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Five step con� gurations were designed to investigate the effects of inlet step con� gurations on the � ow
structure and ignition of solid fuel behind a backstep. Experiments were conducted separately in a cold
� ow for the � ow� eld measurement and in a hot � ow for the fuel regression before ignition and ignition
tests. The step height was � xed at 29 mm for each con� guration. The inlet velocity of the cold � ow was
15 m/s. The velocity � ow� eld was measured with a laser Doppler anemometer and the ignition process
was observed with a video camera. The con� guration of the inlet step signi� cantly affected the turbulence
intensity of the shear layer and the reverse � ow rate of the recirculation zone. The greater reverse � ow
rate provided a better � ameholding capability, and hence, abbreviated the ignition delay. As the � ow was
turbulent, the higher the turbulence intensity and the longer the ignition delay. When the oxygen con-
centration was higher than 19%, the effect of inlet con� guration on ignition diminished.

I. Introduction

T HE backward-facing step is a fundamental element of the
inlet port of many sudden-expansion combustors. The air-

stream over a backward-facing step produces a separating and
reattaching � ow containing a recirculation zone and a shear
layer. Such a � ow pattern is intimately related to the charac-
teristics of ignition and � ame stabilization. Extensive work on
the � ow� eld behind a backstep has been performed: Etheridge
and Kemp1 conducted a detailed measurement of the � ow� eld
and Eaton and Johnston2 summarized the factors in� uencing
the reattachment length. In addition, the � ow structure is sen-
sitive to the separation point of the backstep. Isomoto and
Honami3 discovered that turbulence intensity in the boundary
layer at the separation point, rather than in the freestream, was
a signi� cant parameter governing reattachment length.

The � ow� eld behind a backward-facing step signi� cantly
affects mass transfer and heat transfer and, hence, � ame sta-
bilization. Vogel and Eaton4 studied the heat transfer of cold
� ow over a backstep with a constant heat � ux at the wall, and
found that the maximum heat transfer was located in the reat-
tachment region. Sirka et al.5 reported that the mechanism of
heat transfer in the wake � ow was signi� cantly affected by the
� ow pattern. Kundu et al.6 emphasized that the transport of
mass and heat between the main stream and the recirculation
zone was proportional to the maximum reverse � ow rate. Yang
et al.7 reported that the � ow features that stabilize the � ame
abbreviated the ignition delay.

A backstep is generally used in the solid fuel ramjet (SFRJ)
to provide � ame stabilization. Korting et al.8 observed that the
combustion process started in the recirculation zone and pro-
ceeded gradually downstream in the fuel grain. Elands et al.9

de� ned the � ammability as the combustion partially sustained
in the recirculation zone, and reported that an increase in
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Ap/A t (port-to-throat area ratio) as well as in Ap/Ain (port-to-
inlet area ratio) would enhance the � ammability. Mixing be-
tween fuel vapor and air is important for ignition and com-
bustion. Schadow et al.10 stated that mixing between the
fuel-rich and air-rich regions had to be accomplished to
achieve high combustion ef� ciency. In their study of the ef-
fects of mass injection from the bottom wall behind the step
on the reattaching � ow, Richardson et al.11 stated that the re-
circulation zone was well stirred at a low injection rate. Schulte
et al.12 measured the temperature and concentration in an SFRJ
combustor, and reported that the recirculation zone was not a
homogeneous well-stirred region, but was fuel rich. In the re-
circulation zone, the combustion process took place mainly in
the shear layer of the incoming air� ow.

Previous work has indicated that features of � ow and com-
bustion are sensitive to the geometric shape of the backstep.
It is thus worthwhile to investigate an improved backstep con-
� guration with favorable characteristics of ignition and � ame
stabilization characteristics. The objective of this work was to
study the effects of con� guration at the inlet of a combustor
on the ignition of a solid fuel by varying � ve geometric back-
step shapes. The experimental works included cold gas � ow
measurements, ignition tests, and the local regression of solid
fuel before ignition. The results of this study will provide in-
formation about the interactions between � ow structure and
ignition.

II. Experimental Design
A. Test Rig

A schematic diagram of the wind tunnel and experimental
setup appears in Fig. 1. Experiments were conducted in an
open-circuit wind tunnel equipped with a 75-kW Roots blower,
with speed controlled by a frequency inverter. The blower pro-
vided a maximum � ow rate of 50 m3/min. The � uid in the test
section was either cold (for measurement of the � ow� eld) or
hot (for regression and ignition tests). The hot oxidizing � ow
was generated by burning lique� ed petroleum gas (LPG) com-
posed of 50% propane and 50% butane, with air in a specially
designed vitiator. The gas temperature was controlled by al-
tering the � ow rate of LPG, and the oxygen concentration was
varied by adding gaseous oxygen to the air. A divergent sec-
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Fig. 1 Schematic diagram of experimental apparatus.

Fig. 2 Con� gurations of � ve steps and dimensions of test section.

tion, a settling chamber with a stainless-steel honeycomb, and
a convergent section with a contraction ratio of 13.6 ahead of
the test section reduced the turbulence level of the � ow.

The con� gurations of � ve backsteps and a schematic dia-
gram of the test section are presented in Fig. 2. Step A is the
traditional backstep, and steps B, C, D, and E are modi� ed.
The step heights in all cases were 29 mm, and the aspect ratio
(channel width to step height) was 6.9. The cross section of
the combustor inlet was 50 mm high by 200 mm wide. A
quartz window was installed on one side wall of the combustor
to measure the � ow� eld and to visualize the ignition process.
A polymethylmethacrylate (PMMA) slab (10 mm thick, 400
mm long, and 110 mm wide) was used as the fuel. The prop-
erties of the PMMA slab13 are as follows: density, 1.19 g/cm3;
speci� c heat, 2.1 J/(gK); thermal conductivity, 0.0027 J/(cm s
K); vaporization temperature, 668 K; effective heat of vapor-
ization, 1.6 kJ/g-fuel; heat of reaction, 13.5 kJ/g-oxidant; and
activation energy, 151 kJ/mol. The slab was laid in the center
of a steel supporter 400 mm long and 196 mm wide. The
bottom and two sides of the fuel slab were insulated.

B. Instrumentation

The cold gas � ow� eld was measured with a three-beam,
two-color laser-Doppler anemometer (LDA). The LDA system
was connected to a computer-controlled traversing system for
two-dimensional movement. The resolution of the traverse sys-
tem was 0.03 mm. The focusing and receiving optics of the
LDA system were mounted on an optical bench that was
placed on a traverse table to enable major movements.

The 514.5- and 488-nm wavelength beams of an argon-ion
laser (5 W) were used to produce two LDA fringe patterns.
The optical probe volume size was about 0.13 mm in diameter
and 1.7 mm long, based on the 1/e2 intensity points in the
spanwise direction. Each of the two pairs of beams had one
beam Bragg-shifted by 40 MHz to eliminate ambiguity of � ow
direction. Backward-scattered light from particles passing
through the measuring volume was detected with two photo-
multiplier tubes. The signals from the photomultiplier tubes
were processed with a coincidence � lter and two counter pro-
cessors. The seeding particles were generated with a TSI 9306

jet atomizer and introduced into the airstream at the contrac-
tion section in the wind tunnel. The seeding particles (diameter
of the order of 1 mm) were made of 25% glycerin resolvent
and a water solvent.

For the regression and ignition tests, the inlet velocity was
measured with a pitot tube. The temperature of the inlet gas
was measured with a K-type thermocouple and a digital ther-
mometer (Fluke 2190A). The concentration of oxygen was
measured with an oxygen analyzer (Signal model 8000). All
inlet conditions were monitored just before the entrance of the
combustion chamber. The ignition delay was recorded with a
video camera (Sony CCD-340) at 30 photographs per second,
and the ignition process with a motion analyzer (Kodak) with
speed set at 2000 photographs per second.

C. Experimental Conditions and Data Accuracy

The � ow� eld was measured at ambient temperature (22 6
37C) and pressure with inlet � ow velocity at 15 m/s; the Reyn-
olds number based on the step height was 27,700. At each
measuring point 2048 measurements were normally made. The
corresponding maximum uncertainties were 3.2% for mean ax-
ial velocity, 4.9% for mean normal velocity, and 4.9% for tur-
bulence intensity at the 95% con� dence level. The correspond-
ing maximum uncertainty of Reynolds shear stress was 13%.

The ignition test was carried out under a hot oxidizing � ow
stream. The test section was purpose-built, and the fuel slab
and its supporter were slid into the test section through the
gate (Fig. 2) when the inlet � ow conditions were stable. In the
ignition tests, the inlet gas velocity was 27 m/s, and the con-
trolling parameters were the oxygen concentration (13– 19%)
and the inlet temperature (780– 8507C). The error in the inlet
temperature was less than 647C. The maximum uncertainty of
the ignition delay determined by � ve tests of reproducibility
was 7.3%.

The local regression of solid fuel was determined by mea-
suring the variation of the thickness of the fuel slab after 400
s of heating under a hot � ow stream. The details of the re-
gression test were described by Yang and Wu.8 The regression
test, conducted with � ow at 20 m/s and 7007C without oxygen
added to the vitiator, ensured that no ignition occurred. The
maximum uncertainty of the maximum fuel regression was
4.3%.

III. Results and Discussion
A. Flow Structure

Before investigating the ignition process, variations of the
� ow structure caused by the inlet con� gurations of backsteps
were examined. The entry � ow conditions and reattachment
lengths corresponding to the � ve-step con� gurations are pre-
sented in Table 1, and the con� gurations of the � ve steps are
sketched in Fig. 2. The boundary-layer thicknesses based on
99% of the freestream velocity were varied in the range
8.7– 10.6 mm and the momentum thicknesses were 0.69– 0.93
mm. The Reynolds number based on the momentum thickness
ranged between 656– 879. The shape factors (displacement
thickness to momentum thickness) were 1.21– 1.29. According
to Pitz and Daily,14 the shape factor of Blasius � ow is about
2.4 and that of fully turbulent � ow is about 1.3. The reattach-
ment length of 7.7 step heights is consistent with a fully tur-
bulent boundary layer as reported by Eaton and Johnston.2 The
value of momentum Reynolds number Reu is not consistent
with a fully turbulent boundary layer. Eaton and Johnston
showed that the reattachment length is not independent of
Reynolds number (or in the fully turbulent regime) until Reu

is about 1800. The boundary layer is transitional for Reu from
250 to 1800. In this work, Reu was about 800. The high tur-
bulence level in the boundary layer (7%) may explain why the
boundary layer appears turbulent at a low value of Reu.

The distributions of the horizontal and vertical mean veloc-
ities for the � ve step con� gurations are illustrated in Figs. 3
and 4, respectively; here Xr denotes the reattachment length
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Table 1 Entry � ow conditions and reattached � ow characteristics at U0 = 15 m/s and T0 = 227C

Inlet step
con� guration

Boundary-layer
thickness,

mm

Momentum
thickness,

u, mm

Shape
factor,

H12

Momentum
Reynolds
number,
U0u/n

T.I.a/U0, %

Freestream
Boundary

layer

Reattachment
length,

X/H

Maximum
reverse

� ow rate,
%

A 8.9 0.93 1.29 879 3.1 7.0 7.7 8.8
B 8.6 0.79 1.23 750 2.1 6.1 7.7 14.2
C 10.6 0.81 1.21 768 2.5 6.2 7.7 9.2
D 8.7 0.69 1.21 656 2.8 6.3 7.0 6.7
E 9.3 0.86 1.25 809 2.3 6.7 7.3 8.0

aTurbulence intensity.
Note: Uncertainty of reattachment length is less than 1.4%.

Fig. 3 Distributions of horizontal mean velocity with various steps.

Fig. 4 Distributions of vertical mean velocity with various steps.

and the origin of the coordinate is at the separation point
shown in Fig. 2. These velocities were normalized with the
freestream velocity at the inlet U0. The horizontal and vertical
mean velocities above the separation point are not affected by
the step, except that the convergent inlet of step B induced a
relatively greater vertical velocity at the inlet (Fig. 4). Behind
the backstep, the horizontal mean velocity of step B was the
smallest and that of step E was the greatest, and the velocity

deviation was augmented in the shear layer (Fig. 3). The ver-
tical mean velocities of the � ve step con� gurations were scat-
tered at each cross section of the combustor (Fig. 4).

The two-dimensional turbulence intensity, which denotes the
mean kinetic energy of the turbulence per unit mass, is de� ned as

1/22 2u 1 v
turbulence intensity = (1)S D2
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Fig. 5 Distributions of turbulence intensity with various steps.

Fig. 6 Maximum turbulence intensities at various cross sections
behind steps A, B, and C.

where u and v are the � uctuations of the horizontal and vertical
velocities, respectively. The turbulence levels measured in the
boundary are very important in determining the reattachment
length.2 However, the measured levels may be arti� cially high
due to velocity gradient broadening in the LDA probe volume.9

Gradient broadening of the rms velocity is given by9

2 4 1/2

1 ­U 3 ­U2 4U = d 1 d 1 ??? (2)rmsg y yF S D S D G4 ­y 64 ­y

where dy is the diameter of the probe volume in the y (gradient)
direction. The curvature term is small throughout the � ow� eld,
and the � rst term in Eq. (2) is important in the boundary layer
at separation and in the shear layer. The gradient broadening
given by Eq. (2) is subtracted from the turbulence intensity
data reported here. Maximum corrections, about 0.008U0 at the
inlet and 0.006U0 at X/Xr = 0.2, are much smaller than the
values reported by Pitz and Daily.9 The insigni� cant effects of
the velocity gradient broadening might be caused by the high
turbulent diffusion. The distributions of turbulence intensity at
various cross sections behind the backstep depicted in Fig. 5
were similar to those in previous work of Driver and Seeg-
miller15 and Yang et al.16 The maximum value of turbulence
intensity at each cross section increased monotonically from
the separated point to a maximum at 0.6– 0.8 reattachment
length downstream from the step (see Fig. 6). Thereafter, the
turbulence intensity decayed gradually. Only three curves of
turbulence intensities for steps A, B, and C are shown in Fig.
5 in order to present a clear comparison of the differences
among the three steps. The turbulence intensities at the inlet
of the combustor for these three step con� gurations were al-
most identical, but the turbulence intensity in the combustor
of step B was the greatest. The three distributions of turbulence
intensity for steps A, B, and C converged gradually after 1.0Xr.
Figure 6 shows that the maximum turbulence intensity at each
cross section behind step B was much greater than that behind
other steps.

The reattachment length is de� ned as the point at which the
average reverse � ow velocity at 2 mm above the wall along
the centerline of the combustor was zero. The reattachment
lengths of steps A, B, and C were equal, whereas those of D
and E were smaller (Table 1).

The streamlines in the combustor with various con� gura-
tions of steps are depicted in Fig. 7, in which the horizontal
coordinate is normalized with the reattachment length Xr. The

dividing streamlines, de� ned as the line of zero stream func-
tion, show that the width of the recirculation zone of step B
was the greatest (35.2 mm), followed by step C (32.4 mm),
whereas those of steps A, D, and E were 31.2, 29.5, and 29.7
mm, respectively. Evaluating varied shapes of the � ameholder,
Lefebvre17 stated that the characteristic dimension of a bluff
body should be not its geometric width, but the maximum
width of the wake generated behind it. Therefore, the wider
the recirculation zone, the more stable the � ame. In our work,
the width of the recirculation zone correlated well with the
reverse � ow rate.

In further investigation of � ow features, a dimensionless lo-
cal reverse � ow rate is de� ned as

y*
Q U dyr r

= (3)EU H U H0 02H

in which Qr (m3/s-m) is the reverse � ow rate, Ur is the reverse
� ow velocity, U0 the freestream velocity at the inlet, H the
step height, and y* corresponds to the point of zero horizon-
tal velocity with negative horizontal velocity between y =
2H and y*. The maximum reverse � ow rates corresponding
to the � ve steps appear in Table 1. Steps B and C generated
the greatest reverse � ow rates with values of 14.2 and 9.2%,
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Fig. 7 Streamlines of � ow� eld behind various steps.

Fig. 8 Dimensionless reverse � ow rate vs thickness of recircu-
lation zone.

Fig. 9 Effect of reverse � ow rate of cold gas on ignition delay
for various inlet conditions.

respectively. The reverse � ow rate increased with increasing
width of the recirculation zone (Fig. 8): the relationship be-
tween rate of reverse � ow and length of recirculation zone was
less clear.

All evidence indicates that the effects of inlet con� guration
on the � ow structure were signi� cant in the recirculation zone
and became small after the reattachment point. Steps B and C
favorably increased the reverse � ow rate, and step B generated
the greatest turbulence intensity. As the � ow structure in the
recirculation zone is directly correlated with ignition and � ame
stabilization in a combustor, it is expected that proper modi-
� cation of the inlet con� guration will improve the combustion
characteristics.

B. Ignition

The ignition test was performed in a hot � ow. About 2 h
were required to heat the � ow stream to a stable and speci� ed
temperature, and the window of the test section was dusted by
the seeding particles very quickly during the LDA measure-
ment. These factors obstructed the LDA measurement in the
hot � ow. Although the turbulent features of hot � ow in the
ignition test might deviate slightly from those of cold � ow, the
trends of turbulent diffusion and the characteristics of � ame
stabilization are expected to be similar and the ignition phe-
nomena can be interpreted from the aerodynamic data obtained
from the cold � ow.

After the fuel slab was slid into the test section containing
a hot oxidizing gas stream, the surface of the solid fuel was

elevated to the pyrolysis temperature. The pyrolyzed fuel va-
por was then heated continuously and mixed with oxygen. Ig-
nition occurred at the time and location at which the rate of
the reaction reached a suitable accelerated condition; the entire
process was monitored by a high-speed motion analyzer. At
the beginning of ignition, one or several � ame kernels initiated
in the recirculation zone, followed by the development and
spreading of individual kernels. Finally, all � ame kernels
joined to form a continuous � ame zone. Photographs of the
ignition process indicate the similarity of the ignition mecha-
nisms in the � ve combustors.

The ignition delay is de� ned as the period between the time
the fuel plate was slid into the test section and the � rst ap-
pearance of the � ame. The ignition delays of � ve steps were
tested under three inlet conditions of � ow. The ignition delay
decreased as the cold gas reverse � ow rate increased (Fig. 9).
Yang et al.7 reported that high temperature and a large step
height favored ignition, broadened ignition limits, and abbre-
viated ignition delay. In general, the � ow for good � ame sta-
bilization abbreviates the ignition delay when the oxygen con-
centration is low. The large rate of reverse � ow in this study
provided good � ame stabilization6 and mixing of fuel and ox-
idizer in the recirculation zone, and hence, abbreviated ignition
delay. Data for four reverse � ow rates shown in Fig. 9 corre-
spond to steps A, C, D, and E in Table 1. The ignition delay
of step B did not � t this correlation (Fig. 9), possibly because
of the intense turbulence behind step B. The turbulence inten-
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Fig. 11 Thickness of solid fuel slab at inlet velocity 20 m/s and temperature 7007C after heating for 400 s: a) steps A, B, and C and b)
steps A, D, and E.

Fig. 10 Effect of oxygen concentration on ignition delay at tem-
perature 8507C and velocity 27 m/s.

sities behind steps A, C, D, and E varied little, but that behind
step B was much greater. Although turbulent � ow may en-
hance the mixing of fuel and oxidant, it also provided the least
conducive conditions for ignition.18 The ignition delay of step
B was thus not the smallest, even though the rate of the reverse
� ow of step B was the largest.

Since steps B and C generated greater reverse � ow rates and
caused smaller ignition delays than the traditional step (A), the
ignition delays of steps A, B, and C were investigated further.
Figure 10 shows that the order of ignition delay was C < B <
A when the oxygen concentration was less than 19%. When
the oxygen concentration was increased to 19%, the variation
of ignition delay with the various steps diminished.

Yang and Wu19 depicted the ignition mechanism of solid fuel
in the sudden-expansion combustor. When the oxygen concen-
tration was less than 15%, the residence time of the mixture
was important for the chemical reaction; hence, the initiated
� ame kernel of ignition was observed to occur within the re-
circulation zone due to its long residence time. When the ox-
ygen concentration was higher than 20%, diffusion of fuel va-
por into the oxidizing gas was the rate-controlling step; hence,
the initiated � ame kernel of ignition was observed to occur
near the reattachment point and adjacent to the solid fuel due

to rich fuel vapor there. The turbulence intensities, and hence,
the turbulence diffusions of various steps near the reattachment
point, were nearly the same (Fig. 5), so that the ignition delay
was independent of the reverse � ow rate of the cold gas at a
high oxygen concentration.

Since the ignition process is generally controlled by the � ow
pattern when the oxygen content of the � ow is small, ignition
delay is signi� cantly affected by variation of the inlet con� g-
uration of the combustor; modi� ed steps B and C are expected
to possess improved aerodynamic features for ignition and
� ame stabilization.

C. Fuel Regression

Investigating heat and mass transfer during the ignition pro-
cess is important in understanding ignition, but is dif� cult due
to transient phenomena. A feasible approach is to measure the
regression of solid fuel in the hot � ow stream without � ame
to simulate the phenomenon before ignition.20 Therefore, the
fuel regression de� ned in this work is different from the gen-
eral de� nition given in previous work.21–25

The amount of local regression of solid fuel before ignition
indicates the extent of heat transfer and fuel vapor pyrolyzed.
In the pro� les of local regression of solid fuel with � ve dif-
ferent steps at inlet velocity 20 m/s that appear in Fig. 11, the
original thickness of the solid fuel was 10 mm. Local convec-
tive heat transfer increased gradually from just downstream of
the inlet step to a maximum a few folds greater near the region
of reattachment. Farther downstream, it decreased monotoni-
cally along the combustor, as reported by Zvulony et al.25 The
pro� les of local regression of the solid fuel exhibited similar
variations along the horizontal direction. The maximum re-
gression was located 5.0– 5.5 step heights from the inlet, which
corresponds to the location of the reattachment point deter-
mined from the � ame con� guration after ignition.7

The combustor with a convergent inlet exhibited less re-
gression within the recirculation zone. The smaller regression
may have been caused by the thicker recirculation zone (Fig.
8), which inhibited heat transfer from the freestream to the
surface of the solid fuel. This result is consistent with a pre-
vious study,8 which showed that a large step height caused a
small regression of solid fuel before ignition. However, in the
region of the redeveloping boundary layer, the fuel regressions
of these � ve combustors (Fig. 11) were nearly the same be-
cause the characteristics of � ow and heat transfer in this region
were no longer distinct.
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IV. Conclusions
The con� guration of the inlet step had a notable effect on

the turbulence intensity of the shear layer and the reverse � ow
rate of the recirculation zone, and less in� uence on the hori-
zontal and vertical mean velocities behind the backstep. The
convergent inlet of step B caused greater vertical velocity at
the inlet and greater turbulence intensity in the shear layer
behind the backstep. Compared to the traditional backstep
(step A), reverse � ow rates of modi� ed steps B and C were
larger and those of steps D and E were smaller. The rate of
reverse � ow increased with increasing width of the recircula-
tion zone, but the length of the recirculation zone had a lesser
relationship with the reverse � ow rate.

Reverse � ow rate, the major factor in shortening the ignition
delay of the solid fuel, enhances the � ameholding capability
in the combustor. In general, the greater the reverse � ow rate,
the smaller the ignition delay. However, intense turbulence
could compromise the effect of reverse � ow rate on ignition
delay because ignition favors slight turbulence if the � ow is
turbulent. Oxygen concentration is another important factor in
ignition delay. When the oxygen concentration exceeded 19%,
the effect of inlet con� guration on ignition diminished and the
ignition delays in the various con� gurations of steps were al-
most identical. Favorable design of the inlet port of a sudden-
expansion combustor to improve ignition and � ame stabiliza-
tion involves generating a large rate of reverse � ow without
increasing turbulence intensity.
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