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The coupled effect of wall heat loss and viscosity friction on flame propagation and deflagration to detonation tran-
sition (DDT) in micro-scale channel is investigated by high-resolution numerical simulations. The results show that when
the heat loss at walls is considered, the oscillating flame presents a reciprocating motion of the flame front. The channel
width and Boit number are varied to understand the effect of heat loss on the oscillating flame and DDT. It is found that
the oscillating propagation is determined by the competition between wall heat loss and viscous friction. The flame retreat
is led by the adverse pressure gradient caused by thermal contraction, while it is inhibited by the viscous effects of wall
friction and flame boundary layer. The adverse pressure gradient formed in front of a flame, caused by the heat loss and
thermal contraction, is the main reason for the flame retreat. Furthermore, the oscillating flame can develop to a detonation
due to the pressure rise by thermal expansion and wall friction. The transition to detonation depends non-monotonically on

the channel width.

Keywords: micro-scale channel, heat loss, oscillating flame, deflagration to detonation transition (DDT)
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1. Introduction

Flame propagation and deflagration to detonation transi-
tion (DDT) depends strongly on tube diameter/channel width,
so the role of wall conditions is extremely important.l!'=3! In
a relatively macro-scale channel (~ 10 mm or greater), turbu-
lent flame acceleration and reactivity gradient mechanism are
found to be the main reasons for DDT.[*! Previous studies
have indicated that the channel width had effect on flame prop-
agation, the run-up distance, and the mechanism of DDT.[6-7]
However, heat transfer and viscous friction at the walls are im-
portant for flame acceleration and DDT in micro-scale chan-
nels (~ 0.1 mm).['%!"] Akkerman er al.1'?! found that flame
has a oscillating propagation speed due to variations of the
curved flame shape. The wall friction due to viscosity was
critical for the DDT in thin channels and substantiated the
theoretical advances revealing the important role of hydraulic

13141 and detonation velocity deficit.!!3-18!

resistance in DDT!
However, heat loss at walls was usually neglected by assuming
no heat transfer at the pipe surface. In fact, both friction and
heat loss at walls are critical for flame propagation and DDT
in the micro-channel.!'*2?] Recently, Wu et al.!>3! experimen-
tally studied ethylene-oxygen DDT in capillary channel, and
observed oscillating flame at low equivalence ratio.
Recognizing the above worthwhile studies, we note that
in a micro-scale channel, the effects of convective heat trans-
fer at the wall and its coupling with the viscous friction on
the oscillating flames have not been examined. It is not clear
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whether an oscillating flame can develop into detonation. The
goal of this paper is to conduct high fidelity simulations of os-
cillating flames and the transition to detonation in micro-scale
channels by considering the combined effect of wall heat loss
and viscous friction.

2. Governing equations

The conservation equations including the compressible
Navier—Stokes (NS) equations, with advection, diffusion, and
reaction sources, are given by

2(p)  dpu) _
o " om W
8 u; 8
(gt )"’_W(p”iuj“"sijl’_g'j):ov (2)
j
O (oo
5 pe Epu,l/t,
d 1
+c97xj P”jh+§p”iuiuj+6j_”iCij =0, 3
oNpY) 0 [y 1Y
ot +8xj(pul Sc dx;
= —Ap’Y exp(—Ea/RyT), )
p=pR,T /M. (5)

Here, p, p, u, and T are the density, pressure, velocity,
and temperature, respectively; Y is the mass fraction, e =
QY + CyT = QY +RpT/(y— 1) is the internal energy, and
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h= QY +C,T = QY +RyTy/(y—1) is the enthalpy, all of
which are functions of space x and time ¢. Furthermore, Q is
the heat of reaction, Cy and C,, are the specific heats at constant
volume and constant pressure, respectively, Rj, is the ideal gas
constant, M is the molar mass, 7 is the adiabatic exponent, and
E, and A are the activation energy and pre-exponential fac-
tor of the assumed one-step overall reaction, respectively. The
stress tensor §;; and the energy diffusion vector o; are respec-

tively given by
. aui Quj 2 8uk
Cz;-ﬂ(axj+ 8)6,' _3M611>a (6)
-~ G JdT QJY
O-JI'L<Pr dxj Sc axj)' ™

Here, it = pv is the viscosity coefficient, v is the kinematic
viscosity, Pr =0.75 and Sc = 0.75 are the Prandtl and Schmidt
numbers, respectively, and &; ; is the Kronecker delta. The
flame thickness is defined as fj = v/PrS), where S| is laminar
flame speed. The Reynolds number is defined as Re = Sid/ v,
where d is the channel width.

A wave of premixed gas combustion spreading from the
closed and open-ended channel is studied by direct numerical
simulation of the two-dimensional Navier—Stokes equations
for a compressible reactive flow. The energy release rate is
modeled by one-step Arrhenius kinetics, which is assumed to
be of the first order with respect to the deficient reactant and
of the second order with respect to the density. This reaction
rate is very fast so that rapid heat release is easy to produce a
transition from a flame to a detonation.

To numerically solve the governing equations, we apply
fifth order local characteristics based on the weighted essen-

tially non-oscillatory (WENO) conservative finite difference
scheme!?*! to discretize the advection term and the sixth order
central difference to the diffusion term, with third order total
variation diminishing (TVD) Runge—Kutta time discretization.

3. Physical model and specifications

The computational domain is a two-dimensional (2D)
channel. The channel width W is 2f;, 4f}, 81, and 16fj, re-
spectively, while the channel length is 1200 fj. A planar flame
initiated by a weak ignition source is set at the left, with an
expansion ratio of 10. In the unreacted mixture, the initial
velocity, temperature, and pressure are 0.0 m/s, 300 K, and
1 atm, respectively. The physical model is shown in Fig. 1 and
the mixture parameters are given in Table 1. The left is closed,
while the right end is non-reflection boundary condition. Both
the upper and lower boundaries are described by non-slip walls
with adiabatic and heat-loss boundary conditions. The thermal
loss at the left and right ends is neglected because the channel
is very narrow. For adiabatic wall, there is dT/dy = 0; while
dT /dy = —Bi(T —Ty) for heat conducting walls, where Bi is
Biot number denoting heat loss. In the following simulations,

Bi is respectively 0, 7.5, and 10, which were used by Kagan et
al 4191

l flame begins  fuel

fuel
mixture

burnt matter

propagation mixture

Fig. 1. Physical model.

Table 1. Thermo—physical properties of the gaseous mixture, 1]

Y 0Kg™! E, po/Pa To/K

Ho/m?-s~1 Le Pr fi/m

Si/m-s~!

13 18R, Ty/M 20R, T 105 300

2.6x1074 1 0.75

6.5%x107 48

4. Results and discussions
4.1. Flame propagation with heat loss at walls

To verify grid convergence of the viscous detonation, we
use the grid resolutions of 20 pts/fi, 40 pts/fi, and 60 pts/f; to
solve the NS solution for the case with W = 8f; and Bi = 7.5.
Figure 2 shows that for the lower grid resolution, the solution
differs obviously from those with higher resolution. However,
the flame propagation with 40 pts/f; is consistent with those of
60 pts/ fi, indicating that 40 pts/f; is able to describe the entire
process of DDT.

The temperature and pressure profiles along the wall are
extracted at 5y / fj = 189.5, as shown in Fig. 2(b). It is seen that
as the pressure wave becomes strong and the gradient forms,
there are sufficient grid points to capture the temperature and
pressure gradients. Hence, the present grid resolution is valid
for DDT. The grid resolution of 40 pts/f; is used for the fol-

lowing simulations. In the previous work of Wang et al.!>!
and Han et al.,l!7! the verification of grid resolution was done
and demonstrated that good grid convergence can be obtained.

It is seen that in the process of flame propagation, oscil-
lating motion occurs during ¢S/ fi ~ 125-200, resembling the
observation in Ref. [21]. The oscillating flame eventually de-
velops to a detonation at ¢S}/ fi ~ 207.5. In the simulation, the
open end is set as a non-reflection boundary condition so that
the disturbance is not reflected from the end. Consequently, it
is known that the backward motion of the flame front should
be caused by the contraction resulting from the heat loss at
walls. As the flame initially advances, the amount of heat
loss at walls increases due to the longer high-temperature
region at the walls. The flame decelerates and induces an
expansion wave ahead of it, leading to an adverse pressure

gradient in the upstream field. As a result, the reverse flow

074704-2



Chin. Phys. B  Vol. 28, No. 7 (2019) 074704

Sub-
sequently, during #S;/f; ~ 40-125, the reverse flow caused

in the upstream is observed, as shown in Fig. 3(a).

by the thermal contraction makes the fuel in the vicinity of
the flame front flow inversely into the combustion front; the
heat release balances the heat loss so that the flame propa-
gates steadily. At 1S/ f; ~ 125-200, the front elongates and
the combustion temperature is higher; therefore, the accumu-
lated heat loss renders it to decelerate and then retreat; the
retreated flame is shortened and the combustion temperature
decreases, which reduces the amount of heat loss at the wall.
The thermal contraction is weakened, and the flame advances
again due to the viscosity friction at the wall. Due to viscos-
ity friction at walls, the flame surface near walls is extended
so that the flame head appears near the walls, leading to the
increase of the flame surface. Consequently, the increase of
the flame area can enhance the heat release and makes the
flame advance. Another role of viscosity friction is to enhance
the temperature in the gas near walls and to shorten the ig-
nition delay time. This enhances the burning rate of the gas
near walls, which makes the formed flame head near walls
go forward fast. Consequently, the oscillating flame forms,
owing to the coupled role of thermal contraction and viscosity
friction. The flame structure resembles globally the character-
istics obtained by Akkerman er al.!'?! and the unreacted gas
in the gaps between the front surface and sidewalls is injected
into the flame as it burns and the part that turns upstream can

|
sook 10 pts/ fi @)
oo 20 pts/fi i
————— 10 pis/ fi i
_ 150} ;
o~ [ l
~ 1
< -
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Fig. 2. Convergence of relative grid resolution for W =8 f; and Bi =17.5;
X, denotes the flame-tip position that is defined as the flame surface at
the center of the channel. (a) Flame tip vs. time for different grid resolu-

tions; (b) the number of points in the pressure gradient atzS;/fi = 189.5.

make the hump thrust, as shown in Fig. 3(b). The oscillat-
ing motion produces a complicated flow in the vicinity of the
front, as shown in Fig. 3. The circulation flow in the flame
is produced by the interaction of the positive-direction flow
in the downstream with the reverse flow in the upstream, as
shown in Fig. 3(e). This whirl flow significantly enhances the
combustion rate of the preheated gas near the boundary layers,
and the front near the boundary layer hence accelerates rapidly
and develops toward the internal domain; the flame surface
extends substantially. Simultaneously, the upstream flow near
the boundary layers becomes positive-direction. The flame ex-
tends and moves forward, as shown in Fig. 3(f).

y/f

y/h

y/h

y/h
II\

Jl

y/f

y/h

150 160 170 180

oo .- |

1.01.214161820222426283.0323436384.0424446438
Fig. 3. Temperature contours in different stages: ¢S;/fj = (a) 59.7, (b)
195.4, (c) 196.5, (d) 197.6, (e) 200.0, and (f) 201.2.

4.2. Effects of channel width and Bi number on flame
propagation
Figure 4 shows the flame-tip position and flame speed as a
function of time for different channel widths and Bi numbers.
As W = 81 is fixed, the adiabatic flame for Bi = 0 acceler-
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ates and transits directly to a detonation. For Bi = 7.5, the
oscillating flame appears; at ¢5)/ f; ~ 200, the velocity jumps
abruptly to ~ 390 (overdriven) and then decays to ~ 300. This
may imply that in some situations, a locally strong oscillation
in flame propagation can trigger the transition to a detonation.
For Bi = 10, however, the flame accelerates more slowly in
the initial stage. It begins to retreat at #5;/ f; ~ 20 and then re-
treats oscillatorily. Eventually, DDT does not occur, as shown
in Fig. 4. Therefore, the increase of Bi number reduces the
flame acceleration rate during the initial period and suppresses
the transition to a detonation.

400_- — W=38f, Bi=0 (a)
i W=28f, Bi="1.5
L —— W=2f;, Bi=10
[  —— W=4f, Bi=10
300 w—8f, Bi=10
- | — W=16f, Bi=10
= L
E 200
100 F
0 - —— 1 | S S T T |
50 100 150 200
tSl/fl
(b)

300

200

D/S

100

RUILEERRRRREREE RS

50 100 150 200
tSl/fl

Fig. 4. Flame tip position as a function of time for different channel
widths and Bi numbers. D, D¢y, and ¢ are respectively flame speed,
Chapman—Jouguet (CJ) velocity, and sonic speed in unreacted mixture.
The lines in panel (b) correspond to the same color in panel (a).

At a fixed Bi = 10, an increase of the channel width
changes flame propagation and the occurrence of DDT. For
W = 2£i, heat loss arrests the flame propagation, causing it to
quench eventually. The unreacted gas ahead of the flame flows
backward into the front due to the adverse pressure gradient.
The effective heat release is not enough to sustain the flame
and eventually the flame quenches, as shown in Fig. 5(a). For
W = 4f,, the reverse flow behind the front forms due to the
wall heat loss. Approximately 50% of the product goes back-
ward, and, for this reason, the flame acceleration rate is lower

than that of the case without heat loss. Due to considerable
elongation, the flame can still accelerate and develop to deto-
nation. This indicates that the role of viscosity friction in flame
elongation and flame acceleration is dominant in this case. For
W = 8fj, the stagnation plane behind the flame front shifts to
the flame tip because the flame elongation is not enough to
compensate for the negative effect led by heat loss, although
the viscosity effect makes the flame elongated by the same
length as that in the channel of W = 4f]. As a result, the front
starts to retreat at x,/f; ~ 125 and almost stops after several
oscillations. Eventually, DDT does not occur. For W = 16f;,
the occurrence of oscillating flame is delayed, as compared
with W = 8fj. The flame begins to retreat at x,/fi ~ 160 and
then propagates oscillatorily. Eventually, DDT occurs after a
strong oscillation. In the wider channel, the role of heat loss
and viscosity at walls in the flame acceleration is diminished.
However, the flame can still accelerate due to hydrodynamic
instability, although the stagnation plane shifts further to the
flame tip, as shown in Fig. 5(d). Note that for Bi = 10, the
wider channel of W = 16f] has earlier occurrence of DDT,
compared to W = 8] and Bi = 7.5. This is reasonable because
for the wider channel, the heat-loss effect is weaker, while the
hydrodynamic instability and viscosity is more important.

2

/7 R ____

101214161820222426283.0323436384.0424446438

Fig. 5. Temperature contours and streamline in the stage of acceleration
for Bi = 10: (a) 2f1, (b) 4£1, (¢) 811, and (d) 16f;.

In summary, previous studies!!>?%27] indicated that dur-
ing the flame acceleration phase, the whole new volume of the
gas was pushed forward in the direction of the flame propaga-
tion. However, in the present simulation, a part of the product
gas has reverse flow due to the heat loss at walls, which de-
pends on the channel width.
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4.3. Formation of oscillating flame and DDT

In this section, we choose the case of W = 16f; and
Bi = 10 to reveal in more details the formation of the oscil-
lating flame and DDT by inspecting the evolution of frontal
structures and flow field. In the initial stage of oscillations,
the flame shape and streamlines in the vicinity of the front are
shown in Fig. 6. It is seen that at £S;/f; = 27.6, the flame
surface is convex and more burnt gas behind the front goes
backward due to thermal contraction. Consequently, the flame
decelerates and induces an expansion wave ahead of it. As a
result, the reverse flow in the upstream mixture forms due to
the interaction of the expansion wave, which further makes the
flame slow down and retreat; see Figs. 6(c), 6(d), and 6(e). As
the flame goes back constantly, the amount of effective heat
release decreases. At 1S/ fi = 45.6, the front goes back to
x ~ 120, and subsequently, the front near the boundary lay-
ers stops and the reaction rate is strengthened due to the wall
friction. At £S;/fi = 50.3, the front near the boundary layer
thrusts forward, with a large cusp; see Figs. 6(f) and 6(g).
Consequently, the flame surface extends substantially and the
effective heat release increases considerably at 15,/ fi = 49.7.
As the flame advances, the gap forms between the flame front
and sidewalls at 151/ fj = 52.9; see Fig. 6(h). The gas in the
gap is preheated due to viscosity friction, thereby enhancing
the reaction rate. This effect makes the front near the wall

y/fi

100 120 140 160

y/h

y/h

100 120 140 160

y/h

100 120 140 160

y/ fi

80 100 120 140
z/fi

further accelerate. At 1S/ fi = 55.5-56.8, the flame acceler-
ates globally and induces the pressure wave. While the un-
burned gas confined in the primary tulip cusp flows backward,
the cusp moves forward, as shown in Figs. 6(i) and 6(j). The
flame surface area decreases such that the released heat is not
sufficient to meet the accumulated heat loss. The flame re-
treats again. Akkerman ef al.!'?! indicated that coupled role
of thermal reaction and flow at the cusp caused oscillation of
the flame speed, while it did not lead to reciprocation of the
front motion. In their simulation, the heat transfer at walls
was not considered, and the oscillating flame speed is caused
by a “competition” between inertial force leading to the flame
oscillations and the viscous force resulting in the flame accel-
eration. The study indicated that the inertial effects are im-
portant in the initial stage, while the viscous force dominates
for self-similar flame acceleration at later stages. However,
as the heat transfer is introduced, the oscillating flame results
from the competition between the thermal contraction caused
by heat loss and acceleration from viscosity friction. The burnt
gas first expands at the flame front, but then the gas volume
contracts because of the thermal loss to the walls. The volume
contraction produces a flux in the direction of the burnt matter.
In summary, in the initial stage, the flame retreat is mainly due
to the accumulation of heat loss at walls as the flame elongates.
The oscillating flame will be discussed later in more detail.

y/fi

80 100 120 140

y/h

80 100 120 140

y/ h

80 100 120 140

y/h

80 100 120 140
z/fi

oo - |

101214161820222426283.03234363840424446438

Fig. 6. Temperature contours and streamlines in the initial stage of oscillating flame: 75,/ f; = (a) 22.4, (b) 28.1, (c) 32.7, (d) 34.7, (e)

45.6, (f) 49.6, (g) 50.3, (h) 52.9, (i) 55.5, and (j) 56.8.

074704-5



Chin. Phys. B  Vol. 28, No. 7 (2019) 074704

Figure 7 shows the pressure profiles at the centerline and
wall in the vicinity of flame fronts shown in Fig. 6. We observe
that at 1S/ fj = 22.4 — 32.7 during which the flame retreats, the
pressure decreases globally and the inverse pressure gradient
presents due to heat loss. Note that at 51/ fj = 55.5, the oscil-
lating flame accelerates rapidly and the positive pressure gra-
dient steepens, indicating that a compression wave can form
in front of the flame. The interaction of the compression wave
produces a positive feedback mechanism for the transition to
a detonation.

1.1

tSl/fl =224

1.0
o
[s%
~
& 32.7
0.9}
_5_2:/\
0.5l 503
Y R ———
R0 100 120 40 160

z/fi

Fig. 7. Pressure distributions along the axis (red line) and the wall (blue
line) near the flame fronts.

The flame shape and streamline are similar to that in the
case of W = 8f; and Bi = 7.5, as shown in Fig. 8. From
Fig. 8(a), the flame front globally starts to decelerate and the
front near the boundary layer decelerates more significantly;
see Figs. 8(a) and 8(b). Consequently, the front near wall
first retreats, while the cusp in the middle still propagates for-
ward, leading to the reduction of the flame surface. Conse-
quently, the global front retreats at z5;/f; = 114.5 and 145.9;
see Figs. 8(b) and 8(c). As the retreat decelerates and even
stops, the circulation flow forms and leads to the burnt gas in
the middle flame to the boundary. The flame near the boundary
layer thrusts forward. The gas near the sidewall flows forward
and turns to the middle, and then reflows into the tulip cusp
due to the interaction of the reverse flow in the far upstream;
see Fig. 8(d). As the flame accelerates globally, the positive-
direction flow is amplified substantially so that it can offset
the reverse flow far upstream at zS;/f; = 149.1; see Fig. 8(f).
The gas confined in the tulip cusp still goes backward and fur-
ther leads to the retreat of the cusp. As a result, the global
flame extends substantially and the flame surface increases;
see Fig. 8(g). Eventually, the flame can accelerate globally due
to the large amount of heat released. For a wider channel, the
frontal structure has more complicated evolution, compared
with W = 8f; and Bi = 7.5. The elongation of the cusp is
much larger during the oscillating stage, and hence the oscil-

lating frequency is obviously lower, compared with W = 8§ f;
and Bi =7.5.

z/fi

220 240 260 280

y/fi

y/fi

y/fi

200 220 240 260

y/fi

y/h

y/fi

240 260 280
z/fi
yo-se |

1012141618202224262830323436384042444648

Fig. 8. Flame structure and streamlines in the oscillating flame: 5,/ fi =
(a) 143.8, (b) 144.5, (c) 145.9, (d) 147.4, (e) 148.3, (f) 149.1, and (g)
150.0.

Fig. 9. Onset of detonation for W = 16f; and Bi = 10.

As the oscillations become stronger, the flame pulse in-
duces a pressure wave that constantly compresses and preheats
the gas mixture ahead it, reducing the induction time, as shown
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in Fig. 9. As the strongly oscillating flame accelerates forward,
local explosion in the gap between the flame surface and walls
can be triggered due to wall friction, and eventually develops
into detonation; see Fig. 9.

5. Conclusions

This work has numerically examined the flame propaga-
tion and DDT in a micro-scale channel with both viscous and
heat loss effects at the walls. As the heat loss at the walls
is introduced, the flame propagates oscillatorily, which is at-
tributed to the competition between the flame elongation in a
viscous boundary layer and the heat loss effects. It is found
that the flame retreat is caused by the adverse pressure gradi-
ent due to the heat loss and thermal contraction. The net result
of flame retreat and acceleration leads to an oscillating motion.
The oscillating flame is likely to develop to a detonation due
to the pressure rise by thermal compression and wall viscous
friction. The occurrence of DDT depends non-monotonically
on the channel width.

U9 have used the reaction model of n = 2

Kagan et al.
to investigate the transition from a flame to a detonation in
The studies*!7-?8] indicated that DDT is more

likely to occur when the reaction level of n = 2 is considered,

a channel.

while it takes long time and distance for monomolecular reac-
tion kinetics (n = 1). The present reaction model is valid for
DDT because this study pays more attention to the physical
mechanism, and the chemistry mechanism is relatively weak.
Chen et al.®*! and Pan et al.’%3! demonstrated that for su-
per knocking in a combustion chamber, the detailed chemistry
needs to be used to describe the autoignition and DDT. Fur-
thermore, for some fuels with multi-stage ignition behavior
and low-temperature chemistry, the real chemistry needs to be
considered for DDT in a micro-channel. This merits study in
future works.

For the effect of the ignition method, Kagan et al.!"! indi-
cated that the planar ignition and point ignition causes a differ-
ence in the initial flame propagation, while the global trend is
uniform for these two ignition methods. Under the point igni-
tion, the flame initially assumes a nearly spherical shape, and
the flame undergoes an acceleration noticeably stronger than
in the case of planar ignition. The flame velocity reaches its
local maximum when the flame touches the wall. Note the os-
cillatory character of the incipient dynamics under isothermic

boundary conditions. The change from planar to point igni-
tion results in the enhancement of the incipient acceleration of
the flame and slight reduction of the predetonation time and
distance.
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