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Abstract: An overview is provided of a CFD study on the impacts of fuel blends on NOx emissions and
flame structure in an axially staged combustor operating at a supersonic cruise condition. The Open version
of the National Combustion Code (OpenNCC) was used to perform two-phase reacting flow computations
with various blending ratios of an ‘average’ Jet-A (A2) and Gevo Alcohol-to-Jet (C1) for RTRC’s Axially
Controlled Stoichiometry (ACS) combustor. The predicted flame structures in the ACS combustor with
three different blending ratios of the A2 and C1 fuel were very similar. The predicted NOx emissions for all
fuel blends were within 10% of the experimentally measured range of NOx emissions for 100% A2 fuel.
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1.0 Introduction

In efforts to mitigate the future impacts of using fossil-based aviation fuels on the environment, the
aerospace community is investing significant resources into using Sustainable Aviation Fuels (SAFs) in
liquid-fueled gas-turbine combustors [1, 2]. Future commercial supersonic aircraft are likely to use high
blends of SAF or 100% SAF to reduce life-cycle carbon emissions. Reducing emissions that impact the
environment and human health is a significant research area under NASA’s Commercial Supersonic
Transport (CST) project. This effort assessed the impact of Jet-A/SAF fuel blends on NOx emissions and
flame structure for an axially staged combustor operating at a supersonic cruise condition.

The average Jet-A fuel (A2) and the Gevo Alcohol-To-Jet fuel (C1) characterized and tested under the
Nation Jet Fuel Combustion Program [2] were used as the two blending components for this study. The
combustor used for this study was the Axially Controlled Stoichiometry (ACS) combustor designed and
tested under NASA’s Environmentally Responsible Aviation (ERA) and Advanced Air Transport
Technology (AATT) programs [3] by Pratt & Whitney/RTRC [4]. While this combustor was not optimized
for a supersonic aircraft cycle, it provided a realistic low-NOx combustor design for an initial assessment of
fuel impacts on NOx emissions at supersonic cruise conditions. Commercial supersonic aircraft will spend
most of their flight envelope at cruise, at high combustor operating temperatures. The combination of
higher operating temperature for longer flight periods, combined with the goal of ultra-low NOx emissions
at cruise, creates unique design challenges for thermal management and emissions at cruise for CST aircraft
combustors [5]. The current CFD evaluation is a follow-on study from previous work which had evaluated
the emissions and flame-structure of the ACS combustor for three different, unblended fuels: ‘average’ Jet-
A (A2), RP-2 and SASOL iso-paraffin kerosene (IPK) [6].



The first step of the CFD study verified the multi-component lagrangian spray modeling approach [7]
and an 81-species skeletal-kinetics mechanism implementation [8] for blends of A2 and C1 fuels within the
OpenNCC code. The second step of the study used OpenNCC to evaluate the ACS combustor for three
arbitrary blending ratios of A2 and C1 fuels consisting of 80% A2 and 20% C1, 50% A2 and 50% C1, and
20% A2 and 80% Cl1, respectively. The aerodynamics and flame characteristics predicted by OpenNCC for
the ACS combustor were compared for all fuel blends, and the predicted emissions (EINOx, EICO) for all
blends were compared with the available experimental data for 100% Jet-A.

2.0 ACS Combustor Flametube Design

Figure 1 shows a section of RTRC’s combustor designed to meet performance and emissions
requirements for subsonic aviation under NASA’s N+3 Advanced Air Transport Technology (AATT)
program. RTRC’s design is based on an axially staged lean burn approach and is referred to as ACS
(Axially Controlled Stoichiometry). The fuel flow conditions of the Pilot and Main stages can be
independently controlled for various flight conditions. The combustor section was instrumented and tested
to obtain emissions and performance data at various N+3 subsonic cycle conditions at NASA Glenn
Research Center. Emissions data (EICO, EINOx) was also obtained for certain operating points (cruise,
maximum power) corresponding to a NASA Supersonic Cycle designed for CST applications. The
nominal cruise conditions for this NASA engine cycle were Ps=15.9bar (234psi), T5=884K (1132F),
equivalence ratio (phi)=0.39 (Fuel-Air Ratio, FAR=0.0267) and combustor pressure-drop, Ap=3.46% [4].

Figure 1. Sector layout of ACS Combustor (RTRC / P&W) as tested at NASA GRC
3.0 CFD Evaluation of Arbitrary Fuel Blends for ACS Combustor at Supersonic Cruise

This paper reports OpenNCC computations at supersonics cruise conditions for RTRC’s ACS
flametube array developed to minimize EINOx emissions for NASA’s N+3 program. The ACS
configuration underwent performance and emissions testing at NASA Glenn Research Center’s CE-5
medium pressure facility. A lagrangian-spray modeling (for the liquid phase droplets) [7] and a finite-rate
reduced-kinetics mechanism [8] were used within OpenNCC CFD to compute heat release, flame-structure,
and emissions. Reacting flow simulations were performed for two different fuels with varying
compositions (see Table 1), blended in varying ratios from 100% A2 to 20% A2. The initial computations
were performed to establish ‘baseline’ combustor performance and emissions with 100% A2 fuel. These
computations were followed by a CFD comparison of flame-structure and emissions between blends of
80% A2 and 20% CI1 (80/20), 50% A2 and 50% C1 (50/50), and 20% A2 and 80% C1 (20/80),
respectively.

Gevo ATJ (Alcohol-to-Jet or C1) was chosen as the Sustainable Aviation Fuel (SAF) for this study
for three reasons: (a) Cl is composed primarily of long, branched chain iso-paraffins, and has a much



higher ignition-delay as compared to A2 fuel [2]. This makes it potentially useful as a candidate to be
blended with A2 to help reduce the thermal load on the combustor dome at supersonic cruise conditions.
(b) C1 can be produced by synthetic processes, which makes it a candidate to be a Sustainable Aviation
Fuel (SAF) for aviation applications. (c) A reduced finite-rate kinetics model [8] of 81 species were readily
available for CFD evaluation of the various blends of A2 and C1 fuel.

Table 1. Compositions of three different fuels evaluated with OpenNCC for the ACS Combustor

Fuel Composition }:t‘-’,:r?ig’) GezfgﬁTJ
aromatics 20% 1%
iso-paraffin 20% 99%
n-paraffin 20% 0%
cyclo-paraffin 40% 0%

3.1 Chemical Kinetics Modeling for A2 and C1 Fuels

A modeling approach using two CANTERA [9] models, one for flame-speed and flame-temperature
calculations, and the other for computing ignition-delay, was used to perform quick validation checks of a
HyChem skeletal kinetics model [8] for various blending ratios of A2 and C1 fuels. The CANTERA
computations served as a quick validation exercise before the kinetics model were implemented for
extensive, 3-D reacting flow computations with the OpenNCC CFD code. Some details of the chemical and
combustion properties of A2 and C1 fuels, as used in the HyChem kinetics modeling, are shown in Table 2.
All gas-phase thermodynamic and transport properties used for both the CANTERA and OpenNCC
modeling were those that accompanied the HyChem skeletal kinetics mechanism [8]. In general, a skeletal
kinetics approach greatly reduces computational times for CFD as compared to a detailed kinetics
approach. This is partly attributed to reduced numerical stiffness and lower number of species of a skeletal
kinetics mechanism.

Table 2. Chemical properties and kinetics of A2 and C1 fuels evaluated with OpenNCC

Fuel Property / Kinetics [8] A2 C1
Chemical Formula (Average) Ci14H217] CiasHora
H/C ratio 1.90 2.16

Derived Cetane Number (DCN) 47 16
Net heat of Combustion (MJ/kg) 42.8 43.9
Chemical Formula (Modeled) CiHz CizHos
Number of Species (Skeletal Kinetics) 51 51
Species for NOx Kinetics 30 30

The baseline skeletal kinetics mechanism for modeling arbitrary blends of A2 and C1 fuels consists of
51 species, with an additional 30 species to account for NOx related computations. The CANTERA
computed values for flame temperature, ignition delay and flame speed as performed for a supersonic
cruise cycle condition of interest in this work (Ps= 15.9bar, T3=884K, phi=0.39), are shown in Table 3. As
expected, the computed flame temperature for both fuels is virtually identical. The computed flame speed
for 100% A2 is 10% higher than that for 100% C1, which is consistent with experimental results [8].

The computed ignition delay time (IDT) for 100% C1 is 10% lower than that for 100% C1, which is
also consistent with experimental results [8] which showed that the IDT of both A2 and C1 are dependent
on temperature. At the computed temperature of T3=884K, i.e., T3<1250K, the IDT is controlled by the rate
of fuel decomposition, in contrast to being controlled by the rate of oxidation of the decomposed products
when T3>1250K. Experimental results showed that C1 decomposes faster than A2 at T;=884K, which leads
to a lower induction time and correspondingly lower IDT for C1 as compared to A2. The experimental



behavior of a lower IDT for 100% CI1 fuel as compared to 100% A2 fuel at T3<1250K, was correctly
predicted by the CANTERA computations. Table 3 also shows results for CANTERA computations for the
three fuel blends used in the OpenNCC 3-D CFD analysis, i.e., 80/20, 50/50 and 20/80 volumetric ratios of
A2 and C1, respectively. As expected, the results for all the three computed blending ratios of A2 and Cl
are bounded by the results for the 100% A2 and 100% C1 fuels.

Table 3. Combustion characteristics of A2 and C1 at Ps=15.9bar, T5=884K, phi=0.39 (CANTERA
computations)

Combustion Characteristic | 100% A2 | 307047 | 207642 | B0 AT | 19904 c1
Adiabatic Flame Temperature, K 1780.9 1781.5 1782.3 1782.9 1783.3
Ignition Delay Time, ms 24.9 21.4 18.6 19.1 224
Flame Speed, cm/s 32.6 32.1 31.7 30.8 30.2

3.2 Spray Modeling and Liquid Properties for A2 and C1 Fuels

The skeletal finite-rate kinetics models for the two fuels, A2 and C1, were coupled with OpenNCC’s
lagrangian-spray liquid-fuel modeling to compute heat release, flame-structure, and emissions for the ACS
combustor. The pressure-atomizing circuit of the Pilot was modeled as a single hollow cone injector with
16 streams, and the six jet-in-crossflow injectors of the second Pilot circuit were each modeled as a solid
cone injector with 2 injection streams. Each injection stream provided stochastic variations of injection
angle and velocity for the spray simulation. Each of the six fuel inlets of the two high-shear injectors
(Mains) were also modeled as a solid cone injector with 2 streams. The droplet size distribution for injected
particles was prescribed by the correlation equation:
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Here n is the total number of droplets, ds: is the Sauter mean diameter (SMD), and on is the number
of droplets in the size range between d and d + &d. In this work, each CFD ‘injector’ used eight droplet
‘groups’ to provide droplet size variations based on the correlation of Eq. 1. The modeling choices of 16
streams for the pressure atomizer, and 2 streams for each of the 18 jet-in-cross flow ‘holes’, combined with
8 droplet size groups for all injectors, resulted in 704 new liquid particles introduced into the CFD domain
at each injection time-step.

Table 4. Physical properties of A2 and C1 for liquid-phase modeling with OpenNCC

Liquid Fuel Property A2 C1
Molecular Weight (g/g-mole) 154.1 184.3
Normal Boiling Point (K) 489.5 459.0
Density at 1bar (kg/m®) 791.5 748.0
Critical Temperature (K) 760.4 740.2
Critical Pressure (bar) 18.2 18.0
Heat of Vaporization (kJ/kg) 310.0 256.3
Critical Volume (cm*/g-mole) 700.4 713.0

The liquid physical properties used for the spray-modeling of A2 and C1 in the current work are listed
in Table 4. In this study, the temperature-dependent liquid properties (density, heat capacity, viscosity,
vapor pressure, latent heat) for A2 and C1 fuels were implemented from the work of Esclapez [10]. In
addition, an extensive effort was undertaken to (a) verify that OpenNCC’s evaporation model [7] accurately
predicted the differential evaporation effects of the A2 and C1 fuels, and (b) verify that the primary



pyrolysis species of CoHs and iCsHs for A2 and Cl1, respectively, were accurately modeled by OpenNCC
for the various blending ratios of A2 and CI1 by the skeletal kinetics [8] chosen for this study. Detailed
results for these validation studies of differential evaporation modeling and species production will be
presented in a future paper.

3.3 OpenNCC Simulation Procedure for Blends of A2 and C1 Fuels

Four sets of tetrahedral meshes of increasing mesh densities were generated for the ACS Combustor
with LLNL’s CUBIT mesh generation software [11]. Non-reacting solutions were computed with
OpenNCC for each mesh and the predicted ‘effective area’ (ACd) for the Pilot injector and the Main
injectors were compared with experimental data. The final mesh had a less than 10% error between the
predicted and measured ACd values for the combustor and consisted of 24.4 million tetrahedral elements
and 4.3 million nodes.

The OpenNCC CFD computations for all fuel blends of A2 and C1 were performed for a supersonic
cruise condition of P3=15.9bar (234psi), T:=884K (1132F), phi=0.39 (FAR=0.0267) and Ap=3.46%. The
inlet boundaries for the Pilot and Main injectors were modeled with fixed total pressure and total
temperature conditions derived from the P3 and T3 for the cruise condition. The outflow boundary was
modeled with a fixed static-pressure for subsonic outflow based on the specified Ap between the inflow and
outflow of the combustor. No-slip, adiabatic flow conditions were imposed at all solid surfaces. The
cooling-hole flows at the three walls: combustor dome, upper wall, and lower wall, were modeled with a
wall-injection boundary condition. The fuel-flow boundary conditions used the experimentally specified
liquid fuel flows to fix the fuel flow rate for the Pilot (two circuits) and both the Main injectors. The
percentage share of A2 and C1 fuel for each fuel-blend was modeled by specifying the mass-fraction
component of each fuel at the injector inlets.

The initial conditions for the CFD computations represented static air at Ps and T3 in the entire
computational domain. RANS CFD with a 2™-order accurate central-differencing operator and 4-stage
explicit Runge-Kutta time-integration was used to establish a converged non-reacting flow-field. The non-
reacting RANS solution was then used to generate a time-accurate solution using a dual-time stepping
approach, coupled with the Time-Filtered Navier Stokes (TFNS) solver of OpenNCC. The physical time-
step was set to le-6s, and 10000 time-steps were computed to obtain the non-reacting TFNS solution. A
reacting-flow TFNS computations (51species, without NOx chemistry) was then obtained, with initiation of
fuel-injection and two-phase computations, and artificial ignition of the fuel-air mixture downstream of
each of the injectors. Complete details of the OpenNCC’s numerical and turbulence models, and the finite-
rate chemistry solvers are available in [5].

The reacting-flow solutions for each fuel blend were considered converged when the variation in the
area-averaged values of temperature, CO, and gas-phase FAR at the combustor exit were within 5% over
successive flow-through cycles. Liquid phase convergence was achieved when the mass-imbalance
between injected and evaporated fuel was below 1% of the total injected fuel mass. The liquid-phase
solution typically converged at least an order of magnitude faster in physical times, as compared to the gas-
phase area-averaged quantities. Reacting flow solutions with an 81-species skeletal mechanism (30-species
NOx kinetics) were then initiated, and converged solutions for EINOx were obtained for each fuel blend.
At least five additional flow-through cycles were required to meet the EINOx convergence criteria of < 5%
variation in exit-plane area-averaged NO between successive flow cycles.

All computations were performed on 50 nodes (Intel Ivy-Bridge, 20 cores/node) of NASA’s Advanced
Supercomputing (NAS) Pleiades cluster. Each reacting flow solution (without NOx) required
approximately 1200 wall-clock hours. The NOx-enabled kinetics computations required an additional 3600
wall-clock hours for each fuel blend computation. The CFD results were post-processed with Vislt [12] to
produce contour plots at several cross-sections of the ACS combustor (see figure 2). The sections AA and
BB are across the vertical centerline (YZ plane) and the horizontal centerline (XZ plane) of the pilot
injector, respectively. Section CC is across the vertical centerline (XY plane) of the two downstream main
injectors. CFD predictions at sections AA, BB and CC were chosen as they represent some of the key
aerodynamic and reacting flow features of the ACS combustor. Due to the proprietary nature of the



P&W/RTRC combustor design, some details of the Pilot and Main injectors have been removed from the
CFD results shown for the three cross-sections.

Figure 2. Cross-Sections of ACS Combustor chosen for comparisons of CFD results (left); Typical spray
particle distribution for reacting flow CFD (right), colored by particle diameter (um)

3.4 OpenNCC CFD Predictions: Axial Velocity and Temperature Profiles

Figure 3 shows a comparison of the axial velocity contours (reacting flow) for the three fuel blends
(80%, 50%, 20% AZ2) at three cross-sections of the combustor. As expected, the aerodynamic features for
all the three fuels are very similar to each other. Sections AA and BB show that the recirculation zone near
the combustor dome is virtually identical for all three fuels. Section AA shows a significant acceleration in
the flow, particularly near the center of the flowfield. This acceleration is due to the mixing of the flow
from the main injector streams with the pilot stream in the vicinity of the area reduction created by the
bottom ramp of the combustor. Sections CC shows strong vertical penetration (blue regions) and mixing of

the center-jets of the two main injectors with the axial flow (green regions).
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Figure 3. Velocity (m/s) contours at section AA (top, left), BB (top, nght) and CC (bottom, left)

Figure 4 shows a comparison of the temperature contours for the three fuel blends (80%, 50%, 20%
A2) at three cross-sections of the combustor. The flame-shape and size for the for all three cases, both
downstream of the pilot injector (section AA, BB), and in the center-plane of the two main injectors
(section CC) were very similar to each other. The similarities in the flame structures and the relative



strengths of the three flames as indicated by the locations of the peak temperatures in the flames are
consistent with the very similar ignition delay times and flame speeds for the three fuel blend ratios (see
section 3.1, Table 2). The CFD predictions with OpenNCC thus suggest that there are no significant effects
on flame location, flame structure and flame stability when using arbitrary blends of A2 and C1 fuels at
supersonic cruise conditions in the ACS combustor.

A significant portion of the primary axial flow is constricted by the vertical down-flow of the main
injectors, which creates poor mixing and temperature variations in the region downstream of the location of
the two main injectors in the combustor (converging ramp region in Figure 4, sections AA and BB). The
OpenNCC CFD prediction of high ‘mixedness’ of the axial and vertical streams in the ramp region of the
combustor particularly affects the CO emissions predictions, as will be discussed in the next section.
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Figure 4. Temperature (K) contours at section AA (top, left), BB (top, right) and CC (bottom, left) at CST
Cruise conditions

3.5 OpenNCC CFD Predictions: NO and CO mass-fractions

One primary goal of the current CFD effort was to evaluate the differences in NOx and CO emissions
for the blending ratios of A2 and C1 at supersonic flight conditions. This section describes the qualitative
differences in emissions for the three blending ratios, as shown in Figures 5 and 6, for NO and CO,
respectively. The NO mass-fraction contours show that the NO production for the 80% and 20% A2 blends
is slightly higher near the combustor dome in the region near the Pilot injector located at the combustor
dome (left end of sections AA and BB). The NOx production in the cross-sectional plane of the two main
injectors (section CC) is similar for all three blends. The net effect of these small differences in the NOx
production is that the total NOx, as computed at the exit plane of the ACS combustor is very similar for all
three blend ratios . The CFD predicted EINOx (g of NO per kg of fuel) values for the three blend ratios are
15.5 (80% A2), 14.5 (50% A2) and 16.0 (20% A2), respectively. The computed EINOx for all three
blending ratios are within 10-20% of the computed EINOx for 100% A2 fuel (18.5), and within 10% of the
lower end of the measured range of EINOx (18.0 +/- 3.2) for 100% A2 fuel. The CFD predictions suggest
that the blending of A2 and C1 could reduce NOx emissions for the ACS combustor at supersonic cruise
conditions. Future experimental testing with A2 and C1 blends could help verify these CFD predictions of
lower EINOx for the ACS combustor.
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The predicted CO mass-fractions for the fuel blends studied in the current work are shown in figure 6.
The production of CO in liquid-fueled combustors is primarily influenced by fuel vaporization, fuel-air
mixing, and the pyrolysis process of the fuel. The current CFD computations used an identical spray-
modeling and chemical-kinetics approach for all fuel blends evaluated in this study (see sections 3.1 and
3.2). Figure 6 shows that there are some very minor differences in the CO contours for the three blend
ratios in the various cross-sections. The CFD predicted EICO (g of CO per kg of fuel) values for the three
blend ratios are 3.9 (80% A2), 4.1 (50% A2) and 4.0 (20% A2), respectively. All three values of EICO for
the A2 and CI blends are within 10% of the computed EICO of 4.5 for 100% A2 fuel. The OpenNCC



EICO predictions are higher than the experimental value of 1.5, which can be partly attributed to the need
for better modeling and resolution of fuel evaporation and fuel-air mixing, particularly for the two high-
shear main injectors. The EICO predictions in the current work are consistent with those reported
previously with 100% A2 fuel for the ACS Combustor [6].

A summary of comparisons of CFD predictions of EINOx (g of NOx per kg of fuel), EICO (g of CO
per kg of fuel) and T4 (exit temperature) for the different fuel blends are shown in Table 5. All CFD results
are area-averaged values of the respective quantities at the combustor exit plane. The experimentally
measured values of EINOx and EICO for the 100% A2 fuel are also included, for comparison with the CFD
predictions. The emissions results shown in Table 5 can be summarized as below:

1. CFD predictions of NOx emissions for all three fuel blend mixtures are within 10% of each other
at CST Cruise conditions.

2. CFD predictions of NOx emissions for all three fuel blend mixtures are within 10% of the lower
end of the range of measured experimental values for 100% A2 fuel at CST Cruise conditions.

3. CFD predictions of CO emissions for all three fuel blend mixtures are similar to each other, and
higher than experimental values for 100% A2 fuel at CST Cruise conditions.

Table 5. Comparisons of EINOx, EICO and Flame Temperature (T4) for various fuel blends of A2 and C1
fuels with experimental data at supersonics cruise (P3= 15.9bar (234psi), T:=884K (1132F), phi=0.39). Fuel
blending is by %volume.

A2 % Cl1 % EINOx EICO T4 (K)
100 (Experiment) 0 18 +/-3.2 1.5 1781
100 0 18.5 4.5 1780
80 20 15.5 3.9 1785
50 50 14.5 4.1 1783
20 80 16.0 4.0 1780

4.0 Summary and Significance

The impacts of blending ‘average’ Jet-A (A2) and a sustainable aviation fuel, Gevo ATJ (Alcohol-to-
Jet or C1) on flame structure and emissions at supersonic cruise conditions were successfully modeled with
the OpenNCC code. The current work examined three blend ratios of A2 and C1 fuels and demonstrated
the capability to perform eddy-resolving CFD simulations including NOx chemistry for arbitrary fuel
blends. The fuel blends studied captured a large range of variation in composition and combustion
properties. The CFD results predicted only small variations in flame characteristics and NOx emissions for
A2/C1 fuel blends ranging from 100% A2 to 20% A2/80% C1 burning in a next-generation axially-staged
combustor operating at a supersonic-cruise stable-flame condition.
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