


conceptualized, developed, and tested for fuel modulation in gas turbine engines. Modulation frequencies as high as 
1.2 kHz with input fuel pressures of approximately 300 psia was demonstrated.   In this development the ILEM 
modulator in conjunction with the silicon carbide high temperature pressure sensors [4] is described with the future 
goal of using them to demonstrate closed loop active control of combustion instabilities in gas turbine engines.  

II. In-Line Electromagnetic Fuel Modulator Description 
The structure of the ILEM that was developed in this effort is shown in Figure 1. It consists of the following low 

carbon ferromagnetic components: the housing (sleeve), top cap, bottom cap, and a central sliding plunger within a 
ceramic bobbin. The coil wound was made of ceramic coated nickel wire and wound around the ceramic bobbin.  The 
plunger is tethered and suspended at one end (near the top cap) by a 4-cantilever non-magnetic stainless steel beam-
spring system. The spring system acts to restore the plunger to its initial normally-open position when the coil is de-
energized. Fuel flows in through the opening in the top cap and flows around the central plunger through the central 
hole in the bobbin, and then exits through the bottom cap.  The function of the design is best modeled as a magnetic 
circuit. When electrical current is applied to the magnetic coil, the resulting magnetic field induces a magnetic flux.    
 
 

 

 

 

 

 

 

 

 

 

(a)                                                                                                                 (b) 

Fig. 1  Cross sectional image of ILEM modulator (a). Sliding plunger is pulled towards the magnetic bottom 
cap when electrical current is applied to the magnetic coil, closing the gap between the tip of the plunger and 

the bottom cap. Photograph of actual ILEM modulator (b). 

The tendency of the magnetic flux is to flow through the least magnetic resistance or the  least reluctance path,  
which minimizes the energy in such a magnetic circuit. In this design the path of least reluctance is through the 
ferromagnetic parts that consist, of the plunger, bottom cap, and magnetic housing (the magnetic sleeve with legs). 
The air gap between the tip of the sliding plunger and the bottom cap results in a higher reluctance. As the plunger is 
free to move closer to the bottom cap thereby reducing this air gap distance, a magnetomotive force between the tip 
of plunger and the bottom cap is generated, which serves to minimize this air gap and to reduce the energy stored in 
the magnetic circuit. As the plunger is actuated the cone-shaped tip moves downward to close the gap between the tip 
of the plunger and the magnetic bottom cap thereby, controlling fuel flow. Intermittently energizing the coil, would 
then result in the modulation of the fuel. 
The position of the magnetic plunger is dependent on the strength of the magnetomotive force driving the magnetic 
circuit. A stronger generated magnetic flux will result in a larger force on the plunger pulling it closer to the bottom 
cap, thereby closing the fuel flow path further. The magnetomotive force applied to the magnetic circuit is directly 
related to the electrical current applied to the magnetic coil. Therefore, increasing the electrical current applied to the 
magnetic coil will result in increasing closing force on the plunger. However, once saturation of the magnetic 
components occurs, the rate of increase of the magnetic force compared to the applied electrical current will drop to a 
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Thus, the use of the Zener diode in the circuit prevents damage to the rest of the circuit components. The base of the 
transistor is fed a time-varying voltage (Vdrive)to turn the transistor on and off, while a low voltage power supply (Vext) 
is used to supply the voltage and current to the circuit.  

IV. Test Conditions and Results 
The ILEM modulator was tested using jet fuel in order to determine its effectiveness in modulating fuel flow. Inlet 

pressure for the ILEM modulator was maintained at approximately 300 psi, with a flow rate of approximately 43 
pounds per hour (PPH). The power supply voltage to the ILEM control unit circuit was set at Vext = 4 V, and the drive 
voltage Vdrive was 8 V peak-to-peak. Under these conditions, measurements were taken of the pressures at the sensor 
locations shown in Fig. 2. Prior to the ILEM modulator being turned on and driven at the various excitation 
frequencies, two steady state measurements were performed with all drive electronics turned off. Following the two 
steady state measurements, the ILEM modulator was driven with a sinusoidal voltage applied to the base of the BJT 
at discrete frequencies from 100 Hz up to 1200Hz and back down to 100 Hz in 100 Hz increments as fuel flowed 
through it. Pressure measurements were taken at each of these frequencies for the given flow rate and pressure 
indicated above. Results of the steady state measurements as well as the measurements from 100 Hz to 1200 Hz are 
shown in Figure 4, which plots the spectral density in psi/Hz of the PC_Dyn pressure measurement. 

 

 

Table 1 Maximum measured pressure change at PC Dyn for each frequency of operation. Table includes data 
measured as frequency was increased and also as it was decreased. Note values labeled NA were the result of 
the measured maximum pressure change being recorded at a different frequency than the driven frequency 
listed. 

Table 1 summarizes the maximum spectral amplitude of the pressure modulation measured for PC_Dyn and 
PCNeedle_Dyn when for the drive voltage and the frequencies described above. Values for PC_Dyn and PCNeedle_Dyn are 
marked NA for several entries due to the mismatch between the drive frequency and the frequencies at which the 
measured maximum value in the frequency domain occurred. It should be noted that the maximum recorded 
PCNeedle_Dyn values for most of the drive frequencies were at frequencies that represent the second or third harmonics 
of the drive frequency and were therefore marked as NA.  Reliable maximum recorded values of PCNeedle_Dyn that 
matched the drive frequency occurred at the frequencies of 200 Hz and 900 to 1100 Hz. Values for both PC_Dyn and 
PCNeedle_Dyn at the frequencies of 300 to 500 Hz are not included in the table due to the mismatch between the drive 
frequency and the frequency at which the maximum values were recorded. The cause of the harmonics at these 
frequencies are yet to be identified. The possibility of magnetic after-effect could not be ruled out [8]. However, it 
should be noted that the valve designed FN is considerably higher than that that can be obtain from the Needle valve 



due to facility flow limitations, and for such conditions the pressure modulation out of the valve will be compromised. 
Conditions where the valve FN is equal to or a little less than that of the needle valve would be expected to produce 
the best conditions for valve modulation. The largest values of PC_Dyn occurred at the frequency range of 700 to 900 
Hz, where a maximum value of 8.28 PSI was recorded at 700 Hz. The largest value recorded for PCNeedle_Dyn occurred 
at 1100 Hz and was only slightly less than the value of PC_Dyn at this frequency.  

 

Fig. 4 Measurement results in frequency domain for the ILEM modulator with flow conditions of 300 PSI and 
43 PPH flow rate.  Vext on ILEM control unit at 4 V, and Vdrive at 8 V peak-to-peak. PC dyn pressure plotted vs 
frequency as ILEM modulator is at steady state (SS) and from 100 Hz to 1200 Hz in 100 Hz increments. The 
ILEM modulator FN was ~15.0, and the needle valve FN was ~2.50 

The excitation voltage of the actuator was increased in order to increase the current flowing through the coil, hence, 
increase the magnetic flux in order to increase the plunger stroke and allow it to come closer to the bottom cap. This 
was done with the goal of constricting the flow and produce higher pressure at the actuator output.  The ILEM 
modulator was driven with a Vext of 4.5 V, and a Vdrive of 8 V peak-to-peak at approximately the same inlet pressure 
and flow rate described above.  It was found that at lower frequencies, the plunger had momentarily came in contact 
or near contact with the bottom cap in a phenomenon described as electromagnetic snap-in.  Just prior to the onset of 
snap-in, the input pressure increases and the flow rate decreases or stops. Snap-in occurs when the magnetic force 
pulling the plunger closer to the bottom cap exceeds the restoring force from the 4-beam tethered spring that is used 
to return the plunger to its original position and any force exerted on the plunger from the fluid. The magnetic force 
is a nonlinear force that increases rapidly with decreasing gap between the plunger and bottom cap, as the force is 
inversely proportional to the square of the gap between the plunger and bottom cap. The restoring force from the 
spring has a linear relationship to the displacement of the plunger. Therefore, at a certain gap the magnetic force will 
exceed the restoring force of the spring and then the magnetic force rapidly increases as the gap distance decreases, 
thereby causing the plunger tip to snap-in to the bottom cap. When this occurs, the plunger and bottom cap are in near 
or intimate contact, which significantly constricts the fluid flow through the ILEM modulator. Indeed this phenomenon 
was observed when the ILEM modulator was driven at 100 Hz as shown in Figure 5. As can be seen in Figure 5, the 
pressure drop across the ILEM modulator (ILEM DP) increases rapidly from near zero to over 400 PSI as snap-in 
occurs while a large drop in the flow rate from 42 pph to about 24 pph was also observed. The modulator and needle 





A final consideration is the snap-in phenomenon that is present at very low drive frequencies. This phenomenon 
should be controllable with a simple modification to the plunger and spring. The addition of a nonmagnetic spacer to 
the tip of the plunger would prevent it from making full contact with the top cap and thereby prevent the snap-in 
phenomenon while at the same time provide higher pressure drops. A secondary consideration of the snap-in 
phenomenon is that the snap-in phenomenon test results indicates that the ILEM modulator is tunable for different 
flow numbers. By applying a constant DC current to the magnetic coil through the control unit, the plunger DC position 
can be changed, which creates a smaller average gap with the bottom cap, thereby changing the flow number of the 
ILEM modulator. This is another capability that has yet to be fully explored for the ILEM modulator functionality. 

VI.  Conclusion 
In this report an Electromagnetic fuel modulator design is demonstrated that is capable of providing pressure 

modulations at frequencies from 600 to 1200 Hz. For this first generation ILEM fuel modulator, the results indicated 
that with an excitation voltage of 4.0 V and driver magnitude of 8 Vp-p, the ILEM was capable of modulating fuel at 
its outlet up to 1.2 kHz, with the best response occurring near 600-700 Hz. Future work will include improvements to 
the drive voltage levels of the control unit circuit and/or changes to modulator design itself in order to optimize 
performance. This will include finding optimum drive voltages to improve the pressure change the modulator is 
capable of. In addition, future work will also entail fully exploring the capabilities of tuning the flow number of the 
modulator by applying DC current to bias the set point of the plunger in the modulator. Finally, work to add a non-
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