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Abstract

This article presents an experimental and computational study of a forced draft
cookstove having separate primary and secondary air fans, while utilizing pellets as fuel.
A two-dimensional axisymmetric computational fluid dynamics model of the developed
cookstove has been created in ANSYS Fluent to analyze the fluid flow, temperature
distribution and heat loss from the different parts of the cookstove. The simulation
results showed that more than one fourth of the total heat produced by the burning of
fuel was being lost to the ambient environment through the outermost wall of cookstove.
Also, the temperature of the outer wall of the cookstove was found to be higher than the
temperature of secondary air being preheated in the annulus chamber. Therefore, the
developed model was further modified by using glass wool insulation which resulted in
an increment of 5.7% in thermal efficiency, while the emissions of CO and PMzs were
reduced by 7.1% and 25.9%, respectively. The performance of the developed models
have also been compared with other pellet based forced draft models available globally,
and the thermal efficiency of the Mimi Moto cookstove was found to be highest followed
by FD 2.2 model.

Keywords: Forced draft; Pellets; Thermal performance; Emission reduction potential;

Heat loss.
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1 Introduction

Globally, more than 2.6 billion people lack access to clean cooking facilities, and one-
third of the world’s population utilizes solid fuel to fulfil their energy requirements for
cooking and/or heating purposes (IEA, 2020). Despite improved socioeconomic status
for much of the world population, the absolute number of individuals exposed to smoke
from burning solid fuel has remained about the same over the past 3-4 decades (Bonjour
et al., 2013). The inefficient burning of biomass leads to a higher level of household air
pollution (HAP), such as emissions of elemental carbon, organic carbon, particulate
matter <2.5 micrometers in aerodynamic diameter (PMzs), carbon monoxide (CO) and
polyaromatic hydrocarbons (Kim et al. 2011, Pandey et al. 2017). Both short- and long-
term exposure to these emissions is associated with increased risk of respiratory and
cardiovascular diseases, lung cancer, and weakened immune system, especially in
women and children, as women perform cooking activities in most of the low- and
middle-income countries (LMICs), while accompanying their children (Smith et al., 2014,
Zhang and Smith, 2017, Rajkumar et al. 2019). Globally, more than 2.5 million deaths are
attributed to smoke released from cooking related activities while meeting the cooking
energy demand (IEA, 2020). Currently, many researchers are working to develop a
reliable, highly efficient cookstove with low emissions of airborne pollutants (Birzer et
al, 2013, Tryner et al., 2016, Tryner et al.,, 2018, Tyagi 2022).

The forced draft cookstoves are a promising design as they can improve thermal
efficiency while reducing CO and PMzs (MacCarty et al., 2010, Sharma and Dasappa, 2017,
Himanshu et al., 2021). The secondary air supply above the fuel bed in forced draft
cookstoves has improved air mixing with volatiles and reduced PMzs emissions (Jetter et
al., 2012, Kirch et al.,, 2018)). Several experimental studies have been carried out to
investigate the performance of forced draft cookstoves having primary and/or secondary
air supplies with different configurations (Tryner et al., 2014, Chen et al., 2016). The
effect of secondary air injection in a wood-burning cookstove has been studied, and the
results indicated that the secondary air strongly influenced the emission of particulate
matter (Kirch et al., 2016, Caubel et al., 2018). It has been observed that the increased
airflow rates of secondary air may result in the quenching of flame, which in turn can
increase the emission of fine particles (Caubel et al., 2018). Further, the air injection may

lower the total mass of the particulate matter; however, it may increase the concentration
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of total ultrafine particles (Rapp et al., 2016). Therefore, optimizing the air supply to the
forced draft cookstoves is essential for a particular design.

There is a lack of standard procedure required for the development of improved
cookstoves in the literature (Arora and Jain, 2016, Obeng et al., 2021). Therefore, the
majority of the cookstoves are designed through an iterative process, which is time
consuming as prototypes are designed, tested and then stove parameters are refined to
conform with the internationally accepted cookstove testing protocols (MacCarty and
Bryden, 2015). Computational fluid dynamics (CFD) is a powerful tool that can be used
cost-effectively while saving resources and time, for detailed analysis of the systems
involving fluid flow, combustion, and heat transfer. Several authors have used CFD
simulations to understand the physical processes occurring during the burning of fuel
inside the cookstove to get insight into the operating parameters that affect the
performance of the cookstove (Ali and Wei, 2017, Husain et al., 2019). A steady-state CFD
model was developed to investigate the effect of inlet air ratio on the performance of a
natural draft cookstove utilizing biomass as fuel (Pande et al., 2020). The extensive
literature suggested that the CFD approach was not used to calculate the heat loss from
forced draft cookstoves. Also, the secondary air domain has not been modelled in any
computational study to investigate the fluid flow behaviour in these cookstoves.

In the present study, a forced draft cookstove model named FD2.1 has been designed.
Its performance has been investigated experimentally using Bureau of Indian Standards
(BIS) test protocol (BIS, 2013). The primary and secondary airflow rates to the developed
cookstove have also been optimized using a regulated dc voltage supply to achieve the
higher values of flame temperature in the combustion zone below the bottom of the
cooking vessel. Further, the developed cookstove has been modelled in ANSYS Fluent to
analyze the fluid flow, combustion and heat transfer mechanism. The developed model
has also been modified based on heat loss calculated through the computational results.
The performance parameters, such as the thermal efficiency and the emissions of CO and
PM:s, of the modified cookstove have also been compared with those of the developed
model. Further, annual emissions and their reduction potentials have been estimated

compared to the traditional cookstoves using different solid fuels.
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2 Materials and methods

The forced draft cookstove utilizing biomass as fuel was designed, developed, and
tested at the Indian Institute of Technology Delhi. The basic design principles and the
methodology followed for evaluating the different parameters of a gasifier based
cookstove model were adopted from published literature (Bolenio, 2005, Pal et al., 2016,
Gupta et al,, 2020). The various design parameters of the developed cookstove model

were calculated as follows:

2.1 Power output (Qn)

The power output, also termed as cooking power, is the amount of heat
produced/supplied from a cookstove to cook a particular amount of food or to heat/boil
a particular amount of water. This depends on the quantity and specific heat of food to be
cooked for particular cooking activity. According to the National Advisory Board on
Energy, the amount of useful energy derived from biomass to cook food was estimated to
be 2.6 M] per capita in rural India and the same is taken as the basis in the present study
(Srivastava et al.,, 2012). The current model was designed to cook food for a family of 8-

10 people, and therefore, the required power output was calculated as 2.5 KW.

2.2 Fuel consumption rate (FCR)

Fuel consumption rate refers to the amount of fuel consumed per hour in the
cookstove and it may also be defined as the amount of fuel fed to the cookstove per unit
time. This depends on the power output (Qn), calorific value (CVs) of biomass fuel, thermal
efficiency (n) of the cookstove and can be calculated using the following formula (Gupta

et al.,, 2020, Himanshu et al., 2021):

FCR =

Qn
vy (Ke/hr) (1)

2.3 Combustion chamber diameter (D)

The diameter of the combustion chamber refers to the cross-section of the chamber
in which fuel is burnt during combustion. It is one of the important parameters that need
to be decided carefully to achieve high-performance in terms of thermal efficiency and
emission characteristics for an appropriate power level. The diameter of the combustion

chamber impacts the fuel consumption rate (FCR, kg/h), specific gasification rate of the
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fuel biomass (SGR, kg/m?2-h), and it can be estimated for certain types of stoves using the
following formula (Gupta et al., 2020, Himanshu et al., 2021):

0.5
o= (2255

SGR is the specific gasification rate of biomass, (SGR of wood = 90 kg/m?-hr) (Chendake
etal.,, 2014).

2.4 Height (H)

This indicates the combustion chamber’s height and the distance between the bottom
and top end. The diameter and height of the combustion chamber are the two most
important design parameters as they collectively decide the amount of fuel that can be
filled in the cookstove. The height of the combustion chamber impacts the bulk density
of fuel (pr, kg/m?3), time (t, h) required for burning of each batch of fuel loaded into the
combustion chamber of the stove and specific gasification rate of biomass, and can be
computed by using the following equation (Gupta et al., 2020, Himanshu et al., 2021):

__ SGRxt

H :
Pt

(m) (3)

2.5 Air flow rate (AFR)

This is the flow rate of the air that needs to be supplied into the combustion chamber
for nearly complete combustion of the fuel. Air flow rate depends on the density of air (pa,
kg/m3), fuel consumption rate (FCR, kg/h), stochiometric air requirement (SA, kg of
air/kg of fuel) and equivalence ratio (g), and can be computed from the following

empirical formula (Chendake et al., 2014):

AFR = 258 s ) )
Pa
A schematic of the cookstove designed and tested is shown in Fig. 1a. The stove
consists of two concentric cylinders, namely the inner cylinder and outer cylinder, each
having diameters of 140 mm and 180 mm, respectively. The height of the inner cylinder
is 300 mm, and it serves as the combustion chamber in which fuel is fed from the top. It

is a batch fed stove in which fuel is loaded into the combustion chamber from the top, and

thereafter, the top of the fuel bed is ignited. No fuel was added into the combustion
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chamber during the operation of the stove. The cookstove is equipped with separate
primary and secondary air fans that can be operated anywhere between 0-12 volts. The
primary and secondary airflow rates were varied in the range of 0-0.005 kg/s. The
primary airflow rate was gradually increased to 0.003 kg/s, while the secondary airflow
rate was increased to 0.005 kg/s during the start-up phase. The airflow rates in this type
of cookstove model can be assumed to be axisymmetric as per the existing literature.
Several authors have verified this assumption by modelling the computational models
with the comparable geometries (Ali & Wei, 2017, Pundle et al,, 2019, Pande et al., 2020).
The primary air is supplied to the cookstove via a grate kept at the bottom of the
combustion chamber. In contrast, the secondary air is forced to pass through an annulus
chamber formed between the inner and outer cylinders. The purpose of this design is to
preheat the secondary air, and to prevent the wall of the combustion chamber from
getting too hot. The secondary air is introduced into the combustion chamber through
two rows of holes located at the chamber’s top. The primary and secondary airflow rates

are controlled by using a regulated dc voltage supply.
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Fig. 1. Schematic diagram of (a) A forced draft cookstove and (b) An experimental

testing facility
2.6 Thermal performance and emission characteristics

The thermal performance and emission characteristics of the cookstove were
determined using the experimental testing facility available at the Department of Energy
Science and Engineering, I[IT Delhi. The schematic of the experimental setup is shown in
Fig. 1b. The cookstove was tested for the thermal efficiency and emissions measurement
simultaneously, and kept inside the hood to capture the flue gases adequately without
affecting the combustion of the cookstove. The hood was closed from all the sides except
the front, which had a transparent sliding shutter of toughened glass. The hood was
connected with the mixing chamber to dilute the emissions with ambient air
homogeneously before sampling. Thereafter, diluted exhaust emissions were forced to

pass through the duct via a suction blower installed at the outlet of the duct. The dilution
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ratio required for the emissions testing was maintained using a variable frequency drive
(VFD) (Delta, MO2E), which further controlled the speed of the suction blower. The ratio
of the average mass flow rate of the diluted exhaust gas in the duct to the average burning
rate of the fuel was kept 150:1 during the testing as per the standard protocol (BIS, 2013).

The thermal efficiency of the cookstove was determined by using the water boiling
test in the cookstove testing protocols defined by (BIS, 2013). The pellets of 8 mm
diameter were used in this study, and the proximate and ultimate analyses are shown in
Table 1. A small quantity of ethanol (10 ml) was sprinkled over the fuel bed to initiate the
fire. After igniting the fuel bed with a match stick, the primary and secondary air fans
were switched on, and speeds were increased gradually according to smoke level, real
time CO emission and colour of flame. The cooking pot having a quantity of water, as
specified in the testing protocol in accordance with the heat input rate, was kept over the
cookstove, and time was recorded. The water temperature in the pot was measured using
a PT-100 temperature probe having a resolution of 0.1 °C after interval of five minutes, as
specified in the protocol. The pot kept over the cookstove was replaced by a second pot
having water at ambient temperature, once the temperature in the first pot reached 95
°C. The time taken for boiling in each pot was noted down, and the process was repeated
until the flame vanished from the combustion chamber. A set of five experiments were
repeated to ensure the accuracy of results, and the average values are reported in this

manuscript.

Table 1: Proximate and ultimate analysis (as received basis) of pellets

Proximate analysis Ultimate analysis
Component Weight (%) Component Weight (%)
Moisture content 8.1 Carbon 45.75
Volatile matter 71.9 Oxygen 47.38
Fixed carbon 14.9 Hydrogen 6.65
Ash content 5.1 Nitrogen 0.21
HHV 4136 kcal/kg Sulphur 0.02

The thermal efficiency and emissions of CO and PMzs from the cookstove were
evaluated using the standard testing methodology described by BIS, while maintaining
the temperature of the laboratory at 2545 °C during the experiments (BIS, 2013). The
concentration of the CO in the diluted exhaust gas was measured by using a portable gas

analyzer (Horiba, PG-350). This multi-component gas analyzer with a built-in sample
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conditioning and processing unit used the Non-Dispersive Infrared (NDIR) principle to
measure CO, COz, and SOz In contrast, Ozand NO measurement was based on
paramagnetic method and chemiluminescence detection, respectively. The gas analyzer
had a wide range of 0-5000 ppm for CO measurement, along with a built-in data logger
unit with an SD memory card to facilitate data storage. The resolution of different gases

monitored during the experiments is shown in Table 2.

Table 2: Resolution of real time monitoring of gaseous pollutants

S. No. Gas Resolution
1. NO 0.1 ppm
2 SO2 0.1 ppm
3. (0(0) 0.1 ppm
4, CO2 0.01 vol%
5 02 0.01 vol%

The emission measurement of fine particulate matter (PMz2s) was carried out
gravimetrically using a cyclone sampler (URG-2000-30-E-5-2.5-S) having a cut size of 2.5
microns. The diluted exhaust gas was forced to pass through a filter having a pore size of
2 microns at the flow rate of 5 lpm by using a vacuum pump. The sampler flow rate was
maintained using a critical orifice and mechanical rotameter, with an operating range of
0-10 lpm. The particulate samples were deposited on polytetrafluoroethylene (PTFE)
filters having O ring support. PTFE filters of 47 mm diameter were used in this study due
to their hydrophobic nature. The filters were weighed before and after the deposition

using a precision weighing balance (METTLER TOLEDO, MS205DU) with a resolution of
10 pg.

2.7 Computational modelling

The computational domain was modelled in ANSYS Fluent to analyse the flow field,
and further estimate the heat losses from the forced draft cookstove model designed and
fabricated at IIT Delhi. A 2-D axisymmetric geometry was created as shown in Fig. 2 to
reduce the complexity and computational time while capturing the important features of
the actual cookstove. The complete model was divided into two domains, viz. combustion
chamber and annulus chamber, and had three inlets for primary air, secondary air, and
fuel, and a single outlet for exhaust gases. The dimensions and position of different
features of the computational model were kept equivalent to the actual model, except the

actual model did not have a pot skirt. A flat bottom round shaped cooking pot of 420 mm
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diameter was also modelled at a distance of 30 mm above the combustion chamber. The
exhaust gases from the combustion chamber were directed towards the outlet through a
gap of 30 mm thickness between the pot sidewall and the skirt. The structured
quadrilateral elements have been used in the modelling as it offers better accuracy and
less computational time. The wood volatiles were taken as fuel to represent the

combustion in the computational model.

A: Primary air inlet

B: Fuel inlet

C: Secondary air inlet

D: Annulus chamber

E: Cookstove outer wall

F: Secondary air hole

G: Air & fuel domain wall

H: Combustion chamber outlet
I: Pot side wall

J: Pot bottom

K: Combustion chamber

L: Combustion chamber wall

Fig. 2. A 2D axisymmetric computational model

2.7.1 Mathematical model

The primary governing equations of continuity, momentum, and energy were solved
in the computational model. Turbulence was modelled using the K-w SST model as the
flow at the top of the combustion chamber was turbulent due to secondary air
entrainment. The wall Y plus values were maintained between 0 and 1 to capture the
boundary layer effects near the wall. The discrete ordinate method was used to model
the radiation in this study (Pundle et al, 2019). The coupled scheme was used for
pressure-velocity coupling, while the least square cell-based method discretized the
gradient terms. The combustion was modelled using partially premixed combustion in
which mass fractions of wood volatiles were specified to model the actual combustion in

the simulation (Mitchell et al.,, 2019, Smith et al.,, 2020). Diffusion flamelet generated
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manifold (FGM) model was used as it is preferred for partially premixed turbulent flames
that are non-premixed predominantly. Diffusion FGM uses laminar diffusion flame
equations transformed from physical space (X) to mixture fraction space (f), where X and
f are independent variables. The equations of mixture fraction space for mass fraction

species are solved as follows (Fluent, 2017):

ay; 1 2%y;
P = 2P af2

+S; (5)

The other equation that is solved for temperature is as follows (Fluent, 2017):

oT 1 2T 1 1
P = ;PXa—fz—C—pZiHiSi +EPX[

aCy
of

ay;lor
+ i Coigr a7 (6)

Where Yiis the mass fraction for ith species; p is density; T is temperature; f is mixture
fraction; Cp, is species specific heat for ith iteration; Cp is the average specific heat of
mixture; Hi and Si are specific enthalpy and species reaction rate for ith species,
respectively. Scalar dissipation X across the flamelet is modelled by using the following

equation (Fluent, 2017):

2
_ a5 3(Jpwo/p+1) _ -1 2
X(f) - 41 2m+1 exp( Z[GTfC (Zf)] ) (7)
where, as is characteristic strain rate; p is the density of oxidizer stream; erfc-1is the
inverse complementary error function. Diffusion FGMs are calculated from steady

diffusion laminar flamelets by transforming the flamelet species field to reaction progress

variable (c), the normalized fraction of product species (¢ = %). The transport equation
[

is solved corresponding to the un-normalized progress variable (Y¢) for FGM turbulent
closure as follows (Fluent, 2017):

a(p¥e) 5o K  u 4 e

—= 7t V(ppl,) =V [(E + S—Cft) VYC] + Syc (8)

where, K is the laminar thermal conductivity of the mixture; Cp is the specific heat of

mixture; Sctis the turbulent Schmidt number, i is turbulent viscosity of mixture. Sy is
the mean source term and can be calculated by using the following equation (Fluent,
2017):

S—YC = p_ff SFR,YC(CIf)P(C’f)dCdf = % (9)
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Where Srr is the finite rate flamelet source term; P is the joint probability density
function (PDF) of reaction progress I and mixture fraction (f). The above reaction
contains the product of two beta PDFs and hence requires second moments i.e. variance.
The transport equation used for calculation of the variance of un-normalized reaction
progress variable is as follows (Fluent, 2017):

—~ 2
oot

—2
pC(pYC”
at

L2\ K | ) oom2 e Teror |2
+v(vaC )_v[(a+s—c‘;)vyc ]+C¢S—C‘;|VYC| - (10)

Tturb

where, Cyis 2.

2.7.2 Boundary conditions

It is essential to use appropriate boundary conditions to get appropriate results. The
inlet area ratios of the computational model were kept similar to the experimental model.
Mass flow inlet boundary conditions were assigned for both air and fuel inlets. The air
was assumed to be entering at 300 K with 23.2% oxygen and 76.8% nitrogen by weight.
The mass flow rate of the fuel at the inlet was assigned according to the burning rate of
the cookstove obtained from the actual experimental results. The fuel at the inlet was
assumed to be a mixture of wood volatiles and mass fractions of the various components
(Cassidy, 2020). The outermost wall of the cookstove and pot skirt were assigned a
convective heat transfer coefficient of 10 W/m2-K with the no-slip condition, while
assuming the free stream temperature to be 300 K (Cassidy, 2020). The temperature of
the cooking pot of the cookstove was maintained at 373 K, which is equivalent to the
saturation temperature of water at atmospheric pressure. The pressure outlet condition

was assigned at the outlet of the cookstove with atmospheric pressure conditions.

2.7.3 Grid independent test

Meshing has been done in ANSYS Mesher with quadrilateral elements. An inflation
layer was applied to generate prism elements to capture the temperature gradients near
the boundary layer. Grid independent test has been carried out by varying the mesh size
to ensure the accuracy of computational results. The wall heat flux at the vessel’s bottom
has been plotted with four mesh sizes ranging from 0.4 mm - 2.0 mm as shown in Fig. 3.
The preliminary simulations indicated that the mesh size of 0.5 mm is sufficient to run
the simulations. There is only a marginal difference between the heat flux values when

simulations were performed with a mesh size of less than 0.5 mm, as shown in Fig. 3.

Page 12 of 29



Therefore, a mesh size of 0.5 mm was selected in the present study to save computational

time while ensuring reliable results.
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Fig. 3. Variation of wall heat flux on the bottom of the vessel

2.7.4 Model validation
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The computational results have been validated with the experimental results
acquired from the testing of the developed model and are in good agreement. The highest
flame temperature at the top portion of the cookstove obtained from computational and
experimental results was 1108 K and 1060 K, respectively. The percentage difference
between the experimental and computational values of flame temperature was 4.5%,
which is within acceptable limits. The variation of temperature of outer wall with height
from the base of the cookstove is shown in Fig. 4, and the values obtained from
computational and experimental study are found to be in good agreement. Also, the
thermal efficiency obtained from the computational results was validated with the
experimental values. The computational and experimental values of the thermal
efficiency were found to be 41.48% and 41.34%, respectively, and seem to be in

agreement.

3 Uncertainty analysis

The uncertainty analysis was carried out to ensure the accuracy of the experimental
results. The analysis included both random and systematic uncertainties that occurred
during the different activities such as weighing filters, water, fuel, pot; and measurement
of temperature, velocity, and CO concentration during the experiments. The uncertainty
in Q, which is a function of a number of independent variables x1, X2, X3, ..., Xn having ui,
uz, us, ..., Un as their corresponding uncertainties can be evaluated by using the following
relation (Holman, 2012):

Ug = [(a—Qul)z + (a—Quz)Z + (a—ng)Z S + (:T(iun)z]z (11)

6X1 aXZ 6x3

The uncertainties were calculated using the resolution of different measuring
instruments used during data collection and the uncertainties associated with each piece
of equipment. The uncertainties involved in calculating thermal efficiency, CO emissions
and PMzs emissions were found to be in the range of 0.9% - 2.9%, 1.2% - 2.5% and 1.2% -
2.5%, respectively.

4 Results and discussions

The primary and secondary airflow rates were governed using a dual supply dc

voltage regulator that could supply the voltage in the range of 0 — 30 volts. The airflow
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rates were optimized by performing several experimental trials, while monitoring the
combustion zone temperature at the top of the cookstove. The higher combustion zone
temperature led to more complete burning of the volatiles released during gasification
and hence, resulted in the lower emission of pollutants. Therefore, the primary and
secondary airflow rates were regulated in the present study to obtain the maximum
combustion zone temperature. The variation of combustion zone temperature at the top
of the combustion chamber and CO concentration with the operating time of the
cookstove is shown in Fig. 5. The primary air fan was operated at an airflow rate of 0.002
kg/s, while the secondary air fan was kept off as no volatiles existed during that period.
As soon as volatile formation started, the primary and secondary airflow rates were
increased gradually to 0.003 kg/s and 0.005 kg/s, respectively, within the first 300 s of
the operation of the cookstove, and then the combustion zone temperature also started
to rise. Relatively small fluctuations in the combustion zone temperature were observed
between the time period of 1000 - 3000 s. The flame front in the fuel bed was
continuously moving downward during fuel burning, while the airflow rates were

constant during that duration.

— Flame Temperature - CO emission (ppm)
Start-up Volatile Burning Char Burning
1200 e e 600
1050 500
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< 9200 400 g
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£ 750 300 Z
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Fig. 5. Variation of combustion zone temperature and CO concentration during the

cookstove operation
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The average combustion zone temperature of around 1060 K was observed during
the volatile burning period, which accounted for most of the energy production during
the operation of the cookstove. After volatile burning, the combustion zone temperature
started to decline, and the emissions of CO climbed up. Therefore, the secondary airflow
rate was decreased gradually to 0.004 kg/s after 3000 s of the cookstove operation. This
sharp dip in combustion zone temperature, and the increment in the emissions of CO
indicated the beginning of the char burning stage (Tryner et al,, 2016). The primary and
secondary airflow rates were reduced in the char burning phase as the volatiles vanished
out in this stage, and only fixed carbon left in the combustion chamber was burnt. Hence,
combustion zone temperature also climbed up as soon as the airflow rates were governed
to maximize the combustion zone temperature. During the end of the cookstove
operation, as most of the fuel burnt out, the combustion zone temperature dipped
sharply. Therefore, the primary and secondary airflow rates were further reduced to
0.002 kg/s after 4500 s of the cookstove operation. The fans were switched off towards
the end as flame vanished out in the combustion chamber. Therefore, it is important to
govern the airflow rates during the cookstove operation as both the primary air and
secondary air significantly affect the temperature of the combustion zone and hence, the

thermal efficiency and the emissions of pollutants.

Itis clearly visible from Fig. 5 that the combustion can be assumed to be steady in the
volatile burning phase as the combustion temperature and concentration of CO were
relatively stable. Also, approximately 80% of the total useful heat is delivered to the
cooking pot in the volatile burning phase. Numerous studies also indicated that the
volatile burning phase in these types of cookstove can assumed to be steady state, and
also accounts for the majority of the cookstove operation time (Patel et al., 2016, Pundle
et al, 2019, Pande et al., 2020). The average combustion zone temperature at the top of
the combustion chamber was around 1060 K from approximately 1000 s to 3000 s during
the cookstove operation, as shown in Fig. 5. Therefore, it is important to quantify the heat
losses from the forced draft cookstoves to improve the thermal efficiency further. The
heat losses from the forced draft gasifier stove have been estimated in this study by
modelling the developed cookstove in ANSYS Fluent (MacCarty and Bryden, 2015, Pundle
et al., 2019, Pande et al., 2020). The fluid flow and temperature distribution in the
combustion chamber and annulus chamber are shown in Fig. 6a-b with the help of

contours obtained from the simulations. It can be seen from Fig. 6a that the velocity of
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the secondary air being introduced into the combustion chamber was found to be in the
range of 2.7 - 3.2 m/s. The fluid flow pattern at the top of the cookstove represented that
the hot flue gases would contact the vessel’s bottom, while moving out of the combustion

chamber after the burning of volatiles.
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Fig. 6. Contours of (a) Velocity and (b) Temperature distribution in the computational

domain

The static temperature distribution across the different domains obtained from the
simulation is shown in Fig. 6b. The temperature distribution over the cookstove domain
varied between 300 - 1470 K, and the combustion zone temperature at the top of the
cookstove was found to be in the range 0of 935 - 1114 K. The secondary air was preheated
up to the temperature of 577 - 600 K before being entering in the combustion chamber,
while a significant amount of heat was carried away by flue gas as the temperature near
the combustion chamber outlet varied in the range of 577 - 637 K. It can be seen from
Fig. 6(a) that the injected secondary air does not penetrate to the center of the
combustion chamber, which further suggests that design changes to increase penetration
may further improve performance. It is visible from Fig. 6b that the preheated secondary
air leaving the secondary air holes created sufficient turbulence leading to homogeneous
mixing of volatiles with air, and hence resulting in the nearly complete burning of

volatiles. Thus, the improved combustion characteristics lowered the emissions of
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harmful pollutants which are hazardous for human health and the environment (Zhang
and Smith, 2017, Smith et al., 2014).

The variation of temperature and heat flux at the outermost wall of the cookstove
with the height is shown in Fig. 7. The heat flux at the outer wall of the cookstove was
found to be in the range of 1110 - 4355 W/m?, while the temperature of the outermost
wall range between 400 - 700 K. However, the maximum temperature of the secondary
air in the annulus chamber was found to be 637 K. Thus, the temperature of the outer
wall of the cookstove was found to be higher than the temperature of secondary air being
preheated in the annulus chamber. Therefore, it is clear that the heat transfer from the
combustion chamber to the outer wall is predominant via conduction through the top
plate covering the annulus chamber and via radiation compared to the convection
through the secondary air. The reason for significant heat transfer via conduction could
be metal to metal contact of the top plate with the inner and outer wall of the combustion

chamber (Sedighi and Salarian, 2017).
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Fig. 7. Variation of temperature and heat flux over the outermost wall of the cookstove

The energy flow diagram of the cookstove representing the percentage of energy
being lost from different segments and the useful energy delivered to the cooking pot is

shown in Fig. 8. It can be seen from Fig. 8 that more than % of the total energy produced
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by the burning of fuel is being lost to the atmosphere from the outermost wall of the
cookstove. The thermal efficiency of the cookstove, as estimated through the simulation
results, was found to be 41.5%, while the energy lost in the flue gas was approximately
17.9%. The total energy lost to the ambient via cooking pot and cookstove bottom were
8.4% and 3.6%, respectively. Therefore, it is important to minimize the heat loss from the
outermost wall of the cookstove as well as heat loss in the flue gas further to improve the
thermal efficiency of the gasifier stoves, as these losses account for 46.42% of the total

energy that is produced by the burning of fuel.

Energy lost via cookstove ~ Energy lost from outer wall of
bottom ~3.6% combustion chamber ~28.6%

Energy lost in flue
gas ~17.9%

Energy lost via
pot ~8.4%

Energy supplied
by fuel

Energy delivered to pot ~41.5%

Fig. 8. Estimation of heat loss from forced draft cookstove

The preliminary experimental investigations and computational results revealed
that a significant amount of heat was being lost to the ambient from the outermost wall
of the developed cookstove FD 2.1. Therefore, the outer wall of the cookstove was
insulated by using glass wool of 25 mm thickness to minimize the heat losses, and the
cookstove with insulation is referred to as FD 2.2 in this study. The thermal performance
and emission characteristics of the FD 2.1 and FD 2.2 models are shown in Fig. 9. The
thermal efficiency of the FD 2.1 was found to be around 41.3%, while the emissions of CO
and PM2s per megajoule of useful energy delivered to the cooking vessel (M]p) were
found to be around 0.98 g/M]p and 38.91 mg/M|p, respectively. An improvement of 5.7%
in the thermal efficiency of the FD 2.2 was attributed to the lesser heat losses from the

outermost wall of the cookstove. Further, the reduced heat losses resulted in higher
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values of combustion zone temperature, and the improvement in efficiency resulted in
less fuel consumption for the same amount of useful energy, further leading to reduced
emissions on a useful energy basis. Therefore, the emissions of CO and PMzs from the FD
2.2 were decreased by 7.1% and 25.8%, respectively, due to increased combustion zone

temperature leading to more complete combustion of volatiles.

43.68

mFD21

CO (g/M],) PM, . (mg/M},) Thermal Efficiency (%)

Fig. 9. Comparison of thermal efficiency and emissions of CO and PMzs from FD 2.1 and

FD 2.2 cookstove models

The comparison of the thermal performance and emission characteristics of the
models developed in the present study has also been carried out with other forced draft
cookstove models tested following standard protocols as shown in Figs. 10a-b (CCA,
2013). It must be noted that other forced-draft stoves were tested with different
protocols, so the comparison is not exact. However, the objective of this study is to
compare the performance of developed models with other forced draft models available
worldwide, while utilizing pellets as fuel. BIS adopts a methodology which quantitatively
measures the emissions of CO and PMzs, and most of the parameters and procedures
given in the newly developed methodology like International Organization for

Standardization (ISO) are similar to the BIS standards, while operating in high power
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mode (ISO, 2018). Therefore, according to BIS or ISO methodology, CO, PM25 and thermal
efficiency are the important performance parameters for any cookstove. Also, emissions
are calculated per unit useful energy delivered to the cooking vessels during different

protocols in high power mode, and hence, can be compared.

The mode of primary and secondary air supply in the developed models differed from
the other models in this study (CCA, 2013). The developed models viz. FD 2.1 and FD 2.2
were equipped with individual primary and secondary air fans which assisted in the
precise control over the airflow rates, while the other models had a single fan. Therefore,
the required airflow rate ratios of primary and secondary air were maintained as per the
requirement during the different phases of combustion throughout the cookstove
operation. It can be seen from Fig. 10a that the thermal efficiency of the Mimi moto
cookstove model was found to be highest, followed by FD 2.2, ACE 1, FD 2.1, Philips
HD4012, Elegance 2015 and Oorja cookstove.
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[l ~ -
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Fig. 10. Comparison of (a) Thermal efficiency and (b) Emissions of CO and PMzs with

other forced draft pellet based cookstoves

The emissions of CO and PMzs for different cookstoves have been plotted as shown
in Fig. 10b. The comparison is not exact as other forced draft cookstove models were
tested using different protocols. It is visible from Fig. 10b that the emission of CO from
FD 2.1, FD 2.2, Philips HD4012 and ACE 1 stove is similar, while the emission of PMz2s
from FD 2.2 is significantly lower than the other stoves except Mimi Moto and Elegance
2015. The Mimi Moto cookstove exhibited the least emissions of CO and PMzs The
emission of PM25 from the Elegant 2015 model is 0.55 times lower than the FD 2.2
cookstove; however, the emission of CO was 2.5 times higher. Also, the thermal efficiency
of the FD 2.2 cookstove model was 23.25% higher than that of the Elegance 2015
cookstove. Therefore, the FD 2.2 model seems to be the most efficient, except for the Mimi
Moto if all three performance parameters, viz. thermal efficiency, emissions of CO and
PMz2s are considered. The higher thermal efficiency and lower emissions of both CO and
PM:2s from the FD 2.2 model were attributed to the different primary and secondary air

fans, which assisted the governing of airflow rates during the operation of the cookstove.
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The precise control over the airflow rates and insulation layer on the outer wall of the FD
2.2 model resulted in the higher combustion zone temperatures, which further led to the
nearly complete burning of volatiles released during gasification. The higher cost of
production due to separate controls may be compensated by the reduction of harmful
pollutants which is directly linked to human health. Further, we are working on
automation of air supply for smooth operation in order to regulate airflow rates

automatically without end user's intervention.

The cookstoves developed in the present work uses densified fuel pellets, and these
pellets can be made from crop residues, which are abundantly available and otherwise
burnt in the open fields leading to emission of huge amount of pollutants. In 2017, crop
residue burning added 824 Gg of PMz.s, 812 Gg of PM10, 58 Gg of Elemental Carbon (EC)
and 239 Gg of Organic Carbon (OC) in India (Ravindra et al., 2019). These emissions can
be minimized by using these crop residues as feedstock material for production of pellets,
which may be further combusted efficiently in improved cookstoves as developed in the
present work. Therefore, these crop residues have huge potential to fulfil the thermal
energy requirement of domestic cooking, if burnt properly. In this way, the emission of
pollutants from stubble burning and traditional cookstoves using different solid fuels can

be minimized.

5 Conclusions

The present article represented the experimental and computational studies of a
forced draft biomass pellet based cookstove (FD 2.1) having separate primary and
secondary air supplies. The airflow rates were controlled precisely during the different
phases of combustion to obtain the higher combustion zone temperatures, resulting in
improved thermal efficiency and reduced emissions of pollutants. FD 2.1 was further
insulated by using glass wool, and the modified model termed FD 2.2 showed an
improvement in the thermal efficiency and emission characteristics. The thermal
efficiency of FD 2.2 was found to be highest as compared to the other forced draft
cookstove models, except for the Mimi Moto. The performance of the FD 2.1 cookstove
has also been analysed through computational modelling, and the simulation results
indicated that the heat loss from the combustion chamber to the outer wall is

predominant via conduction through the top plate of the cookstove and via radiation as
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compared to the convection through preheated secondary air in the combustion
chamber. Also, it was found that around 46.4% of the total energy produced by the
burning of fuel was being lost to the environment through the outermost wall and flue

gas.
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Nomenclature

AFR Air flow rate

as Characteristic strain rate

C Reaction progress variable

Cco Carbon-monoxide

CO2 Carbon dioxide

Cp Average specific heat of mixture

Cp Specific heat of mixture

Cp1 Species specific heat for ith iteration
CVr Calorific value of fuel

D Diameter of cookstove

erfc1 Inverse complimentary error function
f Mixture fraction space

FCR Fuel consumption rate

FGM Flamelet generated manifold

H Height of cookstove

HAP Household air pollution

Hi Specific enthalpy for ith species

K Laminar thermal conductivity of mixture
NO Nitrogen oxide

02 Oxygen

p Joint PDF of reaction progress

PM Particulate matter

PTFE Polytetrafluoroethylene

Q Function
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Power output

SA Stochiometric air

Sce Turbulent Schmidt number

Srr Finite rate flamelet source term
SGR Specific gasification rate

Si Species reaction rate for ith species
SOz Sulphur dioxide

Sye Mean source term

t Time required for operation of cookstove
T Temperature

ui, Uz,..., Un Uncertainties in x1, X2,..., Xn

VFD Variable frequency drive

X Physical space

X1, X2,.., Xn Independent variables

Yi Mass fraction for ith species
Greek Symbols

N Thermal efficiency of cookstove
€ Equivalence ratio

p Density

pf Density of fuel

Pa Density of air

Poo Density of oxidizer stream

Ut Turbulent viscosity of mixture
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