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The work reported here is concerned with a detailed thermochemical evaluation of the flaming mode
behaviour of a gasifier based stove. Determination of the gas composition over the fuel bed, surface
and gas temperatures in the gasification process constitute principal experimental features. A simple
atomic balance for the gasification reaction combined with the gas composition from the experiments
is used to determine the CH,4 equivalent of higher hydrocarbons and the gasification efficiency (7).
The components of utilization efficiency, namely, gasification-combustion and heat transfer are explored.
Reactive flow computational studies using the measured gas composition over the fuel bed are used to
simulate the thermochemical flow field and heat transfer to the vessel; hither-to-ignored vessel size
effects in the extraction of heat from the stove are established clearly. The overall flaming mode efficiency
of the stove is 50-54%; the convective and radiative components of heat transfer are established to be 45—
47 and 5-7% respectively. The efficiency estimates from reacting computational fluid dynamics (RCFD)
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compare well with experiments.

© 2011 Elsevier Ltd. All rights reserved.

1. Introduction

A stove design that ensures near-stoichiometric operation to
maximize efficiency and minimize emissions, limits the velocities
in the fuel residing zone to limit particle carry-over with vessels
of practical relevance was evolved using principles of gasifier with
air supply from a fan [1-4]. Gasification is one of the predominant
routes for conversion of biomass to energy (see for instance [5,6]).
This stove design was engineered using the principles of gasifica-
tion into a commercial product and sold commercially to half-a-
million house holds along with agriculture residue based pellet
fuel. This stove assures an utilization efficiency of over 50% and
CO emission of 0.75 g/M] of heat input. Compared to stoves based
on air supply by natural convection, these efficiencies are 40-60%
higher and CO emissions about 50-70% lower. Pushing the under-
standing to the next level, where the thermochemical processes
are examined in detail may allow further optimization of efficiency
and emissions. One important feature guiding these developments
is that efficiency and emissions have an inverse correlation - high-
er efficiency obtained by better combustion allows for lowering the
emissions.

There are several earlier studies on packed bed gasification and
combustion [5-11]. Most of these studies have been restricted to
high air flow rate (superficial velocity >8 cm/s) regimes which find
application in large scale combustion in power generation systems.
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Work of Reed and colleagues [3,12] is probably the only one which
addresses the problem of thermochemical processes in the super-
ficial velocity range of 3-6 cm/s, a range of particular interest to
small clean combustion devices of focus in this paper. Current
work goes beyond the work of Reed and colleagues by addressing
the crucial gas phase processes affecting the various components of
efficiency.

This stove shown in Fig. 1 has a combustion space of 100 mm
diameter and 130 mm depth with a grate in the bottom and wood
chips or pellets of biomass can be used as fuel. The stove is a top-lit
downdraft gasifier (see [13]) with air for gasification (primary air)
provided from the bottom region and the gas generated in the pro-
cess of gasification burnt on top with secondary air to ensure com-
plete combustion and minimum emissions. Domestic cooking
requires power in the range of 3-4 kWth and this corresponds to
a biomass consumption of 10-15 g/min. This requires a primary
air flow rate in the range of 15-25 g/min for 100 mm diameter
stove; the superficial velocity, a key parameter for obtaining opti-
mal gas quality [12] corresponding to this range is 3-6 cm/s. When
the stove is loaded with biomass and is lit on top by sprinkling
small amounts of liquid fuel (say, alcohol or kerosene), de-volatil-
isation of biomass leads to ignition of particles in the top most
layer. This in turn leads to similar processes in the subsequent lay-
ers of biomass particles. This flame front propagates into the fuel
bed against the air stream similar to a premixed flame propagation
in a tube, albeit with heterogeneous local fuel source. The air that
passes from the bottom through the bed aids flaming combustion
of the biomass pieces and the gases move upward through the hot
char bed left behind by the propagating pyrolysis front. This leads
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Fig. 1. Schematic of a gasifier stove with the gasification air flowing from bottom to top and another stream of air through radial holes at the top helps combustion of the

combustible gases; the part on the right is the modification for the current experiments to help control the air flow rates.

to reduction reactions and the gases that issue from the top region
are fuel rich. Secondary air from the top mixes and burns with this
combustible gas ensuring complete combustion with minimum
emissions and maximum possible heat transfer to the vessel.

The efficiency of the stove in these modes at different equiva-
lence ratios are experimentally determined and reported in [14].
The major conclusion of [14] are: (a) the gasification A/F is 1.5 in
the operation regime of the stove (b) the maximum overall effi-
ciency of the stove is 52% and occurs close to stoichiometric oper-
ating point; (c¢) the flaming mode contributes 45% and the char
mode contributes 7% to the overall efficiency; (d) 60% of the total
CO emissions come from the char mode with only 20% of the total
energy consumption; (e) drastic changes in A/F during the transi-
tion to char mode combined with secondary air cooling effect is
shown to be the reason for low char mode efficiency and ways to
improve the char mode efficiency from 7% to 20% are brought
out; with this improvement the total CO emissions came down
by 50%; the insights obtained were used to improve the efficiency
of the existing commercial design by more than 5%.

1.1. Flaming and char mode

There are two phases in the consumption of the biomass (see
Fig. 2). The first phase involves the evolution of volatile gases
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Fig. 2. Mass loss vs. time for wood.

and conversion of the biomass to char by the propagating pyrolysis
front. This referred to as the flaming mode [15]. Once the front
reaches the grate, all biomass is de-volatilised and about 20% of
hot char is left on the grate. The air coming in through the grate
causes surface oxidation of char and generates primarily CO and
CO, and little H,. CO, so generated passes through the hot char
on top and can undergo reduction with carbon to form CO. The
conversion process in the char mode is also gasification till the last
5% burn time. After this, the amount of char left behind is con-
sumed in a combustion mode and what will be left behind finally
is ash [16]. This is referred to as the char mode. The power levels
are 3 + 0.5 kW in flaming and 0.5 + 0.1 kW in char modes. Mass, en-
ergy and power levels in the two modes are shown in Table 1. It is
clear that flaming mode constituted 80% of the total energy con-
sumption and this work is concerned with detailed thermochemi-
cal evaluation of flaming mode wusing computations and
experiments.

The paper is organised as follows: (1) Gas composition and gas-
ification efficiency, (2) Simulation of gas phase combustion and
heat transfer, (3) Radiation heat transfer efficiency, (4) Concluding
remarks.

2. Gas composition and gasification efficiency (7,)

The schematic of the experiment in shown in Fig. 3. The stove is
100 mm dia 130 mm long cylindrical chamber with a grate at the
bottom, conforming to the actual commercialized design. Air for
gasification comes from the bottom and for combustion of gasifica-
tion products is supplied on top of the bed from 18 holes of 5 mm
dia each. The air flow rates are controlled with a calibrated variable
area rotameters. The stove was loaded with about 400 g of wood
pieces 10-15 mm size and placed on a balance (0.5 g precision)
to enable continuous mass measurement during the test. The igni-
tion process involved placing some kerosene soaked waste cotton
over the bed and lighting the cotton. This was followed by supply-
ing a known flow rate of primary air. In select experiments per-
formed without the vessel, the secondary air holes were blocked
to avoid any possible influence of that on the measurement of com-
position. Gas samples extracted from the stove were analysed after
removal of water vapour for various components — CO, CO,, H,, O,
and CH4 using Maihak gas analyser. No hydrocarbon other than



S. Varunkumar et al. /Energy Conversion and Management 53 (2011) 135-141 137

Table 1 Table 2
Mass, energy and power behavior, 11, = wood piece consumption rate. Gasification A/F and char bed temperature with wood as the fuel.
Mode Fuel Ty Cal value Energy Time Power Mg (g/min) 1y, (g/min) AJF Tey (°C)
(®  (gmin)  (M/kg) (M) (min) (kW) " o s —
Flaming 310 111 14" 4.34 28 2.6 18 12 1.5 823
Char 50 1.19 25 1.42 42 0.56 24 16 1.5 933
Biomass loaded = 360 g, Cal value = 16 MJ/kg.
* =deduced.
Table 3

CH,4 can be measured using this gas analyser. K-type thermocouple
of bead size 1 mm was used to measure the temperature of the
bed. The data was acquired over the entire cycle of operation of
the stove on a computer and no change in the composition of the
gas analysed was taken indicative of the steady state operation
of the stove.

Table 2 shows the gasification air-to-fuel ratio (A/F) and the
char bed temperature measured for three different primary air
mass flow rates. This simple result obtained from air-flow and fuel
mass-time data confirms the known fact that the A/F of gasification
is constant irrespective of the mass gasification rate in the range of
flow rates considered. The char bed temperature increases with
mass gasification rate. These two phenomena are consistent with
the internal heat balance in the gasification process. As the air flow
is increased the heat release rate will increase because more of the
pyrolysis products are burnt. But this will not increase the temper-
ature of char bed directly because the endothermic reduction reac-
tions will aid reduction in the temperature rise. Also the amount of
gas created by char bed (by reduction reactions) will increase and
therefore the consumption of char will increase. This net effect re-
sults in a constant A/F even with the increase in the mass gasifica-
tion rate.

Table 3 shows the gas composition and the gasification effi-
ciency for the flaming mode operation. The composition improves
with increase in the mass gasification rate. This is expected be-
cause the amount of gas reduced by char bed increases and that
means more of CO,, H,O get converted to CO and H, and more
tar gets cracked into simpler components.

The gasification efficiency is defined as the ratio of the energy
contained in the gas at the temperature at which it is generated

Hood to collect
flue gas

Gas composition (volumetric) and gasification efficiency (1,) at different wood
consumption rates.

Ty (g/ co CO, CH4 0, H, Ty H. (M]/ Ng
min) (%) (%) (%) %) (%) (K nm? (%)
10 8 19 1.5 280 1.6 1033 2.68 33
12 123 20 2.5 130 5.2 1093 3.70 47
16 13 18 2.5 083 75 1178 3.95 52

to the input energy in the biomass. The energy of the gas is com-
puted by summing up the heats of formation and the sensible en-
thalpy of the species over their volumetric fractions. The maximum
1g obtained is 52%. However, classical downdraft gasification sys-
tems show a cold gas efficiency of 80% (hot gas efficiency ~85-
87%) [17]. This discrepancy needs examination. The volume frac-
tion of CH, is 2.5% but in a classical downdraft gasifier CH, is 1%.
This indicates that the cracking of higher hydrocarbons like tar that
is known to occur very effectively in a classical downdraft gasifier
may not occur in a stove largely because the char bed thickness is
small indeed. Even in a downdraft gasification systems, it is in-
ferred that the fraction of higher hydrocarbons will be higher
whenever CH, is greater than about 1%. Such a situation is there-
fore most likely in the stove gasification process. Since the gas ana-
lyzer used in the experiment could cannot detect it, the following
strategy was adopted. The hydrogen element in the biomass can
get converted into H,, H,O and hydrocarbons only. The volume
fraction of H, is measured and if once the fraction of H,O is esti-
mated, the rest of hydrogen is inferred to be going into HC only.
Assuming that the only hydrocarbon is CH4, the amount of CH4
equivalent in energy to other hydrocarbons can be estimated by
enforcing atomic balance on the gasification reaction.

Condenser || CaCl, Filter

Flue gas
Analyser
co,co,,0,
NO SO,

Vessel with 10 kg
of water, stirrer
and thermometer

—

Secondary air

Primary
air

1 mm K-type
thermocouple

R R RS S S S =S = == =
=R = R = = S = = = = == =
EE SRS S S == = = = =
E R RS S S S =S = = = = =

Air

—
78545 g

supply

Digital weighing scale
I output to computer

Fig. 3. Schematic of the experiment.
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But to make an atomic balance, one needs to know the (a) CHNO
analysis of wood, (b) AJF for gasification and (c) volume fraction of
H,0. The CHNO analysis of wood sample was outsourced to a chem-
ical laboratory. This gave the composition as CH; 7,00 58No.0024s-
The A/F is known from the experiments and the volume fraction
of H,O was estimated by the experimental setup discussed earlier
(Fig. 3). By measuring the amount of water condensed, the volume
flow rate of gases flowing through the condenser, mass gasification
rate of the biomass and the primary air volume flow rate, the vol-
ume fraction of H,O was determined to be 10%. With these inputs
the fraction of CH4 equivalent in energy to higher hydrocarbons
was determined by the following calculation.

The gasification chemical reaction is

CH1.720088No 00248 + X(02 + 3.76N7)
— aCO0 + bCO, + cH; + dH,0 + eCH, + 3.76xN;

Here e refers to CH4 produced in the gasification reaction plus the
CH,4 equivalent in energy to the other hydrocarbons. From the pre-
vious experiments we know the A/F of the gasification reaction and
therefore x is known. e was calculated by solving the atomic balance
equations

C:a+b+e=1 (1)
H:2c+2d+4e=172 (2)
O0:a+2b+d=0.88+2x (3)

We have three equations and five unknowns. But from experiment
we know the volume fraction of CO, CO, on dry basis and this gives
the following two equations.

a/(a+b+c+e+3.76x)=0.13 (4)
b/(@+b+c+e+3.76x) =0.19 (5)

Using these, the atomic balance equations were solved. The final
composition along with the gasification efficiency is shown in
Table 4.

3. Simulation of gas phase combustion and heat transfer

The flaming mode efficiency #y, of the stove is the ratio of the
heat transferred to the vessel to the energy put into the stove in
the flaming mode. This is a product of the gasification efficiency
ng and the convective heat transfer efficiency 7, from the gas
phase combustion to the vessel (the heat transfer by radiation from
the stove wall to the vessel is included in this). Apart from this, the
hot char bed transfers heat to the vessel by radiation and this effi-
ciency is denoted by #4q.

’/’]’" = '/Igrlcon + rlrad (6)

The next step is to determine the convective heat transfer efficiency
(M1con)- The convective heat transfer to the vessel was determined by
simulating the gas phase combustion process in the stove. For this
the conservation equations for reacting flow with appropriate
boundary condition were solved.

In order to simulate the flow in a stove it is required to know
whether the flow is laminar or turbulent. The stove is essentially
a cylinder of diameter 100 mm and 18 circular jets on its circum-
ference. Average biomass burn rate is 13 g/min and the stoichiom-
etric A/F is 4.9. Therefore for stoichiometric operation, total flow

Table 4

Composition corrected using atomic balance.
Ty co CO, CH4 0, H, H,0 g
(g/min) (%) (%) (%) (%) (%) (%) (%)
16 143 14.1 5.2 1.2 9.3 10 80

through the stove is 76.7 g/min. The flow Reynolds number with
the stove diameter (100 mm) as the characteristic length is
Re, = pVd/u = 4 m/ndp = 301.4. This is very small compared to Re-
it (for transition to turbulent flow) for flow through a cylindrical
duct constituting the combustion chamber. But there are 18 jets
coming into the cross-flow and the critical Reynolds number of
jet is small. Reynolds number based on jet diameter and the mass
flow of secondary air is Req = pVd/u = 4iig,/mdp = 391. Even if
at this Reynolds number, the jet could be turbulent. But the jets
are issuing into a chamber that has a high viscosity (due to high
temperatures in the combustion chamber). The net behavior is
close to laminar flow - the physical appearance is of a mildly danc-
ing diffusion flame.

In actual stove the secondary air is supplied using a fan which
blows air into a plenum and then it enters the combustion cham-
ber through 18 circular holes on the circumference of the chamber.
Issues of axi-symmetry and nature of inflow velocity profile were
settled by simulating the cold flow through the plenum and the
stove combustion chamber.

The flow domain used for the calculation is shown in Fig. 4.
Structured grid with 0.15 million cells was used to compute the
flow field using ANSYS-CFX commercial code. Mass inlet boundary
condition for the main inlet, zero pressure gradient for the outlet
and no slip no penetration boundary condition for the walls was
used. The results are presented in Fig. 5.

There is some asymmetry in the velocity profile but does not
appear significant. Since we are interested in overall thermal
behaviour, a symmetric parabolic profile was taken to approximate
the velocity profile and the simulations were performed. For the
ease of computation a 20° sector with one secondary air inlet
was simulated assuming symmetry and a parabolic velocity profile
was assumed for air inlets. The computational domain along with
the boundary conditions used are shown in Fig. 6.

The flame in the stove is non-premixed and therefore the chem-
ical reactions were assumed to be mixing controlled. The calcula-
tions were made with additional transport equation for the
mixture fraction and algebraic equation for mass fractions of vari-
ous components. Heat transfer due to radiation from the gases and
the stove walls was modelled using discreet transfer equations.

A few preliminary computations showed that the stagnation
boundary layer at the bottom of the vessel requires a fine grid. Cap-
turing this with good resolution is crucial because the aim of the
computation is to determine the vessel wall temperature gradient.
The wall heat flux along the bottom of the vessel is shown for three
different grids in Fig. 7. A grid with 0.26 million nodes (220 mm
diameter vessel) and 0.2 mm size in the direction normal to the
vessel wall resolved the boundary layer with sufficient accuracy.
The point to note is that the coarse grid had problems resolving

Outlet

Secondary air inlel
* holes

=% Plenum

F Main Air Inlet
=

Fig. 4. Computational domain for calculating secondary air distribution.
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Fig. 6. Computational domain and boundary conditions.

the flow features close to the stagnation point. It was found that
this would not affect the prediction of total heat transfer, because
of very small area close to the stagnation point.

Grid independent stagnation point boundary layer profiles are
shown in Fig. 8 for different points along the vessel wall. It is clear
from the plot that the gradients are strong within 1-2 mm from
the wall and decrease as we move away from the stagnation point
along the vessel wall. Therefore the heat flux is maximum near the
stagnation point.

The total heat transfer to the vessel up to radius r is given by Eq.
(7). Fig. 9 shows the wall heat flux, the area of the vessel and the
heat transferred to the vessel up to radius r as a function of radius
of the vessel.

(J=/O q"2nrdr (7)

Once the quantity q” is obtained the convective heat transfer effi-
ciency can be obtained. The heat transferred to the vessel side wall
was included into ¢ for calculating #.,,. Computations were per-
formed for vessels of 220, 260 and 320 mm diameter that are the
kind of dimensions of practical cooking vessels. Table 5 presents
the results of the computations.

The results clearly indicate better utilization of heat as the
vessel size is increased. Introducing swirl is sometimes claimed
to enhance the heat transfer to the vessel. Calculations done with

] \__\‘ 0.14 million
1e+05 | .\ 0.26 million
e T T e 0.38 million

9e+04

8e+04

7e+04

q" (Wim?)

6e+04

Se+04

4e.'-t)4_l T T T T T T
0 001 002 003 004 005 006

r (mm)

Fig. 7. Grid independence test.

30° showed marginal changes in the heat flux along the radius
and on integration, the heat transferred to the vessel seemed unaf-
fected by the swirl.

From here we are just one step away (heat transfer due to radi-
ation from char bed) from determining the overall efficiency of the
stove. The methodology used to determine 7,44 is explained below.
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Fig. 9. The variation of heat transfer along the radius of the vessel.

Table 5

Efficiency.
d, (mm) Heon (%)
220 52.8
260 58.0
320 65.2

3.1. Radiation heat transfer efficiency (1rqa)

The heat transfer from the hot char bed to the vessel was deter-
mined theoretically. The geometry used in the calculation is shown
in Fig. 10.

To estimate the radiative heat transfer to the vessel from the
char bed, the fraction of energy emitted by surface 1 intercepted
by imaginary surface 3 is to be calculated. For this, the view factor
F13 is required. For this geometry the view factors are known from
standard charts [18] and is shown in Table 6.

Char was assumed to be a blackbody at 1000 K. The theoretical
radiative flux intercepted by surface 3 was calculated using (8).

q, = 5.67e — 8 x 1 x A1 x F13 x (1000* — 343%) (8)

Since the depth at which the char bed exists changes as the stove
operates calculations were done for three different depths and the
average was taken as the contribution of radiation from the char
bed. The results are set out in Table 7.

Average heat transfer rate is 122 W. This theoretical estimate
was put to test using experiments. The experimental setup is very
similar to the one shown in Fig. 3, but instead of biomass loaded in
the chamber, the chamber was sealed and evacuated using a vac-
uum pump to 550 mm of Hg below atmosphere. The base plate
was maintained at about 1000 K and the heat transferred to the
water was calculated as before. The measured heat transfer rate
was 160 W. This is slightly higher than the average number esti-
mated from the theory. In experiments there is a possibility of
other modes of heat transfer like natural convection and conduc-

L =50,75,100 mm

PP e

Imaginary surface

nl«lmimunmm

L
g Surface 2
L—p Surface 1at 973 K
Fig. 10. Model for theoretical prediction.
Table 6
View factors.
L (mm) F13
50 0.38
75 0.25
100 0.20
Table 7
Radiative heat transfer.
L (mm) qr (W)
50 167
75 110
100 90
Table 8
Overall efficiency.
d, (mm) 1g (%) Ncon (%) Nrad (%) Mo (%)
220 80 52.8 6.0 48.3
260 80 58.0 6.0 52.4
320 80 65.2 6.0 58.2

tion (because of direct contact). Taking into account these factors
the measured values are not very far from the theoretical values.
Therefore from combination of experiments and theory the contri-
bution of radiation to efficiency is about 6 + 1%.

Now that all the components of the efficiency are determined,
the overall efficiency picture is as shown in Table 8.

The experiments and computations lead to the following impor-
tant features of the stove operation.

1. The products of gasification from a reverse downdraft system
contains more uncracked higher hydrocarbons compared to a
classical downdraft system and a simple method to calculate
the fraction of HHC was devised. Application of that method
showed that the gasification efficiency of a stove is same as that
of a gasifier.

2. The dependence of convective heat transfer efficiency on the
vessel size has been brought out.

3. Contribution of radiative heat transfer from char bed to effi-
ciency is 6 + 1%.
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Table 9
Vessel size effect - experiment and CFD.

d, (mm) V[f’la Experiment* (%) 17}10 CFD (%)
220 49+2 48
260 52+2 52
320 55+2 58

* Calorific value of biomass 16 + 0.5 MJ/kg

58.2%
320 mm

Theory  48.3%

53.6%

51.9%

Experiments  49.4%

Fig. 11. Effect of vessel size on heat extraction.

4. Vessel size effects — Experiments and computations

Table 9 shows the effect of vessel size on efficiency determined
from experiments and simulation. The fair comparison between
the experiments and calculations (see Fig. 11) brings out the point
that using vessels of appropriate size is crucial to improving the
utilization efficiency. It is clear from Fig. 11 that as the vessel size
is increased more and more of heat is extracted from the hot prod-
uct gases leaving the stove. The efficiency will keep increasing with
the diameter till a stage when the heat loss from the sides becomes
significant.

5. Conclusions

The components of the efficiency of the stove are clearly estab-
lished with experiments and simulations. The energy equivalent of
higher hydrocarbons is determined using experiments and atomic
balance to be 5.5% CH4 and is used to establish the similarity be-
tween stove and classical gasifier in terms of gasification efficiency.
The simulation of gas phase reactions and heat transfer in the stove
showed that (a) the calculated data compare well with the exper-

imental data, (b) the heat extraction is a strong function of the ves-
sel size with efficiency increasing with the diameter of the vessel
and (c) swirl has negligible effect on the heat transfer. The radia-
tion from the char bed to the vessel is shown to contribute about
6 + 1% to the efficiency.

The insights obtained in this work and an associated paper of
the authors [11] have been used to enhance the efficiency and re-
duce the emissions of not only domestic stoves but larger size com-
mercial stoves meant for community cooking.
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