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Extended Abstract

The scramjet has attracted huge interest in recent decades because of the characteristics of much
higher specific impose and simple structure, which shows great potential in applications of fast long-
range aircraft around the globe and the carrier vehicle for space exploration [1]. Due to the technical
difficulties and massive cost in flight tests and the limitations of time and geometry scales in ground
experiments, the computational fluid dynamics (CFD) method is necessary in fundamental studies or
concept design for scramjet engines [2].

In the supersonic combustor, the strong shock waves have strong interactions with other flow patterns,
such as boundary layers, shear layers and eddies. These processes couple with chemical reactions,
result in the complex compressible turbulent combustion interaction (TCI) which rapidly temporal and
spatial evolution within the combustion chamber [3]. Consequently, the flame in scramjet engines is
intrinsically instable and contains a broad range of characteristic time and length scales, posing
significant challenges in high fidelity turbulent and combustion modeling. Furthermore, in order to
accurately capture various limiting combustion behaviours in the engine, such as extinction and re-
ignition, flame mode transitions, etc., detailed kinetics with hundreds of species and reactions are
required. Because of that, the large eddy simulation (LES) with detailed reaction mechanisms has
become an inevitable trend in numerical studies of scramjet engines [4-6]. However, the high-resolution
LES with the grid size of tens of millions or even billions needs a large amount of computational time
and cost, especially for combustion modeling involving dozens or even hundreds of elementary
reactions, which is computationally unaffordable for practical engineering applications.

To alleviate the massive computational cost, an attractive and effective way is to accelerate the solving
of combustion chemistry, considering that over 50% of the CPU times is consumed in chemistry solving.
There are two main technical routes targeting for that. One is the direct acceleration methods, which
focus on mechanism reducing, such as DAC [7] and ISAT[8]. The another is manifold dimension
reduction of thermochemistry states, which mapping the reactive scalars in the state-space constructed
with conserved scalars, such as the flamelet based [9, 10] and conditional moment closure (CMC)
methods [11, 12]. The manifold reduction model achieves a low dimensional solution for turbulent
combustion, eliminating the need for time-consuming chemical reaction calculations at each cell of
computational grid, as required in finite-rate models like PaSR and EDC.

Compared to subsonic combustion, high-speed supersonic combustion is characterized by high
Reynolds number flow, where the time scales of chemical reactions and turbulent fluctuations are
comparable, and small-scale turbulent eddies interact with the reaction zone of the flamelet. Therefore,
the adaptability of flamelet-based models is challenged in high-speed supersonic turbulent combustion.
On the other hand, CMC-type models are constructed based on the statistical concept of conditional
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averaging, mapping flamelet (conditional moments) into the conditioning scalar space, without the
physical assumption of thin flamelet and thus have broader applicability.

In the conventional CMC model, the transportation of conditioned scalar is resolved based on a static
coarse grid divided by geometric coordinates. To accurately close the reaction terms in CMC model with
a simple single-conditioned first order closure, it is necessary to satisfy a relative small fluctuation of
the reactive species around their conditional mean in the CMC grid. However, for complex ignition and
extinction phenomena presented in scramjet engines, the doubly conditioned moment methods or the
second-order closure CMC model is required to accurately capture the significant fluctuations relative
to the conditional mean. Although the doubly-conditioned and second-order moment methods improve
the accuracy, the computational cost and model complexity are significantly increased [13, 14], making
it less suitable for engineering applications. In recent years, based on the dynamic zoning concept, Yao
[15, 16] proposed the Dynamic Zone Flamelet Model (DZFM), in which the cell of computational grid is
clustered based on reacting related parameters (zoning parameters), such as mixture fraction,
coordinates, and Mach number, to form the dynamic CMC grid (zone). The homogeneous chemistry
sate can be realized through clustering the computational grids based on appropriate zoning parameters,
thus the fluctuations of species within each CMC zone are reduced. Because of that, a strong correlation
between conditioning scalar (mixture fraction) and species is achieved, which can markedly improve
the accuracy of single-conditioned first order moment closure in theory.

However, select an appropriate zoning parameters to satisfy accuracy required with CMC zones as few
as possible is not an easy task. In previous study [15, 17], the zoning configuration is constructed
relying on experience and prior knowledge about the physics among combustors. In this work, the
sensitivity analysis of zoning parameters is conducted based on active subspace (AS) method [18].
The active subspace is defined by a set of important directions in the space composed of reaction
related scalar. The dataspace for training the subspace is gathered from a PaSR modeling base on a
model combustor. The major scalars in the active subspace having higher sensitivity to the chemical
state, are selected as the zoning parameters. Finally, the DZFM model with a priori zoning configuration
is employed to investigated the mode transition in a cavity based dual-mode scramjet combustor [19].
The combustor consists of a sonic hydrogen jet injected into a supersonic crossflow upstream of a wall
cavity, the combustion mode transition is realized through increasing the stagnation temperatures (T,)
of the supersonic.

Firstly, the global sensitivity of the flame surface (Y,) to the related six parameters including mixture
fraction mf, heat release rate dQ, reaction progress variable Cz coordinates (x, y), and Mach number
Ma, are evaluated by AS method. As show in Fig.1 for the diffusion flame zone, mfis the most important
variable of the one-dimensional active space w. For the premixed flame zone, dQ and Cz contribute
the most to the active space. Therefore, dQ and (z are necessary zoning parameters to realize a
homogeneous reaction state in each CMC zone for the premixed flame dominated combustor.

Both the cavity stabilized (CS) flame at T, = 1050 K and the jet-wake stabilized (JWS) flame at T, =
1370 K observed in the experiments are well reproduced as shown in Fig.2. According to the iso-surface
of stoichiometry mixture fraction, it can be found that the JWS flame is a diffusion dominated flame
while the CS is a premixed dominated flame. To validate the feasibility of AS method, two types of
zoning configuration are utilized for the CS case. As shown in Fig.3, with similar size of CMC grids, the
zoning configuration composed of dQ, Cz and mf well captured the cavity stabilized mode, the one with
mf and X coordinate resulting a jet wake stabilized mode. A computational efficiency comparison
between different zoning configuration will be conducted. Besides, the dynamic behaviors of flame and
flow will be analyzed to reveal the mechanisms for flame mode transition.

Keywords: Supersonic combustion, Dynamic zone flamelet model, IDDES, Zoning parameter,
Sensitivity analysis
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Fig 1. Sensitivity analysis for (a) the diffusion flame dominated zone with TFI=-0.5, and (b) the
premixed flame dominated zone with TFI=1

Fig 2. Numerical schlieren overlaid with Iso-surface of stoichiometry mixture fraction (mf = 0.0295)
coloured by You for (a) jet-wake stabilized and (b) cavity stabilized cases.
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Fig 3. Comparison of spanwise superposition result of Yo with OH* luminosity image from
experiment [19] for different zoning configurations.
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