
ABSTRACT 

BOHON, MYLES. Characterization of Glycerin Combustion and Emissions.  (Under the 

direction of William L. Roberts and William P. Linak) 

 

With the growing capacity in biodiesel production and the resulting glut of the glycerol by-

product, there is increasing interest in finding alternative uses for crude glycerol.  One option 

may be to burn it locally for combined process heat and power, replacing fossil fuels and 

improving the economics of biodiesel production.  However, due to its low energy density, 

high viscosity, and high auto-ignition temperature, glycerol is difficult to burn.  Additionally, 

the composition of the glycerol by-product can change dramatically depending upon the 

biodiesel feedstock (e.g., vegetable oils or rendered animal fats), the catalyst used, and the 

degree of post-reaction cleanup (e.g., acidulation and demethylization).  This work reports 

the results of experiments to characterize emissions in 1) a variable, high swirl burner 

intended to simulate an industrial package boiler and 2) a low swirl, medium scale refractory 

furnace.  Reported is a range of emissions measurements, including nitrogen oxides, total 

hydrocarbons, and particle mass for two grades of crude glycerol (methylated and 

demethylated) and compare these to No. 2 fuel oil and propane.  Also developed are 

modifications to the high swirl burner for further research utilizing laser diagnostics as well 

as computational fluid dynamics to model the fluid mechanics of the high swirl burner.  

Results indicate that a properly designed refractory burner can provide the thermal 

environment to effectively combust glycerol, but that high particulate emissions due to 

residual catalysts are likely to be an issue for crude glycerol combustion.
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1 INTRODUCTION 

The impetus for this research is derived from the increased interest in alternative 

energy sources, particularly the increased production capacity of biodiesel and other biomass 

derived fuels.  The vast majority of bio-derived fuels use a transesterification process through 

which a triglyceride molecule in the form of fats, oils, or lipids is broken down into fatty acid 

methyl esters (FAME).  After the fatty acids are removed, the glycerin backbone remains.  

There is generally one mole of glycerin for every three moles of FAME, or approximately 

10% of the initial reactants remaining in the form of glycerin.  This inherent glycerin 

backbone of triglycerides has resulted in a surplus of glycerin as biodiesel production has 

ramped up in the past few years.  As a result biodiesel producers are scrambling to find 

alternative and value-added uses for this waste glycerin, and are stockpiling it while they 

wait for better markets to materialize. 

 Vegetable oils have been examined as an alternative fuel source for diesel fuel for 

years.  Rudolf Diesel, the inventor of the diesel heat engine, intended the engine to be 

capable of burning any fuel.  Near the end of his life, he spent a great deal of his research 

efforts on renewable fuels.  In the early 1920’s, researchers began experiments using 

vegetable oil.  Prior to World War II, experiments in South Africa were conducted with fuels 

derived from sunflower seed oil; however due to South Africa’s abundance of coal reserves, 

focus shifted to producing other synthetic fuels.  Then in 1979, Martin Mittelbach began 

work to remove the fatty acids from the glycerol backbone of a triglyceride in an effort to 

produce a fuel that would work better in a traditional diesel engine without leaving damaging 

deposits [1]. 
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 The transesterification reaction for the removal of the fatty acids from the glycerin 

backbone is relatively simple.  The triglyceride feedstock, usually from vegetable oils or 

animal fats, is reacted with an alcohol and a catalyst as shown in Figure 1.  The alcohol used 

is most commonly either methanol or ethanol, with the majority of reactions utilizing 

methanol due to its lower cost and the fact that it creates a more predictable reaction.  The 

alcohol binds to the ends of each of the fatty acids creating an alkyl ester while the catalyst, 

typically sodium hydroxide (however potassium hydroxide can also be used), breaks the ester 

from the glycerin backbone, creating three fatty acid methyl ester molecules and a free 

glycerin molecule.  These fatty acid methyl esters are then used as a fuel in diesel engines 

because of the lower viscosity of FAME compared with regular vegetable as well as 

increased lubricity over regular diesel fuel [1]. 

 

Figure 1: Transesterification reaction to produce FAME and glycerol 

 

At the end of the transesterification reaction, the heavier, polar glycerin-alcohol-

catalyst mixture is drained off the bottom of the batch reactor leaving the desired biodiesel 
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fuel.  The solution drained from the bottom of the tank is traditionally called crude glycerol.  

This crude glycerol is a mixture of glycerin, methanol, left over catalyst (inorganic salts), 

water, unreacted mono-, di-, and triglycerides, free fatty acids from lower grade feed stocks, 

unrecovered methyl esters, and MONG (a miscellaneous catch all group for other “matter 

organic non-glycerol”).  Often the remaining methanol is recovered through distillation for 

reuse in the transesterification reaction.  This remaining crude glycerin is substantially 

different from USP, or pure, glycerin and these differences will be discussed in greater detail 

in a later section. 

 

Figure 2: Market segments of glycerol usage 
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Glycerin has over 1500 known uses in myriad markets as shown in Figure 2 [2].  The 

majority of the approximately 600 million lbs/yr market demand for glycerin is for USP 

grade.  In order for biodiesel derived crude glycerin to be refined to a state fit for use in these 

markets, the crude glycerin must be subjected to variety of treatments.  Crude glycerin is 

high in salt and free fatty acids which can be removed through a combination of 

electrodialysis and nanofiltration along with ion exchange and evaporation and drying to 

remove the remaining water and methanol.  All of these treatments are expensive and time 

consuming, making refining crude glycerin from transesterification products not 

economically viable.  This low value, combined with the recent increase in biodiesel 

production, has significantly added to the surplus of glycerin on the market.  Crude glycerol 

can often be used as fertilizers or as extenders in animal feed [3]. 
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Figure 3: Estimated US biodiesel production and world crude oil prices 2000-2009 

Figure 3 shows the biodiesel production for the past 10 years [4,5].  As can be seen, 

production of biodiesel has increased significantly through 2008 due to strong government 

incentives for alternative energy usage and increases in the price of petroleum diesel.  Even 

with these incentives, actual biodiesel production capacity was significantly underutilized, 

representing less than 50% capacity, sometimes as low as 25%.  It is important to notice the 

significant reduction in biodiesel production in 2009.  This figure is based on data available 

through the first half of 2009 and is estimated to be the equivalent of 375 million gallons, 

representing capacity utilization as low as 18% in June of 2009.  This is largely due to a drop 

in the price of crude oil also shown in Figure 3 [6].  The average price of biodiesel during 

this time after the Federal tax credit was $1.72 per gallon while the average price of 
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wholesale petro-diesel was $1.49.  This made the economics of biodiesel production 

impractical and many producers were forced to reduce production in order to stay in 

business. 

However, even at this reduced production, the resulting glycerin far exceeds the 

current market, resulting in a surplus of glycerin, particularly crude, unrefined glycerin [7].  

In 2008, approximately 700 million gallons of biodiesel were produced, creating 

approximately 70 million gallons of glycerin, or approximately 630 million lbs, equivalent to 

roughly the entire market for USP glycerin from non-biofuel derived sources.  Combined 

with the difficulty in refining this crude glycerin for use in higher value-added markets, 

biodiesel producers are left to deal with large quantities of a waste product with marginal 

value [8].  Therefore, the object of this research is to provide an outlet for the reclamation of 

the energy contained in this waste in order to offset the significant energy requirements in the 

manufacture of biodiesel.  Especially given the very slim margins for profit in the production 

of biodiesel, any value-added use for this waste that can reduce production costs would be of 

great benefit.  Additionally, because glycerin from biodiesel production is composed of 

carbon from non-fossil fuel sources, it has the potential of offsetting the carbon released into 

the atmosphere through the use of traditional fossil fuels.  Utilizing glycerin as a fuel has the 

potential of replacing 1.0x10
8
 gal/year of fuel oil, equivalent to 1.3x10

6
 tons/year of carbon 

dioxide. 

Unfortunately, the combustion of glycerin is not trivial.  Even though glycerin is 

known to have a moderate heating value of approximately 16 MJ/kg, it has not previously 

been used as a fuel.  Glycerin has a very high activation energy resulting in an auto-ignition 
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temperature of 370°C, as compared to 210°C and 280°C for kerosene and gasoline, 

respectively [9].  Coupled with the low heat released, the high activation energy makes 

generating a stable flame difficult.  A significant amount of thermal feedback to the unburned 

fuel is required in order to raise the droplet temperature above the auto-ignition temperature.  

A glycerol fueled flame propagating into a quiescent, open environment is simply not able to 

provide enough thermal feedback to maintain combustion. 

Additionally, glycerin is highly viscous.  In its pure form it is a syrupy liquid with a 

consistency similar to cool maple syrup.  Crude waste glycerin can be even more viscous 

given the high free fatty acid content, with some examples of waste crude glycerin being 

nearly solid at room temperature.   At room temperature pure glycerin has a viscosity of 
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approximately 1030 cP where water at room temperature has a viscosity of approximately 0.9 

cP.  This high viscosity makes fluid handling difficult, frustrating efforts to pump and 

atomize the glycerin.  However, the viscosity of glycerin responds very favorably to heating 

as seen in Figure 4.  At 100°C glycerin has a viscosity of about 20 cP, similar to that of other 

fuel oils. 

 The final common obstacle to the use of glycerin as a fuel source is its chemical 

similarity to acrolein as shown in Figure 5.  Acrolein is the three carbon aldehyde, an organic 

compound characterized by the presence of a carbonyl group (a carbon atom double bonded 

to an oxygen atom).   

Figure 5: Similarity between acrolein and glycerol molecules 

 

Acrolein has an acrid odor similar to that of burning fat and was used during World 

War I as a chemical agent and is harmful at very low concentrations.  Glycerol can 

decompose to acrolein above 280°C and as such, a stigma has been associated with the use of 

glycerol as a fuel for fear of producing acrolein.  This problem is compounded if the glycerol 

fuel is not atomized properly or burned incompletely.  However, despite acrolein’s toxicity, it 

is also unstable, and as such its formation should be mitigated with complete combustion. 
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 Patzer et al. [10] investigated glycerol combustion in an unmodified package boiler, 

but were unable to achieve stable glycerol flames until they co-fired smaller amounts of 

glycerol with yellow grease.  This is consistent with the apparent issues of glycerol ignition 

and flame stability in package boilers designed for high rates of heat transfer, cold walls, 

short residence times (~2s), and high gas-quenching rates (~500 K/s) [11].  



 

10 
 

2 APPARATUS 

2.1 Variable Swirl Burner (7kW) 

This study examined glycerol combustion in two experimental systems.  The first is a 

prototype 7kW refractory burner based on a design described by Chen et al. [12] and 

previously used by Metzger [13].  However, this system, shown in Figure 6, was then 

modified as shown in Figure 7 in order to improve the burner’s ease of operation and 

experimental usefulness.   

 

Figure 6: 7kw swirl burner system used by Metzger 
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Figure 7: Modified 7kw swirl burner used in this work 

 

It consists of an air swirl chamber and a venturi restriction, and a new refractory-lined 

combustion chamber.  The refractory combustion chamber addresses issues with oxidation of 

the interior wall of the chamber used by Metzger as shown in Figure 8.  Due to the high 

operating temperatures caused by the insulating blanket of Metzger’s chamber, which is 

necessary to achieve the required thermal feedback to create a stable flame, the metal lining 

warped and oxidized, creating holes in the walls as well as an uneven surface.  This issue is 

addressed through the casting of a refractory combustion chamber with walls approximately 

¾” thick as shown in Figure 9.   
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Figure 8: Oxidation and warping issues in the unmodified combustion chamber 

 

Figure 9: Modified refractory lined combustion chamber 
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This refractory creates a more adiabatic combustion environment, which is of 

particular importance in the combustion of glycerol due to the high activation energy.  This 

adiabatic combustion chamber was also beneficial in helping to ensure complete combustion 

before emissions testing.  Additionally, the refractory is desired for flame impingement 

directly on the walls without cracking or warping.  It was cast by creating a mold based off of 

the same geometries used by Metzger, into which was poured a castable refractory made by 

the combination of the dry ceramic with an activating ingredient.  After drying, the mold was 

removed and the chamber cured for several hours in an oven.  This post curing allows any 

remaining water to be slowly and controllably removed from the chamber before use.  If this 

water were not removed before subjecting the chamber to operational temperatures, the water 

could boil and crack the refractory in an attempt to escape.   

 

Figure 10: Comparison of air atomizing (left) and pressure atomizing (right) nozzles, 

illustrating the difference in orifice size 
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An air-assisted glycerol atomizing nozzle (Delavan model 30609-3) is located along 

the centerline of the swirl chamber and venturi resulting in an annular space for the swirling 

air.  This air atomizing nozzle is specially designed for viscous fluids and uses low pressure 

air at higher velocities moving over a small pool of fuel.  This difference in velocities creates 

a shear force which pulls small droplets through the nozzle creating a finer mist than would 

be possible using a traditional pressure atomizing nozzle without heating the fuel.  An 

additional benefit of the air atomizing nozzle is the larger orifice size compared with a 

pressure atomizing nozzle as seen in Figure 10, which is of particular importance in order to 

avoid clogging with the many impurities in the crude glycerol.  U.S. Pharmacopeia (USP) 

grade glycerol was pumped at about 28 g/min and 276 kPa to the spray nozzle and atomized 

with air flowing at about 32 SLPM and 172 kPa.   

In its current configuration, the prototype burner is equipped with a steel restrictor at 

the exit of the combustion chamber to promote internal recirculation, thus increasing 

residence time in the combustion chamber.  The assembly is designed to be inserted into the 

first pass of a commercial fire-tube boiler, and provide an insulated environment to promote 

ignition and flame stability.  Axial and tangential air flowing through the venturi at the inlet 

of the combustion chamber produces a swirling pressure gradient, creating an intense 

recirculation zone into which the glycerol is sprayed.  A cross sectional view of a 3-D model 

of the system with the fuel lance removed for clarity is shown in Figure 11 to help illustrate 

these geometries. 
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Figure 11: Cross-sectional view of computer model of the high swirl system 

 

While a large range of swirl is possible, swirl numbers between 2 and 10 were 

examined and adjusted by varying the axial and tangential air flow rates.  More discussion on 

the effect of the swirling combustion air flow is included in the computational fluid dynamics 

section later. 

The swirl number at the throat of the venturi is difficult to calculate directly, however 

it is easily approximated using the principle of the conversation of angular momentum.  Swirl 

is defined as: 
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Where Gθ and Gx are the tangential and axial flux integrals, respectively as shown below 

            
 

 

 

     
 

 

  
    

 For simplification, it was assumed that wall friction effects were negligible and that 

the radial velocity profile was linear.  It was also simplified by reducing the cross-sectional 

area from an annulus to an open circle by removing the influence of the fuel lance through 

the center of the venturi.  Given a linear velocity profile and lack of wall effects, removing 

the fuel lance for this approximation is acceptable.  By creating the velocity profiles as seen 

in Figure 12, conservation of momentum can be applied in order to find the velocity at the 

wall of the venturi v2. 
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Figure 12: Velocity profile assumptions for estimating swirl number 

 

Conservation of angular momentum says that the momentum at point 1 where the 

tangential air flow comes in is the same as the momentum at point 2 where the venturi has 

restricted the flow the most.  Because no additional mass is added, the conservation equation 

simplifies to: 

          

This allows for v2 to be calculated.  Once v2 is in hand, a linear velocity distribution 

as a function of r can be generated and the flux integrals can be solved. 

In order to ignite the system, the following procedure is used: 



 

18 
 

1. Begin burning 5 SLPM propane with 155 SLPM combustion air (approximately 20 

SLPM axially, 120 SLPM tangentially, and 15 SLPM through the nozzle) and place 

the ceramic combustion chamber on the burner stand. 

2. Allow approximately 5 minutes for the chamber to heat with propane.  When the 

metal top of the chamber begins to glow red, proceed to step 3. 

3. Slowly begin to increase the flow of glycerol.  Because of the blow off limits of 

propane, the initial flow of air through the nozzle is not sufficient to allow for 

adequate atomization, so the nozzle air flow rate must also be increased as the 

glycerol flow is increased.  Increase glycerol flow to approximately 28 g/min (or 0.25 

gal/hr) and the nozzle air flow to 30 SLPM 

4. After a short time burning both glycerol and propane to allow for the glycerol flow to 

reach a steady state, the propane flow can be slowly turned off.  The system can then 

be run exclusively on glycerol.   

5. Total combustion air flow rate may need to be adjusted throughout the steps 3 and 4. 

 

Stable flames are possible through a combination of the hot refractory walls and 

intense gas recirculation.  The prototype burner was mounted on a test stand under a large 

fume hood.  Gas samples were collected through an uncooled quartz probe at the throat of the 

exhaust cap, cooled through an ice bath to remove condensing water, and directed to a 

California Instruments (model 400 HCLD, Orange, CA) NOx analyzer and an Infrared 

Industries (model FGA-4000 XDS, Hayward, CA) exhaust gas analyzer (O2, CO, CO2).  A 
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diagram of the sampling system can be seen in Figure 13.  Exhaust temperatures were 

measured using a bare type B thermocouple.  

 

Figure 13: Diagram of the sampling system in the high swirl burner 
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2.2 Refractory Furnace (82kW) 

The second experimental system, shown in Figure 14, is a medium-scale refractory-

lined furnace.  This system was equipped with an 82 kW rated International Flame Research 

Foundation (IFRF) movable-block, variable-air swirl burner which incorporated an air 

assisted atomizing nozzle positioned along its center axis.   

 

Figure 14: Medium scale refractory lined furnace from afar (left) and up close (right) 

 

Swirl numbers up to 1.8 are possible; however throughout this experiment the swirl 

number is set to its highest available swirl of 1.8 and left unchanged.  Based on its similar 

design to the variable swirl burner (refractory-lined, adjustable swirl, air atomization), this 

system was also used to examine operational issues (fuel delivery, atomization, flame 

ignition and stability) as well as provide a preliminary assessment of several emissions.  Like 
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the variable swirl burner, the Rainbow furnace (so called because of its multicolored exhaust 

stack) was preheated (using natural gas) and then transitioned to glycerol fuel.  Because of 

the extremely thick refractory of the furnace and long preheat cycle; the transition from 

preheating to burning glycerol is simplified.  Once the furnace is fully heated, the natural gas 

can be turned off and, over the course of five to ten minutes, the natural gas fuel lance can be 

removed and replaced with the glycerol fuel lance.  Once the fuel system has been changed 

out, the refractory retains enough heat to allow the glycerol to burn. 

This furnace burned two formulations of crude glycerol, one formulation with the 

methanol recovered and the other with the methanol left unrecovered, both of which were 

received from Foothills Bio-Energies Inc. (Lenoir, NC).  These glycerol fuels were fed from 

drums using an in-barrel heating system, insulated fuel lines, and continuous circulation 

within a fuel loop with a portion directed to a Spraying Systems Co. (model Air Atom ¼-

JSS) air-atomizing nozzle.  Fuel temperature, air pressure, air flow, and air temperature were 

maintained at 93°C, 204 kPa, 30 SLPM, and 150°C, respectively.  Preheating the crude 

glycerol in this manner reduced its viscosity significantly allowing it to be handled similarly 

to other fuel oils.  This preheating was necessary due to the very high viscosity of the 

demethylated crude glycerol, which is nearly solid at room temperature.  This is most likely 

due to a high content of free fatty acids left in the fuel.   
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Figure 15: Sampling diagram for the medium scale refractory furnace 

 

Gas samples were extracted from an exhaust location as shown in Figure 15 and 

directed to a set of continuous emission monitors (CEMs).  These samples were conditioned 

and analyzed for CO2 (Beckman Corp., model 755, La Habra, CA), O2 (Beckman Corp., 

model 755, La Habra, CA), CO (Thermo Electron Corp, model 48, Franklin, MA), NO and 

NO2 (Teledyne Technology Co., model 200A4, San Diego, CA), and total hydrocarbons 

(THC, Thermo Electron Corp, model 43c, Franklin, MA), in accordance with Methods 3A, 

7E, 10, and 25A [14].  Once steady-state operation with glycerol fuels was achieved, 
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particulate matter (PM) samples were collected (in triplicate) on filters (Method 5) for mass 

determination and limited chemistry [14].  PM samples were also directed to a scanning 

mobility particle sizer (SMPS, TSI Inc., model 3080/3022a, Shoreview, MN) and an 

aerodynamic particle sizer (APS, TSI Inc., model 3321, Shoreview, MN) to determine 

particle size distributions.  Filter samples were later examined for elemental carbon and 

organic carbon (EC/OC) using a thermal/optical carbon analyzer (Sunset Laboratory Inc., 

model 107, Tigard, OR) and inorganic elements by wavelength dispersive x-ray fluorescence 

spectroscopy (WD-XRF, Philips, model 2404 Panalytical, Natick, MA).  WD-XRF data were 

collected by Panalytical’s SuperQ software and analyzed using UniQuant 5 (Omega Data 

Systems, Veldhoven, The Netherlands). 

 

2.3 Glycerol Composition 

There is a great deal of variability in the feed stocks and processes used to make and 

purify the FAME product, recover useful reactants for recycle, and process the glycerol by-

product [15].  Important glycerol post-processes include acidulation/neutralization to adjust 

the pH, and evaporation/distillation to separate the water and excess methanol for reuse.  

Biodiesel manufacturers typically make efforts to reclaim the excess unreacted methanol.  

However, based on the relative costs of methanol recovery and purchasing new methanol, 

this is not always the case.  Further, as it may be advantageous to utilize the methanol as a 

fuel component, we decided to examine both methylated and demethylated crude glycerol 

fuels.   
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Methylated crude glycerol typically contains (by weight) 50-70% glycerol, 10-20% 

methanol, 5-10% salts, <3-10% water, <1-5% free fatty acids, and <1-5% MONG.  

Demethylated crude glycerol typically contains (by weight) 70-88% glycerol, <1% methanol, 

5-15% salts, <5-15% water, <1-5% free fatty acids, and <1-5% MONG [16].   

Table 1 presents an analysis of both crude glycerol fuels as received from Foothills 

Bio-Energies produced from the transesterification of low free fatty acid chicken grease.  

Values for USP grade glycerol are included for comparison.   

 

Table 1: Compositional analysis of USP, Methylated and Demethylated crude samples 

 USP 

Glycerol 

Methylated Demethylated 

C (%) 39.1 42.05 67.27 

H (%) 8.7 10.14 11.43 

N (%) 0 < 0.05 < 0.05 

O (%) 52.2 43.32 17.06 

S (%) 0 0.078 < 0.05 

H2O (%) 0 1.03 1.47 

Ash (%) 0 3.06 2.23 

    

Ca (ppm)  <23 119 

Na (ppm)  11600 17500 

K (ppm)  628 541 

Cl (ppm)  124 154 

Mg (ppm)  <8 29 

P (ppm)  2220 1750 

    

HHV  

(MJ/kg) 

16.0 21.8 20.6 

 

 

All three fuels (USP, methylated, and demethylated) contain significant amounts of 

oxygen (52, 43, and 17wt%, respectively).  However, the low value measured for the 
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demethylated glycerol may indicate a fairly low glycerol concentration and larger quantities 

of MONG.  If all of the oxygen found in the sample were considered to be contained within 

glycerol (which is a reasonable simplification given that glycerol has a carbon to oxygen 

ratio of unity while fats and oils have a higher ratio of approximately 10), this would imply 

that approximately 2/3 of the sample mass is a mixture of soaps and unreacted fats and oils 

(MONG).  The analysis also showed 43% oxygen by mass for the methylated glycerol, which 

would correspond to approximately 75% of the glycerol mixture being excess methanol, 

assuming a consistent ratio of glycerol to soaps and unreacted fats and oils as seen in the 

demethylated case.  Also notable are the low nitrogen (<0.05 wt%) and sulfur (<0.05-0.08 

wt%) contents and high ash (2-3 wt%) contents of the two crude glycerol fuels.  This ash 

corresponds to very high sodium levels (1.2-1.8 wt%) consistent with the use of NaOH 

catalyst.  Other ash elements in notable concentrations include phosphorus and potassium 

dissolved in the polar glycerol with some of the sodium, potassium, and all of the phosphorus 

coming from biomass.  The heating values determined for the methylated and demethylated 

fuels (21.8 and 20.6 MJ/kg, respectively) are also notably higher than that for pure glycerol 

(16.0 MJ/kg).  This is due to the long carbon chains in fatty acids which are present in crude 

glycerol and not in USP glycerol.  
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3 RESULTS 

3.1 Variable Swirl Common Emissions 

USP grade glycerol combustion was examined in the prototype refractory burner over a 

range of swirl numbers and equivalence ratios and compared to operation with propane and 

No. 2 fuel oil.  All three fuels generated no or negligible ash, as it was desirable to avoid ash 

formation and deposition in these tests and concentrate on gas phase emissions as well as 

flame ignition and stability issues.  Propane was chosen as it represents a similar (but non-

oxygenated) three-carbon alkane, similar to glycerol.  No. 2 fuel oil was chosen to examine 

and compare atomization using a common liquid fossil fuel.  Both propane and No. 2 fuel oil 

have heating values (46.2 and 42.5 MJ/kg, respectively) significantly greater than glycerol.  

It was decided to match the burner load for all three fuels at 7kW or approximately 25,000  

BTU/hr.  This corresponds to fuel feed rates of 28.0, 9.6, and 10.3 g/min for USP glycerol, 

propane, and No. 2 fuel oil, respectively.  It was chosen to limit the fuel flow rates to this 

loading in order to attempt to contain all of the glycerol flame within the chamber.  

Containing the flame within the chamber allows reasonable certainty that the reaction is 

complete and samples taken at the throat of the exit of the chamber could be taken for 

analysis.  Glycerol combustion was examined over a wide range of air flows and swirl.  

Equivalence ratios were evaluated by using a predetermined glycerol flow rate based on 

desired power output and then airflow was adjusted (both total and swirl) to achieve a stable 

flame, whereby the flame was entirely contained within the chamber through the full range of 

swirl.  The highest air flow was chosen where the glycerol could burn through the full range 

of swirl without blowout.  Equivalence ratios were determined based on measured air and 
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fuel flows and confirmed from measurements of exhaust O2.  Stable and optimum operation 

was achieved over a range of three air flow rates (210, 227, and 243 SLPM) for swirl 

numbers from 2 to 10.  Interestingly, accounting for fuel oxygen, these conditions correspond 

to low global equivalence ratios (Φ=0.37-0.44).  Corresponding air flows and swirl using 

both propane and No. 2 fuel oil were not possible as the flames tended to blowout.  This was 

due to the flow rate of air through the atomizing nozzle required to atomize the highly 

viscous glycerol.  When the fuel was switched to a less viscous fuel, the high air flow rate 

through the small orifice created too great a velocity which blew out the propane and No.2 

fuel oil flames.  Stable operations were achieved at air flow rates of 180 and 202 SLPM for 

propane and 172 and 195 SLPM for No. 2 fuel oil for all swirl numbers (2-10) examined.  

These conditions correspond to global equivalence ratios between 0.48 and 0.65.  Lower air 

flow rates for the glycerol case did produce stable flames for some swirl conditions, but not 

for the full range, and thus it was difficult to resolve the disparity in the equivalence ratios.  

The recirculation zone strength will scale with the swirl number.  For all swirl numbers 

investigated here, the flame was stable.  The mean exhaust gas temperature decreased with 

decreasing swirl number, and was fairly insensitive to swirl number at high swirl. 

 Table 2 summarizes emission measurements made at the burner exit, averaged over 

the range of swirl.    Emissions from USP glycerol combustion compare favorably with those 

from the other two traditional fuels.    
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Table 2: Gas phase emissions from the high swirl burner comparing USP glycerol with 

propane and diesel fuel 

  USP Glycerol Propane No. 2 Fuel Oil 

Load (kW) 7.3 7.3 7.3 7.4 7.4 7.3 7.3 

Φ
a
 0.444 0.392 0.37 0.562 0.488 0.645 0.488 

SR
a
 2.25 2.55 2.7 1.78 2.05 1.55 2.05 

NOx (ppm) 3 3.5 3.6 60.2 62.8 74.7 62.5 

NOx at 0% O2 

(ppm) 6.9 9.1 9.6 110.5 135.4 117.8 128.6 

O2 (%) 11.8 12.9 13.3 9.6 11.3 7.7 10.8 

CO2 (%) 7.3 6.7 6.3 6.8 5.9 7 6.2 

CO (%) 0 0.01 0 0.01 0 0 0 

Exit Temp. (°C)
b
 958 901 877 1001 974 986 946 

Flame Temp. (°C)
c
 1201 1103 1060 1359 1213 1628 1343 

a
Equivalence and stoichiometric ratios determined by excess O2 in the exhaust. 

b
Temperature measured at the throat of the exhaust for the 7kW prototype burner and at the exit 

of the 82kW refractory-lined furnace. 

c
Adiabatic flame temperature calculated at stoichiometric ratios listed above. 

 

Emissions of CO were undetectable, however the instrument used measured CO on 

the percent level, requiring a minimum CO concentration on the order of 100 ppm before 

reaching the detection threshold.  Future experiments will utilize an analyzer with a lower 

detection threshold and greater resolution.  Measurement of CO2 and O2 were consistent with 

corresponding stoichiometries and mass balances for complete combustion and are shown in 

Figures 16 and 17 respectively.  The high average values of O2 are a consequence of the high 

excess air required for the glycerol combustion and the attempt to replicate the fluid 

mechanics in the traditional fuel controls. 
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Figure 16: CO2 emissions over swirl in (%)

 

Figure 17: O2 emissions over swirl in (%) 
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Interestingly, NOx emissions for the glycerol flames were exceedingly low (7-10 

ppm, 0% O2) compared to those for the two fossil fuels (110-140 ppm, 0% O2).  This was 

true even though O2 levels during glycerol combustion were very high.  Figures 18 and 19 

show a slight influence of increasing swirl number on NOx formation for uncorrected and 

corrected to 0% O2 respectively.   

 

Figure 18: NOx emissions over swirl (ppm) 
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Figure 19: NOx emissions corrected to 0% O2 (ppm) 

Temperatures measured at the burner exit were fairly comparable, with those for 

glycerol perhaps somewhat lower than propane and No. 2 fuel oil.  Measured exhaust gas 

temperatures at the throat of the exit as shown in Figure 20.   
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Figure 20: Exhaust temperature at the throat of the exit (°C) 

 

All three flames are predominately diffusion controlled, where peak flame 

temperatures occur at near stoichiometric equivalence ratios.  Calculated stoichiometric 

adiabatic flame temperatures for glycerol, propane, and No. 2 fuel oil are 2201, 2394, and 

2413 K, respectively.  The adiabatic flame temperature for glycerol is slightly lower, which 

may contribute to the reduced NOx formation.  However, these differences in temperature are 

not large enough to account for all the disparity.  This may indicate that the thermal NOx 

mechanism is not the dominate mechanism, but NOx formation is rather a combination of 

thermal and prompt mechanisms, both of which may be suppressed in the glycerol case.  It is 

unlikely that there is any significant contribution of fuel NOx formation due to very low 

levels of nitrogen in all three fuels.  One possibility is that there is greater partial premixing 
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in the glycerol case which may contribute to reduced thermal NOx formation.  Appleton and 

Heywood [17] show that with better atomization, NOx formation is reduced as global 

equivalence ratios decrease.  However, the glycerol case should exhibit lower partial-

premixing due to its higher boiling point compared with No. 2 fuel oil.  Additionally, 

propane should exhibit the most premixing due to being a gaseous fuel.  Therefore, it seems 

unlikely that glycerol has greater partial premixing.  If large differences in peak flame 

temperature and partial premixing cannot explain the dramatically different NOx levels, one 

possible explanation is the very large fuel-bound oxygen content of the glycerol (~52% by 

mass).  Unfortunately, there is no work in the literature with fuels with such high fuel-bound 

oxygen contents and what effect this may have on NOx formation is not well understood.  

However, the presence of so much oxygen within the fuel may contribute to a broadening of 

the flame front, thereby reducing peak temperatures.   

The presence of so much fuel-bound oxygen may also inhibit the prompt NOx 

mechanism.  The NOx formation is not inhibited by the presence of fuel-bound oxygen in the 

propane and diesel flames and may proceed through a combination of both prompt [18] and 

thermal mechanisms, while both mechanisms could be inhibited in the glycerol flame.  It was 

attempted to examine this effect by mixing glycerol with other non-oxygenated fuels.  

However this effort failed due to the high polarity of glycerol and its immiscibility with most 

fuels.   
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Figure 21: Immiscibility of diesel fuel (top) and glycerol (bottom) 

 

As seen in Figure 21, attempting to mix polar glycerol with non polar diesel fuel 

creates a bi-layer.  Attempts to use an egg yolk emulsifier, creating a substance dubiously 

nicknamed “glycadiesenaise” for its similarity to a glycerol and diesel mayonnaise, were 

unsuccessful in creating an effective mixture.  Additionally, the egg yolk caused clogging 

problems in the fuel system, especially in the filter and the nozzle.  It was then decided to 

attempt to mix the glycerol with another polar molecule.  Biodiesel is a slightly polar 

molecule, however mixtures with biodiesel proved to not be polar enough to allow significant 

quantities of biodiesel and glycerol to mix.  It was then decided to try alcohols which are also 

polar.  This presented difficulties of its own.  Because by definition all alcohols already 



 

35 
 

contain oxygen, attempts to reduce the fuel-bound oxygen content of a glycerol-alcohol 

mixture would significantly reduce the quantity of glycerol in the tests.  Figure 22 shows the 

percentage of the mixture that would be required to be alcohol in order to reduce the fuel 

bound oxygen for a variety of alcohols up to the seven carbon alcohol, heptanol.   

 

 

Figure 22: Portion of various alcohols required to achieve different fuel-bound oxygen content 

when mixed with glycerol 

 

As can be seen, in order to obtain a significant reduction in fuel bound oxygen, longer 

and longer carbon chains are required to keep glycerol as a reasonable portion of the mixture.  

Unfortunately, a consequence of this lengthening of the alcohol’s carbon chain is a reduction 
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of its polarity and thus a reduction of its utility.  Attempts to use the 7-carbon chain alcohol 

septyl-alcohol showed that the glycerol was not very miscible in the alcohol.  Additionally, 

this alcohol is a strong respiratory irritant and very difficult to work with.  Further work 

needs to be done to understand the effect of high fuel oxygen content on NOx emissions.   

 

  



 

37 
 

3.2 Refractory Furnace Common Emissions 

Both methylated and demethylated crude glycerol fuels burned reasonably well in the 

refractory-lined furnace without fossil fuel co-firing.  In fact, the warmed demethylated 

glycerol fed more easily through the air atomizer than the methylated fuel which, due to its 

lower viscosity, required larger amounts of fuel and atomizing air to produce a stable spray.  

This difference in viscosity accounts for the higher load and excess air reported in Table 3 for 

this fuel.  Subsequent tests with these fuels in this burner will utilize pressure atomizing.  The 

required high fuel feed rates (due to low heating values) produced long flames which were 

shortened by maximizing the IFRF burner swirl (1.8).   

Interestingly, the refractory-lined furnace uses a UV-based flame safety system, and 

although both fuels produced stable flames (based on visual observations) the UV detector 

had difficulties establishing a stable signal.  Eventually, a flame rod was substituted and 

stable flame signals were established.  The equivalence ratios were determined based on 

exhaust O2. 
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Table 3: Gas phase emissions from crude glycerol in the medium scale refractory 

furnace 

  Demethylated Methylated 

Load (kW) 53.9 80.5 

Φ
a
 0.77 0.63 

SR
a
 1.3 1.58 

NOx (ppm) 118.3 146.5 

NOx at 0% O2 (ppm) 155.5 235.2 

O2 (%) 5.1 7.9 

CO2 (%) 15.4 12.5 

CO (%) - - 

THC (ppm) 7.1 4.7 

Exit Temp. (°C)
b
 1075 1041 

Flame Temp. (°C)
c
 1716 1782 

a
Equivalence and stoichiometric ratios determined by 

excess O2 in the exhaust. 
b
Temperature measured at the throat of the exhaust for the 

7kW prototype burner and at the exit of the 82kW 

refractory-lined furnace. 

c
Adiabatic flame temperature calculated at stoichiometric 

ratios listed above. 

 

Table 3 presents the results of the gas-phase emission measurements averaged over 

the course of three replicate experiments.  These results indicate that glycerol combustion in 

a refractory-lined furnace produced gas phase emissions comparable to previous experiences 

with fossil fuels (natural gas and No. 2 fuel oil).  Unfortunately, accurate CO emissions could 

not be determined due to instrument malfunction.  However, both total hydrocarbon 

concentrations as well as total carbon (TC) concentrations in the fly ash (see Table 4) were 

consistently low and typical of emissions indicating reasonably complete combustion.  
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Oxygen levels were slightly elevated, but this was a consequence of maintaining proper fuel 

atomization and the high inherent oxygen contents of the glycerol fuels.  Concentrations of 

NOx (~150-240 ppm, 0% O2) were typical of the relatively high combustion temperatures 

and low fuel nitrogen contents.  The data suggest that the demethylated glycerol produced 

slightly less NOx than the methylated fuel.  It is notable that the variable swirl burner 

produces NOx emissions significantly lower (~6 ppm, 0% O2) than those measured in the 

refractory-lined furnace.  This difference in NOx emissions may be related to the variation in 

swirl (1.8 compared to 2-10), but is most likely related to the longer residence times in the 

refractory-lined furnace.  The prototype burner was able to maintain stable glycerol flames at 

global equivalence ratios beyond the operating range for the other fuels examined (propane 

and diesel).  It should be noted, however, that the crude glycerol fuels examined in the 

refractory-lined furnace were not the same as the USP glycerol examined in the prototype 

burner.  The presence of MONG and other process by-products in the crude glycerol fuels 

reduces the fuel oxygen and may well affect NOx formation.  Because of the large differences 

in fluid dynamics, swirls, and residence times between the two experimental systems, it is 

difficult to compare NOx emissions.  However, comparisons within their individual systems 

is valid and of interest. 

 

3.3 Refractory Furnace Particulate Matter Emissions 

Mass concentrations of fly ash determined gravimetrically indicate average emissions 

of 3380 and 2200 mg/m
3
 for the demethylated and methylated glycerol fuels, respectively.  

These are very high values and are consistent with the high ash concentrations of these fuels.  
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These values can be compared to concentrations of ~90 mg/m
3
 measured in the same 

combustor burning a No.6 fuel oil with an ash content of 0.1% [11].  In fact, concentrations 

of 3000 mg/m
3
 approach those for coal combustion before particulate control.   

Particle size distributions using a Scanning Mobility Particle Sizer (SMPS) in the 

range of 14.1 to 736.5 nm and an Aerodynamic Particle Sizer (APS) in the range of 0.542 μm 

to 19.8 μm are averaged over 6 runs and shown in Figure 23.  These tests were conducted 

with a dilution ratio of 16:1 with N2 and were corrected back to stack emissions before being 

reported here.  This graph is measured from emissions of the two fuels and indicates a large 

distinct accumulation mode (~110 nm) suggesting vaporization, nucleation, and coagulation 

of a significant amount of ash for both the demethylated and methylated samples.  These 

results are consistent with the very high alkali metal content of the fuels.  It appears the 

methylated sample has a slightly lower production of PM at this accumulation mode.   
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Figure 23: Particle size distribution dN/dlog(Dp) for crude glycerol using SMPS and APS 

Due to the differences in concentrations between the particles in the SMPS scales 

compare with the APS scales, Figure 24 shows the size distributions in the range of 0.5 μm to 

50 μm measured using an Aerodynamic Particle Sizer (APS).  These results are average over 

the same six runs as the SMPS and were measured concurrently.  In this figure it can be seen 

that there appears to be a peak on the low end of the APS scale at approximately 0.5 μm, with 

the methylated peak being slightly smaller in diameter and with a greater concentration.  

There also appears to be a third, smaller peak at around 2 μm. 
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Figure 24: Particle size distribution dN/dlog(Dp) using APS detailed view 

 
Figure 25: Particle volume distributions dV/dlogDp for crude glycerol using SMPS and APS 
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Examination of the curves for the volume distributions within the particulate matter 

can be seen in Figure 25 for both fuels.  It can be seen that despite the majority of the 

particles being concentrated in smaller particles for each of the fuels, the majority of the 

volume of these particulates is contained in the larger particles.  However, the volume 

concentrations in the methylated case are significantly less than the demethylated case 

because of the lower particle concentrations above ~0.75 μm as can be seen in Figure 24.  

This apparently smaller difference in particle concentrations at the larger particle sizes 

corresponds to significant differences in the volume distributions. 

If the volume distribution is integrated over the range of particle sizes and multiplied 

by a density, an approximate mass concentration can be found.  This approximation assumes 

that the PM is spherical in shape and has a consistent density of sodium hydroxide, NaOH.  

Table 4 below shows the results of this integration and the proportions of PM mass below 

specified particle diameters.  This is determined by dividing the calculated PM mass smaller 

than a specified size by the total PM mass measured and reported above.  Particles less than 1 

μm are formed from vaporization and nucleation while particles less than 2.5 μm the EPA 

has classified as “fine” particles.  Those whose diameter is less than 10 μm are classified as 

“coarse” particles and can cause respiratory health problems.  Particles greater than 10 μm 

can have environmental problems; however, they are more easily controlled than sub 10 μm 

particles. 
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Table 4: Approximated mass concentrations of PM from particle size distributions 

  Demethylated Methylated 

  mg/m
3
   mg/m

3
   

<1 μm 215 6.4% 78 3.5% 

<2.5μm 220 6.5% 81 3.7% 

<10μm 282 8.3% 89 4.0% 

<20μm 404 12.0% 90 4.1% 

 

 It can be seen in Table 4 that approximately 6.4% of the PM mass of the 

demethylated glycerol is in the sub-micron and fine range, which indicates that a large 

component of the ash is formed from vaporization and nucleation rather than conglomeration 

as in smaller particles.  This is indicative of the high alkaline component in the crude 

glycerol.  The same can be said of the methylated glycerol, however to a lesser extent.  

Submicron mass concentrations of 3-6% represent relatively high vaporization.  Additionally, 

a very large portion of the mass of the PM from crude glycerol combustion is larger than 10 

μm.  While this can have environmental impacts, these particles can be relatively easy to 

handle as they tend to fall out of the exhaust stream or can be removed through the use of a 

cyclone. 
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Table 5: Ash composition for crude glycerol using ECOC and XRF 

 Methylated Demethylated 

C 4.88 2.74 

OC 1.31 0.53 

EC 3.56 2.21 

O 23.1 27.3 

Na 41.8 45.8 

Mg 0.033 0.067 

P 4.56 5.98 

S 0.99 1.48 

Cl 0.96 1.45 

K 1.45 1.53 

Ca 0.338 0.46 

Fe 0.114 0.143 

Cu 0.013 0.009 

Zn 0.781 0.688 

Trace 1.850 1.940 

Undetermined 19.2 10.4 

 

Table 5 presents a summary of the elemental analyses performed on the filter 

samples.  For these measurements, it was assumed that total carbon (TC) is the sum of 

organic carbon (OC) and elemental carbon (EC).  Other elements with atomic numbers >9 

(fluorine) were determined by WD-XRF.   

Carbon analyses by the EC/OC indicate that approximately 1% of the PM is organic 

carbon, and another 2-3% is elemental carbon.  This is done by inserting a known area punch 

of the filter into an oven in which the temperature and oxidative conditions are precisely 

controlled.  The temperature is slowly increased in a helium environment in order to drive 

organic species off the filter and through a catalyst.  This catalyst converts the organic 

species into CO2 and then into CH4 which is then sent to flame ionization detector (FID) and 

totalized.  After heating in a pure helium environment, the oven heating cycle restarts but this 
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time in an oxygen and helium environment in which the elemental carbon on the filters is 

driven off and directed through the same catalyst and FID.  These values are comparable to 

those measured from traditional fossil fuels and are consistent with the low levels of 

hydrocarbons measured.   

Elements determined by XRF (and presented as stable oxides) accounted for 

approximately 80% and 89% of the particulate mass for the demethylated and methylated 

fuels respectively.  Major elements include Na, P, Cl, and K.  Sodium specifically accounts 

for over 40% of the fly ash and its presence is the results of the NaOH catalyst used during 

the transesterification process.  The other major elements (P, Cl, and K) are typical of bio-

fuels.  Between the unburned carbon and the inorganic elements measured, the majority of 

the particulate mass composition is identified.  

It was also decided to conduct a test to quantify the extractable organic matter 

contained on the filters in order to confirm the organic carbon content as identified by the 

EC/OC detector in Table 5.  Each filter was carefully weighed before and after an extraction 

process in which a solvent is boiled through the filter.  This solvent dissolves the extractable 

organic material and is then condensed, effectively removing the organic material from the 

filter.  This condensed solvent/organic mixture is then partially dried to increase the 

concentration of the organic material.  This reduced mixture is then dispensed in specific 

quantities onto aluminum foil boats specially designed for the purpose.  These boats are 

carefully weighed before deposition of the mixture and then after the solvent has evaporated, 

leaving just the organic material, which can be correlated back to the total organic material 

on the filters.  However, when this process was performed on the glycerol particulate matter 



 

47 
 

filters, several unusual events occurred.  During the reduction process, the glycerol mixtures 

began to form crystals.  Additionally, when the mixture was dispensed onto the boats and the 

deposited organic material was massed, it became clear that no organic material was 

deposited on the boat.   

One possible explanation for this result is the formation of carbonates in glycerol 

combustion.  Carbonates are not typically a product of combustion; however most fuels do 

not typically have the high concentration of metals, particularly sodium or potassium.   

 

 

Figure 26: Molecular structure for sodium carbonate (left) and sodium bicarbonate (right) 

 

Sodium carbonate molecule, Na2CO3 as shown in Figure 26, is a relatively strong 

base and is often used as a water softener.  It is often called soda ash.  Sodium bicarbonate, 

NaHCO3, is also basic and is widely used to neutralize both acids and bases as well as raise 

the pH in swimming pools.  It is often called baking soda or sodium bicarb.  Both of these 

carbonates appear as white powders, very similar to the deposits on the glycerol filters. 
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Figure 27: Crystals of filter extraction before reacting with acid 

 

Figure 28: Crystals of filter extraction after reacting with acid 

In an effort to determine the possibility of the presence of carbonates, a scraping of 

the crystals formed in the test for extractable organic matter was collected.  Because these 
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carbonates are basic, when an acid such as hydrochloric acid was dropped onto theses 

scrapings, they reacted as shown in Figures 27 and 28, lending credence to the possibility of 

the presence of carbonates in the glycerol particulate matter.   

Additional credence is given to the presence of carbonates in the glycerol filter 

samples when the thermograms from the EC/OC test are examined.  Figures 29 and 30 show 

the thermograms from filters spiked with sodium carbonate and sodium bicarbonate 

respectively.  The filters for these samples were spiked with a known quantity of carbonate 

and the detector reported almost the entire mass of the spiked sample, however, it reported it 

as organic and elemental carbon, not as carbonate.  Therefore the conclusion can be drawn 

that the detector is capable of recognizing the carbon in carbonates, however it is not able to 

distinguish the carbon as a carbonate but rather reports it as either organic or elemental 

carbon.   

These graphs show several bits of important information.  The blue line is the oven 

temperature, which follows a preset temperature profile as described in an earlier portion of 

this section.  This temperature profile is identical between each of the runs.  Also, the region 

to the right of the first blue peak is the transition from the pure helium environment to the 

helium and oxygen environment.  The red and green lines are both readings from the FID.  

This instrument uses two FIDs, one for a low range and one for overflow into a higher range 

if the detector gets overloaded.  Additionally, the large peak at the right of each graph is a 

methane calibration curve for the FID.    
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Figure 29: ECOC thermogram for a filter spiked with sodium carbonate 

 

 

 

Figure 30: ECOC thermogram for a filter spiked with sodium bicarbonate 
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The peaks on these thermograms can be compared to the peaks on the thermograms 

from the demethylated and methylated experiments in Figures 31 and 32.  Too much sample 

was accidently collected on each of these filters because the total amount of particulates in 

the exhaust gas stream was significantly higher than expected.  This is the reason for the 

peaks exceeding the frame of the graph.  However, a strong correlation between the peaks on 

the spiked samples and on the experimental samples can be seen.  While not all the carbon in 

the thermograms for the experimental runs should be assumed to be carbonate, it can be said 

with greater certainty that combustion of crude glycerol can produce carbonates as a 

combustion product.  When compared with the demethylated and methylated thermograms, it 

becomes apparent that the graphs are similar, and it becomes clear that carbonates could be 

forming in glycerol combustion. 

  

 

Figure 31: ECOC thermogram for demethylated crude glycerol filter 
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Figure 32: ECOC thermogram for methylated crude glycerol filter 

 

Given the high concentration of sodium in the glycerol samples, it is entirely 

probable, and quite likely that carbonates are being produced.  Carbonates can be an issue in 

boilers due to scaling and the reduction in heat transfer, which can ultimately lead to 

overheating.  In order for the combustion of crude glycerol to proceed on an industrial scale, 

the issues with the quantity and composition mentioned above will need to be addressed. 
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4 NEW BURNER DESIGN 

 Continued research into glycerol combustion will require the modification of the 

system currently in use for more advanced diagnostic techniques.  The current variable swirl 

combustion system has several shortcomings that are addressed in a redesign discussed in 

this section.  The shortcomings to the current system that will be addressed in the redesign 

are outlined below: 

1. Re-lighting the system following a flame extinction is time consuming and 

frustrating.  Due to the necessity of removing the combustion chamber in order to 

light the propane pilot and preheating flame combined with the necessity of 

keeping the combustion chamber very hot, after a flame extinguishes, there is a 

long period of downtime while the chamber cools enough for it to be removed.  

There is also a lengthy reheating time required to raise the temperature of the cool 

combustion chamber to its operational temperature. 

2. Continued diagnostics will require the use of lasers and optical access into the 

combustion chamber.  The current system does not allow for any optical access. 

3. Lack of flexibility in the fuel delivery system.  The current system allows the use 

of an air atomizing nozzle only; it does not permit the use of pressure atomization 

and fuel heating. 

4. Lack of system monitoring.  The current system does not permit temperature 

measurements inside the chamber to monitor the temperature profile. 



 

54 
 

5. With the current system, any fuel that is not properly atomized leaks down the 

length of the fuel lance and after pooling at the bottom of the mixing chamber it 

flows into the axial combustion air lines. 

The first issue regarding the need to remove the combustion chamber between flame 

extinctions is resolved in the new design by fixing the combustion chamber to table and 

incorporating a spark ignition as shown in Figure 33. 

 

 

Figure 33: New burner assembly 

 

As can be seen, the chamber now permanently rests on the sturdier and more stable 

table through which the mixing chamber attaches from the bottom.  All of the mixing 
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chamber, venturi, and combustion chamber geometries are preserved.  By eliminating the 

need to continually move the chamber, the walls can now be thicker and heavier, facilitating 

combustion and mitigating the risk of dropping or breaking the chamber between runs.  This 

set up also allows for a pair of spark lighting probes to be inserted through the bottom of the 

table into the combustion chamber to help light the starter fuel without risk of exploding.  

This sort of explosion was a definite possibility while attempting to relight the old system 

without removing the combustion chamber.  By affixing the chamber to the table it also 

allows for greater mobility with the system and easier access to the mixing chamber and 

venturi.   

 As can be seen in Figure 34, the combustion chamber has now been redesigned to 

include three optical access windows.  These windows are composed of two narrow slits 

opposite each other and a larger window for viewing the flame at the base of the chamber.  

The narrow slights allow for lasers to pass through the flame and the large window is for a 

camera to observe.  During normal operation of the chamber, the openings will be covered 

with a basic high temperature glass such as Pyrex.  When the time comes to perform laser 

diagnostics, the Pyrex will be changed out for a much more expensive UV glass in order to 

all a greater range of wavelengths to pass through the glass and reach the camera. 
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Figure 34: Close up and wireframe view of the new combustion chamber illustrating the optical 

access windows and thermocouple ports 

 

A wide range of tests can be conducted using these laser diagnostic techniques.  

Using Mie-scattering the distribution of liquid droplets from the fuel atomizer can be 

observed, allowing for a greater understanding of the size and dispersion of the fuel droplets.  

This optical access also allows for OH chemiluminescence, indicting the distribution of OH 

radicals in the flame.  Additionally, planar laser induced fluorescence, or PLIF, can be 

utilized to see the distribution of formaldehyde.  The flame temperature distribution can also 

be observed through two-λ OH PLIF.  A comparison of the peak temperatures in the glycerol 

and traditional fuel flames can help to shed light on the reasons for the reduced NOx 

emissions observed in the combustion of USP glycerol. 
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 By affixing the combustion to the table and allowing access to the mixing chamber by 

unbolting it from the underside of the table, it also allows much easier access to the fuel 

delivery system.  Because the mixing chamber and fuel delivery can be removed, they can 

easily be changed out or modified to facilitate different operational parameters.  For instance, 

the fuel lance can be changed out for an insulated, heated fuel system in order to use a more 

traditional pressure atomizing system.  The current system cannot use a heat fuel system 

because the air flow around the fuel lance cools the fuel too much before it gets to the nozzle, 

effectively increasing its viscosity and hampering atomization.   

As shown in Figure 35, the redesigned combustion chamber will include a rake of 

thermal couples within the chamber to aid in gathering a temperature profile.  Also included 

with the redesigned system is a new control system utilizing Teledyne Hastings mass flow 

meters for all combustion air and propane lines.  This will allow for a direct measurement of 

the mass flow into the system, rather than the volumetric flow readings taken with a 

rotameter as is currently used. 
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Figure 35: New combustion system sampling diagram 

 

The mixing chamber is also overhauled to include honeycombs on the axial air lines 

to ensure the flow is straight before mixing with the tangential lines.  This will also include 

drainage for the un-atomized fuel in order to stop fuel from draining into the air line.  All of 

these changes will greatly increase the flexibility of this system to meet the needs of 

developing research as well as improve the ease of use of the system.  
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5 COMPUTATIONAL FLUID DYNAMICS 

 Steady state simulations using computational fluid dynamics were utilized in order to 

gain a better understanding of the fluid mechanics driving the system.  In order to reduce the 

total number of nodes as well as computational time, the model was created as a 90° section 

of the whole along the central axis as shown in Figure 36a and Figure 36b with the mesh 

added.  This model duplicates symmetry on the cut faces in order to replicate a full model of 

the system.   

Figure 36: CFD model in quarter section without mesh (a) and with mesh (b) 
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Simulations were run on a Dell Precision T5400 computer operating on an Intel Xeon 

CPU E5410 at 2.33 GHz and 16 GB of ram, resulting in a typical computational time of 

approximately 6 hours.  Despite the reduction of the total computational volume by a factor 

of four due the symmetry of the system, each simulation totaled approximately 1.2 million 

mesh cells.  A model of the combustion system including mixing chamber, venture, fuel 

lance, combustion chamber, and cap was created in Solidworks and then imported to Ansys 

11 for the simulation geometry and mesh construction.  Simulations were done using CFX 11 

for solving and post processing. 

 

5.1 Flammability Limit of Startup Propane 

The first objective for utilization of the computational model is to find the flammable 

limits of propane for system startup.  Because the newly designed system utilizes an internal 

spark ignition, it is important to understand where mixtures of fuel in the system reach a 

flammable mixture in order to ensure the effectiveness of the spark.  This was done by 

inputting the starting conditions for lighting the burner.  The starting conditions were chosen 

based on experimental observations made during the lighting of the burner and the fluid flow 

rates are modeled on the flows used during actual start-up.  The result is that start-up flow 

rates are lower than those used during operation with glycerol due to the blow off limits of 

the propane flame.  The swirl number is approximately 5.2. 
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Figure 37: Flammability limit contour of propane during start up 

 

A three dimensional model of the region within the chamber above the lean limit 

mass fraction of 0.032 and below a mass fraction of 0.100 is shown in Figure 37.  The 

propane can be seen entering at the bottom of the image through a small inlet, interacting 

with the swirling flow and wrapping around to reenter the image twice before mixing effects 

begin to homogenize the flow.  As the flow reaches the region where the venturi begins to 
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expand again, a cloud of near stoichiometric mixture forms, as shown in the green region, 

and is then drawn upward.  This is also demonstrated in the section view in Figure 38. 

 

 The section view in Figure 38 shows how the propane flows up along the expansion 

of the venturi and into the combustion chamber.  This view also shows a hint of the effect of 

Figure 38: Cross-sectional view of flammability limit of propane during start up 
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the recirculation zone created by this expansion of the swirling flow out of the venturi and 

into the combustion chamber; however this effect will be discussed in greater detail shortly.  

The dashed lines along the central axis indicate the corresponding figure in Figure 39 as the 

view is oriented along the central axis looking down from the exit of the chamber.  Each of 

these sub-figures is a horizontal slice through the flow as the plane is marched upwards at 

half inch intervals. 
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Figure 39: Cross-sectional slice progressing along the central axis, illustrating the top-down 

shape of the flammability limit contour, each figure letter corresponds to the notation in Figure 

39 
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Figure 40: Velocity vector illustrating the recirculation zone during start up 
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Figure 40 illustrates the reason for the formation of the cloud of fuel encircling the 

central axis.  This recirculation zone is caused of the expansion of the swirling flow out of 

the venturi.  As the flow expands, it creates a low pressure zone in the center of the swirl.  

This low pressure zone draws the flow back toward the center creating a zone of 

recirculation. 

 

5.2 Effect of Swirl 

 Figures 41, 42, and 43 show the effect of swirl of the flammable region of propane 

under the conditions in which glycerol operates.  Due to difficulty in modeling liquid sprays, 

it was decided to use propane flow to illustrate the effect of swirl.  These models are similar 

to those in Figure 37, but with increasing swirl from 2.4 in Figure 41 to 4.4 in Figure 42 and 

7.8 in Figure 43 and greater total combustion air flow rate to model operational conditions 

rather than start up.  In each of these figures the total combustion air flow rate is held 

constant.  It can be seen that as the swirl increases, the region defining the flammable limit is 

shortened and broadened.  This is intuitive because at lower swirls, the axial portion of the 

flow is greater, creating a greater velocity in the axial direction, forcing the propane farther 

downstream.  Additionally, as the swirl increases, the tangential momentum increases, 

forcing the mixture farther towards the wall broadening the flammable zone.  This also 

creates a secondary recirculation zone located at the corner of the combustion chamber where 

the wall meets the floor of the chamber.  This secondary eddy helps to stabilize the flame and 

enhance the recirculation zone and is seen strongest in Figure 43. 
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Figure 41: Propane flammability contour during glycerol operation at S=2.4, illustrating the 

effect of swirl 
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Figure 42: Propane flammability contour during glycerol operation at S=4.4, illustrating the 

effect of swirl 
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Figure 43: Propane flammability contour during glycerol operation at S=7.8, illustrating the 

effect of swirl 

 It can also be seen in each of these figures the effect that the high nozzle flow rate has 

on central portion of the flammable region.  The effect that varying this flow rate and 

velocity has on the recirculation zone will be investigated in subsequent tests. 
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Figures 44, 45, and 46 show the cross-sectional view for both the flammability limit 

contour in part (a) as well as the velocity vectors throughout the region in part (b) for 

increasing swirl from 2.4 to 4.4 to 7.8 as in the previous figures.  
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Figure 44: Cross-sectional view showing flammability contour and velocity vectors for swirl=2.4 
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Figure 45: Cross-sectional view showing flammability contour and velocity vectors for swirl=4.4 
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Figure 46: Cross-sectional view showing flammability contour and velocity vectors for swirl=7.8 
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 It can be seen that as the swirl increases, the increased strength of the recirculation 

zone reduces the velocity of the fluid flow out of the nozzle.  This suggests that the strong 

recirculation zone forces more of the atomized glycerol back down against the axial flow and 

into the recirculation zone.  By spraying directly into the recirculation zone, the residence 

time of the glycerol droplet is effectively increased, allowing for more time for the droplet to 

evaporate and ultimately combustion.  

 Additionally, by examining Figure 46, it can be seen that the shape of the exit of the 

venturi has a significant effect on the creation of this recirculation zone by limiting the extent 

to which this swirling flow can expand tangentially.  One further area of inspection is the 

influence of the shape, as well as the absence, of this venturi on the recirculation zone.  
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6 FUTURE WORK 

 There is extensive work planned and underway to examine questions raised by this 

work that were beyond the scope of this effort.  This section will provide a brief overview of 

the direction and content of this planned work. 

 The new burner design described in section 4 will be utilized to delve into the 

challenge of understanding the causes for the reduced NOx formation in the glycerol 

combustion.  This will proceed through several different routes, some of which were briefly 

mentioned in section 4.  Using laser diagnostics, several of the important features of NOx 

formation can be examined in-situ.  According to the Zel’Dovich thermal NOx mechanism, 

NOx formation is controlled by the radical concentrations of several species: O-atom, OH-

radical, and N-atom (which is generally small due to the high bond energy contained in N2).  

Laser-induced fluorescence can be used to image these radical species (O and OH) and can 

provide insight into their influence on NOx formation in the glycerol flame.  The Zel’Dovich 

mechanism is also highly influenced by the peak flame temperature.  2-λ OH PLIF 

thermometry is a technique which wields the two-dimensional temperature profile of the 

flame and will indicate whether the peak flame temperature in a glycerol flame is suppressed, 

which would result in the reduced NOx formation observed. 

 Gas-phase NOx measurements will also be conducted using this new combustor 

design.  By burning a varying mixture of glycerol and propane, while keeping the total 

energy delivery constant, an approximation for the effect of fuel-bound oxygen on NOx 

production can be achieved.  Using the same NOx measurement techniques described above, 
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and this variation is the fuel burned, NOx can be measured as a function of fuel-bound 

oxygen. 

 Work with the 82kW furnace at the EPA will also continue, with a focus on carbonyl 

emission measurements.  Due to instability in the DNPH-hydrazone with respect to time and 

source emissions, more advanced techniques than the ambient cartridge technique used 

previously are required.  These advanced techniques utilize an impinger train with DNPH 

doped with toluene.  Recent work has shown that the addition of toluene to the DNPH aids in 

hydrazone retention, as well as reducing the interference of combustion gases on the 

acrolein-DNPH reaction.  Additionally, comparative aldehyde measurements can be made 

using a PTR/MS for close to real-time aldehyde and ketone measurements of a wide variety 

of species.  These methods will be run conjointly with the cartridge sampling technique and 

will not only aid in the understanding of aldehyde production in glycerol combustion, but in 

aldehyde measurements in general. 

 Finally, funding has become available to begin work modifying a ground power unit 

(GPU) to burn glycerol for power generation.  Ground power units are commonly used to 

start aircraft engines and utilize a gas turbine engine.  This work will remove the combustor 

can section, including the fuel atomization system and dilution system, and replace it with a 

custom designed combustion chamber for burning glycerol.  This system will utilize a hot 

walled ceramic section into which the glycerol fuel is sprayed and combusted and then the 

hot gases will move on to the dilution section for conditioning before entering the turbine 

section of the engine.  This work presents several significant challenges with respect to the 

fuels used.  The combustion chamber will need to be capable of burning significantly larger 
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amounts of glycerol than was used in the work described in this paper.  Additionally, due to 

the precision manufacturing and high temperatures necessary to generate power in the turbine 

section of the engine, the combustion gases will need to contain significantly less particulate 

matter than was observed in the 82kw furnace burning crude glycerol.  The metals present in 

crude glycerol will quickly corrode the turbine blades and will lead to an engine failure.  

Therefore, additional work is being conducted to examine cost effective means for removing 

the metals and other impurities in crude glycerol that would cause wear problems with the 

gas turbine.  These efforts include removing the metals and their salts before combustion or 

using a solid catalyst bed in the biodiesel production process (which avoids the metals 

entering waste glycerol waste stream in the first place).  Despite whichever process is used, it 

is clear that these metals must be removed before glycerol combustion could be used in most 

applications.  
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7 CONCLUSIONS 

Waste glycerol is produced in significant quantities during the transesterification of 

triglycerides to produce biodiesel fuels, and new value-added uses for this waste are needed 

to optimize process efficiencies and reduce the impacts of disposal.  Although not an ideal 

fuel, waste glycerol might be used in boilers to produce process steam and co-generate 

electricity with the added advantages of optimizing energy integration, eliminating 

transportation costs, and displacing the need for fossil fuels.  This work examined efforts to 

develop a prototype high-swirl refractory burner designed for retrofit applications in package 

boilers and provide an initial characterization of emissions generated during combustion of 

crude glycerol fuels.  These results represent important first steps toward characterizing the 

use of waste glycerol as a boiler fuel.  Study conclusions can be summarized as follows: 

(1)  Stable 100% glycerol combustion was achieved for both a 7kW prototype high swirl 

burner (using USP grade glycerol) and an 82kW (rated) refractory-lined furnace (using crude 

methylated and demethylated glycerol wastes). 

(2)  For the prototype burner, optimum glycerol combustion corresponded to operation at 

very high swirls (2-10) and excess air (Φ=0.37-0.44).  In contrast to glycerol, propane and 

No.2 fuel oil combustion became unstable at high excess air (Φ<0.45). 

(3)  With the exception of NOx, both combustors produced gas-phase emissions similar to 

natural gas and distillate fuel oils indicating low total hydrocarbon emissions and efficient 

combustion. 

(4)  Interestingly, NOx emissions from the prototype burner operating on glycerol (7-10 ppm, 

0% O2) were 20 times lower than those from the same burner operating on diesel fuel (120-
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130 ppm, 0% O2).  These differences are most likely attributable to the effect of fuel bound 

oxygen on the suppression of NOx formation.  The exact mechanism or mechanisms 

responsible for this dramatic reduction are currently unclear, but future work is intended to 

explore the effect of high fuel-bound oxygen on NOx production in greater detail.  

Additionally, the larger refractory-lined furnace produced significantly more NOx (160-240 

ppm, 0% O2) than the prototype burner operating on glycerol.  The significant difference 

between the relatively short residence time in the swirl burner and the much larger refractory-

lined furnace may be the reason.  Also, differences in burner swirl and excess air, as well as 

differences in compositions between pure glycerol and actual crude glycerol wastes may play 

a significant role. 

 (5)  Combustion of crude methylated and demethylated glycerol wastes produces fly ash 

concentrations (2200-3400 mg/m
3
) much larger than residual fuel oils and comparable to coal 

combustion before particulate control.  Particulate size distributions indicate a large 

accumulation mode suggesting significant Na vaporization. 

(6)  WD-XRF analysis indicates that 40 to 50% of the fly ash (determined as stable oxides) is 

composed of Na with smaller amounts of phosphorus (4-6%), potassium (1-2%), chlorine (1-

2%), and sulfur (1%).  This is consistent with unrecovered NaOH used as a process catalyst.  

Approximately 3-4% of the fly ash is unburned carbon.  The large concentrations of fly ash 

formed during glycerol combustion combined with the high alkali metal content of this ash 

presents a significant issue that needs to be addressed before crude glycerol fuels can be 

utilized in boilers. 
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(7)  Particulate matter emissions were shown to be alkali in nature with a higher pH, 

suggesting the possibility of the formation of carbonates.  Visual inspection of the filters 

showed a dried white power cake, contrary to the expected black of a high elemental carbon 

filter sample.  Additional tests involving the ECOC oven and filter samples spiked with 

sodium carbonate and sodium bicarbonate provide further credence to the possibility to the 

formation of carbonates. 

(8)  Additional effort was given toward the redesign of a newly modified high swirl 

combustion system for use with laser diagnostics.  The primary objective of this system is to 

provide characterization of the spray composition and droplet size and distribution, radical 

species concentration profiles and temperature profiles.  This is intended to help provide 

insight into the causes of the low NOx formation in the high swirl burner. 

(9)  Computational fluid dynamics simulations were conducted on a model of the high swirl 

combustion system.  These simulations provided insight into the nature and shape of the 

flammable mixture contour of propane fuel during start up as well as the influence of 

increasing swirl during glycerol operating conditions.  They showed that increasing the swirl, 

increases the recirculation zone.  And when fuel is sprayed into this recirculation zone, it 

increases the residence time, allowing more time for the glycerol droplets to evaporate.  
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