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Introduction

EMPORALLY resolved measurements of flowfield variables,

such as temperature, density, velocity, and species concentra-
tion, are important for the study of turbulent reacting and nonre-
acting flows. Such measurements can provide data on probability
distributions that are unattainable with time-averaged techniques.
Short-duration impulse facilities such as shock tubes, shock tun-
nels, or combustion bombs that are employed in high-speed aerody-
namic and combustion research require instrumentation with pre-
cise timing as well as high time resolution. As temperature is an
important parameter in these studies, several time-resolved laser-
spectroscopic thermometry techniques have been developed and
demonstrated. Unfortunately, only a few techniques are sufficiently
versatile for widespread use. In general, these techniques are tailored
to specific measurement requirements, exploit certain thermody-
namic conditions or constraints in the gas flow under study, and/or
are applied to problems for which their strengths are particularly
suited.

A new single-pulse, two-line laser-induced O, fluorescence tem-
perature measurement technique has recently been developed® for
use in unseeded high-temperature (1500-3000 K) reacting and non-
reacting airflows where temperature, pressure, and species con-
centrations are subject to turbulent fluctuation. The technique has
been characterized and calibrated in a high-temperature atmospheric
air furnace. Here, we demonstrate its potential for use in high-
temperature reacting flows with measurements in the turbulent
postflame gases of a premixed, atmospheric propane-O, flame.
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Temperature Measurement Technique

The technique is based on the simultaneous excitation of the
spectrally coincident v'(0) < v"(6) P(13) and v'(2) « v"(7)R(11)
absorption lines in the B*Z; — X3Eg“ Schumann-Runge system
of O, using a tunable KrF laser. The peaks of these lines near
40,251 cm™! (248.44 nm) overlap each other within ~0.05 cm™!.
Because of their close proximity, a single laser with a bandwidth of
approximately 1 cm™! can excite both lines simultaneously. As a re-
sult, the fluorescence from both upper states reached by absorption
is emitted simultaneously as well. Although separation of the two
fluorescence contributions by time-resolved detection is not pos-
sible, unique features of their emission spectra allow them to be
separated spectroscopically. By using a spectrometer equipped with
a multichannel array detector, the fluorescence spectrum resulting
from the excitation of both lines can be recorded on a single-pulse
basis. Thus, by analyzing each single-pulse dispersion spectrum,
time-resolved thermometry is realized. Although limited to point or
line measurements, this approach is simpler than alternative two-line
laser-induced fluorescence (LIF) approaches,>® where two lasers
and two detection systems are needed for time-resolved thermom-
etry. Unlike single-pulse Rayleigh or Raman techniques, which re-
quire high laser pulse energies (~200 mJ) to produce a sufficiently
high single-pulse signal-to-noise ratio, this LIF technique requires
only 5-10 mJ and thereby precludes problems associated with par-
ticle incandescence as well as with exceeding damage thresholds
of window materials. Owing to the high predissociation rate of the
upper states, quenching corrections are unnecessary for pressure
up to approximately 2 atm—an important consideration in turbu-
lent reacting flows where the local gas composition is subject to
considerable fluctuation. However, the low fluorescence conversion
efficiency and restrictions on the incident laser flux present with this
0, LIF technique! may limit its use to high-temperature flows with
greater than trace concentrations of O,. Although LIF detection lim-
its are intimately tied to particular experimental configurations, the
detection limit realized in the present experiment was estimated to
be ~0.5% mole fraction at 2500 K and 1 atm.

The technique was calibrated in a high-temperature atmospheric
air furnace where independent thermocouple measurements were
available.! Mean temperatures and their variances were obtained
from 100 single-pulse measurements at furnace temperatures from
1300 to 1800 K, and the mean temperatures were compared with
the corresponding thermocouple measurements. For 100-pulse av-
erages, typical measurement error over this range was 1.3%. Photon
shot noise was found to be the primary source of error in the flu-
orescence measurements. The measured standard deviation in the
single-pulse LIF temperature measurements in the furnace agreed
well with the predicted uncertainty computed using the mean tem-
perature and fluorescence signals. Single-pulse temperature mea-
surement uncertainties (1o) in atmospheric air ranged from approx-
imately 13% at 1300 K to 7% at 1800 K. The theoretical model!
that was used to accurately interpret the temperature dependence
of the fluorescence signals measured in the furnace was also used
in the present demonstration to determine temperatures outside the
calibration range. Since the coefficients that were determined from
the calibration measurements are temperature independent, such ex-
trapolation outside of the calibration range is justified. In addition,
systematic errors in the temperature measurement due to uncer-
tainties in the model parameters were found to be small relative
to propagated uncertainties in the single-pulse fluorescence signal
measurement.*

Turbulent Flame Temperature Measurements

To demonstrate the technique’s viability for measurements in re-
acting gas flows where the O, concentration and temperature are
subject to turbulent fluctuation, temperature measurements were
obtained in the turbulent high-temperature gases of a premixed
propane-0; jet flame. The flame was produced by a commercially
available, atmospheric pressure blast burner commonly used for
glass and metal shaping. The intense, axisymmetric turbulent flame
was approximately 15 mm in length and was located approximately
5 mm above the burner tip (D = 1 mm). The luminous region of the
postflame gases extended approximately 150 mm above the base of
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Fig.1 Variation of mean temperatures in an atmospheric propane-O;
flame with normalized distance z /D along the centerline axis of burner.
The error bars represent 1o limits of 100 single-pulse measurements.
The diagram to the right shows the nominal flame location relative to
the measurement points.

the flame. The burner was run as a free jet in atmospheric air with no
coflow. Measurements were made near the tip of the flame region
and in the postflame gases.

The experimental apparatus is similar to that outlined in Ref. 1.
The KrF laser beam directed to the flame was unfocused and spa-
tially apertured to a 1.5 x 1.5 mm? cross section. The segment
of the beam coinciding with the centerline of the burner axis was
imaged onto the 1-mm-wide entrance slit of a 0.5 mf/6.9 spec-
trometer. A two-lens telescope with f/3.5 collection imaged the
fluorescence from the flame with 2:1 magnification; the dimen-
sions of the measurement volume were thus 1.5 x 1.5 x 0.5 mm’®,
An intensified charge-coupled device array placed at the exit plane
of the spectrometer was used as the detector. Since the predissoci-
ated O, fluorescence occurs only during the laser pulse, the realized
time resolution was approximately 20 ns. Prior and subsequent to
_obtaining fluorescence spectra in the flame, fluorescence spectra in
a high-temperature atmospheric air furnace were obtained for cali-
bration purposes.

Figure 1 shows the variation of temperature with nondimensional
distance z/D above the burner exit plane along the centerline axis.
Each point represents a mean of 100 single-pulse measurements, and
the error bars correspond to one standard deviation (o) of the 100
measurements. Adjacent to the plot of Fig. 1 is a diagram showing
the approximate flame structure relative to the measurement points.
The lowest point (z/D = 15) is located nominally within the vis-
ible tip of the flame. At points closer to the burner exit, where the
O, concentration falls below the detection limit, the fluorescence
signals were too weak for a reliable temperature measurements.
The remainder of the points reside in the postflame region. The
mean temperatures are seen to range from approximately 3000 K at
z/D = 16.5 to approximatety 1900 K at z/D = 75.

Because of the turbulent nature of the flow, the variance in each
of these temperature measurements represents a combination of two
components: the variance due to the measurement uncertainty and
that due to turbulence-induced temperature fluctuations. Although
the individual contributions of each of these components cannot
be separated experimentally, the effect of measurement uncertainty
can be estimated. Previous experiments! have demonstrated that
for fluorescence signal levels comparable to that of the present ex-
periment, the temperature measurement uncertainty AT /T is con-
trolled primarily by the photon shot noise. Therefore, the actual
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Fig. 2 Filled circles represent the variation of the predicted single-
pulse measurement uncertainty AT /T with nondimensional distance
z / D corresponding to the measurements of Fig. 1, and the open circles
show the variation of measured fractional standard deviation o7 / T
with distance corresponding to the measurements of Fig. 1.

uncertainty AT /T can be accurately estimated from the magnitude
of the fluorescence signal and the inferred temperature. Figure 2
shows the variation of the estimated AT /T of each of the mean
temperatures with distance z/D. At low z/D, where the O, con-
centration is low, the single-pulse uncertainty in the fluorescence
signal and, subsequently, the temperature measurement are high.
Farther away from the flame, air entrainment within the postflame
gases increases the magnitude of the fluorescence signal and low-
ers the temperature measurement uncertainty. For comparison, the
measured fractional standard deviation o7/ T of the corresponding
100 single-pulse temperatures at each z/D location is also shown.
Although not negligible, the measurement uncertainty AT /T is
consistently smaller than o7 /T, thereby indicating that the error
bars of Fig. 1 are extended by the turbulence-induced fluctuations.
In effect, the distribution obtained from a series of measurements
represents the convolution of a measurement error distribution func-
tion (due primarily to photon shot noise in the fluorescence mea-
surements) and an actual turbulence-induced temperature distribu-
tion. With the exception of three points (z/D = 40, 45, and 50),
where the magnitude of the turbulent fluctuations is comparable to
AT/T, an estimate of the turbulent fluctuations can be discerned
by comparing the measured fluctuations and the predicted mea-
surement uncertainty. Although not attempted here, net turbulent
temperature distributions can be recovered from measured distribu-
tions by using appropriate measurement error distribution functions,
obtained either from measurements in a quiescent environment or
by assuming normally distributed, shot-noise-limited fluorescence
measurements.

Conclusions

Time-resolved pointwise temperature measurements in the high-
temperature gases of a turbulent, premixed propane—Q, atmospheric
pressure flame were demonstrated using a new single-pulse KrF
laser-induced O, fluorescence temperature measurement technique.
The technique is based on simultaneous excitation of two spectrally
coincident transitions followed by spectrally resolved multichan-
nel fluorescence detection. The accuracy of the fluorescence signal
measurements was limited by photon shot noise and was therefore
controlled by the magnitude of the fluorescence signals. In a qui-
escent environment, the accuracy of temperature measurements is
limited by this fluorescence measurement uncertainty. However, in
the turbulent flame employed for these measurements, the effect
of turbulent fluctuations in most regions of the postflame gas was
shown to exceed the single-pulse measurement uncertainty. The
combined rms deviation of turbulence-induced temperature fluctu-
ations and measurement uncertainty, o/ T, varied from 8 to 23%,
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whereas the estimated contribution due to measurement uncertainty
varied from 6 to 13%. Therefore, these measurements can also be
used to estimate the extent of the turbulent fluctuations. In addition,
since each temperature measurement is obtained from simultaneous
measurements of fluorescence signals from two independent tran-
sitions, linear averaging of a series of temperature measurements is
permissible; the possible systematic error in the temperature derived
from averaged, nonsimultaneous fluorescence measurements is
avoided with this technique. With a relatively high data rate (~5 Hz),
a well-characterized measurement uncertainty, and the ability to be
extended to line imaging, this new instantaneous temperature mea-
surement technique can provide single-pulse measurements in high-
temperature reacting flows where temperature, pressure, and species
concentrations are subject to turbulence-induced fluctuations.
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Introduction

URBULENT flow separation is commonly encountered in both

internal and external flows with abrupt changes in geometry.
Practical examples of such flows are found in heat exchangers, turbo-
machinery, combustors, heating and ventilation systems, and cool-
ing of electronic components. The flow over a surface mounted
obstacle or rib considered here is related to the classical backward-
facing-step geometry but is somewhat more complex because of the
formation of multiple primary and secondary recirculation zones and
their interaction. The rib geometry provides a good laboratory con-
figuration for further understanding of the physics of flow separation
and for evaluating turbulence models and numerical discretization
procedures.!

The classical two-equation k—¢ eddy viscosity model (EVM) and
its variants have been the most widely used engineering models
to compute separated flows. The performance of these models in
separated flows is unsatisfactory in many respects,>* even with the
substantial improvements brought about by corrections to account
for extra strain effects an streamline curvature.>* One of the weak-
nesses of EVMs is the use of a single time (or length) scale to

Received April 5, 1995; revision received Oct. 17, 1995; accepted for
publication Oct. 18, 1995. Copyright © 1995 by the American Institute of
Aeronautics and Astronautics, Inc. All rights reserved.

*Graduate Research Assistant, Department of Mechanical Engineering.

* Associate Professor, Department of Mechanical Engineering. Member
AIAA.

characterize the turbulence. This leads to poor predictions of the
eddy viscosity in flow situations where large departures from equi-
librium conditions occur.

One approach to address this problem is multiscale (MS) turbu-
lence modeling, first proposed by Hanjalié et al.,* which consists
of partitioning the energy spectrum into several regions, each char-
acterized by a different time scale. In the simplified split-spectrum
method used by Kim and Chen,® turbulent transport is described
by using two time scales: the first corresponds to the large energy-
bearing eddies and describes generation of turbulent kinetic energy,
and the second corresponds to the smaller-scale eddies and describes
dissipation rate. In this Note we examine the performance of Kim
and Chen’s MS model in high Reynolds number flow over two-
dimensional surface-mounted ribs. The computations are performed
using a finite volume method with a higher order quadratic upwind
scheme, which is stable and conservative and which incorporates an
upstream-weighted curvature correction.

Tuarbulence Model

To account for the evolution of the different scales in the large-
eddy production range and the small-eddy dissipation range, the
turbulent energy spectrum can be partitioned into three regions:

1) Production region, characterized by the turbulent kinetic en-
ergy k, and the energy transfer rate ¢,,. )

2) Transfer region, characterized by the turbulent kinetic energy
k; and the dissipation rate &,.

3) Dissipation region, where the turbulent kinetic energy is dissi-
pated into heat.

Kim and Chen’s MS turbulence model formulation® used in this
study is based on a single-point closure with a variable spectrum-
partitioning method. The location of the partition, or the ratio k,,/ k;,
is determined as part of the solution and is dependent on the turbu-
lence intensity, production, transfer, and dissipation rates. The parti-
tion is moved toward the high-wave number region when production
is high and towards the low-wave number region when production
is low. Turbulent transport is described by using a time scale char-
acterizing large eddies, and the dissipation rate is characterized by
using the fine-scale eddies.

The turbulent kinetic energy and the energy transfer rate equations
for the energy containing large eddies are given by®
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The turbulent kinetic energy and dissipation rate equations for the
fine-scale eddies are given by
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where the production rate is given as
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and the empirical coefficients are determined by examining lim-
iting cases of asymptotic turbulence growth and decay rates and



