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ABSTRACT

This report summarizes the research findings of a project which has been

jointly funded by the Air Force Office of Scientific Research and the National

Bureau of Standards, The goal of the research was to improve the fundamental

understanding of chemically reacting turbulent flow. The approach which was

taken was to investigate mixing in variable density flows in order to better

understand the role of local density fluctuations (which result from chemical

heat release) on the turbulent mixing behavior. The development of new

experimental diagnostics having excellent spatial and temporal resolution is

described. These techniques have been utilized to investigate a wide range of

mixing properties in variable density flows. These results are siommarized

along with a discussion of their importance to an improved understanding of

chemically reacting flow.

1. INTRODUCTION

This report summarizes the major findings of a four-year study on

chemically reacting turbulent flow. This project was jointly funded by the

Air Force Office of Scientific Research (contract numbers ISSA-83-00012
,
ISSA-

84-00005, ISSA-85-00012
,
and lSSA-86-00008) and the National Bureau of

Standards. The period covered is October 1, 1982 to September 30, 1986.

In the following sections the overall objectives of the research project

are discussed, significant research accomplishments are listed and briefly

described, and the significance of the findings to the understanding of

chemically reacting turbulent flow is discussed.
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2 . PROJECT OBJECTIVES

The primary objective of this research program was the improvement of the

fundamental understanding of chemically reacting turbulent flow. The most

complicated aspect of this problem is the complex coupling of fluid mechanics

and heat release which occurs for most flows in this class. Despite intense

efforts for several decades, this complicated process has remained poorly

characterized. This is unfortunate since chemically reacting turbulent flows

are of paramount importance in a wide range of combustion devices and other

chemical reactors which have military and industrial significance. An

improved understanding of the interactions of fluid d3mamics and heat release

is not only necessary to improve device efficiencies and contribute to the

conservation of dwindling fuel and feed stocks, but also to allow new types of

designs which can limit the release of undesirable pollutants.

In order to meet the above objective an approach was chosen in which the

effects of global density variations on turbulent mixing of axisymmetric jets

were investigated. This path was chosen since it was felt that one of the

major sources of coupling between heat release and fluid motion in a turbulent

flow is through the density variations introduced by chemical heat release.

In order to characterize these effects, it is first necessary to understand

the effects of global density differences.

The study of mixing in variable density, turbulent flows (or any

turbulent flow for that matter) is complicated by the wide range of spatial

and temporal scales which are of importance. These scales vary from the full

dimensions of the flow field down to the smallest scales where turbulent

dissipation occurs. It is clear that in order to obtain an improved

characterization of these processes diagnostics having high spatial and
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temporal resolution are required. Since suitable diagnostics were not

available, an Important secondary goal for the project became the development

of new experimental techniques for the study of concentration and velocity

fluctuations In variable density flows. The Importance of large scale

turbulent structures In these flows fields necessitated the development of

multi-point diagnostics capable of high temporal and spatial resolution. A

digital line camera was designed and a prototype constructed. Preliminary

experiments utilizing the camera have been encouraging and development is

continuing.

3. RESEARCH ACCOHFLISHMENTS

In the subsection which follows, the development of new diagnostics are

described. The findings of an extensive study of mixing in variable density

turbulent flows are then summarized. Work in this laboratory, as well as

elsewhere, has demonstrated the importance of these findings to an improved

understanding of chemically reacting turbulent flow. This point is discussed

in the last subsection.

3 . 1 DIAGNOSTIC DEVELOPMENT

Throughout the course of this project there was an emphasis on the

acquisition of real-time data having high spatial resolution and accuracy.

Very few suitable experimental techniques were available and a great deal of

effort was directed toward the development of unique capabilities for the

measurement of concentration and velocity in variable density flow fields.

Significant progress has been made on the development of the necessary

diagnostic tools.
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3.1.1 Concentration Measurement Using Rayleigh Light Scattering

The development of Rayleigh light scattering as a real-time diagnostic of

concentration fluctuations within small spatial volumes of turbulent binary

gas mixtures was completed during the very early stages of the project period.

Building on earlier work [1,2] it was demonstrated [3,4] that Rayleigh light

scattering can be utilized to measure a wide range of properties in these flow

fields

.

The Intensity of light scattered by a gas is proportional to the Rayleigh

scattering cross section. This scattering cross section is in turn related to

the index of refraction of the gas. Since the refractive indices of

individual gases vary, scattering intensity varies from gas to gas. For

mixtures, the scattering cross sections for the different gases are additive.

A measurement of scattering intensity from a binary gas mixture, following

calibration in the pure components, allows the concentrations of the two gases

in the observation volume to be determined.

Figure 1 shows the experimental apparatus which was developed for

Rayleigh light scattering measurements. In order to test this system, real-

time concentration data were recorded in the turbulent flow field formed by an

axisymmetric jet of methane (Re = 4130) flowing into a slow coflow of air. It

was demonstrated [3,4] that this system is capable of recording real-time

measurements of methane concentration at data rates as high as 10 kHz for

observation volumes as small as 0.0003 mm^ . The accuracy of individual

measurements was estimated to be » 1.9% at the highest data rate.

From the resulting real-time data records such flow properties as the

time -averaged concentration, root mean square (RMS) in the concentration

fluctuations, and the concentration skewness and kurtosis were calculated.
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Figure 2 shows the behavior of the time -averaged methane concentration in the

radial direction for a downstream distance of 30 r^^ . By using fast Fourier

transform analysis it was also possible to calculate the frequency spectrum

and correlation functions for the concentration fluctuations.

The availability of real-time data allowed a determination of whether or

not jet fluid was present in the imaged volume during the observation time.

In this manner, the intermittency function (based on the presence or absence

of jet fluid) could be determined and then utilized to provide conditionally-

sampled measurements for the properties described above.

Even though the results [3,4] of this work were of a preliminary nature,

they represented the most extensive and complete set of data for a variable

density flow available in the literature at the time of their publication.

Where comparisons were possible, results [3,4] were found to be in excellent

agreement with measurements reported in the literature.

3.1.2 Simultaneous Concentration and Velocity Measurement

The development of the Rayleigh light scattering technique provided a

powerful means for monitoring concentration behavior in a turbulent flow field

of two gases. However, in order to more fully characterize turbulent behavior

in variable density flows, measurements for velocity are also required. Of

particular importance is the capability for simultaneous measurements of

concentration and velocity which allows such parameters as the cross

-

correlation coefficient (Rye) velocity and concentration to be calculated.

Such correlations are very important since they often appear in models which

attempt to provide closure for the Navier- Stokes equations and in treatments

which utilize Favre averaging [5]. Such measurements have been very difficult
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to make in the past and very few comparisons between theoretical estimates and

experimental findings are available.

Either of two techniques, hot-wire anemometry (HWA) and laser Doppler

velocimetry (LDV)
,
are usually employed for real-time velocity measurement.

LDV requires seeding of the flow with particles. This results in a strong Mie

scattering which completely obscures the Rayleigh light scattering signal

necessary for concentration measurement. Even though experiments have

demonstrated that simultaneous measurements of concentration and velocity are

possible in lightly seeded flows [6]

,

it has not been possible to make real-

time measurements. For this reason, HWA was chosen as the velocity

diagnostic.

HWA in variable density flows is complicated by the variations in

molecular thermal conductivity which occur as the composition of the gases

around the probe changes. As a result, the response of the HWA is not only

sensitive to velocity changes, but also to concentration variations. This

sensitivity has been used as the basis for probes designed to measure

concentration in binary gas mixtures [7]. By combining two probes having

different heat transfer properties it has also been possible to make

simultaneous measurements of concentration and velocity [8,9]. However, these

measurements require extensive calibrations and data manipulation and have not

come into widespread or routine use.

By combining the HWA and Rayleigh light scattering techniques it is

possible to mitigate some of the limitations of HWA for velocity measurements

in variable density flow fields consisting of two gases. The Rayleigh light

scattering technique provides real-time concentration measurements which can

be utilized to correct the response of the HWA for variations in gas

6



composition once the velocity probe has been calibrated in a series of

mixtures. The necessary calibrations are considerably simpler than those

required when two hot-wires are employed. Limitations of such an approach

include the need for an obtrusive probe and the necessity of physically

separating the observation volume for the Rayleigh light scattering and the

position of the hot-wire (to avoid scattering).

Experimental work [10] has shown that the limitations mentioned above are

not serious and that the combination of Rayleigh light scattering and HWA can

be utilized for accurate, real-time measurement of concentration and velocity

in variable density flows. Figure 3 shows an example of the real-time

behavior of concentration and velocity for a turbulent jet of propane flowing

into a coflow of air. Such data records were utilized to calculate time-

averages
,
rms values, and cross-correlation values for the velocity and

concentration fluctuations of propane and methane jets. In all cases the

experimental measurements were in excellent agreement [10] with the limited

data available in the literature.

The measurements reported in [10] are for a single hot-wire (or hot- film)

aligned so that the probe is sensitive to velocity in the axial direction of

the jet flows. It is possible to also utilize an "X-probe" consisting of two

wires oriented at 45° in order to measure both the axial and radial components

of velocity. During the past year the response of such a probe to variable

density flows as well as the effects of flow direction have been extensively

investigated. In the near future this X-probe will be combined with the

Rayleigh light scattering system in order to form an experimental system which

can make real-time measurements of concentration and two components of

velocity in variable density flow fields. This system will be capable of
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characterizing variable density turbulent flow fields to a degree which has

heretofore been impossible.

As part of the calibration work necessary to employ these HWA probes,

various correlations available in the literature for the heat loss from a

cylinder were considered. It was discovered that none of these correlations

were successful in correlating an extensive series of calibrations performed

in ten different gases [11,12]. The most widely quoted correlation for

different gases utilized a correction based on the Prandtl number (Pr) to

correct for variations in molecular properties [13-15] . This correlation was

found to be unsatisfactory for the gases investigated during this study.

Extensive analysis [11,12] of the data showed that it is necessary to consider

the temperature dependence of the molecular properties in order to obtain

accurate correlations. Figure 4 is a plot of the heat transfer behavior (in

terms of the nondimens ional Nusselt number) as a function of flow velocity (in

terms of the nondimens ional Reynolds number based on the probe diameter) . The

correlation of the results for the nine gases shown is excellent.

Other heat transfer characteristics such as thermal slip and surface

accommodation were also investigated during the course of this study [11,12].

In particular, it was shown that the heat transfer from a cylinder to helium

is strongly influenced by surface accommodation. Using theories previously

developed for treating this process [16] it was possible to correct the

measurements for this effect and obtain an accurate correlation of the heat

transfer behavior of helium with the results for other gases. The helium data

included in figure 4 have been analyzed in this manner. The measurements also

yielded an vastly improved understanding of the dependence of the heat
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transfer process on Re and transitions in flow behavior which occur as the Re

is varied.

The manuscripts which resulted from this work [10,11,12] are not only

significant for their importance to researchers who wish to utilize HWA in

different gases, but are also important for the much wider field of heat

transfer. The results considerably modify current concepts concerning the

role of molecular properties in heat transfer behavior.

Extensive measurements [17] have also been made for mixtures of gases.

For these mixtures the procedure described above does not provide accurate

correlations for the heat transfer measurements. Systematic variations are

observed with the mole fractions of the components which have tentatively been

ascribed to the effects of thermal diffusion on the heat transfer behavior.

If thermal diffusion is indeed the source of the variations, it is required

that its effects on heat transfer be roughly ten times larger than reported in

the literature. Dr. Howard Baum is currently developing a theory [17] for

this process which is designed to allow a test of this hypothesis.

3.1.3 Development of a Digital Line Camera for Concentration Measurement

The flow diagnostic techniques described above are designed to allow

accurate point measurements of velocity and concentration. Measurements

utilizing these techniques as well as findings in other laboratories have

suggested the importance of large scale structures for mixing in turbulent

flows such as axisymmetric jets. The availability of real-time point

measurements allows some characterization of these structures through the

determination of intermittency functions and conditional sampling. However,

such measurements provide very limited information about individual structures
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and their role in the entrainment of surrounding gases. Clearly, simultaneous

measurements at many different points in space would provide much more

information concerning the structure and role of these large scale structures

in the turbulent mixing process

.

Recently there has been a great deal of research activity (e.g., [18-23])

on the development of optical diagnostics which are capable of nonobtrusive

,

multi-point measurements in flow fields. Such imaging experiments have been

reported along lines [18], in planes [19-21], and in three dimensions [23]. A

wide range of optical processes such as Rayleigh [19,23], Raman [20], Mie

scattering [19] and fluorescence [18,21,22] have been employed. Even though

there are exceptions, most of these experiments are characterized by the need

for image intensification (due to the relative insensitivity of the solid-

state detectors which are usually employed) and the use of high-powered lasers

which provide sufficient signal levels to allow the optical measurements, but

which limit the experiments to low repetition rates.

Due to the ability of imaging experiments to provide a more complete

characterization of large scale structures in turbulent flows, it was clear

that a system utilizing Rayleigh light scattering for quantitative mass

fraction measurement would be very useful. A short proposal was prepared and

the necessary funding for the development of a digital line camera system was

provided internally by the National Bureau of Standards. Note that a similar

unintensified system has been utilized for concentration measurements in a

water jet [22]

.

A set of design goals were developed for the camera. The most important

of these are listed here:

1. A spatial resolution of 400 fxm along the line.
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2 . Line readout rates greater than a kHz

.

3. Concentration measurements having an absolute accuracy of a

few percent.

4. Utilization of an existing CW Ar ion laser and data
acquisition system.

5. Use of commercially-available components.

The first three of these goals were chosen to be consistent with the

capabilities of our experimental system for single point measurements of

concentration. The last two were required to minimize the cost of the system

and simplify its design and construction. These criteria were found to be in

competition with one another and it was necessary to make compromises in the

design of the camera.

An analysis [24] of the intensity of scattered light from the Ar'*' ion

laser beam and the sensitivity of commercially available solid-state line

detectors indicated that image intensification would be required in order for

the line camera to operate at the required data rates. This requirement

turned out to be the most difficult technical challenge of the camera design.

There are two major types of image intensifiers available commercially.

These are known as generation I (gen I) and generation II (gen II)

.

Gen I

tubes consist of a photocathode, accelerating and focusing electronics for

electrons emitted by the photocathode, and a phosphor screen. The optical

gain of the device results from the fact that a single accelerated electron

striking the phosphor screen results in the production of many photons.

Gen II tubes are similar to gen I tubes with the exception that a

microchannel plate (MCP) is inserted between the photocathode and the phosphor

screen. The MCP is an active device which can produce electron gains of
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10^-10^. Since the channels which form the MCP are aligned, any electron

"image" present on the input face is maintained at the other end of the MCP.

Electrons emitted by the photocathode of a gen II image intensifier are

focused (either by proximity or electrically) onto the MCP and the resulting

amplified electron image from the MCP is focused onto a photocathode. Since

the MCP provides a very high gain, a single gen II image intensifier has a

much higher light gain than a single gen I tube. It is necessary to cascade

two or three gen I tubes in order to obtain intensification comparable to a

single gen II tube.

In most flow imaging experiments reported thus far gen II tubes have been

utilized. However we discovered [24] that for real-time imaging there is a

serious problem due to the maximum light output which can be generated by this

type of image intensifier. This limitation results from the limited output

current of the individual channels of the MCP. Calculations indicated that

the maximum brightness which can be generated by a gen II tube is comparable

to that available from the Rayleigh light scattering experiment and is not

sufficient for real-time detection using commercial, solid-state line

detectors. Since only moderate light gains were necessary, a gen I tube was

chosen as the image intensifier. These tubes can operate at much higher

current levels than the second generation devices and can therefore produce

more intense light outputs.

Measurements at data rates greater than a kHz also require consideration

of the response time of the phosphor screen used in the intensifier. The P-20

phosphor employed for standard tubes has a long-lived tail in its temporal

decay and for this reason is unsuitable for this application. A P-47 phosphor

screen was chosen instead. This screen has a submicrosecond lifetime, but it
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is less efficient than P-20 and the overall gain of a single stage is

significantly reduced. The final selection for the image Intensifier

consisted of two stages of gen I tubes equipped with P-47 phosphor screens.

The detector chosen for the camera was a Reticon RL128S* line detector

which consists of 128 pixels on 25 /zm centers. A 4:1 reduction fiber optic

taper was utilized to couple the detector and the image intensifier. The

camera was completed by the addition of a f/1.9 1:1 focusing lens for imaging

the scattered light onto the image intensifier. With this arrangement each

pixel corresponds to a 100 /zm length of the image so that the entire line

image covers 12.8 mm. Figure 5 shows a schematic for the prototype camera.

The line detector is equipped with electronics which generate voltages

that are proportional to the light detected during the Integration period on

an individual pixel. The voltages for the 128 pixels appear sequentially on

the output. These voltages are digitized and stored in the memory of a

minicomputer. Since the maximum data rate for the acquisition system used is

333 kHz, the maximum line read-out rate is limited to 2.2 kHz. Figure 6 shows

the overall system for line measurements of concentration including the

digital line camera, the flow system, and the Ar'*’ ion laser.

In order to test the system, line measurements of propane mole fraction

for a propane jet flowing into a slow coflow of air have been recorded.

Figure 7 shows an example of the concentration behavior across the radial

profile of the jet at a downstream distance of 5 jet diameters and a line

read-out rate of 837 Hz. The total data acquisition time was ~ 300 ms. Even

* Certain commercial equipment, instruments, or materials are identified in
this paper in order to adequately specify the experimental procedure. Such
identification does not imply recommendation or endorsement by the National
Bureau of Standards nor does it imply the instruments or equipment are
necessarily the best available for the purpose.
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though the time resolution is not sufficient to fully resolve small details,

the importance of large scale structures is clear. The results of such

measurements can be time -averaged to yield the contour of the radial profile.

Figure 8 shows the results for five downstream positions. The growth and

spread of the turbulent boundary layers is evident.

While the performance of the initial camera prototype has been very

encouraging, it has not been possible to reach the full time resolution

potential of the camera due to limitations in the gain of the image

intensifier. A new, three-stage tube has been ordered and will be installed

shortly. This gen I image intensifier will provide a higher gain due to the

additional stage of amplification. It is also equipped with P-46 phosphor

screens which have the same short lifetime properties of P-47, but which have

outputs at longer wavelengths (green) . Green light is more efficiently

transmitted by the fiber optic taper and detected more efficiently by the line

scanner. This modification should therefore increase the sensitivity of the

tube significantly.

3.2 CHARACTERIZATION OF MIXING AND VELOCITY BEHAVIOR IN AXISYMMETRIC JETS

3.2.1 Mixing in a Turbulent, Axisymmetric Jet of Methane

As part of the development of Rayleigh light scattering as a diagnostic

for concentration, extensive measurements of such flow properties as time-

averaged concentration, unmixedness, skewness, kurtosis, concentration

fluctuation spectra, and correlation functions were made [3,4]. The existence

of time -resolved data records also allowed the intermittency functions for the

flow field to be determined and from these it was possible to generate

conditionally- averaged measurements of these flow properties.
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Data were recorded at various positions along the jet centerline and

across the radial profile of the jet for one downstream position (z/r^ = 35).

In all cases where literature sources were available for comparison there was

excellent agreement. The availability of real-time data allowed the existence

of large-scale ramp-like structures in the intermittent region of the flow

field to be identified. Such structures are believed [25,26] to be the

primary mechanism by which jet entrainment occurs and for this reason their

characterization is crucial.

Even though the findings of the study [3,4] were of a preliminary nature,

they were chosen for comparison purposes with conserved scalar measurements in

a hydrogen jet flame [27,28]. These authors felt the measurements were the

most complete and accurate available at the time. A remarkable similarity was

found between mixing in the isothermal and combusting flows. The significance

of this finding is discussed below.

3.2.2 Simultaneous Measurements of Concentration and Velocity
in a Propane Jet

As a test of the combined hot-probe anemometry and Rayleigh light

scattering diagnostic, real-time concentration and velocity data were recorded

in jet flows of propane entering a slow coflow of air [10]

.

Preliminary

measurements which were recorded are significant due to the limited number of

such measurements which have been reported in the literature for variable

density flows. For instance, time-averaged measurements of centerline

velocity showed that the data could be fit in the form

Uo/5o - K„(z-z„)/r, (1)
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where is the effective radius defined as (Po/p®
^
^

.

A least squares fit

of the results gave = 0.082 which is close to the value of 0.081

recommended by both List [29] and Chen and Rodi [30]

.

Values of the

correlation coefficients for velocity and concentration were also calculated

as a function of downstream position. Literature comparisons were very scare,

but measurements by Antonia et al. [31], Chevray and Tutu [32], and Catalano

et al. [33] showed that values of measured in this study were consistent

with previous measurements. The findings suggest that R^^. grows to an

as 3onptotic value of » 0.39 on the jet centerline in this variable density

flow.

3.2.3 Density and Reynolds Nximber Effects on Mixing
in Axisymmetric Jets

An extensive study [34] of the effects of density and Reynolds number

variations on mixing in turbulent axisymmetric jets was performed.

Qualitative information concerning the flows was obtained using time-resolved

shadowgraphs while Rayleigh light scattering was utilized to investigate

quantitatively the centerline mixing behavior. Table 1 lists the gas pairs

investigated in this study, the ratio of jet to coflow densities. Re based on

the jet diameter, and whether or not shadowgraph and Rayleigh data were taken.

Figure 9 shows the experimental arrangement used to record shadowgraphs

of the variable density jet flows. The diameter of the shadowgraphs is 76 mm

and the light pulse has a measured FWHM of 165 /xs with a total duration of 310

/xs. It must be remembered that shadowgraphs provide an integrated view of the

flow field and that the signal is proportional to the second derivative of the

index of refraction variations which occur along the path of the light beam.
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For these reasons, extreme caution must be utilized in drawing conclusions

from such photographs. However, with this in mind, it is possible to

characterize some of the effects of density and Reynolds number variations on

jet mixing behavior from the series of shadowgraphs which have been recorded.

Figure 10 provides a dramatic example of the effects of density

differences on the mixing behavior of a turbulent jet. Shadowgraph are shown

for a jet flow of sulfur hexafluoride into air with Re = 3950. The initial

jet density is 5.1 times higher than that of the surrounding air. As is

clearly shown by the shadowgraph covering the downstream region from z/r^^ = 25

to 45 ,
the Initial momentum of the jet is not high enough to overcome the

negative buoyancy (the jet is orientated vertically) of the flow and the jet

forms a fountain with jet fluid falling back through the surrounding coflow.

Interestingly, as can be seen in figure 11, this effect disappears for Re of

7890 and 11860.

Shadowgraphs for flows covering jet to coflow density ratios of 0.14 to

5.1 are shown in figure 12. The following conclusions have been drawn

concerning the effects of density and Re differences on mixing in these flows

from these and other shadowgraphs

.

1. The initial density ratio effects the shape of the vortices at
downstream positions in the flow field. Increasing density ratios
result in lengthening of vortices in the axial direction.

2. Changes in the density ratio effect the initial development of
turbulence in the jets. For smaller values of p^/Pa> the flow
distance required for initial growth of vortices is shorter.

Figure 13 shows shadowgraphs recorded for jet flows of propane into air

at three different Re. From these photographs as well as those shown in

figure 11, the general effects of changes in Re can be summarized as

1. As the Re is increased the turbulent structures in the flow field
extend to smaller scales.
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2. Increasing the Re has very little effect on the angle of spread for

a given gas pair.

3. Turbulent structures develop at shorter flow distances as the Re is

increased.

Even though the shadowgraphs provided qualitative information concerning

mixing in variable density turbulent flows, very little quantitative

information could be obtained. Rayleigh light scattering was utilized to

perform quantitative measurements of fluid concentration behavior along the

centerlines of the jets.

Time -averaged concentration measurements provide an excellent example of

how significantly density differences can modify mixing. Figure 14 shows

experimental values of inverse time -averaged mass fraction (1/Yj^) plotted as a

function of nondimensionalized downstream position for different jets having a

wide range of density ratio. The data fall on straight lines having slopes

which decrease with increasing density ratio and virtual origins (value of z

where l/Y^jj extrapolates to zero) which move upstream as the density ratio

increases

.

In the early 1950 's Thring and Newby [35] suggested that the centerline

mixing behavior of axisymmetric turbulent jets could be correlated using an

expression which can be written as

l/\ - K,z/r. + (p,/p„-l)K' (2)

where r^ is the effective radius defined earlier and and K' are constants

which are determined by radial integrations of velocity and concentration

across the flow field. This equation can be derived utilizing conservation

equations and assuming self-similarity . It is strictly valid only for

downstream positions where ~ Po •
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The predicted behavior of plots of 1/Y„ versus z/r^ using eq (2) are

shown in figure 15 for K^. = 0.114 and K' =0.5. Comparison with the

experimental results in figure 14 shows that there is excellent agreement.

The dependence of the slopes of the plots on p^/pa, has been documented in the

literature previously (e.g., [36,37]), but to our knowledge, this is the first

time that the predicted dependence of 7.^ on the this parameter has been

confirmed

.

Similar data were recorded for axisymmetric jets in which the Reynolds

number was varied. These measurements showed that the principal effect of

increasing the Re was to shift the virtual origin, z^ ,
downstream. Slopes of

plots of 1/Yjjj versus z/r^^ were independent of Re. This suggests that the

centerline mixing behavior in these flow fields is due primarily to large

scale turbulent structures which should be independent of Re (i.e., inviscid

flow)

.

The availability of time -resolved measurements allowed the behavior of

centerline unmixedness (defined as the RMS of the concentration fluctuations,

,
divided by Y^^^ ) to be determined as a function of Po/p„ and Re. Figure 16

is a plot of YJ^/Yjjj versus z/r^^ for six variable density flows. It is clear

that in each case unmixedness values are approaching a common asymptote of ~

0.23, but that the flow distance required to attain this value is strongly

dependent on p^/p^ with higher ratio flows requiring longer flow distances.

There are very few measurements or theoretical predictions of unmixedness in

variable density flows reported in the literature. This study was the first

to provide data for a wide range of p^/Pca-

In order to gain some understanding of the role of density ratio on the

flow distance required to attain the unmixedness asymptote, the experimental
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values of were replotted as a function of z/r^ as shown In figure 17.

It is clear that plotting the data in this manner results in a collapse of the

growth curves for unmixedness and that r^ serves as a scaling parameter for

the growth. This conclusion is surprising in that the unmixedness development

is occurring in a flow region where the condition is not met and the

development which leads to the definition of r^ is not strictly valid. At the

same time it does suggest that r^ is a true scaling parameter which not only

results in a collapse of time -averaged data, but also scales the development

of turbulent structure in the flow field.

Similar measurements in CgHg/air (see fig. 18) and SFg/air flows have

shown that the asymptotic value of unmixedness is independent of Re, but that

the flow distance required to attain the asymptote increases as the Re is

increased. The longer flow distances required for turbulence growth in the

higher Re flows results in the downstream shifts of the virtual origins

observed for plots of l/Y^j as functions of z/r^^ . The observed Re dependence

of the flow distance required to attain fully- developed flow was surprising

since fully- developed turbulent behavior is generally associated with high Re.

The independence of the asymptotic value of Y^/Y^j on Re once again highlights

the importance of large scale structures in turbulent mixing behavior.

It was hypothesized [34] that the longer flow distances required for

fully- developed flow at higher Re is connected with development of smaller

scale vortices in the flow fields at higher Re. If a "pseudo -equilibrium”

exists between the different vortical scales, a longer flow distance would be

required for the entire turbulent structure to come into equilibrium at the

higher Re. More sophisticated experiments will be necessary to test this

hypothesis. Whether or not this h3rpothesis is correct, a more complete
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characterization of the growth of centerline unmixedness in these flows is

required so that parameters which control the growth of turbulence in flow

fields can be identified.

The time records were also used to calculate skewness (third moment) and

kurtosis values (fourth moment) for concentration fluctuations. Distinct

effects of density ratio were observed on the centerline behavior of these

parameters, but in the absence of theoretical guidance it was not possible to

relate these variations to physical modifications of the mixing behavior.

The manuscript which was written to describe these results [34] contains

extensive comparison with previous literature findings. Generally,

quantitative agreement is excellent. Possible sources of disagreement, such

as the effects of buoyancy and the use of a coflow, were also analyzed and

were generally found to be minor perturbations. It was concluded that the

results are indicative of mixing behavior in free axisymmetric jets. The use

of a wide range of density ratios and Re resulted in the identification of

dependencies in the mixing behavior which had not been reported previously.

4. IMPORTANCE OF ISOTHERMAL STUDIES TO AN IMPROVED
UNDERSTANDING OF TURBULENT REACTING FLOWS

The significance of findings from the isothermal flow studies for

improving the understanding of the more complicated case of chemically

reacting flows was considered where appropriate. These analyses resulted in a

more clearly defined perception of the role of density variations (both global

and local) in chemically reacting turbulent flows. Consideration of mixing

behavior in the isothermal mixing regions of lifted and blown out turbulent

jet diffusion flames resulted in new correlation procedures for describing

these stabilization characteristics and suggested new physical models to
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understand the behaviors. The role of local Re variations on mixing in

chemically reacting turbulent flows has been assessed. These points are

discussed in this section.

4.1 Similarity of Mixing in Isothermal and Reacting Flows

Numerical data from the original Rayleigh light scattering study of

methane [3,4] were provided to investigators at General Electric Corporate

Research and Development Center for comparison with extensive experimental

measurements recorded for a turbulent hydrogen jet flames. Drake et al.

[27,28] found that radial profiles of the first four moments of concentration

fluctuations (time -average
,
RMS

,
skewness

,
and kurtosis) for the isothermal

and reacting flow (in terms of the conserved scalar concentration, f [38])

were very similar. Such agreement suggests that heat release and combustion

have very little effect on the probability distribution functions (PDF) of

scalar mixing in turbulent reacting flows. This conclusion is extremely

important because it implies that the results of isothermal mixing studies can

be applied directly to chemically reacting turbulent flows and thus provides

additional justification for the approach taken in our own study. Theorists

have long used isothermal mixing results as the basis for models of chemically

reacting turbulent flow [39],

Drake et al. [27,28] also utilized the isothermal results of our earlier

study along with their own findings to test a parametric expression developed

by Effelsberg and Peters [40] which divided the conserved scalar PDF into

nonturbulent
, fully turbulent, and superlayer parts. These authors concluded

that the measurements were not consistent with this model since the results

required that more than 50% of the PDF be due to superlayer contributions . An
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alternate interpretation was offered in which the "apparent” superlayer was

attributed to the presence of large scale "ramp- like" structures in the flow

field. Such structures have been observed in time records recorded in our

earlier work [3,4] and by other researchers (e.g,, [31,41,42]).

4.2 Lift-off and Blow-Out of Turbulent Jet Diffusion Flames

There are certain properties of combusting jets for which isothermal

findings are directly applicable. In particular, lift-off and blow out of

turbulent jet diffusion flames must depend on the concentration and velocity

behavior of the turbulent flow upstream of the region where combustion or blow

out occurs. The results of our isothermal studies as well as other findings

available in the literature have been utilized [54] to develop a procedure

which is capable of accurately predicting experimental lift-off heights as a

function of jet exit velocity and blow out velocities as a function of jet

diameter for turbulent jet diffusion flames of many different fuels.

Interestingly, only time-averaged properties have been considered and it has

not been necessary to consider the actual turbulent behavior of the flow.

This is significant since most theoretical treatments either assume flame

stability is due to an equilibrium of flow velocities and turbulent flame

speeds (which depend on small scale turbulent structure) [43-47] or to flame

extinction processes in small scale structures [48-51].

A radically different explanation for flame stability has been suggested

by Broadwell et al
. [52]. These researchers have argued that flame stability

is determined by the reentrainment of hot combustion gases (expelled by the

passage of earlier large scale structures) by large scale structures in the

flow field. These gases are rapidly mixed with the jet gases and if the
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turbulent mixing time, is longer than the chemical ignition time, t^.
,
of

the fuel/air mixture in the jet, the structure will be ignited and the

combustion stabilized. When the mixing time becomes shorter than the chemical

reaction time (r^. > combustion can no longer be sustained.

The impetus for our investigation of flame stability mechanism was the

extensive experimental investigations of lift-off [47] and blow out [53] of

turbulent jet flames by Kalghatgi. He found that his results for lift-off

heights as a function of velocity for different fuels were well correlated by

an expression which can be approximated as

h - 0„(U„/(S„)S.,)^„(p./p.)l =, (3)

where is a constant, is the maximum laminar flame speed for the

fuel and air, and the density term is an approximation for a more complicated

expression. The form of this equation was based on dimensional analysis. The

inclusion of in the expression reflects the important role small scale

turbulent structures are believed to play in this stability behavior.

Blow out velocities as a function of jet diameter were found to have a

similar dependence on density and [53] . This correlation can be written as

where is a constant and is the mass fraction of fuel in a stoichiometric

mixture with air.

Attempts to predict the exponent of 1.5 for the density ratios in eqs (3)

and (4) in terms of the known concentration and velocity fields of isothermal,

variable density turbulent jets were not successful. On the other hand,

correlations in which the term ^ were omitted from eqs (3) and (4)
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were found to accurately correlate Kalghatgi's experimental findings. The

simplicity of these correlations suggested that the time-averaged properties

of the flow field might be employed to predict lift-off heights and blow out

velocities. Subsequent calculations [54] have shown this to be the case.

The first step in the procedure is to calculate the time -averaged mass

fraction contour in the flow field along which the laminar flame speed is a

maximum. Both theory [43-45] and measurements [44,45,55] in turbulent jet

flames have shown that the most probable location for the shortest distance

between the nozzle and the instantaneous flame position is along this contour.

Figure 19 shows the form of this contour for an ethylene jet. In order to

make these calculations, the centerline mixing behavior is taken from our

variable density study and the radial behavior is based on expressions given

in Chen and Rodi's book [30]. Shifts in virtual origin with density ratio and

Re have been ignored.

An empirical procedure was then utilized to derive an expression for the

local velocity (Uj^ ) along the contour which results in the proper dependencies

[47] of lift-off heights on jet diameter (nearly independent) and exit

velocity (linearly dependent). The resulting expression has the form

- Ci'z2(S„)J.,Y|/r. (5)

where is the mass fraction of fuel necessary for The

corresponding velocity at the jet exit is then calculated utilizing the known

axial and radial dependencies for velocity [30]. C^' is a constant parameter

which has the units of an inverse kinematic viscosity. In order to determine

C^' a single experimental measurement of h for ethylene from the turbulent jet
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flame data of Kalghatgl [47] was utilized. A value of C^' - 0.0484 s/cm^

resulted.

This calculational procedure was utilized to calculate values of the

lift-off height as a function of exit velocity for different fuels. Figure 20

reproduces the results of the calculation [54] for fuel jets of methane,

ethylene, and propane and compares the predictions with the experimental

results of Kalghatgi [47]. The agreement is excellent.

The success of the calculational procedure in reproducing the

experimental findings for lift-off heights of turbulent jet diffusion flames

suggests that small scale vortices may not be important in flame stability

since only global mixing properties which are independent of Re have been

utilized. The role of small scale structures cannot be total discounted since

it is possible that their properties may be correlated with the variables

included in eq (5) in some manner. The fluctuation properties of the

concentration and velocity in the radial positions where these calculations

have been made are not well enough characterized to test this

.

The form of eq (5) is consistent with the model for turbulent combustion

suggested by Broadwell et al. [52] in which flame stability is determined by

the behavior of large scale turbulent structures. However, it should be noted

that the authors reported, but did not test, an expression for lift-off

heights which is not consistent with the experimental observations of

Kalghatgl [47]

.

If their model is correct, eq. (5) suggests that the chemical

reaction time is inversely proportional to and that the turbulent

mixing time is proportional to z^/r^

.

The latter proportionality suggests

that two lengths scales are necessary to characterize the mixing time; one

which increases as z/r^ and a second which scales as z. It has already been
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shown that z/r^ is the proper nondimens ionalizing length scale for centerline

mixing. Previous studies [30,36] have concluded that the radial spreading

rate as a function of downstream distance is linearly dependent on z and

Independent of density ratio. It is therefore expected that will scale

with the product of z and z/r^

.

The appearance of the in eq (5) is at first perplexing. Calculations

have shown that it serves to make the calculated values of independent of

. This is consistent with the absence of this parameter in the correlation

shown in figure 20 and suggests that may be independent of radial position

in these flows

.

It was possible to extend this calculatlonal procedure to the prediction

of blow out velocities [54]. It is known [44,45,53] that blow out occurs in

these flames well before the contour represented in figure 19 reaches the jet

centerline. This suggests that flame extinction occurs when

U, > Uj,
, (6)

where Uj^ is a well-defined velocity. In order to reproduce the experimental

finding of Kalghatgi [53] for (Uq)jj as functions of jet radius and fuel it is

necessary that

Ub - C^(St)L:.ro- O)

A value of = 1.5 s/cxc? was determined using one of Kalghtgi's experimental

measurements [53]. Figure 21 compares predicted blow out behaviors (solid

lines) with Kalghatgi 's experimental results for five fuels. The agreement is

outstanding

.
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Broadwell et al. [52] showed that their hypothesis concerning the role of

large scale structures in the stability of turbulent jet diffusion flames led

to an expression which also accurately correlated Kalghatgi's [53] blow out

data. Equation (7) is very similar to their development with the exception

that it is based on the local flow velocity while Broadwell et al. [52] found

it necessary to assume that flame extinction occurred when the centerline mass

fraction fell to some constant percentage of the value for stoichiometric

burning. The similarity of the two expressions lends support to their flame

stability theory.

4.3 Application of Isothermal Findings to Turbulent Mixing in
Combusting Regions of Turbulent Jet Flames

The similarity of the isothermal measurements of turbulent structure

[3,4] and those made in a hydrogen/air diffusion flame [27,28] suggests that

the combustion process may not significantly alter turbulent mixing behavior.

If this is the case, it is expected that the principal effect of combustion on

turbulent mixing arises from the density variations induced by heat release.

In an earlier manuscript [54] the role of these density fluctuations on

mixing in turbulent jet flames has been discussed. Several particular cases

were identified for which these density variations might be expected to

approximate those in isothermal flows having global density variations. As

summarized here, experimental findings suggest this approach may have some

validity in certain downstream positions of combusting flow fields.

Figure 22 is a representation of radial density profiles in turbulent jet

flames of hydrogen and a typical hydrocarbon (methane) . One of the

interesting aspects of the hydrogen jet flame is that the heated products and

the cold fuel have very nearly the same densities. In the near field of the
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jet, combustion occurs primarily in the outer regions of the flow so that the

density is constant over nearly the full radial range of the turbulent flow.

For this reason, the mixing behavior of the flow near the jet exit should be

very similar to that observed for a constant density, isothermal flow.

Experimental evidence supporting or contradicting this conclusion was not

available in the literature.

Similar arguments lead to a different conclusion for the near- field

mixing behavior in hydrocarbon turbulent jet diffusion flames. Since the

heated combustion products are much less dense than the cold fuel, in the near

field the flow consists of a dense inner turbulent jet flowing into

considerably less dense surroundings (see fig. 22). This view is supported by

shadowgraphs recorded by Wohl et al. [56] and by the recent schlieren study of

Savas and Gollahalli [57] which show a more dense turbulent fuel jet entering

an apparently laminar, less dense surroundings.

Several groups (e.g., [58] and [59]) have recorded concentration

measurements in the near fields of both isothermal and combusting jets of

hydrocarbon fuel gases. In general, the flame jets have longer potential

cores, develop turbulent behavior further downstream, and have centerline fuel

mass fractions which fall off less rapidly with downstream distance than in

the corresponding isothermal flows. Based on the isothermal findings

discussed above, these behaviors are exactly those expected for a dense jet

flowing into less dense surroundings.

As the combusting jet move further downstream the most likely position

for combustion moves closer to the centerline and the radial density profiles

are modified. In the case of the hydrogen flame the result is that the

central part of radial profile has a density which remains nearly constant.
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but in the outer regions of the flow there is a rapid increase in density (see

fig. 22, z/r^ = 80). The condition necessary for the application of the

isothermal findings (namely, "p^ ~ p^) is not fulfilled and it is not expected

that the centerline decay will obey a relation having the form of eq (2)

.

Detailed measurements of conseirved scalar concentrations in turbulent jet

flames of hydrogen are available [60,61]. In general, the authors have not

analyzed their data in the form suggested by eq (2)

,

but it appears that the

centerline decay of conserved hydrogen concentration does not have a

hyperbolic fall off with increasing downstream distance.

In the case of hydrocarbon fuels Hans Kremer (as described by Ebrahimi

and Kleine [59] and Lenze and Gunther [62]) has developed an analysis

procedure similar to that described here to predict the fall off of the

centerline conserved scalar concentration. Ebrahimi and Kleine [59] have

shown that this analysis gives accurate predictions of f along the jet

centerline for 20 < z/r^ < 100 when p„^ was assumed to be that for heated

combustion gases (T^ = 1600 K, p^/Pa, = 4.9).

For larger downstream distances ^ was found to fall off more quickly than

predicted. The authors attributed this to a buoyancy effect (i.e., an

increase in jet momentum). However, it is possible that the analysis fails

due to changes in the radial density profiles which invalidate the conditions

for which eq (2) was derived. As figure 22 shows, the radial density profiles

for the hydrocarbon flame are greatly modified at large downstream distances

(e.g., z/r^ = 160). Such radial profiles cannot be considered as that of

either a heavy jet into light surroundings or for a constant density jet. In

order to predict the centerline behavior of f in this flow region it may be

necessary to have a better understanding of the effects of local density
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variations on turbulent mixing. Further experimentation is required to

clarify the roles buoyancy- induced momentum and radial density profiles on

turbulent mixing.

For regions of turbulent jet flames where direct comparisons of

isothermal mixing results are valid, it should also be possible to predict

centerline values of unmixedness. Measurements of unmixedness in several

different jet flames are available [59-61,63]. These suggest that unmixedness

levels in turbulent jet diffusion flames are of the same order as measured in

isothermal flows, but there are systematic variations in most of the

measurements which make direct quantitative comparison impossible.

As the above discussion suggests. Isothermal measurements in variable

density flows can provide important insights into the mixing behaviors of

turbulent jet diffusion flames. Further work is required to determine for

which conditions direct comparisons are valid and when it will be necessary to

allow for local radial density variations due to the heat release of

combustion.

4.4 Reynolds Number Effects in Diffusion Flames

The investigation of Re effects on mixing in variable density flows has

important implications for mixing in turbulent jet diffusion flames [54]. It

is well known that local Reynolds numbers, Re^^
,
for turbulent flames are much

lower than calculated based on the room temperature properties of the flow at

the nozzle. This is due to the large Increase in kinematic viscosity which

occurs when gases are heated.

The isothermal studies [34] have shown that the centerline mixing

behavior is independent of Re except for downstream shifts in virtual origins
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and longer flow distances required to attain asymptotic values of unmixedness

which are found with increasing Re. This suggests that the mixing behavior of

these turbulent flow fields is determined by large scale structures and that

as long as the local Reynolds number is high enough to insure the development

of large scale vortices, mixing in combustion regions of the flow field will

be independent of Re^^ . This conclusion is supported by the observations of

Becker and Yamazaki [64] who noted that flame lengths of turbulent jet

diffusion flames were independent of Re^^ even when the turbulent structure was

"fairly primitive, having little more than an appropriate large-eddy

structure"

.

For isothermal flows it has been shown that centerline unmixedness

attains asymptotic behavior over shorter flow distances at lower Re. This

suggests that for the lower Re characteristic of combusting flows, the flow

field should be able to respond to density fluctuations resulting from heat

release over relatively short flow distances. This conclusion may be very

helpful in understanding and predicting the effects of local density

variations on mixing in complex chemically reacting flows.

5. SUMMARY

During the four years of this joint AFOSR/NBS research program

significant progress has been made toward the goal of improving the

understanding of chemically reacting turbulent flow. The results of

experiments in this laboratory as well as measurements elsewhere on turbulent

jet diffusion flames have justified the original choice to investigate flows

having global density differences. It is anticipated that the experimental

findings and the data base which were generated will be utilized by
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researchers who are attempting to develop calculational procedures for

describing chemically reacting flows. The real-time nature of the studies and

the conclusion that vortical structures are modified by global density

differences will be of particular interest for workers who are attempting to

develop sophisticated calculational procedures to describe the time behavior

of turbulent flows (e.g., see [65] and [66]).

During the past four years the use of Rayleigh light scattering for

characterizing turbulent mixing behavior in isothermal, variable temperature,

and combusting flows has become more widespread and many laboratories are now

utilizing the technique. It is gratifying that the original careful

characterization of the technique in this laboratory has contributed to this

growth. It is anticipated that the development of new diagnostics for

simultaneous point measurement of concentration and velocity and for line

measurements of concentration will lead to further utilization of this unique

and powerful technique

.
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TABLE 1

Experimental Parameters

Jet/Coflow Po/P<o Re Experiments (R =» Rayleigh,

He/air 0.14 3950 R,S

CH^ /air 0.55 3950 R.S

CaHg/CO^ 1.02 3960 R,S

CaHg/air 1.55 3960 R,S

CaHg/air 1.55 7890 R,S
CgHg/air 1.55 11860 R,S

CF^ /air 3.01 3960 R
CF^ /air 3.01 7920 R

SFg/air 5.11 3950 R,S
SFg/air 5.11 7890 R,S
SFg/air 5.11 11860 R,S

SFg/He 37.0 3960 R,S

S “= Shadowgraph)
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FIGURE CAPTIONS

Figure 1

Figure 2

Figure 3

Figure 4

Figure 5

Figure 6

Figure 7

The experimental configuration for real-time Rayleigh light
scattering "point" measurements of concentration in binary gas
mixtures is shown schematically. The flow system consists of a

6.35 mm diameter pipe with a sharpened edge enclosed within a 100 X
100 cm^ square cylinder.

The quality of the data which can be acquired utilizing the
Rayleigh light scattering technique for concentration is

demonstrated. Radial profiles of concentration (in both mole and
mass fraction terms) are plotted for a turbulent CH^ jet flowing
into a slow coflow of air. The downstream distance is z/r^ = 35

and the Reynolds number is 3950.

Partial time -resolved data records recorded during a simultaneous
Rayleigh light scattering and hot- film anemometry experiment are
reproduced for a propane jet (Re = 3960) flowing into a slow coflow
of air. The observation voliome is located on the jet centerline at
z/r^ = 31.5. The light scattering signals have been calibrated and
are plotted in terms of mole fraction of propane. The raw data for
the anemometer output is plotted along with the velocity calculated
utilizing the calibrations of film response to changes in velocity
and gas composition.

The correlation is shown for the heat transfer from a hot-wire as a

function of flow velocity for nine different gases. Experimental
measurements are nondlmensionalized by the use of the Nusselt
number and Reynolds number. Corrections have been included for
heat losses to the prongs of the hot-wire and thermal slip and
accommodation effects rt the surface of the probe. (Kg)^^ and (K^)^

are coefficients which are necessary to compensate for variations
in molecular properties from gas to gas.

The camera which has been developed for recording real-time
Rayleigh light scattering intensity along a line is shown. The top
portion indicates the major components and their configuration.
The actual appearance of the camera is shown below.

The overall experimental configuration for real-time measurements
of concentration along a line in turbulent flows is represented.
Rayleigh light scattering is induced along a line in the flow field
by the Ar'*' ion laser. Light scattering at 90° is recorded by the
digital line camera system consisting of the line camera shown in

figure 5, suitable interfaces, and a data acquisition minicomputer.

An example of time - resolved line measurements of propane mole
fraction across a turbulent jet of propane (Re = 3960) flowing into
a coflow of air is reproduced. Propane mole fraction is

represented by a seven level gray scale. The downstream position
is 5 diameters and the line read out rate is 830 Hz.
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Figure 8. Time -averaged radial profiles of propane mole fraction are shovm
for five downstream positions in the development region of a

propane (Re = 3960) jet flowing into a slow coflow of air. The
growth of the boundary layers on either side of the potential core
with increasing z and decrease of centerline concentration at the
end of the potential core can be clearly observed. It is

interesting to note that the data displayed represents 164,000
individual concentration measurements which were recorded during
1.54 s of actual acquisition time.

Figure 9

.

The apparatus for recording time -resolved shadowgraphs is

represented schematically. The light pulse generated by the
chopper has a temporal profile which is triangular in shape and has
a total duration of 310 /is

.

Figure 10

.

Three time -resolved shadowgraphs are shown for a SFg jet (Re =

3950) flowing into a slow coflow of air. Three different
downstream positions recorded at different times are represented.
Note particularly the formation of a fountain by the SFg at a
downstream position of == 37.5 r^ .

Figure 11

.

Shadowgraphs are reproduced for jets of SFg (Re = 7890 and 11,860)
entering slow coflows of air. For each jet four views of the flow
recorded at different times and positions in the jet are
superimposed. Note that the fine scale turbulence becomes more
pronounced with increasing Re, but that the overall spreading rate
of the jet does not appear to be affected.

Figure 12

.

Five sets of superimposed shadowgraphs are shown for jets of one
gas flowing into a second gas. With the exception of the SFg

flow, the Reynolds mombers are roughly the same. The effects of
variations in the global density ratio appear as changes in the
development region of the flow and modifications in the eddy
structure at downstream positions where the flows are close to
fully - developed

.

Figure 13

.

Superimposed shadowgraphs are reproduced for propane jets at three
Re entering into slow coflows of air. The development of finer
turbulent scales with increasing Re can be clearly seen. It is

also evident that increasing the Re results in a shortening of the

distance required for the development of vortical structures near
the nozzle. The overall spreading behavior of the jets is

independent of Re supporting the supposition that entrainment is

determined by large scale turbulent structures.

Figure 14. Values of Y„/Y„ (Y„ = Y„ is the centerline concentration at z/r„

and Yjj is the mass fraction of jet fluid at the jet exit) are
plotted as a function of z/r^ for six different jet/coflow gas
combinations. The solid lines are linear least squares fits of
the results. Note the decreasing slopes and upstream movement of

the virtual origins (z where Y^/Y^, - 0) which occur as the
jet/coflow density ratio is increased.
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Figure 15. Predicted values of inverse centerline mass fraction (denoted as

1/C|^ ) based on the analysis of Thring and Newby [35] are plotted
as functions of z/r^^ for the six jet/coflow gas pairs which have
been experimentally investigated. Comparison of figures 14 and 15

shows that there is good agreement between prediction and
experiment

.

Figure 16. Values of centerline unmixedness are plotted as a function of z/r^^

for the six jet/coflow gas pairs listed. Values of for each
jet approach a common asymptote of == 0.23, but the flow distance
required increases dramatically as the jet/coflow density ratio
increases

.

Figure 17

.

The centerline unmixedness values shown in figure 16 are replotted
as a function of z/r^

.

The collapse of the data onto a single
curve suggests that r^ is the proper scaling parameter for
correlating the growth of unmixedness in these variable density
flows

.

Figure 18. Centerline unmixedness values for three different Re jets of
propane entering slow coflows of air are plotted as functions of
z/r^j . Flows at higher Re require longer flow distances in order
to achieve the as 3npaptotic value of unmixedness even though the
value of the asymptote does not change.

Figure 19. The concentration contour corresponding to that for which the

laminar flame speed of an ethylene/air mixture is a maximum =

0.073) is plotted as functions of z/r^ and r/r^^ . The virtual
origin for the plot is assumed to be at z = 0. Two
representations are shown. On the right the radial and axial axes
have the same scaling, while on the left the radial scale is

expanded by a factor of 5.

Figure 20. Experimental values [47] of lift-off height (h) are plotted
against jet exit velocity for turbulent jet flames of methane,
ethylene, and propane. These measured values are compared with
values (solid lines) predicted using eq. (5) and the known
velocity and mixing behaviors of the jets. The agreement is

excellent

.

Figure 21. Experimental [53] (symbols) and calculated values (lines) of blow
out velocity are plotted as a function of jet radius for

axis)nnmetric turbulent jet flames of five organic fuels.

Calculated values are derived by using eqs
. (6) and (7). The

agreement of the predicted values with experiment is very good.

Figure 22. Approximate radial density profiles for three nondimens ional
downstream distances are shown for turbulent jet diffusion flames

of hydrogen and a typical organic fuel (methane) . These curves

are based on measurements reported by several different authors

[63,67] .
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BEAM

EXPANDER

Figure 1. The experimental configuration for real-time Rayleigh light
scattering measurements of concentration.

43



44

Figure

2.

Radial

profiles

of

concentration

are

plotted

for

a

turbulent

CH^

jet

flowing

into

a

slow

coflow



0.5
PROPANE MOLE FRACTION

HOT-FILM OUTPUT

Z)

CALCULATED VELOCITY

Figure 3. Partial time-resolved data records recorded during a simultaneous

Rayleigh light scattering and hot- film anemometry experiment.
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Figure 11. Shadowgraphs are reproduced for jets of SFg entering slow coflows

of air.
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Figure 15. Predicted values of inverse centerline mass fraction based on the
analysis of Thring and Newby.
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Figure 19. The concentration contour for which the laminar flame speed of an
ethylene/air mixture is a maximum.

61



25 -

Uo (m/s)

Figure 20. Experimental values of lift-off height (h) are plotted against jet
exit velocity.
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Figure 21. Experimental [53] (symbols) and calculated values (lines) of blow

out velocity are plotted.
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heat release) on the turbulent mixing behavior. The development of new

experimental diagnostics having excellent spatial and temporal resolution is

described. These techniques have been utilized to investigate a wide range of

mixing properties in variable density flows. These results are summarized

along with a discussion of their importance to an improved understanding of

chemically reacting flow.
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