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spray is monodispersed, the SMD continually decreases with
distance from the burner. Predictions from both dispersion
models are almost identical. Agreement is good for the ini-
tially larger drop size. For the initially smaller drop size,
however, the length of the two-phase flow region is greatly
underestimated as previously noted.

Predictions for the SMD radial profiles at x/dn = 50 and
100 are given in Fig. 5. Again, both theoretical models provide
very similar results. Discrepancies with experimental data are
presumably associated with the predicted vaporization rates.
This difficulty appears equally troubling to both models—es-
pecially near the high gradient flame region.

Conclusion
Based on our evaluation, the proposed SDWT turbulent

spray model may be easily extended to dilute combusting
sprays with satisfactory results. Global spray structure predic-
tions are as good as for the SSF method with significant
improvement in computational efficiency. Model agreement
with experimental measurements was good in most cases. Dis-
crepancies between theory and experiment involve underesti-
mation of the length and width of the two-phase flow region
and overestimation of drop transport rates near the flame
zone for small drops. These difficulties are attributed to the
discrete droplet vaporization model rather than the dispersion
model. They should not be associated with a neglect of fluctu-
ating scalar properties since results from a previous study4'5
accounting for such fluctuations yielded similar behavior.

Although the basic results of the evaluation are favorable
with regard to the SDWT method, there are special consider-
ations that should be addressed in using the technique. For
instance, the possibility of the pdf widths becoming too large
in high gradient regions may pose problems in certain cases.
There is also the question of treating flows with recirculation.
It seems intuitively reasonable to apply the SDWT model as
long as the characteristic pdf width is much smaller than the
characteristic width of the recirculation region, but a defini-
tive criterion is lacking. From the promising results obtained
thus far, however, it does appear that the technique can even-
tually be developed to make practical spray combustion com-
putations at reduced computational costs.
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Introduction

I N the last decade a number of numerical schemes capable
of solving the complete two-dimensional Navier-Stokes

equations coupled with chemical reaction have been developed
for both confined and unconfined compressible flows. These
efforts have focused more on improving numerical efficiency
than on developing new physical models for turbulent com-
bustion. Recent studies1'2 have shown that the lower-upper
successive overrelaxation scheme (LU-SSOR) is computation-
ally efficient for reacting supersonic flows.

In many applications of the aforementioned codes to super-
sonic turbulent combustion, the mean chemical reaction rates
are evaluated simply based on Arrhenius expressions with the
mean values of temperature and species concentration. There-
fore, the potential impact of turbulent fluctuations in temper-
ature and species on chemical reactions has not been consid-
ered, and we will refer to such an approach as the laminar
chemistry model. It has been well known that, in subsonic
turbulent combustion, the neglect of the fluctuation effects on
the mean chemical reaction rates can lead to erroneous predic-
tions of chemical processes, giving incorrect ignition point or
species concentrations. However, modeling the effects of tur-
bulence on chemical kinetics remains unresolved, and it is still
an area of intense research efforts.3 To evaluate the potential
impact of turbulence on various chemical processes in super-
sonic turbulent reacting flows, an approximation is developed
to account for the influence of temperature and species fluctu-
ations in the limit of weak turbulence. This approach seems
especially appropriate for supersonic nonpremixed turbulent
flames where the turbulent mixing is less vigorous than its
counterpart in subsonic flows; however, the method only per-
mits qualitative features to be studied. With this approxima-
tion, we will concentrate this study on the level of radial
concentrations and the point of ignition in supersonic turbu-
lent nonpremixed hydrogen jet flames.

Influence of Turbulence on Chemical Reaction
The effect of small fluctuations in temperature and species

concentration can be incorporated into numerical predictions
by modifying the Arrhenius chemical source terms as
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where ctAB is the segregation parameter4 and Kf = Kf(T)0* is a
modified rate constant taking into account the temperature
fluctuations through the parameter 0*. The segregation pa-
rameter is defined as a// = —Y"Yj/YiYj, which describes
the degree of mixing of two species / and j at the molecular
level. If two species are fully mixed at the molecular level, the
segregation parameter is simply zero as Y" Y" = 0. For small
temperature fluctuations, the probability density function
(pdf) of temperature is assumed to have a normal distribution.
Note that, strictly speaking, temperature is a bounded scalar
and a bounded pdf shape would be more appropriate. Because
of the strong nonlinear temperature dependence of rate con-
stants, 6* is always larger than one for small fluctuations with
a normal distribution. In the laminar chemistry model men-
tioned earlier, a// is set to zero and 6* is set to unity.

The modified reaction rates with the preceding approxi-
mated turbulence effects are incorporated into a modified
version of the LU-SSOR scheme for axisymmetric jet flames.
The Favre-averaged transport equations for mass, momen-
tum, energy, and species can be found in Ref. 3. For simplic-
ity, the turbulence transport is modeled by the Eggers5 alge-
braic mixing length model. Details of the numerical scheme,
the H2-air kinetic mechanism, and the procedure used in the
evaluation of the laminar thermodynamic and transport pro-
perties are described in Ref. 1.

Results and Discussions
We investigate the potential interactions between turbulence

and chemistry in the supersonic axisymmetric hydrogen jet
flames in the experiment of Beach reported by Evans et al.6
The individual effects of temperature and species fluctuations
are explored by comparing results from three numerical simu-
lations using different chemistry source terms. In case 1, cal-
culations are carried out with the laminar chemistry model, i.e.,
without the influence of turbulent fluctuations. In case 2, the
magnitude of all segregation parameters is set to 30% but zero
temperature fluctuations. In case 3, a 5% level of temperature
fluctuations is considered with no concentration fluctuations.

To evaluate the overall model performance, a comparison
of calculated and measured mass fractions of major species at
8.26 diameters downstream is presented in Fig. 1 for case 2.
Results from cases 1 and 3 (not shown) are only slightly
different from case 2 because of the low level of turbulence
fluctuations considered here. As can be seen from Fig. 1, the
predictions are in satisfactory agreement with the experimen-
tal data in regions near the jet center line. However, significant
disagreement between the predictions and the experimental
data are noticed for radial locations greater than r/d = 0.60,
where the predicted O2 and water concentrations are substan-
tially different from the data. By comparison with our previ-
ous numerical calculations of the same jet flames using a k-e
model,7 we conclude that the crude mixing length model of
Eggers is responsible for the discrepancies noted earlier.

To appreciate the effects of turbulence on combustion, the
corresponding minor species at the axial location x/d = 8.26
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Fig. 1 Calculated and measured mass fractions of major species at
location x/d = 8.26 for case 2.
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Fig. 2 Minor species concentration distributions at location x/d =
8.26 for cases 1, 2, and 3.

are presented in Fig. 2, for cases 1,2, and 3, respectively. It is
worth noting that, by including fluctuations (either tempera-
ture or species), the OH concentration is enhanced relative to
the O or H atom concentrations, but 5% temperature fluctua-
tions lead to larger OH. This can be explained by the fact that
the most temperature-dependent step H + O2 ̂  OH + O is
greatly enhanced in the forward direction by the temperature
fluctuation.

An interesting feature of case 2 is that the minor species
profiles are lower than those obtained with laminar chemistry.
This can be best understood in a bimolecular reacting system
where the segregation parameter is always positive. Hence, the
mean consumption rate reaches its maximum value only when
the segregation parameter approaches zero. Consequently,
any unmixed fluids tend to decrease the mean chemical reac-
tion rate. However, in multicomponent reacting systems, the
segregation parameters can be positive, negative, or zero.4
Despite the complexity of our present chemical reaction mech-
anism, the overall contribution of these correlations on the
species fluctuation terms tends to reduce the reaction rates, a
similar trend that is well understood in a simple bimolecular
system.

The impact of turbulence fluctuations on the predicted igni-
tion locations has been examined. We found that temperature
fluctuations tend to promote combustion, and hence the igni-
tion point is moved closer to the nozzle exit when a 5% temper-
ature variance is included in the calculation. However, inclu-
sion of species fluctuations delays the initiation of combustion
and hence the ignition point is moved slightly downstream.

Conclusions
The effects of species and temperature fluctuations on

chemical processes have been independently explored for a
supersonic turbulent reacting jet under weak turbulence. The
numerical code used here is the first of its kind to use the
LU-SSOR scheme for axisymmetric flows with nonpremixed
combustion. Numerical studies of a supersonic H2 jet flame
into a supersonic coflowing airstream are conducted.

The results indicate that species fluctuations decrease the
absolute levels of radicals whereas temperature fluctuations
increase radical levels. Flame ignition is promoted when tem-
perature fluctuations are considered, based on both computed
radical concentrations and reduced penetration of oxidizer
into the fuel jet. Furthermore, the ignition delay region for the
flame studied in this work agrees well with that reported by
Beach8 (2.4 diameters) in a similar experiment.
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Introduction

M ODEL experiments have proven to be of considerable
value in understanding the physical mechanisms that

control the unsteady separation process and the evolution of
the vorticity field over surfaces. Francis et al.,1 for example,
studied the flow produced over a symmetric airfoil by an
oscillating fence-like spoiler located at midchord on the suc-
tion surface. They documented the presence of a dynamically
evolving vortical structure that had many of the characteristics
of the dynamic stall vortex that is associated with an airfoil in
pitching motion. They observed that, for the range of Rey-
nolds numbers and frequencies tested, the vortical structure
remained attached to the spoiler during the upstroke and that
it grew mainly in the streamwise direction, with the growth
rate of the vortex proportional to the square root of the
reduced frequency k of spoiler oscillation.

In another model experiment that exhibits some characteris-
tics of the leading-edge separation over unsteady airfoils,
Ramiz and Acharya2 and Ramiz3 formulated techniques for
the nonintrusive detection of flow state that show promise for
use in the active control of unsteady separated flows. The
experiment documented the unsteady separating flowfield
generated by the deployment at constant pitch rate of a
spoiler-like flap, with height h - 4 cm and a 60-cm span, into
the initially attached flow over a flat plate, 60 cm wide and 3.1
m long. The flap, located at JCG = 137 cm from the plate
leading edge, had a single ramp-up motion from 0 to 90 deg
over a rise time T0. The resulting unsteady flow was studied
for a Reynolds number range 1.5 x W5<ReXQ<2.6 x 106 and
rise times T0 between 0.06 and 2 s (corresponding to a dimen-
sionless pitch rate 0.001<#+ <0.35). The formation and
growth of the separated region were examined by using a
combination of unsteady wall static pressure and flow-direc-
tion measurements at several locations downstream of the
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flap. A proper understanding of the development of an un-
steady flow such as this requires a perspective based on vortic-
ity dynamics. The results of the present experiments are con-
sistent with the suggestion of Reynolds and Carr4 that the
growth of the separation region is controlled by two different
mechanisms that set a balance between the vorticity input and
output to the separated region.

Results and Discussion
Nature of the Unsteady Flow

References 2 and 3 provide a detailed description of the
measurement techniques and their validity, as well as the
results. A sample data set is described here to provide the
requisite background for the discussion of dynamical scaling
in the following section. Figure 1, reproduced from Ref. 2,
shows typical flow-direction data at x/h = 2 for five trans-
verse locations ranging between 0.1 <y/h <4.0. A zero cp line
for each trace in this figure aids in determining the flow
direction at each location; a positive value indicates forward
flow. The wall static pressure at this location has also been
shown for reference. Several features of the unsteady flow are
apparent. Prominent among these is the signature of the initial
vortex as it is released from the flap and is convected down-
stream. This correlation between the occurrence of a suction
peak and the vortex passage has been observed in other un-
steady flows as well.1'5'6 Flow reversal is seen only in the traces
recorded at y/h < 1. The flow reverses direction first nearest
to the wall, with delays occurring in this reversal as y/h
increases. Recirculating flow in the separated region forming
behind the flap results in reversed flow in the near-wall part of
this region. Thus, the existence of reversed flow near the wall
at any streamwise location is an indication that the separated
region has grown in extent up to this location. Measurements
of the direction of flow in the near-wall region along the plate
can thus be used to obtain a measure of the streamwise extent
of the separated region.

Dynamical Scaling
Data such as those presented in Fig. 1, recorded over a

range of T0 and approach flow velocities, showed that the
length and time scales of the separation process depend on T0
and flow velocity. It was found that the behavior of the flow
was determined by the relative magnitudes of two time scales:
the rise time of the flap and the time available for the vorticity
generated at the flap to accumulate in the separated region
developing behind the flap. The growth of the separated re-
gion beyond a given streamwise location downstream of the
flap was preceded by the convection of the initial vortex past
that location. In addition, the time of arrival of the vortex at
this location was given by the first instant of flow reversal in
the near-wall region. This time instant td, when flow reversal
was first detected in the near-wall region during a flap-rise
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Fig. 1 Typical flow-direction data; TO = 0.1 s, ReXQ = 9x 105, x/h =2.


