Combustion and Flame 197 (2018) 265-275

Contents lists available at ScienceDirect = .
Combustion
and Flame
Combustion and Flame
journal homepage: www.elsevier.com/locate/combustflame ) ==
On the application of tabulated dynamic adaptive chemistry in A

ethylene-fueled supersonic combustion

Check for
updates

Kun Wu®P, Francesco Contino¢, Wei Yao®"* Xuejun Fan®"*

aState Key Laboratory of High Temperature Gas Dynamics, Institute of Mechanics, Chinese Academy of Sciences, Beijing 100190, People’s Republic of China
b School of Engineering Science, University of Chinese Academy of Sciences, Beijing 100049, People’s Republic of China
¢ Department of Mechanical Engineering, BURN Joint Research Group, Vrije Universiteit Brussel, Brussels, Belgium

ARTICLE INFO ABSTRACT

Article history:

Received 24 January 2018

Revised 14 August 2018

Accepted 19 August 2018
Available online 7 September 2018

Keywords:

Tabulated dynamic adaptive chemistry
Skeletal mechanism

Supersonic combustion

Ethylene

Large Eddy Simulation

The demands for extending the limiting operation conditions and enhancing the combustion efficiency of
scramjets raise new challenges to the research of reliable robust and controllable flame stabilization in su-
personic flows. In the present study, Large Eddy Simulation of flame stabilization in a realistic supersonic
combustor, employing the tabulation of dynamic adaptive chemistry (TDAC) method were conducted, in
comparisons with other relevant chemistry treatment methods, i.e., dynamic adaptive chemistry (DAC),
global skeletal mechanism, and detailed mechanism. The wall pressures, the pseudo one-dimensional
metrics, combustor global performance and flame structures are all well reproduced by the DAC/TDAC
methods compared with the experimental measurements and the benchmark predictions by the detailed
mechanism, while the global skeletal mechanism fails to predict the flame stabilization characteristics.
The reason for the discrepancy induced by the skeletal mechanism in the flame stabilization simulation
was further illustrated through reaction path analyses. Regarding the computational efficiency, the DAC
method shows high efficiency for complex reaction systems, with an almost linear increasing speedup
factor with the increase of species number. The TDAC method almost doubly further improves the DAC
efficiency. The DAC/TDAC methods show great potential of alleviating the huge computational cost while

improving the chemistry fidelity for supersonic combustion especially for flame stabilization modeling.
© 2018 The Combustion Institute. Published by Elsevier Inc. All rights reserved.

1. Introduction

Hypersonic air-birthing propulsion systems capable of sustained
operation in flight have received renewed research interest dur-
ing the past decade [1]. Although considerable achievements have
been made in understanding the flow physics in scramjet combus-
tors [2], there still remains significant challenges including efficient
mixing and stabilized combustion within limited flow residence
time. More importantly, with regard to the extension of the oper-
ating envelops and enhancement of combustion efficiency, robust
flame stabilization was proved to be one of the most intractable
challenges. Three different flame stabilization modes in hydro-
gen fueled dual-mode scramjet were first observed by Micka and
Driscoll [3] via flame luminosity experimentally. More comprehen-
sive experiments by Yuan et al. [4] using time-resolved CH* chemi-
luminescence found four distinct modes in an ethylene-fueled su-
personic combustor in which a weak combustion mode is absent
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in Micak and Driscoll. Wang et al. [2] summarized the state-of-the
art about the fundamental problems and recent advances regarding
cavity-stabilized scramjet combustor but the lack of comprehensive
experimental measurements renders this challenge still unsolved.
However, due to the prohibitive cost of ground test, the dif-
ficulties in measuring reacting flow quantities in supersonic flow
as well as the complexity of the aerothermodynamics, high-fidelity
numerical simulation is not only complementary but is absolutely
necessary for understanding and then optimizing the supersonic
combustion in scramjets [5,6]. To achieve accurate predictions on
the essential physical and chemical properties of the turbulent re-
acting flow, great efforts have been devoted to the development of
high-resolution numerical schemes [7] and turbulent-combustion
interaction models [8-10] for supersonic combustion simulation,
whereas the importance of the comprehensive chemical mecha-
nism is prominently overlooked. In consideration of this, Wu et al.
[11] thoroughly analyzed the influence of chemistry mechanisms
in faithfully reproduction the flame stabilization mode in the strut
injection scramjet engine. They also realized that various elemen-
tary reactions control the flame stabilization mechanism in differ-
ent reaction zones. In addition, the deficiency of the skeletal mech-
anism in well reproducing the flame stabilization structure in an

0010-2180/© 2018 The Combustion Institute. Published by Elsevier Inc. All rights reserved.
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Nomenclature

Symbols

p pressure

P density

T temperature

Yy mass fraction of species k

Ck mole concentration of species k

dQ heat release rate

[0) chemical source term

v kinematic viscosity

Uy turbulent viscosity

Veff effective kinematic viscosity

£ turbulence dissipation rate

Sij strain rate tensor

Tc characteristic time scale of chemical reaction

Tm characteristic time scale of turbulent mixing

K reacting volume fraction in PaSR model

Cp constant pressure specific heat

L characteristic length of the combustor

H height of the combustor

t flow through time, t; = L/Ux

Al query composition vector ¥4 = {p,T,Y;, Y5,...Yy}
a query composition vector with active species

R reaction mapping

R! linearized reaction mapping

) equivalence ratio

Ngp number of active species

Neent number of computational cells

np total pressure loss

Ne global combustion efficiency

dA incremental area projection in the streamwise di-

rection

€DAC threshold value for DAC module

EISAT threshold value for ISAT module

Ting ignition delay time

Sing relative error of ignition delay time

Su laminar flame speed

Ssu relative error of laminar flame speed

Ma Mach number

sub- and super-scripts

00 physical properties of the air inflow

A normalized form of the corresponding physical
quantity

— spatial filtering

~ favre filtering

Abbreviations

DAC dynamic adaptive chemistry method

ISAT in-situ adaptive tabulation method

TDAC tabulation of dynamic adaptive chemistry method
ODE ordinary differential equation

EOA ellipsoid of accuracy

DRGEP directed relation graph with error propagation

DI direct integration

ethylene-fueled model scramjet was elaborated by comparing with
experimental data and results obtained with detail mechanism in
Wau et al. [12]. After reviewed plentiful available simulated scenar-
ios, Gonzalez-Juez et al. [6] speculated that an appropriate chem-
ical mechanism is more important, if no remarkable improvement
in the treatment of turbulent-combustion interaction can be antic-
ipated.

Improving the accuracy of the chemical mechanisms while min-
imizing their sizes are both required for the numerical model-
ing. Usually, adopting reduced or skeletal mechanisms in turbulent
combustion modeling is a tradeoff to the formidable computational
cost especially in hydrocarbon-fueled propulsion systems [13]. For
instance, Potturi and Edwards [14] utilized a 22-species reduced
ethylene mechanism in a cavity-stabilized scramjet engine, while
Zettervall et al. [15] used a skeletal mechanism of 19 species with
57 reversible reactions to mimic the kerosene combustion chem-
istry in a multi-burner annular aero-engine combustor. Therefore,
exploit the accuracy of the comprehensive chemical mechanism,
based on the concept of multiple sets of chemical mechanisms
for different reaction zones and different reaction stages, dynamic
adaptive chemistry (DAC) method [16] provides a promising ap-
proach to retain the mechanism accuracy while minimizing its size
spatiotemporally.

In this work, the main objective is to illustrate and analyses the
seamless process of utilizing DAC method in supersonic combus-
tion simulation while enhance its efficiency through coupling of
the mechanism reduction method with the tabulation algorithm.
This strategy, also called tabulation of dynamic adaptive chemistry
(TDAC), overcomes the two sources of computational overhead
in simulations, i.e. number of cells and chemical species. In the
present study, the TDAC method of Contino et al. [17-20] is briefly
introduced before the descriptions of the experimental case and
the numerical details. The DAC/TDAC methods are firstly applied in
simulating auto-ignition and one-dimensional laminar flame prop-
agation to validate their accuracy and efficiency against the di-
rect integration. Then supersonic combustion modelings employ-
ing different chemistry treatment methods, i.e., DAC, TDAC and
global skeletal mechanism, are compared with those by the de-
tailed mechanism, to further verify their capabilities in flame sta-
bilization prediction.

2. Tabulation of dynamic adaptive chemistry methodology

The computational cost required by reactive flow simulation de-
pends on both the number of grid cells and the complexity of the
fuel oxidation mechanisms. Under the framework of direct integra-
tion, the total times to solve the system of species evolving equa-
tions are proportional to the number of cells. The size of fuel ox-
idation mechanism determines the workload of the stiff nonlinear
solver to integrate the ordinary differential equation (ODE) sys-
tem. Reduction of computational efforts for these two aspects is
achieved by the TDAC method [17] which is briefly illustrated in
Fig. 1. The TDAC method is composed of two elementary layers: a
tabulation layer and a mechanism reduction layer.

The tabulation layer employs the in situ adaptive tabulation
(ISAT) method [21]. During the integration of the species-evolving
ODE system over the current time-step, a query composition vec-
tor ¥4 is firstly provided to the tabulation layer. The ISAT module
will try to retrieve a previously stored result of reaction mapping
R(¥9) within the local error threshold egsr and linearly estimates
the current reaction mapping asRI(/0). If the query is not retriev-
able within the current ellipsoid of accuracy (EOA), direct integra-
tion of the stiff ODE system will be applied and the binary tabu-
lation tree will be expanded by adding a new leaf or growing the
current leaf depending on whether the local error exceeds the gss7.
The pressure as a status variable is also stored in the ISAT table
since the constant pressure assumption is no longer valid for tran-
sient supersonic flows with high compressibility. Although similar
to the treatment in the internal combustion engine simulation [17],
the setup is much more challenging. In the previous engine sim-
ulations, pressure changed widely over the entire simulation but
without dramatic change within the computational domain, mostly
because it was homogeneous charge compression ignition. In su-
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Fig. 1. Coupling algorithm of the in situ adaptive tabulation and adaptive dynamic
chemistry in the reacting flow simulation.

personic flows, discontinuity induced by shock waves in the do-
main is much stronger and more complex to handle for ISAT.

The mechanism reduction module will be activated if the re-
trieval is impossible. However, instead of generating a global-valid
skeletal mechanism for the whole-field reacting statuses, only the
information of local thermochemical condition is used to gener-
ate a local-valid skeletal mechanism. Since the skeletal mechanism
is updated at different reaction stages, e.g., ignition, steady com-
bustion, and extinction, the mechanism can be kept accurately yet
small since only the most relevant elementary reactions are re-
tained.

The current mechanism reduction is conducted by directed re-
lation graph with error propagation (DRGEP) algorithm [22], which
determines the linking strength of a target specie to the user-
defined search initiating set of species while considering the er-
ror damping process in the reaction network. The DRGEP method
finally extracts a set of active species and their associated elemen-
tary reactions based on the local thermochemical states and the
error threshold epsc. To maintain the consistency during the mech-
anism switch, the ODE associated with those disabled species are
not solved, whereas their concentrations are still considered when
involved in the three-body and pressure-dependent reactions. The
previous applications of DRGEP-based DAC [19,23] have proved the
high efficiency yet adequate accuracy through the synergy of tabu-
lation and dynamic mechanism reduction scheme.

3. Computational specifications
3.1. Experiment description

The supersonic combustion experiment to be studied was con-
ducted by Situ et al. [24] in a directly connected pipe test rig.
As schematized in Fig. 2, the quasi two-dimensional combustor is
1100mm long with a rectangular inlet of 65mm in height and
40mm in width. The mixing section occupies 370mm in length

F ) 370 > M
ueck )
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Air T—&———o———o———» —————————————————————— *
=38} x |H=65

»l

20 L=1080

Fig. 2. Schematic of the combustor (unit in mm) with £ =0.1, &g = 0.2, & =
0.3, &p = 0.4, £ = 1.0.

and is followed by a 3.6° unilateral expansion section till the com-
bustor exit. The vitiated air at Mach number (Ma) 2.15 is supplied
by a hydrogen-based heater, whereas its oxygen concentration re-
covers to that of the standard air with makeup oxygen. The result-
ing composition of the vitiated air was determined by the amount
of hydrogen consumed and oxygen replenished to reach 1700K
stagnation temperature at stagnation pressure of 0.0977 MPa.

The fuel stream is fed by the hot products of kerosene/air com-
bustion at Ma=1.25 from an upstream subsonic combustor. Due
to the infeasibility for the on-site measurement of the hot prod-
uct’s composition, it is therefore determined by a simplified chem-
istry model [24]. Gaseous ethylene was first used as a surrogate in-
tended to represent the products of the thermal-cracked kerosene
after initial endothermic reactions [25]. Then, the composition was
calculated based on a one-step global reaction to match the com-
bustion efficiency derived from the measured stagnation tempera-
ture and pressure at the exit of the upstream subsonic combustor.
Both the air and fuel streams were injected axially into the su-
personic combustor split by a 6-mm-high plate. Wall pressure was
measured by 23 pressure taps on the lower wall and 13 taps on
the upper wall. The experimental conditions including the specific
compositions of the fuel and the vitiated air streams are summa-
rized in Table 1.

3.2. Numerical details

In this section, the numerical method and related physical mod-
els used in the present Large Eddy Simulation (LES) are briefly
described. More details can be found in our previous study [11].
The spatially filtered governing equations for mass, momentum,
species, and energy are solved. Following the thermal perfect gas
assumption, the thermodynamic data are looked up from the NIST-
JANAF database [26]. The viscosity is obtained by Sutherland’s law,
and the thermal and mass diffusivities are calculated by assuming
constant Prandtl and Schmidt number. The mixture-averaged diffu-
sive coefficients are calculated using the modified Wilke’s law [27].

To close the filtered equations, the subgrid scale viscosity is
modeled by the one-equation kinetic energy model [28], in which
a transport equation of subgrid kinetic energy is solved. The fil-
tered reaction rates, taking into account the turbulence-chemistry
interaction, are modeled using a heterogeneous multi-scale subgrid
combustion model named partially stirred reactor model (PaSR)
[29]. In the PaSR model, the reacting volume fraction « is deter-
mined by the characteristic time scales of chemical reaction ()
and micro-mixing (7 m) as € = 7¢/(t¢ + Tm). The micro-mixing time
scale is defined as T = (vefs/€)!/2, in which dissipation rate is
obtained by ¢ = 2veff|§,»j|2 while v, ¢ ¢ = vt + v. The chemical time
scale should be representative of the overall chemical reaction and,
although many options are available [30], it is estimated here as
the ratio of the summation of species concentrations to that of
the forward production rate, 7. = Zﬁ’i 1Ck/ Z’,:El @;. Consequently,
the filtered reaction rate is defined as @(p,T,Y;) = k@ (p, T,V;), in
which @ (p. T,Y;) is the reaction rate based on the filtered physical
quantities while « is used to account for the influence of turbulence
on the chemical reactions. The accuracy and reliability of PaSR
model have been extensively adopted in supersonic combustion
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Table 1
Modeling configurations.
Parameter P (MPa) Ma T (K) Yn2 Yo2 Ycona Yh20 Ycoz
Air 00977 215 4919 07150 02330 0.0 0.0520 0
Fuel 0.1731 125 17719 06067 00103 01059 01566  0.1205
modelings [31-35] especially in flame stabilization mode investi- — 3.0 -
gations [11,36] which substantiates its applicability in the present ;‘ﬁ 2.5 (a)Line: DAC
study. o 2.0 Symbol: DI EiAe =
Simulations were carried out by using an in-house solver, as- < 1.5 CL/Air ¢=1.0
troFoam, developed in the OpenFoam framework [37]. The time- =10 : : : T=11IOOK, p=|l.0 atm
integration is performed using the second-order Crank-Nicholson 8 E;(b) = E—— Y
scheme [38]. The convective fluxes are reconstructed using the S 6E — Ng
second-order TVD (total variation diminishing) scheme, while the X 4F - 3 8 X
diffusion fluxes are reconstructed by the central scheme. The re- 3” 2E ' 4 g
sulting algorithm is second-order accurate in both space and time, > 0F AMABABAR) A AMARARAR Y oo 4 0 a
and the equations are solved with a maximum Courant number o 12 E(C) ] 315,
P . - - 3
restriction of 0.3. 2 E ~00000000000000000000000 ‘10 2
x_ 0.8 F b— E X
. = 3 q 5 o
3.3. Chemistry treatment methods s 0.4 ; S oy
0.0 B N B B
To illustrate the effect of different chemistry treatments, in- 60
cluding DAC, TDAC, and global skeletal and detailed mechanisms o4
were utilized in the subsequent simulations. The DAC and TDAC - I" p— |
method were previously elaborated in Section 2. The detailed 57-
species/269-reactions UCSD mechanism [39] of ethylene-air com- ()] ETE B B BRI PP B
bustion which has been comprehensively validated in scramjet rel- 0 1 2 3 4 5 6
evant conditions [12] is taken as the benchmark case (denoted as t [ms]

Detail, hereinafter). The global skeletal mechanism consisting of
30 species and 143 reactions which was delicately developed for
scramjet simulations based on the UCSD mechanism is also em-
ployed (represented as Skeletal). This global skeletal mechanism
was developed using DRGEP mechanism reduction method which
is consistent with the present DRGEP-based DAC method, and it
has also been extensively validated regarding ignition delay and
laminar flame speed in Wu et al. [12].

3.4. Computational implementation

The computational model is depicted in Fig. 2, where the
streamwise and transverse coordinates X and j are normalized, re-
spectively, by the combustor length L and height H. In view of its
quasi two-dimensional layout, the computational model spans one
twentieth of the width (2 mm) of the combustor in the Z direction.
The grid is comprised of block-structured hexahedral cells clus-
tering around the shear layer originating from the splitter. Since
the flame locates in the reacting shear layer, it was resolved by
61 transverse grids to accurately capture the turbulent mixing and
subsequent reaction. The mean and maximum grid size in the mix-
ing zone are 0.2mm and 0.35mm, respectively. The upper and
lower combustor walls are treated as slip condition to mitigate
the inhibitive grid resolution near the wall, which is unaffordable
for the case employing the detailed mechanism. Grid convergence
study for the same combustor layout based on 0.14, 0.28 and 0.36
million cells has been conducted previously [12], which has been
extended to the prediction of velocity profiles at different stream-
wise locations as included in the supporting materials. In the sys-
tematic grid convergence analysis, the medium grid (0.28 million)
shows good agreement with the finer one (0.36 million) and will
be used in the present study as a tradeoff between accuracy and
computational cost.

Direchlet boundary conditions were imposed to all variables
on the combustor inlet except the velocity, which was specified
as the superposition of its mean value and sinusoidal perturba-
tion with 5% of its magnitude. Zero-gradient boundary condition

Fig. 3. Time evolution of (a) temperature, (b) mass fraction of C;Hy, (c) mass frac-
tion of OH, and (d) number of active species in the ethylene/air auto-ignition pre-
dicted by DAC and DI based on the UCSD mechanism.

is applied to the supersonic outlet at the combustor exit. To facil-
itate the following discussion, the pressure, temperature, and ve-
locity are scaled by the air stream values as p = p/po, T = T/Tsc,
U =U/U.. The scaling of heat release ratedQ takes the form of
dg = dQ/C,T, where C, and T are the local constant-pressure spe-
cific heat and temperature, respectively. The flow-through time ap-
proximates t; = L/Ux ~ 1.2 ms. A typical run takes 12t, with 4¢; to
reach the statistically steady state and 8t for the statistical data
collection.

4. Validation of TDAC configurations in canonical problems
4.1. Auto-ignition demonstration

The DAC part of the TDAC method was first validated in auto-
ignition calculations in constant pressure batch reactor, where sto-
ichiometric ethylene-air mixture reacts at a constant pressure of
1.0 atm and an initial temperature of 1100K. The search initiating
set of species is chosen to be the fuel species (C;Hy), O, and N, in
the mechanism reduction as in the development of skeletal mecha-
nism in Wu et al. [12], Niemeyer et al. [40] and Sun et al. [41]. The
tolerance in the DAC method is set to 10—3 according to the con-
vergence study presented in Appendix A1 which is also adopted in
the previous study [18].

In Fig. 3a, the temperature profile closely follows the direct in-
tegration calculation, especially the onset location of the temper-
ature. In addition, the results by the DAC for the mass fractions
of CyHy, CO,, and active radicals OH and CO also show very good
agreements in Fig. 3b and c. Fig. 3(d) presents the time variation
of active species number (Nsp), which firstly increases with the in-
crease of mixture reactivity and then drops abruptly after the ig-
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Table 2
Speed-up factors of DAC in auto-ignition tests.

Fuel Mechanism Species  Reactions  Speed-up factor
Ethylene UCSD [39] 57 269 3.8
Ethylene Laskin [42] 75 529 4.2
Ethylene USCII [43] 1 784 72
Iso-octane  Curran et al. [44] 874 3796 375
Kerosene Dagaut et al. [45] 2185 8217 4413
B No Fluxes X,
u= 04 m/S .///
p=10at Outlet
T'=300K J ’
#=10
Inlet ‘

6 cm /1000 cells

Fig. 4. Computational setup for the 1-D ethylene/air flame propagation test.

nition. It should be noted that proper selection of target species
for the mechanism phase is an important consideration. Liang
et al. [16] analyzed the influence of target species selection for ho-
mogeneous charge compression ignition (HCCI) combustion of n-
heptane, indicating that proper selection of target species for the
mechanism reduction is important, but this topic merits further
study for general applications. Although different from the search
initiating species set in Contino et al. [17], the auto-ignition test
verified the validity of the present selection. Additional analysis on
the influence of the search initiating set in auto-ignition calcula-
tion and also the subsequent scramjet combustor modeling is pre-
sented in the supporting materials.

Table 2 shows the speed-up factors defined as the ratio be-
tween average CPU times by direct integration (DI) and DAC
method. To analyze the effect of the mechanism size, three ethy-
lene mechanisms [39,42,43] with increasing number of species
have been used. The contribution of DAC is demonstrated by
the use of various mechanisms, where the efficiency of the DAC
method increases almost linearly with the number of species.
The DAC was also used in auto-ignition calculations involving iso-
octane [44] and kerosene [45] mechanisms, where 37.5- and 441.3-
fold speed-up are attained, respectively, which indicates the great
potential of DAC in scramjet or rocket simulations.

4.2. Laminar flame propagation test

As a fundamental element in combustion, accurate prediction
of the laminar flame is of great importance in reacting flow sim-
ulations. Besides, the performance of including pressure as a sta-
tus variable in the ISAT module is not fully validated yet. There-
fore, the TDAC method is further verified in one-dimensional freely
flame propagation problem. As shown in Fig. 4, stoichiometric
ethylene/air mixture enters from the left end of the domain at
given velocity with the temperature Ty =300K. Inside the domain,
the fuel is consumed by the combustion leading to a flame propa-
gating against the fresh gas. The static pressure has been kept con-
stant over the whole domain of p=1.0 atm. The 6-cm-long com-
putational domain is equidistantly discretized by 1000 grids. The
error threshold for the ISAT module is 104 following the previous
studies [18,19]. Comprehensive convergence studies on the thresh-
old values of DAC and ISAT for laminar flame speed simulations
were elaborated in Appendix A2 which further justify the present
configurations.

From Fig. 5, the calculated temperature and species mass frac-
tions by DAC and TDAC both compare well with those by di-

2400 (b) J
L //’ / J0.15
_ 1800 CH, J €O,
%) ~F \ / o010
& 1200 AN DN z
C A H,0 4 0.05
600 )
o000 —0m0—a” o--0-0=a| ().00
1 1 1 1 1
2.9 296 298 3.00 3.02 3.04

X [cm]

Fig. 5. Spatial distribution of (a) T and active DAC species number and (b) mass
fractions of C;H,, CO,, and H,0 in the ethylene/air flame propagation test under
atmospheric pressure and temperature of 298 K using different chemistry treatment
methods.

Table 3
Speed-up factor obtained for laminr flame calculations of stoichiometric
ethylene-air mixture at atmopheric pressure and inflow temperature 300 K.

Species  Reactions Method Neent
250 500 1000 2000 5000
57 269 DAC 1.7 1.7 17 1.7 1.9
ISAT 1.2 1.2 14 1.7 19
TDAC 2.0 3.0 4.2 5.0 73
75 529 DAC 2.1 2.1 2.1 2.1 22
ISAT 1.2 1.2 14 1.7 2.0
TDAC 31 32 4.7 53 7.8
11 784 DAC 2.3 2.3 2.3 2.3 25
ISAT 1.2 1.2 14 1.7 1.9

TDAC 4.0 43 55 6.6 8.7

rect integration. The result calculated using ISAT is also shown in
Fig. 5 and the good agreement further verified the present ISAT
configuration. The achieved speedup factors are listed in Table 3 as
a function of the chemical mechanism size and the number of grid
cells. The speed-up factor increases with the increase of the grid
cells since the times of chemical integration vary approximately
proportional to the cell number. The relatively low efficiency of
the ISAT method compared with those by Pope [21] and Lu et al.
[46] may attribute to the flow inhomogeneity and the wider range
of thermochemical statuses in the current modeled cases. In the
TDAC method coupling ISAT with DAC, the speedup factor even ex-
ceeds the product of their own individual speedup factors, and a
maximum speedup factor of 8.7 has been achieved.

5. TDAC augmented supersonic combustion modeling
5.1. Experimental validation

After thorough comparisons in canonical problems, different
chemistry treatment methods will be compared in the LES mod-
eling of a realistic supersonic combustor. In consideration of the
uncertainties in determining the compositions in both air and fuel
streams, a benchmark employing detailed mechanism was con-
ducted to provide the utmost details of chemical kinetics. In Fig. 6,
the time-averaged pressure contours predicted by different chem-
istry treatment methods are presented. The DAC and TDAC pre-
dictions show qualitatively identical wave structures with the pre-
diction by the detailed mechanism. The fuel and air streams im-
pinge upon each other forming upper expansion wave and lower
oblique shock wave. The reflected expansion wave and shock wave
interact at location X ~ 0.115 which is well captured by the three
chemistry treatment methods compared with the prediction by the
detailed mechanism. The second impinging point of the reflected
shock wave on the upper wall, as denoted by the marker line, is
accurately predicted by the DAC and the TDAC methods, but shifts
slightly upstream to X ~ 0.282 in the global skeletal mechanism’s
prediction.
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[ 1 | | P (kPa)

Fig. 6. Time-averaged pressure contours predicted by (a) DAC, (b) TDAC, (c) the
global skeletal mechanism and (d) the detailed mechanism.
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Fig. 7. Pressure distributions on both the (a) upper and (b) lower combustor walls
predicted by different chemistry treatment methods.

Quantitatively comparisons of combustor wall pressure are
shown in Fig. 7. Compared with the experiment, all the four meth-
ods produce good agreements, especially for the locations of the
turning points. Due to the sparse measurements, the experimen-
tal data just serves as a global validation of the present numerical
method and setups, and the subsequent discussions will mainly
rely on results from the detailed mechanism. To be specific, the
very small discrepancy is measured by a relative error e, method t0
quantitatively assess the predictions by different methods,

K
4. method = Il< D |@imethod — Pidetait /P detai (1)
i=1
where K is the number of sampling points on the combustor wall,
the subscript ¢ and method denote the variable to be assessed
and the chemistry treatment method used. As can be seen in
Fig. 7, the best agreement is achieved by the DAC method, with
€p.pac = 0.26% and 0.29% on the upper and lower walls, respec-
tively. The TDAC method produces slightly larger derivations in
the downstream, with e, 1pac=1.09% and 0.41% for the upper and
lower walls. In Fig. 7(a), the global skeletal mechanism method
predicts a slightly earlier pressure rise at X~ 0.282, correspond-
ing to the upstream shifting of the reflected shock wave there as
in Fig. 6¢. Relatively larger discrepancies exist in predicting other
impinging points, e.g., the one at X~ 0.415. The global skeletal
mechanism method shows the largest overall discrepancies, i.e.,
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Fig. 8. Pseudo one-dimensional streamwise profiles of (a) pressure and (b) Ma pre-
dicted by different chemistry treatment methods.
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Fig. 9. Time-averaged mass fractions of (a) H,O, (b) CO, (c) CO, and (d) tempera-
ture on the combustor exit predicted by different chemistry treatment methods.

Ep, skeletal = 4-08% and 3.70% on the upper and lower walls, respec-
tively.

5.2. Combustor global performance evaluation

The pseudo one-dimensional analysis is regards as a reliable yet
efficient tool in global performance evaluation in scramjet experi-
ment and design [47]. Therefore, the pseudo one-dimensional pres-
sure and Ma profiles are calculated as the mass-weighted average
on cross-sections at different streamwise locations. As shown in
Fig. 8, the profiles predicted by the DAC method closely coincide
with those predicted by the detailed mechanism, with small rela-
tive errors being 0.92% and 0.33% for pressure and Ma, respectively.
The TDAC predictions also shows good agreement with &, pac =
1.06% and ey, pac = 1.28%, albeit relatively larger deviation at X ~
0.3 for the pressure profile. On the contrast, the global skeletal
mechanism method shows evident discrepancies in both the Ma
and pressure profiles, with &, pac = 3.51% and &yq pac = 3.76%.

Thermochemical status characterized by the static tempera-
ture and mass fractions of key species including CO, CO, and
H,0 at the combustor exit is probed and shown in Fig. 9. The
profiles predicted by the DAC method again coincide well with
those predicted by the detailed mechanism for all the metrics pre-
sented. The TDAC method also accurately reproduces all the pro-
files with slightly larger discrepancies. However, the global skeletal
mechanism method considerably underpredicts the temperature,
the mass fractions of CO, and H,O in range 0.6 <j < 0.9, and is
especially worsen in reproducing the peak of CO mass fraction in
Fig. 9b.
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Fig. 10. Time-averaged OH radical contours predicted by (a) DAC, (b) TDAC, (c) the
global skeletal mechanism and (d) the detailed mechanism.

The combustion efficiency and total pressure loss can be cal-
culated using the sampled data at the combustor exit. The total
pressure loss is calculated according to Baurel et al. [48] as,

_ fpupo.exitdA (2)
/ pupo,inletdA

where p, u and dA are the density, the streamwise velocity com-
ponent, and the incremental area projection in the streamwise di-
rection. pg exir and po e are the total pressures at the combus-
tor exit and inlet, respectively. The total pressure loss predicted by
the DAC and the TDAC methods are, respectively, 42.3% and 43.1%,
which are very close to the prediction of 42.5% by the detailed
mechanism. The total pressure loss calculated by the global skele-
tal mechanism method is slightly higher as 45.0% but is still rather
close to the prediction by the detailed mechanism. The combustion
efficiency is calculated directly from the heat release rate as [12],

J pudQdA
Ne = :
Sinter (11 fuetYeona) de

in which dQ denotes the heat release rate, i, is the mass flow
rate of the fuel, You4 is the mass fraction of ethylene in the
fuel stream at the combustor inlet, and g, is the heat of com-
bustion of ethylene under standard condition. The overall com-
bustion efficiencies are 57.6% for the DAC method, 58.1% for the
TDAC method, and 58.2% for the global skeletal method, which
are all close to 57.8% predicted by the detailed mechanism. Based
on the above comparisons, the differences between various chem-
istry treatments are negligible small due to the integral nature of
the global combustion performance metrics. This further substan-
tiates the feasibility of utilizing skeletal mechanism in scramjet
global performance evaluation as has been discussed in our pre-
vious work [12].

ne=1

3)

5.3. Flame stabilization prediction

The flame structures characterized by the distributions of OH
radicals is shown in Fig. 10. It can be seen that the DAC and TDAC
methods reproduce qualitatively similar reaction zones as that pre-
dicted by the detailed mechanism. The reaction zone resides in the
shear layer between air and fuel stream emanating from £ ~ 0.15
in the prediction by the detailed mechanism. However, the reac-
tion zone reproduced by the global skeletal mechanism shows re-
markable difference between that by the detailed one, in which
an evident reactive pocket emerges accompanied by a local ex-
treme at X ~ 0.15. Similar deviation exists in the CO distributions
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Fig. 11. Time-averaged CO radical contours predicted by (a) DAC, (b) TDAC, (c) the
global skeletal mechanism and (d) the detailed mechanism.
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Fig. 12. Time-averaged OH mass fractions distribution predicted by different chem-
istry treatment methods at streamwise locations (a) A, (b) B, (c) C and (d) D.

between the predictions by the global skeletal mechanism and the
detailed mechanism in Fig. 11, where CO becomes relatively rich at
X~ 0.12.

To quantify the differences in the flame stabilization struc-
ture, the streamwise evolution of time-averaged Yoy and Yco were
probed at four streamwise locations: %4 = 0.1, X3 =0.2, X = 0.3
and Xp = 0.4 along the combustor. In Fig. 12, at the most upstream
location (Fig. 12a), the detailed mechanism, DAC and TDAC meth-
ods predict negligible amount of OH production, but the global
skeletal mechanism method remarkably overpredicts the mass
fraction of OH. At location B, the skeletal mechanism treatment
still evidently overpredicts the Yoy and shows a much wider reac-
tion zone. On the contrary, DAC and TDAC methods again achieve
good agreements with the detailed mechanism. The discrepancy in
the predictions for CO is similar, i.e., the global skeletal method
overpredicts the mass fraction of CO at locations A and B, while
the DAC and TDAC methods give fairly good predictions compared
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Fig. 13. Time-averaged CO mass fractions predicted by different chemistry treat-
ment methods at locations (a) A, (b) B, (c) C, and (d) D.
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Fig. 15. Distribution of the number of active DAC species at t=6t;.

with the predictions by the detailed mechanism. At downstream
locations C and D, the differences between all the predictions di-
minish considerably.

Fig. 14 shows the pseudo one-dimensional profiles for the mass
fractions of OH, CO radicals and the heat release rate, which
are calculated by mass-flux-weighted averaging on different cross-

(a) DAC Detail

P

(b) Skeletal

Fig. 16. Reaction path analysis at location A and t=6t; for (a) DAC and the detail
mechanism, and (b) the global skeletal mechanism.

sections perpendicular to the streamwise direction. The DAC and
TDAC methods well reproduce the tendency and the magnitude of
Yon compared with the prediction by the detail mechanism. The
global skeletal mechanism method predicts a much earlier rise up
at X ~ 0.06 and then significantly underpredicts the magnitude be-
tween X = 0.24 and 0.65 for the Yoy profile. Regarding the CO pro-
file, the DAC and TDAC predictions show good agreements with the
prediction by the detailed mechanism, whereas the global skeletal
mechanism method underpredicts its magnitude from £=0.2 to
the combustor exit. The heat release distribution which is the main
concern in the thermal protection in scramjet engine is also com-
pared in Fig. 14c. It can be seen that the heat release rate manifests
more intense fluctuations compared with the radical profiles. Al-
though relatively large discrepancies are observed in the DAC and
TDAC predictions, their general trends coincide with the prediction
by the detailed mechanism and the turning point at £~ 0.16 is
accurately captured. However, the prediction by the global skele-
tal mechanism is in poorer agreement with that by the detailed
mechanism from X=0.12 to 0.4 while misses the main peak at
X~ 0.24.

5.4. Computational efficiency comparison

To analyze the efficiency of the DAC method, the instantaneous
contour of active species number at t==6t; i.e., 7.2 ms is presented
in Fig. 15. The chemical reaction in the combustor can be roughly
divided into several reaction zones according to the number of
active species, which reflects different reaction stages. Generally,
the pyrolysis stage for the fuel converting into smaller hydrocar-
bons or radicals, possibly with the help of H and OH radicals, in-
volves many more reactions than the combustion stage [49]. In the
upper half part before X = 0.4, pyrolysis reactions take place in the
high-temperature fuel rich mixture which involves more than 40
species. On the contrary, in the lower half part before X = 0.4, only
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Table 4
Speed-up factors in the supersonic combustion modelings.
Detail Skeletal DAC TDAC
Information 57S/269R  30S/143R - -
Method - DRGEP DRGEP  DRGEP + ISAT
Speedup Factor 1.0 3.85 312 5.56

a small number of species are needed to characterize the almost
reaction-frozen vitiated air.

Further downstream after X = 0.4, three stratified layers in the
transverse direction can be observed: 1) the upper fuel layer
still in pyrolysis, 2) the unreacted lower vitiated air layer, and
3) the intermediate mixed layer with intense combustion reac-
tions involving 25-30 species. The DAC method dynamically up-
date the local reaction pool to only include the most relevant
reactions, thus minimizing the chemistry solving cost. As com-
pared in Table 4, the DAC method achieves a speed-up factor of
3.12, which is only slightly lower than the global skeletal mecha-
nism method of 3.85. However, the efficiency of DAC can be fur-
ther improved through coupling with the tabulation method, e.g.,
the ISAT method used in this study, to attain a higher value of
5.56.

5.5. Chemical kinetic analysis of DAC

Throughout the above comparisons, the DAC predictions show
excellent agreements with the predictions by the detailed mecha-
nism for wall pressure, combustor global performance, and flame
stabilization reproduction while the predictions by the global
skeletal mechanism exhibit remarkable differences especially in
the reaction zone prediction. To scrutinize the underlying reason
for these discrepancies, reaction path analyses for the DAC proce-
dure at two representative locations A and B were conducted. The
simulations are calculated in zero-dimensional homogeneous adia-
batic reactor under the same thermochemical conditions probed,
respectively, at locations A and B in the supersonic combustion
flow at t=6t; Since the chemical mechanism used in the DAC
method is varying tempospatially, the local valid mechanism was
extracted at the same time.

To facilitate the comparison, the time of 10K initial increase
of the temperature was selected for the reaction path analysis for
all mechanisms. The number of the displayed species in reaction
pathways was limited to 10 according to ranking of the maxi-
mum rate of depletion of all species. The main reaction pathway
for the detailed mechanism at location A is depicted in Fig. 16(a).
It can be seen that through the interactions with H, O and OH,
CyH4 was converted to C;Hs and CH,CHO radicals initially. An-
other source of CH,CHO production was the reactions of C,Hs
radical with O, and OH radicals via C;H3 + 0, =CH,CHO+ O and
CyHs + OH=CH,CHO + H,. The C,H3 radicals can also undergo the
H-abstraction reactions leading to C,H, formation. Subsequent re-
actions of CH,CHO lead to the formation of CH,CO and C; rad-
ical species while the C,H, is mainly consumed in the oxida-
tion reaction chains: C;H,—CH,CO—CH3—CO. It should be noted
that, in the detailed mechanism, the double-bound-braking reac-
tion CoH4 +0—CH3 +HCO and the direct conversion of C;Hy to
C,H, are also important sources of ethylene consumption.

As shown in Fig. 16a, at location A, the DAC method retains all
the important reaction paths in the detailed mechanism, despite
some derivations in the net reaction fluxes. However, in reaction
pathway of the global skeletal mechanism as shown in Fig. 16b,
the main ethylene consumption is limited to the H-abstraction
process in the path of C;H;—C,H3—C,H,—CO and the formation
of CH,CO via CyH; + OH =CH,CO + H. Moreover, the important in-
termediate radical CH,CHO in Fig. 16 (a) is not presented in that

Fig. 17. Reaction path analysis at location B and t=6t; for DAC, the detailed mech-
anism, and the global skeletal mechanism.

of the skeletal one which inevitably changed the overall reaction
path. Consequently, large variations are observed in the OH and CO
predictions in Figs. 12a and 13a, as the result of the totally differ-
ent reaction paths. This also suggests that the global skeletal mech-
anism is not enough to accurately describe all the thermochemical
statuses, and multiple sets of skeletal mechanisms for different re-
action zones are necessary to improve the accuracy while mini-
mizing the chemistry solving cost. The current validations of the
DAC/TDAC methods show their great potential of alleviating the
huge computational cost while improving the chemistry fidelity for
supersonic combustion modelings.

At location B, the main oxidation reaction pathways of the de-
tailed mechanism are similar to that at location A. Regarding other
two chemistry treatment methods as shown in Fig. 17, the most
important reaction paths in DAC method, global skeletal mecha-
nism and detailed mechanism at location B are the same, with
only minor differences in the net reaction flux. This indicates
that the current DAC method has imposed with a relative con-
servative error threshold to restore the original detailed mecha-
nism in the downstream locations. Therefore, yet more speed-up
space left for the DAC method through optimizing the local error
threshold(s) during the mechanism reduction which merits further
studies.

6. Concluding remarks

TDAC method augmented high-fidelity simulation of super-
sonic combustion in scramjet concerning the intricate flame sta-
bilization was realized in the present study. The DAC and TDAC
methods were first validated in zero-dimensional autoignition and
one-dimensional flame propagating problems, where satisfying ac-
curacy and efficiency were obtained in the present configuration.
In the realistic scramjet simulation, three different chemistry treat-
ments namely DAC, TDAC and skeletal mechanism were validated
against the experiment and the predictions by the detailed mech-
anism, all of which show good agreement in the combustor wall
pressure measurements and engine global performance. In these
global or integral metrics predictions, the DAC and TDAC out-
perform the skeletal mechanism method quantitatively while the
TDAC method gain more advantages in efficiency.

For the flame stabilization analysis, the predictions by the
global skeletal mechanism show significant discrepancies with
those predicted by the detailed mechanism, while the DAC/TDAC
methods well predict the heat release rate and the mass fractions
of important intermediate radicals (e.g., OH and CO). The reaction
path analysis shows that the main reaction paths in the global
skeletal mechanism significantly differ from those in the detailed
mechanism, while the DAC method retains all the important reac-
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tion paths of the detailed mechanism. This suggests that the global
skeletal mechanism is not enough to accurately describe all the
thermochemical statuses.

In the supersonic combustion modeling, through dynamically
updating the local reaction pool to only include the most relevant
reactions, the DAC method shows a comparable efficiency with the
skeletal mechanism method and the TDAC method almost doubly
further improves the DAC efficiency. Therefore, the TDAC method
is proven to be a high fidelity yet efficient method in supersonic
combustion simulation especially in intricate combustion phenom-
ena while the skeletal mechanism is more suitable in engine’s
global performance evaluation.
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Appendix
Al. Effect of the epac on the autoignition delay calculation

Effect of the threshold epsc has been evaluated for stoichiomet-
ric ethylene-air mixture at initial temperature 1100K and atmo-
spheric pressure using UCSD mechanism. Table A1 shows that the
agreement between ignition delay times calculated using DAC and
detailed mechanism improves as epyc decreases from 10~2 to 1074,
after which the discrepancy becomes indiscernible. This improve-
ment should be attributed to the increase in active species retained
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Fig. A1. Convergence study of ¢p,c on the autoignition delay time calculations using
UCSD ethylene mechanism.

in the reduced mechanism, as shown in Fig. A1. The effects of epsc
on the number of active species is more appreciable in the pre-
ignition stage. In contrast, the number of active species varies be-
tween 24 and 27 in the post-ignition stage and seems insensitive
to epac.

A2. Effect of the epac and esar on the flame propagation calculation

To quantify the effects of the threshold values on the flame
propagation calculation, systematic convergence study was con-
ducted. As shown in Table A2, the relative error in laminar flame
speed prediction becomes lager as the increase of epsc with only
one exception. Whenepycequals 5 x 1073, 8, slightly decreases
compared to the prediction with gpsc = 1073 due to the increase
in active species (as shown in Fig. A2) which inevitably retards the
computational efficiency. The relative error in laminar flame speed
induced by ggaris also presented in Table 2. The result indicates
that €547 should not exceeds 5 x 10~* if the relative error is ex-
pected to keep within 15%.

Table A1

Convergence study of epac on the autoignition delay time calculations.
€pAC 0 1 x10% 1 x10°3 5 x 1073 1 x102
Ting [ms] 317752 317752 317751 3.18026 3.18102
Bing 0 ~0 31 x10% 86 x10% 1.1 x10°3

Speed-up factor 1.0 21 3.8 4.7 49

Notation: 7;,, ignition delay time, 8, relative error of ignition delay time.

Table A2
Convergence study of error threshold for DAC and ISAT modules in flame
calculation.

propagation

€pAC 0 1 x10% 1 x103 5 x103 1 x1072
DAC S, [cm/s] 7091 7240 73.32 72.90 78.43

Ssu 0 2.1% 3.2% 2.8% 10.6%

Speed-up factor 1.0 13 17 14 2.6

€[SAT 0 1 x10°° 1 x104 5 x 104 1 x10°3
ISAT Sy [cm/s] 7091  73.28 74.45 79.46 92.19

Ssu 0 3.34% 4.99% 12.06% 30.01%

Speed-up factor 1.0 12 14 18 3.7

Notation: S, laminar flame speed, Js, relative error of laminar flame speed.
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