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Abstract: With the increase in computational capacities reactive Computational Fluid
Dynamics (CFD) is becoming more feasible and affordable. Cases that were unrealistic to
simulate just a decade ago can now benefit from the improvements gained by high-fidelity
combustion simulations. A key component in all combustion cases is the modelling of the
chemistry, where the chemical kinetics is modelled using a reaction mechanism consisting of
between one and many thousands of reaction depending on the degree of chemical complexity
added. In this study a ramjet combustor, a Ducted Rocket is simulated using four different
reaction mechanisms, each representing a level of chemical complexity. Presented in this study
is a novel reduced reaction mechanism that incorporates low-temperature chemistry modelling.
The CFD simulations shows that the results when using the novel mechanism, with its low-
temperature chemistry modelling, is similar to those of the CFD simulation using the detailed
reaction mechanism, indicating that improved chemistry modelling is a key part when
simulation the Ducted Rocket case.

Keywords: Ducted Rocket, Ramjet, Large Eddy Simulation, Finite-Rate Chemistry, Chemical
Kinetics, Reduced Mechanisms

1 Introduction

Ramjet engines provide economical air-breathing propulsion systems at medium to high Mach
numbers, with areas of application including transportation, reusable launch vehicles and
hypersonic cruise missiles [1]. Solid, liquid and gaseous fuels can be used for propulsion,
providing high fuel flexibility. A fourth option, possible for use in engine test beds, is to use a
surrogate gas fuel prior to entering the combustor, to enhance the fuel-air mixing, shortening
the time to ignition and stable combustion.

Computational Fluid Dynamics, CFD, is a key tool for investigating and improving ramjet
combustors. Here the flow modelling is coupled tightly to the modelling of chemical processes
in the system. The finite-rate approach for chemistry modelling uses an explicit reaction
mechanism to model the rate of production and consumption of individual species in the flow.
Such a mechanism consists of a number of reactions, each with a corresponding reaction rate.
This mechanism is combined with modelling of the thermodynamics and transport of the
individual species to give a reactive flow system that can capture key flame parameters such
as the laminar flame speed, flame temperature and ignition delay times.

In a ramjet combustor, the high flow speeds and hence short time scales mean that the
modelling of the ignition delay time needs to be accurate over a wide range of temperatures
and pressures in order to accurately capture the position and anchoring points of a flame. For
n-alkane hydrocarbons with five carbons or more, the low-temperature ignition characteristics
are associated with an increasing ignition time as the temperature rises before, at sufficiently
high temperatures, the ignition time starts to decrease again. This phenomena, known as the
Negative Temperature Coefficient behavior, NTC [2], occurs from roughly 600 K up to 1000
K depending on initial gas pressure. Smaller alkanes, such as propane, can have a similar but
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less pronounced ignition behavior at low temperatures, and capturing this ignition
characteristic in the modelling can be a challenge.

This study investigates numerically a research ramjet combustor from ONERA [3]. Several
studies of the combustor, investigating both cold and hot flow, have been performed over the
years [3—5]. The combustor can be operated with either liquid fuel or, as is used here, using
gaseous propane fuel simulating a pre-vaporized solid fuel.

Large Eddy Simulation (LES) computations of the reactive flow in the combustor at 0.5 < ¢ <
0.75 have previously been presented in [5]. These computations used a Smagorinsky turbulence
model and Thickened Flame combustion model together with a one-step chemistry scheme for
propane combustion. Results at $=0.5 were compared with experimental measurements along
a number of y=0 and z=0 centerlines of the combustor. Results at $=0.75 demonstrated a strong
periodic behavior. In the paper by Roux et al. [6], reacting LES with a single-step chemistry
were carried out for $=0.5 and 0.75 equivalence ratios. Spectral analysis of pressure signals
together with Proper Orthogonal Decomposition (POD) was employed to analyze the unsteady
modes in the reacting LES. These identified a number of strong transverse modes and a weak
longitudinal mode.

This study combines both novel modelling of the reaction kinetics of propane (with low-
temperature chemistry included) and combustion LES of the Ducted Rocket combustor. In
order to investigate the influence of the chemical modelling on the LES predictions, four
different reaction mechanisms, ranging from global to detailed, are simulated. Two of the
reaction mechanisms lack low-temperature chemistry, where one predicts excessively fast
ignition times whereas the other predicts a time to ignition that is too long compared to
experimental data. The novel mechanism presented here, along with a highly chemically
complex and computationally expensive mechanism, both include low-temperature chemistry,
spanning a wide range of temperatures and pressures where the correct ignition characteristic
can be modelled. The influence of the low-temperature chemistry in the reaction mechanisms
on the overall results of the LES is investigated by analyzing combustor mean fields, flame
anchoring positions and pressure fluctuations.

2 ONERA Ducted Rocket Combustor

The ducted rocket experimental rig developed at ONERA [3] was designed to provide a
simple set-up for the study of ramjet combustion and validation of numerical codes. It
simulates experimentally a Solid-propellant Ducted Rocket (SDR) motor, in which solid
propellant is used to generate partially burned product gases, which are then injected into a
main combustor where they burn aerobically. In the experimental rig, gaseous propane is
used to represent these gas generator products.

As illustrated in Figure 1, the engine is based upon a rectilinear combustion chamber of
square cross-section 100 x 100 mm? and length 1020 mm. This is fed with gaseous propane
fuel at its head by two circular inlets of diameter 11 mm. Air is introduced into the chamber
via two opposing ducts with square cross-section 50 x 50 mm?, entering at an angle of 45°.
At the exit of the combustion chamber, a convergent choked nozzle with minimum cross
section 100x55.8 mm? accelerates the products before they leave the engine at supersonic
speeds. The air inlet ducts extend 900 mm upstream of the combustion chamber, terminating
in shocked inlet nozzles with a minimum cross-sectional area of 468 mm?. Note that some
inconsistency in the description of the combustor is introduced in subsequent publications, in
particular the exit nozzle dimensions and the length of the uniform section of the combustion
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chamber. Here, the dimensions are taken from the original experimental paper of Ristori et al.

[4].

=

(b)

Figure 1: Ducted rocket internal geometry. Side, rear and top in (a), and

perspective view in (b). Blue surfaces show air inlet boundaries, green
surfaces fuel inlets.

Three sets of inflow conditions have been presented in the literature, representative of low,
medium and high altitude flight. This study focuses on the high altitude conditions with an air
mass flow rate of 0.9 kg/s and air inlet total temperature of 750 K. The fuel mass flow is
varied to achieve the desired overall equivalence ratio. In this study the medium speed case is
considered, corresponding to an equivalence ratio of ¢ = 0.5. Table 1 shows the three flight
conditions, highlighting the medium speed case studied here.

Table 2: Case configurations: global equivalence ratio, inlet mass flow rate
and total temperature for propane fuel and air respectively

Flight condition ¢ m CsHg[kg/s]  Tue [K] o air [kg/s]  Tair [K]
Low speed | 0.35 0.020 750 0.90 350

Medium speed | 0.50 0.029 750 0.90 350
High speed | 0.75 0.044 750 0.90 350

3 Reaction mechanism development

The development of the novel reaction mechanism presented here, called Z87 (with the
number corresponding to the number of reactions in the mechanism), follows the same
methodology [7] as used when developing the previously presented propane mechanism, Z66
[8]. This methodology has also produced reduced reaction mechanisms for a range of other
hydrocarbon fuels [9-13]. The methodology divides the chemistry into three subsections:
Fuel breakdown, Intermediate hydrocarbons and Base mechanism. The main difference
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between the previously presented Z66 mechanism and the novel Z87 is that the latter includes
improved modelling of the low-temperature chemistry, enhancing the modelling capability of
ignition delay times below approximately 1000 K.

Details of the development methodology have been extensively tested and presented
previously [7,9,14] hence the Base mechanism and Intermediate hydrocarbon subsections
will not be presented in any detail here. In short, the Base mechanism contains most of the
key radical chemistry, and includes species in the H2-O2 and C1-O> chemistries. Due to the
significance of these chemistries on the overall oxidation process, the Base mechanism is
modelled in more detail compared to the other two subsections. The Intermediate
hydrocarbon subsection, responsible for the C> chemistry, acts as a bridge between the Fuel
breakdown subsection and Base mechanism, and the reduction of species and reactions in this
subsection is significant.

The main difference between Z66 and Z87 lies in the extent of the low-temperature
modelling, and the additional modelling of Z87 over Z66 is present in the Fuel breakdown
subsection. Where 266 decomposed the propane fuel into C1 and C; species using only two
reactions, Z87 instead oxidizes the fuel into both C1 and C: but also Cs radical species such
as CsH7 and CsHe. Treating the fuel breakdown in a more chemically correct manner means
that the mechanism is capable of accurately predict ignition delay times over a wider range of
temperatures. The propane fuel in Z87 can be thermally decomposed via

CsHg (+M) — C4,Hs + CHz (+M) (R1)

or it can undergo H-abstraction using any of the five reactions, shown in compressed format
in reactions R2, where the propane reacts with either O2, H, O, OH or HO3, creating a propyl
radical (CzH7) and HO2, Hz, OH, H20 or H20-, respectively.

CzHsg + O2/H/O/OH/HO2 — C3H7 + HO2/H2/OH/H20/H20> (R2)

The propyl radical is either decomposed using fall-off reactions, creating C>Hs and CHs, or
CsHs and H, or it reacts with O creating either CsHg or C3HsOOH. The CzHs radical in turn
is decomposed, producing C>Hz and CHz, or oxidized via H, O or OH, producing C, and C;
species. CsHsOOH on the other hand continues the Oz-addition, creating OC3sHsOOH and a
hydroxyl radical (OH). This last reaction pathway resembles the one in the oxidation of larger
n-alkanes [15,16] where a two-stage O2-addition eventually forms a hydroxyl radical which
in turn increases the low-temperature reactivity. It is key to capture this reaction pathway if a
correct low-temperature ignition characteristic is to be modelled, hence, it is impossible for
global or overly simplified reduced reaction mechanisms to capture accurately these
characteristics due to the lack of this reaction pathway.

Overall, the Fuel breakdown subsection consists of 20 reactions forming complex reaction
pathways where the propane fuel and its radical species can both thermally decompose or
fully oxidize all the way to smaller Cy species. This complex set of Fuel breakdown reactions
manages to capture key reaction pathways where different pathways are dominating in
different temperature ranges, yet doing so using a highly compressed set of reactions. All
other reaction mechanisms capable of this level of modelling accuracy consists of hundreds
or thousands of more reactions, making them too expensive for CFD and finite-rate LES in
particular. In total, the Z87 mechanism consists of 30 species and 87 reactions, out of which
15 reactions are reversible.

3.1 Mechanism validation
The validation of Z87 includes simulations of the laminar flame speed, s., the maximum
flame temperature, Tmax, and the ignition delay time, tig, the latter for a wide range of
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different initial gas temperatures and pressures. Z87 will be compared against one global
reaction mechanism by Westbrook and Dryer [17], WD2, the Z66 mechanism, and two
highly detailed mechanisms, the San Diego (SD) [18] and Aramco 3.0 [19] mechanisms.
WD2, Z66, Z87 and SD mechanisms are then all used in the LES of the Ducted Rocket
presented below. The Aramco 3.0 mechanism is one of the most chemically complex
mechanisms for propane combustion modelling but is also too computationally expensive to
use in LES.

The WD2 mechanism consists of only two reactions, converting propane into CO and H2O in
one reaction and in a second reaction CO into COx. It is obvious that such a simple chemical
description will have modelling limitations, and all chemical details of radical formation,
temperature and pressure dependencies and equivalence ratio flexibilities will be limited or
absent. WD?2 is however computationally significantly cheaper than almost all other reaction
mechanisms present. The question one must ask however is if the poor modelling of the WD2
mechanism is too limiting.

The Z66 mechanism, consisting of 66 irreversible reactions, approaches the modelling in a
completely different manner compared to WD2, and Z66 uses an accurate underlying H2-O>
and C1-Oz submechanism. This means that it will be capable of capturing key flame
characteristics such as laminar flame speed, species profiles in the flame, radical formation,
flame temperature and ignition delay times at higher temperatures. In many ways the
modelling results resembles those predicted by significantly larger mechanisms but at a
fraction of the computational cost. However, as previously mentioned the too simple
description of the low-temperature chemistry in Z66 means that ignition characteristics at
lower temperatures are not modelled correctly, and this is where the novel Z87 and the
accompanying improved modelling resolves this issue.

The SD mechanism is a detailed mechanism, with 58 species and 270 reversible reactions. It
is significantly more complex than the other three mechanisms, but compared to other
detailed mechanisms, such as the Aramco 3.0 mechanism, it is significantly less chemically
complex. As such, it also has a lower computational cost compared to most other detailed
mechanisms, just low enough for it to be applicable in the present LES, but still too
expensive for meshes with a higher number of cells.

3.2 Laminar flame speed

The laminar flame speed simulations are performed for a range of equivalence rations, from ¢
=0.5t0 ¢ = 1.8, and initial gas temperatures, T = 300 K to 650 K, and pressures, p =1 to 10
atm. Figure 2 show the laminar flame speed for T = 300 K and p = 1 atm. A large number of
experimental data is included and it is clear that Z87 matches the data well for all equivalence
ratios. The Aramco 3.0 and Z66 mechanisms also matches the data well whereas the SD
mechanism has a slight over-prediction at fuel lean conditions and a slight under-prediction at
fuel rich. WD2 manages to sometimes predict the flame speed at fuel lean conditions but
completely fail above stoichiometric conditions. The result for WD2 is common for global
mechanisms [8] and highlights the need for more chemically complex reaction pathways
when fuel rich conditions are present.
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Figure 2: Laminar burning velocity at p=1 atm and T=300 K.
Experimental data: [20-28]

At elevated initial gas temperatures, Figure 3, all mechanisms except WD2 match the
experimental data well, with the same slight exception of the SD mechanism as seen in
Figure 2. An increase in initial gas temperature of 73 K, Figure 3(a), results in an increase in
flame speed by almost 50%, and at T=650 K, Figure 3(b), the flame speed is significantly
elevated, reaching around 1.5 m/s. All mechanisms do, however, capture the increasing
speeds seen when the initial temperature is increased. WD?2 has the same trends at elevated
temperatures as it has at 300 K, but even though its modelling is highly simplified, it
manages to follow accurately the trend of the flame speed increases at fuel lean conditions.
Z87 manages to capture the laminar flame speeds well across all initial gas temperatures.
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Figure 3: Laminar burning velocity at p =1 atmand T =373 K in (a) and
T =650 K in (b). Experimental data in (a): [20], and in (b): [24,29].
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At elevated pressures of p=5 and 10 atm, Figure 4, the laminar flame speed modelled by the
WD2 mechanism overpredicts the experimental data unlike the other mechanisms. A lack of
pressure dependent third-body reactions in WD?2 is the likely explanation for its poor
modelling results. The other mechanisms do capture the correct trends of decreasing flame
speeds with increasing pressures. At 5 atm, where there are experimental data, all
mechanisms match the data reasonably, with Aramco 3.0 being the best at fuel lean
conditions and Z66 and Z87 at fuel rich.
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Figure 4: Laminar burning velocity at p =5 atm and 10 atm, bothat T =
300 K. Experimental data: [23,25].

Overall the modelling capabilities on the laminar flame speed using the Z87 mechanism is
excellent, matching both detailed mechanisms and experimental data for a wide range of
initial gas temperatures and pressures, and for a wide range of equivalence ratios.

3.3 Maximum flame temperature

The next flame characteristic investigated is the maximum flame temperature. In the one-
dimensional domain, this temperature is present at the end of the domain, where
exothermicity has peaked. Unsurprisingly the temperature is at its highest at around
stoichiometric conditions, and all mechanisms show almost identical flame temperatures up
to roughly $=0.95, after which the Z66 and WD2 have higher maximum temperature
predictions compared to the other three mechanisms. The Z87, SD and Aramco 3.0

p=1 atm, T=300 K
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Figure 5: Maximum flame temperature.

mechanisms all give almost identical temperature predictions over the complete range of
equivalence ratios.

3.4 Ignition delay time

The range of pressures for the evaluation of ignition delay time is dictated by availability of
the experimental data. Note that all experimental data found in the open literature uses argon
as a drive gas. This means that experimental data when using a shock tube, i.e. at higher
temperatures, will result in longer ignition delay times than if air was used. However, since
WD?2, Z66 and Z87 do not include argon the best option was to simulate the ignition delay
times using propane-air mixtures, keeping in mind that the high-temperature experimental
data may show longer ignition times compared to the simulated values. In order to investigate
the modelling accuracy of the detailed mechanisms, initial simulations using argon instead of
air where made using both SD and Aramco 3.0. The results showed that both mechanisms
matched the experimental data well, hence it was concluded that their modelling capacities
where satisfactory and they could be used as reference mechanisms when using air instead of

Figure 5: Laminar flame temperatures at p = 1 atmand T = 300 K.

argon. This means that WD2, Z66 and Z87 should primarily be compared against the detailed
mechanisms at temperatures above roughly 1000 K. At temperatures below 1000 K a rapid
compression machine is used in the experiments and in those cases the difference between
using argon or air does not affect the experimental results. Hence, a direct comparison with
those data points and the simulation results using air is acceptable.

At the lowest pressure simulated, p = 1 atm in Figure 6(a), it is immediately obvious that
WD?2 significantly under-predicts the ignition delay times, with times between one and two
orders of magnitude faster compared to both the other mechanisms and the experimental data.
Such fast ignition characteristics are common for global mechanisms and often results in [8]
premature ignition in combustion CFD, potentially resulting in errors in the flame anchoring
position. At this low pressure, there is only a weak fall-off of the ignition curve at lower
temperatures. The Z66 mechanism, with its absence of a low-temperature chemistry, does
start to deviate from the other three larger mechanisms below around 1100 K. At p=6 atm,
Figure 6(b), this trend is even greater, and at 1000 K the difference between Z66 and the
other larger mechanisms is almost one order of magnitude. At an increased pressure, a fall-
off of the ignition curve is clear. In both of these figures, Z87 is closely matching the
predictions made by SD and Aramco 3.0.
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Figure 6: Ignition delay time at ¢ = 1.0 and p =1 atm in (a) and p = 6 atm
in (b). Experimental data in (a): [28-31], and in (b): [30,32,33]

Increasing the pressure even further, to p = 10 atm in Figure 7(a) and p = 20 atm in Figure
7(b), further exaggerates the trends seen for the lower pressures. The fall-off of the ignition
curve is highly visible, backed up by experimental data, and it is clear that at the lowest
temperatures Z87 follows the highly chemically complex Aramco 3.0 mechanism closely. At
these elevated pressures, the difference between the three largest mechanisms and Z66 is
even greater than at the lower pressures, and WD2 continues to significantly under-predict
the ignition times.
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Figure 7: Ignition delay time at ¢=1.0 and p=10 atm in (a) and p=20 atm in
(b). Experimental data in (a): [31,34], and in (b): [34-36].

Finally, at p = 30 atm in Figure 8(a), and p = 55 atm in Figure 8(b), the same trends as for the
lower pressures continues. Note that the difference between WD2 and the three largest
mechanisms continues to decrease as the pressure increases. The reason is that the ignition
delay times predicted by the large mechanisms decreases, whereas this is not the case for
WD2 to the same degree. This lack of pressure dependence of the WD2 mechanism was also
seen in the laminar flame speeds presented above. The increase in pressure also exposes the
poor low-temperature ignition capability of Z66, whose ignition curve has significantly
deviated from the other mechanisms, at lower temperatures.
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Figure 8: Ignition delay time at ¢ = 1.0 and p = 30 atm in (a) and p = 55
atm in (b). Experimental data in (a): [34,35,37], and in (b): [37].

4 LES of ONERA Ducted Rocket

4.1 Methodology and set-up

In the following sections, the four reaction mechanisms are used in LES of the ONERA
Ducted Rocket combustor. The reactive LES model, based on spatially filtered, unsteady,
compressible transport equations for mass, momentum, energy and species mass fractions,
uses filtered source terms to account for changes in composition and specific enthalpy due to
chemical reactions, as well as for interactions between the resolved flow and the unresolved
sub-grid scale motions. The governing equations are closed with constitutive equations for a
ideal gas with Sutherland viscosity, Fourier heat conduction and Fickian diffusion [38].
Turbulent diffusivities for heat and mass are calculated from constant Prandtl and species
individual Schmidt numbers, respectively. The source terms are closed using the Localized
Dynamic k-equation Model (LDKM) [39]. Chemical reaction rates are computed using
Arrhenius rate laws, which results in net production rates for individual species based on the
law of mass-action [38]. The LES filtered reaction rate is modelled using the Partially Stirred
Reactor (PaSR) model [40]. The PaSR model has been extensively tested and is validated for
laboratory combustors [41,42], afterburners [8], gas turbine combustors [43] and different
scramjet combustors [44,45]. Wall treatment in the combustor and air intake ducts includes
isothermal walls at 600 K, and wall functions for turbulent viscosity, implemented from the
standard OpenFOAM library. Local values of the dimensionless wall distance y+ vary
between 40 and 400 in both air intake ducts and the combustor duct.

The governing equations are discretized and solved using a semi-implicit finite-volume code
based on the OpenFOAM C++ library [46]. The code is an extension of the reactingFoam
solver, and is pressure-based, using a PISO-type algorithm The chemical source terms in the
system are evaluated using a operator-splitting approach together with an adaptive
Rosenbrock solver for the resultant stiff system of ODEs [48].

Initial simulations ran on a mesh using 2.25 million cells, and based on the results from this
mesh an improved mesh was generated. The refined grid used results from the coarse grid in
order to target the refinement, specifically using results of the magnitude of the gradient of
the velocity, the mean of the heat release and the mean of the fuel. This way the refinements
are targeted to areas of the flame and fluid flow that benefit most from increased resolution.
In practice this means that additional cells are concentrated on the walls of the incoming air
jets, in the back of the combustor where the fuel is most present and in areas where the heat
release, i.e. in the flame front, where most of the light fast-reacting species are most present.
The resulting final mesh consist of 12.7 million hexahedra cells, with all four simulations
using the exact same mesh in order to maximize consistency between the different cases.
Figure 9 shows the mesh where the air inlets enter the combustor, in two levels of zoom.
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Figure 9: The computational mesh using two degrees of zoom, showing
increased mesh resolution at the air inlet walls and rear of combustor.

4.2 LES Results

The simulations for the four cases all use the same procedure, starting with simulating each
case on the coarse mesh (same mesh for all four cases, 2.25 million cells) until each case has
converged. In general, this meant that each case ran for approximately 0.05 to 0.1 second.
These results are then mapped onto the fine mesh (12.7 million cells) and the cases run until
they have converged. After this the simulations are continued to sample mean data. These
final mean-sampling simulations ran for approximately 0.8 seconds for the WD2, Z66 and
Z87 cases, while the SD case only ran for approximately 0.3 seconds due to a significantly
higher computational cost.

Figure 10 shows volumetric renderings of the instantaneous fuel and heat release for the Z87
case. The majority of the heat release is located downstream of the air jets entering the
combustor, in the region between the jet and the wall. This continues downstream for
approximately one third of the combustor length. The heat release is present in thin sheets,
and is highly dynamic, due to the turbulent flow. The fuel jets are clearly visible entering at
the head end of the combustor, but are rapidly dispersed and broken down into smaller
hydrocarbons prior to the entrance of the air jets. It is important to note that this is an isolated
snapshot of the highly dynamic flame, which occasionally moves far upstream in the
combustor. In this case, the fuel jets are made significantly shorter, with increasing fuel
consumption due to the high temperatures earlier in the combustor.

Qdot
00e+00 Te+9 2049 3049 4o+ Se+9 6e+? Te+9  Be+9  9e+9 10e+10
. | | |

00s+00 0.1 02 03 04 05 06 07 038 09 1.0e+00
. — | |

Figure 10: Volumetric rendering of instantaneous fuel concentrations and
chemical heat release computed with Z87 mechanism.

Figure 11(a) shows the instantaneous coherent structures visualized using iso-surfaces of the
second invariant of the rate of strain tensor, used to identify vortical structures in the flow,
coloured by the instantaneous velocity. The first third of the combustor has relatively large
structures, ranging from cold to hot as the combustion initiates. Immediately downstream of
the air inlet, the hot larger vortex dominates the core, with surrounding colder, small-scale
structures, located closer to the walls.
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Figure 11(b) show streamlines of the mean velocity coloured by the mean temperature. This
plot shows the four large vortices created by the incoming air flow, with one located in each
quadrant of the combustor. Behind the air inlets, a recirculation zone is visible, with flow
back towards the fuel injectors located around the combustor centerplane. The recirculation
zones upstream of the air inlets creates spiralling vortices that connect to those produced by
the air jets. After the air jets have entered the combustor and combined with the spiralling
vortices the exothermic parts of the reactivity starts, forming a stable region of combustion.
This region is always burning, while the flame also ignites intermittently in the upstream
parts of the combustor. The downstream section of the combustor is characterized by higher
velocity flow, higher temperatures and less spiralling vortices. It is in this region that the
majority of the CO is converted into CO2, hence producing a significant increase in
temperature through this highly exothermic chemical process.

Figure 11: (a) Instantaneous coherent vortical structures for Z87 case
visualized using iso-surfaces of the second invariant of the rate of strain
tensor, colored by the instantaneous velocity. (b) streamlines of the mean
velocity colored by the mean temperature

4.3 Comparison with experimental data

All experimental data are collected from a study by Roux et al. [6]. These consist of velocity
data in axial (x) and vertical (y) directions extracted from Particle Image Velocimetry using
MgO and soot particles. Of these, the axial data (Ux) is considered most descriptive and is the
focus here. The experimental results together with the mean velocities extracted from the four
LES cases are shown in Figure 12.

In general, all four cases match the centreline experimental data, Figure 12(a), with the only
real difference being at the most upstream location where the Z87 and Z66 show reduced
recirculation flow compared to SD and WD2. These schemes lie closest to the experimental
data here, but only a single data point is available in this region.

Figures 12(b-d) compare the axial velocity data along three vertical centrelines at different
locations along the combustor. These are located 18 mm, 120 mm and 206 mm after the air
duct first entry. At the first section, x=18 mm in Figure 12(b), this line passes through the
recirculation region and here again the Z87 and Z66 cases show the lowest recirculation with
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smaller negative velocities, and lay closest to the experimental values. However, all of the
mechanisms predict a larger recirculation at this point than is seen in the experiment.

Further downstream, at x = 120 mm in Figure 12(c), the vertical sampling line is downstream
of the air inlets. In the centre of the combustor, the simulated velocities all lie between the
experimental results obtained, while the experiments show a faster fall-off away from the
centre. Again the three larger mechanisms are closely matched, while WD2 lays furthest from
the experimental data, estimating higher velocities throughout.

At the most downstream location, x = 206 mm in Figure 12(d), all four cases predict similar
velocities, all of which are higher than the experimental data. Overall, the simulated velocity
results of both the centreline and the axial velocities shows that the Z66, Z87 and SD cases
predict similar values, showing that the simulated velocities are relatively unaffected by the
complex low-temperature chemistry and the radical species intricacies of larger mechanisms.
This suggests also that there are other characteristics of the LES, such as turbulence or wall
modelling, which determine the differences between the simulated and experimental velocity
profiles seen here. As will be seen in the following sections, the WD?2 case differs
significantly compared to the other three cases regarding heat release and temperature
profiles, and these differences are likely responsible for the velocity differences between the
WD?2 case and the other mechanisms seen here.

— WD2

250 266
— Z87

— SD
O  Exp Mgo
{$ Exp Soot

0 mm x-Velocity [m/s]

Centerline Velocity [m/s]
x=18,z=

=100 +

-150 + =
-50 0 50 100 150 200 250 300 350 400

x [mm] (a) y [mm] (b)

0 mm x-Velocity [m/s]
0 mm x-Velocity [m/s]

| — wo2
766 Z66

1 — 287 1 — 287
— SD — SD
-1004 O Exp MgO -1004 O ExpMgO
¢ Exp Soot ¢ Exp Soot

1 — wb2

=120,z
=206,z

X
1
5
=]
X
I
[y
=]

—40 -20 0 20 40 -40 -20 0 20 40

y [mm] (C) y [mm] (d)
Figure 12: x-axis velocity for all four cases together with experimental
data computed using MgO and soot particles. (a) y = 0, z = 0 axial

centerline, (b-d) vertical lines with z = 0: (b) x = 18 mm, (c) x = 120 mm,
(d) x =206 mm.

4.4 Combustion characteristics and mechanism comparisons
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In order to visualize and compare the spatial distribution of the time-averaged combustion
characteristics, Line-of-Sight (LoS) images are produced for the time-averaged temperature,
heat release, pressure and CO mass fraction fields. These LoS images are generated by
computing integral averages within the combustor along rays aligned in the x, y, and z-
coordinate directions respectively. Since they are based on the temporal mean fields, they
therefore represent averages over both time and space. The groups of 3 plots presented for
each mechanism in Figures 13 and 14 show the LoS-averages computed along each of the x,
y and z coordinate directions as indicated.

Considering first the temperature, Figure 13(a), the WD2 mechanism stands out in particular,
having considerably higher temperatures in general compared to the other three mechanisms.
It also shows a local high-temperature region located around the rear intersection point of the
two incoming airflows. This increased temperature region is also present for the SD and Z87
cases, although with considerably lower mean temperatures. The SD, Z87 and Z66 cases all
show similar behaviours downstream of the air inlets, but differ in the temperature obtained
to the sides and ahead of these.

Similar trends are also seen for the heat release, Figure 13(b), where again the WD2 case
stands out with considerably higher values upstream of the air inlet streams. The other three
mechanisms consistently show a more distributed heat release, primarily located downstream
of and to the sides of the air inlets. In particular, the x-axis integrated heat-release shows that
for the SD, Z87 and Z66 mechanisms, the majority of the heat release occurs near the walls
of the combustor, while with WD2 this takes place in the interior.

Both for the temperatures and heat releases there is a correlation between low ignition delay
times and the intensities in upstream combustion levels, indicating that the modelling
capacities of the mechanisms highly affect the upstream dynamics in the combustor.
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Figure 13: x, y, and z-aligned Line-of-Sight (LoS) images for all four
mechanisms . (a) LoS- and time-averaged temperature, (b) LoS- and
time-averaged chemical heat release.

Figure 14(a) shows LoS images for the average pressures, with the SD and Z87 cases being
the most closely matched, with highly similar pressure distributions. The Z66 and WD2 cases
both have a high-pressure region in the side view LoS, located around an axial position where
the air inlets are placed.

Finally, CO mass fractions are plotted in Figure 14(b), showing significant differences
between the four cases. Here the SD case stands out with considerable higher CO mass
fractions upstream, close to the fuel inlets. The upstream part of the combustor is a region
that is characterized by rich, low-temperature reaction with complex carbon-intensive
reaction pathways. Of the four mechanisms used here, the SD mechanism is the only one
with a large number of reaction pathways describing this regime, with several of them
resulting in CO formation. The CO is however not oxidized into CO- until further
downstream, where a significant increase in OH enables such conversion via the reaction CO

+ OH — CO> + H. Closest to the SD case in terms of CO mass fractions is the Z87 case, even

though the peak in CO in the upstream section is significantly below that of the SD case. The
WD?2 shows the lowest CO mass fractions up until x = 0.4, with concentrations significantly
below those in the other three cases. The reason for this is the simple nature of the WD2
mechanism where all fuel is converted into CO and then directly into CO2, completely
ignoring the complex reaction pathways of propane and initial fuel radicals such as CsHs and
C2Ha.
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Figure 14: x, y, and z-aligned Line-of-Sight (LoS) images for all four
mechanisms . (a) LoS- and time-averaged pressure, (b) LoS- and
time-averaged CO fractions.

4.5 Integrated quantities versus axial distance

Presented next are comparisons of various flow quantities versus axial distance of the
combustor, using integral averages over the width and height of the combustor. Figure 15,
plotting the temperature for the four cases, shows significant differences for all four
mechanisms, especially in the upstream section of the combustor. Firstly, the WD?2 case has
the highest temperature throughout the combustor. It also has a significantly elevated
temperature in the upstream section of the combustor, reaching temperatures in excess of
1400 K shortly downstream of the air inlet. The short ignition delay of the WD2 chemistry,
together with the overall nature of global mechanisms, means that a rapid heat release and a
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high temperature is to be expected. The slowest igniting mechanism, Z66, is least likely to
have a flame in this upstream region, resulting in the lowest average temperature near the
injectors. The Z87 mechanism with its low-temperature chemistry included means that the
flame is more often present in the upstream location compared to the Z66 mechanism, and
the results of this is a slightly higher upstream temperature. Also, improved CO2 chemistry
of the Z87 mechanism compared to Z66 means that a lower peak temperature is present
throughout the combustor. Finally, the SD case show a downstream temperature curve
similar to Z87 but with a higher peak in the upstream section, indicating the present of a
flame more of the time.
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Figure 15: Cross-sectional and time-averaged temperature versus
axial distance. The black dotted lines represent the location of the air
duct inlets.

Figure 16(a) shows the cross-section integrated time-averaged heat release versus axial
distance. The fast-igniting WD2 mechanism, with its clear and stable flame in the upstream
section of the combustor, results in a high heat release concurrent with the air-inlet ducts, at
x<0.1 m. The almost instant burning predicted by the WD2 mechanism means that the heat
release, and hence the flame anchoring point, is present considerably ahead of the other three
cases. For the slowest igniting mechanism, Z66, the peak in heat release occurs at a
considerable upstream location compared to the WD?2 case, and the Z66 case also has a heat
release slightly further downstream compared to the Z87 and SD cases. The Z87 case is
similar to the Z66 case but with a narrower region of heat release, and a slightly increased
level at the most upstream location. The heat release of the SD case has a similar shape and
location compared to Z87, but with an early peak in the upstream section.

For the cross-section averaged pressure curves, Figure 16(b), the WD2 case has the overall
highest pressures and SD the lowest, with Z87 and SD being closely matched. All four
pressure curves show similar curve shapes, with differences only in their amplitudes.
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Figure 16: Cross-sectional integrated heat release versus axial
distance in (a), and cross-sectional averaged pressure versus axial
distance in (b). The black dotted lines indicate the location of the air
duct inlets.

Figure 17 shows the integrated CO and CO2 mass fractions versus axial distance. For CO in
Figure 17(a), the SD case has by far the highest mass fractions, with especially high values
upstream of the air inlets. This behaviour is also seen in the LoS images in Figure 17(b), and
is due to the locally higher fuel rich sections in this part of the combustor and the
accompanying reaction pathways for fuel rich conditions that are present in the SD
mechanism compared to the other three.

The CO; profiles in Figure 17(b) show that the WD?2 case has considerably higher CO, mass
fractions throughout the combustor. This in turn correlates to the temperature curve in Figure
15 due to the highly exothermic state when moving from CO to CO». The remaining
mechanisms show very similar CO> fractions downstream of the air inlets, though the SD
case again shows increased CO- upstream of the inlets compared to the other two . The
higher concentrations of both CO and CO- in the head end of the combustor for the SD
mechanism combined with relatively low heat release here suggests that more combustion
products are being drawn back into the head of the combustor by the recirculating flow for
this case.
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Figure 17: Integrated CO versus axial distance in (a), and CO> versus
axial distance in (b). Both figures use values integrated over the
width and height of the combustor. The black dotted lines indicate
the location of the air inlets.

Conclusions

In this study a novel reduced reaction mechanism for propane-air combustion is presented,
called Z87. It build on a previous mechanism but is extended to also include low-temperature
chemistry. It captures the laminar flame speeds, ignition delay times and flame temperature,
for a wide range of initial gas temperature and pressures, and equivalence ratios. Its compact
size keeps the computational cost to a minimum and enables its use in finite rate combustion
LES. It is compared against a set of experimental data, and simulation results from global,
reduced and detailed reaction mechanisms. Z87 together with three of these mechanisms are
then used when simulating the Ducted Rocket combustor,

The use of the mechanisms in LES simulations shows that the chemistry can have a
significant effect on the heat release and species distributions within a practical ramjet-type
combustor. The chemistry also was seen to have an impact on the overall flow, in particular
between the global and detailed mechanisms.

In general, the Z87 reduced mechanism demonstrated improved agreement with the reference
SD mechanism compared to those that did not include low-temperature Kinetics, suggesting
that the inclusion of low-temperature chemistry modelling plays an important role when
capturing the flame characteristics and flame anchoring point. However, there are still some
discrepancies between the results. In particular, the high concentrations of CO obtained at
the head end of the combustor using SD were not reproduced by any of the other mechanisms
and the reason for this requires further investigation.
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