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The dynamic pressure signals were transformed to frequency domain with using the Fast Fouier Transform 
(FFT) function in Matlab. Each dynamic pressure reading is recorded for 60 seconds at 20 or 40 kHz. For spectral 
processing, each recording was split into segments of 215 points. As a result, each FFT used about 1.1 to 1.5 seconds 
of dynamic data. After the transformation, the frequency spectrum was corrected for line loss in the sampling line 
following Samuelson [9]. To reduce noise, the average values of these FFTs are reported in this study. The y-axis of 
the FFT plot is normalized by the combustor inlet air pressure, which is proportional to the square of the velocity 
fluctuations inside the combustor.  

Two test series were conducted. First test series occurred in 2015, with co-rotating pilot configuration and four 
types of fuel (C1, C3, A2 and a random batch of Jet A). The second test series was performed in 2016, with a 
counter-rotating pilot configuration and two types of fuel (C1 and A2). The co-rotating pilot configuration had the 
pilot mixer swirler rotating at the same direction as the main mixers, while the counter-rotating pilot configuration 
had the pilot mixer swirler rotating in the opposite direction [10]. For these studies, local fuel air equivalence ratios 
were similar among the nine fuel air mixers, except at one test conditions (inlet air temperature of 575 K and inlet 
air pressure of 689 kPa)  where the pilot �¥ is different from the other two fuel circuits. 

 
  



 
American Institute of Aeronautics and Astronautics 

 

5 

 
III. Results and Discussions 

 
NOx emissions 
   

Burning the C1 test fuel results in lower NOx emissions relative to the other fuels tested. Figure 3 shows the 
NOx emissions for four fuels as a function of the calculated adiabatic flame temperature (2015 data). The Emission 
Index (EI) value calculations in this study were corrected for the fuel carbon and hydrogen compositions, and the 
calculated adiabatic flame temperature was corrected for the heat of combustion of the fuels. The emission results 
show C1 produces less NOx emissions than the other three fuels (C3, A2, and a random batch of Jet A fuel) at the 
same engine operating conditions. The NOx emissions for the other three fuels are about the same. The NOx 
emissions for C1 is about 12% EI lower than A2 at an inlet air temperature of 725 K, and C1 is 5% EI lower than A2 
at an inlet air temperature of 825 K. C3 is a high viscosity fuel. The viscosity of C3 is about double of C1 and A2. 
The NOx emissions for C3 and A2 are similar, which indicates that the atomization performance of the fuel injectors 
is not a strong function of fuel viscosity at these engine operating conditions.  

 
 

 
 

Figure 3: NOx emissions for four types of fuel, random Batch Jet A, C1, C3, and A2 at 1725 kPa and two 
different inlet air temperatures.  

 
 
One possible contribution to the NOx emissions reduction is the longer ignition delay time for C1 relative to A2 

and C3. The autoignition time for C1 is about double that of Jet-A (A2) [11]. This might be because the C1 fuel has 
a different fuel decomposition pathway. C1 is composed of highly branch iso-paraffins, which results in a low 
cetane number of 16. An emissions study has found that C1 and the FT-sasol alternative fuels (with high iso-
paraffins contents) produce relatively high level of iso-butene but are lower in ethylene emissions than n-paraffins 
fuels [12]. Also, detailed shock tube experiments and hybrid chemistry modeling [13] has shown that C1 produces 
mostly iso-butene during fuel decomposition (versus mostly ethylene for A2) with C1 ignition delay times longer 
than A2 at high temperatures due to the slower chemistry of iso-butene oxidation relative to ethylene oxidation. 
 

Longer ignition delay times provide more time for fuel and air to mix before burning, which may lower front-
end recirculation zone flame temperature in this 9-point LDI  combustor and thus lower the NOx emissions. NOx 
emissions are a function of flame temperature. Even with lean burn, the flame temperature profile for the 9-point 
LDI combustor is not uniform throughout. Each of the nine fuel air mixers has a 60 degree swirler creating highly 
swirled air to promote fuel air mixing and a center recirculation zone at the front end of the combustor for flame 
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stabilization. A CFD study on this 9-point combustor has shown the local flame temperature is more than double and 
the NOx emissions are more than six to seven times higher near the injector face versus downstream of the 
reciriulation zone [14]. At the combustor exit, the flame temperature is the same regardless of fuel type when the 
same amount of energy is input, and combustion reactions have completed. As a result, the long ignition delay time 
characteristic of C1 should lead to lower the NOx emissions by lowering the local hot spots temperatures at the front 
end of the combustor.  

An earlier alternative fuel study with this 9-point combustor [3] did not show that NOx emissions for the HRJ 
alternative fuel with high cetane number of 69 is different than the regular Jet-A. As a result, no clear trend or 
correlation is observed between cetane number and NOx emissions reductions. 

The vaporization rate may also play a role in NOx emissions reductions of C1 relative to A2. According to the 
distillation curve, 80% of C1 will distill at 180 oC, while C3 and A2 require 45 oC and 35 oC higher, repectively. 
CFD calculations have found the vaporization rate for the C1 fuel is 16% faster than the A2 fuel [15]. A faster 
vaporization rate results in smaller fuel drop sizes as the fuel moves into the flame zone, which would lower the 
local hot spot temperatures and thus provide lower NOx emissions.  

Table 2 compares the percentage NOx emissions reductions at different inlet air temperature (T3) and pressure 
(P3) conditions between C1 and A2. The percentage NOx reductions are random, between 5% to 18.7%. The 
percentage reductions between 2015 and 2016 data are similar, which indicates the center pilot swirler orientation 
did not have an effect on the C1 fuel NOx emission reductions.  At a high T3 of 810K, the percentage NOx reduction 
of C1 fuel relative to A2 is only 5%. The vaporization rate and chemical reaction rate differences between C1 and 
A2 may be minimized at this high T3 condition. 
 
 
Table 2: Percentage NOx reductions of C1 fuel relative to A2 fuel at various inlet air temperature and 
pressure conditions. 
 

T3 (K)  P3 (kPa) % reduction (2015 data) % reduction (2016 data) 

810 1723 5.0 *  
727 1723 12.0 14.0 

644 1034 11.7 18.7 

575 1034 16.1 15.5 

575 689 13.3 12.5 

 
 
Ignition  
 

The C1 fuel was harder to ignite than A2 and C3 during standard test rig light-off procedures. Table 3 lists the 
ignition trials attempted with using C1. An aircraft ignitor was used during the ignition sequence for all the trials. 
Only one successful ignition at high inlet air temperature of 810K and high overall fuel air equivalence ratio of 0.50. 
For this 9-point combustor, the autoignition temperature for A2 (without an ignitor) is about 700 K. Studies by 
UTRC [11] found a strong correlation between the cetane number and autoignition. With low cetane number of 16, 
the C1 test fuel would need fuel-air equivalence ratios of at least 0.60 for auto-ignition to occur at an inlet air 
pressure of 55 bar and temperature of 910 K, while A2 requires a fuel-air equivalence ratio less than 0.30. Lower 
temperature ignition was also attempted using A2 in the pilot fuel air mixer and C1 in the other two fuel circuits. 
�+�R�Z�H�Y�H�U�����Q�R���V�X�F�F�H�V�V�I�X�O���L�J�Q�L�W�L�R�Q���Z�D�V���R�E�V�H�U�Y�H�G�����7�K�H���P�D�L�Q���I�X�H�O���P�L�[�H�U�V�¶���O�R�F�D�O���I�X�H�O���D�L�U���U�D�W�L�R�����P�D�L�Q���Shi = 0.37) might not 
be high enough for local ignition. No ignition occurred at conditions with a local pilot �¥ as high as 1.67.  
 
 
 
 
 
 
 
 


