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compared to that of the +1 g case. When U is 0.6 m/s, the periodic
oscillation of the flame tip in +1 g ceases to oscillate in microgravity.
On the other hand, when U = 1.1 m/s, the flame motion becomes
nonperiodic even in the microgravity condition. These results in-
dicate that, the +1 g periodic oscillating flame at U = 0.6 m/s is
induced by the buoyancy instability, whereas the nonperiodic oscil-
lating flame at U = 1.1 m/s is due to the combined effect generated
by both the jet inertial force and centrifugal force. That is, under
the condition of Le > 1, the hydrodynamic instability due to the
combination of the jet inertial force and centrifugal force plays an
important role in switching from the periodic mode to the nonperi-
odic mode.
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Introduction

V ORTEX excitation from rectangular elongated plates when
the length parallel to the flow is much greater than the height

perpendicular to the flow has been investigated experimentally by
Nakamara and Nakashima1 and Nakamura et al.2 They concluded
that vortex shedding from elongated flat plates with square leading
and trailing edges is dominated by the impinging shear layer insta-
bility, when a single separated shear layer can be unstable in the
presence of a sharp downstream corner.3 Recently, Hourigan et al.4

considered the trailing-edge shedding to be a powerful mechanism
leading to self-sustained oscillations. They found that the trailing-
edge shedding plays an important role in the stepwise behavior of
the Strouhal number with increasing a chord-thickness ratio, which
is a subject of this Note.

Discussion
Transition in vortex shedding from the von Kármán type to the im-

pinging shear layer instability has been observed when the Reynolds
number was increased from 200 to 300 (Ref. 1). Experimental data
show that on short plates (c/t < 3, c/t being the chord-thickness
ratio) the flow separates at the leading-edge corner and the shear
layers interact directly, without reattaching to the plate’s surface,
thus, forming a regular vortex street. On longer plates (c/t > 3),
the shear layers are reattached upstream of the trailing edge and
form a separation bubble that grows and may divide, depending on
the chord-thickness ratio (c/t): m = 1 (one bubble) for c/t = 3–5,
m = 2 (two bubbles) for c/t = 6–8, and m = 3 (three bubbles) for
c/t = 9–12. These bubbles are convected toward the trailing edge
(Fig. 1). The flow patterns reveal that the leading-edge separation
bubble was nearly steady. For Reynolds numbers Re > 300, exper-
imental results show that the Strouhal number Sr(c), based on the
chord length, increases stepwise with c/t increasing from 3 to 12,
namely,

Sr(c) = f c/U = 0.55 m (1)

where f and U are the vortex shedding frequency and the freestream
velocity, respectively, and m is the number of vortices (bubbles).

Vortex shedding from elongated rectangular plates has been in-
vestigated numerically in Refs. 4–6. In the present Note, we used a
new numerical approach, which is based on an immersed-boundary
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Fig. 1 Streamlines, c/t = 10, Re = 300.

Fig. 2 Strouhal number Sr(t) vs c/t, Re = 300.

Fig. 3 Strouhal number Sr(c) vs c/t, Re = 300.

method and was suggested in Ref. 7. (Details of the numerical sim-
ulations will be published elsewhere.) The flow patterns and char-
acteristics we obtained are in good agreement with experimental
findings.1,2,5 We have performed numerical simulations of flows
around rectangular plates for chord-thickness ratio varying from 3
to 12 and Reynolds numbers of 200 and 300 based on the plate’s
thickness. Our simulations confirm that the dominant vortex shed-
ding frequency f gradually decreases with increasing c/t and then
jumps to a higher value (Fig. 2). It is plausible to assume that the dis-
crete jumps in frequency are related to the leading-edge separation
bubble bifurcation. Figure 3 shows the experimental and computed
values of the Strouhal number Sr(c) = f c/U , based on the chord
length, vs the chord-thickness ratio c/t . The data show a stepwise in-
crease of the Strouhal number Sr(c) with increasing c/t . In Refs. 1,
2, and 5, the Strouhal number was measured at Re = 300–103. It
was found that at each branch the Strouhal number is approximately

constant, that is, Sr(c) = 0.55–0.60 m, where m is an integer and
corresponds to the number of vortices formed on the plate’s side.
The stepwise behavior does not appear at Re = 200; Sr(c) increases
monotonically with c/t (Fig. 4). In this Note we suggest some sim-
ple considerations for explaining the trend of the Strouhal number
to increase stepwise. These considerations are based on the assump-
tion that vortex shedding has a traveling-wave nature. We assume
the (nonlinear) wavelength of oscillation to be of the form

2π/α = c/m (2)

where α is the wave number and m is an integer and is not known
before the full problem is solved numerically. Furthermore, we sug-
gest that the dominant frequency f and the wave number α are
connected by the traveling-wave relation

2π f = Ucα (3)

where Uc is the phase speed of the vortex shedding. Substituting
Eq. (2) into Eq. (3) yields

f c/U = γ m, γ = Uc/U (4)

Expression (4) is identical to Eq. (1), which was experimentally
found for the Strouhal number Sr(c). One can see that the coeffi-
cient in Eq. (1) can be associated with the phase velocity of vortex
shedding relative to the freestream velocity γ . In our calculations,
γ ≈ 0.55, which is in agreement with Refs. 1, 2, and 5. The phase ve-
locity may be approximated by the mean velocity across the leading-
edge separation bubble (0.5–0.6U ). As in previous publications on

Fig. 4 Strouhal number Sr(c) vs c/t, Re = 200.

Fig. 5 Phase angle, c/t = 8, Re = 300.
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Fig. 6 Phase angle, c/t = 10, Re = 300.

vortex shedding from rectangular plates1,2,5 m in Eq. (4) is related to
the number of vortices formed on the plate’s side or to the multiwave
solutions of the problem. In Figs. 5 and 6 we show the phase angle
φ of the velocity oscillations at the dominant frequency along the
plate’s side. The phase angle, relative to the reference point at the
leading edge (x = 0), is computed at a distance of about 0.5t from
the plate’s side. The dominated frequency has been detected using
the fast Fourier transform. We used a bandpass filter when more than
one frequency exists. We found that the vortex shedding frequency
in the wake is equal to the dominated frequency computed along the
plate’s side. The data in Figs. 5 and 6 show that φ = 2πmx/c, which
supports our travel-wave assumption (2) regarding the wavelength.
The same result has been measured by Nakamura et al.2 at Reynolds
numbers (1–3) × 103.

Conclusions
Experimental studies of vortex shedding from a rectangular elon-

gated plate, when the cord length parallel to the flow (c) is much
greater than its height (t), show that the Strouhal number Sr(c) in-
creases stepwise with c/t increasing from 3 to 12. Investigating a
flow phenomenon described by a frequency f , one can consider a
Strouhal number Sr = f l/u as a nondimensional frequency when
l and u are characteristic length and velocity, respectively. For a
phenomenon considered in this Note, l = c/m and u ≈ 0.5–0.6U
are a natural choice for characteristic parameters, when m and U
are the number of vortices (bubbles) formed on the plate’s side and
the freestream velocity, respectively. This was confirmed numeri-
cally for Reynolds numbers Re = Ut/ν > 300. Assuming that vortex
shedding has a traveling-wave nature, we suggest simple consider-
ations for explaining the trend of the Strouhal number to increase
stepwise.
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Introduction

H IGHER hydrocarbon fuels are extensively used in practical
devices such as internal combustion engines, industrial fur-

naces, and powerstation gas turbines. Normal heptane (n-C7H16) is
a representative higher hydrocarbon fuel. The laminar flame speed
of n-heptane/air1 and the structure of opposed flow heptane flames2,3

have been studied experimentally and numerically. Many gaseous
species, up to C6-hydrocarbon, were measured, and the numerical
results showed relatively good agreement with the measurements,
except for the higher hydrocarbon species. A chemical mechanism
for n-heptane oxidation and pyrolysis has been developed and val-
idated against several independent data sets, including flow reactor
experiments by Held et al.4 A few other heptane chemical mech-
anisms have been also reported.5,6 The soot formation in heptane
flames has been studied by the use of global soot kinetics7,8; how-
ever, a global gas chemical mechanism for heptane combustion was
used in this study.

The soot formation and soot radiation effects in heptane flames,
especially in high-pressure flames, have not yet been studied by
consideration of detailed gas chemical kinetics and full treatment of
radiation heat loss. The soot and radiation effects in opposed flow
methane/air diffusion flames were studied previously.9 The radia-
tion heat loss with both emission and absorption is considered with
the exact solution of the radiation transfer equation for a nongray
medium. The radiation from soot strongly affects the soot formation.

The specific objective of this Note is to study the opposed flow
heptane/air diffusion flame structure, including soot formation, by
the use of different detailed gas chemical mechanisms and global
soot kinetics, as well as different thermal radiation models. The
calculations that used different heptane mechanisms were compared
with the measurements by Seiser et al.2 for temperature and species
distributions.
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