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Today, billions of people are limited to using biomass-fueled traditional fires as a
primary energy source for cooking and purification of drinking water. Reliance on open
burning of biomass leads to exposure to high levels of household air pollution which
has been estimated to claim over 1.5 million lives annually, disproportionately affecting
women and children in low- to middle-income countries. Additionally, the widespread
dependence on inefficiently burned biomass fuels contributes to climate change on a
global scale through the emission of as much as 20% of climate-forcing carbonaceous
aerosols worldwide. To address the severe health and environmental impacts associated
with traditional biomass-fueled cooking practices, researchers have been working to
design and disseminate affordable cleaner-burning biomass cookstoves to vulnerable
communities. Using a combination of computational and experimental approaches,
hundreds of designs have been developed and guiding principles have been established.
One of the most promising of these is the use of forced draft injection into the
combustion chamber to improve both heat transfer and combustion efficiency. To

contribute to this active area of research, this thesis will present the use of
computational fluid dynamics to simulate the thermal and emissions performance of
two unique configurations of forced draft biomass cookstoves.

In the first manuscript, a biomass cookstove with a forced draft primary air accessory
is modeled and compared to experimental data produced following standard Water
Boiling Test procedure. The study includes numerical and experimental results for a
range of parametric variations corresponding to increasing primary air mass flow rates
supplied to the combustion chamber. Thermal efficiency, as well as emissions metrics
for carbon monoxide, carbon dioxide, and particulate matter are used to assess the
performance of the affordable stand-alone primary forced draft accessory used in this
study. For this configuration, improvements in thermal efficiency above 10% relative
to the natural draft configuration are achievable, with corresponding PM emissions
reductions resulting from each forced draft case. The simulation results show strong
agreement with thermal efficiencies recovered in repeated ISO Water Boiling Tests.

The second manuscript presents computational fluid dynamics simulations of forced
secondary air in a biomass cookstove. In this work, an array of ten unique simulations
are used to understand how combinations of secondary air injection height and injection
angle affect thermal efficiency and combustion performance and are compared to the
results for a natural draft cookstove simulation. Air injection height and injection angle
have a strong effect on the thermal efficiency of the cookstove, with the optimal
combination of height and angle being 5 cm, and 90 degrees from the natural flow

direction respectively. The CO2/CO emissions ratio predicted numerically suggest
there is a design trade-off between thermal efficiency and emissions reduction.

Ultimately, the experimental and computational results show that integrating forced
draft in either primary or secondary air configuration can lead to improvements in a
range of performance metrics including thermal efficiency and emissions rates of CO
and PM2.5. The goal of this thesis is to further the development and dissemination of
inexpensive, user-friendly cookstove designs that help to make cooking with biomass
fuel a sustainable and healthier option for the 40% of the world’s population who relies
on it. Specifically, this work aims to provide cookstove designers with physical insights
regarding forced draft biomass cookstoves which eventually might lessen the enormous
health and environmental burden caused by traditional cooking practices.
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Chapter 1—Introduction
Today approximately 3 billion people across the world depend on open fires or simple
cookstoves fueled by biomass fuels (wood, crop wastes, charcoal, or dung), coal, and
kerosene. These small combustion systems produce significant household air pollution
(HAP), generating air concentrations of fine particulate matter hundreds of times higher
than acceptable levels. In 2017, it was estimated that 1.6 million people die prematurely
due to illnesses derived by household air pollution such as lung cancer (19%), stroke
(11%), ischemic heart disease (16%), chronic obstructive pulmonary disease (41%),
lower-respiratory infection (35%) and diabetes (20%) (HEI, 2019). These lasting health
effects disproportionately impact women and children in low-to-middle income
countries (Thakur et al., 2019). Figure 1.1 shows an image of a person and a child
subject to HAP produced using inefficient cooking technology (WHO, 2020).

Figure 1.1 Household Air Pollution (WHO, 2020)
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The pervasive dependence on biomass as a fuel source for cooking also has a significant
effect on global climate. Inefficient combustion of biomass can contribute significant
amounts of greenhouse gases, trace gases, and particulate matter into the atmosphere
which add to climate forcing, such that approximately 8% of global anthropogenic
climate change may be attributed to household biomass energy (Mao et al., 2018;
Jacobson, M. Z., 2014; Kim et al., 2011; Masera et al., 2015). Combustion of biofuel
is estimated to contribute to 20% of worldwide carbonaceous aerosols which have a
strong influence on our global radiative balance (Roden et al., 2006; Yttri et al., 2009).
Furthermore, the dependence on biomass fuel sources can lead to deforestation and
forest degradation, where as much as 34% of firewood harvesting being reported as
unsustainable (Rudel, 2013; Masera et al., 2015), limiting the planet’s ability to
sequester atmospheric carbon (USDA, 2016).

To combat the adverse health and environmental impacts of inefficient residential
biomass combustion, practitioners have been working to design and disseminate
improved biomass cookstoves since the early 1980s. Improved biomass cookstoves aim
to improve heat transfer and combustion efficiency in these small household-scale
combustion systems. However, despite decades of research and development,
limitations to the improvements possible for natural draft systems have been reached.
Without further developments like those commonly applied in industry such as forced
draft, staged combustion, and post-combustion treatment; emissions and efficiency
levels may not meet performance targets for environmental sustainability and health
protection.
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For this reason, the use of forced draft injection in the combustion process has been
identified as a potentially beneficial strategy to improve thermal efficacy and reduce
significant CO and PM2.5 emissions produced by natural draft cookstoves. To date,
several cookstove models that use forced primary and/or secondary air have been
shown to the potential to improve heat transfer and emissions by creating more uniform
air-fuel distributions within the combustion chamber through turbulent mixing
(MacCarty et al., 2010; Udesen, 2019; Husain et al., 2019).

However, forced draft is challenging to implement because the cost and complexity of
adding the flow path and pumping power needed to supply the jets of forced air to these
small subsidized systems. Initial designs had fans integrated into the plenum around
and/or under the combustion chamber. Yet many of these combustion chambers were
batch loaded from the top, requiring fuelwood to be cut into small pieces and operation
different from traditional stick-fed cooking (MacCarty et al., 2010).

Thus, the

development of a user-friendly, side-feed, forced draft cookstove is an area of active
and urgent research and development in the clean cooking sector.

1.1 Cookstove Design
1.1.1 Natural Draft
Researchers have been working to mitigate the harmful health and environmental
effects produced by cooking over traditional three-stone fires (Figure 1.2) since the
1980s. Initial design improvements limited the high excess air provided by the
surrounding environment by adding an insulative combustion chamber about the fire.
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Early analytical models of biomass cookstoves sought to understand and predict
thermal fluid operation of biomass cookstoves with the goal of identifying how total
heat transfer to the cookpot relate to geometrical and operational design parameters
(Baldwin, 1987). Based on the results from analytical studies, improved natural draft
cookstove designs were created, where fluid flow through the stove is due solely to
natural convection, without any air flow addition from a fan.

Figure 1.2. Traditional Three Stone Fire (Photo credit: Nicholas
Moses)

The success of these early analytical models and experiments led to improved
cookstove designs, such as the rocket-style cookstove shown in Figure 1.3. Based on
the ten design principles first developed by Dr. Larry Winiarski of the Aprovecho
Research Center, the rocket cookstove is capable of improving heat transfer and
combustion efficiency because of the insulative combustion chamber and the high
temperature air-fuel mixing present within the cookstove (Bryden et al., 2005).
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Figure 1.3. Rocket-style Cookstove (Photo credit: Stove Tec
Biomass Cookstoves)

Figure 1.4 shows a two-dimensional schematic of the flow path within a natural draft
biomass cookstove, consisting of an insulated combustion chamber and skirt or shield
surrounding the pot sitting atop of the combustion chamber. The vertical flow of hot
combustion gases through the cookstove represented by red curves, is shown passing
around the cookpot through the pot skirt channels, exiting to the ambient
surroundings. In the schematic, ambient surround air, labelled Tamb, is entrained into

Figure 1.4. Natural Draft Cookstove Schematic
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the cookstove combustion chamber due to the temperature gradient between the
ambient temperature and temperature of the hot combustion gasses.

1.1.2 Forced Draft
Although design evolutions in natural draft biomass cookstoves resulted in improved
thermal efficiency and emissions reductions on the order of 50-90% (MacCarty et al.,
2010), supplementing the natural buoyancy induced flow through a cookstove with
forced draft has been recognized as a promising method for further improving biomass
cookstove performance. Forced draft cookstoves are able to produce a more uniform
distribution of air and fuel, leading to heightened combustion temperatures and more
efficient oxidation of wood volatiles. These effects can reduce both particulate matter
and carbon monoxide emissions while improving thermal efficiency. These aspects
make forced draft cookstove technology an encouraging biomass cookstove design
evolution.

This research considers two methods for introducing forced draft to the cookstove
through either primary (under-fire) or secondary (above-fire) forced air injection.
Figure 1.5A and 1.5B show two-dimensional schematics of primary air and secondary
air forced draft cookstoves, respectively. Primary forced draft, in this work, describes
cookstove configurations where forced air is introduced underneath the fuel in parallel
with the natural air entrainment, labelled Tamb. Note, the temperature of the forced
primary air, TFD-P, has been experimentally proven to exhibit some level of preheating
due to the proximity to the fuel and charcoal bed—this topic will be discussed further
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in the experimental methods section of Manuscript 1 (Chapter 3) of this thesis. In the
secondary air configuration, forced secondary air, TFD-S, is introduced downstream of
the fire, in cross-flow relative to the hot combustion gases.

To explore the various configurations for injection of primary and secondary air, and
assess the impact on key cookstove performance metrics, this research will use
computational fluid dynamics (CFD) modeling with experimental validation. In
Chapter 2, experimental metrics and previous CFD modeling will be reviewed,
followed by the presentation of forced primary (Chapter 3) and secondary (Chapter 4)

Figure 1.5. (A) Primary and (B) Secondary Forced Draft Cookstove Schematics
draft models. The work will conclude with key takeaways and suggestions for future
work (Chapter 5).
Chapter 2 – Background
Research and development in the cookstove sector have been active and ongoing since
the 1980s through a combination of experimental, analytical, and computational
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approaches. In this section, key performance measurements will be briefly introduced,
followed by a detailed discussion of recent efforts toward CFD modeling of directburning biomass cookstoves.
2.1 Cookstove Performance Measurements
To determine the potential performance improvements brought on by introducing
forced draft to a biomass cookstove, this work will refer to a series of metrics defined
by standard laboratory protocols. The performance parameters are based on existing
literature and standardized test protocol (The Water Boiling Test, 2014).

The Water Boiling Test (WBT) is a simple laboratory procedure used to simulate the
cooking process for a cookstove within the field. The WBT has been used to inform
cookstove design, ensuring that most efficient cooking products are brought to the field.
A handful of metrics can be calculated using the Water Boiling Test to assess the
performance of a cookstove. This WBT metrics used in this thesis are thermal
efficiency and total emissions per megajoule delivered to the cookpot.

The thermal efficiency is defined as the fraction of heat produced by the fuel is
transferred to the cookpot. In this thesis, the thermal efficiency will be calculated as,

𝜂=

𝑞𝑝𝑜𝑡
𝑞𝑤𝑜𝑜𝑑

(1)

Where 𝑞𝑝𝑜𝑡 represents the total heat transfer delivered to the cookpot and 𝑞𝑤𝑜𝑜𝑑
represents the heat produced by the fuel. Within this thesis, 𝑞𝑤𝑜𝑜𝑑 will be referred to
as the firepower.
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Manuscript 1 will present the total mass of emissions produced experimentally over the
course of a cooking phase. In Manuscript 1, total emissions of for fine particulate matter
(PM2.5) and carbon monoxide (CO) per megajoule delivered to the cookpot will be
tracked duration of a the thirty-minute Water Boiling Tests performed.

2.2 Cookstove Performance Modeling
While early analytical methods and models from the 1980s onward were successful in
predicting global performance parameters, such as heat transfer to the cookpot and
combustion chamber walls, they failed to shed light on finer scale physical phenomena
within the cookstove—especially those related to gas/solid phase combustion, turbulent
momentum transfer, and spatial distributions of thermophysical properties (such as
temperature) which are especially important as designs are refined and optimized. This
prompted researchers to explore the viability of using CFD to simulate thermo-physical
processes within the cookstove. The following sections seek to provide a selective
review of publications related to the use of CFD applied to direct-burning biomass
cookstoves. This review does not cover work done on gasifier, charcoal, or liquid
petroleum gas-fired cookstoves.

Based on the review of the existing literature, ten publications in total will be
considered in this review. For each of the works identified, the following attributes will
be assessed and compared.
(1) Purpose of study and geometry of interest
(2) Spatial and temporal assumptions
(3) Physical models applied (i.e. turbulence, species transport, etc.)
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(4) Auxiliary conditions (boundary and initial conditions where transient analysis
is used)
(5) Experimental correlation, conclusions and future work
Table 2.1 presents the list of works relevant to the present study.
Table 2.1. Models Reviewed
Author

Purpose of Study

BurnhamSlipper

The three-phase investigation worked to optimize the geometry of an
Eritrean biomass cookstove in a three-phase approach This review will
address only the approach and results derived by the full-scale cookstove
numerical model (beginning in Section 5.3 of the original work).

Pundle et al.

Identify fluid flow and heat transfer phenomena to inform general design
principles to aid in design of clean and efficient natural draft cookstoves
for distribution in East Africa.

MillerLoinberg

Resolve fine spatial and temporal scale phenomena within an Envirofit
G3300 stick burning cookstove using a transient 3-dimensional CFD
model.

Gupta &
Mittal

Conduct a parametric study of a single-pan woodstove, based on a
buoyancy-driven CFD model, with various geometry and operating
parameters to investigate relative stove performance.

Pande et al.

Predict the effect of inlet air ratio (IAR) on temperature distribution, flame
temperature, firepower, and thermal and emissions behavior.

Bryden et al.
Optimize spatial temperature variation over a Plancha-stove cooking
and Urban et surface utilizing a 3-dimensional CFD model to generate a fitness function.
al.
Husain et al.

Optimize fuel-air uniformity within a forced-draft biomass cookstove by
simulating five distinct geometric configurations.

Wohlgemuth
et al.

Analyze the effect of pot skirt attributes on heat transfer and thermal
efficiency

Ali & Wei

Investigate design improvements provided by a forced-draft biomass
cookstove
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2.2.1 Synthesis of existing models

The accessibility of CFD software packages can act as a barrier to development of
cleaner cookstoves. Licensing costs for commercial CFD packages can be significant,
and thereby limit collaboration between researchers within the field that may not have
financial backing to purchase commercial software licenses. Table 2.2 lists the software
packages used and accessibilities for each of the works cited in this review. As
presented, all currently published literature related to CFD modelling of cookstoves
rely on commercial or proprietary codes. Moving forward, researchers could work
towards creating open source computational tools using platforms such as
OpenFOAMTM to increase collaboration and accessibility to the field.

Table 2.2. Model platforms
Model (by Author)
Burnham-Slipper
Pundle et al.
Miller-Loinberg
Gupta & Mittal
Pande et al.
Bryden et al.
Husain et al.
Wohlgemuth et al.
Ali & Wei

CFD Software
ANSYS Fluent 6.2
STAR-CCM+
ANSYS Fluent 13.0
Not disclosed
ICEM and Fluent 14.5
Star-CDTM
ANSYS Fluent
CFD-ACE+
ANSYS Fluent 16.2

Accessibility
Commercial
Commercial
Commercial
Not disclosed
Commercial
Commercial
Commercial
Commercial
Commercial

Time-dependence is an important decision with regard to computational expense, as
well as relevance to physical operation of a cookstove. Presently, Miller-Loinberg
(2011) presents the only transient simulation present in cookstove modeling literature.
Building time-dependent simulations would be beneficial, as the use of a cookstove
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involves both unsteady and quasi-steady state phases. However, transient simulations
require significant cost in terms of computational expense.

The majority of the current work approximates the cookstove system as twodimensional, with the exception of (Miller-Loinberg, 2011; Bryden et al., 2003 &
Urban et al., 2001; Husain et al., 2019) which use three-dimensional computational
domains. Although the use of a three-dimensional domain can resolve characteristics
of the flow that a two-dimensional domain cannot, the use of a three-dimensional
domain is computationally expensive. The use of a two-dimensional domain assumes
that there is no rotational dependence in the simulation, which has been proven a
reasonable assumption by the authors assuming two-dimensional analysis (BurnhamSlipper, 2009; Pundle et al., 2019; Gupta & Mittal, 2010; Pande et al., 2018;
Wohlgemuth, 2010; Ali & Wei, 2017).

There are significant similarities in the way existing models handle the cookstove
boundary conditions. Flow charts for momentum and energy boundary conditions are
shown in Figures 2.1 and Figure 2.2, respectively. Figures 2.1 and 2.2 show the types
of boundary conditions used.
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Figure 2.1. Momentum Boundary Conditions

Figure 2.2. Energy Boundary Conditions
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Based on modeling and experimental measurements of temperature and mass flow rate
presented in the analytical models by MacCarty and Bryden (2013) and Agenbroad
(2010), the Reynolds number for a rocket-style natural draft cookstove is transitional
within a range of expected firepower (0-5 kW). Nine of the ten works reviewed assume
turbulent given the transitional nature of the flow. The selected turbulence models used
in each of the works cited are shown in Figure 2.3.

Figure 2.3. Flow Regime

As shown in Figures 2.1-2.3, there is significant commonality between the existing
biomass cookstove modeling approaches. Detailed discussions are included for each
are provided below, including summaries of the research aims, key methods, results,
and conclusions.
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2.2.2 Detailed Discussion of Existing Literature
2.2.2.1 Burnham-Slipper (2009)
Burnham-Slipper (2009) used CFD coupled with genetic algorithms to optimize an
Eritrean stove at quasi-steady state. The effort was initially concerned with developing
a wood fuel bed combustion model through development of User-Defined Functions
(UDFs) in Fluent 6.2; UDFs were created using experimental results. The resulting
numerical model was then incorporated into a full scale CFD simulation of an Eritrean
stove shown in Figure 2.4.

Figure 2.4. Computational domain for rocket stove modeling, showing boundary
conditions and interior regions from Burnham-Slipper (2009)
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The model results were compared with rocket stoves with various geometries.
Additionally, the capability of a genetic algorithm for the purposes of stove design was
tested through the work. The author concludes that radiative heat transfer is
significantly under-predicted without the inclusion of a soot radiation model.
Additionally, the use of a genetic algorithm will suggest stove’s with high Reynolds
number flows with “short and squat” shape (low z/d ratio). However, high-Reynolds
number flows are not attainable with buoyancy-induced flows. Moreover, stoves with
low combustion chamber height-to-diameter ratios will incur significant pressure drop
which would eventually lead to a design failure where flow is completely restricted.
The author suggests creating a more accurate radiation model to the cook pot, as it
contributes significant to overall heat transfer to cookpot surface (Burnham-Slipper,
2009).

2.2.2.2 Pundle et al. (2019)
Pundle et al. (2019) examined relationships between air mass flow rate, firepower,
thermal efficiency, and excess air as they relate to pot support height and various
configurations of cone deck and central baffles for a natural draft rocket stove using a
two-dimensional, axisymmetric, steady-state computational model based on the
geometry shown in Figure 2.5. The work investigated the significance of turbulent
mixing as it related to secondary air flow. Based on numerical and experimental
observations, the authors concluded that mass flow rate remains nearly constant due
to the competing effects of increased flow rate and reduced mixture density.
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Figure 2.5. Schematic of axisymmetric computational model. Air enters from
the primary and secondary air inlets; fuel enters from the circular-shaped fuel
inlet. The flow exits at the outlet. From Pundle et al. (2019)

Additionally, the CFD results suggested that allowing naturally-entrained secondary
air flow was ineffectual in promoting turbulent mixing within the combustion chamber;
instead the secondary air was not able to penetrate the bulk reacting flow within the
chamber. The author reaffirms existing literature in concluding pot support height is
proven to have a strong effect on excess air and thermal efficiency, where low pot
supports offer lower excess air ratio and improved thermal efficiency until an
excessively low pot support height chokes the flow. The author suggests that secondary
air, when used in conjunction with a baffle placed in the chamber, can lead to improved
mixing and reduced downstream PM emissions.

18

2.2.2.3 Miller-Loinberg (2011)
Miller-Loinberg (2011) created a transient three-dimensional computational fluid
dynamics model to predict highly-resolved spatial and temporal distributions of flow
and temperature; Figure 2.6 shows a schematic of the computational geometry used in
the model.

Figure 2.6. Control volume used in CFD modeling from Miller-Loinberg (2019)
The model uses a large eddy simulation (LES) turbulence model to capture governing
scales of gas mixing. Miller-Loinberg modeled combustion heat release using the
mixture fraction approximation, assuming equilibrium conditions in a non-adiabatic
system. The work additionally incorporates an extensive experimental study, where
arrays of thermocouples are introduced to the flow for model validation. The author
concluded that PM emissions were not well-predicted, and that CO emissions were
vastly under-predicted due to the mixture-fraction combustion model. The heat
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measured heat transfer was comparable to the CFD results. No velocity measurements
were made due to a cited lack of equipment. In terms of future work, Miller-Loinberg
suggests integrating a higher-fidelity combustion model for Arrhenius based chemical
kinetics. Second, the author advises the use of Adaptive Mesh Refinement (AMR)
methods to improve the resolution of the flame front. Additionally, a more accurate
prediction of particulate matter is essential as PM is a major driver of health and
environmental issues related to modern biomass cookstoves. Finally, the author
suggests using a stove-top oxygen probe to compute mass flow rates.

2.2.2.4 Gupta and Mittal (2010)
The purpose of the work from Gupta and Mittal (2010) was to study performance
metrics of a natural draft cookstove as they related to various geometric and operating
parameters. The two-dimensional axisymmetric computational geometry is shown in
Figure 2.7.

Figure 2.7. Computational domain from Gupta & Mittal (2010)
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Gupta and Mittal (2010) reviews the effects of inlet radius, stove height, pot spacing,
axial diffuser radius, outer radius, firepower, and fuel bed porosity as they relate to
mass flow rate (primary and secondary) as well as heat transfer to the pot. Gupta and
Mittal present a number of physical conclusions based on their study. No recommended
areas of future work were disclosed. The authors draw the following conclusions based
on their work:
•

An increase in stove height tends to cause a sharp increase in secondary mass
flow rate with a slight variation of primary air mass flow rate.

•

An increase in pot spacing tends to cause a sharp increase in secondary mass
flow rate with a slight variation of primary air mass flow rate.

•

Increases in vessel and axial diffuser radii tend to cause a sharp increase in
secondary mass flow rate with a slight variation of primary air mass flow rate.

•

Increasing radial diffuser radius tends to decrease secondary air mass flow rate
with little effect on primary mass flow rate.

•

An increase in fuel bed porosity causes a sharp increase in primary mass flow
and a reduction in secondary flow.

•

Heat transfer to the pan increases with increases in both axial and radial diffuser
radii.

•

Inclusion of a diffuser-shaped combustion chamber tends to increase mass flow
rate and heat transfer to the vessel significantly

2.2.2.5 Pande et al. (2018)
Pande et al. (2018) investigated inlet air ratio (IAR) numerically and experimentally
for a natural draft rocket stove; the IAR of a stove is represented by the ratio of area
unoccupied by wood fuel to the cross-sectional area of the natural primary air inlet.
Figure 2.8 shows the two-dimensional computational geometry used in the study.
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Figure 2.8. Schematic sketch of experimental set-up with boundary
condition from Pande et al. (2018)

The temperature results of the simulation show strong agreement with experimental
results, with an average error less than 5%. The flame temperature tends to increase
with a decreasing IAR until an IAR of 0.71; below this point, flame temperature varies
only slightly. The firepower produced tends to increase with a decreasing IAR (adding
sticks) until a critical value of 0.7, after which the flow is choked and firepower
decreases. The carbon monoxide concentration within the flue gas tends to decrease
with an increasing IAR due to more abundant oxygen levels. Carbon dioxide
production follows a similar trend as the firepower relative to changes in IAR; the
concentration of carbon dioxide tends to decrease as IAR increases, until a certain ratio
is met. Lastly, the authors present a more optimal combustion efficiency as IAR is
increased due to added air content and improved mixing.
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2.2.2.6 Bryden et al. (2003) & Urban et al. (2001)
The objective of the modeling effort by Bryden et al. (2003) and Urban et al. was to
minimize spatial variation over the cooking surface of the a Plancha-style cookstove
by coupling CFD simulations with advanced optimization algorithms to aid in design.
The computational model consists of a furnace chamber, heating chamber, and exhaust
duct as shown in Figure 2.9.

Figure 2.9. Geometry used in CFD model from Bryden et al., (2003)

Combining the computational results and genetic algorithm, the authors were able to
recommend final design variations where, on average, 90% of the Plancha cooking
surface was within 75oC of the average temperature, whereas, the original unaltered
stove had a mere 35% consistency. Additionally, the efficiency of the stove was
improved, as the improved design can accomplish the same cooking temperatures with
less fuel required. As concluded by the author, the approach used can and should be
extended to more complex engineering problems of practical interest.
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2.2.2.7 Husain et al. (2019)
Husain et al. presented a CFD-assisted optimization study of a forced-draft cookstove
where the stove provides both primary and secondary air flow; the relative amounts of
primary and secondary air are controlled by adjusting an orifice between the fan and
the secondary inlet. Spatial airflow uniformity is considered against a range of airflow
velocities from 0.5-3 m/s, corresponding to fan rates of 1700-4600 rpm; the roles of
primary and secondary airflow are considered as they relate to airflow uniformity
within the cookstove. The geometry of the stove, shown in Figure 2.10, was designed
to match a stove manufactured by Eco-Sense Appliances.

Figure 2.10. Schematic representation of BCS, (1) fan, (2) inner conducting
cylinder, (3) outer insulating cylinder, (4) orifice in the annular space, (5) annular
space, (6) biomass packing, (7) secondary holes, (8) grate/supporting plate, (9) ash
collector
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The cookstove is forced-draft, where a 50 mm x 50 mm fan is mounted to the very
bottom of the stove, and injects air laterally; air is allowed to pass through the primary
and secondary inlets, the relative rate of which is controlled by the resistance provided
by an airflow grate within the combustion chamber above the fuel inlet. While no
experimental validation efforts are included in part 1 of the work, the authors compare
results with existing literature. Based on the results of the CFD simulations, the authors
make a number of conclusions:
•

Inclusion of a grate plate as well as an orifice plate exhibited relatively
improved airflow uniformity as compared to other cases without both features.

•

The orifice plate and grate promote more uniform air-fuel mixing, which
improves power output in the reacting flow.

•

Increasing grate resistance, which limits primary air flow, decreases the
uniformity index, which reduces thermal efficiency and power output. The
minimum grate resistance produced the most optimal in terms of efficiency and
power output.

•

Power output was determined to be strongly dependent on the fuel flow rate

•

For a given fuel flow rate, the power output, flame temperature, and thermal
efficiency were found to be maximum at an air fuel ratio of 1:1.

•

Increasing the resistance to secondary flow marginally decreases the power
output and thermal efficiency. Power output and thermal efficiency were
improved by reducing the resistance to secondary flow.

•
•

Simulations with the highest air-fuel uniformity produced the greatest
temperatures within the cookstove.
The eddy dissipation model, although over-predictive of temperatures, can be
used to describe homogeneous combustion.

•

The simulation strategy is useful in terms of cookstove optimization.
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2.2.2.8 Wohlgemuth et al. (2010)
Wohlgemuth et al. (2010) studied the effect of adding a pot skirt on the thermal
efficiency of a natural draft cookstove. Specifically, the authors investigated how the
spacing between the pot and the skirt, the height of the pot skirt, and the pot skirt
thermal conductivity affected thermal efficiency. Figure 2.11 shows the twodimensional geometry used by Wohlgemuth et al. (2010).

Figure 2.11. Axisymmetric computer model used for CFD calculations showing
the geometry and boundary conditions from Wohlgemuth et al. (2010)
Wohlgemuth et al. (2010) showed that an optimal spacing for a pot skirt exists, where
skirt certain skirt spacing yields improved heat transfer. Specifically, within the range
of spacing values analyzed, a gap of 10 mm was determined to be ideal for the geometry
and operating conditions under consideration. Additionally, the authors show that skirt
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material is influential only with regard to radiative heat transfer, where more
conductive materials reduce radiative heat transfer to the cookpot. Inclusion of a pot
skirt predicted efficiencies as high as 28.7%, corresponding to improvements as high
as 8%, relative to the case without a skirt (20.7% thermal efficiency). The authors
suggest investigation of alternative turbulence models, such as k-𝜔, to improve
experimental agreement.

2.3 Research Gap
While there have been a handful of insightful and beneficial CFD studies regarding
biomass cookstoves, significant research gaps remain, particularly in the area of forced
draft combustion. This thesis aims to address a handful of questions related to forced
draft injection in biomass cookstoves using CFD modeling paired with experiment. The
research questions addressed in this thesis are as follows.

1. When considering a biomass cookstove with forced draft primary air:
I.

How are thermal efficiency, CO, and PM2.5 emissions affected by forced
primary air?

II.

How do velocity and temperature distributions vary for the series of
primary air mass flow rates considered?

III.

How do turbulent kinetic energy distributions relate to thermal efficiency,
CO emissions, and PM2.5 production for the series of primary air mass flow
rates considered?
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2. When considering a biomass cookstove with forced draft secondary air:
I.

Based on thermal efficiency, what is the optimal range of forced draft
secondary air mass flow rates for a 5 kW firepower cookstove?

II.

How do air injection heights and angles affect thermal efficiency, CO2, and
CO emissions of a biomass cookstove?

Chapter 3 will describe a computational-experimental analysis of a forced primary air
injection accessory with varying mass flow rates in a common improved cookstove,
while Chapter 4 will provide a computational analysis of injection of secondary air at
varying heights and trajectories in a common cookstove. Finally, Chapter 5 will
summarize conclusions and recommendations for future work.
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Chapter 3—Manuscript 1
Computational and Experimental Investigation of Forced Primary Air Injection
in a Biomass Cookstove
Liam Cassidy, David Evitt, Nordica MacCarty
For Submission to Energy for Sustainable Development
Abstract
Billions of people today rely on solid biomass burned in traditional fires as primary
energy source for cooking and purifying water. Household air pollution is a lethal
byproduct of this inefficient biomass combustion which also has a strong effect on the
global radiative balance. In an effort to reduce these severe detrimental health and
environmental impacts, one promising method for improving heat transfer and
combustion efficiency in biomass-fueled cooking technology is through integration of
under-fire forced primary air. This article presents a computational-experimental
study of a biomass cookstove fitted with an electrically-powered forced-draft accessory
to provide jets of forced air flowing upward from underneath the fuel bed in a common
improved cookstove design. An axisymmetric 2D model with realizable k-epsilon
turbulence, species transport, and all three modes of heat transfer was developed in
ANSYS Fluent to understand how various under-fire air supply flow rates effect the
thermal and emission performance of the cookstove. The CO and PM2.5 emissions,
thermal efficiency, and velocity and temperature distributions are explored for three
forced-draft primary air mass flow rates at a range of firepower and validated against
a series of 5 repeated steady-state cooking experiments. In comparison to natural draft
alone, it is shown that the primary air accessory is capable of improving thermal
efficiency as much as 11.7% and 18.4% based on the experimental and numerical
results, respectively. Based on the experimental results, the primary air accessory is
capable of reducing PM2.5 and CO emissions up to 90% and 75%, respectively.

Keywords: biomass; cookstove; rocket stove; forced draft; computational fluid
dynamics

3.1 Introduction
Approximately 3.6 billion people globally rely on burning solid biomass fuels for
cooking on a daily basis. Traditional biomass cookstoves and open fires produce
household air pollution (HAP) including fine particulate matter (PM2.5), carbon
monoxide, and polycyclic aromatic hydrocarbons that result in cardiovascular and
other diseases in humans, even at low levels of exposure. Approximately 1.6 million
deaths and 59 million disability adjusted life years were attributed to HAP in 2017
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(HEI, 2019). Combustion of biofuel is also estimated to contribute to 20% of worldwide
carbonaceous aerosols which have both a significant negative health impacts and a
strong influence on the earth’s radiative balance (Roden et al., 2006; Yttri et al., 2009).
Despite ongoing efforts to improve biomass cookstove technology, most natural draft
biomass cookstoves remain inefficient and fail to achieve WHO air quality guidelines.
With an estimated increase of 1 billion in world population by 2030, most of which
will occur in countries reliant on biomass fuels, the development of cleaner burning
cooking and heating technology is imperative for sustainable energy supply (UN.,
2017).
Recently, researchers have investigated the viability of introducing forced draft into
combustion chambers of biomass cookstoves and its impact on heat transfer and
combustion efficiency (MacCarty et al., 2010; Husain et al., 2019; Udesen, 2019; Rapp
et al., 2018; Raman et al., 2012; Mal et al., 2016). Adding small jets of primary and/or
secondary air to these small combustion devices can reduce particulate matter and
carbon monoxide emissions by elevating combustion temperatures and enhancing the
turbulent mixing of air and wood volatiles, reducing fuel rich regions in the combustion
chamber. Experimental studies have assessed the performance of forced draft while
computational fluid dynamics (CFD) has shown promise in predicting performance
numerically, while resolving physical mechanisms that would be otherwise go
unrecognized through experimental studies (Burnham-Slipper, 2008; Miller-Loinberg,
2011; Gupta & Mittal, 2010; Pande et al., 2018; Bryden et al., Urban et al., Husain et
al., Wohlgemuth et al., Kumar et al., Ali & Wei, 2017). Despite showing significant
promise in laboratory and field testing, limited forced draft cookstoves have been
disseminated and adopted in practice to date. Thus, technical and practical optimization
of forced draft cookstove development is an active area of research.
A major reason that forced draft has yet to be readily incorporated into biomass
cookstove designs is the cost and complexity of adding the flow path and pumping
power needed to supply jets of forced air to these small systems designed for
subsistence-level households. Initial designs had fans integrated into plenum around
and/or under the combustion chamber. Many of these combustion chambers were batch
loaded from the top, requiring fuelwood to be cut into small pieces and operation
different from traditional stick-fed cooking (MacCarty et al., 2010). The ability to
provide forced primary air into any existing side-fed combustion chamber was only
recently developed, resulting in an inexpensive a stand-alone cookstove accessory
known as the Jet-Flame that slides easily under the fuelwood in the combustion
chamber and provides jets of primary air. This paper presents the computational and
experimental analysis of the heat transfer and combustion performance of this
accessory as used in the combustion chamber of a popular improved cookstove design.
3.2 Background
Much of the early progress related to improving biomass cookstove design used
experimental and analytical investigations to improve understanding of thermal and
fluid flow processes, and to enhance predictability of cookstove performance
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(MacCarty and Bryden, 2016; Verhaart, 1982; Bussman and Prasad, 1986; Bussman et
al., 1983; De Lepeleire and Christiaens, 1985; Prasad et al., 1985; Baldwin, 1987; Date,
1988; Kumar et al., 1990; Schutte et al., 1991; Agenbroad et al., 2011). These analytical
studies converged on various geometric and operational design additions such as
chimneys, grates, and pot skirts to improve performance of natural draft cookstoves.
More recently, the incorporation of forced primary or secondary air into these otherwise
simple designs has brought upon a new category of biomass cookstove design,
modeling, and testing.
3.2.1 Experimental Studies
A 2010 laboratory study of the performance of fifty unique biomass cookstoves using
the Water Boiling Test (WBT) Version 3 to compare fuel use, particulate matter (PM),
and carbon monoxide emissions (MacCarty et al., 2010). This study showed that while
a typical improved rocket stove with natural draft can reduce fuel use, carbon monoxide
(CO) emissions, and particulate matter (PM) emissions by an average of 30%, 75%,
and 46% respectively relative to a three stone fire; three cookstoves with forced primary
and/or secondary draft reduced fuel use and emissions by an average of 40% and 90%.
A later study explored the effectiveness of secondary air injection on fine and ultrafine
particulate emissions using a modular cookstove design with adjustable air injection
(Rapp et al 2016). That study included over 130 experimental trials with high-power
cold-start phase of WBT version 4.2.3. PM2.5 emissions were measured for secondary
air injection rates of 21, 28, and 35 LPM. The modular injection cookstove managed to
reduce CO, PM2.5, and elemental carbon mass emissions by about 90%, and reduce fine
particulate emissions by 75% relative to a three stone fire. Additionally, the secondary
air injection cookstove was capable of improving thermal efficiency by 3.1%.
A gasifier cookstove with primary and secondary air injection during lighting, steady
state, and char combustion phases was investigated by Kirch et al. (2017). That study
found that products of incomplete combustion during the lighting phase were reduced
with forced draft air supply. When using forced draft, the combustion efficiency was
improved from the natural draft 84% to 99%. When primary air and secondary air were
both active, the steady state phase of cookstove operation was shortened due to more
rapid conversion of solid biomass, and higher temperatures and combustion
efficiencies were achieved. A primary to secondary air flow ratio of 1:4 was identified
as a point where combustion efficiencies were optimal. The results showed that primary
and secondary forced draft increased the controllability of cookstove performance
during all combustion phases. Additionally, emissions of incomplete combustion
products were minimized when fuel lean conditions were ensured. Lastly, the authors
found that short distances between the pyrolysis front and secondary air injection ports
correlated with maximum thermal efficiencies. These experimental studies show that
adding forced draft to biomass cooking technology can improve thermal efficiency and
reduce PM and products of incomplete combustion by creating more turbulent mixing,
reducing fuel lean conditions in the combustion zone, and elevating combustion
temperatures.
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3.2.2 Computational Studies
To further identify the underlying physics that contribute to biomass cookstove
performance improvements brought on by adding forced draft, several computational
fluid dynamics (CFD) investigations have been conducted. A two-dimensional CFD
study of a forced draft cookstove to determine velocities through primary and
secondary inlets based on upstream fan pressure was conducted by Kolge (2019). The
computational domain was broken into five zones of different temperature to replicate
the temperature variation in the cookstove. Primary and secondary air velocities of 0.4
m/s and 0.9 m/s were predicted, respectively. However, these flow velocities were not
related to cookstove thermal efficiency or emissions.
Part one of a CFD-informed optimization study of a forced draft cookstove
manufactured by Eco-Sense Applications was presented by Husain et al. (2019). The
model included primary and secondary forced draft, each provided by an under-fire
fan. The relative amounts of primary and secondary flow were controlled by an orifice
plate with adjustable resistance and a grate was included above the primary air injection
plane. Based on the CFD models, the authors concluded:
•
•
•
•

The orifice plate and grate yield more uniform air-fuel mixing
Power output, flame temperature, and thermal efficiency were maximum at
air-fuel ratio of 1:1
Computations with highest air fuel uniformity produced greatest temperatures
in the domain
Simulation strategy was useful for optimization of the cookstove

No experimental results were shared to support the computational results.
A third study explored the mixing characteristics of a cookstove integrated with forced
draft secondary air using an analytical approach based on gas-turbine engine analysis
(Udesen, 2019). The optimal jet configuration derived from the analytical model results
in improved mixing characteristics, minimal jet energies, reduced flame height,
maximum reduction in PM2.5, and minimal effect on thermal efficiency of the system.
Results were substantiated with computational and experimental validation and the
study suggested that combining analytical, computational, and experimental methods
is an effective means of improving cookstove performance (Udesen, 2019).
Recent existing research shows CFD is a viable method for predicting and analyzing
stove behavior and can be used to help integrate forced draft to a biomass cookstove to
improve heat transfer and combustion performance. However, an experimentally
validated computational fluid dynamics model of forced primary air alone added to an
existing common improved cookstove design does not exist to date. This work aims to
supplement current understanding of forced draft biomass cookstove design by
presenting computational and experimental observations of a cookstove with an
integrated under fire forced draft accessory to identify physical phenomena which
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promote forced draft primary air as a design evolution for biomass cookstoves.
Specifically, the present study addresses the following research questions:
I.
II.
III.

How are thermal efficiency, CO, and PM2.5 emissions affected by forced
primary air?
How do velocity and temperature distributions vary for the series of
primary air mass flow rates considered?
How do turbulent kinetic energy distributions relate to thermal efficiency,
CO emissions, and PM2.5 production for the series of primary air mass flow
rates considered?

3.3 Physical System
One of the most common types of improved stoves disseminated to date is known as
the “rocket stove”, of which at least 6.4 million have been locally-manufactured and
mass-produced and distributed globally between 2010 and 2018 (Clean cooking
Alliance, 2018). First developed by Dr. Larry Winiarski of Aprovecho Research Center
in the 1980s, the rocket stove uses ten design principles to improve heat transfer and
combustion efficiency (Bryden et al., 2005). When these are all applied, the result is an
insulated, L-shaped combustion chamber where the combustion gases and oxygen can
mix at temperatures high enough for more complete combustion (Figure 3.1). In this
design, primary air comes up from underneath the fuel shelf and travels up through the
ends of the burning sticks. Secondary air is entrained through the fuel magazine above
the burning sticks.

Figure 3.1. Rocket Elbow (original illustration from Design Principles for Wood
Burning Cookstoves by Bryden et al., 2005)
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Recently a forced primary air accessory, known as the Jet-Flame, was developed at
Aprovecho Research Center (Figure 3.2A). This stand-alone accessory is inserted into
the bottom of the combustion chamber in a rocket stove or other type of cookstove and
serves as the fuel shelf (Figure 3.2B). Forced air is generated by a 2 W electricallypowered fan that flows up through an array of 2 mm diameter jets which impinge upon
the surface of and in between the burning sticks and charcoal.

Figure 3.2. A. Primary Air Accessory B. Primary Air Accessory Installed

3.4 Experimental Methodology
3.4.1 Experimental set up
All experiments were conducted by ASAT, Inc. the commercialization arm of
Aprovecho Research Center (ARC) at the development lab in Cottage Grove, Oregon.
Emissions produced by the test stove (Figure 3.3) were sampled using the Laboratory
Emissions Measurement System (LEMS) shown in Figure 3.4. The LEMS is a totalcapture system where all cookstove emissions are collected by a steel exhaust hood
and mixed with dilution air by an electric exhaust fan pulling air through the ducting.
A pitot static grid is used to measure duct flow. A sample of the well-mixed
emissions pass through a laser light scattering particulate matter (PM) sensor, CO2
NDIR sensor, and CO electrochemical cell.
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Figure 3.3. Test Stove Showing Added Sensors

Figure 3.4. LEMS System
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A Jet-Flame was modified to include a Sensirion SFM3000 mass flow meter between
the blower fan and inlet to measure the real-time total mass air flow through the JetFlame and into the fire. A Bosch LSU4.9 wideband automotive exhaust oxygen
sensor was installed in the pot-skirt gap that measures “lambda” or the excess air ratio
read by an LC-2 aftermarket controller from Innovate Motorsports. Thermocouples
were added to measure temperature at the Jet-Flame inlet, inside the Jet-Flame
plenum, in the charcoal, in the flames, below the cookpot, and the exterior of the
cookstove. A power supply was used to adjust the voltage to the Jet-Flame fan to
maintain the desired mass flow rate.
3.4.2 Stove testing procedure.
The ISO 19867 cookstove test protocol was modified to develop a quasi steady-state
test protocol to match the conditions in the CFD model. The stove was operated with
four sticks of one cm wide and four cm tall kiln-dried Douglas fir with 11.4% wetbasis moisture and Lower Heating Value of 20,634 J/g (Cheremisinoff, 1980). The
stove was lit and run with high air flow through the Jet-Flame for about an hour to
stabilize the temperature of the stove and combustion chamber. After equilibration,
each test attempted to maintain constant conditions within the combustion chamber.
At the beginning of the test, the burning sticks were taken out of the stove to measure
the pre-test wood fuel mass, and then returned to the fire and a pot of cold water was
placed on the stove. The four sticks were fed into the combustion chamber attempting
to maintain an excess air ratio of 1.4. At the end of the test (approximately 15 minutes
for the fan-on tests, and 10 minutes for the fan-off tests) the mass of the wood was
measured again. For the fan-on tests the mass of the char in the combustion chamber
was assumed to be constant, while for the fan-off tests excess char accumulation was
removed from the combustion chamber and weighed attempting to maintain a
constant amount of char in the combustion chamber based on a visual estimate of char
level. This additional step accounting for the accumulated char during the fan-off
tests was necessary for maintaining quasi steady-state conditions. Char is energy
dense and char accumulation is an important input to fuel efficiency calculations. The
mass and temperature of the water were also recorded.
During the test the PM concentration was monitored based on the calibrated light
scattering sensor; direct gravimetric measurements were not conducted. Carbon
monoxide and carbon dioxide concentrations were also monitored throughout the test
with data captured every three seconds. Emissions concentrations were integrated into
mass measurements in a post-processing spreadsheet.
Five test replicates were conducted at each of the four airflow levels. All twelve tests
were completed sequentially in one run, equilibrating the stove at each airflow level,
taking three replicates, and continuing to the next, lower airflow level. For each test
the thermal efficiency was calculated in two ways. Thermal efficiency without char is
the energy absorbed by the water in the cookpot (temperature increase and
evaporation mass loss) divided by the energy released by the fuel (mass loss of the
wood sticks disregarding any char accumulation during operation). Thermal
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efficiency with char is the energy absorbed by the water divided by the energy
released by the fuel (mass loss of the wood sticks minus the energy in the
accumulated char).
3.5 Computational Methodology
A CFD model in ANSYS Fluent 2019 was developed to explore effects of geometrical
and operational inputs and validated with empirical measurements. The geometry
under consideration, physical models, boundary conditions, and solution techniques are
described in the following sections.
3.5.1 Geometry and Mesh
Figure 3.5 A and 3.5 B represent natural draft and primary air forced draft cookstoves,
respectively. In the natural draft case, primary air flow through the cookstove is purely
due to natural convection due to the temperature difference between the cookstove and
surroundings. However, in a forced draft primary air cookstove, pressurized air jets
enter underneath the firewood. Natural convection of ambient air continues to enter
adjacent to primary inlets.

Figure 3.5. A. Natural Draft and B. Forced Primary Air Flow Paths
A two-dimensional axisymmetric geometry was created to replicate the threedimensional cookstove assembly used in the experimental investigation. The twodimensional simplification assumes that the ditribution and transport of scalar
properties has negligible rotational dependence. This assumption has been verified in
existing two-dimensional computational models which model cookstoves with
comparable geometries (Burnham-Slipper, 2008; Pundle et al., 2019; Gupta & Mittal,
2010; Pande et al., 2018; Wohlgemuth et al., 2010; Ali & Wei, 2017). The twodimensional domain, presented in Figure 3.6, was selected to reduce computational
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expense, while still capturing key features of the experimental geometry such as the
pot skirt, wood blocks, primary air inlets, and combustion chamber.

Figure 3.6. Geometry
The two-dimensional geometry includes two 40 x 10 mm cutouts to provide boundaries
for fuel mass flow into the domain. This is consistent with the full experimental
assembly, where four sticks of the same cross section were used as fuel. The three
primary air ports on the bottom of the geometry are meant to represent the primary air
injection accessory used in experimental validation; the three ports should be thought
of as a planar view of a single half of the primary air accessory.
3.5.2 Boundary Conditions
A schematic of the domain with boundary conditions designations is shown in Figure
3.7 Table 3.1 lists the boundary conditions corresponding to each of the numbered
boundaries, along with brief reasoning and references where applicable. In particular,

Figure 3.7. Boundary Conditions Designations
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the natural and forced air inlets were designed to replicate the combination of forced
and natural air entrainment above the forced draft accessory. Three primary air inlets
were included to represent half of the primary air accessory to approximate a single
half of the primary air accessory based on the primary air accessory hole configuration
shown in Figure 3.8.

Figure 3.8. Forced-draft Air Accessory Hole Configuration
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Table 3.1. Boundary Conditions Definitions
Boundary
Number
1

Boundary
Representation
Pot bottom

Boundary
Type
Wall

Boundary
Definition
Constant
temperature 373.15
K
Constant
temperature 373.15
K
Atmospheric
pressure, 300 K,
YO2=0.23
h=10 W/m2-K
T=300, materials.

2

Pot side

Wall

3

Outlet

Pressureoutlet

4

Pot skirt

Wall

5

Pot support

Wall

h=10 W/m2-K,
materials.

6

Chamber wall

Wall

h=10 W/m2-K,
materials

7

Symmetry plane

Symmetry

Symmetry

8

Top fuel release

Mass flow
inlet

9

Right fuel release

Mass flow
inlet

10

Left fuel release

Mass flow
inlet

11

Forced primary
air

Mass flow
inlet

12

Natural primary
air

Pressureinlet

Axial mass flow rate
determined
experimentally, T =
550 K
Mass flow rate
determined
experimentally, 45degree flow
direction, T= 550 K
Mass flow rate
determined
experimentally, 45degree flow
direction, T = 550 K
Flow rates
computed for 50,
35, 20 SLPM.
Atmospheric
pressure, 300 K,
YO2=0.23

13

Inert wood
surfaces

Wall

Zero gradient

Reasoning and
References
Water saturation
temperature at
atmospheric pressure
Water saturation
temperature at
atmospheric pressure
Capture atmospheric
outlet
Properties match
experimental setup,
convection based on
findings of MacCarty &
Bryden (2016)
Properties match
experimental setup,
convection based on
findings of MacCarty &
Bryden (2016)
Properties match
experimental setup,
convection based on
findings of MacCarty &
Bryden (2016)
Minimize computational
cost
Match experimental setup
and allow for continuous
combustion
Match experimental setup
and allow for continuous
combustion

Match experimental setup
and allow for continuous
combustion

Match experimental setup

Natural convection
relevant to the problem
Avoid reverse flow
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The wood volatile composition, based on previous literature, can be found in Table 3.2
(Pundle et al., 2019, Udesen, 2019; Galgano & Di Blasi, 2006). Traces of hydrocarbons
of the form CxHy are present in wood volatile mixtures in practice, however, these
species are not included which avoids complex and computationally demanding
hydrocarbon oxidation reactions in the chemical mechanism.

Table 3.2. Volatile Composition
Species
CO
CO2
H2
H2O
Sum

Mass Fraction
0.383
0.273
0.032
0.312
1.00

The steady state fuel release is represented with a mass flow inlet conditions, where the
total mass flow of wood volatiles is computed using equation (1), where ∆𝑚𝑤𝑜𝑜𝑑 is the
total mass of wood burned during the thirty-minute steady state test, and 𝑡𝑒𝑥𝑝 is the
duration of the steady state experiment.
𝑚̇𝑣𝑜𝑙𝑎𝑡𝑖𝑙𝑒𝑠 =

∆𝑚𝑤𝑜𝑜𝑑
𝑡𝑒𝑥𝑝

(1)

The mass flow of gas phase wood volatiles is assumed to be released uniformly from
each of the six fuel releasing surfaces in the domain.
3.5.3 Models and Assumptions
3.5.3.1 Transport Equation
The simulations were performed assuming steady state operation to capture the largely
quasi-steady state nature of cookstove use, while avoiding the complexities associated
with fuel addition, adjustment, and degradation. The steady state assumption has shown
success in producing accurate solutions in cookstove modeling literature (BurnhamSlipper, 2008; Pundle et al., 2019; Gupta & Mittal, 2010; Pande et al., 2018; Bryden et
al., 2003; Husain et al., 2019; Wohlgemuth et al., 2010; Ali & Wei, 2017). The
differential form of the steady state general transport equation is given by Equation 2,
where convective transfer is balanced by diffusive transfer and source terms.



(  u i ) =
(  )+ S
xi
xi
xi

(2)
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3.5.3.2 Turbulence
The realizable 𝑘 − 𝜀 turbulence model is used to model turbulence; this model that has
been used in cookstove modeling literature before (Pundle, 2019; Pande, 2018; Ali &
Wei, 2017). Inflation layers are added near walls to resolve boundary layer, while
avoiding the need for wall functions. At low Reynolds numbers, the additional transport
equations for turbulent kinetic energy (k) and viscous dissipation (𝜀) are introduced.


t k 
(  + )  + 2t Sij • Sij − 
 k xi 


(3)


t  

2
(

+
)
+
C
f
2

S
•
S
−
C
f


2 2
  xi  1 1 k t ij ij
k


(4)



( Uk ) =
xi
xi



( U  ) =
xi
xi

Where 𝐶1𝜖 , 𝐶2𝜖 , 𝜎𝜀 , 𝜎𝑘 , are constants that have been determined by empirical curve fits
for a range of Reynolds number applications (Malalasekera & Versteeg, 2007). Note,
⃗ , is the mean velocity. To close
the velocity included in the convective transfer term, 𝑈
the 𝑘 and 𝜀 transport equations, eddy viscosity is computed with equation 7 for the case
of low Reynolds numbers.
k2
t =  C f 
(5)

3.5.3.3 Species Transport
Predictions of the mass of a species k, Yk, is given by the steady state, two-dimensional,
differential form transport equation,
Y


( uiYk ) =
(  Dk k )+ k
xi
xi
xi

(6)

where the convective transfer of the mass of species k is balanced by the diffusive
transfer of the mass of species k as well as the rate of generation of species k, 𝜔̇ 𝑘 . The
rate of generation of species k is a source term in the species transport calculations, and
is given by the product of the molecular weight of species k and the total reaction rate
for species k including contributions from all reactions within the mechanism used in
this work (discussed in Chemical Mechanism section). Combustion is modeled using
the laminar finite-rate formulation. The method was selected due to the laminar to
transitional nature of the flow within a cookstove (Agenbroad et al., 2011; Pundle,
2019) and because turbulence levels are not sufficient for mixing limited combustion
models.

k = MWk qk

(7)
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3.5.3.4 Chemical Mechanism
Two models were initially considered for use in the numerical models. First, a 7-species
6-step carbon monoxide reduction mechanism given in Table 3.3, originally presented
by Turns (2012). Additionally, an 11-species 21-step skeletal chemistry mechanism
produced by Hawkes et al. (2007) for prediction of CO/H2 turbulent jet flames.
Previous work by Pundle et al. (2019) showed that the CO/H2 mechanism showed
experimental agreement of thermal efficiency, excess air, pot gap temperature profile,
and total air mass flow rate. The 11-species 21-step reaction mechanism is presented
in Table 3.4, which was sourced from supplemental material provided by Pundle et al.
(2019). Chemistry is integrated with ANSYS Fluent stiff-chemistry solver. Modeling
PM2.5 is important because it is the main pollutant of concern in terms of health and
environmental impacts. However, soot formation was not modeled directly due to the
complexity of the process and lack of previous work in this area.
Table 3.3. Chemical Mechanism (Turns, 2012)
Reaction
No.

Reaction

Pre-exponential
factor, A

Temperature
exponent, n

1
2
3
4
5
6

CO + O2 ⇔ CO2 + O
O + H2 O ⇔ OH + OH
CO + OH ⇔ CO2 + H
H + O2 ⇔ O + OH
O + H2 ⇔ OH + O
OH + H2 ⇔ H2 O + H

2.53 × 1012
2.97 × 106
2.23 × 105
3.55 × 1015
5.08 × 104
2.16 × 109

0
2.02
1.89
−0.406
2.67
1.51

Activation
Energy
(cal mol−1 )
6.3 × 103
1.34 × 104
1.16 × 103
1.65 × 104
6.29 × 103
3.43 × 103

Table 3.1. Chemical Mechanism (Hawkes et al., 2007; Pundle et al., 2019Table
3.2. Chemical Mechanism (Turns, 2012)
Reaction
No.

Reaction

Pre-exponential
factor, A

Temperature
exponent, n

1
2
3
4
5
6

CO + O2 ⇔ CO2 + O
O + H2 O ⇔ OH + OH
CO + OH ⇔ CO2 + H
H + O2 ⇔ O + OH
O + H2 ⇔ OH + O
OH + H2 ⇔ H2 O + H

2.53 × 1012
2.97 × 106
2.23 × 105
3.55 × 1015
5.08 × 104
2.16 × 109

0
2.02
1.89
−0.406
2.67
1.51

Activation
Energy
(cal mol−1 )
6.3 × 103
1.34 × 104
1.16 × 103
1.65 × 104
6.29 × 103
3.43 × 103
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Table 3.4. Chemical Mechanism (Hawkes et al., 2007; Pundle et al., 2019)
Reaction
No.

Reaction

Pre-exponential
factor, A

Temperature
exponent, n

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21

H + O2 ⇔ O + OH
O + H2 ⇔ H + OH
H2 + OH ⇔ H2 O + H
O + H2 O ⇔ 2OH
H2 + M ⇔ 2H + M
2O + M ⇔ O2 + M
O + H + M ⇔ OH + M
H + OH + M ⇔ H2 O + M
H + O2 + M ⇔ HO2 + M
HO2 + H ⇔ H2 + O2
HO2 + H ⇔ 2OH
HO2 + O ⇔ O2 + OH
HO2 + OH ⇔ H2 O + O2
CO + O + M ⇔ CO2 + M
CO + HO2 ⇔ CO2 + OH
CO + OH ⇔ CO2 + H
HCO + M ⇔ H + CO + M
HCO + O2 ⇔ CO + HO2
HCO + H ⇔ CO + H2
CO + O2 ⇔ CO2 + O
HCO + O ⇔ CO2 + H

3.547 × 1015
5.08 × 104
2.16 × 108
2.97 × 106
4.577 × 1019
6.165 × 1015
4.714 × 1018
3.8 × 1022
1.475 × 1012
1.66 × 1013
7.079 × 1013
3.25 × 1013
2.89 × 1013
1.8 × 1010
3.01 × 1013
2.229 × 105
4.7485 × 1011
7.58 × 1012
7.23 × 1013
2.5 × 1012
3.0 × 1012

−0.406
2.67
1.51
2.02
−1.40
−0.5
−1.0
−2.0
0.6
0.0
0.0
0.0
0.0
0.0
0.0
1.89
0.659
0.0
0.0
0.0
0.0

Activation
Energy
(cal mol−1 )
1.6599 × 104
6.24 × 103
3.43 × 103
1.34 × 104
1.0438 × 105
0.00
0.00
0.00
0.00
8.23 × 102
2.95 × 102
0.00
−4.97 × 102
2.384 × 103
2.3 × 104
−1.158 × 103
1.4874 × 104
4.1 × 102
0.00
4.77 × 104
0.00

3.5.3.5 Radiation
Radiation was modeled using the discrete ordinates method, which has shown success
in modeling radiation within the literature (Miller-Loinberg, 2011; Pundle, 2019). All
surfaces are assumed to be black bodies. The gas mixture within the domain is grey,
with uniform absorption coefficients based on model tuning and presented in the
Results section.
3.5.3.6 Finite Differencing Techniques
Gradient terms are approximated using the least squares cell based to maintain accuracy
and stability given the non-orthogonal mesh, while minimizing computation expense
relative to other gradient discretization options. Second order upwind is used for all
spatial19 discretization
HCO + H ⇔
to COmaintain
+ H2
second
0.0
while0.00retaining
7.23
× 1013order accuracy,
12
transportiveness,
Pressure
20
COconservativeness,
+ O2 ⇔ CO2 + O and boundedness.
0.0 is approximated
4.77 × 104 with
2.5 × 10
the body
weighed
scheme,
method for0.0
systems where
buoyancy
21 forceHCO
+ O ⇔
CO2 + an
H applicable
0.00
3.0 × 1012
induced flow is important.
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3.5.3.7 Pressure-Momentum Coupling
To capture the natural coupling of the pressure and velocity fields within the domain
where density variation is primarily driven by temperature gradients, as opposed to
high pressure, velocity cells are staggered with respect to scalar cells. Additionally,
because the system utilizes combustion, the temperature, density, and concentration
will be tightly coupled to the velocity field. In terms of calculation techniques for
momentum pressure coupling, the coupled method is applied due to the improved
computational efficiency the method provides relative to segregated pressure velocity
coupling, such as the SIMPLE method.
3.5.3.8 Solution Controls
Scalar properties are evaluated using second order upwind to maintain a conservative,
transportive, and bounded solution with a second order accuracy. Relaxation factors
were adjusted to maintain a stable solution while minimizing computation time.
Convergence criterion of 1e-3 was assigned for all variables except for energy, where
a convergence criterion of 1e-5 is used.
3.6 Results
An array of simulations and corresponding experiments were run to provide insights
for a range of different cookstove operational conditions. The array contains a series of
primary air mass flow rates provided by the under fire forced draft accessory. For each
of the unique primary air flow rates, the mass flow rate of the wood volatiles measured
in the water boiling tests was used to prescribe the mass flow inlet boundary conditions
for the wood volatile release. Natural draft cases were also run for each firepower for
comparison. Table 3.5 provides the array of cases used in the computational study. For
the experimental study, the same air mass flow rates were used with two repetitions per
case.
Table 3.5. Case Array

Case

Primary Air Mass Flow
Rate Provided (kg/s)

Measured WoodVolatile Mass Flow
Rate (kg/s)

Air-Fuel
Ratio (by
mass)

1 - Natural Draft

0

0.000094

0

2 – Low Flow

0.000178

0.0001

1.78

3 – Medium Flow

0.000313

0.000142

2.20

4 – High Flow

0.000491

0.000175

2.81

After verifying the mesh, selecting a reaction mechanism, and tuning the gas absorption
coefficient, the computational results will be compared with the experimental results
to determine the accuracy of the model.
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3.6.1 Mesh Refinement
An orthogonal mesh with a total of 81,102 cells with inflation layers added at the wall
boundaries was selected chosen after grid refinement studies, as outlined by Celik
(1993) and Roache (1986). The following properties were tracked for three unique
meshes to ensure the selected mesh was reliable for the transport of mass, energy, and
species: net mass flow rate, total heat transfer to the cookpot, and carbon dioxide mole
fraction through outlet. The grid convergence index for all global variables are below
5%.
3.6.2 Gas absorption coefficient
The uniform absorption coefficient for the grey gas mixture within the domain were
adjusted to best match the heat transfer to the cookpot recovered experimentally.
Tuning the absorption coefficient is necessary and standard for numerical cookstove
studies because the natural draft and forced draft cases are likely to have differing
absorption characteristics due to varying levels of soot within the combustion chamber
(Pundle et al., 2019; Wohlgemuth et al., 2010; MacCarty and Bryden, 2016). Based on
model adjustment and comparison to the heat transfer delivered to the cookpot from
the experiments, absorption coefficient of 0.1 was found to be suitable for each of the
forced draft cases. However, a much higher absorption coefficient of 8 was determined
to be most representative for the natural draft case. The difference in the absorption
coefficients used is large, however, the values selected fit within the range of absorption
coefficients presented by Wohlgemuth et al. (2010). In their respective numerical
models of natural draft cookstoves, Wohlgemuth et al. (2010) and Pundle et al. (2019)
used gas absorption values of 3 and 7.5 for natural draft simulations, respectively.
3.6.3 Chemical Mechanism
The case for low power primary air flow was simulated using each of the chemical
mechanisms to weigh the accuracy of predicted heat transfer to the cookpot and
modified combustion efficiencies based on the values determined experimentally. The
6-step reaction mechanism showed 16% underprediction of heat transfer to the
cookpot. However, the 21-step reaction mechanism resulted in only a 2%
overprediction of heat transfer to the cookpot. In terms of emissions predictions of
carbon monoxide, neither of the two chemical mechanisms showed strong agreement
with experiment. Although the 6-step reaction mechanism has an advantage in terms
of computational expense, computing heat transfer to the cookpot with reasonable
accuracy is essential in this work. Since the 21-step mechanism provides a more
accurate prediction of the heat release due to the combustion, the authors opted to use
the higher fidelity reaction mechanism from Hawkes et al. (2007).
3.6.4 Thermal Efficiency
The thermal efficiency is computed as the ratio of total transfer rate to the cookpot
versus the firepower provided by the wood and is a key metric of cookstove
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performance. The thermal efficiency is given by equation 1, where firepower, qwood,
the heat release rate from the solid fuel. The heat transfer rate to the cookpot, qpot, is
computed as the integrated heat flux to the cooking surface either as measured or
modeled.

=

q pot

(8)

qwood

The measured and modeled thermal efficiencies for each of the cases are presented in
Table 3.6, showing strong agreement. The numerical results recognize the medium
flow case as optimal, whereas the experimental results suggest the medium and highpower cases are more or less consistent in terms of thermal efficiency. On average the
computational results overpredict efficiency by 2.7 % and are less sensitive to change
in flow rate. This could be because there is no numerical representation of the charcoal
bed in the model, whereas the charcoal buildup in included in experimental runs.
Table 3.6. Thermal Efficiency
Case
1 - Natural Draft
2 – Low Flow
3 – Medium Flow
4 – High Flow
Average

Computational Thermal
Efficiency
34.4 %
49.2 %
52.8 %
49.9 %

Experimental Thermal
Efficiency
38.1+/- 1.4 %
45.9 +/-0.5 %
49.8 +/-1.3 %
49.2 +/-0.8 %

Nominal
Difference
3.7 %
3.3 %
3.0 %
0.7 %
2.7 %

3.6.5 CO and PM Emissions
Based on the emissions metrics identified in the Water Boiling Test, the total mass of
CO and PM2.5 were measured for each of the experiments performed. Figure 3.9 shows
the PM2.5 and CO measurements during the quasi-steady-state operation. As shown in
Figure 3.9, the highest levels of particulate matter emissions are produced in the natural
draft case. The experimental results indicate PM2.5 emissions reductions of up to 90%
and CO emissions reductions as high as 75% relative to the natural draft case.
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Figure 3.9. Experimental PM2.5 and CO Emissions pre Megajoule Delivered
versus Primary Air Mass Flow Rate

While PM formation was not modeled, as shown in Figure 3.10, the computational and
experimental trends show qualitative agreement between measured and modeled CO
emissions. However, quantitatively, the computational CO results are over ten times
greater than the total experimental CO emissions.

Figure 3.10. Computational and Experimental CO Emissions per Megajoule
Delivered versus Primary Air Mass Flow Rate

Although the overall heat production occurring in the domain shows agreement with
the experiments, emissions modeling was not successful. One possible explanation for
this discrepancy is the selection of an inaccurate chemical mechanism and wood
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volatile species composition for this application. The 11-species 21-step chemical
mechanism was originally designed for combustion occurring at Reynolds numbers and
temperatures higher than what would be expected in a biomass cookstove. Therefore,
the oxidation of carbon monoxide might not occur at rates for which the mechanism
was originally designed. The reduction mechanism also does not include hydrocarbons
such as methane and ethane which would be expected in reality. The presence of these
hydrocarbons and hydrogen-containing species is important in the oxidation of CO;
without these hydrogen containing species, the oxidation of carbon monoxide is very
slow (Turns, 2012), which explains why the emissions of CO are overpredicted in the
model results.
3.6.6 Velocity and Temperature Profiles
The radial temperature and velocity distributions are expected to change based on the
primary air flow rate supplied by the primary air accessory. Based on the literature
review, increased temperatures are expected as primary air flow rate is increased due
to more complete combustion of wood volatiles. Similarly, since the flow is dominated
by buoyancy effects, higher axial velocities are expected as the temperature within the
combustion chamber increases. At increased rates of entrainment, increasingly uniform
temperature and velocity profiles are expected as primary air flow rate increases due to
higher levels of turbulent mixing and radial momentum transfer due to turbulent flow
fluctuations.
Temperature and velocity profiles are evaluated at a height of 8 cm through the
combustion chamber, which was chosen based on Reynolds number calculations
evaluated about the plane through the chamber at a height of 8 cm; each of the cases
produced Reynolds numbers exceeding critical Reynolds number of 2,300 for an
internal pipe flow (Nunn, 1989). The minimum Reynolds number calculated was 2,338
for the low power primary air flow case. The Reynolds number values recovered are
consistent with transitional values reported in literature (Agenbroad et al., 2010) in the
temperature profiles are shown in Figure 3.11. For each case, the radial temperature
profiles are elevated relative to the natural draft case. This suggests that the addition of
primary air leads to higher combustion temperatures, which is an observation consistent
with experimental work shared by Kirch et al. (2017). Additionally, sharper gradients
are presented at the wall boundary (0.05 m in Figure 3.11) for cases with increased
primary air flow. This is an indication of increasing turbulent flow profiles where
effective turbulent mixing occurs (Nunn, 1989).
Axial velocity profiles evaluated at 8 cm through the combustion chamber for each of
the flow cases are shown in Figure 3.12. The maximum flow is observed for the
medium power primary air flow case, which is reasonable considering the peak thermal
efficiency is also observed for the medium flow case.
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Figure 3.11. Radial Temperature Profiles

Figure 3.12. Axial Velocity Profiles

The combination of high axial velocities and temperature distribution is expected to
correlate to a higher overall heat transfer coefficient along the cookpot surface. The
area averaged heat transfer coefficient was extracted from the CFD model results for
each case. The resulting heat transfer coefficients are presented in Figure 3.13. As
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show, the peak heat transfer coefficient is predicted for the medium primary air flow
case, which as expected, corresponds to the peak velocity and temperature distributions
recovered in the medium air flow case.

Figure 3.13. Area Averaged Heat Transfer Coefficient Evaluated at Cookpot
Surface

3.6.7 Turbulent Kinetic Energy
Within published cookstove literature, it is hypothesized that emissions reductions are
related to elevated turbulent mixing (Pundle et al., 2019; Rapp et al., 2018; Bhandari et
al., 1988, Still et al., 2011). Increased turbulence magnifies velocity fluctuations within
a flow, which leads to improved momentum transfer and mixing (Nunn, 1989).
Turbulent kinetic energy distribution has been used in literature as a proxy for turbulent
mixing levels (Pundle et al., 2019). Turbulent kinetic energy distributions will be
compared to computational and experimental emissions results.
Figure 3.14A-D shows contours of turbulent kinetic energy for the natural draft, low
flow, medium flow, and high flow cases, respectively. Increasing levels of turbulence
are observed as the primary air flow rate is increased, with the maximum turbulence
distribution corresponding to the high flow case. Cookstove performance is expected
to improve as higher turbulence levels are within the combustion chamber due to less
fuel rich regions within the cookstove, which has been linked to particulate matter
production. The thermal performance can also be improved by more controlled air-fuel
distributions, as optimal air-fuel relationships allow for high combustion temperatures
(Kirch et al., 2017).
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Figure 3.14. Turbulent Kinetic Energy A. Natural Draft, B. Low Flow, C.
Medium Flow, D. High Flow
3.7 Conclusions and Future Work
The primary air accessory is capable of improving thermal efficiency over the natural
draft case by up 11.7% and 18.4% based on the experimental and computational results,
respectively. There is strong agreement between the numerical predictions and
experimentally determined thermal efficiencies, with an average model overprediction
of 2.7%. The comparison of the numerical and experimental thermal efficiencies
suggests that the modeling methodology used in the CFD was reasonable in terms of
modeling heat transfer to the cookpot for a given firepower.
Improvements in convective heat transfer are evident in each of the forced draft cases
based on the elevated axial velocities, temperature distributions, and area-averaged heat
transfer coefficients produced by the models. The temperature and velocity
distributions for the highest flow rate of primary air are lower than those for the low
and medium primary air flow cases. This behavior was expected, considering the
decline in thermal efficiency predicted for the maximum primary air flow case.
Physically, this could represent the point at which too much air is being supplied in
forced draft, limiting overall combustion temperatures. This cooling effect would also
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explain the lower flow velocities observed for the high flow case. This notion of
convective cooling has been cited in existing cookstove modeling literature (Pundle et
al., 2019; Baldwin, 1987). Increasing levels of turbulent kinetic energy are observed
for increasing mass flow rates of primary air, with the peak turbulent kinetic energy
distribution corresponding to the maximum primary air flow rate.
Reductions in particulate matter emissions are shown experimentally to be significant
(~90%) when the primary air accessory is active, with increased reduction of particulate
matter as primary air flow increases. The reduction in PM2.5 emissions is noteworthy,
and suggests that continued design and production of affordable forced primary air
stoves and accessories is a promising strategy. If large-scale adoption of a forced
primary air devices takes place over the coming years, the negative health impacts
attributed to HAP might be reduced. However, adoption of improved technology is
complex, and depends on a variety of contextual factors which also will need to be well
understood before activities to scale the innovations begin.
To improve upon this research in future work, a representation of the charcoal bed
should be included to account for radiation enhancements and flow obstructions
provided by forcing air through the bed of built up charcoal, which can be significant
in practice. Since the emission predictions provided by the models present a
quantitative disagreement with the experimental results, the focus of future work
should be on modeling combustion more accurately. Specifically, a larger-scale
assessment of a range of chemical kinetics mechanisms should be investigated to
establish best practice as it relates to selection of a kinetics mechanism; the authors
recommend using an automated reduction software, such as the pyMARS software
(Mestas et al., 2019), to test mechanisms with a wide range of fidelity and
computational expense. This step may help standardize combustion modeling used in
biomass cookstove simulation. Also, this research assumed a constant uniform
absorption coefficient to represent radiation from soot. Future work should investigate
how to best model soot formation to improve accuracy of radiative heat transfer results
and avoid this simplifying assumption.
This research also made simplifying assumptions about the temporal and spatial
variation. this research attempts to capture cookstove operation at quasi steady state,
whereas cooking with a biomass stove includes multiple operational phases such as
lighting and cool down; future research would benefit from modeling the effect of the
primary air accessory in other operational phases. This work also assumed a twodimensional axisymmetric spatial domain. In practice however, flames tend to be
observed near the back of the cookstove combustion chamber (opposite of where fuel
is fed) which might lead to variations in excess air and emissions exiting the stove at
various positions around the stove outlet. Modeling the cookstove as three-dimensional
might lead to a better understanding of how to use forced draft to achieve more spatial
uniformity of air and fuel to optimize thermal efficiency and reduce emissions more
effectively.
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Abstract
In 2017, approximately 3 billion people relied on open fires or simple cookstoves fueled
by solid biomass. This dependency has detrimental effects on the health of those reliant
on biomass fuels and has an influence on Earth’s radiative balance. Although
practitioners have managed to improve performance of biomass cookstoves over
traditional methods, many existing designs continue to consume excessive fuel while
failing to meet World Health Organization guidelines for air quality. A promising
method for reducing fuel requirement and improving combustion efficiency is through
introduction of forced primary or secondary air into the combustion chamber which
increases turbulent mixing, local combustion temperatures, and bulk flow velocities.
Incorporating computational fluid dynamics to the design process for this forced air
injection can provide insights into the complex and interconnected thermophysical
relationships which, otherwise, would require extensive experimentation. The objective
of this study is to present a two-dimensional steady-state computational fluid dynamic
model of a biomass cookstove with forced draft secondary air to determine how thermal
efficiency and CO2/CO emissions ratios relate to secondary air mass flow rates,
injection angles, and injection heights. The simulations include turbulence, species
transport, and all three modes of heat transfer. Simulations show that thermal efficiency
of the cookstove is optimal within the range of 1.5-3.5 times the wood volatile mass
flow rate. The models show that thermal efficiency and CO2/CO are improved for all
combinations of secondary air injection height and angle relative to the natural draft
simulation. At air injection heights of 4 and 5 cm, thermal efficiency is improved as
injection angle approaches 90-degrees from the vertical flow direction. Maximum
thermal efficiencies as high as 49% can be achieved with the secondary forced draft,
corresponding to an air injection angle of 90-degrees at low (4-5 cm) air injection
heights.

4.1. Introduction
Billions of people rely on biomass-fueled traditional fires as a primary energy source
for cooking daily meals. Burning biomass indoors causes household air pollution
(HAP) which is estimated to have contributed to 1.6 million deaths and 59 million
disability-adjusted life years in 2017 (HEI, 2019). These health outcomes have been
found to disproportionately affect women and children in low- to middle-income
countries (LMICs) (IEA, 2016; Smith et al., 2014; Gordon et al., 2014; Forouzanfar et
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al., 2016; Lee et al., 2015; Thakur et al., 2018). Combustion of biomass fuel also
contributes to 20% of carbonaceous aerosols which have a strong influence on Earth’s
radiative balance (Bond et al., 2006; Yttri et al., 2009). Over the past forty years,
significant research efforts have focused on the design of affordable biomass
cookstoves to disseminate in the communities most reliant on biomass fuels. A handful
of design features have been attributed to improved cooking performance such as
addition of a chimney, a grate, or a pot skirt. Despite these improvements, the use of
locally available, renewable, and affordable biomass resources for cooking remains
detrimental overall with respect to user health and contributions to climate change.
Supplementing the combustion process with forced draft has fairly recently been
identified as a promising design addition capable of reducing harmful combustion
emissions, such as fine particulate matter (PM2.5) and carbon monoxide (CO), while
improving thermal efficiency of biomass cookstoves (MacCarty et al., 2010; Jetter et
al., 2012). Several design configurations that incorporate forced primary and/or
secondary air have been studied experimentally and computationally. Specifically, the
addition of forced secondary air flow into the combustion chamber above the fire in a
crossflow configuration has been shown experimentally and computationally to reduce
emissions of particulate matter by improving air-fuel mixing within the cookstove
(Husain et al., 2019; Udesen, 2019; Caubel et al., 2018).
Much of the early progress in cookstove design was derived by experimental
observation and “rules of thumb”. As the field progressed, analytical models were
developed first, to better understand physical phenomena that yield a cleaner burning
cookstove, and second, to take a step towards predictability and optimization of
cookstoves (MacCarty and Bryden, 2016; Bussmann and Prasad, 1982; De Lepeleire
and Christiaens, 1983; Agenbroad et al., 2011). More recently, computational fluid
dynamics (CFD) simulations have been identified as a robust method to augment
current understanding of cookstove performance as it relates to specific geometric and
operational parameters (Husain et al., 2019; Posner, 2018; Miller-Loinberg, 2011;
Bryden et al., 2003; Udesen, 2019). The use of CFD is particularly valuable in
exploring the myriad of potential configurations, trajectories, and flow rates of forced
air injection, potentially saving considerable time and expense of extensive parametric
experimentation.
This work aims to address gaps in current understanding of forced draft cookstove
technology by studying the effect of combinations of secondary air injection mass flow
rate, height, and injection angles as they relate to thermal efficiency and emissions of
carbon monoxide and carbon dioxide. Ultimately, the results might help cookstove
manufacturers design and manufacture clean burning forced draft cookstoves. The
following sections will detail basic principles of cookstove design, and the
computational methodology used and findings generated in the study.
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4.2 Background
To limit the adverse health, safety, and environmental effects of cooking over a
traditional three-stone fire, researchers began investigating design methodology for
improving biomass cooking technology in the 1980s (Moses, 2018). Early
developments for improving cookstoves addressed the high excess air provided by the
ambient environment, as well as the lack of heat confinement by adding an insulative
combustion chamber around the fire. Analyses of cookstove designs predicted how
cumulative heat transfer to the cookpot as various geometrical and operational design
parameters were varied (Baldwin, 1987). Based on the results of the early studies,
natural draft cookstoves were designed such that entrainment of ambient air occurred
only due to buoyancy induced flow (MacCarty and Bryden, 2015). One prominent
natural draft design in distribution today is the rocket-style cookstove (Figure 4.1),
where wood is side-fed into the system with a cookpot placed atop the combustion
chamber [24].

Figure 4.1 Rocket Style Cookstove
Many current rocket stove designs incorporate additional features such as chimneys,
grates, and other flow-altering components to enhance net heat transfer to the cookpot
and reduce emissions. One such development is the pot shield; a vertical extension
around the cookpot that creates a narrow air channel where hot gases are forced along
the side of the cookpot to increase, primarily, convective heat transfer to the cookpot.
Figure 4.2 shows a simple two-dimensional representation of fluid flow (A) and
convective heat transfer (B) processes within a natural draft cookstove fitted with a pot
shield. Although the addition of features such as the pot skirt provide additional heat
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transfer to the cookpot, further improvements to the cookstove performance are needed
to meet goals for social and environmental sustainability.

A.

B.

Figure 4.3. A. Fluid Flow and B. Heat Transfer

Figure 4.2. Forced Draft Secondary Air
Incorporating forced-draft air into the combustion chamber (as depicted in Figure 4.3)
whether as under-fire and/or in cross flow above the flames, is of interest due to the
potential to improve thermal efficiency and combustion efficiency by supplementing
turbulent mixing while controlling air-fuel distribution within the cookstove reaction
zone. In an experimental assessment of fifty biomass cookstoves, MacCarty et al.
(2010) showed that five cookstoves with forced primary and/or secondary air can
reduce fuel requirement by an average of 40%, and CO and PM2.5 by up to 90%.
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There are a handful of publications related to forced draft cookstoves, however there
remain significant gaps in the literature regarding optimization of flow rate, injection
angle, and location. This work aims to contribute to understanding forced draft
cookstoves by exploring the optimal range of secondary air mass flow rates for a 5-kW
firepower rocket stove, and how air injection heights and angles affect thermal and
combustion efficiency.
4.3 Methodology
This modeling work occurs in two parts. The preliminary study aims to explore a range
of secondary air mass flow rates based and their impact on thermal efficiency using a
two-dimensional steady state CFD model. The preliminary model will utilize a simple
four-step chemical reaction model to enable a large set of secondary air mass flow rates
to be analyzed, while maintaining low computational demand.
Once an optimal range of secondary air mass flow rates is recovered from the
preliminary computational model, the second portion will use the optimal secondary
air mass flow rate as a boundary condition in a more refined CFD model, which utilizes
a higher-fidelity mechanism and an adjusted geometry. The higher-fidelity model is
used to determine the effects of secondary air injection height and angle on thermal
efficiency and emissions data. There are consistencies between the preliminary
computational model and the higher-fidelity model, however, differences that arise
between the models will be discussed where applicable.
4.3.1 Temporal and Spatial Domain
Each of the model assume statistically steady-state operation, which is consistent with
existing modeling literature (Husain et al., 2019; Burnham-Slipper, 2008; Posner,
2018; Pundle et al., 2019; Gupta and Mittal, 2010; Pande et al., 2018; Ali and Wei,
2017; Bryden et al., 2003; Wohlgemuth et al., 2010; Kumar et al., 1990). Figure 4.4A
shows the domain of the preliminary model, where the two-dimensional geometry is
meant to replicate a common cylindrical rocket stove with a pot skirt. Figure 4.4B
shows the geometry of the higher fidelity model, where the pot skirt is removed and an
axisymmetric two-dimensional domain is used, operating on the assumption that the
stove has negligible rotational dependence. Figures 4.4A and 4.4B include arrows into
the domain to represent the placement of the secondary inlets. These reductions were
made to reduce computational expense with the expanded chemical mechanism.
Additionally, based on the temperature and pressure distributions observed in the
preliminary model, the axisymmetric assumption was deemed valid. Cooking surfaces
are at the top of the domains adjacent to the region labeled “pot contents”. The
dimensions used for the models are presented in Table 4.1.

62

Figure 4.4. Model Geometries

4.3.2 Boundary Conditions
Figures 4.5 and 4.6 show the preliminary and refined model computational domains,
respectively. Figures 4.5 and 4.6 include numbered designations for the boundary
conditions used in the analyses. Table 4.1 lists the titles given to each of the boundary
designations. These titles will be referred to when discussion the boundary conditions
assigned.

Figure 4.5. Preliminary Computational Domain
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Figure 4.6. Refined Computational Domain

Table 4.1. Boundary Conditions
Number
1
2
3
4
5
6
7
8
9

Title
Primary Natural Inlet
Fuel release
Secondary inlet
Combustion chamber wall
Cone deck
Cooking surface
Outlet
Symmetry plane
Pot skirt walls

Type
Pressure-inlet, atmospheric pressure
Mass flow inlet
Mass flow inlet
Wall, mixed heat transfer
Wall, mixed heat transfer
Wall, constant temperature
Pressure-outlet, atmospheric pressure
Symmetry
Wall, mixed heat transfer

Table 4.1. Boundary Conditions
4.3.2.1 Primary Inlet
Number Title
Type
1
Primary
Natural
Inlet
atmospheric
pressure
In practice,
the
primary
inlet of
a biomassPressure-inlet,
cookstove contributes
to the
overall mass
2
Fuel
release
Mass
flow
inlet
flow through natural buoyancy-induced flow due to a temperature gradient between the
Secondary
inlet
Massthe
flow
inlet inlet edge is modeled as a
flame 3and ambient
air. For
each of the models,
primary
4
Combustion
chamber
wallTheWall,
mixed
transfer
pressure-inlet
at atmospheric
pressure.
boundary
is heat
assigned
a temperature of 300
5
Cone
deck
Wall,
mixed
heat
transfer
K with 21% oxygen 79% nitrogen, by volume.
6
Cooking surface
Wall, constant temperature
7
Outlet
Pressure-outlet, atmospheric pressure
8
Symmetry plane
Symmetry
9
Pot skirt walls
Wall, mixed heat transfer
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4.3.2.2 Fuel Release and Thermophysical Models
To represent the release of gaseous wood volatiles, mass flow inlet boundary conditions
are assigned for the top surface of the fuel cutout in the preliminary model. For the
refined computational model, the top and side surfaces of the wood fuel blocks are
modeled as mass flow inlets. For the preliminary model, the composition of wood
volatiles supplied by the fuel releasing surface is constant through the full simulation,
with no dependence on local temperature conditions. The composition used in the
preliminary model was developed empirically by Glanville and Kirby. and is presented
in Table 4.2.
Table 4.2. Wood Volatile Composition
Species
CO
CO2
H2
H2O
CH4

Mass Fraction
0.383
0.237
0.006
0.312
0.062

In the higher-fidelity model, wood volatile composition is modified slightly. The 6.2%
mass fraction of methane is removed from the wood volatile mixture to eliminate the
need for computationally expensive methane oxidation reactions within the reduction
mechanism. The elimination of the methane from the mixture allowed for the use of
the 11-step 21-species mechanism published by Hawkes et al. (2007). The heat release
due to burning the methane is instead accounted for by converting the methane to an
equivalent amount of hydrogen on a heating value basis. This approach was adopted
from Pundle et al. (2019).
Consistent with existing modeling literature, the total mass flow rate of the wood
volatiles is computed using equation (1) (MacCarty and Bryden, 2016; Agenbroad,
2011). Here 𝑞̇ 𝑤𝑜𝑜𝑑 is the cookstove firepower, which is assumed to be 5 kW in this
work, and LHV is the lower heating value of the wood, assumed to be 19.3 MJ/kg for
typical stove testing wood. Note, for the axisymmetric geometry, the mass flow rate
computed with equation (1) is halved before being distributed evenly to the wood fuel
surfaces.

mv =

qwood
LHV

(1)

The wood volatile mass flow inlet is assigned a constant temperature based on data
collected at the Aprovecho Research Center, a non-profit cookstove research center in
Cottage Grove, Oregon, during a quasi-steady state operation of a rocket cookstove at
medium firepower. The term quasi-steady state is used here due to the impossibility of
reaching a true steady state measurement due to the continuous fuel degradation and
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inherently chaotic flame behavior. An average temperature of 1,041 K was measured
directly above the reacting fuel bed. By way of the Student’s-t Distribution at a 90%
confidence interval, the uncertainty determined for the mean value of these 150-sample
data set was 118 K. The fuel released from the top fuel surface is assigned this
experimentally recovered average value.
The simulations incorporate the realizable 𝑘 − 𝜀 turbulence model, discrete ordinates
method for radiative transfer, and a species-transport model to capture combustion of
wood-volatiles subject to secondary air. In the preliminary model, a simplified fourstep reaction model was adopted due to past validated success in cookstove simulations
and minimal computational expense (Udesen, 2019); the mechanism is presented in
Eqns. (4-7).

1
CO+ O2 → CO2
2

(4)

1
H 2 + O2 → H 2O
2

(5)

CH 4 + 2O2 → CO2 + 2 H 2O

(6)

CO + H 2O  CO2 + H 2

(7)

The higher-fidelity model incorporates an 11-species 21-step skeletal chemical
mechanism, originally design by Hawkes et al. (2007) for CO/H2 turbulent flames. This
selection of chemical mechanism has shown promise in prediction of heat transfer,
radical distribution, and mass flow rates in a simulation of a natural draft cookstove
(Pundle et al., 2019).
4.3.2.3 Secondary Inlets
4.3.2.3.1 Preliminary model
In the preliminary modeling effort, the secondary inlets are modeled as velocity-inlets
where the secondary air injection velocity magnitude and trajectory are based solely on
the range mass flow rates and injection angles, as well as the secondary air injection
diameter, Dfd. The analysis assumes that the total flow rate is distributed equally
between the two secondary inlets included in the 2D domain. The magnitude of the
superficial velocity for a given air mass flow rate is computed using equation 2.



mair  D2fd 
4

V=
air 2

(2)
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The secondary air mass flow, 𝑚̇𝑎𝑖𝑟 , rates included in the preliminary study were
computed using a series of air-fuel ratios (by mass), AF. Equation 3 shows the method
for calculating the series of secondary air mass flow rates.

mair = AF (mv )

(3)

The simulations incorporate a series of air injection angles by specifying velocity-inlet
boundary conditions with axial and transverse components of velocity.
In the preliminary computational study, 36 unique cases were run varying both
secondary air flow rates and air injection angles. Secondary air mass flow rates were
varied from 9.2E-5 to 3.7E-3 kg/s based on experimental range of volumetric flow rates
presented by Caubel et al. (2018); translating to a global air-fuel ratio range from 0.369.8 for the selected flow rates. Trajectories were taken from 30-90 degrees only, as
downward injections (angles greater than 90) might cause reverse flow out of the
primary inlet. Flow through the secondary inlets are modeled as 79% nitrogen and 21%
oxygen, by volume, at 300 K.
4.3.2.3.2 Refined model
In the refined model, the secondary air inlets are modeled in a similar fashion to the
preliminary case, where the injection angles are adjustable. However, unlike the
preliminary case, the mass flow rate of the secondary inlet is consistent for each of the
simulations, while injection height and injection angle are varied. Figure 4.7 illustrates
the unique combinations of the three secondary air injection heights and three injection
angles used in the refined study, where injection heights, HFD, are measured from the
bottom (primary inlet) of the domain, and injection angles, 𝜃, are measured from
vertical flow direction as before.

Figure 4.7. Secondary Air Injection Height and Angle
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There is a total of 10 cases included in the simulation array for the refined case. Table
4.3 shows the simulation array, where each case represents a unique combination of air
injection height and angle.
Table 4.3. Simulation Array
Simulation
no.
1*
2
3
4
5
6
7
8
9
10
* Natural draft case

Injection Height,
HFD (m)
N/A
0.04
0.04
0.04
0.05
0.05
0.05
0.06
0.06
0.06

Injection Angle,
𝜽 (degrees)
N/A
30
60
90
30
60
90
30
60
90

Table 4.3. Simulation Array
The mass flow rate assigned in the refined cases is based on the optimal air-fuel ratio
Injection
Angle,
recovered fromSimulation
the preliminary study.
The Height,
secondary airInjection
mass flow
rate is held constant
no.
H
𝜽
(degrees)
FD (m)
for each case to isolate the effect of the injection height and angle on thermal efficiency
N/A
N/A
and CO2/CO ratio. 1*
2
0.04
30
3
0.04
60
4.3.2.4 Cooking Surface
4
0.04
90
5
0.05
30
To capture a steady-state pool boiling scenario, the temperature of the cook pot surface
6
0.05
60
isassumed to remain at the saturation temperature of water, 373 K for both the
7
0.05
90
preliminary and refined case.
8
0.06
30
9
0.06
60
4.3.2.5 Stove Walls10
0.06
90
* Natural draft case
The outside of the stove walls is assigned a no slip condition with constant heat transfer
coefficient used by MacCarty and Bryden (2016) based on correlations of free laminar
convection along a vertical heated plate: 10 W/m2-K. The ambient temperature is
assumed to be 300 K. The external emissivity is 1 to conservatively estimate the
radiative heat transfer to the surroundings. This condition is consistent for the
preliminary and refined cases.
4.3.2.6 Outlets
For both the preliminary case and refined case, the cookstove outlets are modeled as
pressure outlets at atmospheric pressure. The ambient temperature is assumed to be 300
K with 21% oxygen and 79% nitrogen by volume.
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4.3.3 Numerical Schemes and Convergence Criteria
Gradient terms are discretized using the least squares cell-based method to maintain
numerical accuracy while limiting computational expense. Pressure, momentum, and
species gradients are discretized using second order upwind to achieve second-order
accuracy while addressing the advective nature of flow provided by a forced draft
model. Turbulent kinetic energy and dissipation are computed by first-order upwind
method. The discrete ordinates method for radiative transfer is modeled using a firstorder upwind scheme. Velocity terms and energy, species, and turbulent fields are
assigned an absolute convergence criterion of 0.0001. Continuity is solved to 0.001
absolute convergence criteria.
4.3.4 Grid Independence
To verify that the mesh size used in the analyses produced grid independent results,
grid independence studies were performed based on the Richardson’s extrapolation
technique as outlined by Celik (1993) and Roach et al. (1986). Three simulations were
performed to extract global properties of heat transfer rate to the cookpot and net mass
flow rate through the domain. The mesh sizes used in the analysis were 0.005, 0.025,
and 0.00125 m. The analysis produced fine grid convergence index of 0.21% for heat
transfer rate data to pot bottom and 6.81% for the net mass flow rate through the
domain. The average percent error associated with the 0.00125 m mesh is 3.5%. This
indicates that the 0.00125 m mesh for the analysis is of a resolution sufficient for
reliable solutions, as the average convergence index is less than 5%. The 0.21%
uncertainty is applied for heat transfer rate values used in thermal efficiency
calculations, and the average value of 3.5% uncertainty will be applied for species
concentration data extracted from the models.
4.4. Results and Discussion
4.4.1 Thermal Efficiency
Figure 4.8 shows the thermal efficiency as a function of air-fuel ratio for each angle
analyzed in the preliminary modeling study. Thermal efficiencies range from 34-42%
within the range of cases analyzed, which is a reasonable range given those reported in
biomass cookstove literature (Baldwin, 1987). A thermal efficiency of 27% was
predicted for the natural draft case, meaning the thermal efficiency is improved for each
of the conditions analyzed. For each injection angle in the preliminary simulations,
maximum efficiencies are achieved between air-fuel ratios of 2 and 5 (by mass).
Thermal efficiencies are not equal for each of the injection angles included in the
analysis, suggesting that injection angle has an effect on cookstove performance. Based
on the preliminary study, two configurations achieve efficiencies above 41%, which is
a 14% improvement with respect to the natural draft case. These two cases occur at airfuel ratios of 1.7 and 3.3.
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Figure 4.8. Thermal Efficiency vs. Air-Fuel Ratio and Injection Angle

In the refined numerical studies concerned with analyzing combinations of secondary
air injection height and angle, a constant air-fuel ratio of 2 will be used. This air fuel
ratio corresponds to a secondary air mass flow rate of 0.00025 kg/s. This value is
significant, as it also corresponds to an optimal flow rate of determined experimentally
by Rapp et al. (Caubel et al., 2018). The remainder of the results are based on the
refined CFD studies, where air injection height and angle are of interest. Figure 4.9
shows thermal efficiency as a function of secondary air injection height for each of the
injection angles under consideration.

Figure 4.9. Thermal Efficiency vs. Secondary Air Injection Height and Angle
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For each of the forced draft cases in the refined CFD study, improvements in thermal
efficiency are produced relative to the natural draft case (shown by the dashed line in
the plot) of 18%. The peak thermal efficiency produced was 49%, which corresponds
to the 5 cm injection height with a 90-degree injection angle. Although the peak thermal
efficiencies predicted are higher than expected, the model results show that accurate
adjustment of the secondary inlet height can lead higher thermal efficiencies.
For the 90-degree injection case, a significant 23.9% reduction in thermal efficiency is
observed as the injection height changes from 5 to 6 cm. As the wood volatiles rise
through the combustion chamber, the gases react with naturally entrained oxygen
which would lead to mixtures become more fuel lean as the mixture rises vertically.
Therefore, it is possible at a 6 cm injection height that there is an insufficient amount
of fuel species relative to the injected air, potentially leading to local flame quenching.
This is possibly the reason that there is significant reduction in thermal efficiency as
the injection height is increased to 6 cm.
Similarly, the 60-degree injection angle case exhibits a 9.2% reduction in thermal
efficiency as injection height is increased from 5 to 6 cm. The sensitivity to increases
injection heights is lessened for the 60-degree case because the secondary air flow is
not perpendicular to the flow of wood volatiles. These data suggest that to improve the
thermal performance of a secondary air forced draft cookstove, designers should
carefully consider the combinations of air injection height and angle. Based on the
thermal efficiency trends, the best practice would be to incorporate forced draft near
the fire at low injection heights to avoid oxidizing a fuel lean species downstream from
the fire. At these low injection heights, injection angles at or near 90-degrees should be
used according to the model.
4.4.2 CO2/CO Emissions Ratio
Figure 4.10 shows the ratio of the mass fraction of CO2 and CO evaluated at the
cookstove outlet for each of the combinations of injection height and angle. In this
work, the ratio of CO2/CO is used as a proxy for combustion quality. A higher value of
CO2/CO suggests that more of the carbonaceous fuel is being converted to carbon
dioxide. As shown in Figure 4.10, the 60-degree injection angle shows a consistent
value just under 1.2 for each of the injection heights. For the 30-degree injection case,
low ratios below 1.1 are recovered until the injection height is 6 cm. The 90-degree
case never achieves the highest CO2/CO ratio within the set of cases. Since the optimal
thermal efficiency cases (low injection height, 90-degree injection angle) have low
CO2/CO ratios, designers must evaluate a trade-off between thermal efficiency and
combustion efficiency when designing secondary air forced draft cookstoves.
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Figure 4.10. CO2/CO Ratio vs. Secondary Air Injection Height and Angle

4.4.3 Oxygen Concentration
Figure 4.11 shows the oxygen concentration evaluated at the outlet of the cookstove
for each secondary air case. The figure shows that the most excess air is produced for

Figure 4.11. O2 Concentration Evaluated at Stove Outlet
the 30-degree injection angle at 5 cm injection height, which corresponds to the case
with the lowest thermal efficiency of all the forced draft cases considered. Figure 4.11
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also shows that the cases with peak thermal efficiency, 90-degree injection at 4 and 5
cm injection heights, correspond to the cases with the lowest oxygen concentrations
evaluated at the cookstove outlet. Therefore, to optimize thermal efficiency while
utilizing the secondary air flow most efficiently, 90-degree injection angles at low
injection heights should be incorporated into secondary air forced draft cookstove
design.

4.4.4 Temperature
Figure 4.12 A and B show static temperature variation corresponding to the natural
draft case and 90-degree injection angle at 4 cm air injection height, respectively.
Figure 4.12 shows a lower overall temperature distribution for the natural draft case
compared to the 90-degree 4 cm injection case, suggesting that higher combustion
temperatures are achieved for the forced draft case. In the natural draft case (A), the
peak temperatures tend to remain near the combustion chamber wall near the right
boundary of the domain. In the 90-degree injection angle case (B), high temperatures
are able to propagate into the combustion chamber, leaving less volume occupied by
temperatures less than 1000 K.

Figure 4.12. Temperature distribution A. Natural draft case and B. 4 cm
injection height and 90-degree injection angle

4.5 Conclusions and Future Work
Figure 4.13. Temperature distribution A. Natural draft case and B. 4 cm
injection
heighttoand
90-degree
injection
angle biomass cookstoves
The work presented
can be used
inform
the design
of improved
with secondary air forced draft. Based on the results from the study, injection angles at
or near 90-degrees, perpendicular to the axial flow through the combustion chamber,
should be used in secondary air forced draft cookstoves. Additionally, with exception
of the 30-degree injection case, maximum thermal efficiency improvements are
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achieved when the secondary air injection heights are low relative to the average top
wood volatile release.
Based on the preliminary modeling results, thermal efficiencies as high as 41% can be
achieved at air-fuel ratios within the range of 1-8. For each case, thermal efficiency is
improved relative to the 27% predicted for a natural draft simulation with zero
secondary air flow. Additionally, the preliminary computational results show that less
pollutant emissions are produced for the maximum thermal efficiency case compared
to the minimum air flow case.
By assuming an air-fuel ratio of 2, a value within the optimal band identified in the
preliminary computations, the refined computational study shows that thermal
efficiency and modified combustion efficiency are improved for all combinations of
secondary air injection height and angle relative to the natural draft simulation.
Additionally, these data suggest that thermal efficiencies are dependent on secondary
air injection height and angle. The maximum thermal efficiency predicted within the
refined simulation array was 49%, which marks a 7% increase in thermal efficiency
relative to the preliminary study. The maximum thermal efficiency is associated with a
5 cm injection height at a 90-degree injection angle. At air injection heights of 4 and 5
cm, thermal efficiency is improved as injection angle approaches 90-degrees. However,
as the injection height is increased to 6 cm, 60-degree and 90-degree injection angles
cause 9.2% and 23.9% decreases in thermal efficiency.
Based on the computations, the CO2/CO ratio can be improved when secondary air
forced draft is applied. However, based on these analyses, the CO2/CO ratio is not
significantly affected by injection height and angle. Additionally, the actual numerical
values of these emissions ratios are significantly underpredicted. However, the heat
release due to combustion is accurate for a 5 kW firepower case. This suggests that this
combustion model is reasonably accurate in representing heat release, but it not suitable
for emissions predictions. The chemical kinetics model used in the CFD is inaccurate
in predicting reasonable ratios of CO2/CO, with predictions being much lower than they
would be in an experimental setting. This is likely due to the lack of hydrocarbons,
such as methane and ethane, that would accelerate the oxidation of CO in practice,
which is observed in the overprediction of CO emissions in the CFD.
The most significant shortcoming of this research is the lack of experimental data
against which to validate results. The range of thermal efficiency values recovered are
reasonable based on existing data sets for forced draft cookstoves. However, at this
time there are no data to support the relationships observed regarding the secondary air
inlet height and angle. An experimental study including combinations of secondary air
injection height and trajectory would be beneficial. Because the relative amounts of CO
and CO2 in the emissions, more representative chemical kinetics mechanisms should
be assessed in future work. Finally, the granularity of the study in terms of injection
angle, height, firepower, and other factors could be increased to improve the confidence
in the arguments made.
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Chapter 5—Conclusions and Future Work
In this concluding section, the research questions for each manuscript will be revisited
and discussed.
5.1 Manuscript 1 Conclusions
I.

How are thermal efficiency, CO, CO2, and PM affected by forced primary
air?

Both the numerical predictions and experimental measurements show that thermal
efficiency is improved when the forced draft primary air accessory is active. The
experimental results show that thermal efficiency can be improved by up to 11.1%
nominally, whereas the computational results suggest that thermal efficiency
improvements up to 18.4% are achievable. On average, the computational thermal
efficiencies are overpredicted by 2.7% compared to the experimental results, with the
greatest overprediction corresponding to the low primary air flow case.
The total PM2.5 and CO emissions were measured for the natural draft case as well as
each of the primary air flow cases. The experimental data shows that particulate matter
emissions in the natural draft case are significantly higher than the particulate matter
emissions measured for the medium and high primary air flow cases, with PM2.5
reductions up to 90%. There is little variation in CO emissions for the natural draft and
all forced draft cases. Based on the existing experimental literature, the reduction of
PM2.5 emissions for cases with forced draft is likely due to enhanced turbulent mixing
within the combustion chamber. The improved mixing characteristics result in less
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areas of fuel-rich region within the combustion chamber allowing for a cleaner
oxidation of wood-volatiles.
II.

How do radial velocity and temperature distributions vary for the series of
primary air mass flow rates considered?

The temperature and velocity distributions exhibit higher value in the cases where
forced draft is included. The maximum velocity and temperature profiles predicted for
the medium primary air flow case, where velocities and temperatures are shown to
exceed 0.4 m/s and 900 K, respectively. Based on the combination of high velocity and
temperature profiles, higher convective and radiative heat transfer to the cooking
surface are expected; this expectation is corroborated by the numerically predicted
thermal efficiency trend, where the medium primary air flow case is identified as the
optimal condition. The temperature profiles also exhibit characteristics that are
consistent with turbulent internal flows with high temperature gradients near the wall
predicted for the medium and high air flow cases. This turbulent behavior in the
temperature profiles adds confidence to the argument that higher levels of turbulence
can be achieved when forced draft primary air flow is active.
III.

How do turbulent kinetic energy distributions relate to thermal efficiency,
CO emissions, and particulate matter production for the series of primary
air mass flow rates considered?

The peak distribution in turbulent kinetic energy is produced for the high primary air
flow case. The maximum turbulent kinetic energy distribution corresponds to the case
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with the minimum PM2.5 emissions. There is not a recognizable trend between turbulent
kinetic energy distributions and CO emission.
5.2 Manuscript 2 Conclusions
I.

Based on thermal efficiency, what is the optimal range of forced draft
secondary air mass flow rates for a 5-kW firepower cookstove?

For each of the secondary air mass flow rates considered in the preliminary study
included in Manuscript 2, the thermal efficiency is improved relative to the natural draft
case. This alone shows that secondary air injection is a viable option for improving the
cooking efficiency of the cookstove. The optimal range of secondary air mass flow
rates for the 5-kW firepower stove is between 1.7-3.3 air-fuel ratio by mass. Based on
the approach used in simulations, the wood-volatile mass flow rate is equal to 0.00013
kg/s, meaning that optimal range of secondary air mass flow rates is between 0.000220.00043 kg/s. Within this range of secondary air mass flow rates, efficiency
improvements of up to 14% relative to the natural draft case. Identifying the optimal
range for secondary air mass flow rate is a valuable step in cookstove design.
Cookstove designers interested in implementing forced draft in a secondary air
configuration can use the optimal band of mass flow rates identified in this work to
choose affordable and effective fans to add to their cookstove assemblies.
II.

How do air injection heights and angles affect thermal efficiency and
CO2/CO ratio of a biomass cookstove?

Based on the results of Manuscript 2, the selection of air injection height and angle
have a measurable impact on both the thermal efficiency and combustion performance
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of a biomass cookstove. The results show that thermal efficiencies as high as 49% can
be achieved when applying optimal air-fuel ratios at a 90-degree injection angle 5 cm
injection height. However, cookstove designers should recognize that the potential
efficiency improvements are quite sensitive to the air flow height and angle selected.
For example, in the case of 90-degree injection, a thermal efficiency reduction of 23.9%
is predicted as the injection height is shifted from 5 cm to 6 cm. This is likely because,
as the bulk flow progresses downstream from the pyrolysis front, the mixture becomes
increasingly fuel-lean. When the forced air is supplied to a fuel-lean mixture it is
possible that there is an insufficient amount of fuel gases relative to the injected air,
potentially leading to flame quenching. Therefore, cookstove designers should
appreciate this potential pitfall when selecting air injection height.

Based on the computational results from Manuscript 2, improvements in thermal
efficiency and CO2/CO ratio are observed for every combinations of secondary air
injection height and angle with respect to the natural draft simulation. These data also
suggest that thermal efficiency is dependent on the selection of both the secondary air
injection height as well as the injection angle, with the optimal thermal efficiency of
49% predicted for the 5 cm injection height 90-degree injection angle configuration.
The thermal efficiency is optimal for cases with 90-degree injection angle until the
injection height reaches 6 cm; at 6 cm injection height, the predicted thermal efficiency
drops by over 20% for the 90-degree injection case.
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5.3 Future Work
This work showed that integrating forced draft to a biomass cookstove is a viable
method for improving thermal efficiency while reducing harmful emissions. However,
as with any scientific study, there are uncertainties and room for future improvement.
Including a model representation of the charcoal bed, perhaps in the form of a porous
media, might provide more accurate numerical predictions. This is especially important
when forced draft is in a primary air configuration because the primary air interacts
directly with the charcoal bed.

Emissions predictions in both the primary and secondary air studies have reasonable
qualitative trends, but do not model CO oxidation accurately quantitatively. Modeling
combustion more accurately, possibly with soot formation, should be an emphasis of
future work. Researchers should produce assessments of a range of chemical kinetics
mechanisms to establish best practice as it relates to selection of a kinetics mechanism.
This step may help standardize combustion modeling used in biomass cookstove
simulation, and allow for more accurate predictions of emissions.

To date, there has been limited studies that present transient CFD simulations. Emission
content, including release of fine particulate matter, has been shown experimentally to
be transient during cookstove operation. In practice, cookstove use is highly transient
with a variety of operational phases being cold start, hot start, and cool down.
Additionally, volatile release rate and composition are time-dependent due to fuel
addition, fire tending, and conversion to charcoal. Given the highly-transient aspects of

83

real-world cookstove use, it is necessary to continue investigation of transient CFD
models, with an emphasis on fuel sub-models.

Coupling optimization methods with CFD has shown promise in improving cookstovespecific performance parameters. The cumulative impact of current modeling research
may improve by coupling CFD with models from other fields of study. A standalone
CFD model does not provide value to those from other disciplines, and with the
engineering for global development sector becoming increasingly interdisciplinary, it
is important to present implications of cookstove performance as they relate to other
fields. For example, coupling CFD results with models for regional air quality, global
radiative balance, or technology adoption might allow cookstove research to
incorporate other disciplines. Additionally, working on the forefront of multidisciplinary modeling might provide additional global development-oriented industries
with a robust example how to make change in our current context.

While there has been progress in simulation of cookstoves, the work to date has
depended on commercial CFD codes, thereby limiting the ability for scholars,
especially those in lower income settings, to get involved with cookstove modeling.
Additionally, many works to date have been concerned with single cookstove
geometries, which limits the capacity for scholars to reach strong generalized
conclusions regarding governing physics as they are relevant for a single stove
configuration. An emphasis on open-access software development would eliminate
paywall concerns associated with commercial CFD codes which may yield more
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diverse scholarship within the field. Furthermore, Open-access software tools, if
programmed in an accessible way, would allow for parametric studies resulting in
stronger and more generalized physical conclusions.
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