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Abstract

In the present work, premixed combustion in turbulent boundary layer un-

der auto-ignitive conditions is investigated using direct numerical simulation

(DNS). The inflow of the reactive DNS is obtained by temporal sampling of

a corresponding inert DNS of turbulent boundary layer at a location with

Re,- = 360, where Re,- is the friction Reynolds number. The reactants of the

DNS are determined by mixing the products of lean natural gas combustion

with a H2/N2 fuel jet, resulting in a lean mixture of high temperature with a

short ignition delay time. In the free-stream the reaction front is stabilized at

a streamwise location which can be predicted using the free-stream velocity

U„,„ and the ignition delay time Tv . The combustion modes in various regions

are examined with respect to the statistics of displacement velocity and the

analysis of species budget. It is indicated that flame propagation prevails in
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the near-wall region and auto-ignition is increasingly important as the wall-

normal distance increases. The interactions of turbulence and combustion

are studied in terms of statistics of reaction front normal vector and strain

rate tensors. It is found that the front normal preferentially aligns with the

most compressive strain rate in regions where the effects of heat release on

the strain rate are minor and with the most extensive strain rate where the

effects are significant. Negative correlations between the wall heat flux and

flame quenching distance are observed, and it was shown that heat release at

the wall is evident. A new quenching mode, back-on quenching, is identified.

Heat release rate at the wall is the highest when head-on quenching occurs

and lowest when back-on quenching occurs.

Keywords: Direct numerical simulation, Flame-wall interactions,

Auto-ignition, Flame propagation

1. Introduction

Turbulent wall-bounded combustion is widely encountered in many in-

dustrial applications, such as gas turbines, internal combustion engines and

scramjets [1]. In these combustion equipment, the interactions between tur-

bulence, combustion and the wall strongly affect the characteristics of com-

bustion efficiency and pollutant emissions. Unfortunately, current under-

standing of these complex interactions is still unenough. Therefore, funda-

mental studies of turbulent combustion in wall-bounded flows are desirable.

Direct numerical simulation (DNS) is a useful tool to provide physical

insights of turbulent wall-bounded combustion [2-8]. DNS of turbulent flame-

wall interactions without shear flows was first conducted by Pointsot et al.

2



[2], and a model describing the interactions of turbulent premixed flames

and walls was proposed. In practical combustion process, the flame-wall

interactions are usually accomplished by strong shear flows such as channel

or boundary layer flows. Bruneaux et al. [3] performed three-dimensional

DNS of flame-wall interactions in a channel flow, and they found that the

near-wall turbulence structures have a great influence on the flame quenching

process. Gruber et al. [4] studied the evolution of a premixed V-shaped

flame as well as its interaction with a wall in turbulent channel flows. DNS

of oblique wall quenching in a turbulent V-shaped flame interacting with a

wall was reported by Lai et al. [6]. Despite of the above DNS studies of

turbulent wall-bounded combustion, to our best knowledge, there has been

no work devoted to DNS of combustion in boundary layer turbulence.

In modern combustion techniques such as sequential combustion systems

[9-12], fuel is mixed with hot gases produced by lean flames of the first

stage, resulting in the second stage combustion which is under auto-ignitive

conditions. The second stage flames could further interact with the wall

and wall-bounded turbulence. It has been shown that the second stage is

mainly stabilized by auto-ignition [9, 11], but flame propagation may also

assist flame stabilization in regions with low flow velocities [13] or with heat

loss to cold walls [12]. Complex combustion modes of auto-ignition and flame

propagation are therefore expected in turbulent wall-bounded reactive flows,

which deserves detailed investigations, particularly for premixed combustion

in turbulent boundary layers.

Based on the above discussion, the objectives of the paper are as follows.

First, DNS of premixed combustion in spatially developing boundary layer
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turbulence under auto-ignitive conditions is performed. Second, the two com-

bustion modes of auto-ignition and flame propagation are identified in various

regions of the turbulent boundary layer. Finally, the complex interactions

between boundary layer turbulence, combustion and wall are examined.

2. Simulation setup

A configuration of premixed combustion in turbulent boundary layers

stabilized by auto-ignition is considered in the present work. The thermo-

chemical conditions of the reactants are selected to be representative of those

at the inlet of second stage combustion in heavy-duty gas turbines [14]. Par-

ticularly, the reactants are determined by adiabatically mixing the vitiated

air (products of lean natural gas combustion in first stage combustion) and

H2/N2 fuel jet in the experiment [10]. The resultant equivalence ratio of the

reactants is 0.4 and the temperature is 1062 K. The composition of the resul-

tant mixture is listed in Table 1. A 9 species and 19-step mechanism for H2

combustion by Li et al. [15] is employed for the DNS. The mass fractions of

CO2 and H20 in the reactants are lumped together as CO2 is not included in

the mechanism for H2 combustion. In order to facilitate the ignition process

and make the DNS configuration more compact, the reactant temperature

Too is increased to 1150 K. Based on the thermochemical conditions described

above, the ignition delay time of the reactants Tzg is 0.11 ms. The flow veloc-

ity of the main stream is Uco = 100 m/s. The ignition distance Lig evaluated

as Lig = Tig • U,,,) is 11 mm. The wall temperature is set to T,„ = 750K,

consistent with the DNS of Aditya et al. [12].

A schematic of the DNS configuration is displayed in Fig. 1. The compu-
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Figure 1: Schematic of the DNS configuration.

tational domain is a rectangular box with Lx x Ly x la, = 60 x 25 x 25 mm3,

where Lx, Ly and L, are the domain length in the streamwise, x, wall-normal,

y, and spanwise, z, directions, respectively. The boundary conditions are

non-reflecting in the streamwise direction and periodic in the spanwise di-

rection. A fully developed boundary turbulent flow of reactants enters the

domain at the inflow (x = 0) plane. No-slip isothermal wall (y = 0) and non-

reflecting outflow (y = Ly) boundaries are used in the wall-normal direction.

Fine grids near the wall are required to capture the near-wall turbulence and

flame structures. The grids are stretched in the wall-normal direction with

Ay = 8.6 pm at the wall. There are 3 points within y+ = 1 and 24 points

within y+ = 10, where the superscript ̀ +' denotes non-dimensionalization by

the viscous length scale Sy (6, = 21 pm). In the streamwise direction, a uni-

form grid with a resolution of Ax = 45.0 pm (Ax+ = 2.2) is set in the flame

region of 0 < x < 2.0 cm, and then it is stretched elsewhere. The grids are

uniform in the spanwise direction, resulting in a grid size of Az = 45.5 pm

(Az+ = 2.2). Both the turbulence and flame structures can be resolved using

the grids. The resultant grid number is Nx x Ny x N, = 1024 x 600 x 550.

To obtain the boundary layer turbulence for the inflow of the reactive
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Table 1: Mixture composition based on the experiment and that used  in the DNS

YO2 YN2 YH2 0 ITCO2 YH2

Exp. 0.1568 0.7649 0.0317 0.0388 0.0078

DNS 0.1568 0.7649 0.0705 0.0078

case, an auxiliary inert DNS was performed. The same configuration was

used in the inert and reactive cases, except that the computational domain

is much longer in the streamwise direction (Ex = 350 mm) and the reactions

are turned off in the inert case. To trigger the transition of the spatially

developing boundary layer, a mean flow superimposed with an isotropic tur-

bulent perturbation is used at the inlet in the near-wall region for the inert

case. The velocity fluctuations imposed at the inlet of the reactive case are

obtained by temporal sampling of the inert case at a certain plane in the

streamwise direction with a friction Reynolds number ReT of 360, which cor-

responds to a streamwise location around x = 300 mm and a boundary layer

thickness of 6,, = 7.4 mm.

The validations of the inert DNS regarding the mean and fluctuating ve-

locity statistics are provided. Since benchmark data of compressible bound-

ary layer turbulence are rare due to difficulty in experimental measurements,

it is common to compare with the equivalent data of incompressible boundary

layer using the Morkovins hypothesis [17]. Figure 2 shows the distribution of

van-Driest-transformed mean streamwise velocity 4D [18] and the density-

scaled velocity variance and Reynolds stress component [19]. As can be seen,

very good agreements between the present DNS and the reference incom-

pressible DNS data with Re, = 360 by Schlatter et al. [16] are obtained.
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Figure 2: Distributions of (a) van-Driest-transformed mean streamwise velocity and (b)

density-scaled velocity variance and Reynolds stress component. Symbols denote DNS

data by Schlatter et al. [16].

Both the inert and reactive cases were performed using the DNS code S3D

[20]. It solves the compressible Navier-Stokes equations including continuity,

momenta, species mass fractions and total energy. The spatial derivatives are

discretized using an eighth-order finite difference scheme. Time integration

is achieved by a fourth-order six-stage Runge-Kutta method. A tenth-order

spatial filter is applied to eliminate the high frequency oscillations [21]. The

simulations advanced for more than 4t3 after the flame achieved a statistically

steady state to collect stationary statistics, where ti is the flow-through time

defined as t3 = LxIUco.

3. Results and discussion

In this section, the combustion modes in various regions are first exam-

ined, and the roles of auto-ignition and flame propagation are identified.
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Then, the interactions of boundary layer turbulence and the reaction fronts

are revealed. Finally, the flame/wall interactions for premixed combustion

are investigated.

3.1. Combustion modes

Figure 3 shows the distribution of mean heat release rate normalized by

its maximum value. The averaging is performed in time and the spanwise

direction. The mean reaction front position is marked by the iso-surface of

= 0.7, where c is the progress variable defined based on the mass fraction

of hydrogen. Noted that the instantaneous iso-surface of c = 0.7 corresponds

to the peak heat release rate position in the DNS (not shown). It can be

seen that outside of the boundary layer the reaction front is anchored at a

streamwise distance which equals to the ignition distance Lig, while inside

the boundary layer the front is bending downstream.

0 10 20 30 40 50

X (mm)

Figure 3: Contour of normalized mean heat release rate. The white dash-dotted line

denotes the location of E = 0.7.

Various regions of the reaction zones are selected for the combustion mode

analysis. Four planes (i. e. plane A, plane B, plane C and plane D), which

are perpendicular to the E= 0.7 iso-surface, are identified in Fig. 3. The

wall-normal distance of the intersections between planes A, B, C and D and

the e = 0.7 iso-surface is 1.0, 3.2, 6.8 and 10.0 mm, respectively. Plane
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A is very close to the wall with a low flow velocity, while plane D is close

to the free-stream where the flow velocity is very large. Since the DNS is

statistically steady, the displacement speed Sch which measures the speed of

the reaction front relative to the flow, must be balanced by the flow velocity

in the front normal direction u • n [22]. The reaction front normal vector is

defined as n = —Vc/IVc1, and n points towards the reactant by convention.

The displacement speed Sd is defined as [23]:

=  
1 Dc 1 0 0c

Sd
Dt Pr cl + Pr cl 

n 

axi) (1)

where Cue and D, are the reaction rate and diffusivity of the progress variable,

respectively. The density-weighted displacement speed, 5":/, is used to account

for the thermal expansion effects across the front, which is calculated as

Sd = pSd/pu, where pu is the density of unburned gas [22, 24, 25]. It is obvious

that the magnitude of S'c'i and u • n decreases with decreasing wall-normal

distance for reactive flows in boundary layer turbulence. The statistics of the

density-weighted displacement velocity are examined in the following.
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Figure 4: The PDF of density-weighted displacement speed nomralized by laminar flame

speed in various regions conditioned on c = 0.7.
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The probability density functions (PDFs) of Ssc't normalized by Si in var-

ious regions conditioned on c = 0.7 are shown in Fig. 4. Si is the reference

laminar flame speed. In combustion under auto-ignitive conditions, the iden-

tification of a reference laminar flame is challenging as the mixture ahead of

the flame can auto-ignite. In the present work, the method described in [26]

is employed to identify the reference laminar flame, and the corresponding

laminar flame speed is Si = 26.5 m/s. More details of the reference laminar

flame are provided in the supplementary material. It is suggested that for

local reaction fronts with a displacement velocity much larger than Si, re-

action is dominant over diffusion and auto-ignition plays an important role;

while for those with a displacement velocity much smaller than Sl, diffusion

is more significant, and propagating flames prevail. As can be seen from Fig.

4, the most probable value of the displacement speed at plane D is close to

the free-stream velocity Uco, which is much larger than the reference lam-

inar flame speed Si. The reaction front is, therefore, mainly stabilized by

auto-ignition. As the wall-normal distance of the reaction front decreases,

the peak of the PDF shifts to lower values and flame propagation plays an

increasingly important role. It is interesting to observe that the PDF for

plane C has two peaks, indicating the co-existence of the two combustion

modes.

The study of combustion modes is complemented with species budget

analyses. Figure 5 presents the budget terms of H species conditioned in

various regions on the distance function, l, which is defined such that at each

point in the computational domain it signifies the shortest normal distance

to the reaction front, computed by solving the Eikonal equation: IV/1 = 1.
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The value of l is set to zero at c = 0.7, and is negative in the reactants

and positive in the products. The species H is selected as it represents an

important species in hydrogen combustion. It is readily observed that the

reaction term is balanced by the diffusion term at plane A, which confirms

that flame propagation prevails in the near-wall region. As the wall-normal

distance increases, the ratio of the reaction term to the diffusion term is

increased, and auto-ignition is dominant. Therefore, consistent results are

obtained with both the analyses of displacement velocity and species budget.
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Figure 5: Budget terms of H in various regions conditioned on the distance function. RH

is for the reaction term and DH is the diffusion term.

3. 2. Interactions of turbulence and combustion

Next, the statistics of reaction front normal and strain rate tensor are

presented. Figure 6 shows the PDFs of the reaction front normal components

in various regions conditioned on c = 0.7. As can be seen, the most probable

value of nx at plane A is 0 and that of ny is -1, which implies that the

reaction fronts propagate downwards in the near-wall region. As the wall-

normal distance increases from plane A to plane D, the most probable value
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of nx shifts from 0 to -1, so that the probability increases for the reaction

front normal vector to point towards the inflow plane of x = 0. At plane D,

the distributions of nx, ny and n, are close to delta functions at -1, 0 and 0,

respectively, i.e. the ignition front is essentially laminar at plane D.

2

CI 1

0

at 2

0
-1

C
- - ny
— •

t• •

0
ni

2

0

1 0

0
— 1

D

0

Figure 6: The PDFs of front normal components in various regions conditioned on c = 0.7.

Turbulence structures can be described in terms of the strain rate tensor

sip which is defined as = 1/2(014/0x3 + Ou3/Ox2). The three principal

eigenvalues of So are Ai, A2 and A3 with the convention A1 > A2 > A3. Figure

7 shows the PDFs of Ai • a in various regions conditioned on c = 0.7, where

a is the time scale of the reference laminar flame described in Sec. 3.1.

It is seen that A1 (A2) is always positive (negative) at plane A. The results

are consistent with previous DNS of turbulent premixed flames by Wang et

al. [27]. From plane A to plane D with increasing wall-normal distance, the

contribution of heat release to the strain rate increases [27] and the dilatation

V-u becomes positive. Note that V•u equals to the sum of the three principal

eigenvalues of stain rate tensor, i.e. V • u = A1 + A2 + A3. It can be seen

that the main contribution of V • u is A1 at plane D, as expected for laminar

premixed combustion.

The interactions of turbulence and reaction fronts are examined with
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Figure 7: The PDFs of principal eigenvalues of the strain rate tensor in various regions

conditioned on c = 0.7.

respect to the alignments between the front normal vector n and the strain

rate eigenvectors e2, which is denoted as In • ed. The PDFs of In • ei in

various regions conditioned on c = 0.02, 0.7 and 0.95 are presented in Fig.

8. As can be seen, the front normal n preferentially aligns with the most

compressive strain rate e3 at planes A and B on c = 0.02 and 0.95 and plane

C on c = 0.02, where the effect of heat release on flow straining is small

[27, 28]. In contrast, the flame normal aligns with the most extensive strain

rate at planes C and D on c = 0.70 and 0.95, with an increasing role of heat

release rate on the strain rate [29].

3.3. Interactions of wall and combustion

Improved understanding of flame-wall interactions is required for ad-

vanced modeling and design of practical combustion devices. The local

flame quenching and wall heat flux attract considerable research interest

due to their potential impacts on combustion efficiency and safety. In pre-

vious work of laminar flames, the local quenching phenomenon was investi-

gated using two parameters, i.e. the quenching distance k and the corre-
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sponding wall heat flux (13Q. The quenching Peclet number, Pq, is defined

as the quenching distance normalized by the premixed flame thickness 6L,

i.e. PeQ = 6QI6L, and the normalized wall heat flux, Clz„, is defined as

C21. = 0,2/(puslcp(T, — T1)), where pu is the reactant density, S1 is the

laminar flame speed, cp is the specific heat capacity, and T2 and T1 are the

temperature of the products and reactants, respectively, of a laminar pre-

mixed flame with Tl = 77„, and composition from the DNS (this choice is

justified as flame quenching occurs in the near-wall region). In the present

work, the flame-wall interactions are significantly influenced by turbulence,

and head-on quenching (HOQ), side-wall quenching (SWQ) and oblique-wall

quenching (OWQ) occur simultaneously. The identification of flame quench-

ing edges can be problematic. Here, we define the edges of flame quenching

as the intersection of the iso-surfaces c = 0.7 and T = 1100 K. Sensitivity

results of the threshold is provided in the supplemental material.

Figure 9 shows the joint PDF of PeQ and ()1,1 of flame quenching edges.

It can be seen that C212/ is inversely proportional to PeQ, which is in good
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agreement with the trend observed in previous work [2, 3, 30]. Two additional

simulations of one-dimensional HOQ are performed to further explain the

observations. In the first simulation (denoted as 1D-HOQ-A), the initial

temperature profile is set to the mean temperature profile in the wall-normal

direction of the DNS. In this case, auto-ignition occurs in high temperature

regions away from the wall and then the ignition front propagates towards the

wall, quenching at y = SQ. In the second simulation (denoted as 1D-H0Q-

B), a one-dimensional laminar unstrained premixed flame with T1 = 750 K

is used to initialize the calculation, which propagates towards the wall and

quenches at y = SQ. The results of the two simulations are superimposed

in Fig. 9. It is readily observed that the one-dimensional simulation results

agree with the DNS results reasonably well.

1.0

X

0.8

qz)
0.6 •

•
•
•

0.4 • •
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0 2
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4 6

6I 
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Figure 9: The joint PDF of PeQ and 6"ja,. The white dashed line represents conditional

mean. The markers denote results from one-dimensional simulations.

Previous studies suggested that the local quenching phenomenon could

be understood with simple chemistry [2, 31-33], and reactions in the quench-

ing distance were neglected. However, it was found by Gruber et al. [4] that

reactions of intermediate species contribute to heat release in the near-wall
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region. In the present work, significant heat release at the wall is also ob-

served intermittently, depending on the angle between the flame normal n

and the wall normal nw, which is measured with the quantity n • n„. The

relationship of n • n„ = 1 implies that the flame is propagating away from

the wall, which is named as back-on quenching (BOQ) in the present work,

n • n,„ = —1 indicates HOQ, n • n,„ = 0 indicates SWQ, and other values

of n • n,„ indicates OWQ. Figure 10 shows a typical snapshot for HOQ and

BOQ. In Fig. lla, the heat release rate at the wall conditioned on n • n„

and various c iso-surfaces is displayed. As can be seen, the heat release rate

is negatively correlated with n • n„. It can therefore be concluded that the

heat release rate at the wall is the highest when HOQ occurs and the lowest

heat release rate is observed in BOQ.

0.0 0 1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
25 -

20 50 nn

Figure 10: Instantaneous snapshot of HOQ and BOQ. The contours show normalized HRR,

and red arrows denote flame normal. The white dash-dotted line denotes the location of

c = 0.7.

The heat release rate for various elementary reactions is also analyzed. It

is found that three reactions, i. e. 02 + H (+M) <=> H02 (+M) (R9), H + 1102 <=> 20H

(R11) and 011 + H (+M) <=> H20 (+M) (R8), contribute to most of the heat.

Similar trends were observed by Gruber et al. [4]. Figure 11b shows the heat
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Figure 11: Heat release rate conditioned on n • nw and (a) various iso-surfaces of c and

(b) various elementary reactions on c = 0.7.

release rate of various elementary reactions conditioned on n • nu, and c = 0.7.

Again, the heat release from elementary reactions decreases with increasing

value of n • nw.

4. Conclusions

A DNS study of premixed combustion in boundary layer turbulence under

auto-ignitive conditions is conducted in the present work. The inflow of the

reactive DNS is provided by an auxiliary inert DNS of turbulent boundary

layer, which has been validated against existing data in the literature. The

reactants of the DNS are lean mixtures with a high temperature and a short

ignition delay. The main findings of this work are summarized as follows.

First, the complex combustion modes of auto-ignition and flame propaga-

tion are revealed based on the analyses of displacement velocity and species

budget. It was found that the reaction front in the free-stream is stabilized

by auto-ignition and flame propagation plays an increasingly important role

as the wall-normal distance decreases. Second, the contribution of heat re-

lease to the strain rate increases with increasing wall-normal distance, which

has considerable effects on the alignment characteristics between the flame
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normal vector and strain rate tensor. Finally, the flame-wall interactions are

examined and it was found that the wall heat flux is inversely proportional to

the flame quenching distance. Heat release at the wall is evident; the highest

heat release corresponds to head-on quenching while the lowest heat release

corresponds to back-on quenching. These findings are helpful to establish

advance models for flame-wall interactions which will be explored in future

work.
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