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Flame Acceleration in Narrow Channels: Applications
for Micropropulsion in Low-Gravity Environments

Vadim N. Gamezo* and Elaine S. Oran’
Naval Research Laboratory, Washington, D.C. 20375

A laminar flame propagating toward the open end of a narrow channel filled with a gaseous combustible mixture
can accelerate or oscillate, depending on the wall temperature and the channel width. The accelerating flame is able
to produce a high-speed flow that has the potential to provide significant thrust. We study these phenomena using
multidimensional reactive Navier-Stokes numerical simulations, and show that for adiabatic walls, the maximum
flame acceleration occurs when the the channel is about five times larger than the reaction zone of a laminar flame.
In three-dimensional square channels, the flame speed increases roughly two times faster than in two-dimensional
channels. The accelerating flame generates weak compression waves that propagate with a local sound speed and
can accelerate the unreacted material ahead of the flame to velocities close to the speed of sound without creating
strong shocks. This combustion regime is of particular interest for micropropulsion because it allows efficient use

of fuel and gradual development of thrust.

I. Introduction

HIS work is based on a micropropulsion idea generated from

a relatively recent discovery concerning the behavior of lami-
nar flames propagating in very narrow tubes. When a slow laminar
flame is ignited near the closed end of a tube, the material ahead of
the flame is accelerated and a boundary layer is formed along the
walls in the unreacted material. Due to the presence of the boundary
layer, the flow velocity changes across the channel, increasing from
zero at the wall to a maximum in the middle of the tube. Previous
simulations'~* have shown that the nonuniform flow stretches the
flame, so that the shape of the flame becomes similar to the velocity
profile. This increases the flame surface area, thus accelerating the
energy generation and the flow. There is little change in the laminar
burning rate, but the speed of the flame that propagates with the flow
grows very rapidly in the laboratory frame of reference, from cen-
timeters per second to hundreds of meters per second for adiabatic
walls.

This flame-acceleration phenomenon, explained by Ott' and Ott
et al.,>? is different from the well-known case of flame propagation
in a channel with cold walls where the flame quenches near the walls,
and the flame velocity oscillates. These oscillating flames were orig-
inally reported in the classical work of Mallard and Le Chatelier*
and recently studied in experiments.>® Flame propagation in adia-
batic and nonadibatic channels was also studied in recent theoretical
and numerical work.”~®

Here we consider regimes in which the flame propagating in a
narrow channel remains laminar, and no strong shocks or detona-
tions are present. Such regimes are of particular interest for micro-
propulsion because the high-speed flow created by the accelerating
flame could provide significant thrust that could be further enhanced
by attaching an appropriately shaped exit nozzle. The thrust would
gradually increase as the flame and flow accelerated, and reach a
maximum when the flame approached the open end of the tube or
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the nozzle. In contrast to the majority of other combustion-based
propulsion concepts, most of the thrust here can be provided by ma-
terial accelerated ahead of the flame. Therefore, a propulsion device
could only be partially filled with a combustible mixture. The rest
of the material can be an inert gas or combustion products from a
previous pulse.

This micropropulsion concept is of particular interest for low-
gravity environments, where relatively small, controlled thrusts
could be used for navigational corrections. In such cases, there might
not be a need for the high repetition rates required for pulse com-
bustion and pulse detonation engines.

The purpose of this paper is to confirm original results'~ and
to carry the study further to examine the possibility of using flame
acceleration in narrow tubes for micropropulsion. As a model ener-
getic system, we consider the same stoichiometric acetylene-oxygen
mixture used in Ref. 3, perform numerical simulations for two-
dimensional and three-dimensional channels of different widths and
lengths, and analyze effects of channel sizes on integral propulsion
characteristics.

II. Numerical Model Development

The basic idea of this work comes from previous computational
studies' 3 carried out with a fully compressible reactive fluid dy-
namics code that used a high-order flux-corrected transport algo-
rithm and a uniform mesh. The code was implemented on a mas-
sively parallel computer with a special architecture that has since
become obsolete.

Therefore, the first step in this new project was to reproduce se-
lected computations with the latest computational technology, suit-
able for parallel computations on currently available computers.
Now we are using an explicit, second-order, Godunov-type code'*!!
that solves reactive Navier—Stokes equations:
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Here p is the mass density, U is the fluid velocity vector, E is the
energy density, P is the pressure, Y is the unburned mass fraction,
K 1is the thermal conduction coefficient, D is the mass diffusion
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coefficient, ¢ is the chemical energy release, and w is the reaction
source term. The viscous stress tensor is defined as

t = pv[2(V- D) — (VU) — (VD)'] 2)

where v is the kinematic shear viscosity, [ is a unit matrix, and the
superscript T indicates matrix transposition.
The equation of state is that of an ideal gas,

P =pRT/M, E=P/(y — 1)+ pU?/2 (3)

where y is the adiabatic index, R is the universal gas constant, and
M is the molecular weight. The chemical source term describes
first-order Arrhenius kinetics:
dy
dt

. 0
w = A,oYexp( RT) “)
where A is the preexponential factor and Q is the activation energy.
Taking the reaction rate w proportional to p accounts for the bi-
nary nature of chemical reactions taking place in real combustion
systems.

Molecular transport coefficients are functions of temperature:

v=u(T"/p), K/pCp=1o(T"/p) (5)

where vy, Dy, and k; are constants, C,, = Yy R/M (y — 1) is the spe-
cific heat at constant pressure, and n = 0.7 models the temperature
dependence typical of these coefficients in reactive hydrocarbon
systems.

The equations are solved on a dynamically adapting Cartesian
structured mesh using a direction-splitting approach for multidimen-
sional solutions. The adaptive mesh refinement (AMR) increases
numerical resolution in the vicinity of important flow features, such
as flame fronts, shocks, and boundary layers, reduces the comput-
ing time for two-dimensional simulations, and allows us to solve
the problem in three dimensions in a reasonable amount of time.
This code has been extensively tested on a variety of combustion
problems,''=!3 including flame—shock interactions and boundary-
layer effects. The code was modified for this project to incorporate
additional calculations of integral propulsion characteristics, such
as mass outflow, thrust, and specific impulse.

We have performed a series of resolution and mesh-refinement
tests and tuned the AMR to make sure that the important flow fea-
tures are well resolved. The simulations were carried out using two
levels of mesh refinement with the fine mesh applied in the vicinity
of the flame front. The cell sizes for these two levels differ by a
factor of 2. The minimum computational cell size was varied from
0.002 cm for larger channels to 0.0005 cm for smaller channels
to ensure an adequate resolution of velocity gradients. The com-
putational results obtained for different numerical resolutions are
compared in the next section.

We then considered a model for the same energetic system (a
low-pressure stoichiometric acetylene—oxygen mixture defined in
Table 1), the same geometry (shown in Fig. 1), and the same bound-
ary conditions (adiabatic wall) used in the original study.’ The re-
sults show and thus confirm the same mechanism of flame acceler-
ation induced by the boundary-layer effect. Therefore, even though
there is still no direct experimental evidence for this mechanism,
the existence of the phenomenon has been confirmed by two inde-
pendent numerical codes that implement the same physical model
in two different ways.

D =Dy(T"/p),

symmetry plane

boundary layer

solid wall

solid wall

Fig. 1 Problem geometry. The flame front is shown at the initial time
to and at later times #; and #,.

Table 1 Material and chemistry parameters for stoichiometric
acetylene-air mixture

Parameter Value Definition

To 293 K Initial temperature

Po 1.33 x 107 erg/cm? Initial pressure

0 1.58 x 107* g/em? Initial density

y 1.25 Adiabatic index

M 29 g/mol Molecular weight

A 102 cmi/g - s Preexponential factor

0 293RTy Activation energy

q 35.0RTo/M Chemical energy release
vo=po=Dp 1.3x107%g/s-cm-K%7  Transport constants in Eq. (5)
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Fig. 2 Time sequence of unburned mass fraction plots showing the
evolution of a laminar flame in two-dimensional half-channel for
L=1.024 cm and d/2 = 0.064 cm. The minimum computational cell size
is 0.001 cm.

III. Two-Dimensional Results

The problem geometry is similar to that used in Ref. 3 and is
shown in Fig. 1. We modeled half of a channel, applying a no-slip
reflecting boundary condition at x =0 and a symmetry condition
at d/2, where d is the channel width. Two channel lengths L were
considered: 1.024 and 8.192 cm. The channel width d was varied
from 0.0128 to 1.024 cm, or from 1 to 80 in units of the laminar
flame thickness x; defined below.

The channel was filled with a low-pressure (100-Torr) stoichio-
metric acetylene—oxygen mixture, parameters for which are defined
in Table 1. The laminar flame speed for this mixture is 1.53 m/s.
The laminar flame thickness x;, defined as the distance between the
planes Y =0.2 and Y = 0.8, is 0.0128 cm. This value is about two
times smaller than the flame thickness defined through the maximum
temperature gradient and used in Ref. 3.

A planar laminar flame was ignited near the closed end of the
channel by placing a 0.01-cm-thick layer of hot burned material
at adiabatic flame temperature near the left boundary. The initial
discontinuity between burned and unburned materials was spread
by molecular diffusion, heat conduction, and chemical reaction and
evolved into a self-consistent flame during the first few thousand
timesteps, or about 0.2 x 10~ s of physical time.

Details of the flame evolution for L =1.024 cm and d/x; =10
are shown in Fig. 2. The flame propagation in this narrow channel
is affected by the velocity gradient in a boundary layer that forms
along the wall ahead of the flame. This boundary layer develops
in the flow of unburned material induced by the expansion of the
burning gas. As the boundary layer forms, the flow velocity changes
across the channel, increasing from zero at the wall to a maximum
in the middle of the tube. The nonuniform flow stretches the flame
so that the shape of the flame becomes similar to the velocity profile.
This increases the flame surface area, thus accelerating the energy
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generation and the flow. There is little change in the laminar burning
rate, but the speed of the flow ahead of the flame, and the speed of the
flame that propagates with the flow, grow rapidly in the laboratory
frame of reference to about 55 m/s at the end of the channel, as
shown in Fig. 3. The curves in Fig. 3 correspond to three different
numerical resolutions used in this paper and show only a minor
resolution effect on the outflow velocity.

A typical calculated flowfield in the vicinity of the accelerating
flame in Fig. 2 is shown in Fig. 4. The flow features include the
curved flame surface, the boundary layer near the bottom wall, the
fast-moving unburned material ahead of the flame, the relatively
slow-moving burned material behind the flame, and the velocity
gradient inside the tip of the flame that ensures the growth of the
flame surface area. These results show the same mechanism of flame
acceleration induced by the boundary-layer effect as was reported
in Refs. 1-3.

We repeated the simulations for different channel widths and a
constant L =1.024 cm. Figure 5 shows the maximum outlow ve-
locity as a function of scaled channel width. For channel widths
comparable to the flame thickness, d ~ x;, the flame remains prac-
tically one-dimensional for the entire time it travels down the chan-
nel. As d becomes larger, however, so that d > 2x;, boundary lay-
ers begin to affect the flow, and the flame and flow velocities in-
crease. The maximum flame acceleration occurs for d/x; =5, and
the outflow velocity in this case reaches 100 m/s. For wider channels,
the flame acceleration decreases because the part of the flame sur-
face initially affected by the developing boundary layer is smaller,
and the maximum outflow velocity for a fixed channel length
decreases.
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Fig. 3 Maximum outflow velocity at the right boundary calculated for
two-dimensional half-channel 1.024 x 0.064 cm for different numerical
resolutions. Minimum computational cell sizes: ——, 0.002; - - - -, 0.001;
and - - - -, 0.0005 cm.

In longer channels, where the flame and the boundary layer have
more time to develop, the flow can eventually accelerate to the sound
speed. For example, the simulations performed for L =8.192 cm
and d /x; = 5 predict the maximum outflow velocity 370 m/s, which
is close to the sound speed in the unburned material. A time sequence
of pressure and flow velocity profiles for this case is shown in Fig. 6.
The pressure and velocity increase between the open end of the
channel (x = 8.192 cm) and the flame, and then drop in the reaction
zone. The velocity becomes negative, and then increases to O at the
closed end (x = 0) as the boundary condition requires. The pressure
slightly decreases in the reaction zone and behind the flame, but it
is still high enough to reverse the flow in positive direction at later
times, after the flame reaches the open end.

Pressure, velocity, and their gradients ahead of the flame increase
with time because of compression waves generated by the energy
release. In a longer channel or in a more energetic system, the
compression waves may converge to a strong shock, but this does
not occur for the reactive mixture and channel sizes considered
here.

IV. Three-Dimensional Results

The computational setup for three-dimensional simulations was
similar to the two-dimensional geometry shown in Fig. 1. The com-
putational domain covered a quarter of a square channel and was
bounded by no-slip adiabatic walls at y = 0 and z = 0 and symmetry
boundaries at y and z =d /2. We considered four channel lengths,
1.024, 2.048, 4.096, and 8.192 cm, and varied the scaled channel
width d /x; from 2.5 to 20. We used the same reactive mixture as for
two-dimensional simulation. Simulations were stopped when the
flame reached the open end of the channel.

The evolution of the full three-dimensional flame surface for
L =1.024 cm and d/x; =5, 10, and 20 is shown in Fig. 7. For
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Fig. 5 Maximum outflow velocity calculated for the fixed channel
length 1.024 cm as a function of channel width scaled by the laminar
flame thickness 0.0128 cm.
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Fig. 4 Unburned mass fraction Y with superimposed velocity vectors, longitudinal velocity V., and transverse velocity V), in the vicinity of an
accelerating flame in two-dimensional half-channel 1.024 X 0.064 cm. Shown is the part of the computational domain 0.5 X 0.064 cm adjacent to the

right (outflow) boundary. Time 3.1 X 10~ s after ignition.
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Fig. 6 Time sequence of pressure and longitudinal velocity profiles at the symmetry line of a two-dimensional half-channel 8.192 x 0.032 cm. Time
changes from 0 to 5.66 X 10~ s with increment (2.5-3.5) X 10~¢ s between profiles. Profiles A correspond to 5.66 X 10~4 s.

Fig. 7 Evolution of the flame surface in full three-dimensional channels of different widths and L =1.024 cm. Numbers 5, 10, and 20 are scaled
channel widths d/x;. Flame surfaces are shown at 0, 0.98 x 10~4, and 1.59 x 10— s for d/x; =5; at 0, 0.74 x 10—, and 2.19 x 104 s for d/x; = 10;
and at 0, 1.50 x 10~4, and 2.97 x 10~ s for d/x; = 20.
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Fig. 8 Outflow velocities computed for two- and three-dimensional channels: a) outflow velocity profiles at the time when the flame reaches the open
boundary and b) maximum outflow velocity as a function of time. The channel length is 1.024 cm, and the channel half-width is 0.064 cm (d/x; = 10).
The three-dimensional velocity profile is shown for the symmetry plane. Maximum velocities in plots a and b are the same.
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Fig. 9 Integral propulsion characteristics calculated for 1.024-cm-long three-dimensional channels. Numbers 5, 10, and 20 are scaled channel widths.
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the narrowest channel (d/x; =5), the initially planar flame surface
becomes convex in the middle of the channel shortly after the igni-
tion. As the flow accelerates and interacts with boundaries, the flame
stretches along the channel, so its shape roughly mimics the longi-
tudinal velocity profile. For a larger channel (d/x; = 10), the flame
surface becomes slightly concave in the middle of the channel, and
then quickly develop a regular convex shape. For the largest chan-
nel (d/x; = 20), the flame surface develops a concave cavity in the
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vicinity of symmetry planes that remains until the flame reaches
the end of the channel. Similar concave flames were observed in
two-dimensional simulations and analyzed in Ref. 1. They appear
at initial stages of flame development in larger channels, when the
boundary layer thickness is small compared to the channel width,
and disappear with time if the channel is long enough.

The flame and the flow acceleration in three-dimensional channels
is significantly more efficient than that in two-dimensional channels
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Fig. 10 Integral propulsion characteristics calculated for channel half-width 0.064 cm (d/x; = 10). Numbers 1, 2, 4, and 8 correspond to channel

lengths 1.024, 2.048, 4.096, and 8.192 cm.
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due to the additional boundary-layer effect of side walls in the third
dimension. The surface area of a flame distorted in three dimensions
grows faster than in the two-dimensional case, thus causing a faster
increase of the energy release rate and the flow velocity. Figures 5
and 8 show that the maximum outflow velocity reached in three-
dimensional channels was up to two times higher than that in two-
dimensional channels of the same size.

The outflow velocity as a function of distance from the no-slip
wall is shown in Fig. 8a for two- and three-dimensional cases at the
time when the flame reaches the open end of the channel. The two-
dimensional profile is a little flatter in the middle of the channel than
the three-dimensional profile, but in both cases the outflow speed is
high across a substantial part of the channel cross-section (~0.7 for
two-dimensional and ~0.5 for three-dimensional), thus providing
significant thrust.

The integral propulsion characteristics calculated for three-
dimensional channels of fixed channel length, 1.024 cm, and vari-
able cross-sections are summarized in Fig. 9. The quantities shown
are the maximum outflow velocity, mass outflow, trust, ratio of the
ejected mass to the burned mass, and the specific impulse Iy, defined
in two different ways (as discussed in the next section). This figure
shows, in particular, that the maximum outflow velocity, the mass
outlow, and the thrust are approximately proportional to each other.
The maximum thrust was obtained for d/2=0.032 cm (d/x; =5)
and reached 158 g/cm? (or 0.65 g for the full channel) by the time
the outflow velocity reached 172 m/s and the flame approached the
open end of the channel. The corresponding ratio of the thrust to the
initial mass of the material in the channel is about 109.

Figure 10 shows the same integral propulsion characteristics, but
for a constant channel half-width d/2 =0.064 cm (d/x; = 10) and
four channel lengths: 1.024, 2.048, 4.096, and 8.192 cm. This figure
shows that at a fixed physical time, the outlow velocity in a longer
channel is lower than in a shorter channel. There are three reasons
for this. First, the mass of the unburned material accelerated ahead
of the flame is larger for longer channels. Second, additional viscous
losses in longer channels slow the flow acceleration. Finally, it takes
longer for compression waves to reach the outflow boundary in a
longer channel. In longer channels, however, the flame interacting
with the boundary layer has more time to develop and eventually
burns more material at higher rate. Outflow velocities compared at
the times when flame reaches the open end of each channel increase
dramatically with the channel length. Figure 10 shows that, when
the channel length increases from 1.024 to 8.192 cm, the maximum
outlow velocity increases from 95 to 360 m/s, and the maximum
thrust increases from 70 to 700 g/cm?.

To analyze the evolution of the burning rate in three-dimensional
simulations, we computed the flame surface area Sy and the to-
tal energy generation rate W,. Figure 11 shows the scaled values
S/ Sy and W, /W) as functions of time for all three-dimensional
cases, where S(} is the channel cross-section area, and W;) is the
energy release rate at the beginning of each simulation. The figure
shows that for channels of different lengths and the same width
(d/x; =10), the curves practically coincide for their effective time
intervals. That is, the flame evolution is independent of the channel
length. The figure also shows that the total energy generation rate
increases mostly because of the increase in the flame surface area.
For example, by 5 x 10™* s, Sr/SY% increases from 1 to 30, and
W, /W, increases from 1 to 90. This means that W, increases by
a factor of 30 because of the growth of the flame surface, and by
another factor of 3 because of the increase of the burning rate per
unit of the flame surface area. The burning rate increases because
of the pressure increase, which is greater for faster flows.

V. Discussion

One interesting feature of the model propulsion device that we
consider here is that the expanding burning products accelerate and
eject unburned material ahead of the flame, so the mass of ejected
material can be larger than the mass of burned material. For example,
Fig. 9 shows that the ratio of the ejected mass to the burned mass for
1.024 cm long channels varies from 3 to 5.5. In a practical device, the
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Fig. 11 Scaled flame surface area S F/S% and total energy generation
rate W,IIW0 as functions of time for all three-dimensional cases shown
in Figs. 9 and 10. Numbers 5, 10, and 20 are scaled channel widths
d/x; for 1.024-cm-long channels. Numbers 1, 2, 4, and 8 correspond to
channel lengths 1.024, 2.048, 4.096, and 8.192 cm for 0.064-cm-wide
channels (d/x; = 10). Numbers 1, 2, 4, and 8 are located at the ends of
the corresponding curves, which practically coincide for their effective
time intervals. The scales Sg and W;) correspond to the planar laminar
flame.

ejected material does not have to be an unburned reactive mixture. It
can be replaced by an inert gas if the device operates in a single-shot
mode, or by combustion products from a previous cycle if the device
operates in a cyclic mode. This leads to several possible definitions
of the specific impulse (/;,). Here we use two of them: I, as a total
impulse scaled by an ejected mass, and I, as a total impulse scaled
by a burned mass. Both of these I, are shown in Figs. 9 and 10. For
1.024-cm-long channels (Fig. 9), the maximum /g, related to the
ejected mass varies between 38 and 45 s. The maximum I, related
to the burned mass varies between 145 and 210 s, according to the
ratio of the ejected mass to the burned mass. When the channel
length increases from 1.024 to 8.192 cm (see Fig. 10), the Iy, scaled
by ejected mass increases from 41 to 52 s, but the I, scaled by
burned mass decreases from 185 s to 95 s because the ratio of the
ejected mass to the burned mass decreases from 4.6 to 1.8.
Numerical results presented here were obtained for idealized nar-
row channels with adiabatic walls. In practical systems, heat losses
to the walls may decrease the flame acceleration, cause flame os-
cillations, and prevent flame propagation in very narrow channels.
On the other hand, laminar flames accelerating in larger channels
eventually become turbulent. Therefore, there is a limited range of
experimental parameters for which the laminar flame acceleration
induced by the boundary-layer effect can be observed. For example,
experimental propane—air flames'® observed in 109 x 2.4 x 2.4 cm
channels look laminar for the first 30—40 cm, develop a shape sim-
ilar to that shown in Fig. 2, and accelerate to about 50 m/s for a
stoichiometric mixture before the turbulence develops.

VI. Summary

Multidimensional numerical simulations of a laminar flame ac-
celeration in narrow channels with adiabatic walls show that outflow
velocities for these channels can reach hundreds of meters per sec-
ond and provide a significant thrust. This can be achieved without
creating strong shocks or detonations inside the channel. Because
the material ahead of the flame is ejected without burning, the chan-
nel can be partially filled with an inert gas or combustion products
from a previous pulse without affecting the energy release. Propul-
sion characteristics calculated for small channels filled with a reac-
tive energetic mixture suggest that the laminar flame acceleration
induced by boundary-layer effects can be used to create efficient
micropropulsion devices.
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