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EXECUTIVE SUMMARY 
 
Recent breakthroughs in the field of hydrocarbon fuel electrostatic charging techniques permitted 
the opportunity to evaluate this technology within shipboard gas turbines. This technology 
demonstration effort focused on electrostatic atomization insertion within a U.S. Navy Shipboard 
Rolls Royce Corporation 501K research engine at the Naval Surface Warfare Center, Carderock 
Division (NSWCCD).   Specific milestones achieved during this effort included: 
 

1. Electrostatic charging effect measurements on the droplet size and patternation of 501-K 
primary simplex atomizer configurations.  

2. Spray demonstration of an electrostatic boosted 501-K gas turbine airblast fuel injector 
prototype at fuel flows from 40 PPH to 250 PPH.  

3. Numerical modeling of electrostatic charging on secondary atomization breakup and 
prediction of particulate emissions.  

4. Fabrication, installation and test prototype engine injectors in the RR501K engine. 
 
This report documents results associated with injector conceptual design, electrode integration, 
atomization measurements, and numerical modeling and fuel injection system integration and 
engine test.  
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1. BACKGROUND 
 

The Rolls Royce RR501-K engine in Figure 1 serves as the prime mover for ship service gas 
turbine generator sets (SSGTGs) of the U.S. Navy’s DDG 51 Class ships [1]. The 501-K engine 
features a single shaft with a 14-stage axial compressor, a combustor with six equally spaced 
combustion liners, and a four-stage turbine. At the present time the RRC 501-K34 serves as the 
prime mover for SSGTGs on DDG 51 Class ships with the RRC 501-K17 being used on DD 963 
and CG 47 Class ships.  

 
Figure 1.  Rolls Royce Corporation 501-K Engine 

 
The combustion section of the Navy’s 501K engine shown in Figure 1 has traditionally proven to 
be where the bulk of the routine in-service maintenance takes place.  
 

• The combustion liners historically last about 2,200 hours before replacement is required. 
The Navy is currently shifting to a new liner design in an effort to improve service life. 
The new effusion cooled liner is similar to other low emissions designs. Prototype 
effusion liners have operated in the Fleet for 15,000+ hours with only minor cracking 
noted.  

• Fuel nozzle reliability is difficult to quantify. They are typically the first components to 
be replaced when t troubleshooting engine starting problems. They are also replaced when 
the temperature spread between combustion liners exceeds preset limits. The normal 
nozzle failure mode is that the pilot tip becomes clogged and prevents turbine starting. 
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Fouling of the secondary flow passages is significantly less common. The current nozzle 
design is a piloted dual entry type that lends itself to electrostatic charging. 

 
The presence of electric charge on the fuel droplets within the well-defined geometry of the 
combustor allows for spray distance, angle, and charge levels to be adjusted for optimum 
evaporation and combustion. There are several methods available to impart charge to droplets. 
Among the most common we have induction charging, corona charging, and charge injection. 
Electrostatic spraying is an efficient and cost effective process to use in preparing fuel for 
combustion in gas turbine engines commonly found in Navy shipboard operations. Using 
electronically controlled electrostatic atomization, droplet size and particularly dispersion can be 
manipulated, independent of flow velocity, aerodynamics or other mechanisms. As a result, the 
electrostatic boosted gas turbine engine fuel injection preparation approach described here offers 
significant potential in an engine insertion role.  Figure 4 summarizes two fundamental electrostatic fuel-
charging approaches CFDRC has examined through the ambient gas turbine fuel injection 
demonstration phase. The approach selected for test and evaluation in the RR501K industrial gas 
turbine engine is the induction charging approach. 
 
Numerous researchers [1] have demonstrated that when a charged drop loses mass by 
evaporation, charge is not lost during the evaporation process.  This loss of mass but retention of 
charge leads to an increase in drop charge-to-mass ratio until the Rayleigh limit is reached.  
Droplet disruption then occurs with ejection of highly charged smaller drops from the larger 
‘mother drop’. The largest ‘daughter drop’, perhaps 75% of the mass of the original ‘mother 
drop’ remains, and maintains electrostatic stability until evaporation once again diminishes its 
surface area to its Rayleigh charge density limit.  Figure 2 shows the experimental data of Abbas 
[2].  The middle curve shows how drop radius decreases with time due to evaporation until there 
is an abrupt decrease in mother drop radius at the Rayleigh limit.  The upper curve is remarkable 
in that it shows that there is NO LOSS OF CHARGE DURING EVAPORATION.  There is, 
of course, an abrupt loss of charge the instant the Rayleigh limit is reached when about 25% of 
the charge of the mother drop is ejected onto its daughter drop(s).  The lower curve illustrates 
clearly that when the Rayleigh limit is attained abrupt changes in charge and radius are observed.  
This process of secondary atomization breakup due to electrostatic charge has yet to be 
investigated as a process capable of enhancing the combustion process in gas turbine combustor 
configurations. 
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Figure 2.  Demonstrated Secondary Atomization Process That Could be Leveraged in the 

RR501K Fuel Injection System  
 
CFDRC has developed a lumped parameter model for this process as shown in Figure 3.  As 
stated earlier, when droplet mass and corresponding diameter decay due to evaporation the 
charge concentration on the droplet surface reaches a level that the repulsive forces due to charge 
exceed that of the retention force due to surface tension.  Instantaneous droplet shattering occurs 
as a result.  This lumped parameter model [3] has been incorporated into our in-house CFD 
software to support modeling electrostatic charging within combustion chambers. 
 

 
 

 
Figure 3. Secondary Atomization Breakup Due to Electrostatic Charging 

 
The formation of particulate matter during the gas turbine combustion process is directly related 
to the fuel droplet size entering the combustion zone and secondary droplet 
atomization/coalescence. The influence of mean droplet size on particulate emissions derives 
from the manner in which each individual droplet evaporates. The presence of an electrostatic 

Charged Injected into 
Daughter Droplets 

Rayleight Limit Dictated 
by Fuel Surface Tension 

Rayleigh Limit Driven 
Instantaneous Secondary 
Droplet Atomization 
Available from 
Electrostatic Charging
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charge can significantly accelerate this evaporation process as well as impede any tendency for 
the droplets to coalesce.  Published data shows that droplet size reduction will have a first order 
effect on PM2.5 reduction. Prior CFDRC simulations have indicated that particulate formation 
can be enhanced up to 75% as a result of accelerated secondary atomization and impeded droplet 
coalescence.  CFDRC’s unique electrostatic fuel atomization charging approach has the ability to 
inject maximum charge into airblast generated droplet distributions with maximum self-dispersal 
qualities and enhanced secondary droplet breakup. This atomization charging process is simple, 
rugged, compact and low cost, thereby enabling this technology to be retrofitted to existing gas 
turbine engines. The insensitivity to flow rates and fuel properties offers maximum technology 
flexibility within the gas turbine community. As a result, the electrostatic gas turbine engine fuel 
injection charging offers unparalleled potential in an engine insertion role. 
 

Contact Charging [4] 

           

 

• Requires low fluid conductivity 

• Demonstrated at low fuel flows (less than 
10 PPH) 

• Not commercially available 

• Requires hydraulic power for atomization 
unavailable in 501K installations 

• Susceptible to fuel coking 

Induction Charging [5] 

 

 

• Functional at any conductivity 

• Demonstrated up to 250 PPH in a single 
injector 

• Commercially demonstrated 

• Requires pneumatic power for atomization 
available through combustor 

• Failsafe operation (i.e. nozzle atomization 
operational without electrostatic charging) 

 

Figure 4.  Electrostatic Charging Approaches Considered for Implementation 
 into an RR501K Engine 

 
Induction charging allows higher fuel flow rates than other charging approaches. Air from the 
engine compressor in addition to high fuel pressure is used to assist in the atomization process. 
This approach allowed for failsafe operation of the atomizer. If the electronic charging circuit 
should fail, there would still be sufficient atomization of the fuel for the engine to operate 
without damaging the combustor or turbine section. 
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2. OBJECTIVE 
 
The research objective of this project is to develop and evaluate the capability of electrostatic 
charged fuel injection technology to achieve an 80% reduction in PM2.5 emissions in a RR 501-
K gas turbine engine.  Specific objectives of this project goal include: 
 
1. Design and fabrication of a one prototype Allison 501-K electrostatic fuel injector based on 

the integration of CFDRC’s successful electrostatic automotive prototypes and patented fuel 
nozzle technology. 

2. PDPA atomization measurement comparison between current Allison 501-K production fuel 
injector technology and the prototype electrostatic fuel injector. 

3. Atomization test and evaluation of a single injector within a University combustion research 
test environment at typical operating conditions. 

4. Assembly of an Allison 501-K engine fuel injection system retrofit kit. 
5. Coordinate with NSWCCD to insert and test of one electrostatic fuel injection retrofit kit 

within a U.S. Navy shipboard 501-K gas turbine engine. 
6. Inititation of working relationships with Parker Hannifin and/or Delavan to procedure the 

final retrofit kit. 
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3. TECHNICAL APPROACH 
 
To achieve the objectives of this project, The Naval Surface Warfare Center Carderock Division 
(NSWCCD) has teamed with CFD Research Corporation (CFDRC) to develop electrostatic 
charged fuel injection technology for gas turbine engines culminating with a proof of concept 
test using an RR 501-K engine. NSWCCD's approach for development of electrostatic charged 
atomization technology centers on the design and development of the atomizer and controller. 
The approach is shown in Figure 5.  All of the aspects involved in the integration of an 
electrostatic atomizer into a fuel injector suitable for operation in the RR 501-K engine are 
currently being addressed in this program.   
 
 

   CFD
Modeling

Atomizer
Design/
Fabrication

Atomization
   Testing

Combustion
       Rig
    Testing

 Combustion
     System
Implementation
    501-K

    Proof
Of Concept
      Test
    501-K

 
 

Figure 5.  Electrostatic Fuel Atomization Development Approach 
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4. PROTOTYPE ATOMIZER DEVELOPMENT 
 
Prior to implementation into the RR501K engine a significant amount of preliminary research 
and development was required to maximize the potential of success during engine test and 
evaluation.  These efforts included preliminary design, numerical modeling, prototype 
fabrication, and spray test and evaluation of both induction charged simplex and airblast based 
injector technologies.  Upon conclusion of these efforts ambient combustion testing of the 
airblast nozzle was conducted. 
 
4.1 Simplex Injector Development 
 
CFDRC developed several conceptual designs for an electrostatic fuel nozzle in the 501-K 
combustor. The first design was an air assisted simplex nozzle illustrated in Figures 6.  The 
airblast injector configuration selected for engine test and evaluation is discussed later. 
 

 
 

Figure 6. Air Assisted Simplex Electrostatic Nozzle Design 
 
During the first year the simplex atomizer selected for installation into the 501-K engine was 
tested with diesel fuel.  The atomizer flow number selected was 20.  Atomizers of this type 
constructed of stainless steel are available off-the-shelf.  Three flow rates, two electrode 
configurations, and voltages ranging from 40kV to 80 kV were tested.  The test matrices for the 
two electrode configurations with the flow are shown in Tables 1 and 2.  Pictures of the actual 
electrode configurations are shown in Figures 7 and 8 as well as the actual test matrix. 
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Test 
Number

Electrode 
Configuration

Nozzle         
(Flow Number)

Flowrate 
(lb/hr)

Nominal 
Voltage 

(kV)
1 Radial 20 173 40
2 Radial 20 173 48
3 Radial 20 173 56
7 Radial 20 173 56
4 Radial 20 173 64
5 Radial 20 173 72
8 Radial 20 173 72

9 Radial 20 122 40
10 Radial 20 122 48
11 Radial 20 122 56
12 Radial 20 122 64
13 Radial 20 122 72

15 Radial 20 147 40
16 Radial 20 147 48
17 Radial 20 147 56
18 Radial 20 147 64
19 Radial 20 147 72
20 Radial 20 147 80  

(a) Radial Electrode Configuration (b) Test Matrix 
  

Figure 7. 501-K Simplex Nozzle and Radial Electrode 

 

Test 
Num ber

Electrode 
Configuration

Nozzle         
(F low  Num ber)

Flow rate 
(lb/hr)

Nom inal 
Voltage 

(kV)
21 Downward 20 173 40
22 Downward 20 173 48
23 Downward 20 173 56
24 Downward 20 173 64
25 Downward 20 173 72
26 Downward 20 173 80

27 Downward 20 147 40
28 Downward 20 147 48
29 Downward 20 147 56
30 Downward 20 147 64
31 Downward 20 147 72
32 Downward 20 147 80

33 Downward 20 122 40
34 Downward 20 122 48
35 Downward 20 122 56
36 Downward 20 122 64
37 Downward 20 122 72
38 Downward 20 122 80  

(a) Downward Electrode Configuration (b) Test Matrix 
  

Figure 8. 501-K Simplex Nozzle and Downward Electrode 
 

Figure 9 summarizes the results of the radial electrode configuration tests.  In these tests, an 
erratic behavior of the test data was realized and resulted in a visual inspection of the electrode 
during operation.  Droplets of diesel were forming on the electrode and then breaking away 
suddenly.  This caused the charge collection data to have an erratic behavior and a variable spray 
cone distribution.  As a result, the downward facing electrode configuration was used.  This 
configuration change eliminated the tendency for droplet formations on the electrode.  As shown 
in Figure 9, the charge per liter increases with higher electric fields.  The amount of charge 
present in each of the flow rates varies only slightly due to several factors.  First, the electric 
field for these tests was low as a result of the test facility being configured for the lowest electric 
field possible.  Further tests have been completed with higher electric fields that yielded even 
higher amounts of charge per liter. 
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(a)  Radial Electrode Configuration Results 
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(b)  Downward Electrode Configuration Results 

 
Figure 9. Electrode Configuration Effect on Fluid Charge Density 

 
Effective atomization and droplet dispersion occurs when the electrostatic atomizer operating 
voltage is properly matched to the flow rate.  Vigorous, penetrating sprays have been 
demonstrated at RR 501-K flow rates when the applied voltage is maintained just below the flow 
rate dependent, maximum charging level.  Also, the physical placement of the electrode in the 
atomizer design has a first order effect on the maximum charging capability.   Following baseline 
electrode testing CFDRC tasked Energy Research Consultants (ERC) to perform a qualitative 
optical patternation and Sauter Mean Diameter (SMD) measurements of four simplex atomizers.  
Appendix A contains the summary report ERC submitted to CFDRC at the conclusion of this test 
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series.  The test setup is shown in Figure 10.  These atomizers had a wide range of flow numbers 
(FN = 0.5, 3, 7.4, and 10). Each atomizer was tested at four different pressures with and without 
the electrostatic atomization.  This resulted in 16 optical patternation tests and 32 (4 different 
positions) SMD measurements for each atomizer.  

 

 
Equipment:  

•  Malvern 2600 •  Prototype Optical Patternator 
•  Data Acquisition •  Nozzle Spray Apparatus 
•  Ventilation System 

 
Figure 10. Test Setup used for SMD and Optical Patternation Tests 

 
Figure 11 shows one of the simplex atomizers operating in uncharged (a) and charged (b) mode. 
These spray photographs illustrate the failsafe operation of the induction charging approach 
chosen for this project. There is sufficient atomization of the fuel without the electrostatic 
charging circuit being active.  With electrostatic charging it is anticipated that the engine would 
still operate without damage but at a higher level of emissions. 
 
 
 
 

At
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Figure 11.  Electrostatic Simplex Test Fixture Tested with Diesel Fuel 
 
A typical set of data from the SMD measurements is shown in Figure 12.  This data is for a high 
flow condition (FN=10). The data shows a reduction in droplet size and an improvement in  the 
uniformity of the spray.   

 
a) with electrostatic charging 

 

 
b) without electrostatic charging 

 
Figure 12. Typical SMD Data for Electrostatic Atomizer  

 

  
a) Uncharged operation b) Charged operation 



 

12 

For the optical patternation tests, the setup remained the same as in the SMD measurements.  The 
camera for capturing the patternation data was a CCD camera located above the spray cone.  In 
each case, 9 images were obtained.  The exposure varied from about 0.5 sec to about 4.0 sec in 
an effort to obtain relatively consistent pixel intensities from case to case.  In all cases, at least 
4.5 seconds (0.5 sec * 9 images) of data were obtained (the total exposure time associated with 
all 9 images).  The laser power before the collimating lens was maintained at 200 mW.  Data 
processing involved an average of the 9 images for each case.  Since the camera obtained images 
at an angle, the image was affine transformed.  A circular mask was placed at the nozzle 
geometric centerline of the affined image so that the corners of the images were not included in 
patternation analysis.  A mask radius of 240 pixels (about 5.68 inches) was chosen.  A picture of 
an optical patternation test is shown in Figure 13. 

 

 
 

Figure 13. Optical Patternation Test in Progress 
 
The patternation numbers were calculated by dividing the image into eight areas. The image was 
divided into one circle near the center and seven annular areas, all with equal radii.  The eight 
areas were the same for all the images and were chosen from the largest spray image obtained.  
For each area, the pixel intensities were summed.  The total sum was obtained. Examples of two 
patternation images along with the accompanying patternation numbers are shown in Figure 14. 
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Without Electrostatics With Electrostatics 

  
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 14. Patternation Data FN=0.5 at 25 psi, 3 inch axial position 
 
Figures 15 & 16 show patternation images for a relatively low flow rate and number versus a 
high flow rate and number respectively. The images reveal that the lower flow rate and number 
sprays are more spread out with the electrostatic forces present.  The effect of electrostatic forces 
is less pronounced with the higher flow rate and number sprays.  However, the effect of 
electrostatic charging on droplet coalescence is still significant in both cases. 
 

 FN05Z3P25HV0.SPE 
 RING#     I,s I,s/I,tot (%) 
------------------------------------------- 
 1   1.97969E+07    4.61 
 2   5.17662E+07   12.05 
 3   7.09702E+07   16.52 
 4   7.64231E+07   17.79 
 5   7.06724E+07   16.45 
 6   5.78486E+07   13.47 
 7   4.53542E+07   10.56 
 8   3.66680E+07    8.54 
------------------------------------------- 
I,tot =   4.29500E+08 
  

 FN05Z3P25HV1.SPE 
 RING#     I,s I,s/I,tot (%) 
------------------------------------------- 
 1   2.21136E+07    3.59 
 2   5.90367E+07    9.59 
 3   8.57843E+07   13.94 
 4   9.98985E+07   16.23 
 5   1.01750E+08   16.53 
 6   9.38039E+07   15.24 
 7   8.26377E+07   13.43 
 8   7.04666E+07   11.45 
------------------------------------------- 
I,tot =   6.15492E+08 
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Without Electrostatics With Electrostatics 

 
Figure 15. Patternation Data FN=0.5 at 50 psi, 3 inch axial position 

 

  
Without Electrostatics With Electrostatics 

 
Figure 16. Patternation Data FN=10 at 100 psi, 3 inch axial position 

 
Rigorous detail design and analysis of an air assisted simplex-based electrostatic atomizer was 
completed.  Figure 17 summarizes this nozzle.  The injector features a high flow number simplex 
atomizer surrounded by both an air assist passage and a primary injector air swirler.  This air 
assist was used to achieve good atomization during startup when fuel pressures are very low.   
The injector air swirler features curved vanes to minimize the air pressure drop and maximize the 
amount of airflow.  The air from the swirler protects the nozzle face, provides air to assist in 
atomization, and prevents fuel from reaching the electrode casing.  The electrodes are housed in 
a ceramic layer around the outside of the injector.  CFDRC developed multiple research 
prototypes for this electrostatic simplex-based fuel nozzle prior to fabrication and assembly of 
the final prototype shown in figure 17. 
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(a) Conceptual Design 
 

 
 

(b) Operational Prototype 
 

Figure 17.  Air Assisted Simplex Electrostatic Nozzle 
 
Numerous 2D CFD simulations of the injector in operation within the combustion chamber were 
completed to assess its analytically predicted performance.  Axial velocity and temperature 
contours of a typical simulation are shown in Figure 18. 
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(a)   Axial velocity contours in the 501-K combustor  

 

 
(b) Temperature contours in the 501-K combustor  

 
Figure 18. CFD Analysis Results of the Engine Prototype Injector Configuration 

 
Approximately halfway through this program effort the RR501K program office elected to 
convert the RR501K engine injectors from a dual orifice injection system into an airblast injector 
configuration.  The primary reason for this was a chronic fuel coking problem within the primary 
simplex injector flow passage.  Even though the flow number of the injector configuration 
summarized in figure 17 is quite high the need to convert to an electrostatic charged airblast 
configuration was deemed necessary. 
 
4.2 Airblast Injector Development 
 
One of CFDRC’s early airblast injector configurations is shown in Figure 18.  This injector 
configuration was conceived to install directly into the combustion chamber and utilize the 
combustor dome swirler as an independent source of combustion air similar to the approach 
being utilized by the RR501K project office.  The configuration below features an electrode 
configuration devised to charge up the spray inductively and by direct contact to the spray as it 
exits the airblast prefilmer.  A more detailed assessment of this injector revealed the electrode 
configuration as conceived could fail very early in its operational cycle as a result the high cycle 
vibrational fatigue during nominal engine operation.  As a result a more robust electrode 
configuration was required. 
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Figure 18. Pure Airblast Electrostatic Nozzle Design 
 
Rolls Royce provided CFDRC detailed drawings of the latest combustor being retrofitted to 
Navy 501K engines.  This is now the only combustor used in all Navy 501K engines.  This 
combustor features a dome swirler with an inner cowl that directs the swirled air down toward 
the centerline.  Any nozzle installed in the combustor should utilize this air for airflow 
distribution and fuel atomization.  The airblast design considered optimal for the electrostatic 
nozzle could use a single inner airflow swirler on one side of the filmer, with the airflow from 
the dome swirler on the other side to assist in atomization.  This basic design concept is shown in 
Figure 19. 
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Figure 19.  Solid model of the single swirler electrostatic fuel nozzle concept. 

 
Figure 20 shows a contour plot of axial velocity that shows how the dome swirler airflow 
interacts with the fuel nozzle flow.  A single heavy-duty electrode was installed along the 
centerline of the fuel injector.   

 
 
Figure 20.  Axial velocity near the combustor dome; single swirler electrostatic fuel nozzle with 

dome swirler. 
 
This single swirler electrostatic fuel nozzle produces a flow and flame structure very similar to 
what is produced in the combustor by the original conventional nozzle design.  To significantly 
improve the aerodynamics in the combustor, the cowl over the dome swirler could be removed to 
allow the swirling air to move away from the centerline and form a central recirculation zone.  
This flow structure would increase fuel air mixing and produce a much more compact flame.  
Axial velocity contours for this nozzle configuration are shown in Figure 21.  In this concept, the 
nozzle would feature two swirling airflow passages on either side of the fuel filmer.  The 
electrode would be installed on the nozzle centerline.  Although advantageous in terms of 
combustor performance, this option would require permanent modifications to the combustor 
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liners and would make the modified combustors incompatible with any of the conventional fuel 
nozzles currently in use. 

 
 

Figure 21.  Axial velocity near the combustor dome; two-swirler electrostatic fuel nozzle, cowl 
removed from dome swirler.. 

 
In summary the original program focused on charging the simplex atomization approach found 
in the baseline RR501K gas turbine.  However, when the Navy transitioned to a Delavan air-
blast injector configuration CFDRC elected to electrostatic charge an air-blast nozzle capable of 
potential retrofit within the Delavan injector.  Detail designs of the original simplex injector and 
the final prototype air-blast configuration are shown in Figure 22. 

 

 

 
a) Charged Simplex b) Charged Airblast (Dome Swirler Shown) 

Figure 22.  Detail Design of Two Injector Prototypes Evaluated by CFDRC 
 
In the air-blast design air from the engine compressor is utilized rather than high fuel pressure to 
assist in the atomization process.  During engine starting the compressor discharge air is too low 
in pressure to effectively atomize the fuel, consequently air assist (external to the engine) is 
utilized to assist in the atomization process.  This passage is shown in the figure 22b.  Also 
shown in Figure 22b is the approximate location of the electrostatic charging electrode.  Both 
fuel injector designs were conceived to insure that if the electronic charging circuit should fail, 
there is sufficient atomization of the fuel for the engine to operate without damaging the 
combustor or turbine section.  However, it is anticipated there will be significant increase in 
emissions, particularly PM2.5. 
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During the second year of the program prototype fabrication and assembly of the electrostatic 
charged air-blast nozzle shown in Figure 22b was completed.  Figure 23 compares prototype test 
versions of both the air-assisted simplex and air-assisted airblast injectors.  Included in both 
photographs is the combustor dome swirler.  The combustor dome swirler, although not a part of 
the fuel injector, has a first order effect on the spray pattern exiting both nozzles, but in particular 
the airblast nozzle.  Consequently its presence was included in all development testing associated 
with each fuel injector spray pattern. 
 

  
(a) Simplex Based Injector (b) Air-Blast Based Injector 

 

Figure 23. Injector Prototypes Fabricated for Development Test and Evaluation 
 
4.3 Atomization Testing 
 
In the second year of the program CFDRC focused on effective electrostatic charging of an air-
blast type nozzle.  Preliminary efforts to efficiently charge fuel as it uniformly exited an annular 
prefilmer were problematic at best.  As a result it was decided to position the electrode along the 
nozzle centerline and downstream of the prefilmer exit.  This configuration, summarized in 
Figures 23b proved highly effective. Following successful electrode integration into the air-blast 
version of the nozzle a significant amount of spray testing at ambient ignition conditions, as well 
as corrected full power conditions, was completed.  Figure 24 compares the ignition condition of 
each nozzle.  The air-blast nozzle, with air assist, possesses a significantly improved ignition 
spray pattern.  Financial resources prohibited additional droplet size measurements at ERC, 
consequently this injector test and evaluation phase transitioned to ambient combustion testing.  
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(a) Simplex Based Injector (b) Air-Blast Based Injector 
 

Figure 24.  Visual Spray Testing at RR 501K Ignition Condition 
 
Figure 25 summarizes the results of electrostatic charging capacity for both injector types.  As 
shown in Figure 25, the charge per liter increases with increased electrode voltage and associated 
higher electric fields.  The amount of charge injected into each flow rate increases proportionally 
with the flow rate.  This trend is similar to other mature electrostatic spray technology fields 
(painting, agriculture, etc.). Fuel flow testing above 200 lb/hr exceeded CFDRC’s in house 
capability, however the trends shown in Figure 25 are not anticipated to vary.    
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Simplex Nozzle Electrostatic Data
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a) Simplex Injection Technology Charging 

 
4-2-04 Electrostatic Data for Airblast nozzle
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b) Air-blast Injector Charging 
 

Figure 25. Charged Injection Data for Both Prototype Injector Configurations 
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4.4 Combustion Testing 

 
Following ambient spray testing, both injectors were installed in the combustion rig shown in 
Figure 26. Upon installation significant problems associated with electrostatic field line 
containment using the simplex injector geometry within an enclosed metallic combustor 
environment were observed.  These problems were manifest in the form of random voltage 
discharge (corona discharge) toward the injector housing and chamber walls.  The reason for this 
process is hypothesized to be associated with large metallic objects near the electrode that 
inductively build up charge as a result of close proximity to the electrode.  This charge buildup, 
upon reaching critical charge density, results in random discharges.  This problem became acute 
once the electrode voltage input exceeded 7000-8000 volts in the charged simplex injector.  This 
voltage is approximately half of what is desired to electrostatic charge fuel at conventional gas 
turbine injector flows.  Resources and measurement technology limited CFDRC’s ability to 
quantify this problem beyond these observations.  This phenomenon also presented a potential 
operational hazard associated with electronic instrumentation. 
 
However, the centrally located electrode in the air-blast nozzle provided for the electrostatic field 
lines to uniformly propagate from the electrode.  This created a highly uniform ionization field 
much more conducive to uniform electrostatic charging of the spray and the ensuing combustion 
process.  Additional research measurements outside the scope and resource allocations of this 
project precluded a more in depth assessment of these phenomena.  As a result of these 
observations, electrostatic charging of the simplex injector design was abandoned while 
combustion testing of the air-blast injector configuration ensued.   
 

 
 

Figure 26.  RR501K Fuel Injector Ambient Combustion Test Rig 
 
This air-blast injector was subsequently placed in the rig shown in Figure 26 and significant 
ambient combustion testing was completed.  Random inductive charging of the combustor and/or 
nozzle housing was not observed using the centrally located electrode throughout the combustion 
test operations shown in Figure 27 unless the charge potential exceeded 70,000 volts.  This level 
of voltage is well in excess of the 40,000 to 50,000 volts, as shown in figure 25, necessary to 
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effectively charge the injector configuration.  This can be explained as a result of the electrode’s 
position effectively and uniformly increases the ionization level of the inner airblast passage that 
is critical to the atomization process.  More precise instrumentation and associated testing 
outside the scope of this effort will ultimately be required to fully quantify these effects.    
 

  
(a) Combustion Operation (b) Electrode Inspection 

 
Figure 27.  RR501K Electrostatic Charged Nozzle Operating in Combustion Rig 

 
Emissions measurements of this combustion process were completed using a Horiba MEXA-
554JU emission analyzer summarized in Figure 28.  These preliminary emissions results were 
utilized to assist in refining the airblast injector design prior to configuring the injector for 
installation into the engine. 

 

 
 

Figure 28.  CFDRC’s Mexa-554JU Emissions Analyzer 
 
Table 1 summarizes the emissions measurements completed during the combustion testing 
described earlier.  More sophisticated instrumentation will be required to ultimately assess the 
emissions of the RR 501K engine. 
 
 



 

25 

 
 
Table 1.  Combustion Emissions Using Electrostatic Charging Approach Shown in Figure 11b 
 
1.1 4.5 CFD Modeling of the Engine Combustion Process 
 
Prior to installation of this injector design into the engine CFD Research Corporation completed 
several numerical simulations of electrostatic fuel injection within the RR 501-K combustor.  
These simulations provided confidence that the nozzle design selected for testing is theoretically 
capable of meeting one of the original programs goals of 80% reduction in PM 2.5 emissions. 
 
CFD-ACE+, the code used during all calculations presented in this report, includes the following 
basic capabilities in addition to a long list of specialized physical models: 
 
1. co-located, fully implicit and strongly conservative finite volume formulation; 
2. solution of two- and three-dimensional Navier-Stokes equations for incompressible and 

compressible flows; 
3. pressure-based solution algorithms including SIMPLE and a variant of SIMPLEC; 
4. non-orthogonal curvilinear coordinates; 
5. multi-block and many-to-one grid topology, allowing for local grid refinement; 
6. unstructured grids with any cell type and with arbitrary interfaces at domain interfaces; 
7. parallel processing; 
8. fourth order compact, second order central (with damping), second order upwind, and 

Osher-Chakravarthy spatial differencing schemes; 
9. standard, low-Reynolds number, and RNG turbulence models for steady-state models; 
10. instantaneous and finite-rate, one-step, and four-step heat release and emission kinetics 

models; 
11. 2-scalar prescribed PDF, eddy breakup, and eddy dissipation turbulence-chemistry 

interaction models; 
12. NOx and CO emissions models; 
13. conjugate heat transfer with radiation; and 
14. spray models for trajectory tracking, vaporization, etc.  
 
Combustion was modeled using a one-step finite rate reaction with equilibrium products of CO2, 
H2O, CO, H2, OH, and O.  The fuel is injected as the specie C12H23 with properties designed to 
imitate DF-2.  The reaction rate is adapted from Westbrook and Dryer [6] with modifications that 
adjust for the equilibrium product flame temperature.   
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The 501-K combustor flow field inside and outside the liner was modeled in order to provide the 
most accurate simulation possible.  A baseline simulation performed on the 501-K combustor is 
shown in Figure 29. 
 

 
Combustor Grid Model 

 
 
 
 
 
 

 
Inner Combustor Temperature  

(Plane Through Nozzle Centerline) 
 

Figure 29. Simulation of Existing Allison 501-K Combustor 
 

 
At the present time researchers assume that a 1:1 correspondence exists between soot reduction 
and PM 2.5 emissions exists.  Because PM2.5 and soot formation are highly three-dimensional 
processes, a 3D model of the 501K combustor is required.  The numerical modeling completed 
here focused on the soot modeling [7] only.  Figure 30 summarizes prediction of soot formation 
in the 501K combustor with and without electrostatic charging. The significant reduction in 
predicted soot concentration can be directly attributed to improved spray dispersion, elimination 
of droplet coalescence and accelerated secondary droplet breakup.  
 
 
 

 

Fuel Injector 

Liquid Spray 



 

27 

Conventional Operation     Charged Operation 

 

 
 

Figure 30.  RRA 501-K Combustion Soot Predictions 
 
The most significant result of this modeling effort is the quantum reduction in engine particulate 
emissions observed. Currently, the 501-K SAE Smoke Number averages approximately 50 as 
shown in Figure 31.  This is well above the visible range and indicates a significant level of 
particulate matter in the exhaust as a result of the combination of dual orifice fuel injection and 
an excessively rich primary combustion zone. Although the basic combustor stoichiometry will 
not change with this injector modification, particulate matter reduction due to electrostatic 
charging was analytically shown to be first order due to secondary atomization breakup.  
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 Figure 31.  Smoke Number Measurements and Soot Prediction in the 501-K 
 
In summary assessment of the electrostatic spray parameters has been completed to support 
selection of the optimum charging technique. Particular emphasis has been placed on 
characterizing the effect of increased charge density on droplet dispersion and uniformity.  The 
interaction between the electrostatic charged fuel injection into the combustion flow field has 
been investigated.  
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5. RR501K ENGINE COMBUSTION SYSTEM IMPLEMENTATION 
 
The RR 501-K gas turbine engine was recently upgraded to a Delavan air-blast nozzle.  In this 
program these nozzles will be replaced with a complete electrostatic charged fuel atomization 
system consisting of the CFD Research Corp. electrostatic fuel nozzles, wiring harness and 
limited control system modifications capable of temporarily interfacing with the existing 501-K 
fuel control.  The fuel injectors themselves will utilize the identical fuel manifold system. 
 

5.1 Engine Electrostatic Fuel Injection System 
 
Successful demonstration of the prototype configuration shown in Figure 13b and summarized in 
Figure 27 allowed CFDRC to pursue the final process of this demonstration program – 
fabrication and delivery of an engine set of fuel injectors.  Ongoing coordination between 
CFDRC and NSWCCD resulted in the engine-configured injector shown in Figure 32.  Structural 
optimization of this configuration is required before this nozzle can be fully implemented in an 
aggressive engine development test program.   



 

30 

 
 

 
(a) RR 501K Detail Injector Design 

 

 
 

 (b) RR 501K Injector Solid Model 
 

Figure 32.  RR 501K Engine Electrostatic Injector Design 
 
A prototype engine injector was fabricated and sent to NSWCCD for final form and fit within the 
selected RR501K test engine.  This injector is shown in Figure 32.  Following the form, fit and 
function assessment six additional injectors were fabricated. 
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Figure 32.  RR501K Prototype Engine Injector 
 
This complete set of electrostatic charged injectors customized for operation within the RR501K 
combustion chamber are shown in figure 33. 
 

 

 

 

  
 

Figure 33.  RR501K Engine Configured Electrostatic Charged Fuel Injector Set 
 
Installation within an engine also required minor modifications to the fuel injection control 
system.  These modifications included the addition of a PC, a variable high voltage power 
supply, an A/D card to measure fuel valve position and a D/A card to output a reference voltage. 
For each engine power setting and associated fuel flow, there an optimum voltage for 
maximizing the amount of charge imparted to the fuel droplets exists.  The electrostatic 
controller used the position signal from the engine’s liquid fuel valve to determine voltage and 
current flow to the electrostatic nozzles. The controller commanded the variable voltage supply 
shown in Figure 34 to provide the appropriate voltage to the nozzles.  It is conceivable that in 
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order to maximize the advantages electrostatic charging offers the power supply will require two 
operating modes in the future.  They are: 1) variation in voltage to control current flow into the 
spray as the air in the chamber becomes more conductive due to combustion ionization and/or 2) 
an ability to transition into pulsed mode operation in which a frequency controlled corona 
discharge is sustained. 
 

 
 

Figure 34.  Customized Power Supply for Electrostatic Charge Control 
 
It is important to note that when the air near the electrode is not heavily ionized there is little 
chance of spark discharge into the flow especially when this power supply is regulated to a 
voltage < 50 KV with very low current (< 50 microamps).  Experimentation with non-reacting 
simplex charging has shown spark discharge begins to occur at voltage levels exceeding 100,000 
V for the current levels under consideration within an air-breathing atmospheric combustion 
chamber.  However, when the temperature near the electrode is significantly increased due to the 
presence of a reacting flow a corona discharge can ensue.  When this happens a pulsed approach 
to the charging process may be required.  This process is schematically shown in Figure 35. 
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Figure 35.  Schematic of Corona-discharge in a Laboratory Combustor and the Necessary 

Control Circuitry 
 

In the future utilization of a pulsed corona within an electrostatic charged fuel injection process 
may be necessary to limit current flow into the combustion chamber at the voltages utilized for 
electrostatic charging.  An effort to convert the power supply shown in Figure 34 into the 
schematically summarized power supply shown in Figure 35 was well outside the scope of this 
effort. 
 
An initial schedule of voltage versus fuel flow was determined through lab experiments during 
the development of the RR501K electrostatic nozzle prototypes.  The controller concept 
implemented into the engine is illustrated in Figure36. 

 

 
Figure 36.  Electrostatic Fuel Nozzle Controller 
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5.2 Engine Implementation 
 
The electrostatic fuel injection system described in section 5.1 was implemented in the RR501K 
engine shown in Figure 37 on two occasions May and August of 2005.  Engineers and 
technicians from CFDRC and NSWCCD installed the electrostatic atomization nozzles and set 
up emissions instrumentation and data collection hardware.  NSWCCD personnel performed all 
engine testing and emissions documentation.   
 

 
 

Figure 37.  RR 501K Gas Turbine at NSWCCD Philadelphia 
 
The objective of this test program was to characterize and document the performance of a fuel 
injection system based on electrostatic fuel atomization technology when implemented in a 501-
K17 Rolls-Royce gas turbine engine.  These benefits were anticipated to include a reduction in 
CO and NOx emissions as well as a large reduction in PM 2.5 emissions 
 
The electrostatic fuel atomization system delivered to NSWCCD for installation consisted of the 
following components: electrostatic fuel nozzles (6); wiring harness and controller/power supply. 
The installation of the electrostatic fuel nozzles was straightforward. They were a direct 
replacement for the current nozzles and used the same fuel and air assist manifolds. The only 
change was that each nozzle had a wire exiting through the mounting flange. Those six wires 
(one for each fuel nozzle) were connected to a terminal block and a single power wire was routed 
outside the module where it was attached to the power supply/controller. This electrostatic fuel 
nozzle installation is show in Figure 38. 
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Figure 38.  Photograph of Electrostatic Injector Installation within a RR501K Engine 
 
Instrumentation and data acquisition systems that were utilized in the proof of concept testing 
included the following: 
 

- Available LBES steady state and transient response instrumentation and data acquisitions 
systems to record engine/generator set steady state performance during stabilized 
operation and transient response performance during start-up cycle and load response 
testing. 

 
- A heated line provide a gas sample from a probe inserted in the exhaust system to a 

continuous emissions monitoring system for measuring CO, CO2, O2, THC, NOx and 
SO2. 

 
- A second probe was inserted in the exhaust system to obtain particle samples that were 

sent to a Scanning Mobility Particle Sizer (by TSI, Inc.) for determining particle size 
distributions and concentrations. 

 
- A Sierra Instruments micro dilution test stand was also utilized to obtain particulate 

emissions (on a mass basis).  
 

5.3         RR501K Engine Test and Evaluation 
 
Engine test and evaluation included the development and a test procedure followed by execution 
of these test procedures during two independent test sequences. 
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Test Procedures 
 
The following is an outline of the test procedures utilized to conduct all engine testing.  A fuel 
sample was taken prior to the tests for analysis to document the properties of the fuel used in the 
test. 
 
1. Conduct a generator set start-up cycle and stabilize at no-load operating conditions to 
document baseline start-up cycle.  Record the available transient data during the start-up cycle.   
 
2. Run the 501-K17/generator set to establish baseline steady state performance as well as 
baseline emissions and particulate levels.  Monitor operation as power level is incrementally 
increased.  Stabilize at power levels in 500 kW increments, from no-load to 2500kW.  Record 
available steady state performance parameters as well as baseline emissions and particulate 
levels to document baseline operation.   
 
3.  Install the electrostatic atomization injection system. 
 
4.  After optimizing the electrostatic injection system, conduct a generator set start-up cycle and 
stabilize at no-load operations conditions.  Record the available transient data during the start-up 
cycle.   
 
5.  With the electrostatic injection system optimized, monitor operation as power level is 
incrementally increased.  Stabilize at power levels in 500 kW increments, from no-load to 
2500kW.  Record available steady state performance parameters as well as emissions and 
particulate levels to document operation.   
 
6. Remove the electrostatic injection system and re-install the baseline fuel injection system.   
 
Baseline Engine Testing 
 
Baseline gaseous emissions were obtained prior to the installation of the electrostatic nozzles 
with the results being shown in table 5-1.  The baseline particulate mass emissions are shown in 
Table 5-2.  Average engine operating parameters recorded during the baseline emissions test are 
listed in Table 5-3. The engine testing was performed using JP-5 fuel. Selected fuel properties 
are shown in Table 5-4. 
 

Table 5-1. Baseline Gaseous Emissions 
Power 
(kW) 

HC 
(ppm) 

CO 
(ppm) 

NOx 
(ppm) 

SO2 
(ppm) 

CO2 
(%) 

O2 
(%) 

500 4.1 20.1 43 10 1.64 18.45 
1000 3.6 11.8 59 12 1.98 17.96 
1500 3.4 10.1 76 15 2.48 17.42 
2000 3.3 13.3 103 17 2.94 16.85 
2500 3.7 16.3 138 20 3.38 16.02 
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Table 5-2. Baseline Particle Mass Emissions 
Power 
(kW) 

PM Mass 
(g/hr) 

PM Mass 
(g/kW-hr) 

500 101.72 0.194 
1000 113.8 0.114 
1500 154.7 0.104 
2000 208.5 0.104 
2500 244.9 0.098 

 
Table 5-3. Average Engine Operating Parameters 

Power 
Output 
(kW) 

Inlet Air 
Temp 
(ºF) 

Engine 
RPM 

Comp 
Exit P 
(PSIG) 

Turbine 
Inlet T 

(ºF) 

Fuel 
Pressure 
(PSIG) 

Fuel 
Flow  

(GPM) 

Exhaust 
Temp 
(ºF) 

508 83.2 13839 90.6 1192 155 2.48 590 
1004 83.8 13840 94.4 1327 182 3.03 685 
1499 83.7 13840 98.6 1472 217 3.61 775 
2010 85.1 13840 102.8 1630 261 4.27 875 
2494 85.5 13840 107.1 1785 314 4.95 970 

 
Table 5-4. Test Fuel Properties 

Property Value 
Calculated Cetane Index 44.6 
Density, kg/L @ 15ºC 0.809 

Distillation Temp °C 
10%:  188.5 
50%:  208.5 
90%:  237.0 
E. P:  272.0 

Flash Point, °C 62.5 
Freezing Point, °C -49.2 
Heating Value, BTU/lb 18,532 
Hydrogen Content, wt % 13.5 
Total Acid Number, 
mg KOH/g 0.007 

Total Aromatics, vol % 20.0 
Total Sulfur, wt % 0.120 
Viscosity, mm2/second 5.0 @ -20°C 

 
Electrostatic Injector Emissions Testing 
The first electrostatic injector test series (May 10-12) was dedicated to debugging the engine 
starting sequence with the new electrostatic nozzles in place.  A number of modifications were 
made to the engine starting fuel schedule over the two-day test period.  Once these changes were 
completed the engine efficiently started on every occasion.  Figure 39 depicts initial and  final 
start schedule.  This start schedule was so efficient it was incorporated into the main engine start 
routine and the current fuel injectors configuration. The key to consistent RR501K engine 
starting was to synchronize the fuel injection flow rate with the compressor speed to yield 
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optimal combustor light-off conditions. In most cases this entails “spiking” the fuel flow between 
20-30% engine speed. Significantly more refinement of this engine starting process could be 
pursued up to and including biasing the engine start schedule for altitude and ambient conditions. 
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(a) Failed Start 
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(b) Successful Start Using Fuel Spike at 22% N 

Figure 39. RR501K Engine Starting with Electrostatic Fuel Injection 
 

100% Engine Speed
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Once the engine starting procedures were quantified with the electrostatic nozzle the engine was 
accelerated to 100% idle speed.  At this point a problem associated with the existing engine fuel 
manifold was encountered that resulted in a significant fuel leak around the engine.  This 
situation precluded the collection of emissions data with the electrostatic nozzles.  A second 
engine test was subsequently executed from August 23-25, 2005.  On this occasion a critical 
thermal mechanical issue associated with the braze joint between the fuel tube and air-assist tube 
precluded operating the nozzle above idle speed.  As a result the engine could not be operated 
long enough to gather emissions data with the new nozzles.  Additional engine availability, as 
well as resources, precluded another attempt at testing the electrostatic nozzles within the 
RR501K engine. 
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6. SUMMARY 
 

Electrostatic atomizers using an induction charging approach have been investigated and 
characterized.  Diesel fuel has been successfully charged and atomized up to a flow rate of 250 
lb./hr.  Designs that integrate electrostatic atomization technology into a fuel nozzle/injector 
suitable for use in a gas turbine engine have been developed along with a controller.  Prototype 
electrostatic fuel nozzles, suitable for engine installation were fabricated and tested both an 
ambient and engine test bed.  Ambient test results indicate the potential to reduce gaseous 
emissions with electrostatic charging exists.  Numerical simulations have indicated that 
electrostatic atomization has the potential to reduce particulate emissions by 80% from current 
engine levels.  The Navy and CFDRC documented these results in ASME Paper GT-2004-
54298.  Actual engine testing was inclusive since the nozzles were not run above the engine idle 
condition long enough to collect emissions. 
 
The work performed here demonstrated that electrostatic atomization technology could improve 
fuel spray characteristics.  At low to moderate flow rates electrostatic atomization has a dramatic 
effect on droplet size and dispersion.  At high flow rates these effects are less pronounced.  
However, at high flow rates electrostatics continue to improve overall atomization through 
improved secondary droplet breakup due to the charge on the fuel droplets.  Although the engine 
test results are inclusive, the potential of electrostatic charging the fuel injection process remains 
to offer promise associated with enhancing combustion performance while reducing emissions, 
particularly particulate emissions.   
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ABSTRACT 

Recent breakthroughs in the field of hydrocarbon fuel 
electrostatic charging techniques have now permitted the opportunity 
for the Navy to consider implementing this technology into shipboard 
gas turbines. This research effort is focused toward electrostatic 
atomization insertion into a U.S. Navy Shipboard Rolls Royce 
Corporation 501-K research engine at the Naval Surface Warfare 
Center, Carderock Division (NSWCCD).  

Specific milestones achieved thus far include:  
(a) S

pray demonstration of an electrostatically boosted 501-K 
gas turbine fuel injector prototype at fuel flows from 40 
PPH to 250 PPH.  

(b) E
lectrostatic charging effect measurements on the droplet 
size and patternation of a 501-K simplex atomizer 
configuration.  

(c) N
umerical modeling of the influence electrostatic charging 
has on secondary atomization breakup and predicted 
particulate emissions.  

This paper documents results associated with injector conceptual 
design, electrode integration, atomization measurements, numerical 
modeling and fuel injection system integration. Preliminary results 
indicate electrostatic boosting may be capable of reducing particulate 
emissions up to 80% by inserting the appropriate fuel injector.  

 
INTRODUCTION 

The Rolls Royce Corporation (RRC) 501-K engine in Figure 1 
serves as the prime mover for ship service gas turbine generator sets 
(SSGTGs) of the U.S. Navy’s DDG 51 Class ships [1]. The 501-K 
engine features a single shaft with a 14-stage axial compressor, a 
combustor with six equally-spaced combustion liners, and a four-stage 
turbine. At the present time the RRC 501-K34 serves as the prime 
mover for SSGTGs on DD 963 and CG 43 Class ships.  
 

 
Figure 1.  Rolls Royce Corporation 501-K Engine 

 

The combustion section of the Navy’s 501K engine shown in 
Figure 1 has traditionally proven to be where the bulk of the routine 
in-service maintenance takes place.  

• The combustion liners historically last about 2,200 hours 
before replacement is required. The Navy is currently shifting 
to a new liner design in an effort to improve service life. The 
new effusion cooled liner is similar to other low emissions 
designs. Prototype effusion liners have operated in the Fleet 
for 15,000+ hours with only minor cracking noted.  

• Fuel nozzle reliability is difficult to quantify. They are 
typically the first components to be replaced when t 
troubleshooting engine starting problems. They are also 
replaced when the temperature spread between combustion 
liners exceeds preset limits. The normal nozzle failure mode 
is that the pilot tip becomes clogged and prevents turbine 
starting. Fouling of the secondary flow passages is 
significantly less common. The current nozzle design is a 
piloted dual entry type that lends itself to electrostatic 
charging. 

 
ELECTROSTATIC CHARGING 

The presence of electric charge on the fuel droplets within the 
well-defined geometry of the combustor allows for spray distance, 
angle, and charge levels to be adjusted for optimum evaporation and 
combustion. There are several methods available to impart charge to 
droplets. Among the most common we have induction charging, 
corona charging, and charge injection. Electrostatic spraying is an 
efficient and cost effective process to use in preparing fuel for 
combustion in gas turbine engines commonly found in Navy shipboard 
operations [1]. Using electronically controlled electrostatic 
atomization, droplet size and particularly dispersion can be 
manipulated, independent of flow velocity, aerodynamics or other 
mechanisms. As a result, the electrostatically boosted gas turbine 
engine fuel injection preparation approach described here offers 
significant potential in an engine insertion role. Figure 2 summarizes two 
fundamental electrostatic fuel charging approaches CFDRC has 
examined through the ambient gas turbine fuel injection demonstration 
phase. As a result of this reported development effort, the approach 
selected for test and evaluation in the RRC 501K industrial gas turbine 
engine is the induction charging approach. 

Numerous different insulating materials have been evaluated.  
The most appropriate was determined to be a machineable aluminum 
oxide based material currently utilized in numerous high temperature 
glass manufacturing operations.  This material offers maximum 
durability in a gas turbine fuel injector application while possessing 
extremely low electrical conductivity as well as machineability. The 
electrostatically charged fuel injection system has been fully integrated 
into the existing RRC 501-K engine fuel injector specifications.  As of 
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the writing of this paper the injector in Figure 3 is undergoing combustion testing at ignition, idle and part power flow conditions.  
Contact Charging [3] 

           

 

• Requires low fluid conductivity 

• Demonstrated at low fuel flows (less than 10 PPH) 

• Not commercially available 

• Requires hydraulic power for atomization unavailable in 
501K installations 

• Susceptible to fuel coking 

Induction Charging [4] 

 

 

• Functional at any conductivity 

• Demonstrated up to 250 PPH in a single injector 

• Commercially demonstrated 

• Requires pneumatic power for atomization available 
through combustor 

• Failsafe operation (i.e. nozzle atomization operational 
without electrostatic charging) 

 
Figure 2.  Electrostatic Charging Approaches Considered for Implementation into an RRA 501-K Engine 

 
 
ATOMIZER DESIGN 
 The 501-K fuel injector design process utilized here was broken 
down into two sequential steps.  The first step was adaptation of the 
electrostatic atomization induction charging summarized in Figure 2 
for operation in an RRC 501-K fuel injector.  A full scale RRC 501K 
prototype injector assembly shown in Figure 3 has been fabricated 
with the capability to electrostatically charge up to 400 PPH of fuel 
flow using 1, 2, 3 or any combination of electrodes. The combustor 
dome swirler and air sweep cap are also shown in Figure 3 because 
they were an integral part of the design considerations. This air-
assisted simplex design has been designated as the baseline 
configuration. The air assist passage was designed to utilize the 
identical air assist starting system operational within the current 501-K 
engine. 
 

 
Figure 3. RRC501-K Engine Fuel Injector Featuring Electrostatic 

Charging 

To accommodate the maximum fuel flow at 501K full power 
operation the simplex atomizer flow number must be at least 10. Flow 
numbers of both 10 and 18 are under final consideration for evaluation 
during combustion rig testing scheduled to commence in January 
2004.  

Figure 4 shows the test apparatus assembled to perform 
preliminary atomization evaluation of the simplex atomizer operating 
in an uncharged and charged mode. Energy Research Consultants 
(ERC) was tasked by CFDRC to obtain laser diffraction (LD) sizing 
data and qualitative optical patternation (QP) data from the simplex 
atomizer implemented in the injector shown in Figure 3. 
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Equipment:  
•  Malvern 2600 •  Prototype Optical Patternator 
•  Data Acquisition •  Nozzle Spray Apparatus 
•  Ventilation System 

 
Figure 4. Atomization Testing Facility at ERC 

 
With the unknown risk of highly atomized fuel in ambient air and 

high voltage present, early atomizer testing was conducted with 
distilled water to ensure a safe environment for this equipment.  More 
recent findings also described here have demonstrated insufficient 
power is consumed during the induction charging process to initiate a 
spark.  Due to the nature of the inductive charging process, the 
fundamental results of these tests are unaffected by the use of water. 

Each atomizer was tested at four different pressures and four 
different positions with and without the electrostatic atomization. A 
total of 16 optical patternation tests and 32 SMD measurements were 
completed for each atomizer [5].  

The radial locations were chosen based on the spray cone angle. 
The objective was to determine spray droplet size on a plane 
orthogonal to the axis of the spray at the center, at the edge, and 
approximately one inch beyond the spray cone angle.  

For the optical patternation tests, the setup remained the same as 
in the SMD measurements.  The camera for capturing the patternation 
data was a high speed electronic camera located above the spray cone.  
In each case, 9 images were obtained.  The exposure varied from about 
0.5 sec to about 4.0 sec in an effort to obtain relatively consistent pixel 
intensities from case to case.  A laser power before the collimating 
lens was maintained at 200 mW to maximize the obscuration intensity 
measurement.  Figure 5 depicts images associated with SMD and 
patternation testing in progress. 

 

 
SMD Testing 

 

 
Optical Patternation Testing 

 
Figure 5. Atomization Testing in Progress 

 
Optical data processing involved an average of the 9 images for 

each case.  A circular mask is placed at the nozzle geometric centerline 
of the affined image so that the corners of the images are not included 
in patternation analysis.  A mask radius of 240 pixels (about 5.68 
inches) was chosen. The patternation numbers were calculated by 
dividing the image into eight areas. Each image is divided into one 
circle near the center and seven annular areas, all within identical 
characteristic dimensions.  For each area, the pixel intensities are 
summed.  Results of typical optical patternation and SMD testing for 
the sprays are shown in Figures 6a through 6c. 
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Conventional 
Operation 

 

 
 

I,tot = 4.3E+8 
 

 

Charged  
Operation 

 

  
I,tot=6.15E+8 

 
(c) SMD  Droplet Size Data 

 (a) Spray Photographs (b) Patternation Data 
(Increased Obscuration, Itot, 

Indicates Improved Dispersion) 

 

 
Figure 6. Typical Atomization Test Results (FN – 10, wf = 40 PPH) 

 
The patternation images reveal that at lower flow rates the sprays 

are more spread out as a result of the electrostatic forces present.  The 
effect of the electrostatic force is less pronounced with the higher flow 
rate sprays is due to the greater droplet density and velocity associated 
with the higher-pressure sprays.  Figure 7 demonstrates the reduced 
dispersion which occurs at higher flow rates. 

 

 
 

Figure 7. Reduced Droplet Dispersion at Increased Flow Rate (FN = 
10, wf = 150 PPH) 

 
Numerical Modeling 

Understanding of the electrostatic gas turbine spray combustion 
parameters in the 501-K gas turbine engine is required for selection of 
optimum spray patterns. CFDRC’s numerical modeling efforts 
therefore have included assessment of the injector droplet size, 
distribution and spray, cone angle, as well as corresponding localized 
vaporization rates when operating in the 501-K engine. Numerous 
numerical simulations have been completed to evaluate electrostatic 
atomization spray pattern effects on 501-K engine performance.  

The general purpose Computational Fluid Dynamic (CFD) 
software CFD-ACE+ is being used to perform all numerical analyses. 
CFD-ACE+ is a commercial software package developed by CFDRC 
[6]. The following basic capabilities are being utilized to support this 
analysis. 

 

1. co-located, fully implicit and strongly conservative finite volume 
formulation; 

2. solution of two- and three-dimensional Navier-Stokes equations 
for incompressible and compressible flows; 

3. pressure-based solution algorithms including SIMPLE and a 
variant of SIMPLEC; 

4. non-orthogonal curvilinear coordinates; 
5. multi-block and many-to-one grid topology, allowing for local 

grid refinement; 
6. unstructured grids with any cell type and with arbitrary interfaces 

at domain interfaces; 
7. parallel processing; 
8. second order central (with damping), second order upwind, and 

Osher-Chakravarthy spatial differencing schemes; 
9. standard, low-Reynolds number, and RNG turbulence models for 

steady-state models; 
10. instantaneous and finite-rate, one-step, and four-step heat release 

and emission kinetics models; 
11. 2-scalar prescribed PDF, eddy breakup, and eddy dissipation 

turbulence-chemistry interaction models; 
12. NOx and CO emissions models; 
13. conjugate heat transfer with radiation; and 
14. spray models for trajectory tracking, vaporization, etc.  

 
A key attribute of electrostatically charged fuel is the secondary 

atomization process. It has been shown the initial charge inductively 
injected into a droplet remains until the droplet strikes a grounded 
surface such as the chamber wall. To maintain equilibrium the droplet 
charges uniformly disperse themselves on the surface of the droplet as 
depicted in Figure 8.  As the droplet mass and corresponding diameter 
decay due to evaporation the charge concentration on the droplet 
surface reaches a level that the repulsive forces due to charge exceed 
that of the retention force due to surface tension. A lumped parameter 

Electrode 

Electrode 
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model of this process has been constructed with the results also 
summarized in Figure 8. 

The simulations completed here demonstrated the injector air 
swirler curved vanes minimize the air pressure drop and maximize the 
amount of airflow.  This air also thermally protects the nozzle face, 
provides air to assist in atomization, and effectively prevents fuel from 
reaching the electrode casing.  Numerous two-dimensional CFD 

simulations of injector operation have been completed.  Axial velocity 
and temperature contours of the configuration shown in Figure 3 are 
depicted in Figure 10. 

 
 
 

 

 

Figure 8.  Secondary Atomization Breakup Model Due to Electrostatic Charging 
 
Combustion is being modeled using a one-step finite rate reaction 

with equilibrium products of CO2, H2O, CO, H2, OH, and O. The fuel 
is represented by the specie C12H23 with properties designed to imitate 
DF-2. The reaction rate is adapted from Westbrook and Dryer [7] with 
modifications that adjust for the equilibrium product flame 
temperature.   
The 501-K combustor flow field inside and outside the liner has been 
modeled in order to provide the most accurate simulations possible.  A 
baseline simulation performed on the 501-K combustor is shown in 
Figure 9. 
 

 
(a) Combustor Grid Model 

 

 
(b) Inner Combustor Temperature  
(Plane Through Nozzle Centerline) 

 
Figure 9. Simulation of Existing Allison 501-K Combustor 

 

 
(a)  Temperature Contours 

 
(b)  Axial Velocity Contours 

 
Figure 10.  Two-Dimensional Injector Simulations at Fuel 

Injector/Combustor Interface 
 

 
At this time it is assumed here that a 1:1 correspondence exists 

between soot reduction and particulate emissions reduction. Because 
particulate matter less than 2.5 micron characteristic diameter 
(PM2.5), as well as soot formation, is a highly three-dimensional 
process a 3D simulation of the 501K combustor was completed. For 

the sake of brevity in this paper only the soot modeling [8] results are 
summarized here. Figure 11 summarizes these predictions of soot 
formation in the 501K combustor with and without electrostatic 
charging. The significant reduction in predicted soot concentration can 
be directly attributed to improved spray dispersion and accelerated 
secondary droplet breakup.  

Fuel Injector 

Liquid Spray 
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The most significant anticipated result of this effort will be a 
reduction in engine particulate emissions. Currently, the 501-K SAE 
Smoke Number averages approximately 50 as shown in Figure 12.  
This is well above the visible range and indicates a significant level of 
particulate matter in the exhaust as a result of the combination of dual 
orifice fuel injection and an excessively rich primary combustion zone. 
Although the basic combustor stoichiometry will not change with this 

injector modification, particulate matter reduction due to electrostatic 
charging was analytically shown to be first order due to secondary 
atomization breakup. The soot formation process was illustrated in 
Figure 11 and the projected benefit of electrostatic charging is 
summarized in Figure 12. Approximately a five-fold reduction in 
PM2.5 is anticipated by reducing the SAE Smoke Number from 50 to 
10.   

  
 

Conventional Operation     Charged Operation 

 

 
 

Figure 11.  RRA 501-K Combustion Soot Predictions
 

 

 
 

 Figure 12.  Smoke Number Measurements and  
Soot Prediction in the 501-K 

 

Selected details of the electrostatic controller are summarized in 
Figure 13. Only two independent modifications of the existing 
controller are anticipated. The first is the addition of a controller which 
identifies and regulates power requirements associated with injecting 
charge into the fuel. The second is a customized power supply for this 
purpose.  
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Controller Schematic 

 

 
Customized Power Supply 

 
Figure 13.  Electrostatic Charge Booster Controller Description 

 
ENGINE DEMONSTRATION  

A demonstration of electrostatic fuel atomization technology will 
be conducted using a Rolls Royce Corporation 501-K17 gas turbine 
engine located at the Naval Surface Warfare Center, Philadelphia Land 
Based Engineering Site (LBES). The 501-K17 engine is an earlier 
version of the 501-K34 engine currently used by the Navy. Successful 
operation in one of the  Navy's 501-K17 research engines at the LBES 
test site shown in Figure 14 is the first step for any fuel injector under 
consideration for fleet retrofit.  

 

 
Figure 14.  NSWCCD/Philadelphia LBES Test Site 

 
For this technology demonstration the exhaust emissions from 

501-K17 at the LBES will be completely characterized using a variety 
of instrumentation. Gaseous emissions will be measured by drawing a 
sample of exhaust through a heated line into a continuous emissions 
monitoring system capable of measuring CO, CO2, O2, THC, NOx and 
SO2. A second, cooled probe will be inserted close to the exit of the 

engine to obtain a representative sample of exhaust for particle 
sampling. The exhaust sample will be diluted with dry air at the tip of 
the probe to prevent water condensation and particle loss to the wall 
due to high temperature gradients, and to prevent saturation of the 
particle instrument. A Scanning Mobility Particle Sizer (SMPS) 
manufactured by TSI, Inc. will be used to measure particle size 
distributions and concentrations. The SMPS system consists of an 
Electrostatic Classifier and a Condensation Particle Counter along with 
a computerized data acquisition and control system. The SMPS system 
uses an electrical mobility detection technique by which the entire 
particle size distribution contained in the sample is measured to a high 
degree of accuracy.  A micro dilution test stand manufactured by 
Sierra Instruments, typically used for diesel engines, will also be 
utilized to obtain particulate emission measurements on a mass basis. 

A complete baseline of the 501-K17 engine with respect to 
performance and emissions characteristics will be obtained from idle 
to 2500 kW. The electrostatic fuel nozzles and controller will then be 
installed. A series of engine starts will be performed to confirm proper 
engine starting and operational characteristic with the electrostatic 
nozzles. This will be followed by a series of test runs at various loads 
to optimize the electrostatic fuel system operation and the amount of 
charge put into the fuel at various fuel flow and power levels. The 
emissions and performance characteristics of the 501-K17 while 
operating with the optimized electrostatic charged fuel nozzles will 
then be documented. The emphasis will be on low to mid power 
operation as this is region where the benefits of the charged fuel are 
expected to be greatest.  Fail safe operation of the electrostatic fuel 
nozzles will also be demonstrated by starting and operating the engine 
with the charging circuit switched off to simulate a failure.  
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