly. This
ed by Elsevier Inc. All rights reserved
has been stimulated recently by publication of the WHO Indoor Air
Quality Guidelines, which define the strict pollution emission limits re-
quired for a stove to be healthy (WHO, 2014). Efforts are also being
made in developed countries to greatly reduce the emissions from
wood space heating stoves due to ambient air pollution concerns
(Chafe et al., 2015).

Such work, however, has a long history (Brimblecombe, 1987). In-
deed, the very first volume of the venerable Philosophical Transactions
of the Royal Academy of Science published in 1687 in London contained
a description of a woodstove that burned wood extremely cleanly
(Justell, 1687 – see Supplement 1). This J-stove would be defined as a
cocurrent combustor in modern terminology and was subjected, by
the author, to a rather unique emissions monitoring technique to
prove clean combustion. The author applied an organic, widely avail-
able, renewable odorant, “cat piss”, to the fuel and if it was not detect-
able by smell in the exhaust, it was considered clean.

We took up this challenge some 300 years later to test the Justell
stove usingmoremodernmethods,whichwe report here. Although an-
other three decades has passed since, we believe the results may still
contribute to the ancient but ongoing quest for cleanwood combustion.
Indeed, downdraft stoves are still today being actively investigated as
cookstoves (Sutar, Kohli, & Ravi, 2017).
.
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Fig. 1. Schematic of a stratified downdraft gasifier showing: (a) chemical reactions, (b) temperature profiles and (c) gas compositions.
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Theoretical aspects of biomass gasification and combustion

The study involved design and fabrication of a suitable combustor
test bed as described in Supplement 2. Two 75mm dia. tubular reactors
were used; onemade of quartz, the other of steel. Birch dowels 8mm to
11 mm dia., cut to 37 mm lengths were used as the test fuel. Indepen-
dent parameters evaluated were combustion air velocity (superficial),
fuel moisture, and fuel diameter. The reactor's outward heat transfer
was varied by changing the reactor insulation. Their effect on combus-
tion efficiency, air pollution emissions carbon monoxide (CO) and
total suspended particulates (TSP) measured as described in Supple-
ment 2, equivalence ratio, fuel reaction rate, and flue gas composition
were studied.
Fig. 2. Effect of airflow on carb
A cocurrent combustor has similar reaction zones as that of the gas-
ifier shown in Fig. 1. Gasification and combustion are chemically and
thermally similar in many respects. A combustor maximizes sensible
thermal energy while a gasifier aims to maximize conversion to fuel
gases. The stratified downdraft gasifier was developed by the Solar En-
ergy Research Institute, Colorado (Reed & Levie, 1983). It is character-
ized by the initial reaction of the fuel volatiles with oxygen in a zone
of flaming pyrolysis. The reactions are strongly exothermic and provide
the heat to sustain the bed of pyrolysing fuel. Char is formed in the flam-
ing pyrolysis zone and when oxygen is used up, as shown in sec. A-A in
Fig. 1, the char reductions occur.

To convert from a gasifier to a combustor, sec. A-A, being the point at
which all O2 is consumed, must be driven down below the grate by
on monoxide emissions.



1 Combustion efficiency refers to chemical energy loss in chimney through CO and CH4,
but does not account for higher hydrocarbons and TSP.

Fig. 3. Effect of airflow on combustion efficiency.
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increased air velocity or suppression of pyrolysis. Such suppression can
be performed by using wet fuels or by increasing the heat transfer from
the combustion zone e.g. no insulation. The zones in the gasifier/com-
bustor used is illustrated and further described in Supplement 3.

Experimental runs and findings

Tested by one operator, various combinations of quartz and steel re-
actors with dry and wet fuels (Islam, 1985, MS Thesis) and heat insula-
tion or no heat insulationwere investigated over a period of three years.
The latter studied the effects on the combustion parameters when the
heat transfer from the outside of the biomass reaction zone to the sur-
roundings was varied. The variation was obtained by using thermal in-
sulation of varying thickness outside the reaction zone of the two types
of tube reactors (quartz and steel).

The fuel used in the experiments had two types of moisture content
(wet or dry): 55% (dry basis) and 9% (dry basis).

Fig. 2 illustrates a plot of carbonmonoxide emission factor for differ-
ent reactor conditions of using wet or dry fuels and varying the thick-
ness of reactor insulation.

The four reactor conditions are:

• 1" Insulation, Wet Fuel, Curve 3
• 1/2" Insulation, Wet Fuel, Curve 2
• No Insulation, Wet Fuel, Curve 1
• 1" Insulation, Dry Fuel, Curve 4

As can be seen, three of the curves reach almost zero levels of CO
emission. It is seen the CO concentration decreases with increasing air-
flow in all the cases. Curve 1 shows that CO reaches almost zero levels
when using wet fuels without insulation. The volume flow of air at
which they reach the low levels is offset along the X-axis depending
upon the outward transfer of heat from within the reactor. The latter
part of Curve 4 shows a sharp decline, and a continuation of this trend
would bring it to low levels of CO emission at an estimated (extrapo-
lated) airflow of 2.5 standard liters per second (slps). The kink or hat
like profile of Curve 4 is very prominent. It is noticed that shifted to
the left along the X-axis, Curve 3 has a similar peak. Curves 2 and 1
have not developed a peak because the initial airflowwas too high. Sim-
ilar CO emission peaks were also observed during the many runs in
which the volume flow of air under the peak was 0.57 slps. This agrees
with the argument that more heat transfer from the reactants shifts the
CO emission peak as well as the point of lowest CO emission to the left.
The volume flow of air at which CO reaches almost zero levels may.be
referred to as V100 for that particular set of reactor conditions i.e. fuel
wetness, heat insulation, material of reactor (steel or quartz). V100 de-
notes a high combustion efficiency. As is seen in Curve 1, increasing air-
flow beyond V100, encourages more production of CO. At this point, the
system, as was mentioned earlier, started to extinguish.

Fig. 3 plots combustion efficiency1 as a function of airflow for differ-
ent reactor conditions. It can clearly be noticed that the V100 for these
Curves denoting high combustion efficiency are also the same as the
V100 airflows discussed under Fig. 2. The position of the V100 is found
to shift to the right for reactor conditions involving more insulation or
drier fuels. It is also observed that Curve 4 shows a low combustion ef-
ficiency during most of the airflows, until at the highest airflow tested,
an increasing tendency is noticed.

Fig. 4 illustrates a plot of fuel reaction rate as a function of airflow for
steel reactors using dry andwet fuels and having insulated and uninsu-
lated walls. An examination of the Curves 1, 2 and 3 reveal that in each
case, the fuel reaction rate (Rfu) rises to a maximum (Rfu,max). The vol-
ume flow of air (V) at this point is designated as V⁎. Increasing V beyond
V⁎ forces Rfu to decrease. The first portion of Curves 1, 2 and 3 appear
very similar to the curve profile found for dry fuels. This is
superimposed as Curve 5. Notice that due to lack of sufficient airflow,
the curve did not reach V⁎. It may therefore be reasoned that the reactor
under a particular set of operating conditions can operate at the same
reaction rate at two different airflows. During initial runs, it was judged
that manifestation or differences of reactor operating conditions (e.g.
fuel size) was not very apparent below an airflow of 0.57 slps.

While it is difficult to plot Curve 6 on thisfigure because of only one air-
flow for a run with dry fuel, but no insulation, it has been attempted to do
so. Knowing the steady state Rfu to be 1.18 kg/h at an airflow of 2.34 slps,
and assuming Rfu to be 1.68 kg/h when V was 1.72 slps, Curve 6 has been
estimated. Rfu,max for Curve 6 (steel reactor) appears to be much higher
than Rfu,max for Curve 5 (quartz reactor). This can be understood when
one considers that the outward heat transfer from the quartz reactor is
1890W compared to a heat loss of 941 watts from a steel reactor.

Combustion using wet fuel in the steel reactor having 1" and ½"
thick ceramic insulation experienced no problems in unsteadiness or
flame extinction. The carbon dioxide in the duct, which is an indicator
of the rate of fuel reaction as well as the concentration of CO2 in the
flue gas, showed a reasonably steady value at any particular airflow.



Fig. 4. Effect of airflow on fuel reaction rate.
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The response time lag between the airflow change and the monitor re-
sponse was found to be 10 s. On the other hand, wet fuel combustion
without insulation was steady at lower airflows but underwent flame
extinction at higher airflow. The runs performed with dry fuels were
again found to have steady combustion. On using 1" thick insulation
with dry fuel, it was observed that approximately 6 1/2" of steel above
the grate was a bright red hot.

The strategy for the run using dry fuel without insulationwas differ-
ent from the others in some respects. The airflow given to the system at
2.34 slps was the highest ever given. The judgement that the system
needed more airflowwhen combusting dry fuel was deduced from ini-
tial runs. Subsequent runs however suggested that in conjunction with
increased airflow, the depth of the char reduction zonemust be small in
order to achieve good combustion. The airflow in Curve 6 was therefore
taken quickly after lightup to 1.12 slps, and then to 2.34 slps shortly
thereafter to avoid reduction zone buildup. All data points in this run
Fig. 5. Effect of airflow o
were taken at the constant airflow of 2.34 slps. During the run, it was
seen that the heated steel, signified by red color above the grate
moved down below the grate. The 3" steel nipple section below the
grate and the tee joint became red hot. It was as if the combustion
zone had separated from the pyrolysis zone above the grate and had
moved downwards. Such a phenomenon was not observed in any of
the other runs.

It can be seen that either (a) the higher the insulation and less heat
transfer from the reactor zone or (b) the drier the fuel, the higher air-
flow it takes for the system to reach stoichiometric conditions. Stoichio-
metric condition is the minimum requirement of air for complete
combustion.

Fig. 5 is a plot of equivalence ratio as a function of airflow for various
reactor operating conditions. Equivalence ratio denotes the actual
amount of airflow compared to stoichiometric conditions i.e. an equiva-
lence ratio of 1 represents zero excess air. At low airflows, the
n equivalence ratio.



Fig. 6. Effect of airflow on temperature below grate.
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equivalence ratio is markedly closer to each other for all reactor condi-
tions than at high airflows. It can be seen clearly that the higher the in-
sulation or drier the fuel, the higher airflow it takes for the system to
reach stoichiometric conditions. Stoichiometric condition is the mini-
mum requirement for complete combustion. In conjunction with Figs.
3 and 4, it can be inferred that forcing more air into the system after
Rfu levels off to Rfu max, and thereby decrease Rfu, encourages the
equivalence ratio to rise rapidly. In Curve 4, Rfu is reached at 1.84 slps,
and the corresponding increase in equivalence ratio thereafter is clearly
evident.

Fig. 6 is a plot of temperature below the grate as a function of air-
flow for various reactor operating conditions. As a downdraft com-
bustor, it is worth recalling that the flame is below the grate. The
curve 4 has the lowest temperature, likely (by referencing with Fig.
3) due to its low combustion efficiency and operating in a gasifier
mode.

Table 1 provides a summary of the various combinations of experi-
mental runs. Each set represents 2–3 runs to ensuring repeatability.
The data gives an indication that good combustion can be attained by
wet fuels or by using secondary air (SA). The data outlined in green in-
dicate that the CO Emission Factor and the TSP Emission Factor go hand
in hand and become very low together.
Table 1
East-West stove, laboratory prototype combustor.

Test 
Moisture 
Content 

Fuel Reac�on 
Rate 

Secondary 
Air 

% kg/h  
1 6 0.59 No 
2 9 1.00 No 
3 9 0.88 No 
4 9 0.89 No 
5 12 0.75 No 
6 33 0.85 No 
7 9 0.91 Yes 
8 9 0.94 Yes 
9 9 0.86 Yes 

*each line is the mean of two or three individual experimen
**birch dowels 1.5 inch long, 5/16 and 7/16 inch diameter.
Results and discussion

The profiles of fuel reaction rate (Rfu) vs superficial air velocity
(V) obtained after many combinations of runs are shown in Fig. 7. The
apex of each curve denoted by V⁎ and Rfu,max reflect inability of Rfu to in-
crease any further; being limited by boundary layer diffusion. Complete
combustion occurs very soon afterwards at V100.

One of the most important burner characteristics observed was sta-
bility at each combustion air velocity, denoting steady state operation of
a continuous flow reactor. With primary air (PA) combustion, values of
combustion efficiencies were found to be as high as 99.7%. Correspond-
ingly, CO emissions were 3 g/kg, and TSP less than 1 g/kg. Higher mois-
ture contents or more reactor heat losses required less velocity for
complete combustion. With PA and SA (two-stage combustion device)
complete combustion was again obtained. In this case, the primary air
was controlled to operate the system as a gasifier, so that the fuel gas
generated had maximum combustibility and temperature approaching
the slowdown of the reduction reactions. This resulted in easy ignition
with introduction of secondary combustion air.

The good combustion obtained by PA only or by PA + SA offers
options to a designer of actual biomass combustion systems. In sys-
tems required to burn moist fuel or transfer heat from the
CO Emission 
Factor 

TSP Emission 
Factor 

Combus�on 
Efficiency 

g/kg g/kg % 
319 45.5 75.6 
410 17.4 68.0 
385 56.7 70.0 
433 22.7 67.0 
336 13.5 77.5 
9.7 0.3 99.5 
12.4 0.1 99.3 
3.2 0.8 99.7 
5.4 0.3 99.8 

ts.



Fig. 7.Generalized family of curves for the behavior of fuel reaction Rate (Rfu) as a function of superficial air velocity. Themaximum fuel reaction rate for a particular curve is at the airflow
V*, while the complete combustion occurs immediately afterwards at an airflowdesignated as V100. Reactor conditions involving outward heat transfer i.e. lower insulation orwetter fuel –
both leading to slower devolatilization rate – force the curves downward.
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combustion zone (e.g. domestic heating stoves), a PA systemmay be
suitable. On the other hand, use of a dry fuel and insulated combus-
tion chamber (like a boiler furnace) would tilt the favor towards sys-
tems with PA + SA. The PA + SA system would also handle
occasional wet fuels by shutting down the SA and operating the
burner as only a PA system.
Fig. 8. Generalized family of curves for the behavior of carbon monoxide emission factor (EFCO
airflow Vg, where it is behaving as a gasifier and is the best position for a system using sec
airflowdesignated as V100. Reactor conditions involving outward heat transfer i.e. lower insulati
Fig. 8 shows CO profiles obtained after many runs. The velocities for
maximumCO (Vg) andminimumCO (V100) are shown. Vg is the point of
operation for a gasifier or a PA+ SA system, while V100 for a combustor
operating on PA only. As illustrated in Fig. 3, combustion efficiency is
very high at V100 and there is a shift of the curves with insulation.
Table 1 indicated that CO and TSP go hand in hand and become very
) as a function of superficial air velocity. The maximum CO for a particular curve is at the
ondary air (SA), while the complete combustion with PA only occurs afterwards at an
on orwetter fuel – both leading to slower devolatilization rate – force the curves to the left.
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low together – a sign of good combustion with respect to both CO and
TSP, in the region immediately after V100.

Summary

Our technical conclusions are:

1. The reasons presented in the discussion under Fig. 8 would lead one
to believe that for a particular set of reactor conditions, a profile for
CO emission could be drawn as a function of airflow. Fig. 2 shows
four such profile curves for four reactor conditions. As is shown, the
region under study is very narrow. The assumption of such a profile
would fit experimental data reasonably well.

2. The behavior of the fuel reaction rate Rfu as a function of airflow can
be expected to have the profile shown in Fig. 7 and carbonmonoxide
as in Fig. 8. For different reactor conditions involving less outward re-
actor heat transfer or lower fuel moisture content, Rfu,max is shown to
increase. Correspondingly, V100 also increase. The zone of extinction
follows after the region or good combustion for each reactor condi-
tion when the air velocity exceeds the flame stability.

3. Wet fuel in an uninsulated quartz tube reactor is the easiest to com-
bust efficiently as the V100 required is the lowest. This is followed by
wet fuel used in a uninsulated steel reactor, and then dry fuel in un-
insulated quartz reactor. Insulated steel reactorswith½" and 1" insu-
lation using wet fuel have progressively need of higher V100. The
highest V100 experimentally tested so far has been for dry fuel in an
uninsulated steel reactor. Under all these conditions, very good com-
bustion efficiencies and stable flamehave been obtained. TheV100 re-
quirement for using dry fuel in an insulated steel reactor has not yet
been achieved.

Our best runs achieved 0.1 g TSP2 per kilogram of wood, but this de-
vice is termed a combustor because it had no provision for extracting
the heat for cooking and was tested with standardized wood dowels.
Thus, the results are difficult to compare withmodern pollutionmetrics
for biomass cookstoves, for example theWHO Indoor Air Quality Guide-
lines, which are framed inmass of emissions per hour for a family cook-
stove using normal fuel (WHO, 2014). If one assumes a consumption
rate of 1 kg/h, however, it would seem not to meet the current WHO
Emission Rate Target (ERT) for unvented combustion of
0.23 g PM2.5./min, but just meet the Intermediate ERT value of
1.75 mg/min. The CO emissions rate at the best TSP rate, 12.4 g/kg,
would not quite meet the ERT, but the best CO emissions rate,
3.2 g/kg, would meet it easily. Additional testing would be needed in a
cooking mode to be sure, however. This performance would be far bet-
ter, however, than the current US EPA standard for wood space heating
stoves (@~2 kg per hour; 32,000 BTU/h–4.5 g PM2.5/h) and
2 Modern standards are set against PM2.5, but 90% or more of TSP measured immedi-
ately post-combustion of woodsmoke is probably PM2.5 (Smith, 1987).
substantially better than the new standard set to come into force in
2020 (2.0 g/h) (USEPA, 2018).

Now to be done is to test against modern cat piss.
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