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Abstract: Flame stabilization is the key to extending scramjets to hypersonic speeds; accordingly, this topic has attracted much
attention in theoretical research and engineering design. This study performed large eddy simulations (LESs) of lifted hydrogen jet
combustion in a stepped-wall combustor, focusing on the flame stabilization mechanisms, especially for the autoignition effect. An
assumed probability density function (PDF) approach was used to close the subgrid chemical reaction source. The reliability of the
solver was confirmed by comparing the LES results with experimental data and published simulated results. The hydrogen jet and
the incoming stream were first mixed by entraining large-scale vortices in the shear layer, and stable combustion in the near-wall
region was achieved downstream of the flame induction region. The autoignition cascade is a transition of fuel-rich flame to
stoichiometric ratio flame that plays a role in forming the flame base, which subsequently causes downstream flame stabilization.
Three cases with different jet total temperatures are compared, and the results show that the increase in the total temperature
reduces the lift-off distance of the flame. In the highest total temperature case, an excessively large scalar dissipation rate inhibits
the autoignition cascade, resulting in a fuel-rich low-temperature flame.
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1 Introduction

Although hypersonic vehicles powered by
scramjet engines have developed rapidly, they con-
tinue to face challenges with regard to stable and
highly efficient combustion. Complex physical-
chemical phenomena, such as mixing, ignition, flame
propagation, and stabilization, are not yet fully un-
derstood (Clark and Bade Shrestha, 2013), especially
for scramjets operating at high flight Mach numbers,
where autoignition is more common. The purpose of
this paper is to study combustion characteristics in
hypersonic conditions involving autoignition and
flame, thus providing a theoretical basis for com-
bustor optimization.
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The stabilization mechanism of lifting flames is
currently viewed in three ways: the premixed flame
model, the large eddy model, and the extinction
model (Lawn, 2009; Karami et al., 2015). In the
premixed flame model, the flame base is considered
to be premixed, and the flame can be stabilized when
the local flame velocity and flow velocity are bal-
anced (Chung, 2007). The large eddy theory points
out that the large eddies on the boundary of the jet will
cause the hot products and air to be re-blended with
the rich mixture to form flammable pockets (Miake-
Lye and Hammer, 1989). The extinction model takes
into account the effect of the scalar dissipation rate. It
is believed that the scalar dissipation rate determines
the lifted height and the flame is stable near the crit-
ical scalar dissipation rate (Watson et al., 2003).
These theories are widely used in environments with
low-temperature oxidants. However, when the oxi-
dant is heated, autoignition generally occurs and a
different flame stabilization mechanism is observed.
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Many experiments and numerical studies have
reported observations of a lifted flame dominated by
autoignition in different configurations. For studies of
turbulent flames in combustors, coaxial jets with
simple structures are often used as models. In the
coaxial jet experiments performed by Cheng et al.
(1991), a flame generated by hydrogen and oxygen
reactions existed at a certain distance downstream
from the jet outlet. They defined and calculated
Damkohler numbers, which showed that the finite
rate of the chemical reaction was an inherent cause of
flame lift and stabilization. Cheng et al. (1991) also
found that the three-body reaction inhibited heat re-
lease downstream. Boivin et al. (2012) presented a
simulation of coaxial jet combustion using a three-
step simplified reaction mechanism of hydrogen and
oxygen, in which an autoignition identification
method based on chemical explosive mode analysis
(CEMA) was applied. The outcome showed that the
upstream “finger-like” autoignition region was the
initial reaction stage. Moule et al. (2014) carried out a
numerical simulation based on Cheng et al. (1991)’s
experiment. They pointed out that the autoignition
effect and compressibility effect jointly control the
chemical reaction process. The autoignition process
started chain reactions which generated water. A high-
temperature reaction zone after the shock wave domi-
nated the release of heat; thus, the lifted flame stabi-
lized. Bouheraoua et al. (2017) concentrated on shocks
and ignition, and concluded that transient bow shock
induced by heat release leads to flame oscillation.

In a real combustion chamber, there are more
complex boundary conditions that should be consid-
ered. A supersonic combustor with a step—a config-
uration that is close to that of a real combustion
chamber—is often used to study turbulent flame or-
ganization. The stepped-wall jet combustor has sim-
ilar structures to a supersonic mixing layer. Moreover,
the development of the wall boundary layer affects
the turbulent mixing layer and the heat release of the
chemical reaction, and vice versa. Burrows and
Kurkov (1973) experimented with the mixing of inert
gases and combustion of vitiated air. The data showed
that the reaction thickened the mixing layer, and the
flame lift-off distance matched the inlet velocity and
hydrogen ignition delay time. The total temperature,
total pressure, and component distribution data ob-
tained during the experiment became the basis of later
numerical studies. Based on Burrows-Kurkov’s ex-

periment, Engblom et al. (2005) verified the perfor-
mance of the Wind-US method and discussed the
sensitivity of the autoignition location to the turbu-
lence model and Prandtl number. Edwards et al.
(2012)  described large-eddy/Reynolds-averaged
Navier-Stokes simulations (LES/RANS) of this ex-
periment. Resulting from simulations of different
boundary conditions and reaction mechanisms,
Engblom et al. (2005) indicated that the flame exhib-
its a transition from a partially premixed flame to a
diffusion flame. Vyasaprasath et al. (2015) presented
a numerical simulation based on detached eddy sim-
ulation (DES), and the results underestimated the
maximums of H,O concentration and total tempera-
ture in the experimental data. The subgrid-scale (SGS)
model and chemical reaction mechanism were con-
sidered to be the main causes of this deviation. Few
other works have focused on flame stabilization in
scramjet engines.

In scramjet combustors, there generally is not
sufficient residence time for the mixing process of the
fuel and oxidant. However, shear layers formed by
jets provide chances and places in which eddies roll
and break apart with local deceleration and heating.
Autoignition onsets at Z,, (where Z,, is the mixture
fraction with the most reactive reaction) of the
braided areas and develops autoignition kernels for
suitable conditions (Mastorakos, 2009). As radicals
are transported downstream, chain reactions induce
the formation of a turbulent diffusion flame with a
certain lift-off distance. In-depth studies and system-
atic investigations of the stabilization regime domi-
nated by autoignition are rare.

In this study, we performed LESs based on the
configuration of Burrows-Kurkov’s experiment (Bur-
rows and Kurkov, 1973). First, the solver and models
were validated by comparing the numerical results
with the experimental data. Then, the experiment-
based simulation was analyzed in detail to reveal the
flame stabilization mechanisms. Furthermore, two
additional jets with different total temperatures were
also simulated to study the influence of jet total tem-
perature on combustion characteristics.

2 Models and methods

With the development of computer technology,
LESs are widely used in research because they have a
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greater ability to obtain accurate results for turbulent
reacting flow than the RANS (Pitsch et al., 2008);
additionally, LESs are more consistent with experi-
ments in many complex problems. For supersonic
compressible flows, an LES solves the Navier-Stokes
(N-S) equations obtained by spatial filtering and Fa-
vre averaging (Garnier et al., 2009):
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where p is the Favre-averaged density, #, and u;
are the filtered velocities, ¢ is the time, X; is the spa-
tial coordinate, p is the Favre-averaged pressure, &,

is the Kronecker delta, 7, is the viscous stress tensor,
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thalpy, Y, is the species mass fraction, Y;T is the

subgrid species convection flux, D, is the diffusion

coefficient, Re is the Reynolds number, and @, is the

reaction rate.
The SGS terms generated by filtering need to be

closed by additional models. Among them, H}* are

algebraically given by the assumption of a constant
turbulent Prandtl number Pr=0.72:
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where S‘,.j is the rate of strain tensor, v;** = C VK™ 4,
in which C,=0.02075 and 4 is the filter width, and
k™ is the turbulent kinetic energy.

The subgrid turbulent kinetic energy denotes the
interaction of large- and small-scale vortices, which
needs further treatment. Moreover, a filtered chemical
reaction source term must be closed considering the
turbulence effect. The turbulence model for closing
£ and the turbulent combustion model for closing
the component source term are described below.

2.1 Turbulence model

In the current work, turbulence is modeled by the
equation model proposed by Yoshizawa and Horiuti
(1985):
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where v denotes the kinematic viscosity coefficient,

and P* denotes the production of K**: B* =

—r;gs(éﬁi / ax].). Contrasting the production term is

the dissipation term D°®°, which consumes £ by

subgrid eddies: D*® ~C,p(k™®)” / A, where C4=0.1.
The constants (Pry, Sc;, C,, and Cy) used in the

above model refer to our previous work (Wang et al.,
2014; Liu et al., 2016, 2017).

2.2 Combustion model

The assumed probability density function (PDF)
method borrows ideas from the transport PDF and
removes the limitation of computational burden on
the bulky transport PDF method (O’brien, 1980). A
finite amount of moment information is introduced to
construct the PDFs of temperature and composition;
thus, the unclosed chemical reaction source terms are
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obtained in the form of mean scalars and turbulence
scalars.

o= j &P(T,¥ )dTdy ©6)

where @ denotes Arrhenius reaction rate, P(i" ,Z)

denotes the PDF of temperature 7' and species mass
fraction Y, .

Some studies have shown that the PDF model is
not sensitive to the form of function P (Frankel et al.,
1990; Baurle et al., 1995). The function type can be
set in advance, which is also a superiority of the as-
sumed PDF. In this way, solving the probability den-
sity transport equation by the Monte Carlo method
can be avoided to save computational cost. The spe-
cific form of Eq. (6) is given below:
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the PDF of species mass fraction, /" is the gamma
function and ¢ is the unit impulse function.
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The Gaussian distribution of the temperature and
the multivariate f distribution of the components
were used in cavity jet combustion by Wang et al.

(2013), and the simulation results were in agreement
with the experimental results. The current study also
selects such a combination of functions to employ the
assumed PDF. The reaction mechanism used in the
assumed PDF is the Jachimowski mechanism
(Jachimowski, 1988). The specific process is not
repeated, as this information is described in detail in
(Wang et al., 2011).

For the approach combining the assumed PDF
and RANS, the suitability of the assumed PDF has
been certified for simulating supersonic reacting flow,
especially when the variance information is already
known (Forster and Sattelmayer, 2008). The LES
provides a more detailed description of turbulence
and is a more attractive solver for reacting flow. Some
studies have successfully coupled assumed PDF with
LES (Liu et al., 2019). In this study, the effectiveness
of this method for turbulent flame problems is veri-
fied, and the autoignition and flame stabilization
problems are analyzed in depth.

2.3 Numerical schemes

In the simulation of supersonic flows, numerical
methods must consider the physical discontinuities
caused by compressibility while ensuring numerical
stability. In the current work, we choose the weighted
essential nonoscillatory (WENO) finite difference
schemes for spatial discretization. The fifth-order

finite WENO scheme has the flux f[ﬂ/z given by the

weighted average of the three third-order stencils.

7 + + +
fiil/z =S +o,5, + oS5,

(11)

where w; (=1, 2, 3) are designed to determine the
locations of the discontinuities and S; are stencils

that linearly combine fluxes.

Ski = {fz":_r3+k’f;:_r2+k>fz":_rl+k}' (12)

Specific forms and coefficients of the combina-
tion can be found in (Sun et al., 2008).

A very efficient time advancement scheme,
which is popular in supersonic unsteady flow, is a
dual time-step approach (Jameson, 1991). As an im-
plicit method, a dual time step requires an iterative
algorithm to solve semi-discretization equations.
Lower-upper symmetric Gauss-Seidel (LU-SGS)
(Yoon and Jameson, 1988) was selected for the cur-
rent LES simulations, and the convergence criterion is
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presented in (Wang et al., 2010). The WENO matched
with LU-SGS is a mature, reliable solution of com-
putational fluid dynamics (CFD), which performs
robustly with high precision and efficiency.

3 Validation

Before further analysis, the models and methods
must be validated. The computational settings used in
the study are introduced, and a comparative analysis
of the simulated results and experimental data pro-
cesses is performed.

3.1 Computational grids and conditions

The schematic of the computational domain
consisting of Burrows and Kurkov (1973)’s experi-
ments is shown in Fig. 1. This study utilized a
2D-RANS for the turbulent plate boundary layer in
advance to confirm the minimum cell spacing at solid
surfaces. The results provided 3D-LES with a turbulent
inlet including the boundary layer. By intercepting the
profile 427.88 mm downstream of the 2D-RANS inlet,
a 10-mm boundary layer (Edwards et al., 2012) is ac-
quired, which is applied to the inflow boundary of the
3D-LES. Then, 3D-LES is implemented in the
560-mm-long region that has a 4.76-mm-high down-
ward step (containing a 0.76-mm-high lip) located
160 mm downstream, where the H, jet enters. The
upper border with the reflection boundary remains
horizontal, whereas the lower wall surface exhibits a
slight expansion. To minimize the computational cost,
the width is only 10 mm, and both the left and the right
sides are periodic boundaries.

Abundant eddies form in the jet shear zone,
which is a significant location, and the other hotspot is

the area near the solid nonslip wall where boundary
layers are generated. The grid should be clustered in
the above regions to meet the mesh resolution de-
mands of LES. Grid points within the boundary layer
are refined to ensure that the height of the first-layer
grid satisfies y'=1. According to 2D-RANS, the
height was set to 0.0075 mm. Moreover, for the pur-
pose of suppressing numerical oscillations, a buffer
zone is installed next to the exit, and the mesh in this
zone needs to be gradually stretched. In this study, we
designed three kinds of meshes with different degrees
of refinement designed for mesh independence veri-
fication. Mesh distribution of grid-2 in the X-Y cen-
terplane near the step is shown in Fig. 2. Exhaustive
mesh information is listed in Table 1.

The jet and inflow conditions applied at both the
2D-RANS plate and the 3D-LES combustor are listed
in Table 2.

3.2 Validation comparisons with available data

The experimental data from Burrows and Kurkov
(1973) supports the validation of the present code and
mesh. The total temperature is a crucial parameter in
the reacting flow field, which is determined by the
local static temperature and Mach number. The pro-
files of the stagnation temperature gained close to the
exit of the combustion chamber (x=356 mm) are
shown in Fig. 3. The numerical results for different
grids are given by curves, and the experimental results
are marked by squares. A gradual increase in the reac-
tion zone prediction capability from grid-1 to grid-3
can be clearly visualized. The results obtained by
grid-2 were close to those obtained by grid-3; hence,
the results from LES with grid-2 are considered to be
convergent and the following analysis and discussion
are based on the results of grid-2.

Inflow with boundry layer

2D-RANS l 3D-LES Buffer
I )
I Lip :
0.76
Inflow i -
0 Boundary ' Mixing Flame 104.80 | Qutlet
layer r layer [V W
______________ l —=::::::::_—__>_
H, jet o= g

427.88 160.00 356.00 44.00

Fig. 1 Schematic of the computational domain (unit: mm)
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Table 1 Grid numbers and corresponding resolution

Jet inlet N: N, N;  Total meshes (x10°%) A 4 A

Grid-1 101 196 11 0.22 40-100 37-93 100

Upstream Grid-2 101 391 11 0.43 40-100 1846 100
Grid-3 201 391 11 0.86 18-100 1846 100

Grid-1 873 241 11 231 40-66 37-93 100

Downstream Grid-2 873 456 11 4.38 40-66 1846 100
Grid-3 1608 456 11 8.07 1840 1846 100

N N, and N; are the numbers of grids in three directions, correspondingly 4:", 4,", and 4, are the ratios of the grid size in the three

directions to the wall distance when y'=1

Table 2 Reference conditions for Burrows and Kurkov (1973)’s experiments

Item Ma T (K) p (Pa) Y,, Yo Ty, Iy, Ainjer (Mm)
Supersonic crossflow 2.4 1237.9 96000.0 0.258 0.256 0 0.486 0.0075
Sonic jet 1.0 261.7 114465.5 0 0 1 0 ’
Ma, T, and p stand for the Mach number, temperature, and pressure, respectively; Yo,s Yuor Yu,» and Y,, are the mass fractions of

oxygen, water, hydrogen, and nitrogen, respectively; iy is the boundary layer thickness at the inlet

| IR IR -
-20 0 20 40 60 80 100
X (mm)

Fig. 2 Mesh distribution of grid-2 in X-Y centerplane near
the step

The total temperature increase near the wall was
almost completely coincident with the experimental
data. This uniformity indicated that the development of
the boundary layer was appropriate. Nevertheless, the
predicted total temperature at the center of the reaction
zone was slightly lower than the experimental data.
Component concentrations embodying mixing process-
es and chemical reactions were similarly extracted for
comparison at the exit position in Fig. 4. These four
components exhibited the same trends as those observed
in the experiment, whereas the peak value of the calcu-
lated mole fraction of H,O was lower than that in the
experiment. Meanwhile Figs. 3 and 4 show the result
obtained by Edwards et al. (2012), which also underes-
timated the peak stagnation temperature and was close to
our results. In the near-wall area, we obtained more
similar results to the experiment, but the prediction of
the thickness of the reaction zone was relatively poor.

————— LES, grid-1
LES, grid-2
————— LES, grid-3
——— Hybrid, Edwards
O Exp.
£
(=)
]
W
S
e b b b b b
0 1 2 3 4 5 6
¥ (em)

Fig. 3 Stagnation temperature profiles at the combustor
exit (x=356 mm)

0.8 -Ho

— LES-O,-Edwards
I = LES-H,0-Edwards
— LES-H,-Edwards
Exp.-O,
Exp.-H.0

Mole fraction
o
(o>}

=)
IS
T

0.2

of

%
Fig. 4 Mole fraction profiles at the combustor exit (x=
356 mm)

The differences in the total temperature and com-
ponent peak may be due to the following reasons. First,
boundary conditions can often determine the accuracy of
calculation results (Star et al., 2006). In the experiment,
the heat transfer process on the wall of the combustion



320 Zhang et al. / J Zhejiang Univ-Sci A (Appl Phys & Eng) 2021 22(4):314-330

chamber was very complicated, and it was difficult to
accurately formulate such boundary conditions in nu-
merical calculations. Moreover, the simulation in this
paper was limited by the amount of calculation; there-
fore, we did not consider the effect of limited space. The
side of the combustion chamber used periodic boundary
conditions instead of solid walls. In addition, the devia-
tion was likely to be affected by the reaction mechanism.
The intensity of the reaction and the thickness of the
flame were underestimated. There may be other reasons,
including potential errors in the experimental meas-
urements.

The LES/RANS simulation by Edwards et al. (2012)
was in agreement with the experimental data for non-
reactive mixing of a hydrogen jet. For vitiated-air mix-
ing and combustion, defects remained at the maximum
values of total temperature and mole fraction. Fig. 5
shows the time-averaged contours of static temperature
at the X-Y centerplane. The basic structure of the com-
bustion field, the lifted height of flame, and the shape of
the reaction zone obtained in this study are all consistent
with Edwards et al. (2012). It is a further conclusive
evidence for the reliability of the present LES solver.

In summary, the simulated results in this paper
are credible; furthermore, they support the following
discussions.

4 Results and discussion

There are intricate coupling effects between flow
and combustion in the flow field; consequently, flame
stabilization is determined by many factors. This
section first describes the basic characteristics of the
flow field and then analyzes the flame stabilization
mechanism and explains the effect of autoignition.
Next, simulations of the different total temperatures
of jets are compared, and the effect of the total tem-
perature on the reacting flow field is summarized to
deepen understanding of the stabilization mechanism.

T(K): 250

4.1 Flame stabilization mechanism of reacting
flow fields

In the reacting flow field, large-scale mixing is
controlled by the shear vortex, whereas small-scale
mixing is controlled by turbulent fluctuations, which
significantly affects the occurrence of chemical reac-
tions and flame stabilization. For scalar mixing
characterization, the definition of the mixture fraction
is introduced:

E,-FE S a,M
Z= H H,ox , E — i HY.,
H ; Ml. i

13
EH,ﬂue _E ( )

H,ox

where Ey is the mass fraction of hydrogen, Ey o« and
Ey ae are the mass fractions of hydrogen in the oxi-
dant and in the flue, respectively. a;, M;, and My rep-
resent the number of hydrogen atoms in the ith spe-
cies, the molar mass of hydrogen atoms, and the mo-
lar mass of this species, respectively. Such a defini-
tion gives the mixture fraction a normalized charac-
teristic: Zyi=0 represents the incoming oxidant side,
Zmax=1 1s the fuel side, and when Z is between 0 and 1,
it can characterize different local equivalent ratios.
Fig. 6 shows the dimensionless density gradients
(Vplp,, where V pis the density gradient and p,, is the
density of the inflow from inlet) of the X-Y central
section of the mixing case and the reacting case. The
red line is the contour of the mixture fraction Z=0.1.
The density gradient indicates the wave and vortex
structure, and the mixture fraction is used to describe
the fuel blending. Outside of the boundary layer, a
series of expansion waves at the jet inlet and shear
layer are also marked as black, which signifies that
the density changes drastically in both the pure mix-
ing and the reacting cases. The difference was that an
additional shock wave appeared downstream in the
combustion flow field in the reacting case. The

505.7 7614 1017.1 1272.8 1528.5 1784.2 2039.9 2295.6

0 100 200

300 400

X (mm)

Fig. 5 Time-averaged temperature contours at the X-Y centerplane
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process of flow structure formation can be inferred
from this situation: the incoming stream contacts the
jet at the inlet and expands mildly; because of Kelvin-
Helmholtz instability, mixing is accompanied by vor-
tex shearing and rolling up. In the reacting case, a
shock wave located at about x=200 mm was induced
by heat release, which had a substantial production rate
in this location. The other phenomenon that demon-
strated the influence of combustion on the flow regime
was the lift of the shear layer after the shock wave.
Compared with the top image, the outer contour of the
shear layer downstream of the bottom image is clearly
separated from the isoline Z=0.1, indicating that the
shear layer became thicker after the shock.

Snapshots of the dimensionless temperature
(T/T., where T is the temperature of inflow from the
inlet) are shown in Fig. 7, in which Fig. 7a shows the
temperature distribution that was only dominated by
mixing and Fig. 7b shows the effect of combustion
supplemented by reaction. When x<100 mm, the
reacting case manifested similar to mixing, and there

[Vol/ p.
0 15 30 45 60

(b)

were only sporadic areas preheated by high-enthalpy
flow. Then, when 100 mm<x<200 mm, finger-shaped
high-temperature zones appeared, which were em-
bedded between vortices. Further downstream, when
x>200 mm, the high-temperature area was connected
into one piece and floated on the low-temperature jet.
The same segmentation phenomenon also appeared in
the OH radical snapshot, as shown in Fig. 8. There
was essentially no OH generation before x=100 mm,
whereas an evident mass fraction of OH appeared
after x>150 mm. The solid black line in Fig. 8 is the
contour of the stoichiometric ratio Z,=0.0312. OH
radicals spread on both sides of the contour line, and
the closer the distance to the line, the greater the mass
fraction. This means that lean and rich reactions co-
existed; the specific spatial distribution characteristics
will be illustrated in detail below. Looking at Figs. 7
and 8, the flow field after the jet inlet can be divided
into three regions: mixing zone (x<100 mm), au-
toignition induction zone (100 mm<x<200 mm), and
flame zone (x>200 mm).

75 90 105 120 135 150

-100

X (mm)

Fig. 6 Density gradients of the X-Y centerplane of the mixing case (a) and the reacting case (b)
The red line is the contour of the mixture fraction Z=0.1. References to color refer to the online version of this figure

TI'T. 02 03 04 05 06

(a)

(b)

08 09 10 11 12

-100 0 100

200 300 400

X (mm)

Fig. 7 Temperature of the X-Y centerplane of the mixing case (a) and the reacting case (b)
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The flame was finally stabilized near x=200 mm
due to ignition delay, and the flame may have been
partially premixed. To distinguish the diffusion flame
from the premixed flame in the flame zone, the follow-
ing definition of the flame index is used:

VY, VY,

where VY, and VY, denote the gradient of the mass

fraction of hydrogen and oxygen.

In a diffusion flame, the fuel oxidant gradient is in
the same direction (FI>0); in a premixed flame, the
opposite is true (FI<0) (Fig. 9). After the flame is lifted,
there is a clear layered structure. By counting the prob-
ability density distribution of the FI, a typical partial
premixed flame structure may be summarized: diffusion
flames mainly exist near the stoichiometric Z of the jet
edges, and the density-weighted ratio is 72.20%. The
remaining 27.80% are premixed fuel-rich flames closer
to the interior of the jet.

As described above, the jet was mixed with the
incoming stream stagnated on the upstream wall; au-
toignition occurred when 100 mm<x<200 mm, and then
OH radicals were produced while autoignition flame
kernels formed. The thermal expansion induced a shock
wave, and the flame propagated downstream and stabi-
lized at approximately x>200 mm. The flame stabiliza-
tion mechanism is analyzed below.

Based on the preceding zone partition, data was
extracted from three flow direction locations (take x=50,
150, and 300 mm as references) in different regions and
organized in Fig. 10. These four graphs illustrate varia-
tions in the dimensionless velocity u/u, and mixture
fraction Z along the wall distance y—yy,; and variations
in the dimensionless temperature 7/7,, and OH mass
fraction distributions with respect to the mixture frac-
tion. There were two extreme points in the velocity
profile of the mixing zone (x=50 mm): the maximum
point was 14.2% higher than the velocity of the jet inlet
(4jer), Whereas the minimum point was developed from
the boundary layer of the incoming wall. These two
extreme points in the autoignition area moved closer to
the middle. In the downstream flame zone, the extreme
point disappeared and the curve became monotonic. At
x=150 mm, a low-speed interval offered a longer mixing
time to autoignition. The solid line with a lower slope
reflects a low-velocity gradient circumstance, which is
conducive to flame stabilization. Curves of Z at different
positions show a trend of mixed layers becoming thick-
er, which reduced the stretch of the flame by the flow.

Figs. 10c and 10d show different chemical reaction
characteristics in the three regions. The temperature in
the mixing process satisfied the negative correlation
with Z, and no reaction generated OH. In contrast, in the
autoignition zone, the temperature was basically un-
changed, whereas a small amount of OH was distributed
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Fig. 8 OH mass fraction contours at the X-Y centerplane
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Fig. 9 Contours of flame index
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on the fuel-rich side Z>0.0312. The temperature in-
creased conspicuously in the flame region; furthermore,
a peak was located near the stoichiometric fraction. Such
features indicate that the reaction entered a steady state
and showed diffusion flame characteristics. Spatial dis-
tributions of autoignition and flame confirm that au-
toignition was a key reason for downstream flame
stabilization.

The flame stabilized just after the shock wave,
which was not a coincidence but a stabilizing effect of
compressibility. Fig. 11 shows a snapshot of the heat
release rate with respect to the sonic line. The heat
release rate is nondimensionalized by HRR =
AE, ../ (pu), where AEgemica is the energy
difference caused by chemical reaction, and p., and u,
are density and speed of the inflow from inlet, re-

spectively. The high heat release rate was concen-
trated in the area of 150 mm<x<220 mm, verifying
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that there was a transition from low-temperature au-
toignition to high-temperature flame. A distinct
change in the sonic line in the high heat release area
reminds us of the role of shock waves in this conver-
sion process. After the initial ignition delay, heat and
OH begin to release, and the subsonic region formed
after expansion is more conducive to the release of
heat, which generates thermal effects. Increased local
temperature reduces the ignition delay time, allowing
the reaction to occur and stabilize faster. Consequently,
the diffusion flame was anchored behind the shock.
The transition from autoignition to flame de-
serves further meticulous analysis. Fig. 12 shows
scatter data of time-averaged temperature: Yoy and

YHZO with respect to Z at x=120, 140, 160, 180, and

200 mm, which are all in the autoignition area. The Z
corresponding to the maximum value of OH was
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Fig. 10 Velocity (a), mixture fraction (b), temperature (c), and OH mass fraction (d) distributions at three positions

(x=50, 150, and 300 mm)
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Z=0.2 at the beginning of autoignition and Zy when  trend: autoignition initiated at the mixture fraction
the stable diffusion flame was formed. The dashed  with the smallest ignition delay (Z=0.2), but the re-
line with arrow in the figure shows such a cascading  action system was unstable at this mixture fraction
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Fig. 11 Contours of heat release rate
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because a large amount of chemical energy was left in
the fuel. Therefore, a small amount of OH and heat
propagated downstream and the resulting disturbance
made the reaction proceed in a more exothermic di-
rection (towards Zy). This activating course continued
until the reaction near Z; was induced, chemical en-
ergy was fully released, and the entire system reached
a stable low-energy state, which meant the formation
of a stable flame. The persistent autoignitions sus-
tained this process so that the flame could be stably
lifted at a certain height.

Based on the above analysis, the flame stabili-
zation mechanism of the jet can be summarized as
follows: the boundary layer and the shear layer be-
come thicker and merge along with development, and
a region of low speed and low shear is generated,
which creates very conducive mixing conditions. The
ignition cascade continues to provide a flame kernel
and diffusion in the vicinity of Zy to form a flame
accompanied by a large amount of heat release.
Thermal choking induces a shock wave that thickens
the shear layer and accelerates the reaction behind the
shock to promote flame stabilization.

4.2 Influences of jet total temperature

The previous section covered the flame structure
and flame stabilization mechanism under experi-
mental conditions. We found that the shock caused by
compressibility had an important effect on flame
stability, and autoignition was the essential reason for

T'T. 02 035 05 065 08

(a)

(b)

flame stability. In experiments and practical applica-
tions, fuels are often preheated before being injected.
It is valuable for engineering application to study the
effect of total temperature of jet on the reacting flow
field. This section shows the simulated results for jets
with different total temperatures. By comparing the
lift-off height and the parameters of the reacting flow,
the flame stabilization mechanism is further revealed,
and the influence of the total temperature of the jet on
the lifted flame can be summarized. The selected
conditions were Toj=314 K (Case 1), Toje=625 K
(Case 2), and T1;=900 K (Case 3), where T is the
total temperature of jet.

Figs. 13 and 14 show the time-averaged static
temperature and the time-averaged mass fraction of
OH for Cases 1-3, respectively. It is obvious that the
flame lift-off distance decreased with the increase in
the total temperature of jet: approximately 180 mm
for Case 1, approximately 130 mm for Case 2, and
approximately 70 mm for Case 3. The shock position
also moved upstream. In Fig. 14, the black line marks
a subsonic region near the wall; the higher the jet
temperature, the larger the range of this region. The
coupling effect of the chemical reaction and com-
pressibility was reconfirmed: the heating and choke
caused by heat release in the compressible fluid pro-
vided positive feedback which reduced the delay of
the chemical reaction and enhanced mixing.

The lift-off distances can generally be estimated
from the ignition delay and the jet velocity. Fig. 15
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Fig. 13 Time-averaged temperature snapshots for different total temperatures of jet: (a)—(c) Case 1-Case 3



326 Zhang et al. / J Zhejiang Univ-Sci A (Appl Phys & Eng) 2021 22(4):314-330

0.001 0.003 0.005

You

0.007 0.009

1
0 100

X (mm)

Fig. 14 Time-averaged OH mass fraction snapshots for different total temperatures of jet: (a)—(c) Case 1-Case 3

shows the delay times for different temperatures,
which were calculated by the Jachimowski mecha-
nism at an initial pressure of 100 kPa) and at the
equivalence ratio ¢=1 (Z=Z). The square mark in the
figure is the ignition delay time (zi) corresponding to
the operating conditions of the three cases. The tem-
perature and speed selected for the predicted lift-off
distances are given in Table 3. The predicted delay
distances and the lift-off distances given by simula-
tion are also listed. The predicted values were smaller
than the average simulated values. These two lift-off
distances were consistent, indicating that autoignition
was indeed the cause of initial flame formation.

The total temperature of jet caused macroscopic
differences in lift-off distances. In addition, the spatial
distribution of chemical reactions needs further dis-
cussion. The stoichiometric ratio contour in the av-
erage flow field was extracted to analyze the reaction
characteristics in the flow direction. Fig. 16 demon-
strates the temperature and OH mass ratio on the
isoline Z=Z. The three typical zones are arranged in
sequence: the mixing zone with no reaction, the au-
toignition zone, and the flame zone. The temperature
response to the chemical reaction was slightly de-
layed compared to the OH mass fraction response.

S === Jachimowski mechanism
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Fig. 15 Autoignition delay time predicted by the

Jachimowski mechanism

Table 3 Flame lift-off distance predictions
Predicted  Simulated

Tt Ugy Tig T .

B b S
1 1114.17 1275.16 0.127 161.95 180
2 1136.37 1170.08 0.089 104.13 130
3 1160.02 967.38 0.068 65.78 70

Ty and uy mean the temperature and velocity when Z=Zy, and 7 is
the ignition delay time
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After the highest temperature in Case 3, when x=
200 mm, the OH mass fraction and temperature ex-
hibited a slight downward trend, whereas the other two
cases maintained stable values after flame formation.
To reveal the flame temperature distribution in
Case 3, which was different from that in the other
operating conditions, a quasi-1D reaction kinetics
analysis was performed at the initial ignition position
and the exit position perpendicular to the OH. Fig. 17
shows the quasi-1D distribution of OH and H,O under
different conditions and at different locations. Similar
fuel-rich and fuel-lean reactions occurred in the au-
toignition region of the three operating conditions;
when diffusing downstream, the OH peak in Case 3
did not appear at the stoichiometric ratio. Hence, there

2000
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was still a large part of the rich flame in Case 3, pre-
venting achievement of maximum temperature. From
the perspective of water generation, the peaks of water
all fell on the rich side, indicating that the chain reac-
tion from the generated water consumed hydrogen.

To further explain the abnormal behavior in
Case 3, we introduce the concept of scalar dissipation
rate. The scalar dissipation rate is defined as
x=2(u/Sc+p /8c)(0Z/ox,)(0Z/ox,), where u

and y are the laminar and turbulent viscosity coeffi-
cient, simultaneously take the Schmidt number as a
constant: Sc=Sc=0.9. Based on the diffusion flame
theory (Mastorakos, 2009), a high scalar dissipation
rate will reduce flame temperature until the flame is
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extinguished. Since the lifted heights were different in
the three cases, it is more logical to take the lifted
position as the starting point than to take the profiles
at different positions downstream. Fig. 18 shows the
velocity, viscosity coefficient, and scalar dissipation
rate of the flames’ lifted positions and their position
100 mm downstream for all three cases. Due to the
strong velocity shear and high temperature, the vis-
cosity coefficient in Case 3 was higher than those in
Cases 1 and 2. A higher viscosity coefficient ulti-
mately leads to a higher scalar dissipation rate in the
interval Z€[0.05, 0.1]. In Fig. 16b, the OH curve of
Case 3 has a significant drop at x=170 mm (x;3
+100 mm). This is due to the tensile effect of the large
scalar dissipation rate on the flame, which reduces the

violent reaction and is manifested as a decrease in OH.

The increase in the total temperature of the jet leads to
the advance of the flame lifted position. For Case 3,
the lifting distance was so small that the fuel and the
incoming flow were not sufficiently mixed. The au-
toignition flame base was formed in the region of high
scalar dissipation rate. Under the shear stretching of the
flow field, the penetration to the oxygen-enriched side
was blocked and the flame temperature decreased.

5 Conclusions

We performed LESs to simulate the wall-jet
combustor configuration tested by Burrows and
Kurkov, and a stable lifted flame was obtained. The
structure of the flow field and the compositions and
total temperature profiles at the exit position were in
agreement with the experimental results. By analyz-
ing the spatial distribution of compositions and flow
parameters, the flame stabilization mechanism was
discovered. We carried out further comparisons of
different jet total temperatures and observed jet lifted
flames with different combustion characteristics. To
summarize, the following conclusions can be drawn
from this study:

1. The flame is partially premixed and the dif-
fusion flame is dominant. The autoignition cascade
controls the stability of the downstream flame: the
rich autoignition diffuses to the stoichiometric ratio
with increasing flame temperature, forming a stable
diffusion flame.

2. The chemical reaction releases heat at the
flame lift-off distance and induces local shock waves.
The temperature increases after the wave reduces the
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ignition delay and intensifies the heat release,
providing the temperature and heat release conditions
to stabilize the lifted flame.

3. Similar structures are observed under different
conditions: mixing zones, autoignition zones, and
flame zones. The higher the total temperature, the
smaller the flame lift-off distance.

4. In the case with the highest total temperature,
the scalar dissipation rate at the stoichiometric ratio
exceeds a value that is suitable for the stoichiometric
ratio flame, which prevents the completion of the
cascade process. Therefore, the flame is mainly fuel-
rich rather than concentrated near the stoichiometric
ratio, resulting in a low flame temperature.
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