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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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Computational Method
The calculations were performed with the Sandia National Labo-

ratories OPPDIF code,10 modified by the addition of a soot kinetics
formulation and a radiation model. Two different heptane mecha-
nisms, Held’s kinetics4 and University of Utah kinetics,11 were used
with their accompanying thermochemical data. Held’s kinetics con-
tains 275 elementary reactions involving 41 chemical species, up
to C7H16, without polycyclic aromatic hydrocarbon (PAH) species,
for n-heptane oxidation and pyrolysis reactions. The University of
Utah kinetics is much more complicated, containing 848 elementary
reactions with 180 chemical species, with up to four aromatic rings,
PAH species, and pyrene. This kinetic mechanism is composed of
heptane, iso-octane and PAH formation submechanisms.

The opposed flow heptane/air diffusion flame were chosen as
follows to match the experimental conditions.2 The injection ve-
locities of the mixture of prevaporized n-heptane and N2(XF =
0.15, XN2 = 0.85) and air were set to 0.342 and 0.375 m/s, and the
fuel and air temperatures were set at 338 and 298 K, respectively.

The soot formation is simulated with Lindstedt’s global soot ki-
netics model (see Ref. 12). This soot kinetics was used for methane

Fig. 1 Temperature and species mole fractions predicted by Held’s kinetics for heptane/air diffusion flame; measured (symbols) and calculated:
– – –, adiabatic; ——, emission/absorption; and –·–, emission curve profiles plotted as a function of distance from stoichiometric position.

flames,9 acetylene flames,13 and heptane flames.8 Good agreement
was found between experimental data and predictions. By the use
of this soot kinetic model, the OPPDIF code was modified to in-
clude the equations of soot mass fraction and soot particle number
density. It has been shown that soot oxidation due to the OH radical
is important.9 In this study, the additional OH oxidation term was
also considered, as well as the thermophoretic effects. The gaseous
species (C2H2, OH, O2, CO, and H2) production and consumption
rates due to the soot reactions were rigorously accounted for in the
gas-phase conservation equations. The details are fully discussed in
Ref. 9.

Radiation Model
Three different treatments of gaseous molecule and soot particle

radiation heat loss were considered: adiabatic, an emission approxi-
mation, and an exact solution that included emission and absorption
of radiation. The emission approximation for gas species14 and soot
particles13 are fully discussed in Ref. 13 and 14, respectively.

The radiation source term that considers both gas emission and ab-
sorption is calculated with the exact solution of the radiation transfer
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equation for a nongray medium with cold walls, given by Crosbie
and Viskanta15:

Qrad(x) = 2π

M∑

i

ki (x)

{∫ x

0

ki (x ′)Ib(x ′)Wi (x ′)E1[ki (x − x ′)] dx ′

+
∫ L

x

ki (x ′)Ib(x ′)Wi (x ′)E1[ki (x ′ − x)] dx ′ − 2Ib(x)Wi (x)

}

(1)

The two integral terms on the right-hand side represent the absorp-
tion of radiation at the location x that originates from the location x ′.
The third term on the right-hand side represents the emission from
the location x . L is the distance between the fuelstream and the
airstream, En(x) are the nth exponential integral functions, Ib is the
wavelength integrated blackbody intensity, and M is the number of
equivalent gray gases. The local emission coefficient is represented
as the product of the gray gas absorption coefficient ki in the i th
band weighted by the Planck function weights Wi (T ).

Fig. 2 Temperature and species mole fractions predicted by University of Utah kinetics for heptane/air diffusion flame; measured (symbols) and
calculated: – – –, adiabatic; ——, emission/absorption; and –·–, emission curve profiles plotted as a function of distance from stoichiometric position.

The gas molecule spectral absorption coefficients ki are calcu-
lated from the weighted sum of gray gases model (WSGGM)-based
spectral model16,17:

ki = kio

(
Pabs

/
T 2

)
e−αi /T (2)

Pabs is the sum of the partial pressures of the absorbing/emitting
gases. The absorption coefficient kio and the exponential dependence
coefficient on temperature αi are calculated with minimization of
the modeling error in comparison with a detailed narrowband model
determined with RADCAL.

Like the gas radiation treatment, the radiation source term that
considers both emission and absorption by the soot particles is cal-
culated as

Qrad(x) = 2π

∫ ∞

0

kλ(x)

{∫ x

0

kλ(x ′)Ibλ(x ′)E1[kλ(x − x ′)] dx ′

+
∫ L

x

kλ(x ′)Ibλ(x ′)E1[kλ(x ′ − x)] dx ′ − 2Ibλ(x)

}
dλ (3)
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The spectral absorption coefficient of a soot particle kλ can be
obtained by18

kλ = C fv/λ (4)

where C = 4.58 is a constant, fv is soot volume fraction, and λ is
wave number.

Results and Discussion
Figure 1 shows a comparison of the experimental data (sym-

bols) and predictions (curves) of temperature and species mole frac-
tions (C7H16, O2, H2O, CO2, CO, H2, CH4, C2H2 + C2H4, C2H6,
C3H6, C4, C5, C6) by the use of Held’s heptane kinetics. All of
the profiles are plotted as a function of the distance from the sto-
ichiometric point, which is defined as the peak temperature loca-
tion. Matching the flame location can remove the effects of dif-
ferences in the peak temperature location between predictions and
experiments,2 which is about 0.3 mm at the current condition. The
three radiation condition cases, adiabatic, emission only, and emis-
sion/absorption, are shown and compared. The radiation effects on
temperature and species, except for CH4 and C2H2 + C2H4, are
not very strong for the present flame conditions. Both temperature
and major species profiles show reasonable agreement. The minor
species (CH4, C2H2 + C2H4, C2H6, and C3H6) calculations show an

a)

b)

Fig. 3 Effects of radiation heat loss and chemical kinetics on soot volume fraction and number density distributions.

overestimation compared to the measurements, especially for CH4

and C2H2 + C2H4 species. The concentrations of C2H2 and C2H4 are
roughly of the same order of magnitude at the present flame condi-
tion. The only C4-, C5-, and C6-hydrocarbons in Held’s mechanism
are C4H6, C4H8, C5H10, C6H6, C6H10, and C6H12. The calculations
of higher hydrocarbons show reasonably good agreement with the
measurements, except for the overprediction of C4.

The temperature and the species mole fractions profiles deter-
mined by the University of Utah heptane kinetics are shown in Fig. 2.
All of the profiles are plotted as functions of the distance from the
flame sheet. The adiabatic, emission only, and emission/absorption
radiation cases are compared. The results show good agreement
for major species and temperature, similar to that shown in Fig. 1.
The University of Utah kinetics significantly improves the pre-
diction of higher hydrocarbon species concentrations (above the
C2-hydrocarbons) compared to the calculations by Held’s kinetics.
This is especially true for C2H2 + C2H4, C2H6, and C4-hydrocarbon
species. More detailed higher hydrocarbon reactions, including PAH
formation, as well as more high hydrocarbon species, including 27
C4-, 13 C5-, 15 C6-, and 68 over C7- higher hydrocarbon species
were considered in these kinetics. The summation of all of these
C4-, C5-, and C6-hydrocarbons are plotted in Fig. 2. The higher hy-
drocarbon species can be predicted more accurately by the inclusion



AIAA JOURNAL, VOL. 42, NO. 7: TECHNICAL NOTES 1495

of these detailed reactions. Improved acetylene concentrations lead
to better soot production estimation. More chemical reactions, up
to PAH formation, should be included for high hydrocarbon fuel
chemical kinetics, especially for strong sooting cases, even though
it makes the calculation more complicated and time consuming.

Figure 3 shows the soot volume fraction fv and number density
Ns for Held’s kinetics and University of Utah kinetics, with the
three treatments of radiation. For the present flame, the soot parti-
cles are produced on the fuel side of the flame sheet, between the
stagnation plane and the flame sheet, and transported toward the
stagnation plane away from the flame. As the stagnation plane is
approached, soot particle size increases by coagulation and surface
growth of soot particles. The soot particles are transported across
the stagnation plane toward the fuel side by thermophoresis. At the
current conditions, the coagulation rate of soot number density is
much lower on the fuel side of the main soot formation region. This
leads to higher soot number density, even near the stagnation plane.
The University of Utah heptane kinetics predicts lower soot density
compared to Held’s kinetics. The peak soot volume fraction is 11%
lower for the adiabatic/emission case, due to the lower acetylene
species concentration. Radiation affects the soot volume fraction,
even for this low soot density case. By the use of the University of
Utah heptane kinetics, the emission-only calculation yields a peak
soot volume fraction that is 10% lower than that based on the adi-
abatic calculation. The effects of absorption lead to a 5.9% higher
peak soot volume fraction for the emission/absorption case com-
pared to the emission-only calculations.

Summary
The calculations by the use of both Held’s and University of

Utah kinetics show good agreement for heptane flames. However,
the detail chemical mechanism for the high hydrocarbon radicals
is important to accurately predict the high hydrocarbon species and
then the soot formation. The detail chemical reactions including
PAH formation are necessary for high hydrocarbon fuel chemical
kinetics, especially for high sooting combustion. The radiation heat
loss including emission and absorption from soot particles strongly
affects the soot formation.
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