
Energy for Sustainable Development 26 (2015) 1–13

Contents lists available at ScienceDirect

Energy for Sustainable Development
Modeling of household biomass cookstoves: A review
Nordica A. MacCarty, Kenneth M. Bryden 1

Department of Mechanical Engineering, Iowa State University, Ames, IA 50011, USA
E-mail address: kmbryden@iastate.edu (K.M. Bryden)
1 1620 Howe Hall, Iowa State University, Ames, IA 5001

fax: +1 515 294 3261.

http://dx.doi.org/10.1016/j.esd.2015.02.001
0973-0826/© 2015 International Energy Initiative. Publish
a b s t r a c t
a r t i c l e i n f o
Article history:
Received 26 July 2014
Revised 2 February 2015
Accepted 3 February 2015
Available online xxxx

Keywords:
Cookstoves
Biomass
Computational modeling
Heat transfer
Combustion
Review
This article reviews the cookstove modeling literature for one- to three-burner natural draft, wood-fired cook-
stoves fueled with solid unprocessed biomass ranging in size from 1 to 20 cm and operated by an individual in
a residential setting. These household cookstovemodels are organized around the threemajor zones of the cook-
stove system: the fuel bed, the gas phase reaction zone, and the heat transfer zone. Today's household biomass
cookstove models are coupled steady-state models with simplified algebraic relationships for the packed bed;
computational fluid dynamics with a four-equation set global reaction scheme for CO2, CO, H2, H2O, and hydro-
carbons in the gas phase reaction zone; and generic correlations or computational fluid dynamics models in the
heat transfer zone. The currentmodels do not address the production of particulate or other harmful emissions or
the effects of fuel tending, varying fuel, or transient operations.

© 2015 International Energy Initiative. Published by Elsevier Inc. All rights reserved.
Introduction

This paper reviews the current state of numerical modeling of the
small biomass cookstoves used to meet the household energy needs of
more than 2.4 billion people. Specifically, this article focuses on one-
to three-burner biomass cookstoves fueled with solid unprocessed bio-
mass ranging in size from 1 to 20 cm and operated by an individual in a
residential setting. Although called cookstoves, depending on local cus-
tom and need, the primary uses of these stoves include heating water
for washing, cooking meals, steeping tea, making medicines, and other
household tasks (Johnson and Bryden, 2012). These types of stoves ac-
count for the majority of cookstove designs in use in the developing
world today (Jetter et al., 2012; MacCarty et al., 2010). Although in
some cases the issues are similar, this article does not address charcoal
or coal stoves, forced draft stoves, gasifier stoves, pulverized fuel stoves,
institutional scale stoves, or stoves used for space heating. Nor does this
article address the issues associated with fuel processing and fuel
pellets.

More than 2.4 billion people use solid biomass fuels for household
cooking and heating in open fires and simple stoves (International
Energy Agency (IEA), 2010). The users of these cookstoves live almost
entirely in the developing world, and the individual, community, and
global impacts of these household biomass cookstoves are significant.
It has been estimated that indoor air pollution from solid fuel use is
responsible for nearly 4 million deaths annually and accounts for
.
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approximately 4% of the burden of disease in developing countries
(Lim et al., 2012; World Health Organization (WHO), 2002). The fine
particulatematter, carbonmonoxide, polycyclic aromatic hydrocarbons,
and other emissions due to incomplete combustion within typical
kitchens contribute to acute lower respiratory infections, pneumonia,
and chronic obstructive lung disease; as well as adverse pregnancy out-
comes and cataracts (World Health Organization (WHO), 2002; Legros
et al., 2009; Bruce et al., 2006; Rehfuess, 2006). In addition, the use of
biomass fuel for cooking and heating is a significant source of global
black carbon emissions, which is one source of climate change (Bond
et al., 2013).

Recognizing these individual, community, and global impacts, a num-
ber of groups have focused on the research anddevelopment of improved
household biomass cookstoves. However, few of these efforts have fo-
cused ondeveloping the numericalmodels needed for the design of cook-
stoves. In the past 30 yearsmore than 500 journal articles have examined
various aspects of biomass cookstoves; however, fewer than 30 of these
journal articles have addressed numerical modeling of the heat transfer
and combustion processes in traditional household biomass cookstoves.
Because of this, today the design of these cookstoves is primarily based
on experience and rules of thumb.
Background

A traditional biomass cookstove consists of the air intake and trans-
port system, a bed of fuel, a gas phase combustion zone, and a cookpot.
There are three primary types of traditional household biomass cook-
stoves based on the treatment of the combustion chamber. These are
.
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1. Open cooking fires—these are traditional cooking fires in which a
cookpot is held atop three stones or other similar support (Fig. 1a).
The airflow is uncontrolled and the air is entrained in the system
due to buoyancy. Generally a fire grate is not included.

2. Shielded-fire cookstove—these stoves are often referred to as
improved stoves and marketed under a number of names. These
devices range from a simple shield of metal or clay around the com-
bustion space to more complex devices with inlets for the directed
control of primary and secondary air (Fig. 1b). Some include electri-
cally powered fans to control the air. In some cases a narrow channel
is created around the cookpot to improve heat transfer from the
combustion gases to the cookpot. There may or may not be a fire
grate provided.

3. Enclosed-fire cookstoves with chimneys—these stoves are similar
to stoves used for space heating but have high temperature
cooking surfaces (Fig. 1c). The fire is fully enclosed within the
combustion chamber. The fuel entrance may be open and permit
airflow into the system. Alternately, there may be a tightly sealed
fuel door and separate controls for airflow into the stove. Gases
leave the combustion chamber and travel along channels under-
neath exposed cookpot bottoms or a large sealed plate or griddle
on which pots are heated or food is directly cooked. The combus-
tion gases then exit to the chimney and are exhausted outside of
the kitchen.

The basic operation of all three types of stoves is similar. They are
fueled with wood or biomaterials (e.g., dung cake or crop residues). It
should be noted that there are very few models of cookstoves fired
with biomaterials other than wood, and all the models included in this
(a) (b)

(c)

Fig. 1. Types of cookstoves: (a) open cookingfire, (b) shielded-fire cookstove, (c) enclosed
fire with chimney.
review are based on wood-fired cookstoves. The wood fuels that have
been modeled range in size from small twigs to large unsplit branches.
The as-received fuel moisture varies in moisture content from 5% to
greater than 50% depending on the season, storage availability, harvest
method, and curing time (Ragland and Bryden, 2011). Due to limited
control of primary and secondary airflow, there is often high excess air
resulting in low combustion gas temperatures, short transit times, and
incomplete combustion. The challenge for designers of these devices is
to create a user-friendly cooking appliance that can utilize a wide
array of fuel types, sizes, and moisture contents while maintaining
high heat, good turndown, high overall efficiency and low emissions.

Cookstove models

Fig. 2 provides a schematic of a small biomass cookstove of the type
used in nearly all numerical models. In general the goal of cookstove
modeling has been to improve heat transfer efficiency of the cookstove
system by examining the relationships between the combustion rate,
excess air, geometry, and heat transfer. In all cases zonal models have
been used to describe and couple the processes occurring within the
three major zones of the cookstove system—the reacting fuel bed
zone, the gas phase combustion zone, and the heat transfer zone around
the cookpot.

Table 1 provides a summary of various cookstove modeling efforts
over the past 30+ years. To understand past modeling work and the
current state of progress towards a complete stove model, it is helpful
to divide Table 1 into five groups of stove models. Four of these groups
model the entire cookstove and are differentiated based on the coupling
between the zones and how thegas phase reaction zone ismodeled. The
final group of models consists of models that address only a single
aspect of cookstove design (e.g., heat transfer). The five groups are

1. Uncoupled models with no explicit gas phase combustion—these
models do not include coupling between various zones of the
stove in which results from one zone are used as inputs to a sub-
sequent zone (De Lepeleire et al., 1981; Verhaart, 1982; Prasad
et al., 1985; Baldwin, 1987). Rather, the boundary condition in-
puts (e.g., temperature and velocity) to each zone were assumed
separately.

2. Coupled models with no explicit gas phase combustion—the
Woodburning Stove Group at Eindhoven University over a period
of years developed a set of models that couple solid phase com-
bustion in the fuel bed together with buoyant flow in the flame
zone to predict the heat transfer (Bussmann and Prasad, 1982;
Bussmann et al., 1983; De Lepeleire and Christiaens, 1983;
Secondary Air
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Fig. 2. Processes within a cookstove.



Table 1
A chronological summary of household biomass cookstove modeling efforts.

Model Model
typea

Stove
typeb

Model characteristics Validation

De Lepeleire et al. (1981) 1 EN Description—combustion stoichiometry used to determine combustion
chamber and primary/secondary air inlet dimensions for given
firepower and excess air
Packed bed model—no separate packed bed model
Gas phase combustion model—no separate gas phase combustion model
Heat transfer model—no separate heat transfer model

None

Verhaart (1982) 1 EN Description—empirical velocity of fire penetration used to determine
whether heat supplied by char and volatile combustion can sustain a
constant firepower
Packed bed model—no separate packed bed model
Gas phase combustion model—no separate gas phase combustion model
Heat transfer model—no separate heat transfer model

None

Bussmann and Prasad (1982),
Bussmann et al. (1983)

2 OF Description—coupled zonal model to predict temperature, plume width,
and velocity for varying firepower, excess air, and volatile fraction
Packed bed model—conservation of energy for a control volume with
given firepower and volatile fraction
Gas phase combustion model—differential conservation equations
including reacting flow with air entrainment
Heat transfer model—local convective heat transfer correlations for
bottom and sides of pot, blackbody radiationwith nonparticipatingmedia

Quantitative and qualitative
experimental

De Lepeleire and Christiaens (1983) 2 EN Description—coupled flow and heat transfer analysis to investigate
effects of several geometrical variables
Packed bed model—given temperature
Gas phase combustion model—no separate gas phase combustion model
Heat transfer model—convective heat transfer correlation for short duct
with laminar flow

None

Prasad et al. (1985) 1 SF Description—transient wall loss analysis for three body materials
Packed bed model—no separate packed bed model
Gas phase combustion model—no separate gas phase combustion model
Heat transfer model—no separate heat transfer model

None

Bussmann and Prasad (1986) 2 SF Description—coupled zonal model to predict efficiency for
parametric variation of geometric variables
Packed bed model—same as Bussmann et al. (1983)
Gas phase combustion model—heat addition of complete
combustion, non-reacting flow
Heat transfer model—adiabatic wall, local convective heat transfer
correlations for bottom and sides of pot, blackbody radiation with
nonparticipating media

Experimental

Baldwin (1987) 1 SF Description—discussion and uncoupled models of steady-state and
transient combustion and heat transfer processes to investigate
effects of design variables
Packed bed model—simplified pyrolysis and 2-step char burning
models presented
Gas phase combustion model—assumed temperature and velocity
input to heat transfer zone
Heat transfer model—investigated effects of material and geometry
on wall losses via thermal resistance analog, global convective heat
transfer for the pot side, blackbody radiation using fuel bed
reduction factor of 0.5

Qualitative experimental

Date (1988) 2 SF Description—coupled zonal model to predict efficiency for
parametric variation of geometric variables
Packed bed model—time-averaged and temperature dependent char
burning and volatile evolution for various wood diameter
Gas phase combustion model—heat addition of complete
combustion, reactions added in (Shah and Date, 2011)
Heat transfer model—wall losses as thermal resistance analog, global
convective heat transfer correlations from the literature, radiation with
participating media as a function of beam length

Experimental

Kumar et al. (1990) 2 EN Description—coupled zonal model to predict heat transfer and flue
gas composition for varied firepower
Packed bed model—conservation of energy for a control volume given
constant firepower, excess air, and mass of char remaining, no
radiative losses
Gas phase combustion model—conservation of energy for a control
volume in terms of specific heat of products of complete combustion
Heat transfer model—six well-stirred reactors with convective heat
transfer correlations from literature, cumulative conductive wall losses,
and radiation as a function of CO2, H2O and beam length

Experimental

Schutte et al. (1991) 5 E Description—presented discussion for predicting flue gas composition in
downdraft and traditional combustion with constant firepower
Packed bed model—no separate packed bed model
Gas phase combustion model—reacting flow using reaction rates from
literature including C, CO, CO2 and H2O

Experimental

(continued on next page)
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Table 1 (continued)

Model Model
typea

Stove
typeb

Model characteristics Validation

Heat transfer model—no separate heat transfer model
Weerasinghe and Kumara (2003) 4 SF Description—coupled CFD model of flaming mode of combustion and

heat transfer to determine optimal height
Packed bed model—no separate packed bed model
Gas phase combustion model—reaction rate of fuel combustion
according to dissipation rates
Heat transfer model—CFD analysis

Heat transfer experimental

Bryden et al., 2003 5 EN Description—CFD simulation to optimize baffle placement with
empirical inlet conditions
Packed bed model—no separate packed bed model
Gas phase combustion model—no separate gas phase combustion model
Heat transfer model—CFD analysis to optimize heat transfer through
griddle with inputs to heat transfer zone determined experimentally

Experimental

Burnham-Slipper et al. (2007a,b),
Burnham-Slipper (2008)

4 SF Description—CFD, analytical, and experimental studies of
combustion and heat transfer to a flat plate for design optimization.
Packed bed model—simplified steady-state CFD model developed for
a fixed crib of fuel, with pyrolysis limited by heat conduction through
char and char combustion limited by oxygen diffusion
Gas phase combustion model—CFD model using species transport
limited by turbulent mixing
Heat transfer model—CFD analysis of impinging jet, radiation as
weighted sum of gray gases

Experimental and from
literature

Wohlgemuth et al. (2010) 5 SF Description—CFD analysis of heat transfer for varying pot shield
dimension and material using empirical inlet conditions
Packed bed model—no separate packed bed model
Gas phase combustion model—no separate gas phase combustion model
Heat transfer model—CFD analysis of heat transfer within pot shield,
radiation as gray gases with no scattering and tuned absorption
coefficient with inputs to heat transfer zone determined experimentally
from detuned gas burner

Experimental used to tune
unknown parameters

Gupta and Mittal (2010a,b) 4 SF Description—CFD simulation of flow and heat transfer for varying
operating and geometric variables
Packed bed model—assumed uniform 40% of heat release,
permeability expressed through Karman–Cozeny relationship
Gas phase combustion model—assumed uniform 60% of heat release
Heat transfer model—CFD analysis

From literature

Agenbroad et al. (2011a,b) 5 SF Description—analytical model to predict bulk flow rate, temperature,
and excess air as a function of firepower and geometry for an
adiabatic combustion chamber with no pot
Packed bed model—no separate packed bed model
Gas phase combustion model—no separate gas phase combustion model
Heat transfer model—no separate heat transfer model

Experimental

Shah and Date (2011) 3 SF Description—coupled zonal model to predict efficiency and
combustion products for parametric variation of geometric variables
Packed bed model—taken from Date (1988)
Gas phase combustion model—4-step Hautmann quasi-global
reaction treating stove regions as well-stirred reactors
Heat transfer model—taken from Date (1988)

From literature

Joshi et al. (2012) 5 SF Description—CFD analysis of flow and temperature in pot shield to
determine optimal gap
Packed bed model—no separate packed bed model
Gas phase combustion model—no separate gas phase combustion model
Heat transfer model—CFD analysis of heat transfer within pot shield with
inputs determined experimentally from LPG burner

Experimental

a Model types: 1. Uncoupled with no explicit gas phase combustion; 2. Coupled with no explicit gas phase combustion; 3. Coupled with explicit gas phase combustion; 4. Coupled with
CFD; 5. Single aspect.

b Stove types: OF—open fire; SF—shielded fire; EN—enclosed stove.
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Bussmann and Prasad, 1986). The intention of these and other
models was to understand the effects of geometry on the airflow
and efficiency of open fires and shielded-fire stoves (Date, 1988;
Kumar et al., 1990).

3. Coupled models with explicit gas phase combustion—this model
couples the three major zones and includes the evolution of vola-
tiles along the flow path using an explicit model of the gas phase
reactions (Shah and Date, 2011).

4. Coupled models that utilize computational fluid dynamics
(CFD)—in these studies CFD is used to model the gas phase reac-
tion zone including turbulence, heat transfer with radiation,
and/or volatile evolution and to provide greater detail of
processes within the heat transfer zone (Weerasinghe and
Kumara, 2003; Burnham-Slipper et al., 2007a,b;
Burnham-Slipper, 2008; Gupta and Mittal, 2010a,b).

5. Single aspect models—several models have been developed that
address one or two cooking stove design questions without
explicitly modeling all three zones (Schutte et al., 1991; Bryden
et al., 2003; Burnham-Slipper et al., 2007a; Wohlgemuth et al.,
2010; Agenbroad et al., 2011a,b; Joshi et al., 2012).

As a general observation, each of these modeling efforts was devel-
oped independently with limited reference to earlier or concurrent cook-
stove modeling efforts. This appears to have occurred largely due to the



Table 2
Stove efficiency as a function of channel length and gap between the cookpot and the
shield (Baldwin, 1987).

Length (cm)

5 10 15 20

Gap (mm) 6 38% 45% 47% 48%
8 30% 35% 38% 42%

10 25% 28% 32% 34%
12 23% 25% 27% 29%
14 22% 23% 24% 25%
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lack of explicit outlets for scholarly publication of cookstove modeling
efforts and conference venues for collaboration and discussion.

Uncoupled models with no explicit gas phase combustion

Baldwin (1987) developed two models to examine the effects of
geometry and material on the thermal performance of a shielded-
fire biomass cookstove. These models focused on heat loss through
the stove wall and the heat transfer zone around the cookpot. The
first model examined the steady-state heat loss through the stove
wall as a function of the stove body material and the geometry
of the stove. The second model provided a detailed analysis of
heat transfer to the sides of the cookpot. Although pyrolysis and
combustion of solid biomass fuels in the fuel bed are discussed, no
specific model for the fuel bed was developed. Rather, a simplified
pyrolysis and char combustion model for a single biomass particle
is presented, and the results of the single particle model are
discussed in the context of a reacting packed bed of wood. The gas
phase combustion zone was not modeled. Instead, it was assumed
that the gas phase combustion zone was at a uniform gas tempera-
ture of 700 K. In addition the temperature at the top of the fuel bed
is assumed to be 1000 K.

Using these assumptions, the heat transfer through a planar stove
wall with convection heat transfer on both sides of the wall is

q″wall ¼
Tg−Tamb

1ehwall;int;tot

þWwallekwall

þ 1ehwall;ext

: ð1Þ

The related equations for cylindrical and spherical geometries are
also compared. The heat transfer coefficient on the interior wall was
modified to include radiation heat transfer from the fuel bed and
cookpot bottom to the wall of the stove assuming that the fuel bed
and the cookpot bottom are parallel circular disks of equal size.

ehwall; int;tot ¼ ehwall; int þ σεbedAbed Fbed−wall
βT4

bed þ T4
pot−2T4

int

Tg−T int

" #
ð2Þ

where Fbed-wall is the view factor between the bed and the wall. To
account for thefire not covering the entire area of the fuel bed, the effec-
tive size of the fire was reduced by a factor, β, where

β ¼ 0:5:

The convective heat transfer coefficientwas generally assumed to be

ehint ¼ 10W=m2 � K

To account for cases where the temperature difference between the
exterior of the stove and the ambient temperature is small, the convec-
tion heat transfer coefficient of the outer wall of the stove was assumed
to be the greater of the natural convection heat transfer coefficient for a
vertical heated plate

ehwall;ext ¼ 1:42
Text−Tamb

Hstove

� �0:25
W=m2 � K ð3Þ

or a fixed value

ehwall;ext ¼ 5 W=m2 � K:

The conduction term Wwall/kwall in Eq. (1) was expanded to account
for various materials such as insulation using a thermal resistance analog
(Incropera et al., 2007). The effect of a double metal wall with dead air
space was calculated by applying the above equations to each wall sepa-
rately with the effective convective heat transfer coefficient for the
interior dead air space between walls at temperature T1 and T2
(Holman, 2009).

ehairspace ¼ 3:93δ−0:1389Hc
−0:111 T1−T2ð Þ0:25

T1−T2ð Þ0:317
" #

W=m2 � K ð4Þ

In the heat transfer zone, heat transfer to the cookpot was divided
into the cookpot bottom and the shielded cookpot side. Radiation heat
transfer and convection heat transfer to the cookpot bottom were as-
sumed to be 20% of the energy released from combustion of the fuel.
Convective heat transfer to the shielded cookpot side was determined
by a uniform, one-dimensional discretization along the vertical axis of
the channel between the cookpot side and the cookpot shield and
performing an integral energy balance. This is

Δz ehside� �
Ti−Tsideð Þ þ Δz ehsh

� �
Ti−Tshð Þ ¼ Δr Viρicp ið Þ

� �
Tiþ1−Ti

� � ð5Þ

for segment i=1 to n. The inlet temperature to the channelwas assumed
to be

T1 ¼ 900 K

where heat transfer coefficients were calculated using empirical values of
the Nusselt number for various geometry and flow schemes for fully de-
veloped laminar flow, with a baseline Nusselt number of 4.861 for the
sides of the cookpot and zero for the Nusselt number inside the insulated
cookpot shield (i.e., no heat transfer through the insulated cookpot
shield). These and other model parameters were varied to verify the ro-
bustness of themodel. The velocity was found by balancing the buoyancy
due to the density difference of the combustion products and the friction
loss in the channel for each segment. The combustion product gaseswere
assumed to have the same properties and density as air and were a func-
tion of temperature. The model was run with baseline parameters of
Nupot = 4.861 and Nuwall = 0 (varied up to 4.86), and the cookpot and
shield temperatures were assumed to be constant at 373 K. As shown in
Table 2, as the width of the gap between the stove and the shield, Wgap,
becomes smaller, the rate of heat transfer to the stove wall increases;
however, as the width of the gap between the stove and the shield be-
comes smaller, the resistance to the airflow increases, decreasing the air-
flow through the stove, which decreases the firepower of the stove. As a
result, both the thermal efficiency and the firepower of the stove are
very sensitive to the width of the gap between the stove and the shield.
In contrast, because most of the heat transfer from the hot gases to the
cookpot occurs at the beginning of the channel, the overall heat transfer
to the stove wall (and the efficiency and fire power of the stove) is
much less sensitive to increases in the channel length. In spite of this, in-
creases in channel length can be used in part to offset the increases in gap
width needed to maintain the firepower of the stove. These results are
similar to those of Bussmann and Prasad (Bussmann and Prasad, 1986)
who showed that narrower gaps and longer cookpot shields increase
thermal efficiency. A simple analysis of radiation heat transfer from the
fuel bed to the cookpot bottomwas also performed by Baldwin. This anal-
ysis revealed that lowering the height of the cookpot,Hc, or increasing the
cookpot diameter, Dpot, generally increases the thermal efficiency. It
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was also noted that higher wall temperatures increase thermal
efficiency.

Although the Baldwin models were primarily steady state, tran-
sient heat loss through the combustion chamber wall construction
schemes was considered. In this case the transient heat conduction
equation

ρcp⩝
∂T
∂t ¼ ehintAint Tint−Tð Þ−ehextAext T−Textð Þ ð6Þ

was numerically solved for the combustion chamber using the
assumptions developed for the steady-state case for various wall
materials, construction types, thicknesses, and emissivities. The con-
clusions are similar to those of Prasad et al. (1985) and are that a
lightweight metal wall with 1 cm of insulation or dead air space re-
sulted in the lowest heat losses through the cylindrical combustion
chamber wall, followed by fired clay, bare metal, and a massive
stove wall. The massive stove began to lose less heat than the bare
metal after about 90 min of operation.

Coupled models with no explicit gas phase combustion

Throughout the 1980s a group of researchers at Eindhoven Universi-
ty worked to understand household biomass cookstoves. Initially these
efforts focused on one or more aspects of household biomass cook-
stoves. This included developing a simplified set of equations for sizing
the combustion chamber and air inlets for enclosed-fire cookstoves as a
function of the combustion stoichiometry (De Lepeleire et al., 1981) and
developing an empirical relationship between the heat release rate of
the char to the heat release rate of the volatiles for various sizes and
shapes of wood (Verhaart, 1982). Bussmann and Prasad developed a
detailed model of the gas phase region of an open fire above a fixed
bed of fuel with no cookpot (Bussmann and Prasad, 1982). Using
differential conservation equations for mass, momentum, and energy,
the gas phase combustion zone was modeled as a steady-state, two-
dimensional axisymmetric cylinder in which the pyrolysis products
from the fuel bed form a rising plume that entrains the secondary air.
As the plume rises, the diameter of the plume shrinks and the velocity
increases. Gas velocities and temperature within the plume were
assumed to be a function of height but not diameter. Gas velocity and
temperature outside the plume were assumed to be zero and ambient,
respectively. Other model assumptions included

• Pressure gradients are negligible.
• Airflow is fully developed turbulent flow.
• Radiation heat transfer is negligible.
• Air, volatiles, and combustion gases are modeled as a single incom-
pressible ideal gas with a constant molecular weight and a constant
specific heat.

Air entrainment was based on a published correlation (Steward,
1970). Volatile combustionwith entrained air was assumed to occur in-
stantaneously and homogeneously over the flame cross-section. The
heat release rate per unit volume was a function of height only and
was determined by conservation of energy. Solving the equations ana-
lytically resulted in plots of temperature, plumewidth, and gas velocity
as a function of height above the fuel bed for various levels of firepower,
excess air, and volatile fraction.

Building from this earlier work, Bussmann and Prasad published
their first coupled cookstove model in 1983 (Bussmann et al., 1983).
This model is a steady-state, three-zone model of an open cooking fire
composed of (1) a reacting fuel bed zone, (2) a gas phase combustion
zone, and (3) a heat transfer zone. The reacting fuel bed zone was
modeled as a steady-state, homogeneous top-fed, fixed bed of wood
and char with underfire air using a simplified integral model. The fuel
bed height and void fraction; fuel size, type, and moisture content;
pyrolysis rate of the fuel; and combustion rate of the charwere not con-
sidered. Instead the heat release rate of the cooking fire was assumed
and used to determine the fuel consumption rate, ṁf. Other assump-
tions within the fuel bed zone included

• The pyrolysis gases are not combusted within the fixed bed of fuel.
• The airflow through the fuel bed (e.g., primary or underfire air) is
stoichiometric based on char combustion to CO2.

• The char yield, ychar, is 20% on a dry basis.
• The specific heat of the reactants and products is equal to air.
• The temperature of the top surface of the fuel bed, Tbed, is 1100 K.
• The heat of pyrolysis is zero.

The mass flow rate of gases leaving the fuel bed, ṁexit, was deter-
mined from conservation of mass

m
�

exit ¼ 1−ycharð Þ þ ychar
1þ f char sð Þ
f char sð Þ

 !" #
ð7Þ

where fchar(s) is the stoichiometric fuel–air mass ratio for char combus-
tion. The exit temperature of the gases, Texit, was determined from the
conservation of energy for the reacting bed of fuel

ycharm
�

f LHVchar ¼ m
�

exitcp Texit−Tambð Þ þ εbedσAbed T4
bed−T4

amb

� �
: ð8Þ

The gas phase combustion zone was modeled using charts devel-
oped earlier (Bussmann and Prasad, 1982). Based on the mass flow
rate of gases from the reacting bed of fuel, the temperature, plume
width, and gas velocity were determined as a function of height above
the fuel bed. It was assumed that the presence of the cookpot did not
alter the plume of volatiles, and radiant heat transfer to and from the
gas phase region was assumed to be negligible. In addition, it was as-
sumed that combustion of volatiles was quenched when reaching the
cold cookpot bottom, resulting in unburned volatiles in the exhaust. In
the heat transfer zone, radiant heat transfer from the fuel bed to the
cookpot bottom was modeled assuming black body radiation between
the two surfaces. Convective heat transfer to the cookpot was deter-
mined using published correlations (Table 3) for three separate regions
of the cookpot, the stagnation region, the bottom beyond the stagnation
region, and the sides of the cookpot.

As noted by the authors, the assumption of stoichiometric char com-
bustion led to an overestimation of the temperature of the air leaving
the fuel bed. The flame zone model reportedly predicted flame height
reasonably well for excess air of 1.5–2.5 without a grate and 2.5–3.5
with a grate. These predictions were based on flame photographs taken
during experiments at varying firepower (Prasad et al., 1985). The heat
transfer zonemodel under predicted the heat transfer efficiency. This oc-
curred because

• It was assumed that combustion of the volatiles was quenched at the
cookpot bottom.

• The semi-empirical correlations used in the model increased the heat
transfer coefficient as the distance between the fuel bed and cookpot
increased, which is contrary to experimental observations. This was
likely due to using the correlations for a smaller Reynolds number
and nozzle-to-plate distances than those for which the relationships
were derived (Bussmann, 1988).

• Radiation heat transfer from and to the flame zone was neglected.

Using the same modeling framework as the earlier open fire
model, Bussmann and Prasad (1986) modeled a shielded-fire cook-
stove (Fig. 3). The flow of air and combustion products through the
stove was determined by balancing the buoyancy of the hot gases
and pressure losses due to flow. The open fire model was updated
as follows:



Table 3
Summary of cookpot heat transfer correlations used in modeling of household biomass cookstove modeling.

Model Pot bottom Eq. Ref. Pot sides Eq. Ref.

Enclosed stove
De Lepeleire
et al. (1981)

20behb40 directly above fire

8behb16 not directly above fire

4behb8
Open fire
Bussmann et al. (1983);
Prasad et al. (1985)

Within the stagnation region

Nu ¼ hDplumeek ¼ 1:03 ;Pr0:42Re0:5Dplume

r
Dplume

� �−0:65

(9) Schlunder and Gnielinski
(1967)

Nu ¼ 0:25 ;PrRe0:75 zþ12
Wjet

� �−0:6 (12) Seban and Black
(1961)

Beyond the stagnation region T
Tjet

¼ 7:7 ρjet
ρa

zþ12
Wjet

� �−0:6 (13) Seban and Black
(1961)

Nu ¼ 0:32 ;Pr0:33Re0:7Dplume

r
Dplume

� �−1:23 (10) Hrycak (1978) Wjet ¼ m
�

g

πRpotρV
(14) Seban and Black

(1961)
T−Tamb

Tpot−Tamb
¼ 0:9 r

Dplume

� �−1:06 (11) Era and Saima (1976) Nu ¼ 0:664
ffiffiffiffiffiffi
Re

p
(15) Eckert and Drake

(1972)

Shielded-fire stove
Bussmann and Prasad (1986);
Baldwin (1987)

Entirely a stagnation point

NuDplume
¼ 1:26 ;Pr0:42ReDplume

Dpot

Dplume

� �−0:5

(16) Shah and London
(1978)

Parallel plate with laminar flow

Nu ¼ 1:85 Re ;Pr 2Wgap
Hsh

� �1=3 (17) Shah and London
(1978)

Insulated skirt

Nu ¼ eh�Wgapek ¼ 4:861

(18) Eckert and Drake
(1972)

Date (1988) eh ¼ 0:1214 m
�

g

AgapDc

� �1=2 (19) Bhandari et al. (1988) Loss from topehtop;loss ¼ 1:3 Tpot−Tamb
Dpot

� �0:25 (20)

Loss from sides as vertical heated plateehside;loss ¼ 1:42 Tpot−Tamb
Hpot

� �0:25 (21)

Shah and Date (2011) Nu = 0.5(1.65ReD0.5 + 2.733ReD0.59) (22) Bhandari et al. (1988) Eq. (21)

eh is in units ofW=m2 � K
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• Black body radiation heat transfer was assumed to be between an in-
finitely thin fuel bed, the stove surfaces, and the cookpot surfaces.

• The temperature of the stove surfaces was determined from experi-
ment (Visser, 1984).

• The temperatures of the fuel bed and the exiting gases were assumed
to be equal.

• Radiation losses from the flames to the stove body were assumed to
be 17% of the heating value of the volatiles.

• In the heat transfer zone, the flow field was similar to that of the open
firemodel and included air entrainment due to the large secondary air
holes. The cookpot shield was assumed to be of constant temperature
Hsh

Hc

Dc

Dstove

Wgap

Hp

Wp Wc

Dp

Wsh

Fig. 3. Cookstove dimensions.
and equal to the cookpot temperature. Radiation heat transfer into the
cookpot was modeled as a constant 13% of the heat liberated by
combustion.

As in the openfiremodel, the fuel consumption ratewas determined
using the heat release rate. Conservation of mass and conservation of
energy were used to determine the mass flow rate of air and the tem-
perature of the exiting gases, respectively. In the heat transfer zone,
the convective heat transfer to the cookpot bottomwasmodules assum-
ing that the entire cookpot bottom was within the stagnation region
(Eq. (16)). Convective heat transfer to the cookpot sides modeled
based on a heat transfer coefficient for flow between two parallel annu-
lar plates of equal temperature (cookpot and shield)with hydrodynam-
ically fully developed flow but thermally developing flow (Eq. (17))
(Shah and London, 1978). The resulting set of 14 algebraic equations
was solved to calculate excess air, temperature, and heat transfer for
varying geometrical and firepower parameters. Solutions resulting in
excess air less than one or greater than ten were rejected. It was found
that for a given fire power there was an optimum gap between the
cookpot and the stove shield. Gaps smaller than the optimum resulted
in fuel rich combustion, whereas gaps larger than the optimum rapidly
increased the excess air, decreasing combustion temperatures and ther-
mal efficiency. The model prediction agreed with the experiments near
the optimum gap width, but it over-predicted the sensitivity of the effi-
ciency to decreasing and increasing gap width as well as the minimum
permissible gap.

To briefly summarize the Eindhoven modeling effort, two separate
but related models were developed—an open fire model applicable to
three-stone stoves and a shielded-fire cookstove model. In both cases
the heat release rate of the cookstove was assumed, and the processes
occurring within the three major zones of the cookstove system—the
reacting fuel bed zone, the gas phase combustion zone, and the heat
transfer zone around the cookpot—were coupled together. This cou-
pling occurred through heat transfer between the zones and the airflow
rate. Specifically, the fuel bed temperature was using an energy balance
that included the combustion rate, airflow rate, and radiation heat



Grate

Fig. 4. Shielded-fire cookstove modeled by Bussmann and Prasad (Bussmann and Prasad,
1986).

Grate

Clay

Enclosure

Fig. 5. Shielded-fire stove modeled by Date and Shah (Date, 1988; Shah and Date, 2011).
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transfer from the top surface of the bed. Heat transfer to the cookpot
was based on convection from the flame zone, and radiation from the
stove body and reacting fuel bed. The airflowwas based on the buoyant
flow of gases and flow losses in the stove. In addition to the modeling
efforts above, the transient heatflow through stovewalls of varyingma-
terials was modeled (Prasad et al., 1985). This study found that an insu-
lated stove wall with low thermal capacity increased efficiency by
reducing the heat lost due to storage in the thermal mass of the stove.

Kumar, Lokras, and Jagadish also developed a coupledmodelwith no
explicit gas phase combustion in 1990 (Kumar et al., 1990). Steady-state
heat transfer in a three-cookpot enclosed-fire cookstove was modeled
through energy balances using a series of six well-stirred reactors to
examine the effects of geometry on efficiency and to compare the frac-
tion of thermal energy reaching the pots versus body and exhaust
losses. The modeling assumptions included

• The cookstove operates at a steady state with a constant wood
consumption rate, charcoal production rate, and excess air.

• Combustion of volatiles is complete.
• Pyrolysis is complete.
• The chamber under each of the pots is a hemispherical volume; the
three chambers and the chimney are connected serially with rect-
angular ducts. The six volumes (three chambers and three ducts)
are well-stirred reactors with instant mixing, uniform velocity,
and uniform gas temperature equal to the exit and the wall
temperatures.

The gas temperature leaving the fuel bed as an input to the series of
reactors was determined using an energy balance in which the lower
heating value of the dry wood minus the lower heating value of the
unburned charcoal was equal to the heat of vaporization of the fuel
moisture and sensible heat of the hot combustion products for the
given excess air. Convective heat transfer to the cookpot bottoms was
modeled using published heat transfer correlations for laminar flow
through a rectangular duct of a given geometry (Clark and Kays, 1953)

Nu
Nu∞

¼ 1þ 0:003þ 0:039
W
H

	 

DH

L
Re Pr ð23Þ

whereNu∞ is the asymptotic value available as a curvefit as a function of
thewidth,W, and height,H, of the duct for air, Nu is the average Nusselt
number for the pot bottom, and DHis the hydraulic diameter.

Radiative transfer from the wall to the cookpot was evaluated as-
suming view factors based on a simplified geometry of gray concentric
spheres. The radiative heat transfer coefficients from the participating
gas media to each cookpot were determined from charts in the litera-
ture (Trinks et al., 2003) as a function of the partial pressure of CO2

and H2O, the gas temperature, and the beam length, which was in-
creased by a factor of 1.1 when the gas is luminous. Conductive losses
to the spherical mud walls were modeled as cumulative loss per small
time elements to represent the steady-state condition through solution
of the transient conduction equation (Carslaw and Jaeger, 1959). The
sensible energy leaving each well-stirred reactor was the sum of the
specific heats of the gases.

To determine the excess air, the buoyant flow of the chimney draft
was set equal to the pressure drop through the flow path. The chimney
temperature distribution was determined from the overall energy bal-
ance in the chimney by using the thermal resistance method with the
interior heat transfer coefficient calculated using an empirical correla-
tion for turbulent flow

Nu ¼ 0:023Re0:8 Pr0:3: ð24Þ
Pressure losses through the geometries were evaluated using pub-

lished pressure loss coefficients. The model showed overall agreement
with experiment; however, the model predicted higher heat transfer
into the first cookpot relative to the subsequent cookpots. The model
predicted that convective transport and radiative transport play equal
roles in heat transfer into the cookpots.

Coupled models with explicit gas phase combustion

Using similar assumptions to the Eindhovenmodels, Date developed
a detailed three-zone model of heat transfer in a shielded-fire stove
with a nozzle contraction above the fuel bed and primary and secondary
air (Fig. 4) (Date, 1988). The reacting fuel bed wasmodeled using time-
averaged rates of pyrolysis and char burning that accounted for fuel di-
ameter and moisture content based on experimental measurements of
temperature and weight-loss histories (Tinney, 1965; Blackshear and
Murthy, 1965). Gasflowwasmodeled via buoyancy and pressure losses.
The effect of swirl on the heat transfer rate was investigated by multi-
plying by a factor of 1.0–1.5 to increase the coefficient of heat transfer
to the cookpot and the pressure loss coefficients. In contrast to earlier
models (other than Baldwin (1987)), this model incorporated addition-
al geometrical complexity, losses through the walls, and participating
media (Date, 1988). (See Fig. 5.)

In the fuel bed zone, a simplified packed model was introduced. The
steady-state solid phase combustion was modeled for burning large
(0.5–5 cm diameter) wood by determining the time-averaged outputs
of pyrolysis and char burning based on the wood surface temperature,
Twood, and energy balance at the wood surface assuming



Table 4
Summary of rate constants for wood pyrolysis used in modeling of household biomass
cookstove modeling.

Model k0,pyr
(s−1)

Epyr
(kcal/g mol)

Prasad et al. (1985) 7 × 107 30.1
Date (1988)

−2.54 cm dia wood 6 × 107 29.8
−1.26 cm dia wood 3.5 × 108 29.8
−0.63 cm dia wood 7.5 × 108 29.8

Shah and Date (2011), curve
fit from Date (1988)a

(3541.2Dwood–13.625) × 107 29.8

a Dwood is the diameter of the wood in meters
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• The wood was fed into the stove at an exact burning rate with a con-
stant given burning surface area, Awood (typically 400 cm2) and
steady-state operation.

• For the initial 40% of the time, the production of pyrolysis gases dom-
inated at a lower surface temperature (Ts = Twood − 50). For the
remaining 60% of the time, char burn dominatedwith a higher surface
temperature (Ts= Twood+50) (Tinney, 1965; Blackshear andMurthy,
1965).

• Radiation between the wood surface and the stove enclosure was de-
termined considering the participatingmedium as a function of mean
beam length and temperature.

• The heat of pyrolysis was taken from the literature as

hpyr ¼ 10:47 4926Dwood þ 38ð ÞkJ=kg

whereDwood is the diameter of thewood inmeters (Simmons and Lee,
1985).

• The mass fraction of the volatiles was varied from 0.6 to 0.9.

The mass burning flux of wood was assumed to be kinetically con-
trolled and was determined based on the time-averaged steady-state
pyrolysis of thewood and combustion of the char. Both thewood pyrol-
ysis rate and the char combustion rate were expressed as Arrhenius
relationships in which the constants were evaluated in terms of the
wood diameter, as shown in Tables 4 and 5, respectively.

m
� ″
f≃

ρwoodDwood

4
0:4yvolk0;pyre

−Epyr=R̂Tpyr þ 0:6ychark0;chare
−Echar=R̂Tchar

2

0@ 1A
ð25Þ

The wood surface temperature was determined through an integral
energy balance that included convective and radiative heat transfer and
the change in energy storagewithin thematerial based on an inner tem-
perature of 150° below the wood surface temperature (Evans and
Emmons, 1977).

m
� ″
f cp;g Ts−Tambð Þ−cp;wood Ts−150−Tambð Þ−hpyr
� �

¼ qrad þ qconv ð26Þ
Table 5
Summary of char combustion rate constants used in household biomass cookstove
modeling.

Model k0,char (s−1) Echar (kcal/g mol)

Date (1988)
−2.54 cm dia wooda 4 × 108 42.7
−1.26 cm dia wooda 1.2 × 109 39.5
−0.63 cm dia wooda 2 × 109 36.3

Shah and Date (2011), curve
fit from Date (1988)b

(8071.94Dwood–0.619) × 107 332.9Dwood + 34.26

a Charcoal produced from wood of given diameter.
b Dwood is the diameter of the wood which produced the char in meters.
A heated cylinder correlation was used to determine qconv (Holman,
2009); qrad and other radiative transfers were determined from the ge-
ometry and included participating media where transmissivities and
emissivities were evaluated as functions of mean beam length and tem-
perature evaluated at 700 K.

τi→ j ¼ 1−εi→ j ð27Þ

εi→ j ¼ exp 0:848þ 9:02� 10−4T
� �

þ 0:9589þ 4:8� 10−6T
� �

ln 0:2Lbeamð Þ
h i

ð28Þ

Lbeam ¼ 3:6
⩝
As

ð29Þ

Primary and secondary airflow rateswere determined using the cor-
relations given in Table 6 for pressure losses through stove geometries
including inlet holes, expansions, and bends. Heat losses through the
stove walls were determined using a thermal resistance analog similar
to Baldwin (1987) including conduction, convection, and radiation
where the convective heat transfer coefficients were taken as 5 or
6 W/m2 K depending on location. In the heat transfer zone, the heat
transfer correlations around the cookpot are listed in Table 3. Heat
transfer from the cookpot bottom was taken from experiment
(Bhandari et al., 1988). Heat transfer from the sides of the cookpot
was modeled as the convective loss of a vertical heated plate at a
cookpot temperature (Tpot = 343 ± 5 K).

Thismodel (Date, 1988)was updated by Shah andDate (2011) to in-
corporate gas phase combustion. In the original model, complete com-
bustion and heat release, calculated as the product of the fuel burning
rate and heating value of fuel, was assumed to occur in the fuel bed.
The later model uses a simplified four-step global reaction mechanism
(Hautman et al., 1981) to model the combustion of volatiles by dividing
the reacting gas phase zone into a series of five geometrically-distinct
well-stirred reactors (Shah and Date, 2011). These are (1) the primary
air inlets under and through the grate, (2) the bed zone, (3) the
nozzle-shaped area above the bed zone, (4) the cylinderwith secondary
air holes, and (5) the expansion under the cookpot. The mass flow and
mass fraction of the products of pyrolysis and char combustion exiting
the bed zone were determined using a generic formula for wood com-
position (Tillman et al., 1981) and assuming that the pyrolysis products
of drywood consisted of CO2, CO, H2, H2O, and C7H16 (C7H16was used to
represent both the light and heavy hydrocarbons). Based on amass bal-
ance of the elements, it was assumed that the mass ratio of CO to CO2

and H2O to CO2 in the volatiles exiting the fixed bed was 1.591 and
2.174, respectively (Ragland et al., 1991). From this the mass rate of
flow of each pyrolysis gas species, j, is expressed as a function of
moles and molecular weight of that species

m
�

j;vol ¼ m
�

vol n j
M j

Mvol

	 

: ð30Þ
Table 6
Minor pressure loss coefficients for stove geometries (Date, 1988; Shah and Date, 2011).

Contractiona
Kcont ¼ 0:5 ; sinϕ 1− Aiþ1

Ai

� �
(35)

Expansion
Kexp ¼ 1− Ai

Aiþ1

� �2 (36)

Bend Kbend = 1.0
Entry through primary air holes Kin = 0.6
Grate with spacingWgrate and rod
diameter Drod (Kazantsev, 1977)

Kgrate ¼ 0:75 WgrateþDrod
Drod

−1
� �1:33 (37)

Fuel bed Kbed ¼ 1:12 0:66Nrow þ 0:5ð Þ
Kbed ¼ 1:3

(38)

Under pot bottom with gap Agap

(Bussmann and Prasad, 1986)
Kpot;bottom ¼ Apot

Agap

� �2
−1

� �
þ Apot

Agap

� �
−1

h i2 (39)

a is the half-angle of the contraction.
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The char combustion products were determined by assuming a one-
step surface reaction of C and O2 to CO2. Combining the pyrolysis gases,
char combustion products and the fuel moisture yields

m
�

CO2
¼ m

�

char
MCO2

Mchar

	 

ð31Þ

m
�

O2
¼ −m

�

char
MO2

Mchar

	 

: ð32Þ

Incorporating the gas phase reactions and the secondary airflow into
the species and energy balances for each of the well-stirred reactors, i,
yields

yj;i ¼
m
�

i−1yj;i−1 þm
�

airy j;amb þ r j;i Ti; yj;i

� �
⩝i

m
�

g;i
ð33Þ

qvol;i ¼
X

r j;i T i; yj;i

� �
LHV j⩝i: ð34Þ

From this coupled equation set, the temperature and mass fraction
of species can be determined. Combustion efficiencywas then evaluated
as the sum of char and volatile heat release in each zone divided by the
total fuel energy feed rate. Themass flow rate of each species at the exit
of the stove divided by the mass flow rate of fuel is also reported.

The model was used to investigate the effect of nine geometrical
design variables and three operational parameters on steady-state
thermal and combustion efficiencies. Results from the Date model
(Date, 1988) predicted an efficiency of 0.36% less than the efficiency
that was measured in a concurrent experiment (Bhandari et al.,
1988) and the published fuel burning rate (Blackshear and Murthy,
1965). The Shah and Date model (Shah and Date, 2011) predicted
efficiency to be 1.2% higher than the same experiment, and excess
air and stove power were in close agreement. The CO/CO2 ratio was
predicted at 0.17 compared to 0.12–0.16 as measured in Bussmann
and Prasad (Bussmann and Prasad, 1986), and the airflow rate and sur-
face temperature of the wood were in good agreement with Kausley
and Pandit (2010).

Coupled CFD models

In 2003Weerasinghe and Kumara (2003) used a three-dimensional,
steady-state, reactingflowCFDmodel to examine temperature, velocity,
and emissions profiles in a cylindrical combustion chamber below a flat
cooking plate. The source term of energy release due to gas phase com-
bustionwas approximated by the reaction rate of fuel combustion taken
as the slowest of the dissipation rates of fuel, oxygen, and products. The
gas phase heat release rate was assumed to be 3 kW, which was 75% of
the total stove power (gas phase and char phase combustion). The pre-
dicted temperature was 100–300 K lower than experimentally mea-
sured temperature.

Gupta and Mittal (2010a) developed a two-dimensional, axisym-
metric, steady-state CFD model to examine heat transfer in the wood-
burning Janta stove. Flow through the fuel bedwasmodeled as a porous
medium using the Darcy–Brinkman equation with effective bed ther-
mal conductivity as aweighted average based on porosity. Forty percent
of the heat release was assumed to occur in the bed zone, and the re-
maining 60% of the heat release was assumed to occur in the flame
zone. Combustion was treated as a uniformly distributed source term
with no prediction of species concentrations. The permeability of the
fuel bed was expressed through the Karman–Cozeny relationship.
Pyrolysis rates were determined experimentally and represented as
pseudo first order reactions based on temperature in Gupta and Mittal
(2010b) andmodeled as a uniformheat release rate. Themodelwas val-
idated with 5% and 10% agreement with two cases from the literature
(Kageyama and Izumi, 1970; Kohli, 1992).
In 2008 Burnham-Slipper incorporated an analytical model for heat
transfer based on jet impingement on a flat plate (Burnham-Slipper
et al., 2007a) and an analytical model for simplified packed bed wood
combustion (Burnham-Slipper et al., 2007b) into a two-dimensional,
axisymmetric, steady-state CFD model (Burnham-Slipper, 2008). This
model was used to optimize an African rocket-type griddle stove. The
simplified packed bed model for thermally thick wood combustion as-
sumed that pyrolysis is limited by the rate of heat transfer through the
fuel and that char combustion is limited by the rate of oxygen diffusion.
The pyrolysis and char combustion rates were then based on matching
the experimental burn rate and temperature field in a crib of stacked cy-
lindrical fuel with varying volume, void fraction, and specific area, thus
introducing a lumpiness function to incorporate mixing of discrete
streams of volatiles and oxidants.

Char combustion to CO2 was modeled using oxygen diffusion
through the species boundary layer according to Fick's law and assum-
ingO2 is fully consumed and experimentally shown to be limited by dif-
fusion resulting in the simplified oxygen consumption rate

m
� ‴
O2

¼ − a
v
hmρO2 ;∞: ð40Þ

Here a is the fuel specific area (m2/m3), v is the normalized crib vol-
ume, and units of volume specific mass flow are kg/m3 s. The mass
transfer coefficient for flow through an inert packed bed of particles of
diameter D is given by Cussler (2009)

hm
V0

¼ 1:17
DV0

v

	 
−0:42 DAB

v

	 
0:66
ð41Þ

which was simplified as approximately proportional to the square root
of the superficial velocity,

ffiffiffiffiffiffi
V0

p
. The simplified char combustion model

then became

m
� ‴
char ¼

12
32

a
v
hmV

0:5
0 ρO2 ;∞ ð42Þ

m
� ‴
CO2

¼ 44
32

a
v
hmV

0:5
0 ρO2 ;∞ ð43Þ

q‴char ¼ HHVcharm
‴
char: ð44Þ

Pyrolysis was modeled with drying and volatile release as a
superimposed single thermal decomposition wave based on Bryden
et al. (2002) assuming a constant pyrolysis temperature of 550 K
(Demirbas, 2004) and a pyrolysis wave separating char and virgin
wood surfaces at varying radius r for fuel of radius R. The heat conducted
through the char layer is

q‴pyr ¼
ekchara T−Tpyr

� �
vR ln

R
r

	 
 : ð45Þ

The resulting mass flow of volatiles was determined by dividing q″
by the effective heat of pyrolysis, including sensible energy from the
temperature rise, which was estimated as 2.5 MJ/kgvol based on exper-
imental values. Themass flow of water and volatileswere then calculat-
ed per their mass fraction from proximate analysis. Values of inertial
flow resistance coefficient for the crib were calculated from the Ergun
equation and verified experimentally.

In the flame region, chemistry was modeled using the species-
transport model of Fluent™ (ANSYS Inc., 2005) where the reaction be-
tween wood volatiles and oxygen was

CH2Oþ O2→CO2 þH2O
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and was limited by turbulent mixing according to the eddy-dissipation
model.

Radiation heat transfer was included using the discrete ordinates
method and weighted-sum-of-gray-gases model. No model was avail-
able for soot production; as a result the effect of particulate soot was
not included. Convective heat transfer to the griddle plate wasmodeled
as a steady-state axisymmetric impinging jet with turbulence while
neglecting the effects of buoyancy and radiation and was validated ex-
perimentally. The zones were then coupled. The model was validated
experimentally, and it identified the trends of fuel burn rate and heat
transfer correctly. However, agreement with experimental data was
poor. The model was shown by the authors to be insensitive to changes
in stove height and overly sensitive to changes in diameter.

Single aspect models

In addition to the models discussed above, several models have fo-
cused on only one aspect of household biomass cookstove performance.
Schutte et al. (1991) discuss prediction of flue gas composition for con-
stant firepower in an enclosed-fire stove. Several studies used CFD and
assumed non-reacting hot gases to model only the heat transfer zone
at the cooking surface; these include Bryden et al. (2003) who opti-
mized baffle designs in enclosed-fire cookstoves and Wohlgemuth
et al. (2010) and Joshi et al. (2012) who studied heat transfer within a
cookpot shield. Agenbroad et al. (2011a,b) created a simplified model
of natural convection in a shielded-fire, idealized “rocket” elbow,
assuming

• Constant given firepower with a perfectly efficient and instantaneous
heat addition and no distinction between the fuel bed (char) and
flame (volatile) combustion

• One-dimensional flow in an isobaric system with no work and con-
stant potential energy

• Incoming air and combustion products modeled as an unspecified
ideal gas with constant specific heat

• Adiabatic stove walls, noting that in reality approximately 1/3 of the
heat is lost through the walls

• No cookpot present.

The heat released by a given firepower was used to determine the
flame temperature in terms of the average specific heat of the mass
flow of air (Eq. (46)). As in previous models, Bernoulli's equation for
compressible flow was used to determine the mass flow rate of air
(Eq. (47)) with a variable loss coefficient, 0 ≤ C ≤ 1, introduced to
account for uncertainties and inefficiencies in the buoyant flow.

q ¼ m
�

aircp Tflame−Tamb

� �
ð46Þ

⩝
�

air ¼ CAc

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2gHc

Tflame−Tamb

Tamb

	 
s
ð47Þ

Eqs. (46) and (47) were solved simultaneously to determine
Tflameand excess air with the product CAc

ffiffiffiffiffiffi
Hc

p
taken as the variable geo-

metric parameter. Based on this, dimensionless forms of temperature,
mass flows of air and fuel, and heating value were proposed for use in
design tools.

Conclusions

The goal of cookstove modeling is to develop a complete, validated
computational model that can be used to improve the design of house-
hold biomass cookstoves used by the more than 2.4 billion people in
the developing world. To meet this need a model (or set of models) is
needed that
• is validated across a range of common geometries and operating
conditions,

• can size the flow of primary and secondary air,
• couples heat transfer with gas phase and solid phase combustion,
• can account for heat losses to the environment, stove body, and
cookpot or surface,

• can model variations in fuel type, size, and feed rate,
• accounts for packed bed combustion with and without a grate,
• predicts particulate and gaseous emissions, and
• includes the effects of operator actions (e.g., method of tending and
cooking strategies).

As shown in this review, significant progress has beenmade in devel-
oping the pieces of such a model, and these modeling efforts can be used
to quantitatively and qualitatively guide stove design in improving stove
heat transfer and overall efficiency. However, more work is needed to
better understand and characterize theheat transfer and combustionpro-
cesses within traditional household biomass cookstoves. This includes
modeling of transient processes such as the addition of fuel charges,
start-up, and cool-down. In the packed bed zone,models of drying, pyrol-
ysis, and char combustion for various fuel sizes, shapes, and arrangements
need to be addressed; andmodels of particulate release need to be devel-
oped. In the gas phase zone, detailed models of heat release and heat
transfer and of particulate and gaseous emissions, particularly those of
polycyclic aromatic hydrocarbons and soot, are needed. In the heat trans-
fer zone, models that include radiation with a participating medium in-
cluding gas composition and particle concentration within the gas and
luminous flames are needed, aswell as validated convective heat transfer
correlations specific to the flow and temperature regimes for the various
regionswithin the stove body and cooking surfaces. Beyond this, a frame-
work needs to be developed to support the creation of an integrated and
detailed model of traditional household biomass cookstoves that can be
used in engineering design.

In addition, a broad data set of validation data is needed to support
model development; therefore, the data required for model develop-
ment should be considered and includedwhen publishing results of ex-
periments. Finally, it should be recognized that performance in the field
under highly varied conditions may be different than performance in
the laboratory or predicted by anymodel. Efforts are needed to develop
the narrative and quantitative data needed to understand how im-
proved household biomass cookstoves fit as a village energy interven-
tion and to link the design of the stove with the desired personal and
village scale outcomes.

Similar models need to be developed for other types of cookstoves,
including those with forced draft or those utilizing prepared fuels such
as pellets and charcoal. Modeling these household cookstoves has re-
ceived less attention than modeling the natural draft wood burning
cookstoves discussed here, alongwith those burning other types of bio-
mass fuels such as dung cakes and crop residues. However, a fewmodels
have been developed for prepared fuel stoves (Varunkumar et al., 2012;
Ravi et al., 2002, 2004; Chaney et al., 2009; Dixit et al., 2006a,b), and
charcoal stoves (Khummongkol et al., 1988). These models need to be
more fully developed and extended to provide a broad range of cook-
stove design options for the developing world.

Nomenclature
a fuel specific area, m2/m3

A area, m2

cp specific heat kJ/kg·K
C constant
D diameter, m
DAB binary diffusion coefficient, m2/s
DH hydraulic diameter, m
E activation energy in the Arrhenius form of a reaction rate,

kJ/kg mol
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F view factor
f fuel–air mass ratio
g gravity, m/s2

H height, m
h specific enthalpy, kJ/kgeh convective heat transfer coefficient, W/m2·K
hpyr heat of pyrolysis, kJ/kg
hm mass transfer coefficient, m/s
i counter
j counter
k kinetic rate constant, units varyek thermal conductivity, W/m·K
K minor pressure loss coefficient
L length, m
ṁ mass flow rate, kg/s
ṁ″ mass flow rate per unit area kg/m2·s
ṁ‴ mass flow rate per unit volume kg/m3·s
Nrow number of rows of wood pieces in the fuel bed
q heat transfer rate, W
q‴ heat transfer rate per unit volume, W/m3

r rate of species production or destruction, kg/m3·s; radius,
incremental, m

R radius, fixed, m
R̂ universal gas constant, kJ/kg mol·K
T temperature, K
t time, s
V velocity, m/s
⩝ volume, m3

⩝
�

volumetric flow rate, m3/s
v normalized crib volume
W width, m
y mass fraction
Δz segment height, m
β fuel bed size factor
δ gap width, m
ε emissivity
ϕ half-angle of contraction
υ kinematic viscosity, m2/s
ρ density kg/m3

σ Stefan–Boltzmann constant, W/m2·K4

τ transmissivity

Dimensionless numbers
Nu Nusselt number
Pr Prandtl number
Re Reynolds number

Abbreviations
HHV higher heating value, kJ/kg
LHV lower heating value, kJ/kg

Subscripts
air air
amb ambient
bed fuel bed
bend bend
c combustion chamber
char char
cont contraction
conv convection
exp expansion
ext exterior wall
f fuel
flame flame
g gas
gap gap
grate grate
in inlet
int interior wall
jet the plume of hot gases rising up the side of the pot
plume the plume of hot gases rising from the burning fuel, the flame
pot pot
pyr pyrolysis
rad radiation
(s) stoichiometric
s surface
sh shield
side pot side
stove stove
top pot top
tot total
vol volatiles
wall wall
wood wood
∞ freestream
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