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EVALUATION OF AN ACOUSTIC SINGLE-FLUID NOZZLE FOR  
OIL COMBUSTION 

 
 
ABSTRACT 
 
 Two residual (No. 6 fuel) oils from Texas and North Dakota with very different chemical 
compositions and physical properties were burned at similar injection rates (≈28 lb/hr) in a pilot-
scale (550,000 Btu/hr) combustion test facility unit using conventional dual-fluid and Kimberly-
Clark (K-C) acoustic nozzles to compare flame characteristics, gaseous and fly ash emissions, 
and fly ash morphological and chemical characteristics. The K-C acoustic nozzle supplied a 
more consistent oil feed rate to the furnace relative to the conventional dual-fluid nozzle. This 
consistency in oil flow reduced the variability in NOx, SO2, CO2, and O2 flue gas concentrations. 
K-C nozzle injection, however, produced a more carbon-rich residual oil fly ash (ROFA) relative 
to the conventional nozzle. The K-C acoustic nozzle promoted oil atomization and extended the 
flame higher in the furnace so that the residence time of the residual oil was greatly reduced. The 
lack of oil residence time in the furnace contributed to the incomplete combustion performance 
of the K-C acoustic nozzle. On average, the K-C acoustic nozzle reduced NOx emissions from 
burning the Texas and North Dakota oils by 66% and 33%, respectively. Late in the test 
program, it was discovered that a significant increase in power to the K-C acoustic nozzle 
improved combustion efficiency, flame stability, and reduced the amount of unburned carbon in 
ROFA. The unburned carbon particles were smaller, generally about 50 µm in diameter, as a 
result of the increase in power to the K-C nozzle. Additional optimization of the K-C nozzle at 
higher power in a larger furnace has the potential to further improve combustion efficiency. 
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EVALUATION OF AN ACOUSTIC SINGLE-FLUID NOZZLE FOR  
OIL COMBUSTION 

 
 
EXECUTIVE SUMMARY 
 

Two residual (No. 6 fuel) oils from Texas and North Dakota with very different chemical 
compositions and physical properties were burned at similar injection rates (≈28 lb/hr) in a pilot-
scale (550,000 Btu/hr) combustion test facility unit using conventional dual-fluid and Kimberly-
Clark (K-C) acoustic nozzles to compare flame characteristics, gaseous and fly ash emissions, 
and fly ash morphological and chemical characteristics. As indicated in Figures ES-1 and ES-2, 
the K-C acoustic nozzle supplied a more consistent oil feed rate to the furnace relative to the 
conventional dual-fluid nozzle. This consistency in oil flow reduced the variability in the flue gas 
concentrations of NOx, SO2, CO2, and O2. K-C nozzle injection, however, produced more 
carbon-rich residual oil fly ash (ROFA) relative to the conventional nozzle. The K-C acoustic 
nozzle promoted oil atomization and extended the flame higher in the furnace so that the 
residence time of the residual oil was greatly reduced. The lack of oil residence time in the 
furnace contributed to the incomplete combustion performance of the K-C acoustic nozzle. 
Testing in a larger furnace would extend the residence time at the high temperatures needed for 
the atomized oil to burn more completely. On average, the K-C acoustic nozzle reduced NOx 
emissions from burning the Texas and North Dakota oils by 66% and 33%, respectively. 
 
 Late in the test program, it was discovered that a significant increase in power to the K-C 
acoustic nozzle improved combustion efficiency, flame stability, and reduced the amount of 
unburned carbon in ROFA. Compared in Figure ES-3 are the flames produced from the K-C 
acoustic nozzle at 300 W and 500 W. The increase in power to the K-C acoustic nozzle produced 
a North Dakota residual oil flue gas that contained a similar particulate loading as that produced 
with the conventional nozzle. The size of the unburned carbon particles was smaller, generally 
about 50 µm in diameter, as a result of the increase in power to the K-C nozzle. Additional 
optimization of the K-C nozzle at higher power in a larger furnace has the potential to further 
improve combustion efficiency. 
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Figure ES-1. Comparison of the temporal variations in oil feed rate and furnace exit  
gas temperature (FEGT) and O2, CO2, CO, SO2, and NOx concentrations during  

the conventional dual-fluid nozzle and K-C acoustic nozzle injections and  
subsequent combustion of Texas residual fuel oil. 
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Figure ES-2. Comparison of the temporal variations in oil feed rate and FEGT and O2, CO2, CO, 
SO2, and NOx concentrations during the conventional dual-fluid nozzle and K-C acoustic  

nozzle injections and subsequent combustion of North Dakota residual fuel oil. 
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Figure ES-3. Comparison of the flame produced from injecting North Dakota oil with the  
K-C acoustic nozzle at an input power of 300 W (left picture) versus 500 W (right picture).
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EVALUATION OF AN ACOUSTIC SINGLE-FLUID NOZZLE FOR  
OIL COMBUSTION 

 
 
1.0 INTRODUCTION 
 
 A pilot-scale (550,000 Btu/hr) combustion test facility (CTF) was used to evaluate the 
potential benefits of an acoustic single-fluid nozzle supplied by Kimberly-Clark (K-C) as 
compared to a standard dual-fluid nozzle for atomizing residual (No. 6 fuel) oils. Potential 
benefits include improved combustion efficiency, a reduction in nitrogen oxide (NOx) emissions, 
less stack plume opacity, a decrease in carbon deposition and carbon monoxide (CO) emissions, 
inhibition of nozzle deposition, and a reduction in the heat input required to fluidize residual oil. 
Two residual oils from Texas and North Dakota with very different chemical compositions and 
physical properties were burned at similar injection rates in the pilot-scale unit using both 
nozzles to compare flame characteristics, gaseous and fly ash emissions, and fly ash 
morphological characteristics and carbon and nitrogen contents. 
 
 
2.0 EXPERIMENTAL 
 
 An isometric drawing of the pilot-scale CTF is shown in Figure 1. The furnace combustion 
chamber, with a capacity of approximately 550,000 Btu/hr, is 30 in. in diameter, 8 ft high, and 
refractory lined. 
 
 

 
 

Figure 1. CTF and auxiliary systems. 
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 The residual oil tests were performed with the furnace exit gas temperature (FEGT) 
maintained at approximately 2200°F. Combustion air was preheated using an electric air heater. 
Heated secondary air was introduced through an annular section surrounding the burner. Heated 
tertiary air was added through two tangential ports located in the furnace wall about 1 ft above 
the burner cone. The volume percentages of the total air used as primary, secondary, and tertiary 
air were about 10%, 30%, and 60%, respectively. Flue gas flowed out of the furnace into a  
10-in.-square duct that was also refractory lined. Located in the duct is a vertical probe bank 
designed to simulate superheater surfaces in a commercial boiler. After leaving the probe duct, 
the flue gas flowed through a series of water-cooled heat exchangers before being discharged 
through a fabric filter baghouse. 
 
 Oxygen (O2), carbon dioxide (CO2), NOx, sulfur dioxide (SO2), and CO concentrations 
were measured using continuous emission monitors (CEMs) at the furnace exit. Flame 
characteristics were described and documented using a digital video camera. Residual oil fly 
ashes (ROFAs) were sampled immediately upstream from the fabric filter baghouse using U.S. 
Environmental Protection Agency (EPA) Method 5. Quartz fiber and Teflon filters were used for 
the EPA Method 5 sampling. A Leeman Labs Model CE440 Elemental Analyzer was used for 
measuring carbon in the collected fly ashes to evaluate carbon burnout which relates directly to 
combustion efficiency. Nitrogen concentrations were also measured to evaluate NOx formation. 
A scanning electron microscope was used to document the particle size and shape characteristics 
of the ROFAs. 
 
 
3.0 RESULTS AND DISCUSSION 
 

3.1 Residual Oil Chemical Compositions and Physical Properties 
 
 Two residual oils from Texas and North Dakota with very different chemical compositions 
and physical properties, compared in Tables 1 and 2, were burned in the pilot-scale unit using a 
conventional dual-fluid nozzle and K-C acoustic nozzle. The Texas oil has much lower ash, 
moisture, Karl Fischer water, and sediment contents and a higher fixed-carbon content and 
heating value relative to the North Dakota oil. The sulfur contents of both oils, however, are 
similar. 
 
 3.2 Residual Oil Combustion Operating Conditions, Flame Characteristics, and 

Flue Gas Compositions 
 
 Presented in Figure 2 are two pictures through the furnace view port of the flame produced 
from injecting Texas residual oil (25 lb/hr) with the K-C acoustic nozzle at a power input of 
about 300 W. The flame was dark orange to yellow. A much brighter flame produced from 
injecting North Dakota residual oil with the conventional dual-fluid nozzle is shown in Figure 3. 
The presence of sparklers is apparent in Figure 3. Compared in Figure 4 are the flames produced 
from firing North Dakota residual oil with the K-C acoustic nozzle at relatively low (300 W, 
photo on left-hand side of page) and high (≈500 W, photo on right-hand side of page) power 
settings. Increasing the input power to the acoustic horn improved combustion efficiency, flame 
stability, and reduced the amount of sparklers. 
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 Table 1. Chemical and Physical Analysis Results for a Texas Residual Fuel Oil 
 As-Fired H2O-Free 
Proximate Analysis, % 

Moisture 
Volatile Matter 
Fixed Carbon 
Ash 

 
2.40 

89.3 
8.29 
0.01 

 
– 

91.5 
8.51 
0.01 

Ultimate Analysis, % 
Hydrogen 
Carbon 
Nitrogen 
Sulfur 
Oxygen 
Ash 

 
10.5 
83.4 
0.86 
2.63 
2.62 
0.01 

 
10.5 
85.4 
0.88 
2.69 
0.52 
0.01 

Heating Value, Btu/lb 19,077 19,542 
Maximum SO2, 

ppm @ 2.0% O2 
lb/MMBtu 

 
1714 
2.75 

Specific Gravity @ 60°F 0.9952 
Karl Fischer Water, % 0.21 
Sediment, % 0.05 

 
 
 
 Table 2. Chemical and Physical Analysis Results for a North Dakota Residual Fuel Oil 

 As-Fired H2O-Free 
Proximate Analysis, % 

Moisture 
Volatile Matter 
Fixed Carbon 
Ash 

 
0.80 

95.9 
3.31 
0.07 

 
– 

96.6 
3.31 
0.07 

Ultimate Analysis, % 
Hydrogen 
Carbon 
Nitrogen 
Sulfur 
Oxygen 
Ash 

 
8.04 

88.3 
0.67 
2.30 
2.81 
0.07 

 
8.02 

89.0 
0.68 
2.31 
2.15 
0.07 

Heating Value, Btu/lb 18,515 18,657 
Maximum SO2, 

ppm @ 3.5% O2 
lb/MMBtu 

 
1393 
2.48 

Specific Gravity @ 60°F 1.0894 
Karl Fischer Water, % 0.55 
Sediment, % 0.15 
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Figure 2. Pictures through the furnace view port showing the flame produced from injecting 
Texas residual oil (28 lb/hr) with the K-C acoustic nozzle (≈300 W). 

 
 
 

 
 

Figure 3. Pictures through the furnace view port showing the flame produced from injecting 
North Dakota residual oil with the conventional dual-fluid nozzle at 28 lb/hr. 
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Figure 4. Comparison of the flame produced from injecting North Dakota oil with the  
K-C acoustic nozzle at an input power of 300 W (left picture) versus ≈500 W (right picture). 

 
 
 Compared in Figures 5 and 6 are the oil feed rates, FEGTs, and CEM results obtained 
during the conventional dual-fluid nozzle and K-C acoustic nozzle injections and subsequent 
combustion of Texas and North Dakota residual fuel oils. The oils were injected at similar rates 
using both nozzles as indicated in Figures 5 and 6 so that differences in combustion emissions 
could be compared on a similar basis. At the oil injection rate of about 25 lb/hr, a FEGT of about 
2200°F was attained. The K-C acoustic nozzle supplied a more consistent oil feed rate to the 
furnace relative to the conventional dual-fluid nozzle probably because a significant amount of 
mechanical energy was transferred into thermal energy that provided additional heat to the oil 
and reduced its viscosity. This consistency in oil flow reduced the variability in the flue gas 
concentrations of NOx, SO2, CO2, and O2 as indicated in Figures 5 and 6. K-C nozzle injections, 
however, greatly increased CO concentrations. Initially (Figure 5), CO concentrations were very 
high because the K-C acoustic nozzle contained air and, therefore, was not operating properly. 
Similar to the Texas oil, the K-C acoustic nozzle injections of North Dakota oil significantly 
increased CO emissions relative to conventional nozzle injection. An increase in CO emissions is 
indicative of a decline in combustion efficiency. 
 
 The NOx and CO concentrations in Figures 5 and 6 were statistically analyzed, and the 
average values with their corresponding 95% confidence intervals are presented in Table 3. As 
indicated in Figure 5 and Table 3, the K-C acoustic nozzle (≈300 W) injection of Texas residual 
oil reduced NOx emissions by about 350 ppmv, for a 66% removal efficiency, relative to 
conventional dual-fluid nozzle injection. 
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Figure 5. Comparison of the temporal variations in oil feed rate and FEGT and O2, CO2, CO, 
SO2, and NOx concentrations during the conventional dual-fluid nozzle and K-C acoustic  

nozzle injections and subsequent combustion of Texas residual fuel oil. 
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Figure 6. Comparison of the temporal variations in oil feed rate and FEGT and O2, CO2, CO, 
SO2, and NOx concentrations during the conventional dual-fluid nozzle and K-C acoustic  

nozzle injections and subsequent combustion of North Dakota residual fuel oil. 
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Table 3. Average Furnace Outlet NOx and CO Concentrations, ±95%  
Confidence Interval 

Oil Source Nozzle NOx, ppmv CO, ppmv 
Texas Conventional 526 ± 4 26.4 ± 8.1 
Texas K-C Acoustic 178 ± 1 71.1 ± 8.2 
North Dakota Conventional 243 ± 4 17.1 ± 0.1 
North Dakota K-C Acoustic1 164 ± 1 15.4 ± 6.3 
North Dakota K-C Acoustic2 160 ± 1 18.4 ± 1.1 

  1 Operating at ≈300 W. 
  2 Operating at 425–530 W. 
 
 
 On average, the K-C acoustic nozzle injection of North Dakota oil at ≈300 W reduced NOx 
emissions, as indicated in Table 3, by about 80 ppmv for a removal efficiency of 33%. As 
indicated in Figure 6, the NOx produced during the conventional dual-fluid injection of North 
Dakota residual oil was initially significantly more concentrated relative to that produced with 
the K-C acoustic nozzle. The NOx emissions, however, gradually declined with time until they 
were essentially equal to those produced with the K-C acoustic nozzle. Increasing the acoustic 
nozzle input power from ≈300 watts to 425–530 W did not significantly affect emissions, as 
indicated in Figure 6.  
 

3.3 Comparison of Fly Ash Characteristics 
 
 The fly ashes produced from burning the Texas and North Dakota residual oils with the 
conventional and K-C acoustic nozzles were sampled isokinetically according to EPA Method 5 
immediately upstream of a fabric filter baghouse. The times when the EPA Method 5 samplings 
were performed are indicated in Figures 5 and 6. Presented in Figures 7 and 8 are photographs of 
the Texas and North Dakota ROFAs collected on the EPA Method 5 filters. A visual inspection 
of the ROFAs, Figures 7 and 8, indicates that the conventional nozzle produced much lighter-
colored ROFAs relative to those produced by the K-C acoustic nozzle. The dark color is caused 
primarily by unburned carbon, a product of incomplete combustion. Fine carbon particles are 
also major contributors to stack plume opacity. 
 
 The particulate loadings of the Texas and North Dakota residual oil combustion flue gases 
and corresponding ROFA carbon and nitrogen contents are compared in Table 4. The results in 
Table 4 indicate that the K-C acoustic nozzle produced more carbon-rich ROFA relative to the 
conventional nozzle. The oil and fly ash carbon contents in Tables 1, 2, and 4 were used to 
calculate the combustion efficiencies that are compared in Table 5. Combustion efficiencies for 
the K-C acoustic nozzle were slightly less relative to the conventional nozzle. The K-C acoustic 
nozzle promoted oil atomization and extended the flame higher in the furnace so that the 
residence time of the residual oil was greatly reduced. The lack of oil residence time in the 
furnace reduced combustion efficiency. 
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Figure 7. Photograph comparing the ROFAs sampled on filters during Texas oil combustion with 
the conventional and K-C acoustic nozzles. 

 
 
 

 
 

Figure 8. Photograph comparing the ROFAs sampled on filters during North Dakota oil 
combustion with the conventional and K-C acoustic nozzles. 
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Table 4. Fly Ash Concentrations in the Oil Combustion Flue Gases and Fly Ash Carbon 
and Nitrogen Contents 

Sample Description Fly Ash 
Source Nozzle Grains/scf Grams/scm Carbon, wt% Nitrogen, wt%
TX Conventional 0.0107 0.0246 15.4 0.15 
TX K-C Acoustic 0.0856 0.1958 68.4 0.52 
ND Conventional 0.0056 0.0129 NA1 NA 
ND K-C Acoustic2 0.0163 0.0376 80.0 0.41 
ND K-C Acoustic3 0.0059 0.0135 61.7 0.16 

1 Not analyzed because of an insufficient amount of sample. 
2 Operating at ≈300 watts. 
3 Operating at 425–530 watts. 
 
 
Table 5. Comparison of Combustion Efficiencies Obtained with the Conventional and K-C 
Acoustic Nozzles 
Oil Source Nozzle Combustion Efficiency, % 
TX Conventional 99.99997 
TX K-C Acoustic 99.99944 
ND Conventional >99.999991 
ND K-C Acoustic2 99.99968 
ND K-C Acoustic3 99.99994 

  1 Estimated based on a lack of carbon reported in Table 4. 
  2 Operating at ≈300 watts. 
  3 Operating at 425–530 watts. 

 
 
 The K-C acoustic nozzle was operating at a much higher power (425–530 W) when the last 
EPA Method 5 sample was collected. As indicated in Table 4, the increase in power to the K-C 
acoustic nozzle produced a North Dakota residual oil flue gas that contained a similar particulate 
loading as that produced with the conventional nozzle. The nitrogen content of the North Dakota 
ROFA produced with the higher-powered K-C nozzle was much lower relative to that produced 
with the lower-powered (≈300 W) K-C nozzle. The carbon content of the 425–530 W K-C 
nozzle-derived North Dakota ROFA, however, remained relatively high at about 62 wt%. 
 
 Back-scattered electron images (BSEI) of ROFA particles collected on Teflon filters are 
compared in Figures 9–12. The ROFA particles in Figures 9 and 10 were produced from firing 
Texas oil using the conventional dual-fluid nozzle, whereas those shown in Figures 11 and  
12 were produced by firing the same oil using the K-C acoustic nozzle. The dark, porous, 
spherical particles in Figures 9–12 are carbon-rich, whereas the brighter spherical particles are 
inorganic fly ash particles. The fly ash particles produced by firing the Texas oil using the 
conventional and K-C acoustic (≈300 W) nozzles are morphologically (e.g., size, shape, 
porosity) similar. 
 
 Compared in Figures 13–16 are BSEI of ROFA particles produced from firing the North 
Dakota oil using the conventional and K-C acoustic nozzles. Relatively large, porous,  
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Figure 9. Relatively low-magnification BSEI of ROFA particles produced from the Texas oil and 
conventional nozzle. 

 
 
 

 
 

Figure 10. BSEI (250x) of ROFA particles produced from the Texas oil and  
conventional nozzle. 
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Figure 11. BSEI (250x) of ROFA particles produced from the Texas oil and  
K-C acoustic nozzle. 

 
 
 

 
 

Figure 12. BSEI (750x) of carbonaceous ROFA particles produced from the Texas oil and  
K-C acoustic nozzle. 
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Figure 13. BSEI (250x) of ROFA particles produced from the North Dakota oil and  
standard nozzle. 

 
 
 
 

 
 

Figure 14. BSEI (1000x) of ROFA particles produced from the North Dakota oil and  
standard nozzle. 
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Figure 15. BSEI (100x) of ROFA particles produced from the North Dakota oil and  
K-C acoustic nozzle. 

 
 
 
 

 
 

Figure 16. BSEI (200x) of ROFA particles produced from the North Dakota oil and  
K-C acoustic nozzle. 
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carbonaceous particles are much more abundant in the North Dakota ROFA produced with the 
K-C acoustic nozzle as compared to the conventional nozzle.  
 
 Presented in Figures 17 and 18 are carbonaceous fly ash particles produced from burning 
the North Dakota residual oil using the K-C acoustic nozzle operating at a much higher power of 
425–530 W. Increasing the power improved combustion as evidenced by a reduction in sparklers 
seen through the furnace view port (Figure 4) and the amount of carbon in the ROFA (Table 4). 
The size of the unburned carbon particles was smaller, generally about 50 µm in diameter, as a 
result of the increase in power to the K-C nozzle. 
 
 
4.0 CONCLUSIONS 
 

The K-C acoustic nozzle supplied a more consistent oil feed rate to the furnace relative to 
the conventional dual-fluid nozzle. This consistency in oil flow reduced the variability in the flue 
gas concentrations of NOx, SO2, CO2, and O2. On average, the K-C acoustic nozzle reduced NOx 
emissions from burning the Texas and North Dakota oils by 66% and 33%, respectively. K-C 
nozzle injection, however, produced more carbon-rich ROFA relative to the conventional nozzle. 
The K-C acoustic nozzle promoted oil atomization and extended the flame higher in the furnace 
so that the residence time of the residual oil was greatly reduced. The lack of oil residence time 
in the furnace reduced combustion efficiency. Testing in a larger furnace would extend the 
residence time needed for the atomized oil to burn more completely. Late in the test program, it 
was discovered that a significant increase in power to the K-C acoustic nozzle improved 
combustion efficiency, flame stability, and reduced the amount of unburned carbon in ROFA. 
The increase in power to the K-C acoustic nozzle produced a North Dakota residual oil flue gas 
that contained a similar particulate loading as that produced with the conventional nozzle. The 
carbon content of the 425–530 W K-C nozzle-derived North Dakota ROFA, however, remained 
relatively high at about 62 wt%. The unburned carbon particles were smaller, generally about  
50 µm in diameter, as a result of the power increase to the K-C nozzle. Additional optimization 
of the K-C nozzle at higher power in a larger furnace has the potential to improve combustion 
efficiency. 
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Figure 17. BSEI (750x) of a carbonaceous fly ash particle produced from the North Dakota oil 
and K-C acoustic nozzle operating at a much higher power input of 425–530 W. 

 
 
 
 

 
 

Figure 18. BSEI (500x) of a carbonaceous fly ash particle produced from the North Dakota oil 
and K-C acoustic nozzle operating at a much higher power input of 425–530 W. 




