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Executive Summary 

With funding from the Bill and Melinda Gates Foundation as part of the Reinvent the Toilet 

Challenge, Cascade Designs’ Mountain Safety Research (MSR) division collaborated with 

Colorado State University (CSU), Duke University, and Biomass Controls LLC, to develop a 

microburner for powdered human feces. The goal of this project was to design, fabricate, and 

evaluate a 100 watt biomass dust combustor for use with an idealized simulant fuel, then use the 

lessons learned to assess the technical feasibility of this microburner for combusting powdered 

fecal matter. During the course of the project, a 100 W microburner was initially developed for the 

simulant fuel lycopodium, which was then modified for burning fecal powder. The design and 

performance data of the microburner when evaluated using powdered feces was used to create a 

series of recommendations on what technical challenges must be overcome to transition this burner 

concept to a commercial product. 

Combustion of feces is an excellent means to destroy any biological hazards present in the 

feces. A low firepower fecal combustor, or microburner, is particularly attractive for thermal 

processing since it can provide continuous heat for drying and would minimize the thermal losses 

during start-up, ignition, and other transient events. These transient events place a significant 

burden on the energy balance of the overall drying and combustion process. Another advantage of 

a low firepower combustor is the potential to reduce particulate and carbon monoxide emissions. 

Continuous operation would also reduce the poor emissions associated with the startup phase. 

Moreover, a properly designed system with lofted powdered fuel can operate as a quasi-pre-mixed 

flame and avoid the emissions penalties associated with typical solid biomass diffusion flames. 

The pre-mixed nature of such a device allows for significant scalability. Firepower could be 

increased either by increasing the flow rates of the fuel-air mixture, or by creating an array of 

flames similar to conventional pre-mixed natural gas burners. In addition to improving the thermal 

energy balance of the fecal combusting toilet and the benefits to emissions, combining a small-

scale combustor with thermal to electric generation technology would enable the production of a 

simple, low cost, electrical power source. While biomass dust burners are commercially available, 

these are designed for fuel inputs in the megawatt range, and therefore a powdered fuel 

microburner requires a ground-up approach. 
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The first stage of this project focused on achieving long duration (> 15 min) combustion of 

idealized biomass powder sources in the 100-500 W range. MSR and CSU collaborated to study 

combustor parameters such as nozzle diameter, air and fuel flow rates, auger geometry, and burner 

geometry, eventually demonstrating a stable 100 W dust flame using lycopodium as a fuel. 

Lycopodium was selected as an idealized fuel because of its monodisperse particle size, high 

flammability, and free-flowing nature. A variety of lofting and fuel-air mixing technologies were 

explored in the initial hardware development phase of the project, including a venturi, fluidized 

bed, and vibratory conveying. Ultimately, an auger-based fuel delivery system was selected. In 

this system, fuel is delivered by an auger into a tee fitting, where it mixes with air and exits upward 

through a nozzle, igniting at the nozzle exit. A key aspect of the auger fuel delivery system is that 

it allows independent control of fuel flow and air flow rates, which is very important for fine-

tuning fuel-air ratios and understanding the resulting effects on flame behavior.  

One difficult factor in achieving flame stability was the propensity of char and unburned 

powder to accumulate at the nozzle, increasing the exit velocity of the fuel-air mixture, and 

eventually leading to flame lift-off. To address this challenge and improve flame stability, MSR 

investigated a number of flameholding devices, which create localized areas of recirculation or 

boundary layers that anchor the flame at a wider range of bulk gas velocities. Through many 

iterations, MSR developed a burner head that consistently enabled burn durations greater than 45 

minutes at a firepower of 240 W with lycopodium.  

A second key challenge was the oscillating nature of the horizontal auger fuel delivery. The 

burner attachment allowed the system to sustain stable flames at firepowers as low as 120 W, but 

long duration flames below 100 W remained elusive because the oscillations inherent to the auger 

system were more pronounced at lower auger speeds. Several alternate fuel delivery concepts were 

explored to address this difficulty. The most successful was an expanding pitch auger, which 

effectively reduced the pulsing and increased the uniformity of the fuel feed, allowing stable burns 

as low as 80 W with lycopodium. 

After satisfying the design criteria of a stable 100 W flame with lycopodium, attention turned 

toward improving the design to work with feces. Feces powder proved more challenging and 

required significant hardware changes from the optimized lycopodium burner. Despite this, MSR 

succeeded in demonstrating a 500 W feces flame that was stable for over five minutes. The 
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prototype combined an auger to deliver fuel with a vibrated fluidized bed and a burner head that 

contains the flame and acts as a combustion chamber. 

A primary challenge in the initial transition from the lycopodium hardware was that the feces 

was not as flammable as lycopodium. The flame speed appeared to be too low for the flame to 

attach to the burner. A combustion chamber was developed through several iterations, addressing 

these difficulties in a number of ways. The combustion chamber slows down the air-fuel mixture 

exiting the bed and also creates eddies where the flame can anchor. It reduces heat loss from the 

flame by providing a barrier between the flame and the surroundings. Furthermore, it captures and 

recirculates unburned fuel and char, and any hot char captured in the chamber can act as an ignition 

source for incoming fuel. 

The accumulation of char, ash, and unburned fuel also represents another difficulty in 

achieving a long-duration flame in the system, as the accumulated material can block the path for 

fresh fuel to enter the chamber. Adding various internal mechanisms to maintain a clearer path for 

fuel flow allowed burns as long as seven minutes; however, char and ash still eventually blocked 

the fuel flow path, leading to extinguishing of the flame.  

This short-duration flame illustrated the potential feasibility of a long-duration fecal dust flame 

but several key challenges remain. The primary difficulty that must be overcome at this point is 

char and ash accumulation in the combustion chamber. Secondary challenges include fuel bridging 

in the hopper, fuel variability and achieving optimal fuel-air ratios. Though these challenges are 

present, the progress made so far shows promise for future development efforts. The project team 

plans to share its findings with key global health partners who are able to leverage the knowledge 

gained from this project to improve the current microburner design and achieve long-duration 

combustion when processing feces.  
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1 Project Background 

According to the World Health Organization, as of 2017, over 2.3 billion people do not have 

access to sanitation facilities such as toilets or latrines. Poor sanitation is linked to the spread of 

cholera, dysentery, hepatitis A, typhoid, and polio, and intestinal worms such as Helminth. The 

World Health Organization estimates that 280,000 annual deaths occur due to inadequate 

sanitation [1]. 

One method for the sanitation of human feces is a thermal treatment process utilizing 

combustion. An approach that had been developed at CSU [2] was based on using an updraft semi-

gasifier type fecal combustor to process dried fecal matter. This combustor is capable of 

continuous stable combustion of dried fecal flakes, with a minimum firepower of about 2000 watts 

and was designed to serve about 15 people per day, but the combustor requires daily startup. The 

startup phase produces poor emissions and has high energy input requirements for ignition.  

With funding from the Bill and Melinda Gates Foundation, this project seeks to improve 

emissions, energy input requirements, and scalability for fecal combustion by creating a low-

firepower biomass dust combustor. Operating at a power of 100 W would allow the combustor to 

burn the feces at the household level under continuous operation. Continuous combustion is an 

improvement over the larger system because it would reduce the poor startup emissions and energy 

inputs needed for the ignitor and fan start-up. Additionally, it would allow near-continuous fuel 

drying to occur, thus improving the overall thermal processing efficiencies and energy balance. A 

low firepower system could also be used as a pilot light for a larger system, which would offset 

the energy burden of the electric ignitor at start-up. 

Another advantage of the dust combustor is that it operates as a quasi-premixed flame. This 

can help avoid the emissions penalties associated with typical solid biomass diffusion flames, 

which is characteristic in the CSU gasifier. In diffusion flames, the fuel diffuses into ambient air, 

which limits the fuel’s access to oxidizer and can increase the products of incomplete combustion. 

The premixed flame, on the other hand, has the fuel distributed throughout the air, increasing the 

fuel’s access to oxidizer, thereby reducing products of incomplete combustion such as carbon 

monoxide. It is also easier to scale the premixed flame to larger firepowers by either increasing 

the flowrates of the fuel-air mixture or by creating an array of flames. 
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The small scale of fuel input to achieve the 100 W target, below 1 gram per minute, requires a 

ground-up approach. While biomass dust combustors are commercially available, such as the 

Saacke SSB-D and WTS AB Multifuel burner, these operate in the megawatt range of fuel input, 

so are quite different than the device envisioned here. In these devices, high-pressure swirled air 

mixes with sawdust or agricultural waste in a highly turbulent horizontal flame. The physics of 

entrainment, lofting, turbulence, and reacting flows varies with scale, so using the exact same 

approach was not likely to yield a viable solution. 

The Mountain Safety Research (MSR) division of Cascade Designs, Inc. and Colorado State 

University (CSU) collaborated over an 18 month period to develop a sub-100 W dust combustor 

that can sustain a flame for greater than 45 minutes using the simulant fuel lycopodium. The 

approach employed was to create a fuel-air mixture by continuously delivering fuel through an 

auger into a closed air stream, then carry the mixture out through a nozzle to a burner where it 

combusts.  

A fecal dust combustor was evolved from the optimized lycopodium burner that can sustain a 

flame around 480 watts for up to seven minutes. The fecal combustor includes additional 

components to address the added difficulties of using feces as a fuel, such as differences in particle 

size and geometry, energy content, and flammability. The fecal combustor incorporates a vibration 

mechanism to improve lofting. It also incorporates a combustion chamber to contain fuel, improve 

flame attachment, and provide a barrier between the flame and the surroundings to reduce heat 

loss. 
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2 Design Evolution and Performance of the First Generation 

Microburner Prototype When Evaluated Using Simulant Fuels 

The first goal of this project was to develop a biomass dust burner capable of sustaining a 

stable long-duration flame at 500 W using an idealized simulant fuel. Long-duration stability was 

defined as hands-free operation for greater than 15 minutes. After a technology was developed that 

could achieve a 500 W flame, the burner configuration would be transitioned and scaled down to 

100 W. The eventual goal was to be able to use the technology developed with simulant fuel to 

burn powdered feces.  

To achieve these low firepower targets, the project team identified relevant fuel delivery and 

air-fuel mixing technologies, then applied these to create a suitable air-fuel mixture and gas 

velocity to enable a stable flame of the desired firepower. Throughout the development process, 

testing continually provided greater understanding of flame properties and combustion dynamics, 

leading to progressive refinement of the device. 

CSU explored many fuel-air mixing and lofting technologies in the initial development effort 

of this project. Greer describes this development process in considerable detail [3]. Key portions 

of this reference are included or summarized here to show the full evolution of the lycopodium 

and feces prototypes. 

 

2.1 Fuel Characterization and Simulant Fuel Selection 

Based on CSU’s experience with the fecal gasifier development, it was expected that powdered 

fecal fuel would present tremendous challenges [2]. Human waste can be highly variable in 

composition, tends to smolder rather than burn, and has a high inorganic (non-

combustible) content. Logistically, powdered feces is more difficult to source and handle 

than off-the-shelf powder alternatives. Thus, the primary objective of the project was to use 

an idealized simulant fuel to develop hardware, which could then be transitioned to operate with 

feces. Additional motivators for using simulant fuel were the limited availability of dried fecal 

material, and the time required to prepare fecal dust from dried feces. 

Three idealized fuels were considered at the onset: wheat flour, cornstarch, and lycopodium 

spores. Wheat flour was a notable consideration because of the many industrial flourmill 
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explosions that had occurred in the last 150 years, and because of its affordability. Cornstarch has 

been researched in a number of dust combustion studies and was very economical. Lycopodium 

spores are known for their flammability, making them an ideal fuel for combustion. Lycopodium 

was initially considered only peripherally because of its high cost (~$250/lb), but eventually 

became the primary simulant fuel for hardware testing, as described in Section 2.3.1. 

The first objective was to determine qualitative differences in flame between several of these 

biomass fuels. The goal was to inform the selection of a simulant fuel, as well as to expand 

understanding of dust combustion. To accomplish this, ignition experiments were performed by 

lofting these fuels with a powder coating gun then igniting them with a propane torch. The powder 

coating gun was connected to pressurized air and had a hopper hanging off the bottom, which 

was filled with the powder of choice. The paint nozzle was removed from the gun so that powder 

exited without any hindrance. When the trigger was pulled, the air was routed vigorously through 

the hopper, which lofted the powder and then exited the nozzle. Fuels were ignited at the nozzle 

exit with a hand-held propane torch.  There was no venturi effect that diluted the fuel-air mixture 

downstream of the fuel lofting. Fuels tested were cornstarch, wheat flour, and desiccated powdered 

dog feces. Lycopodium was not used in this initial experiment because of its expense. 

All the fuels tested successfully produced a flame when ignited (Figure 1). However, none of 

the flames sustained when the torch was removed, as the flame would lift off the tip of the gun and 

extinguish. Lift-off occurs when the exit velocity of the mixture is greater than the flame speed, 

the rate at which a flame progresses through an unburned fuel-air mixture. As the exit velocity 

increases, the flame lifts higher, and eventually extinguishes by blowout. If the velocity of the 

mixture is too low compared to the flame speed, the flame can flashback. This test confirmed the 

importance of proper exit velocity for the fuel-air mixture to maintain a steady flame after ignition.  

In the case of feces, a considerable amount of powder went unburned and settled downstream 

of the nozzle, illustrating the difficulty in igniting and maintaining a fecal flame. However, this 

experiment confirmed proof of concept for fecal dust combustion, and showed that a sustained 

powdered fecal flame was a feasible achievement given proper fuel-air ratios, velocities, and 

nozzle geometry. 
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Results of the powder coating gun test motivated the initial selection of simulant fuel. Of the 

fuels tested at CSU, cornstarch ignited the most readily in the powder coating gun (Figure 1). 

Because of this, cornstarch was selected as a simulant fuel for initial hardware development. 

 

Figure 1: Powder coating gun with cornstarch flame. 

 

2.2 Fluidized Bed Burner Prototypes 

Early hardware testing at CSU showed that venturi-based powder delivery devices, such as the 

powder coating gun, did not entrain powder except at very high air and fuel input rates (in the 

kilowatt range). To entrain fuel at a scale more appropriate for the microburner, CSU tested and 

quickly found promise in a fluidized bed. 

The fluidized bed is an attractive technology for fuel delivery and mixing in the microburner. 

In a fluidized bed, a fluid (in this case, air) is passed through a bed of particles at a sufficient 

velocity such that the bed begins to exhibit fluid-like properties. As gas velocity increases, the bed 

passes through several regimes, shown in Figure 2. Once the velocity of the gas exceeds the 

terminal velocity of the particles, pneumatic conveying occurs and particles are carried directly 

out of the bed with minimal recirculation. Because a fluidized bed passes air directly through the 

fuel source, the agitation saturates the air stream and maximizes the suspended powder 

concentration. Depending on variables such as the bed height relative to the tube exit, the bulk air 

velocity can be significantly below the settling velocity of the particles and still create a lofted 

cloud some distance beyond the exit of the bed. A drawback to the fluidized bed approach is 
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controlling the fuel delivery rate, since it can vary greatly with air supply, powder properties, and 

bed geometry, and is difficult to measure in real time. 

 

 

Figure 2: Fluidized bed flow regimes [4]. 

 

2.2.1 First Iteration Fluidized Bed Burner 

The first iteration fluidized bed burner is shown in Figure 3. The burner was made from 1.25” 

acrylic tube to be able to visually inspect the particle bed for fluidization and lofting. Cotton cloth 

was stretched tightly between the acrylic tube and a PVC tube to act as an air distributor, while the 

PVC tube was used to diverge the incoming air. The incoming air was controlled by an Alicat 

mass-flow controller. 
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Figure 3: First iteration acrylic fluidized bed burner: Full setup (left), and flame at 10.5 

SLPM (~275 W). 

 

This burner was batch fed with cornstarch. As air increased up to and beyond the point of 

fluidization, the cornstarch bed would begin to create bubbles as expected, and the bed height 

would expand. However, a point came where the bed voids would collapse and the cornstarch 

would pack against itself with the impact, causing air channels to form and preventing fluidization. 

The air channels would remain, even as air velocity increased beyond the particle terminal velocity. 

Once channeling occurred, it was possible to return to normal fluidization by knocking the side of the 

apparatus with a blunt object at frequencies of about one second. These strong vibrations made it so 

that the cornstarch never had a chance to fully settle and create air channels, and allowed fluidization 

to occur. Flame stability was achieved at an airflow rate of 10.5 SLPM, and firepower was estimated 

to be around 275 W. 
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2.2.2 Second Iteration Fluidized Bed Burner 

As the initial goal of the project was to achieve a 100 W flame, the prevailing thought was that 

scaling down the first burner would allow a smaller flame to be achieved. The cotton cloth 

distributor was removed and a U-shaped base was added at the base to prevent fuel falling into the 

air supply. The acrylic tube was replaced with 0.5" pipe, as using acrylic had required tests to be 

kept short to prevent the acrylic from melting. 

 

Figure 4: Second Iteration Fluidized Bed Burner: Full setup (left), and flame (right). 

 

Figure 4 shows the second iteration burner. This burner achieved a stable flame at an average 

firepower of about 170 W at an airflow rate of 1.5 SLPM. At this airflow rate, the exit velocity of 

the air from the nozzle was 0.54 m/s, and the fuel-air concentration was found to be around 340 

g/m3. Like the previous iteration, the system required knocking to maintain continuous fuel flow 

out of the nozzle. 

The reduction in firepower between fluidized bed prototypes was promising, but other 

difficulties remained. First, there was little to no control over fuel-air concentration. While it was 

clear that fuel-air concentration was a function of velocity through the tube, there was no way to 
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independently control fuel and air flowrates while keeping nozzle geometry constant. Next, the 

requirement of continuous knocking of the side of the pipe was deemed unacceptable for the final 

combustor design. Vibrating devices were briefly explored, but were rejected because of the 

increased electricity burden and the increased system complexity. Finally, these fluidized bed 

systems were batch-fed, which did not fit the design criteria of continuous operation. These 

concerns led to the development of the next hardware iteration. 

 

2.3 Auger-Based Fuel Delivery 

To address the fuel delivery issues encountered with a batch-fed fluidized bed, the design 

moved to an auger-based fuel-feed mechanism (Figure 5). Using an auger to deliver fuel allows 

for independent control of air and fuel, so the fuel concentration can be controlled and optimized. 

Finally, abandoning the fluidized bed meant no longer needing to knock the side of the pipe to 

keep the powder lofted. 

In this configuration, fuel is fed continuously from a hopper through a horizontal auger into a 

tee-fitting. Primary air enters the tee fitting from below through a lofting orifice, intercepts the fuel 

as it exits the auger, and carries the fuel up and out through the nozzle, where it is ignited. The 

orifice serves two functions: it facilitates lofting and mixing of the fuel by creating locally high 

velocity air, and acts to prevent backflow of fuel toward the air supply. 

Fuel delivery rate is varied by adjusting the rotation speed of the motor that drives the auger 

via an Arduino interface. The air source is regulated compressed air, and flow rate is measured by 

an Alicat mass flow meter. 
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Figure 5: Fuel delivery with horizontal auger at CSU. 

 

2.3.1  Transition to Lycopodium as a Simulant Fuel 

During this phase of development, the use of cornstarch as a fuel was reconsidered, primarily 

due to its propensity to clump and pack, making it even more difficult to convey through an auger 

than feces would be. Though more expensive, lycopodium powder was selected as a fuel to replace 

cornstarch because it was free flowing, which was necessary in the development of the fuel 

delivery system. Lycopodium spores, which are the spores of a common club moss, are known for 

their high lipid content and monodisperse particle size distribution, as well as their use in early 

flash photography. Lycopodium’s flammability makes it an ideal fuel for combustion and it has 

been studied in a variety of dust combustion experiments. 
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Figure 6: Photograph of lycopodium powder. 

 

2.3.2 Recycled Lycopodium as a Simulant Fuel 

In addition to “fresh” (unaltered) lycopodium, another fuel that was produced and tested with 

was “recycled” lycopodium. Recycled lycopodium was powder that had been run through the 

horizontal auger but not burned. The characteristics of this fuel are substantially different from 

fresh lycopodium. First, it needed higher fuel and air flow rates for stable combustion. Challenges 

were also encountered with recycled lycopodium bridging in the hopper, and with lofting the fuel 

once it reached the tee-fitting. All these suggested that the auger was altering the fuel: packing it 

together and causing it to form clumps. CSU performed optical microscopy of lycopodium and 

recycled lycopodium that suggested the auger was in fact causing the lycopodium to form larger 

clumps of particles, shown in Figure 7 and Figure 8. Because of the more difficult nature of the 

recycled lycopodium, it was tested as an intermediate fuel to aid the transition from fresh 

lycopodium to feces. 
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Figure 7: Fresh lycopodium, 80x magnification 

 

 

Figure 8: Recycled lycopodium, 80x magnification, agglomerates circled. 
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2.3.3 Initial Auger Design 

To function in the microburner, the auger must entrain the correct amount of fuel at a 

reasonable rotation speed fuel without it bridging or clogging the hopper. It must smoothly convey 

the fuel to the air supply. Finally, it must deliver fuel consistently. With these goals in mind, MSR 

engineers studied existing designs to inform the initial auger and hopper geometry. MSR designed 

and 3D printed a hopper as a well as an initial selection of augers for use in the new system. 3D 

printing was particularly ideal for auger design because it provided quick iterations and easy 

manufacturing considering an auger’s complex geometry. Three augers were fabricated in the first 

round of 3D printing. All had an outside diameter of 0.5", a shaft diameter of 0.33", and three 

different pitches: 0.375", 0.25", and a variable pitch starting at 0.375" and finishing with 0.25". To 

choose which auger to use for initial combustion tests, CSU ran fuel through each of these augers 

to determine firepower and to observe fuel delivery qualitatively. 

 

2.3.4 Firepower Estimation 

Firepowers produced by these three augers were estimated by characterizing the mass flow 

rate of fuel through the auger at different auger rotation speeds. Mass flow was measured for each 

auger design by suspending the auger above a scale, and running the auger at 5, 10, and 15 RPM 

for 10-30 minutes. The mass flow rate of fuel was multiplied by the energy content of the fuel 

(lower heating value: LHV) to estimate firepower according to the equation below:  

ṁ fuel [kg/s] ∗ LHV [kJ/kg] = F irepower [kW] 

where ṁ fuel is the fuel flow rate, and LHV is the lower heating value of any given fuel. CSU 

tested this hardware using lycopodium as a fuel. 

Using the equation above, an average firepower vs. motor RPM line was generated for each of 

the three augers and is shown in Figure 9 by collecting a sample for a fixed amount of time and 

weighing it. This correlation enabled the estimate of firepower at any given RPM. For example, at 

4 RPM, the 0.25” pitch auger (blue) delivered fuel at a rate equivalent to just over 100 W.  
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Figure 9: Relationship between firepower and auger rational speed, ½” OD augers 

 

It was observed that the fuel fell out of the auger in pulses, the frequency of which corresponded 

to the auger flight passing the lip of the acrylic tube. The shortest pitch, therefore, created less 

pulsing, because it had to spin at a faster RPM to deliver the same amount of material. Therefore, 

the 0.25"-pitch auger was selected as the first primary auger for fuel feed experiments. 

 

2.4 Nozzle / Burner Development 

The nozzle diameter was another important consideration in creating hardware for this system. 

Theory indicates that to produce a stable lofted-dust flame, a number of variables must be 

balanced: 

 Fuel rate/firepower 

 Dust concentration: function of air flow rate, fuel rate 

 Air velocity: function of air flow rate, nozzle diameter 

 Terminal settling velocity of particles: function of particle size 

 Flame speed: function of particle size, concentration [5]. 
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Several factors are known to affect the flame speed of a dust flame. Flame speed increases with 

decreased particle size for a given mass concentration of dust [5]. Flame speed also depends on 

dust concentration. Figure 10 shows a graph of flame speed as a function of dust concentration for 

lycopodium. It should be noted that experimental results for dust combustion found in literature 

are limited, and are often apparatus dependent and can be contradictory [6]. 

 

Figure 10: Lycopodium flame speed as a function of concentration [6]. 

 

Another key relationship between the variables listed above is that the air velocity must be 

high enough to loft the incoming fuel particles, without being excessively higher than the flame 

speed, requiring that particles be small enough to accommodate this. In addition, the nozzle must 

be sized to produce the appropriate velocity for the desired dust concentration and firepower. 

The nozzle diameter was calculated by taking these constraints into account. The specific 

constraints included: an assumed fuel-air concentration of 340 g/m3, and a nozzle velocity of 0.54 
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m/s (from the 2nd-iteration fluidized burner), and an initial target of a 275 W flame. These 

constraints suggested starting with a 0.31” diameter nozzle and 1.35 SLPM air. With the 0.25"-

pitch auger (selected as described in Section 2.3.3), a 10 RPM auger set point would produce a 275 

W flame.  

The 0.31” nozzle achieved a stable flame of several seconds by beginning with the expected 

set points and adjusting air and fuel flow rates until the flame was properly attached to the nozzle. 

A flame was considered properly attached when it neither lifted off nor flashed back. It was 

considered stable when it was properly attached and remained lit without an ignition source 

present. This hardware produced a stable flame that lasted approximately 10-15 seconds at 

approximately 430 Watts at an airflow rate of 1.0 SLPM (Figure 11). 

 

Figure 11: Lycopodium flame with first iteration auger-fed combustor, 0.31” nozzle, 430 W 

 

The calculated air velocity and dust concentration from this test were used to guide the 

selection of nozzle dimension and airflow rate for the second iteration, which aimed to reduce the 

firepower and achieve a 200 W flame. The strategy to reduce firepower was to produce the same 

fuel concentration and air velocity at lower fuel and air rates by decreasing the nozzle diameter. In 

the subsequent iteration, the nozzle inner diameter was decreased to 0.20”. A stable flame was 
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more difficult to attain with this configuration because the flame kept lifting off. To prevent lift-

off, a simple flattened wire was placed in the bulk flow just above the nozzle exit and flame 

stability was immediately achieved (Figure 12). Firepower was estimated to be around 280 W. 

 

Figure 12: Lycopodium with auger-fed combustor, 0.20” nozzle, with flattened-wire flame-

holder. (~280 W) 

 

This flameholder provided a location for the flame to anchor, enabling a sustained flame 

without an ignition source. However, powder would quickly accumulate on the bottom of the 

flattened wire and slough off into the nozzle, occluding the bulk flow. This test revealed the 

increased importance of using a flameholder as the nozzle diameter (and thus firepower) decreased, but 

it was clear that placing anything directly in fluid path at this point was detrimental to the longevity of 

the flame. Thus, the next path of development became iterating nozzle rim geometry to create an external 

flameholder. 

CSU produced and tested a variety of nozzles, and the one that showed the most success was a 0.25” 

nozzle with a rim flared out at a 45o angle, pictured in Figure 13. The flared nozzle increases the surface 

area for heat transfer to the nozzle, which may be the primary factor stabilizing the flame. Secondary 
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stabilizing effects likely come from micro-eddies at the sharp 45° divergence as well as the lowered flow 

velocity at the flow perimeter. 

 

Figure 13: Flared nozzle flameholder. 

 

The flame produced with the flared nozzle remained lit for about five minutes before 

extinguishing. Firepower was about 290 W and the airflow rate was 0.3 SLPM (velocity = 0.19 m/s 

at nozzle exit). The point of failure was char and unburned fuel accumulating on the nozzle rim and 

occluding the flow. As the char built up, the effective nozzle exit diameter decreased, which 

increased the nozzle velocity and eventually caused the flame to lift off. 

Tests of the first iteration of the auger-fed combustor revealed a pulsing flame that seemed to 

correspond with the auger rotations. This suggested the necessity to further reduce flight volume by 

increasing the relative shaft diameter and/or decreasing pitch so that the auger could spin at a faster 

rate without increasing the firepower. For the next combustor iteration, a smaller outer diameter 

(0.375”) and shorter pitch (0.188”) auger was produced. Shaft diameter was kept the same (0.33”). 

In addition to the upgraded auger, the second iteration of the auger-fed combustor incorporated a 

hot surface igniter for hands-free ignition, as well as an acrylic cylinder around the combustion zone 

used to contain the flame, restrain fugitive unburned powder, and maintain a quiescent environment 
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around the flame. The orifice and tee fitting were also combined into a single machined aluminum 

piece. The nozzle size was increased slightly to 0.281”. This combustor is shown in Figure 14. 

 

Figure 14: Dust combustor setup at CSU.  

 

The next goals were to achieve a minimum 15-minute flame below 500 watts and a stable 

flame below 100 watts. To achieve a sub-100 watt flame, the auger was set at 10 RPM, which 

corresponds to a 74 watt flame. The airflow rate was then adjusted until a flame stabilized. At this 

firepower, the flame lasted about 5 minutes before extinguishing. Higher firepower flames were 

more stable initially but blew off sooner due to faster accumulation of fuel and occlusion of the 

nozzle. Firepowers were swept from 150-300 watts and burn times greater than 15 minutes were 

achieved for all of these tests.  

 

2.5 Burner Head Evolution 

With basic elements in place to create and sustain a lycopodium flame, the primary hardware 

development effort transferred to MSR. While the flared nozzle anchored the flame better than the 
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straight nozzle, difficulties with powder accumulation were still encountered. When the flame is 

anchored to the nozzle itself, powder accumulates at a higher rate than if the flame is lifted above 

the nozzle. In addition, the fuel collected on the nozzle can burn and form char, frequently leading 

to an asymmetric occlusion within the nozzle that directs air at an angle away from vertical. 

Powder and char accumulation can be seen in Figure 15. It was also found that increased velocity 

reduces powder accumulation in the nozzle. 

 

 Figure 15 (a) Straight nozzle, occlusion pushes jet sideways (b) Flared nozzle (c) Flared 

Nozzle, increased velocity prevents occlusion diameter from becoming smaller, but flame is 

still attached and powder accumulates at nozzle exit. 

 

Thus, it was determined that an alternate type of nozzle modification was needed to better 

anchor the flame and/or prevent powder buildup inside the nozzle. A variety of flameholder 

geometries were tested to achieve this, with varying degrees of success. When the bluff body-style 

flameholder used in MSR turbulent burner camp stoves such as the MSR XGK was tested with 

lycopodium, the powder impinged and collected on the bottom of the target (Figure 16). Also, The 

small flame was very susceptible to quenching, so the flame holder needed to anchor the flame 

without drawing away heat. 
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Figure 16: The underside of a flame holder from the MSR XGK accumulated partially 

burned solids. 

 

The most effective was a burner attachment that consists of a “claw” with “fingers” that start 

out far away from the nozzle exit and then converge at a distance above the nozzle. This design 

allows the flame to lift off the nozzle at higher air velocities but remain anchored to the burner 

head. The lofted flame also reduces powder accumulation (burned and unburned) in two ways: (1) 

higher air velocities decrease powder accumulation at the nozzle exit, and (2) the flame burns off 

powder that accumulates on the fingers. The design was refined empirically through over 15 

iterations, shown in Figure 17. The most successful burner, pictured in the bottom row of Figure 

17, allows a stable flame that can be located at a range of distances away from the nozzle. The 

notched fingers create anchor points for the flame without drawing away too much heat. The open 

geometry with twisted arms allows for unrestricted flow of secondary air. Attempts to improve 

downstream mixing by adding swirl using the burner attachment resulted instead in quenching, so 

these were abandoned. Ultimately, the best burner attachment allowed for burn times over 30 

minutes and accommodated a far wider range of firepowers and air velocities. 
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Figure 17: Burner iterations, best design noted. Fuel: Lycopodium. Auger: 0.33” shaft 

diameter, 3/8” outer diameter, 3/16” pitch. 
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A CAD model cross-section of the lycopodium burner with burner attachment is shown in 

Figure 18. As with previous iterations, a horizontal auger conveys powdered fuel to a tee fitting 

where a jet of air entrains it and conveys it up through the nozzle to the burner. The burner head 

attaches to the nozzle, centering it over the flame. The flame resides a variable distance above the 

nozzle, preventing accumulation of partially burned fuel and occlusion of the nozzle. For ignition, 

a hot surface ignitor (not shown) resides between the fingers of the claw. 

 

Figure 18: CAD model of horizontal auger test setup at MSR, with claw burner attachment. 

 

 

2.6 Hardware Configuration and Firepower Tests 

After achieving a stable, long-duration (> 15 min) lycopodium flame, testing was performed 

to understand the effects of orifice size, burner height, and firepower on flame characteristics 
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(Table 1 and Figure 19). The MSR team selected the best combination of these variables for 

combustion of lycopodium at 100 W. 

Table 1: Test matrix variables 

 

 
Figure 19: The tee fitting showing the modular lofting orifice, and nozzle with varying burner 

attachment heights 

 

Each orifice size was tested at each burner height and firepower, resulting in 27 total 

configurations. The fuel feeding system used for this testing was the 0.375” OD horizontal auger, 

with pitch = 0.188”. Fuel for all tests was fresh lycopodium. For each configuration, the fuel-air 

mixture was ignited with the hot surface igniter. The following flame characteristics were noted: 

 Flame location – distance above nozzle. 

Orifice Diameter 

(in) 
Burner Height 

Air and Solid Fuel Feed Rates: 

Auger Speed / Air Flow / Firepower 

0.016 Low = 1 5
8⁄ " 15 RPM / 0.4 SLPM / 120 W 

0.040 Medium = 1 1
8⁄ " 30 RPM / 0.8 SLPM / 240 W 

0.063 High = 5 8⁄ " 45 RPM / 1.2 SLPM / 360 W 
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 Flame height – total distance from bottom to top of flame. 

 Air limits – the minimum and maximum air flow rates at which the flame would 

sustain, measured by gradually increasing and decreasing air flow rates until the flame 

extinguished. 

Qualitative notes of the following were also recorded during each experiment: 

 Ease of ignition 

 Unburned fuel and soot buildup on nozzle and fingers 

 Flame stability 

 Visible particulate matter (PM) emissions 

 Color 

The quantitative and qualitative observations were used to inform the design configuration, 

specifically orifice size, burner attachment height, and range of ideal fuel/air concentrations. 

 

2.6.1 Effects of Firepower, Air Flow Rate, and Flame Pulsing 

It was observed that despite the change to a smaller 3/8” diameter auger, in many cases the 

flame would still pulse, changing heights cyclically and in line with the auger rate. Therefore, the 

firepower was not truly constant, but instead varied cyclically with the auger revolutions.  

This oscillation was identified as the primary challenge for achieving stable combustion at low 

firepowers. As described previously, as the auger rotates there is a period where the auger flight 

briefly blocks the fuel from falling (Figure 20), resulting in a momentary decrease in fuel 

concentration of the fuel-air mixture.  

The oscillation can be quantified by measuring the difference between minimum and 

maximum flame height. The flame height is at a minimum when the fuel concentration is lowest. 

A lower variation in flame height indicates more uniform fuel feed, and by extension a more stable 

flame.  
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Figure 20: (a) Auger flight blocking exit, and (b) fuel falling freely. 

 

The flame location also changes throughout an auger revolution. In a detached flame, at the 

most fuel-rich part of the cycle, the flame location is at its closest to the nozzle. At the leanest part 

of the cycle, the flame is farther away from the nozzle, indicating a lower flame speed. 

Interestingly, in some cases, the flame would cyclically detach and reattach to the nozzle. This 

behavior is consistent with findings described in literature that flame speed generally increases 

with dust concentration [5]. These effects are amplified at higher airflow rates and lower auger 

speeds. At higher auger speeds, the oscillation is diminished due to the shorter amount of time that 

the auger flight blocks the fuel from exiting the auger. 

While flame height and location gave insight into flame stability, the measurements that proved 

most useful in determining and quantifying the success of a given configuration were the air limit 

measurements. Particularly useful was the upper air limit – the maximum airflow rate at which a 

flame of certain firepower is stable. In general, as the airflow rate increases, the oscillation 

becomes more noticeable, in that the difference in flame height between the low and high ends of 

the pulse becomes greater. At sufficiently high air flow rates, the flame extinguishes at the most 

fuel-lean part of the pulse. It is suspected that the flame ultimately extinguishes for either of two 

reasons: 
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1. Fuel concentration is below the lower flammability limit. 

2. Fuel concentration is not too low, but the flame speed is too low compared to the air 

speed, and the flame cannot remain attached to the burner, and so extinguishes by 

blowout. 

 

2.6.2 Effect of Orifice Size 

The intention behind the lofting orifice was to aid with powder lofting by increasing the air 

velocity inside the tee fitting where the powder enters. Another goal was to prevent backflow of 

powder through the air line. Generally, the smaller orifices yielded a greater range of airflow rates 

at which the flame was stable (Figure 21). 

The upper air and lower air limits were the measurements that provided the most insight about 

the orifice size at different firepowers. The upper air limit can be interpreted as a measure of a 

combination of how uniform the fuel delivery is and how well the powder is lofted. A higher upper 

air limit for a given fuel feed rate indicates greater flame stability. A lower minimum air limit 

indicates that particles are being more successfully lofted at low air flow rates.  

In general, the upper air limit increased with fuel feed rate (firepower). This supported the idea 

that balancing fuel concentration with air velocity was important for maintaining a stable flame – 

higher air velocities required higher fuel rates to maintain the necessary fuel concentration for the 

flame to remain stably attached to the burner. 

With the largest (0.063”) orifice, the fuel did not ignite reliably at the low firepower settings 

(15 RPM, 0.4 SLPM), so it was difficult to determine the lower air limit. It is possible that the 

lower air limit is greater than 0.4 SLPM for this configuration. Generally, the lower air limit 

increased as orifice size increased. Based on lower air limit measurements, the smallest (0.016”) 

orifice appeared to loft the fuel most successfully. 
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Figure 21: Effect of fuel delivery rate (auger RPM) and orifice size on lower and upper air 

limits. Fuel: lycopodium. 

 

0

0.5

1

1.5

2

2.5

0 10 20 30 40 50

M
ax

im
u

m
 A

ir
 F

lo
w

 R
at

e
 (

SL
P

M
)

Auger RPM

Upper Air Limit

0.016"

0.040"

0.063"

0

0.1

0.2

0.3

0.4

0.5

0.6

0 10 20 30 40 50

M
in

im
u

m
 A

ir
 F

lo
w

 R
at

e
 (

SL
P

M
)

Auger RPM

Lower Air Limit

0.016"

0.040"

0.063"



Microburner Proof of Concept 

  

 29 

 

2.6.3 Effect of Burner Attachment Height 

At the low firepower setting (120 W) the flame was small and sometimes did not interact with 

the burner attachment at all, particularly at high burner attachment heights. While the burner did 

not provide any additional stability in these cases, it also did not create any hindrance. At the 

lowest burner height and high airflows, the flame tended to anchor at or near the top of the burner, 

where it was at higher risk of lifting off (Figure 22). In general, the burner attachment successfully 

allowed the flame to anchor at a range of heights above the nozzle.  

Figure 22: (a) Burner unnecessarily large for firepower (15 RPM = 140 W), but does not 

interfere with flame. (b) High air flow rate (1.2 SLPM) and low burner height, ~360 W. 

 

2.6.4 Hardware and Firepower Testing Conclusions 

In summary, the primary conclusions from the hardware/firepower test matrix were: 

 Smaller lofting orifices enable a wider range of operating conditions.  
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 The height of the burner attachment should accommodate the intended firepower, and 

should be tall enough to prevent liftoff at high air velocities. Generally, a higher burner 

attachment height will accommodate a wider range of air velocities. 

 More uniform fuel delivery should improve flame stability. 

 High fuel-air ratios are desirable for high flame stability. Flame speed increases with 

dust concentration, meaning a flame with higher dust concentration should be less 

likely to extinguish by blowoff. 

 Increased air velocities promote fuel lofting and also reduce accumulation of fuel on 

the nozzle. However, velocities that are too high can lead to lift-off and extinguishing 

of the flame. 

The configuration identified from this suite of testing that achieved the most stable flame used 

the 0.016” orifice, a high burner attachment height, and medium firepower (fuel feed rate of 30 

RPM (240 W), and air flow of 0.8 SLPM). This configuration can accommodate a variation in air 

flow rates, despite the pulsing nature of the fuel feed, and air velocities are high enough to 

successfully loft the fuel and maintain a stable flame. In comparison, the low firepower 

configurations tended to result in faster accumulation of fuel on the nozzle and less effective fuel 

lofting due to lower air velocity.  

 

2.7 Development of Fuel Delivery Methods 

While the configuration described above worked well with fresh lycopodium, it required higher 

fuel flow and air flow rates to maintain a steady flame with the more difficult recycled lycopodium 

(fuel flow rate = 55 RPM (440 W); airflow rate = 1.0 SLPM). Three primary challenges were 

identified for transitioning to more difficult fuels, all related to fuel delivery: 

 Pulsing/Oscillation – auger causes non-uniform fuel feed, effectively limiting the 

minimum firepower.  

 Packing/Clumping – movement of fuel through the auger causes particles to pack 

together and form clumps that are then more difficult to loft due to their larger size. 

 Bridging - friction between particles allows the fuel to form a bridge over the auger, 

preventing fuel from falling into the auger, and impeding fuel delivery. 
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2.7.1 Auger Variations 

The first attempt at improving fuel delivery was changing the auger geometry. The dimensions of 

the auger used in the testing described above were 0.375” outer diameter, 0.275” shaft diameter, 

and 0.188” pitch. Four modifications to this auger design were produced and tested to attempt to 

reduce the pulsing and/or packing behavior (Figure 23). 

Table 2: Goals of auger variations 

Auger Goal 

Baseline 

(3/8” OD 0.188” pitch, 0.275” shaft) 
 

Tighter Pitch  

(0.125” pitch) 

Allow auger to spin faster for a given fuel delivery 

rate, making time flight blocks exit shorter. 

Larger Shaft Diameter  

(0.305” shaft diameter) 

Allow auger to spin faster for a given fuel delivery 

rate, making time flight blocks exit shorter. 

Reducing Shaft  

(0.275”  0.200” shaft diameter) 

Reduce packing  smaller mean particle size  

easier lofting. 

Expanding Pitch 

(0.188”  0.375” pitch) 

Reduce packing, and reduce pulsing because of the 

wider angle of the auger flight with the acrylic tube 

exit  less area blocking the fuel path. 
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Figure 23: Auger Variations. 

 

Neither the tighter pitch auger nor larger shaft auger resulted in an improved flame stability 

compared to the original auger. With the tighter pitch auger, pulses were much larger, so the auger 

needed to spin faster to produce a stable flame (60 RPM). The minimum stable firepower was 

estimated to be ~370 W. For the larger shaft diameter auger, as expected, it was necessary to 

increase the auger speed to achieve a similar flame stability. The lower limit at which the flame 

was stable was 35 RPM, an estimated firepower of ~200 W.  
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The reducing shaft and expanding pitch augers proved more successful. With the reducing 

shaft auger, pulses were larger; however, the flame was still sustainable. The minimum air limit at 

30 RPM was measured to be ~0.08 SLPM, comparable to the minimum air limits achieved with 

the original auger. The maximum air limit was slightly higher, at ~1.4-1.8 SLPM, compared to a 

limit of ~1.3-1.5 SLPM with the original auger. It is suspected that this increase in upper air limit 

was due to a reduced mean particle size. Literature indicates that flame speed generally increases 

with decreased particle size for a constant dust concentration [5]. It follows that a flame burning 

smaller particles should be able to remain attached to the flameholder at higher air velocities, and 

supports the hypothesis that the reducing shaft auger reduces packing. 

To test the effect of the reducing shaft auger on the fuel, lycopodium run through the reducing 

shaft auger was collected, then returned to the hopper, run through the system again, and burned. 

This fuel burned well at 30 RPM (~240 W), whereas higher fuel rates were necessary for recycled 

lycopodium with the original auger. A stable flame could be produced at a wider range of airflow 

rates and fuel rates with this fuel than with recycled lycopodium. These both suggest that the 

reducing shaft auger alters the fuel less than the original auger does.  

The expanding pitch auger appears to be the most successful auger design so far, as it 

effectively reduces pulsing. It is likely that is also reduces packing. The resulting flame height is 

more uniform: varying less from minimum to maximum height than with the original or reducing 

shaft augers. It also has the highest upper air limit: 2.0 SLPM at 30 RPM (~240 W), and has 

attained the lowest firepower – a long duration stable flame can be achieved with fresh lycopodium 

at fuel feed rates as low as 10 RPM (~80 W), and as low as 20 RPM (~160 W) with recycled 

lycopodium.  

 

2.7.2 Initial Feces Testing 

With the success of the expanding pitch auger using fresh and recycled lycopodium, MSR 

elected to test the system using powdered feces as a fuel. The goal of this test was to evaluate 

progress toward the ultimate goal of assessing the commercial viability of a fecal dust combustor, 

and elucidate any additional difficulties that might occur in the future transition to using feces as 

a fuel. While the performance of the expanding pitch auger when burning recycled lycopodium 

was significantly improved compared to the original auger, performance when burning feces (45-
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75 m particle size) was still very poor. Even with the igniter continuously on, the fuel-air mixture 

ignited at sporadic intervals and for durations of only a few seconds, and the flame would not 

sustain if the igniter was turned off. This suggested that there were additional difficulties with 

using feces as a fuel, likely due to differences such as particle size, shape, and energy content. 

More extensive feces testing was performed later in the development process, and is described in 

Section 3. 

 

2.7.3 Alternate Fuel Feeding Methods 

While it was possible to widen the range of lycopodium flame stability by changing the auger 

geometry, this approach did not address the issue of fuel bridging in the hopper, which is 

encountered with more difficult fuels, such as recycled lycopodium and feces. Moreover, though 

the pulsing behavior was successfully reduced, it was not eliminated. Therefore, several alternate 

fuel delivery methods were explored that had a potential to improve all three primary challenges 

of the single horizontal auger fuel feed system: bridging, pulsing, and packing. The concepts 

explored include a dual-auger system, a vertical auger system and a vibratory feeding system. 

 

2.7.3.1 Dual Auger 

The goal of the dual auger system is to reduce pulsing by using two augers that alternately feed 

fuel into the tee-fitting – the teeth are aligned so that when the tooth of one auger is blocking fuel 

from falling, the other is not. The two augers are parallel, counter-rotating, and feed from the same 

hopper (Figure 24). This system also has potential for mitigating the bridging challenge, as the 

opening at the bottom of the hopper is wider, making it less likely for fuel to bridge over the augers.  

When tested outside the tee-fitting, the dual auger system appeared to successfully improve 

the uniformity of the fuel feed. However, when the dual auger was combined with the tee-fitting 

and burner head, it was not possible to achieve a steady flame. There were occasional large fuel 

puffs in between times of lower powder concentration. Moreover, some of the particles exiting the 

nozzle were visibly larger, suggesting that the system was causing increased fuel clumping.  

Upon taking apart the tee-fitting after testing, it was clear that powder had accumulated inside 

the fitting, suggesting the flame was more defined by how the air entrained the accumulated fuel, 
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rather than the flow rate of fuel into the tee-fitting. It is suspected that part of the tendency for 

more the fuel to accumulate arose from the tee-fitting geometry. Having two augers entering the 

fitting instead of one necessitated a larger cavity, leaving more space outside of the direct airflow 

path where fuel could accumulate without being entrained in the air stream. 

 

Figure 24: Dual auger system. 

 

2.7.3.2 Vertical Auger 

The design of the vertical auger system was intended to address all the main issues of pulsing, 

packing, and bridging. By orienting the auger vertically, fuel should fall continuously as the auger 

rotates. There should be no point during an auger revolution at which the fuel delivery rate is 

higher or lower than at any other. To mitigate bridging in the hopper, the vertical auger system 

incorporated a wiper attached to the same shaft as the auger to encourage fuel to flow more freely. 

The auger length was made short to minimize the amount of clumping that could occur within the 

auger section. The vertical auger system is shown in Figure 25. 
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Figure 25: Vertical auger system. 

 

In tests observing the fuel delivery without the tee-fitting, the vertical auger system appeared 

to produce a fuel feed rate that was substantially more uniform than the horizontal auger. However, 

in tests with the entire system, it was more difficult to achieve a consistent flame. This system 

appeared to have a similar issue as the dual auger: fuel accumulated inside the tee-fitting instead 

of becoming completely entrained by the jet and exiting through the nozzle, as seen in Figure 26. 
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Figure 26: Accumulation of fuel inside tee-fitting. 

 

In addition, it is possible that while the auger is shorter, fuel might still be forming clumps due 

to a similar effect from the “wiper” component, making the fuel more difficult to loft. It is also 

possible that agglomeration between lofted particles is occurring within nozzle, which in this 

configuration needs to be significantly longer to physically separate the burner from the fuel 

supply.  

 

2.7.3.3 Vibratory Conveying 

Another fuel delivery method that was explored was vibratory conveying. Vibratory conveying 

is an attractive alternative because it is a simple system that can address many of the issues 

encountered with auger fuel delivery. Vibratory conveying is a commonly used for manufacturing 

processes requiring conveying of bulk solids, often in seen in the food processing industry. In 

theory, a vibratory conveying device can deliver powder to the burner without pulsation or 
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agglomeration of the fuel source. In fact, the vibrations can serve to break apart existing 

agglomerations, improving the fuel quality for combustion. Additionally, MSR’s testing showed 

that, with the proper excitation, the powder can be introduced to the burner with some velocity, 

aiding lofting and dispersion. 

The challenge with conveying biomass solids is controlling the fuel delivery rate – especially 

in the sub-1 g/min range (~330 W). Many industrial applications that require precise dosing do so 

by weighing the sample – not a viable option in this device. MSR’s early prototypes used a small 

vibration motor to generate the conveying vibrations (Figure 27).  

  

Figure 27: Vibration motor capsule, left, and solenoid, right. 

 

The vibrations – and therefore the fuel flow rate – were controlled by varying the pulse width 

supplied to the motor. Testing this device revealed that the mass flow rate would ramp up abruptly 

as the motor frequency neared a resonant frequency of the system, and then decrease as the motor 

speed increased further. To address this issue, the vibration motor was replaced with a solenoid, 

allowing for independent control of frequency (via pulse frequency of a square wave) and 

amplitude (via input voltage). A restriction in the feed tube outlet ensured that the control of fuel 

was a function only of vibration amplitude at the outlet. These modifications allowed for more 

proportional control of the fuel delivery rate. The tee fitting, where the air and fuel mix, requires 

a unique design that captures the powder and delivers it to the nozzle without inhibiting the 

vibration of the tip of the feed tube. A vibratory conveying setup can be seen in Figure 28. 

Despite these advances, vibratory conveying proved highly sensitive to setup (e.g. preload on 

solenoid, feed tube mounting and geometry) and fuel (flowability, particle size, density). Also, 

https://www.google.com/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&ved=2ahUKEwiK7NDc1ZbgAhWRIDQIHcE1B8AQjRx6BAgBEAU&url=https://www.jprelec.co.uk/store.asp/c=1665/Miniature-Vibration-Motor&psig=AOvVaw1jkysB52OP_0Yc5vszP0p5&ust=1548977689924750
https://www.google.com/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=2ahUKEwi6g5mt46LhAhUSqp4KHeihDtYQjRx6BAgBEAU&url=https://www.aliexpress.com/item/1x-Pull-Release-10mm-Stroke-8-7Kg-Force-Electromagnet-Solenoid-Actuator-24V/32583954229.html&psig=AOvVaw0YAPTUxCs6lWLZgmSNJjmD&ust=1553791707836899
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powder buildup in the tee fitting eventually inhibited vibrations and fuel delivery. Ultimately, the 

advantage of mass flow rate control of the auger and its proven performance won out over the 

vibratory conveying for this prototype. 

 

Figure 28: Solenoid driven vibratory feeder delivering feces powder. 

 

2.8 Final Lycopodium Hardware Design Summary 

While the alternate fuel feeding methods showed elements of promise in addressing the 

difficulties of pulsing, packing and bridging, the most successful design for consistently achieving 

stable flame at a low firepower was determined to be the expanding pitch auger. The auger’s 

improvement of fuel delivery uniformity effectively allowed low firepower (80 W) flames using 

fresh lycopodium. The auger also appeared to reduce clumping of the fuel. Bridging was 

considered a secondary difficulty, as a temporary solution for powder that caused bridging was to 
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manually stir the hopper to ensure that fuel would fall into the auger and be delivered to the tee 

fitting. 

The final hardware configuration that allowed the lowest firepower lycopodium flame that was 

stable for over 15 minutes consisted of the following key components: 

1. Ø0.016” lofting orifice.  

This small orifice effectively lofts fuel more effectively than larger orifices, allowing the 

burner to operate at a wider range of airflow rates, and does not add unnecessary 

backpressure to the air supply. 

2. 0.375” outer diameter auger with expanding pitch.  

Initial pitch of 0.188” (at hopper) and final pitch of 0.375” (at tee fitting). Shaft diameter 

= 0.275”. The expanding pitch auger reduces the oscillation in the fuel delivery, leading to 

more consistent flame height and wider range of airflow rates that can sustain a stable 

flame. This auger also likely reduces fuel packing. 

3. Burner head with fingers that were twisted and notched (labeled as “best” in Figure 17).  

This burner allows the flame to be anchored above the nozzle at a range of firepowers and 

air velocities, reducing fuel accumulation on the nozzle itself. It also minimizes 

impingement on the burner attachment, which can cause buildup and quenching. 

4. Burner head located at highest attachment point: 5/8” below top of nozzle. (See section 

2.5). 

The minimum firepower of the combustor was 80 W with fresh lycopodium (0.16 g/min), and 

the airflow rate at this firepower was 0.3 SLPM. With these settings, the flame was stable for the 

full duration of a 30 minute test. This final hardware setup is shown in Figure 29 and a CAD model 

can be seen in Figure 182.5. 

With this performance, the prototype met the original stated goals for the project to achieve a 

100 W microburner for idealized powder fuels. Rather than continue to optimize this system for 

lycopodium by testing for longer durations or at even lower firepowers, the project team decided 

to transition to testing with powdered feces, since using the actual fuel would provide the most 

realistic engineering assessment of the technology. 
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Figure 29: Hardware that achieved the most stable flame using lycopodium as a fuel: 

Horizontal auger with twisted-notched burner head, expanding pitch auger, 0.016” lofting 

orifice. 
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3 Design Evolution and Performance of the Second Generation 

Microburner Prototype When Evaluated Using Dried Fecal 

Powder 

After the 100 W design goal was achieved using lycopodium as a fuel, testing began to focus 

more on using feces to enable further hardware refinement. Differences in fuel characteristics such 

as particle size, energy content, and flame speed contributed to significant differences in fuel 

lofting and combustion dynamics. Therefore, it was necessary to test with feces to determine the 

true effects of hardware changes and make improvements that would be directly beneficial for 

burning feces. 

 

3.1 Feces as a Fuel 

MSR received feces that had been sterilized, dried, ground in a coffee grinder, and then sieved 

to sort by particle size. Feces was provided by Biomass Controls, LLC, and powderized at CSU. 

The key differences between lycopodium and the feces powder MSR tested are: 

 Lycopodium spores are monodisperse around 30 microns, while the feces tested was 

polydisperse. Feces was sieved into 4 size groups using ASTM sieves: 

o 0-45 m 

o 45-75 m 

o 75-420 m 

o > 420 m 

  Powdered feces has a variety of particle shapes, often with sharp edges, whereas 

lycopodium spores are relatively round spherical particles (see Figure 30). 

o Feces has a lower energy content (~20 MJ/kg) than lycopodium (~30 MJ/kg). 

o Feces powder is roughly twice as dense as lycopodium. 

o Feces has a generally slower flame speed than lycopodium. 

o Feces has a higher inorganic content, which creates more ash than lycopodium. 
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Figure 30: SEM of lycopodium (top) [7], and feces (bottom) (source: CSU). 

 

The polydisperse size distribution of the fecal powder presented a particularly significant 

challenge when compared to lycopodium. The range of particle sizes means that the air velocity 

required to loft any given particle is variable. The air velocity must be greater than a particle’s 

terminal settling velocity to loft it. The following equation shows that the settling velocity (Vts) 

increases proportionally to the square of the particle diameter: 

𝑉𝑡𝑠 =


𝑜
𝑑𝑎

2𝑔

18
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where o is the density of the particle, da is its aerodynamic diameter, g is gravity, and  is air 

viscosity. Therefore, the effect of changing the particle diameter is magnified when considering 

the air velocity required to loft the particle. For example, take the 45-75 µm size range. To be 

lofted, the 75 µm particles require an air velocity nearly three times greater than the velocity 

required for the 45 µm particles, despite being less than twice the diameter. Besides the difference 

in physical size between lycopodium and fecal powder, differences in particle geometry and 

density also contribute to differences in lofting velocity. The irregular shapes, sharp edges, and 

variety of particle sizes also likely promote packing and agglomeration, creating effectively larger 

particles that are more difficult to loft and slower to burn.  

Considering these factors, it is very important to take particle size into account for a lofted dust 

flame. If the air velocity is too low for the particle size range, the largest particles will not be 

carried out of the nozzle and will accumulate inside the tee-fitting. Other related complications 

include a non-uniform velocity profile within the nozzle and tee fitting, and velocity changes after 

the mixture exits the nozzle. 

In addition to lofting, fuel delivery with feces is more challenging than lycopodium. For a 100 

W flame, only 0.3 g/min of fuel is needed. The greater density of the powder more than offsets the 

lower energy content, resulting in slower auger speed for the same firepower (Table 3). Combining 

that with tendency to clump and stick makes consistently delivering small amounts of feces very 

challenging. 

Table 3: Comparison of lycopodium and powdered feces mass flow in a horizontal auger. 

3/8 OD x 3/16" pitch auger 

Firepower 

(W) 

Lycopodium 75-420 µm feces 

Feed rate (g/m) Auger speed (rpm) Feed rate (g/m) Auger speed (rpm) 

100 0.20 13 0.30 8 

200 0.39 25 0.60 15 

300 0.59 38 0.90 23 

400 0.79 50 1.20 31 

500 0.98 630 1.50 39 

 



Microburner Proof of Concept 

  

 45 

 

These substantial differences between feces and lycopodium influenced design decisions made 

during the hardware development of the fecal combustor. The large particle size range made lofting 

considerations very important. Additionally, the lower flame speed and energy content of feces 

inspired development of hardware additions to the system. 

 

3.2 Hardware Development 

Initial feces tests confirmed that there were many obstacles to overcome in transitioning to 

using feces as a fuel. While the burner with expanding pitch auger worked well with fresh and 

recycled lycopodium, it did not work well with feces (see Section 2.7.2). The feces ignited 

intermittently, but the flame did not sustain without the igniter on. In addition, unlofted particles 

accumulated in the tee fitting and would eventually erupt all at once, creating extreme variations 

in fuel delivery rate. Other hardware configurations prior to the expanding pitch auger also did not 

work with feces. 

 

3.2.1 Fluidized Bed 

Since none of the hardware configurations tested successfully with lycopodium could achieve 

a stable feces flame in the 100-500 W range without a constant ignition source, MSR sought to 

shift approaches. Early testing at CSU demonstrated a very brief feces flame without an ignition 

source using a fluidized bed. Inspired by this success, MSR chose to revisit the fluidized bed 

concept. A fluidized bed was created by connecting an air feed line to the bottom of an acrylic 

tube, and placing a piece of fine steel mesh at the tube inlet to act as an air distributor and to prevent 

backflow of particles through the air line. To address the challenge of channeling encountered 

previously, a vibration motor was fixed to the tube to agitate the powder. The vibration motor very 

successfully prevented air channels from forming, and enabled continuous fuel delivery out of the 

fluidized bed. 

Initial tests were batch-fed and used cornstarch as a fuel. The best hardware configuration of 

those tested with cornstarch was a 0.75” outer diameter acrylic tube, about 6 inches long. A copper 

pipe fitting was placed on top of the tube to prevent the acrylic from being exposed directly to the 
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flame. This configuration achieved durations on the order of 3 to 4 minutes. The flame anchored 

well to the end of the tube. 

However, this was not the case with feces. The flame did not attach to the end of the tube, and 

instead attached to the igniter. The flame behaved erratically; it was largely attached to the igniter 

tip, but also frequently lifted off the igniter. This indicated that the flame speed was not high 

enough compared to the air speed for the flame to remain attached. The difference between the 

cornstarch and feces flames can be seen in Figure 31. Note that the feces flame has lifted off (upper 

portion of flame), and the mixture has reignited and is tenuously attached to the igniter tip. These 

differences between fuels necessitated a transition to testing primarily with feces to achieve further 

hardware improvement.  

     

Figure 31: Fluidized bed with cornstarch (left) and fecal power (right) as fuel. 
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Another difficulty with this configuration was that because of the large diameter of the tube 

(compared to the previously smaller nozzle diameter of 0.281”), very high airflow rates (> 5 

SLPM) were required to loft the largest feces particles. The feces powder used for fluidized bed 

testing was of the 75-420 m size range, because of the large quantity available. This required 

higher air velocities to loft the larger particles. Moreover, a certain minimum concentration of fuel 

must be present for the mixture to ignite and sustain a flame, and therefore, the minimum firepower 

that can be achieved with a certain size tube is a function of its diameter. For these reasons, the 

tube diameter was decreased to 0.375”. The smaller tube effectively lofted these larger particles, 

but the fundamental problem remained the same: the flame did not remain attached. 

 

3.2.2 Combustion Chamber 

To address the difficulty with flame attachment, MSR went through a progression of hardware 

extensions for the top of the fluidized bed, summarized in Table 4 and described in detail below. 

The most successful configuration is a combustion chamber that recycles unburnt fuel and 

incorporates an array of twelve 0.25” holes to draw in secondary air via natural draft. 

Table 4: Summary of Combustion Chamber Iterations 

Name Goal(s) Result 

Cone 

 

Slow airflow 

Contain and recirculate unburned 

particles 

Flame duration of ~ 1 sec without 

igniter. 

Extinguished due to lift-off and/or 

variable fuel feed. 

Cone/Cylinder 

no holes 
Further slow airflow 

No sustained flame without igniter. 

Lacked air for combustion inside 

chamber. 

Cone/Cylinder 

6 holes – V1 

Introduce secondary air for 

combustion inside chamber 

Combustion occurs at holes but 

pyrolysis gas visible. 

15-20 sec flame. 

Cone/cylinder 

12 holes – V2 
Increase secondary air 

Pyrolysis gas still sometimes visible, 

but to a lesser extent. 

2 min flame. 
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The initial iteration of burner head design in this sequence was a cone attachment (Figure 32). 

The goal was to slow down the exiting airflow as well as to contain and recirculate unburned 

particles ejected from the airstream. In this configuration, the flame sometimes sustained for 

around one second without an ignition source. The flame tended to extinguish by lifting off of the 

cone. 

 

Figure 32: Cone attachment for fluidized bed. 

 

In the next iteration, a cylindrical section was added above the cone with the goal of slowing 

down the air and fuel flow even more and creating a more uniform velocity profile (Figure 33). 

Combustion occurred mainly at the top of the cylinder rather than inside the cylinder. Visible 

pyrolysis gas, an unwanted product of incomplete combustion, and soot formation indicated poor 
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combustion. The location of the flame and visibly unclean combustion suggested that the mixture 

was not receiving enough air. The flame could not sustain without the igniter on. 

 

Figure 33: Cone attachment with igniter and cylinder extension. 

 

Thus, the subsequent iteration incorporated six 0.25” holes near the bottom of the cylinder 

section (Figure 34). This configuration allowed air mixing at a lower height so a flame could occur 

inside the chamber. The flame lasted 15-20 seconds in this configuration. However, pyrolysis gas 

was visible exiting the chamber, indicating that the secondary air was still insufficient for complete 

combustion. 
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Figure 34: V1 chamber, 6 x 0.25” holes. 

 

The next iteration was the same as the one shown in Figure 34 but instead had twelve 0.25” 

holes at the bottom of the cylinder section (Figure 35). Testing indicated that air entrainment 

improved the combustion properties: pyrolysis gas was still visible intermittently, but much less 

than in the previous configuration. The flame lasted for as long as 2 minutes in this configuration. 
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Figure 35: V2 chamber with 12 x 0.25” holes 

 

This combustion chamber has a variety of benefits compared to the open-flame style 

flameholder that was successful with lycopodium, detailed below. 

1. Heat containment: the chamber provides a barrier between the hot gas and surrounding air, and 

also acts to reflect heat from the flame back into the combustion zone, improving reaction 

kinetics and overall fuel conversion. 

2. Retention of particles: Unburned fuel particles do not escape, as was the case with the open 

flame configuration. Instead, they recirculate into the flame, drop down into the fluidized bed, 

or accumulate in the chamber. This likely increases the effective fuel concentration in the 

combustion zone when compared to the open-flame configuration. This is also an improvement 
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from a safety and sanitation standpoint, as any fuel that does not completely combust the first 

time will recirculate until it is burned. 

3. Flameholding: The funnel of the chamber acts as a diffuser, lowering the velocity of the air/fuel 

mixture as it exits the nozzle. The wide angle of the funnel also likely creates eddies in the 

flow. It is suspected that the combination of the radial secondary air flow and the eddies from 

the diffuser creates a region of turbulence that allows the flame to anchor at the height of the 

secondary air inlets. This turbulence should also increase mixing of the secondary air with the 

primary air/fuel mixture, improving combustion efficiency. 

 

3.2.3 Auger Integration 

With the batch-fed fluidized bed configuration, the cornstarch flame duration was limited to 

about three or four minutes. The feces flame duration was limited to about two minutes. In both 

cases it was determined that the flame extinguished due to a lack of fuel. Since the fuel delivery 

rate correlates with the bed height, the fuel flow would gradually decrease throughout the test. 

Additionally, the smallest particles were lofted initially, gradually leaving behind only the larger 

particles. Eventually the rate of particles leaving the tube was too low, and the flame extinguished.  

Thus, the next system modification was adding a fuel delivery system to maintain the fuel level 

in the bed. A tee fitting was created to connect the existing auger to the fluidized bed, shown in 

Figure 36. This configuration successfully enabled fuel delivery into the fluidized bed, allowing 

for a greater degree of steady state fuel flow and resulting in longer duration feces flames of three 

to four minutes. 
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Figure 36: Auger-fed fluidized bed with V2 combustion chamber 

 

Reintroducing the auger enabled control of fuel delivery rate and firepower, though somewhat 

indirectly since it is buffered by the fluidized bed. The fluidized bed acts to even out short-term 

variations in auger fuel delivery rate, effectively eliminating issues with pulsation. Fuel rate 

through the auger was determined by measuring the mass of fuel that exited the auger over a given 

time, at a several auger speeds (20, 30, 45, and 60 RPM). Firepower was calculated by multiplying 

the fuel rate by the lower heating value of the fuel (LHV of feces = 19950 kJ/kg [3]). Figure 37 

shows results from the fuel rate testing. The trend line derived from these data was used to estimate 
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firepower at any given auger speed. Supposing that the rate of fuel exiting the fluidized bed is 

equal to the rate of fuel exiting the auger, and the fuel is completely combusted, the firepower of 

the flame can be determined. Using this assumption, firepower for initial tests was estimated to be 

500-600 W. The auger speed was later reduced, resulting in estimated firepowers of 375-480 W. 

However, in these tests, the largest particles accumulated in the fluidized bed, so this is likely an 

overestimate of true firepower. 

 

Figure 37: Firepower and fuel rate of feces (75-420 µm) through expanding pitch auger as a 

function of the auger rotational speed. 

 

3.2.4 Char and Ash Accumulation 

In the combustion chamber configuration, char and ash tend to accumulate at the entrance of 

the chamber. This presents both a benefit and a difficulty. The benefit is that the char appears to 

act as an ignition source for incoming fuel. The char releases heat and pyrolysis gas which provides 
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a more combustible mixture to initiate the reaction of the fresh fuel. This pyrolysis gas can be 

observed as white smoke after the flame extinguishes. 

While the chamber design works well initially, char and ash gradually accumulate inside the 

chamber. The char eventually accumulates too much and blocks the flow of fuel into the chamber, 

extinguishing the flame. Figure 38 shows one instance of char accumulation. The black colored 

powder seen is char, and the white powder is ash. Note that the char/ash mixture nearly covers the 

igniter (bottom right of the chamber). 

   

Figure 38: Char and ash accumulation inside the V2 chamber, before (lefy) and after (right). 

 

In an ideal situation, there would be just enough char to aid with ignition of the incoming fuel, 

but not so much that the char obstructs the fuel flow. Several internal hardware features were 

developed and tested to attempt to achieve this goal. One device was a “wiggle wire”, a length of 

wire bent into a spiral and placed at the bottom of the chamber, as seen in Figure 39. The goal of 

this device was to dislodge any accumulated char by vibrating freely inside the chamber. Several 

iterations of the wiggle wire were tested with varying results. Sometimes, the wire kept the 

chamber completely clear. However, this resulted in difficulty sustaining a flame due to a lack of 

char in the chamber that could act as an ignition source. In other cases, the wire would reduce the 

char accumulation to some extent, but char would still accumulate and the flame would eventually 
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extinguish, likely due to the formation of a critical blockage. It appeared that in some cases these 

blockages formed in the narrow tube entrance portion of the chamber. Additionally, char would 

often inhibit the vibration of the wire. Frequently, air tunnels formed within the char bed, allowing 

fuel passage and longer burn times, despite the large quantity of char accumulated. The flame 

lasted as long as 6.5 minutes in the wiggle wire configuration. 

     

Figure 39: Wiggle Wire. Side view (left), top view pre-burn (middle), and top view post-burn, 

with air tunnels formed inside the char bed (right). 

 

Another iteration was a wire suspended from the lid of the combustion chamber, an attempt to 

enable the wire to move more freely and keep a path open in the region around the vibrating wire 

(see Figure 40). This configuration resulted in burn times up to 6:45 minutes. The wire would keep 

a passage open in the center of the chamber for some time, but it is likely that a blockage eventually 

caused the flame to extinguish. Note that the highest concentration of ash is located at the center 

of the chamber, surrounding the location of the air passage, indicating the importance of airflow 

for proper char oxidation. 
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Figure 40: Wiggle wire suspended from chamber lid (left), and Char/ash accumulation after 

6:45 minute burn. 

 

Another approach was to combine the suspended wiggle wire with a fuel grate constructed of 

wire mesh. The fuel grate consisted of a vertical mesh tube that fit inside the entrance tube of the 

chamber, attached to a horizontal annulus of mesh located near the top of the tube (see Figure 41). 

The intention was to catch char and unburned fuel on the fuel grate while maintaining a central 

passageway free of obstruction. The goal was to maintain an ignition source and also provide 

potential for additional airflow through the char bed so it did not accumulate. In this configuration, 

the middle pathway was kept more clear than in configurations without a fuel grate. However, a 

clog still formed in the entrance of the chamber, likely causing the flame to extinguish. The 

maximum flame duration of this configuration was 7 minutes, the longest flame duration achieved 

in any configuration. 
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Figure 41: Fuel grate: top view (left) and side view (right). 

 

One difficulty with these approaches is that that when char is removed from the chamber, it 

falls back down into the fluidized bed. These char particles tend to be agglomerates that are larger 

than the fresh fuel and not as easily lofted, so char accumulates at the bottom of the fluidized bed. 

This would present a difficulty in longer-duration burns. 

One factor that is likely contributing to the char accumulation is a lack of sufficient secondary 

air in the bottom of the chamber where char, ash, and any unburned particles accumulate. Thus, it 

would likely be beneficial to design a chamber such that secondary airflow has ample opportunity 

to pass through the char bed, facilitating char combustion. 

Besides char, an additional concern is ash. Feces has a very high ash content (12-15%) and ash 

accumulation has presented a challenge in larger-scale fecal combustors [2]. Even if a successful 

method is identified for reducing char accumulation and completely oxidizing it, ash is a product 

of combustion that must be addressed. One potential is that the ash could be lofted and collected 

outside of the combustion chamber. If the air velocity is sufficient for the size of the ash particles, 

this is a viable option. However, if the ash particles cannot be lofted, then some kind of mechanical 

removal would be necessary. In the case of the higher firepower combustor at CSU, this is 
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accomplished with an ash grinder, which breaks up ash pellets, forcing them through a fuel grate 

and into a collection cup [2]. A similar approach could be applied to the bottom of the fluidized 

bed using a grinding media that remains at the bottom of the bed. 

 

3.3 Final Feces Hardware Design Summary 

While there were numerous challenges to overcome in burning powderized feces, the project 

team successfully developed a combustor capable of sustaining a fecal dust flame. Figure 42 shows 

a model of the final fecal combustor hardware. 

 

Figure 42: Final fecal dust combustor CAD model. 

 



Microburner Proof of Concept 

  

 60 

 

In the most successful hardware configuration, powdered feces was burned for durations over 

five minutes at an estimated firepower of 375-480 W. The system lofts the fuel, creating a fuel-air 

mixture, and delivers this mixture to the combustion zone. The key hardware components 

incorporated in the final design are: 

 Fluidized bed with a vibration motor 

 Combustion chamber burner head ( V2 chamber, 12 x 0.25” holes, see section 3.2.2) 

with target wire 

 Expanding pitch auger to provide continuous fuel delivery 

 Hot surface igniter 

The method used to loft the fuel and create a fuel-air mixture in this system is a fluidized bed. 

The fluidized bed consists primarily of a vertical 0.375” acrylic tube. Air enters the tube from 

below, and a fine mesh screen covers the entrance to distribute the air and prevent backflow of 

fuel through the air line. Fuel is delivered continuously to the fluidized bed via an expanding pitch 

auger, at a tee fitting near the bottom of the bed. One key component of the fluidized bed is a 

vibration motor attached to the upper section of the fluidized bed tube. Without the vibration 

motor, the fuel bed forms air channels, effectively eliminating the “bubbling” nature of the 

fluidized bed and preventing continuous fuel delivery. As long as the vibration motor is on, the 

particles can move freely and successfully be entrained by the incoming air.  

The airflow through the fluidized bed carries particles upwards to a burner head that acts as a 

combustion chamber. The cone-shaped chamber entrance acts as a diffuser that slows the airflow, 

and likely creates eddies in the airflow, facilitating flame attachment. The combustion chamber 

has an array of 12 x 0.25” holes to provide secondary air and allow combustion to occur inside the 

chamber. A hot-surface igniter is fixed to the cone entrance of the chamber to ignite the incoming 

fuel-air mixture. The chamber reduces heat loss to the surroundings and allows any unburned fuel 

to recirculate through the flame. 

A “target” is situated at the top of the chamber to further slow the airflow as well as to contain 

the combustion from above. The target is not fixed to the chamber, but is instead free to move as 

the chamber vibrates. To reduce char accumulation, a cleaning wire is attached to the target and 

extends down into the neck of the chamber entrance. The wire vibrates freely within the chamber, 

reducing the char accumulation at the chamber entrance in the region around the wire. 
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Using 75-420 µm sieved fuel, the most successful parameters in terms of flame stability were 

a fuel feed rate of 1.4 g/min (~480 W, 35 RPM), and an airflow rate of 1.55 SLPM. A flame could 

be sustained higher fuel rates, but flames were short-lived during tests at lower fuel rates. 

Although direct fecal combustion device capable of continuous (24-hr) operation presents 

numerous difficulties, the success of this combustor design on a shorter time scale shows promise 

for this approach to mitigating human waste hazards and disposal. Significant research and 

development work remains to make this a viable product. 

  



Microburner Proof of Concept 

  

 62 

 

4 Technical Recommendations 

To further development of a commercially viable, low-power fecal dust flame, MSR 

recommends focusing effort on key areas of char and ash mitigation, fuel variability, and burner 

head optimization. Once the prototype is viable with laboratory inputs, the air and electricity 

sources must be incorporated to create an operational component for the Toilet of the Future. 

 

4.1 Technology Improvements 

4.1.1 Char Mitigation 

Char accumulation represents one of the greatest difficulties in achieving long-duration stable 

flame with the fecal dust combustor. It appears to be the primary reason that a flame has not 

exceeded seven minutes so far. Despite the presence of the target wire, char eventually accumulates 

in the bottom of the chamber so much as to block the flow of fresh fuel into the chamber.  

A primary recommendation for mitigating this char accumulation is to consider the problem 

from an airflow standpoint. Char accumulation indicates that the fuel is not being completely 

combusted, due to insufficient airflow. Therefore, increasing the airflow through the char bed 

should increase the char combustion rate and thus reduce char accumulation. 

One recommendation for accomplishing this would be to add secondary air holes lower in the 

chamber, closer to where the char accumulates. Currently, secondary air enters the chamber around 

two inches above the chamber entrance. This geometry provides little opportunity for secondary 

air to come in contact with the char. Thus, any char combustion likely occurs mainly via primary 

air. Moreover, the fuel-air mixture is very fuel rich as it enters the chamber. Adding air holes lower 

in the chamber should increase the char’s exposure to air, increasing char combustion and thus 

reducing char accumulation. Increased char combustion would also raise the chamber temperature, 

improving combustion of both char and unburned fuel. A concern with this approach would be the 

elevated opportunity for fuel particles to escape from the chamber. A solution to this could be to 

use fine mesh coverings for the holes, to allow airflow in but prevent fuel flow out. 

Another possibility for increasing airflow is to provide forced secondary air to the burner head. 

Since the device already requires an air source, providing low-pressure secondary air may not be 

an excessive energy or cost burden on the system. Forced secondary air is a common approach to 
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improving conversion of solid biomass fuels, and as implemented here, could allow optimization 

of the secondary air for maximum conversion and lower emissions. 

 

4.1.2 Ash Mitigation 

Even if char accumulation is eliminated, one combustion product that will remain is ash. 

Therefore, an ash removal method would be necessary for the final device. It may be possible to 

loft the ash out of the chamber and capture it outside of the burner head. Having a smaller initial 

particle size should increase the ability for the resulting ash particles to be lofted after the 

combustible material is burned, under the assumption that a smaller initial unburned fuel particle 

will result in a smaller ash particle. The fluidized bed could also incorporate a grinding media at 

the bottom, which could serve to break up larger ash and fuel particles until the size is reduced to 

the point that it is lofted out of the bed. 

If the ash cannot be lofted, a mechanical removal method may be necessary. With the gasifier 

at CSU this was accomplished with an ash grinder that breaks up ash pellets by forcing them 

through a fuel grate into a collection cup.  

 

4.1.3 Fuel Variability  

Grain size, particle shape, moisture content, and chemical composition all have significant 

impacts on bulk flow, aerodynamics, and combustion properties. Given the challenges of preparing 

powdered fuel in a resource-limited environment, the hardware must be adapted to accept a wider 

variety of fuels than the current design allows. In this effort, the variation of fecal powder was 

limited to sieve sizing, but to move this technology forward, it would be necessary to study the 

effects of these parameters and set reasonable limits, with energy consumption of the entire system 

in mind. 

Adding grinding media to the fluidized bed would break down larger particles that are initially 

above the threshold for lofting, allowing for a greater range of acceptable powders. Also, adding 

flame supervision devices, such as thermocouples and oxygen sensors, may allow for the system 

to self-adapt to varying fuel inputs. 
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Because particle size was considered to be a very important factor for performance of the 

combustor, and because the highest mass fraction of particles produced by the grinding process at 

CSU were quite large (75-420 m) compared to lycopodium (30 m), MSR briefly experimented 

with using a ball mill to decrease the particle size of the powder. It was found that ball milling for 

90 minutes did in fact successfully reduce the particle size to be very fine. However, the resulting 

combustion was not improved. It appeared that the very fine milled powder was much more prone 

to clumping, possibly partially due to moisture uptake, negating the effect of having smaller 

particles (Figure 43). 

 

Figure 43: Ball milling the feces produced fine powder, but it was prone to form clumps. 

 

One suggestion for further research would be to refine the ball milling process, using shorter 

milling times (perhaps on the order of 5-10 minutes, or less) to break up the largest sized particles 

somewhat, without reducing the size excessively and making the powder more prone to clumping. 

 

4.1.4 Fuel Bridging 

In the current configuration, one issue that must be addressed is that feces powder forms 

bridges within the hopper, preventing the continual feeding of fuel into the auger. Bridging may 

be improved by changing the hopper design and/or incorporating a mechanical agitation method. 
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Vibration could be one possible mechanism for this, and it may be possible to make use of the 

same vibration used by the fluidized bed to also agitate the fuel in the hopper enough to prevent 

bridging. 

 

4.1.5 Alternate Approach: Scaled Down Version of Higher-Firepower Combustor 

Considering the difficulties of the lofted dust system, it may be more practical to achieve a low 

firepower flame by scaling down the larger, semi-gasifier type fecal combustor developed at CSU. 

Successful continuous long-duration fecal combustion has been achieved with this combustor; 

however, fuel size and chamber diameter limit the minimum firepower to approximately 2,000 

watts. It may be possible to enable lower firepower combustion by scaling down the hardware and 

fuel pellet size. 

Some key differences between the higher firepower combustor and the dust combustor are 

described below.  

1. Fuel delivery from above means that a char bed can be maintained without the difficulty 

of delivering fuel through the char bed, as in the lofted dust system. 

2. The difficulties of removing ash have already been addressed in the semi-gasifier fecal 

combustor, among other challenges.  

3. Forced primary and secondary air allow precise control of fuel-air ratios, enabling better 

combustion refinement. 

4. Perhaps most importantly, this method would eliminate the difficulties associated with 

lofting fuel encountered in development the current dust combustor system, namely, the 

aerodynamic challenges of balancing particle size, air velocity, fuel concentration, and 

flame speed.  

These benefits suggest that exploring a scaled-down version of the larger semi-gasifier 

combustor could be a successful alternate path for achieving sustained low-firepower fecal 

combustion. 
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4.2 Transition to Standalone System 

In addition to design improvements in the technology, several changes would be needed for 

incorporating the technology into a commercially viable product. Some hardware components 

used in the laboratory setting would need to be modified for the system to be infrastructure-

independent. Additional hardware components would be needed to enable an autonomous control 

system. 

For a standalone system, the power that the device consumes would need to be generated by 

the device itself, since access to electrical infrastructure may not be possible. Thus, hardware 

should be selected so as to minimize power consumption. 

 

4.2.1 Blower Incorporation 

The current prototype a running around 500 W of human waste requires 1.55 SLPM of air. The 

pressure varies depending on bed depth, but remains below 0.5 psi. The air needed for fluidizing 

the bed and as primary air for combustion would need to be provided by an on-board air source, 

such as shown in Figure 44. Minimizing air pressure and flowrates burner should be taken into 

consideration when designing the air delivery geometry of a final device, in order to lessen the 

power requirements of the air supply device. 

 

Figure 44: An on-board air source, such as this Murata Microblower, is needed for lofting 

and combustion. 
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4.2.2 Control System 

Another requirement would be the incorporation of a control system that could operate the 

combustor autonomously. For the control system, several additional hardware components would 

be needed, as the control system would require feedback from the combustor in a number of areas 

in order to operate the device effectively. (1) Flame detection would be required to identify ignition 

and flameout events. Monitoring chamber temperature via thermocouple(s) would be one method 

to achieve this. (2) Pressure sensors for monitoring ambient pressure and interior pressure would 

also likely be needed in order to control and verify the airflow rate. (3) A wide band oxygen sensor 

would allow determination of excess oxygen in the exhaust. This would provide feedback that 

could enable better control of fuel and air rates to achieve optimum fuel-air ratios. 

 

4.2.3 Energy Recovery 

In order for the combustor to be independent of electrical infrastructure, a power generation 

component would be needed. Power estimates for the igniter, motor, and air source add up to at 

least 5 W continuous draw. One method to recover energy from the combustor would be to use a 

thermoelectric generator (TEG). The maximum efficiency of a TEG is around 5%, so up to 5 W 

of power could be generated from a 100 W flame in optimal conditions. However, it has been 

observed that the maximum efficiency of a TEG is difficult to achieve in biomass combustion 

scenarios due to factors such as fouling. Therefore, a supplemental power source such as solar 

panels may be necessary in order to fill the balance of the energy required to operate the combustor. 

Alternatively, a thermal cycle could be employed for power generation, such as an organic 

Rankine cycle. An organic Rankine cycle uses a working fluid whose boiling point occurs at a 

lower temperature than steam to enable power generation from lower temperature sources. Initial 

investigation has been done at CSU for a “Fecal Organic Rankine Cycle” capable of generating 

power from fecal combustion, which may enable higher efficiencies than possible with TEGs. 

Energy storage such as batteries would also be required, as the system would consume the 

most power during ignition. During the ignition phase, the burner would not be able to supply the 

required power since no flame would be present initially. 
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4.2.4 Emissions Evaluation 

Emissions must be characterized before commercialization of any fecal combustor, in 

consideration of human and environmental health. The primary species of interest would be: 

 Carbon monoxide (CO) 

 Carbon dioxide (CO2) 

 Particulate matter (PM), especially PM2.5 - particles with aerodynamic diameters less than 

2.5 µm 

 Volatile organic compounds (VOCs) 

 Sulfur compounds 

Measuring emissions would also be useful during the development phase, as emission rates 

can be used as an indicator of the completeness of combustion. Especially useful would be 

measuring the ratio of CO to CO2 in the exhaust. Characterizing the emissions differences between 

hardware configurations and changes in air/fuel flow rates would enable fine-tuning of the system 

for optimum combustion. 

  



Microburner Proof of Concept 

  

 69 

 

5 Conclusions 

During the course of this project, MSR and CSU have successfully demonstrated proof of 

concept for low-firepower fecal dust combustion. Beginning from basic principles of dust 

combustion, project team designed and built a prototype capable of long duration (> 45 min) 

combustion at 100 W with an idealized simulant fuel, lycopodium. The most successful 

lycopodium system uses a horizontal auger to deliver fuel into a tee fitting, where it combines with 

primary air, creating a fuel-air mixture. The mixture moves out a nozzle into the combustion zone, 

where the flame is anchored by a burner head. The largest difficulty in developing this system was 

the oscillating nature of the fuel delivery, inherent to the auger. To address this difficulty, the auger 

design was refined to achieve a more consistent fuel delivery rate. While this design allowed 

firepowers as low as 80 W with lycopodium, the same configuration did not work with feces 

powder. 

Differences between lycopodium and feces powders, such as particle geometry, particle size 

distribution, and energy content required significant design changes to accommodate the more 

difficult fuel. Despite the difficulties, MSR achieved continuous fecal dust combustion for 

durations of five to seven minutes. In the most successful configuration, an auger continuously 

delivers fuel into a fluidized bed where it mixes with primary air. The air carries the fuel upward 

into a combustion chamber where it combines with secondary air and burns. The secondary air is 

drawn into the chamber via natural draft, through holes near the entrance of the chamber. A 

vibration motor continuously vibrates the fluidized bed, preventing channels from forming in the 

bed, and enabling steady fuel delivery.  

The combustion chamber is a key element of the system. It reduces heat loss to the 

surroundings by providing a radiative and convective barrier between the flame and ambient air. 

Additionally, it prevents particles from escaping the system, allowing any unburned fuel to 

recirculate through the flame. Finally, the char particles that it captures can act as an ignition source 

for incoming fuel. 

One primary difficulty with this configuration is that char and ash accumulate within the 

chamber, and eventually the pathway for fresh fuel to enter the chamber becomes blocked, 

extinguishing the flame, despite mechanisms incorporated in the chamber to reduce material 
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accumulation. However, it also appears that it is beneficial for some char to be present in the 

chamber to act as an ignition source for incoming fuel.  

Another difficulty is that the feces powder bridges in the hopper, requiring constant stirring of 

the hopper for continuous fuel flow. This challenge must be resolved for a truly autonomous 

device. 

These results suggest that a long-duration fecal dust flame is possible, but requires additional 

development with respect to char and ash mitigation, air-fuel ratios, and fuel particle size. For a 

fully integrated system, factors such as fuel processing, energy recovery, and emissions must also 

be considered. The project team plans to share the lessons learned from this project with global 

health partners who can use this knowledge to advance the current combustion technology to 

achieve long-duration low-firepower fecal combustion. 
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