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I. INTRODUCTIONANDSUMMARY

1.1INTRODUCTION

Combustor liner durability is one of the major challenges in high pressure ratio turbopropulsion engines.

To resolve conflicting combustor performance requirements along with enhanced structural durability in
a cost-effective manner, conventional (empirical) combustor design techniques need to be complemented
by multidimensional aerothermal analysis.

To improve predictive capabilities of aerothermal models, NASA Lewis Research Center sponsored Phase

I aerothermal modeling activities (Sturgess, 1983; Kenworthy et al, 1983; Srinivasam et al, 1983") to assess

current state-of-the-art numerical schemes and physical models. The main objectives of aerothermal
modeling Phase II are

1. Develop advanced numerical schemes.
2. Collect benchmark quality experimental data to quantify interaction between dome swirlers and

primary jets.
3. Collect benchmark quality data for fuel nozzles and their interaction with dome swirlers.
4. Use advanced numerics and benchmark quality data to validate advanced aerothermal models.

Two advanced numerical schemes were developed by Karki et al (1988) under NASA HOST (Hot-Section
Technology) sponsorship. The experimental activities and model validation efforts for swirler-jet interac-
tion were conducted jointly at Purdue University and Allison Gas Turbine Division of General Motors
Corporation (Nikjooy et al, 1992). This report summarizes a joint Allison/University of California at
lrvine (UCI) effort on benchmark quality data and model validation for nozzle-swirler interaction for an
idealized nonreacting primary zone. The report consists of seven sections, including Section I, and three
appendices.

In Section II an overview of gas turbine combustor flowfield characteristics is presented. This is followed
by a description of idealized combustor flow model and an explanation of integrated model-
ing/experimental approach.

Section III presents the details of the experimental rig and instrumentation. This chapter describes the
test facility, flow systems, and various measurement techniques for single- and two-phase flows. Finally,
flow visualization, instrumentation, and data reduction results are presented.

In Section IV the experimental data are presented and discussed. This includes dome annular jets, pri-
mary jets, and dome annular jets and primary jets.

In Section V the problem of calculating turbulent flows is posed more precisely by introducing and dis-
cussing the averaged equations governing the mean flow quantities. The appearance of turbulent trans-
port terms in these equations makes apparent the necessity of introducing turbulence models. The mod-
els are discussed in order of increasing complexity. The details of the solution procedure adopted for the
highly coupled and nonlinear governing equations are explained next.

In Section VI the computational results are compared with experimental data. The results are presented
for the standard k-e model, algebraic second-moment (ASM) closure, and differential second-moment
(DSM) closure.

Finally, Section VII summarizes the main conclusions that emerged from this study and puts forward
some recommendations for future work.

* References for Section I are listed at the end of the section.



1.2 SUMMARY

A joint analytical/experimental investigation was conducted to provide benchmark quality data and as-
sess state-of-the-art turbulence and spray dynamics models that can be used to quantify the interaction
between fuel nozzle and dome swirlers. After taking into consideration a number of often conflicting re-
quirernents, an axisymmetric test configuration was defined jointly by Allison Gas Turbine and the Corn-
bustion Laboratory of UCI.

Benchmark quality data were taken to quantify effects of confinement and the pressure of glass beads on
the following configurations

• single round jet

• single annular jet
• single swirling annular jet
• coaxial jets
• coaxial jets with swirling annular flow

Benchmark quality data were also obtained for a practical prefilming airblast nozzle and its interaction
with an annular jet.

Flow feld predictions were also obtained using the three levels of turbulence models, namely k-e, ASM,
and DSM closure. The modeled conservation equations were based on an Eulerian approach for the gas
(continuous) phase and a stochastic-Lagrangian approach for the dispersed (discrete) phase. In order to
reduce the effects of numerical (false) diffusion on the predicted results, a higher order numerical scheme,
namely the flux-spline differencing scheme, was employed.
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II. SELECTION OF EXPERIMENTAL CONFIGURATION

2.1 GAS TURBINE COMBUSTOR FLOW FIELD CHARACTERISTICS

Gas turbine combustion systems need to be designed and developed to meet many mutually conflicting

design requirements, including high combustion efficiency over a wide operating envelope and low NOx

emissions, low smoke and low lean flame stability limits and good starting characteristics, low combus-

tion system pressure loss, low pattern factor, and sufficient cooling air to maintain low wall temperature

levels and gradients commensurate with structural durability. The flow field around and within the

combustor liner (Figure 2.1-1") is quite complex in that it includes swirl, regions of recirculation, field in-

jection, atomization, fuel evaporation, mixing, turbulent combustion, soot formation/oxidation, and con-

vective and radiative heat transfer processes. The phenomenological understanding of these processes is

not well established, and the relevant nonlinear coupled transport equations are difficult to solve.

The combustor design and development process has been empirically based with limited help from mul-

tidimensional calculations. A number of correlations have been used by combustor designers to help dur-

ing the design and development activities. Many researchers (Lefebvre, 1984 and 1985; Plee and Mellor,

1978 and 1979 _') have proposed semiempirical correlations for gaseous emissions, smoke, lean blowout,

ignition, pattern factor, and combustion efficiency. Professors Lefebvre and Mellor have developed very

useful correlations that can be used for scaleup, for data correlations, and for providing some insight.

These correlations or their variants are being used by the gas turbine industry (Steele et al, 1987; Rizk and

Mongia, 1989).

The empirical/analytical combustor design methodology introduced by Mongia and Smith (1978) has

been used for designing a number of gas turbine combustors (Mongia, 1982; Mongia et al, 1986). The

multidimensional calculations provide a good understanding of combustor internal flow field and there-

fore can be used for guiding a combustor design process. However, because of incomplete understanding

of the various combustion processes and numerical diffusion, the three-dimensional calculations for

practical gas turbine combustors cannot be considered quantitatively accurate (Srinivasan et al, 1983;

Kenworthy et al, 1983; Sturgess, 1983). Some progress is being made in further improving the numerical

methods (Karki and Mongia, 1989), however more effort is needed to achieve the capability required for

accurately predicting combustor performance parameters including radial profile, combustion efficiency,

smoke and gaseous emissions, and wall temperature levels and gradients.

Although encouraging qualitative comparisons between data and calculations were achieved for the

practical combustors (Rizk and Mongia, 1991), it became quite clear that a significantly increased level of

effort is required to achieve the model accuracy required for providing definitive guidance during design

process. Moreover, each important process of combustion (e.g., turbulence, kinetics, turbulence/kinetic

interaction, spray, etc) should be investigated separately and in combination so as to improve fundamen-

tal understanding. Model calculations were, therefore, performed for existing data from simple to com-

plex flow under HOST sponsorship (Srinivasan et ai, 1983) and the following main conclusions were
made

1. Improve phenomenological understanding of nonreacting flows relevant to those encountered in

gas turbine combustors.

2. Make benchmark quality measurements in critical areas of interest.

3. Undertake a systematic model validation effort to identify areas of further improvement.

* Figures for Section II appear at the end of each subsection. The figure number identifies the subsection

in which the figure is discussed.
References for Section lI are listed at the end of the section.
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Figure 2.1-1. Model predictions of flow field around and within combustor.



2.2IDEALIZEDCOMBUSTORFLOW MODEL

Measurements in sprays present formidable experimental difficulties. Aside from the dense spray region
near the injector, which is almost intractable, the dilute portions of the spray consist of drops of various
sizes traveling at various velocities and angles of flight. These drops interact with the turbulent structure
of the gas phase and this interaction controls the turbulent mixing evaporation and combustion processes
in the spray. At any given point in the spray, both gas-phase properties (mean and fluctuating velocities,
concentrations and temperatures, etc) and liquid-phase properties (drop size, velocities, liquid flux, etc)
need to be measured to validate spray models. Moreover, initial conditions of these properties, which in-
volve measurements in the dense spray regions, are needed as input for the separated flow category of
spray models.

In the following, measurements in solid-particle-laden jets (nonevaporating) are first considered. Such
flows have experimental advantages because they are amenable to detailed measurements of flow struc-
ture. These data are also useful to evaluate the hydrodynamic aspects of spray models. Recent mea-
surements of sprays are then discussed, highlighting the data which have the potential for evaluating
separated flow models.

2.2.1 Measurements of Solid-Particle-Laden Flows

Yuu et al (1978) report measurements in an air jet containing monodispersed particles (20 micron) injected
into still air. Measurements were made of mean gas velocities and particle concentrations. Particle quan-
tities were measured using an isokinetic sampling tube. McComb and Salih (1977 and 1978) reported
measurements for a gas jet with small particles of 2.3 and 5.7 micron diameter. The particle concentration
was studied using laser Doppler anemometer (LDA) techniques. The smaller particles act nearly like
tracer particles while the flow in this case approaches the locally homogeneous model limit.

The measurements of both Yuu et al and McComb and Salih were limited to very low particle loadings.
This implies that while gas flow influences particle dispersion, the effect of the particles on the structure
of the gas flow was small. Measurements at relatively high particle loading have been reported by I,oats
and Frishman (1970) and Levy and Lockwood (1981). Significant effects of particles on the structure of
the gas phase were observed in these experiments.

Elghobashi and his coworkers (Modarress et al, 1982 and 1983) also present measurements in particle-
laden jets, with particle size of 50 and 200 microns. In contrast to the other measurements discussed
above, they provided information of initial conditions of both phases, although not in great detail. Pro-
files of mean and fluctuating velocities of both phases and Reynolds stress of gas phase were reported at
an axial location of 20 injector diameters downstream. Their study shows that the expansion rate of a
two-phase jet is smaller than that of a single-phase jet and that velocity fluctuations decrease as particle

loading increases.

Shuen et al (1985) have reported measurements in particle-laden jets. Properties were carefully character-
ized so that the measurements could be employed to evaluate separated flow models at the injector exit.
The structure measurements included mean and fluctuating velocities of both phases, gas-phase
Reynolds stress, and particle mass fluxes. Their study shows that effects of particle dispersion are impor-
tant under their test conditions.

Bulzan (1988) conducted both experimental and computational studies to investigate weakly swirling,
particle-laden turbulent flow. In order to establish baseline data for the particle-laden jets, single-phase
flow measurements with swirl numbers ranging from 0 to 0.33 were performed. Experiments were also
conducted for turbulent jet flow of air with glass beads. The beads' diameters were 39 microns and were
injected with a mass loading ratio of 0.2 (the ratio being the mass flow rate of particles per unit mass flow
rate of air). Predictions were obtained using the standard k-¢ model with curvature correction for contin-
uous phase and three different methods, namely, locally homogenous flow (LHF), deterministic sepa-



rated flow (DSF), and stochastic separated flow (SSF) using the Lagrangian technique for dispersed
phase.

Hardalupas et ai (1989) conducted an experimental study to quantify the velocity and flux characteristics
of the spherical glass beads and of the gas phase in the presence of the beads as a function of bead diame-
ter and of the mass loading ratio. The measurements were taken for the velocity and flux of particles with
nominal diameters of 200, 80, and 40 microns in a round, unconfined air jet. The presence of the particle
phase in a free jet of air causes reduction of the rate of the axial gas velocity and of the jet radial spread
because of momentum transfer from the discrete to the gaseous phase. The axial turbulence intensity of
the glass beads and the gas phase were comparable and both decreased with increasing loading ratio and
the rate of spread of the jet increased with an increasing loading ratio.

2.22. Measurements in Spray_

There have been several studies conducted on the structure of combusting sprays (Faeth, 1979 and 1983;
Chigier, 1977; Gosman and Johns, 1980; [] Banhawy and Whitelaw, 1980 and 1982; Mao et al, 1980 and

1986; Onuma and Ogassaare, 1975 and 1977; Chigier and Roett, 1972; McCreath and Chigier, 1973;
Hutchinson et al, 1977; Fonti et al, 1979). It was often concluded that the liquid-fuel spray feeds a diffu-
sion-type flame surrounding a region of reverse flow and that drop evaporation is the controlling mecha-
nism in the combustion process. Most of the studies also revealed that an increase in mean drop diameter
was associated with a reduction in combustion intensity at the region immediately downstream of the
fuel injector and, in particular, at large radii. The extent of this effect was found to increase when inlet
swirl number decreases.

The measurements of gas-phase properties and overall flame structures abound in combusting spray
studies. However, the droplet properties at the nozzle exit, i.e., velocity, size, and concentration, were ab-
sent from nearly all existing measurement, until recently. With this vital information provided by recent
experiments, no real progress can be achieved in the development and evaluation of combusting spray
models.

Popper et al (1974) present measurements in a nonevaporating turbulent jet. The motion of oil droplets
(diameter less than 50 micron) in a round turbulent air jet injected from a 25 mm diameter nozzle was
studied by means of an laser Doppler velocimeter (LDV). Droplet sizes were not accurately determined,

the loading of the dispersed phase was extremely low, and only mean velocities of the two phases were
recorded. Therefore, this study does not permit complete evaluation of spray models.

Onuma and Ogassaare (1975 and 1977) used flow perturbing probes (e.g., thermocouple, pitot tube, emis-
sions sampling probe, etc) to conduct a phenomological investigation on the combustion of kerosene and
heavy fuel from an air atomizing injector. They concluded that most of the droplets did not burn indi-
vidually. The vapor cloud from the droplets burned as turbulent diffusion flame.

Yule et al (1982) present measurements in nonevaporating and evaporating fuel sprays at different condi-
tions. A twin-fluid atomized kerosene spray was injected into a coflowing secondary stream of air which
could be preheated. Information on drop sizes and mean drop and gas velocities were provided. How-
ever, all the spray conditions studied involved very small drops, e.g., the mass mean droplet diameters
were 10-30 microns in the major portion of the spray. Hence, it could be assumed that the droplets
closely follow the local gas-flow field after their initial acceleration. This condition does not adequately
represent a practical spray where appreciable slip between the large drops and the gas phase can exist
even far downstream.

Shearer et al (1979) present measurements of the structure of an evaporating Freon-11 spray having ap-
proximately 30 micron Sauter mean diameter (SMD). However, the spray model that was examined in-
volved application of the locally homogeneous flow (LHF) approximation which only precisely repre-
sents a spray consisting of infinitely small drops. Predictions of the LHF model overestimated the rate of
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development of the spray, indicating the need for a separated flow treatment of practical spray processes.

Since an LHF model was evaluated in the study, no attempt was made to measure individual drop veloc-

ities or investigate the evaluation of drop sizes, which are important factors during evaluation of sepa-
rated flow models.

Tishkoff et al (1982) have reported measurements for evaporating sprays. The system studied was an n-

heptane spray from a solid cone atomizer which was injected into a low velocity, coaxial flow of air. The

spray plume shape was studied using photographic, shadowgraph, and light-scattering techniques. In

addition, droplet size distributions, liquid-phase volume fractions, and vapor concentration measure-
ments were also made at two axial locations.

As an extension of the same study, Tishkoff (1982) measured correlations of drop size and velocity using

an imaging technique. However, initial drop velocities and sizes for the injected liquid were not mea-
sured. In both studies, gas-phase mean and turbulent velocities were not measured; therefore, neither the

overall rate of development of the spray nor the turbulent dispersion and evaporation of drops can be

definitely assessed.

Spray characteristics including droplet size and velocity distributions can have profound effects on flame

structure (Styles and Chigier, 1977) and so does the surrounding air jet velocity (Miutani et al, 1977). Al-

though most of these measurements (Faeth, 1979 and 1983; Chigier, 1977; Gosman and Johns, 1980; El

Banhawy and Whitelaw, 1980 and 1982; Mao et al, 1980; Onuma and Ogassaare, 1975 and 1977; Tishkoff,

1982; Chigier and Roett, 1972; McCreath and Chigier, 1973; Hutchinson et al, 1977; Fonti et al, 1979; Pop-

per et al, 1974; Yule et al, 1982; Shearer et al, 1979; Tishkoff et al, 1982; Styles and Chigier, 1977; Miutani et

al, 1977) improved the fundamental understanding of spray flow interaction, the available data did not
provide the detailed information needed for validation of spray models.

Foster et al (1991) studied the dispersion and evaporation of liquid droplets in nonisothermal, turbulent
flow fields. In their investigations, an ambient temperature airstream was seeded dilutely with water

droplets and brought into contact with a heated stream of air at a higher velocity in a two-dimensional

mixing layer configuration. Foster et al applied measurement techniques based on light attenuation and

scattering to unveil some of the qualitative features of dispersion and evaporation.

Brena de la Rosa et al (1992) investigated the behavior and structure of a liquid spray immersed in a

strong swirling field. They measured the properties of the dispersed phase, such as velocity and size dis-

tribution, as well as the mean velocity and turbulence properties for the gas phase.

Chehroudi and Ghaffarpour (1991 and 1992) studied a hollow-cone spray generated by a pressure-swirl

fuel nozzle. A phase Doppler particle analyzer was used to measure drop size, drop velocity, and size
distribution. Hassa et al (1992) also utilized a research airblast atomizer/combustion chamber configura-

tion to measure gas and drop velocities in the confined swirling isothermal flow for the validation of a

mathematical model of two phase flows in a gas turbine combustor.

Zurlo et al (1991) measured the spatial distribution of droplet mean size and number density from a hol-

low-cone kerosene spray. They carried out the measurement using three different droplet sizing tech-

niques, ensemble scattering/polarization ratio, phase/Doppler interferometry, and light intensity decon-

volution. Fairfield et al (1992) also examined the effect of swirl on droplet transport processes in a pres-

sure-atomized, hollow-cone kerosene spray injecting into coflowing nonswirling and swirling air flow

fields. An ensemble light scattering/polarization ratio technique was applied to measure the local values

of droplet mean size and number density in dense regions of the spray. Measurement of droplet size and

velocity distribution was carried out using a phase Doppler interferometer.

Wang et al (1991) examined droplet dynamics of a model combustor swirl cup in the absence of reaction.

Droplet axial, radial, and tangential velocities, as well as size, were measured using phase Doppler inter-
ferometry. Wang et al (1992) investigated the effect of scale on the behavior of the continuous phase and



droplets by comparing the continuous phase velocity and droplet size and velocity at geometrically anal-

ogous positions.

The dispersed-phase structure of the dense spray was studied by Tseng et al (1992) for atomization break
up conditions. They investigated the break up of water jets in still air at various ambient pressures. Drop
sizes and velocities and liquid volume fractions and fluxes were measured using holography.

Solomon et al (1984a and 1984b) present some comprehensive measurements of the detail structure of
nonevaporating and evaporating sprays. Both fine and coarse sprays were studied, with diameters of 30
and 87 microns for nonevaporating sprays and 31 and 58 microns for evaporating sprays. Experiments
considered axisyn_netric sprays produced by an air-atomizJng injector directed vertically downward in
still air. The spray structure measurements included mean and fluctuating gas velocities and Reynolds
stresses, drop sizes, and velocities, mean liquid fluxes, and mean gas-phase temperatures. Initial condi-
tions were carefully characterized to provide an appropriate data base for the evaluation of spray models.
These data have been employed for the evaluation of typical spray models and the results indicate that
the effects of turbulence on drop dispersion and evaporation are important.

The brief review above indicates that a few measurements useful for evaluation of noncombusting spray
models are available. The majority of these data involved oversimplified flow configuration, i.e., ax-
isymmetric jet flows with no zones of recirculation. This arrangement has certain advantages in terms of
experimental effort to map the flow field and in obtaining accurate numerical solutions with mathemati-
cal models. In a gas turbine combustor, however, spray structure is significantly influenced by swirl, re-
circulation, streamline curvature, and secondary jets. A decisive evaluation of practical spray models
would have to address the aerodynamic effects of these complications. Unfortunately, measurements
which provide detail structure information of both phases as well as injector properties are not available
in the literature.

Spray model evaluation has generally lagged behind model development due to the lack of systematic
measurements in sprays. There has been no comprehensive study of the structure of evaporating sprays
in practical gas turbine combustor geometries. New measurements of this kind are most urgently needed

in current spray research work. Until this need is fulfilled, the goal of developing a spray model as a reli-
able design tool cannot be achieved.
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2.3 INTEGRATED MODELING/EXPERIMENTAL APPROACH

A 2-D elliptic code that incorporates spray dispersion model is used to determine the significant experi-

mental variables. These variables include both geometric and flow parameters. The calculations are per-

formed to establish significant variables for the experimental programs, and to determine areas of strong

velocity gradients where measurements would want to be taken. Since the purpose of this program is to

obtain benchmark quality data with which to verify 2-D turbulence/spray models, it is necessary to in-

volve the 2-D models in the selection of the experimental configurations. Before the proposed experimen-

tal configuration was selected, a number of preliminary cases were computed. The calculations are made

for the two-equation k-¢ model. There are several reasons for not using advanced turbulence models.

First, these are only illustrations used to help select the experimental configuration. Secondly, the results

are obtained with a relatively coarse grid. Since these calculations are not grid independent there is an

excessive amount of numerical diffusion, thus obscuring the advantages offered by advanced models.

2.3.1 Air-Swifter Characteriz00_m

The flow and geometry test conditions for this study are shown in Figure 2.3.1-1. The primary tube has a
diameter of 1 in. and negligible wall thickness. The primary tube is surrounded by a swirler with a hub

diameter of 1 in. and a tip diameter of 1.5 in. The flow undergoes a sudden expansion to the outer tube
with a diameter of 3 in. and length of 15 in.

The parameter selected for sensitivity analysis in this study is the mass flow rate (or the inlet velocity) in

the primary coaxial tube. Two cases with mp/ms of 0.01 and 0.06 were run to study the characteristics of

the air-swifter and its interaction with the primary particle-laden jets.

The first case has a small amount of air flowing through the primary tube and basically represents a pure-
swirling flow. The calculated results, as shown in Figure 2.3.1-2, indicate a recirculation zone formed

near the exit of the swirler. A stagnation point with axial distance of 9 in. is found along the centerline of
the tube. The results show considerable radial gradients in the profiles at the tube outlet. This did not

cause any convergence problem.

The second case has a larger mp (= 0.06 ms) and was run to illustrate the effect of the nozzle airflow on

the main swirler induced flow field. The calculated results are shown in Figure 2.3.1-3. The flow struc-

ture of this case is similar to that of the first case. The size of the recirculation zone is slightly smaller.
The distance between the two axial stagnation points is also shorter, 8.0 in. versus 9.0 in. These interest-

ing observations indicate significant influence of the injector air on the combustor recirculation patterns.

2.3.2 Fuel In K_ctor and Injector Air Characterization

The flow and geometry test conditions for this study are shown in Figure 2.3.2-1. The primary tube has

an inside diameter of 0.394 in. and wall thickness of 0.106 in. The primary tube is surrounded by non-

swirling secondary tube with a diameter of 3 in. Four cases were run to study the characteristics of the

fuel injector. The initial spray particle size distribution is arbitrarily assumed and tabulated as follows

Particle

Size (microns) Mass fraction (%)

1 15 0.62

2 25 20.00

3 40 30.00

4 55 30.00

5 80 19.38
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For the first test case the primary stream (injector) airflow rate is 6% of the secondary (main) stream air-

flow rate, i.e., mpg = 0.06 ms. No particles are injected in this baseline configuration. The main stream
and injector air have no swirl. Injector air and main stream flow interaction is shown in Figure 2.3.2-2,
wherein velocity vectors, streamlines, isopleths of radial velocity, axial velocity and turbulence kinetic
energy levels are plotted. Other than a small wake caused by the simulated nozzle shroud, there is no re-
verse-flow region in this case. The high-velocity injector jet is decayed slowly as shown in Figure 23.2-2.
The corresponding increase in turbulence kinetic energy is indicated in Figure 2.3.2-2.

The second case includes nonevaporating spray particles in the injector with fuel-to-air ratio equal to 1.0.
The particle inlet velocity is assumed to be twice the primary tube (injector) gas inlet velocity; spray par-
ticle diffusion due to turbulence is ignored. The calculated results are shown in Figure 2.3.2-3.

The width and the penetration depth of the injector gas are larger in the second case than in the baseline
case. This finding indicates that the particle inlet velocity also has an effect on the turbulent flow field
(see streamlines on Figures 23.2-2 and 2.3.2-3). The results also show that the rate of particle spreading is
dependent on particle size.

The effect of turbulence on particle diffusion is illustrated in the third case. This case includes correction
of gas turbulent diffusion rates due to the presence of particles. The calculated results shown in Figure
2.3.2-4 indicate that injector-air jet width and penetration depth (compare Figures 2.3.2-3 and 23.2-4) are
increased noticeably by including correction of the gas turbulent diffusion due to the presence of parti-
cles.

The last case of this study is also designed to explore the effect of turbulent gas dynamics on spray parti-
cle motion. This case, however, assumes the particle motion is mainly due to bulk aerodynamic particle
drag. The gas turbulent diffusion flux has no contribution to the particle motion, but the presence of par-
tides has an influence on gas turbulent diffusion. The calculated results, as shown in Figure 2.3.2-5, are
comparable with those in the third case (Figure 2.3.2-2). This comparison demonstrates that the rate of
particle spreading is lower in this case than previously calculated.

2.3.3 Combination Fuel-Injector Air-Swirler Characterization

The flow and geometry test conditions for this study are shown in Figure 2.3.3-1. The analytical calcula-
tions were performed with the primary tube (injector) internal diameter as a parameter. The shroud di-
ameter of 1 in. was kept constant. The injector is surrounded by a swirler with a hub diameter of 1 in. and
a tip diameter of 1.5 in. The flow undergoes a sudden expansion to the downstream tube with a diameter
of 3 in. and length of 15 in. The parameters selected for sensitivity analysis in this study are the spray
particle phase, correction of gas turbulent diffusion due to particles, and the primary tube diameter. For
each primary tube diameter, three cases were run to study the characteristics of the combination fuei-in-
jector/air-swirler.

Figure 2.3.3-2 shows the calculated results of the baseline case for the primary tube diameter of 0.394 in. (1
cm). This baseline case does not include spray particles in the primary tube. The flow test conditions are
similar to the second case in the Air-Swirler Characterization Study. The flow structure is characterized
by a recirculation zone formed near the exit of the swirler. The axial distance between two stagnation
point is 7 in. The turbulent flow is not fully developed at the outlet of the tube. This is due to the fact that
the tube length selected is not long enough to have fully developed turbulent flow. These findings again
indicate that the effect of the initial velocity of the primary jets on the turbulent flow field is significant.

Figure 2.3.3-3 shows the calculated results of the case including spray particle phase in the primary jets

(mpg/m s -- 0.06 and mpp/m s = 0.06). In this case, particle diffusion due to turbulence is not considered.
The presence of particles with the specified inlet conditions, as mentioned in the Fuel-Injector Characteri-
zation Study, is found to decrease the size of the recirculation zone. It also shortens the axial distance
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between two stagnation points, 4.2 in. versus 7.0 in. The turbulent flow is not fully developed at the out-

let of the tube. The results of particle number density contours show that the state of spray particle

spreading is dependent of particle size. Bigger particles have a lower rate of spreading. The particle

number density contours, as shown in Figure 2.3.3-3, are compared with those in Figure 2.3.2-3. This

comparison demonstrates the effect of swirling flow on particle spreading. The swirling flow can carry

the spray particles into the recirculation zone and increase the rate of particle spreading.

The last case for the primary tube diameter of 0.394 in. is designed to study the effect of turbulence on

particle diffusion. The flow and geometry test conditions for this case are similar to those of the previous

case. The calculated results, as shown in Figure 2.3.3-4, are compared with those in Figure 2.3.3-3. The

comparison indicates that primary jet width and penetration depth are increased significantly by includ-
ing turbulent diffusion.

To do further investigation on the flow interaction between an injector and swirling flow, the injector in-
ternal diameter is reduced to 0.197 in. (05 cm) in this case. The flow test conditions in this case are similar

to the baseline case in this study. The calculated results, as shown in Figure 2.3.3-5, are compared with
those in Figure 2.3.3-2. This comparison indicates that the size of the recirculation zone is smaller in this

case. The axial distance between front and rear stagnation points is also shorter, 5.8 in. versus 7.0 in. The

turbulent flow is not fully developed at the outlet of the tube.

Figure 2.3.3-6 shows the calculated results for spray particles in the injector with fuel-to-air ratio of 1.0. In

this case, the particle dispersion due to turbulence is not included. The flow test conditions in this case

are similar to the second case in this study. The calculated results, as shown in Figure 23.3-6, are com-

pared with those in Figure 2.3.3-3. This comparison again indicates that the effect of the initial velocity of

the primary jets on the turbulent flow field is significant. In this case, the stagnation points cannot be lo-

cated along the centerline of the tube; this is because both gas and particle inlet velocities in the primary

tube are much bigger. The comparison also shows that the swirling flow cannot effectively carry the

spray particles with very big inlet velocity into the recirculation zone and the rate of particle spreading is
lower in this case.

The last case of the Combination Fuel-Injector/Air-Swirler Characterization Study is designed to investi-

gate the effect of particle dispersion due to the diffusion for the above case. The calculated results, as

shown in Figure 2.3.3-7, should be compared with Figure 2.3.3-6. Calculations demonstrate that primary

jets width and penetration depth are increased significantly by including turbulent diffusion.
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Figure 2.3.1-1. The flow and geometry test conditions for air-swirler characterization study•
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Figure 2.3.2-1. The flow and geometry test conditions for fuel-injector characterization study.
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III. EXPERIMENTALTESTFACILITY AND INSTRUMENTATION

This section describes the experimental hardware developed in support of the program. Section 3.1 de-

scribes the test chamber, the hardware and supporting facility associated with it, as well as positioning.

Section 3.2 discusses materials used for the dispersed phase. Section 3.3 discusses the flow systems asso-
ciated with the facility. Instrumentation and the supporting computational hardware are described in

sections 3.6 through 3.12.

It is noteworthy that the entire facility was disassembled and moved from one location to another during

the testing in June 1988. The majority of the nonevaporating tests were conducted prior to the move and

the majority of the evaporating tests were conducted after the move. Tests of repeatability indicated that

the move had no impact on the performance of the diagnostics or the facility. Examples of such tests are
found in Section IV.

3.1 TEST FACILITY

in order to meet the program objective, several requirements were established for the test facility. First,

the inlet and boundary conditions must be controlled to a high degree. Second, versatility is required to
provide a variety of configurations against which to check predictions. To this end, two confinement

configurations, three degrees of swirl, and two modes of discrete phase injection were included. The fol-

lowing sections describe the final design and discuss the development of that design.

3.1.1 Unconfined Geometries

A schematic of the unconfined environment used for the testing is shown in Figure 3.1.1-1". The injector

is centrally located within a 457 mm 2 (18 in. 2) assembly constructed from 19 mm (0.75 in.) aluminum

bars. The sides of the assembly are open to the surrounding environment down to an exhaust plenum

formed by panels mounted on the assembly. In turn, the assembly is isolated from the room by a Plexi-
glass wall and plastic tarp assembly. The Plexiglass walls form a 990 x 990 x 1220 mm(39 x39 x 48 in.)

chamber. The plastic tarp seals from the tops of these walls to the upper part of the injector assembly and

from the lower edge of the walls to the chamber exhaust plenum, effectively creating a room within a

room. A flexible seal was required to permit traversing of the test assembly. Injected air is removed from

the exhaust plenum via two outlets located symmetrically on opposing sides near the bottom of the

plenum. A pressure tap between the legs is used to ensure equal draw through each.

The exhaust is adjusted so that the total pressure within the Plexiglass/tarp assembly is nominally atmo-
spheric. The reason for this seemingly complex establishment of an unconfined environment is two fold.

First, simpler, more typical unconfined environments established by the use of a large tube (Modarress et

al, ! 984 "_) (if ambient flow rate is desired) or a screened enclosure (Solomon et al, 1985) were dismissed

through a collaborative effort with Allison, which determined that recirculation would be present near

the wall at the point of injector impingement. Second, the later approach did not permit the monitoring
of entrained air, nor could the effect of this air be studied via velocity measurements.

3.1.2 Confined Geometries

To provide data in an environment representative of a can combustor configuration, a confined duct 152.4

mm (6 in.) in diameter is utilized. This configuration is shown in Figure 3.1.2-1. The injector assembly
resides centrally within the 152.4 mm duct. Entrainment flow is injected at the top of the duct to help re-
duce back flow of air and spray within the duct. The amount of air used was determined via a series of

* Figures for Section Ill appear at the end of each subsection. The figure number identifies the subsection

in which the figure is discussed.
t References for Section IIl are listed at the end of the section.
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testsasdescribedin section3.4.4.Flow straighteners are utilized to provide an even plug flow through
the duct. In addition, the exhaust plenum is modified to seal near the bottom of the duct. In this way, the

pressure inside the duct can be monitored and used to determine the amount of exhaust necessary to

clear the flows input to the duct.

Measurements within curved ducts using optical techniques are challenging due to the impact of curva-

ture on the laser beams. For the Plexiglass tube used in the present study, the distortion is significant

over a wide part of the measurement domain as shown by Figure 3.1.2-2. This is especially true of the

beams used to measure the radial velocity.

What is difficult to see in Figure 3.1.2-2 is that a displacement of more than 50 microns between each

probe volume (for the beam waists used in this study) results in an invalid coincident measurement. This

invalidates two-component measurements in all but the innermost 10 mm of the duct radius without re-

alignment at each point. In addition, along the x traverse (needed for measurement of the azimuthal ve-
locities) the fringe spacing, and thus the velocity measurement, varies by 3%. Thinner material could

have been utilized, but this would still not eliminate the problem. Also, the need to make size measure-

ments further limits the ability of the instrument to perform in a cylindrical duct.

Hence, in the present case, optical access is provided by two fiats in the side of the duct located at the op-

tical height (Figure 3.1.2-3). These flats are required to ensure coincidence of both beam crossings used

for velocity measurements. The receiving optics also utilize an optical fiat. This option was selected over

an open port approach because of the difficulty of balancing the exhaust to prevent an influx or outflux of
mass through the ports. Such a phenomena would be intractable for the modeler to represent simply. It

was more straight forward to seal the duct completely and to adjust the optical fiats in order to provide

minimum disturbance to the flow inside the duct. Figure 3.1.2-3 shows the cross section of the optical
port section of the confined duct. To reduce the impact on the flow, the fiat size was minimized, resulting

in the measurement domain shown in Figure 3.1.2-3.

Use of the duct increased the amount of randomly scattered laser light and, as a result, the signal-to-noise

ratio for the phase/Doppler system was considerably lower than in the unconfined case. Figure 3.1.2-4

shows the effect of the increased noise on the measurement of velocity. When measuring the gas phase

velocity in the presence of particles (described in section 3.7), the voltages required to provide sensitivity

for the seed particles enables light randomly scattered by the particles and reflecieci by the Plexiglass sur-

faces to be detected as well, causing errors due to noise. The measured velocity of the particles is not af-

fected by the noise since the signal is very strong. The measured single-phase velocity is not affected be-

cause the seed particles do not cause a strong random scatter and, as a result, the noise levels are signifi-

cantly lower. The voltage range needed to give the proper velocities (less than 500 volts) for the gas

phase in the presence of beads led to sampling times which are too long for the data needed (5 Hz at 500
volts).

Subsequent blackening of the interior surfaces and higher quality antireflectance coated optical ports in-

creased the signal-to-noise ratio by a factor of 20 and provided a much wider range over which the volt-

age could be set to measure velocities of both phases at reasonable data rates.

3.1.3 Positioning

There are two means by which to map out spatially-resolved measurements. Either the experimental

hardware or the optical diagnostics can be moved. It is advantageous to move the experimental hard-

ware and leave the optics fixed because this provides better maintenance of optical alignment. Also, the

need for three degrees of freedom would require sophisticated mechanisms for provision of motion from

the optics. Thus, the optics remain fixed, and the hardware itself is moved in the present case.

A schematic of the traversing system is shown in Figure 3.1.3-1. The horizontal motions are provided by

perpendicular lead screw (12.5 mm [0.5 in.[) mechanisms. The vertical positioning is provided by a lead
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screwattachedto the nozzle fuel/air delivery tube. The two horizontal lead screws are designed to pro-

vide 550 mm of travel (the full extent of the cutout), and the vertical traverse provides 500 mm of travel.

Often, mechanical counters are utilized to provide feedback about position (e.g., Jackson, 1985). For the

purposes of this study, inaccuracies associated with mechanical counter backlash and hysterisis could not

be tolerated. As such, each direction of travel is complemented by an optical linear encoder. Thus com-

puter control is afforded to the facility. Values of position are read out digitally (Mitutoyo Model No.

GML-3705T) to the nearest 5 microns. This spatial resolution is very critical in situations where high gra-

dients in the parameters of interest exist. The Mitutoyo readout is interfaced to the IBM AT used for data

acquisition so that the location of each data point is recorded with the data acquired. A schematic of the

interface is shown in Figure 3.1.3-2. A further extension of the system calls for installation of motor con-

trollers which will enable the system to be traversed remotely by the user all by computer. This aspect of

the traverse was not implemented during the program.

3.1.4 Diagnostics Table

The table from which all hardware and optical diagnostics are supported is shown in Figure 3.1.4-1. The

diagnostics are discussed in sections 3.5 through 3.11. The 5 ft x 10 ft Newport Research Corporation

table (custom design) provides stable operation with a maximum of vibration isolation to reduce errors

due to beam wandering. In addition, vibration can lead to uncertainties in the position of the test article

with respect to the optical probe. The table utilized in the experiment provides for minimum error due to

this phenomena.
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3.2 MATERIALS FOR THE DISPERSED PHASE

This section discusses the materials selected for the dispersed phase, in this case, glass beads and
methanol. Reasons for the selection of the materials are outlined, as are the procedures utilized to opti-

mize quality and eliminate ambiguity due to problems associated with the materials themselves.

3.2.1GlassBeads

The reason for inclusion of configurations utilizing glass beads is to provide cases representing either
monosized or bisized, nonevaporating "spray" fields. As such, beads of uniform shape and properties
with a narrow size range were required.

To acquire beads with an acceptably narrow size range, two options were available: purchasing high
quality beads or narrowing the size range of an inferior quality bead by an inexpensive means of classifi-
cation. The cost of the high quality beads was too great in comparison to classification. Hence, medium
quality beads were obtained from the Cataphote Division of Ferro Corporation (Class W, nominal +/- 15
microns). An example of these beads "as received" is shown in Figure 3.2.1-1 (a).

The classification procedure is based upon weight and drag, and separates sizes of uniform material to a
+/- 5 micron size range. Figure 3.2.1-1 (b) also shows the effectiveness of classification. Classification is
also a convenient method for reoptimizing beads that have been contaminated or for some other reason
fall below the desired level of quality.

The size ranges selected for the beads were based upon two criterion. It was desired that discrimination
between the two sizes selected and the seed particles could be maintained and the sizes used were repre-
sentative of typical drop sizes produced by an air-blast atomizer. Using these criteria, size ranges of 20-30
microns and 100-110 microns were selected.

Owing to the theory behind the phase technique, the discrimination between the two different sized
beads is not perfect. This is due to the requirement that the scatterer be spherical and of homogeneous
properties. Figure 3.2.1-1 (a) shows particles which are ellipsoidal, cracked, or which have bubbles de-

spite the air classification. These types of particles lead to broadening of the measured size distribution.
It is noteworthy that the instrument is not expected to size the glass beads properly. It is required to dis-
tinguish between the size classes on the histogram produced. Figure 3.2.1-2 (a) shows a typical distribu-
tion obtained for the two sizes when mixed together. Clear separation is evident between the data ob-
tained for each size. Note in Figure 3.2.1-2 (b) that there is little deviation in mean velocity within a given
size group, indicating that the classification process has given good results. Post-processing is then used
for the calculation of statistics for each size group.

Careful consideration was made in the selection of the liquid used in the studies of spray fields.
Methanol (CH3OH) was selected for several reasons.

In order to incorporate the modeling of evaporation, a primary challenge for modelers, a fluid having a
high vapor pressure was required. This can be achieved by several methods, such as using a heated envi-
ronment. However, in order to run long tests, this becomes expensive. As a result, it was desired to uti-
lize a fluid which has a high vapor pressure at normal room temperatures and pressures. Methanol
meets these needs in addition to providing several other positive features.

Methanol possesses a simple chemical structure which affords its availability in high purity and at a rea-
sonable cost. In addition, methanol vapor has nearly the same density as air (1.32 versus 1.2 kg/m 3)

which enables the effects of buoyancy to be eliminated and the effects of vapor diffusion and convection
to be simulated as a homogeneous, continuous phase without regard for density gradients. Further, in-
dividual droplet temperature effects are reduced by introducing the methanol at -10°C, which is the equi-
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librium orsaturationtemperatureof methanolin air at STP. This value was determined through analysis
by Allison and verified through wet bulb/dry bulb experiments. By injecting the methanol at -10°C, the
liquid temperature remains constant throughout evaporation. Also to be considered is the temperature of
the air, which will drop owing to evaporation of the methanol. This problem is exacerbated by the injec-
tion of chilled methanol, since even more heat will be drawn from the air. The worst case can be conski-

ered where the air is cooled to -10oC. In this case, the density of the surrounding air will be less than the
injected air by 12 percent. In reality, however, the mixing of the different air streams will be rapid and
the effects of buoyancy due to thermal gradients will be less than this.

Methanol was obtained from Fischer Scientific (Certified ACS: Catalog No. A412).
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3.3 FLOW SYSTEMS

Figure 3.3-1 illustrates the flow system for the spray facility. Each component of the flow system plays an

important part in the generation of a carefully defined and controlled flow field. The need to select and
add flows in various manners prescribed by the test protocol requires a high degree of sophistication in

the design of the flow system. The flow system can be broken down into four primary components: air

delivery, methanol delivery, glass bead delivery, and the exhaust system.

3.3.1 Air Delivery_

In the original facility location, dry air (8% relative humidity) is provided to the facility at the house pres-

sure of 585 kPa (85 psig). It is first passed through a Hankinson Centriflex separator/filter (Model No.

3405-1) and a Hankinson Aerolesce Coalescing oil removal filter (Model No. 1306-1) to ensure the re-

moval of all particulate and oil. The air is then passed through a two-stage pressure regulator (Norgren

Model No. 11-042-045). This is required to minimize pressure fluctuations in the house air which can lead

to slight changes in the delivered air flow rate (+/- 1%). At the second experiment location, the air was

not as dry (relative humidity about 20%) and was maintained at 1035 kPa (150 psig). An additional pres-

sure regulator was added to bring this supply down to 585 kPa. The air was then run through the same
filter bank as described above.

Clean, dry air is required for two reasons. The first is to prevent condensation of moisture inside the var-

ious metering devices. The second reason is to ensure that the cold methanol does not create fog due to

the condensation of water vapor in the air. This was expected to be a problem in the confined duct when

the windows cooled below the dew point, and is discussed is section 3.3.3.

From here, the air is split into the various required circuits. There are 10 circuits which are supplied with

filtered regulated air. These are split off in the order of greatest demand. The highest flowing circuits are

split first and the least flowing last. In this way, line losses become less of a factor in the amount of air
delivered. Each of these circuits will be discussed in order. Table 3.3-I shows the specifications for the

various circuits.

Screen Air Circuit

This circuit provides air to the Plexiglass enclosure. The air passes through a pressure regulator and a

19.05 mm (0.75 in.) critical flow orifice. The flow is regulated by a throttling valve (Lunkenheimer Model

No. 2140-1). Pressure taps are placed in the line on either side of the orifice and the deflection of red oil is
used to determine flow. After the valve, the air enters a 63.5 mm (2.5 in.) hose which carries the air to the

Plexiglass structure. The hose splits and each half carries part of the air to either side of the Plexiglass
structure.

Figure 3.3.1-1 shows the manifold into which the air is then dumped. The manifold is designed to dis-

tribute the air evenly within the structure. This is achieved by utilizing different sized holes in the mani-

fold and directing them upwards away from the flow field being studied. The two hole sizes were picked

to generate different amounts of penetration into the structure. This combination of upward directing

and varying penetration provides good mixing of the air and creates the necessary quiescent environment

for accurate boundary conditions. Coupled with the exhaust system, the air provided to the Plexiglass
structure defines the environment into which all the flows are injected.
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Pressure
tor

Table 3.3-I.

Flow system circuit specification.

Calibrated

pressure
kPa (psi) Valve Rotometeta

Methanol

liquid c

Seeder air
Nebu
lizer

Dilution

Norgren
#R07-200-
RNKA

Norgren
#R07-200-
RNKA

207 (30)

207 (30)

part of ro- Sho-rate
tometer 1355-8506

Tube #
R-2-15B

Maximum flow

rate at calibrated Operating

pressure flow

3.3 x 10-3 2.1 x 10-3

(carbeloy ball)

Atomizing Norgren 207 (30)
air #R12-400-RNLA

part of Sho-rate 1.1 x 10-4 1.0 x 10 -4

rotometer 1355-8506 (sapphire ball)
Tube #
R-2-15B

part of Sho-rate 1.04 x 10-3 2.08 x 10-4

rotometer 1355-8506 (sapphire bail)
Tube #
R-6-15B

Swirl air Norgren 207 (30)
#R12-400-RNLA

Whitey 1110
SS-21RS4 Tube #

R-8-2M5-4

Screen air Watts Rl19-126 69 (10)

Whitey 1110
B-18VF8 Tube #

R-8-2M5-4

2.83 x 10-3 2.1 x 10"3

(float # 8RV3)

1_7x 10-2 3.3 x 10-3

(float # 8LJ-48)

Lunkenheime Dwyer Well 6.23 x 10-2 1.7 x 10 -2

r Manometer (red gage oil)
#310

a Brooks, unless otherwise specified

b airflows: multiply kg/sec by 1767 to get standard cubic feet per minute

c operating flow: 16.6 lb/hr

Confined Screen Air

The air circuit for confined screen air is the same as the air circuit described above. The difference is that

the air is introduced into the confined duct using a manifold arrangement as shown in Figure 3.3.1-2. The

flow is split into four flows which are recombined as opposed jets in the manifold. A flow straightener is
used to dampen out any local velocity peaks in the resulting flow as it travels down the duct towards the
measurement region. Measurement in the duct shows that the flow is well developed at the measure-
ment plane and that the optical ports do not perturb the central portion of the flow field.

Swirl Air Circuit

This circuit is similar in nature to the two described above. A rotometer arrangement is used to provide

good sensitivity and flow rate monitoring. A 12.7 mm (0.5 in.) line is used to transport the air from the
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valve to the swirl air passage. The air travels 1325 effective duct diameters (based on hydraulic diameter
of the swirl passage) before it reaches the swirler location.

Atomizing Air _ir_'ui_

A rotometer arrangement is utilized again. The selection of tube size and float type were made to give

the maximum sensitivity for the flow rates called for in the testing protocol.

Seeding Air Cir_ui_

The seeding circuits require little air flow. However, in the present experiment, the exact matching of

flow rates is required. As a result, the seeding system (described later) utilizes monitored air circuits. Ro-
tometers are utilized owing to their ability to monitor very low flow rates.

All the air circuits were calibrated using a Laminar Flow Element (Meriam Model No. 50MW20-1) or a

GCA/Precision Scientific wet test meter (Model No. 63111 ) depending on the amount of flow being cali-

brated. All flows were calibrated at 30 psig. Necessary correction for flow temperature and pressure

were made. All flow circuits were then checked for critical flow in all configurations. A gauge is placed

immediately downstream of the regulating valve for the nozzle air to continuously monitor the back

pressure and ensure maintenance of critical flow at the calibrated pressure.

3.3.2 Glass Bead Delivery

The beads are added directly to the nozzle air which is run into the bead injector. Primary concerns with

the injection of the beads include the mixing of the beads in the flow field to ensure a uniform concentra-

tion of the beads throughout the flow field at the exit of the bead injector and uniformity of delivery. To

facilitate mixing of the beads in the air stream, an upstream location of z/D = 150 for injection of beads
was selected. The manner in which the beads are injected ensures that the beads remain suspended in the

nozzle air, with the drag force due to the nozzle air being three orders of magnitude greater than the force

due to gravity.

The dryness of the air into which the beads are injected, in combination with the aluminum and nylon

hoses which carry the two phase flow, promotes a buildup of static charge and, thus, local peaks in con-

centration in the flow field. Figure 3.3.2-1 (a) demonstrates the effect of static charge on the flow field. To

eliminate this problem, several approaches were considered.

To eliminate the problem, a controlled amount of moisture was added to the air stream. Variations in the

amount of moisture were controlled by humidifier nebulizers fully contained within the flow circuits. It
was found that the addition of 1.5% by volume of water vapor sufficiently increased the humidity to off-

set the buildup of charge on the beads. Fortuitously, these nebulizers were available as part of the seed-

ing system described in more detail in section 3.5. Figure 3.3.2-1 (b) shows the resulting flow field after
adding moisture. The amount of water vapor added is not enough to introduce new errors due to density

gradients as discussed. To further enhance the elimination of charge, a strongly dissociating substance

such as salt can be added to the water which is nebulized to provide better charge transfer.

The second area of concern involved the steady injection of beads into the flow field. To minimize cost, a
screw feeder was selected to feed the beads into the nozzle air. Several modifications were made to the

discharging end of the feeder as shown in Figure 3.3.2-2. A mixer tube was sealed over the discharge
tube as shown. The discharge tube is oriented so that the opening points slightly upwards. The mixer

tube tends to fill up, damping out the pulsations that would otherwise occur from the motion of the

screw. Prior to the inductor, the nozzle air is split into two portions. The smaller portion is directed to a

tube above the opening of the discharge tube which directs a jet of air onto the beads sitting in the tube,

mixing them in the discharge tube and mixer further damping out pulsations. The remainder of the air is

directed through the Venturi inductor creating a suction on the body of the inductor, entraining the beads
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into the nozzle air. The split air circuit permits careful balancing of pressure or vacuum in the inductor
body. By monitoring the pressure/vacuum gauge, stable operating conditions are then identified for the
system. The configuration can then be changed and brought back to the same conditions. High speed
cinematography demonstrated careful use of the above system establishes a flow field with no pulsations.

_._._ Methanol Delivery_

Steps taken to eliminate variables associated with the delivery of methanol included the use of a hy-
draulic accumulator and refrigeration.

A schematic of the accumulator is shown in Figure 3.3.3-1. The accumulator provides the advantages of a

constant pressure reservoir delivery system as well as those of a gear pump arrangement, while eliminat-
ing the disadvantages of both. The methanol delivery pressure originally required for the flow rates se-
lected for this study was nominally 105 psig. Tests demonstrated that, at this head pressure, the pressur-
izing gas is absorbed into the methanol. These tests involve the pressurizing of a gaseous volume above a
standing reservoir of methanol for a given period of time. Such a setup is typically used for fuel delivery
in atomization experiments. It is noteworthy that the data sets obtained by Solomon et al (1985) and
Shearer et al (1979) used this technique for delivery of the fluid without concern for gas absorption. Sub-

sequent removal of the pressure as the methanol is atomized allows the gas to escape rapidly. This es-
cape of gas causes secondary atomization or "flashing" as the spray field evolves. The effects of this phe-
nomenon have been utilized to enhance atomization and have been documented by Solomon et al (1985).

The hydraulic accumulator permits the methanol to be isolated from the pressurizing gas and, as a result,
eliminates the phenomena described above. The elimination of secondary atomization reduces ambiguity
in the development of the spray field, permitting only aerodynamic and mass transfer effects to be stud-
ied, hence minimizing complications for the modeler. Ironically, modifications to the atomizer to create a
more flexible system revealed that 90% of the pressure drop was due to a filter in the fuel passage. In the
configurations used for testing, in fact, no filter was used, and the pressure drop reduced to about 12 psig.
Because of this, the use of the accumulator was not as critical.

Calculations and experiments were used to determine a saturation temperature of methanol of -10°C. By
injecting the liquid at this temperature, the need to account for changes in temperature of the liquid as it
evaporates is eliminated. The elimination of this effect is important for modeling (Mostafa and Mongia,
1987). An inline refrigerator (Weber Engineering and Manufacturing custom design) was designed for

application to this problem.

A potential problem with injection at -10°C was fogging. The cold temperatures in the air could cause
water vapor to condense out, creating fog within the chamber. This was especially a concern in the con-
fined duct. During the testing, the room conditions were maintained at 30% relative humidity. The rela-
tive humidity of the air supplied to the experiment was consistently below this due to the driers and fil-
ters used. At 30% relative humidity, the dew point is 13.8°C. Measurements within the spray using a
thermocouple shielded from direct impact of the spray showed that the air temperature was 14 to 16°C.
Based on these findings, fog was not expected to occur when using the dry experiment air. Subsequent
testing in the confined duct revealed that some fogging did occur on the outside of the duct on the optical
windows. No fogging was observed on the inside of the duct. The fog on the outside was cleared by
blowing a stream of air from the compressor system across the windows.

Additional concern was raised when using the seeders which placed water into the experiment air. Cal-
culations showed that, in the worst case, the seeder water raised the relative humidity within the chamber

by no more than 3%. Examination of the confined duct while running the seeders revealed no fogging in-
side. As an extra precaution, methanol was used in the seeders when running the methanol experiments

requiring seed.
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Figure 3.3-1. Flow system.
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Figure 3.3.1-1. Unconfined screen air manifold.
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Figure 3.3.1-2. Confined screen air manifold.
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a) With Water Vapor

b) Without Water Vapor

TE92-1644

Figure 3.3.2-1. Particle-laden jet.
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VENTURI INDUCTOR

t
SEED/WATER VAPOR

TE92-1645

Figure 3.3.2-2. Modified screw feeder.
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Figure 3.33-1. Hydraulic accumulator.
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3.4INJECTOR/SWIRLERASSEMBLIES

In the interest of providing data relevant to practical combustor systems, the hardware studied for
methanol injection was selected from an actual combustor system. The atomizer used is a production he-
licopter gas turbine fuel injector (Ex-Cell-O P/N 506P020) typical of the air-blast variety found in current
gas turbine combustor designs. A schematic of the atomizer is shown in Figures 3.4-1 and 3.4-2. Figure
3.4-1 shows a detailed schematic of the atomizer without the nozzle air cap. The dotted outline of the
0.25-inch fuel tube is shown at the top of the injector. The dotted line which appears at the bottom of the
contraction on the shaft of the nozzle corresponds to the end of an adaptor piece constructed to interface
the fuel tube to the atomizer. The adaptor replaces the standard AN fitting and a threaded mounting
piece which holds the atomizer in place in the actual engine. To facilitate easy installation, and to provide
long lengths of pipe upstream of the swirler, the adaptor concept was employed.

With the adaptor, the nozzle is fitted into the fuel tube as shown in Figure 3.4-2. A recess on the O.D.
near the end of the 27.50 mm tube corresponds to the location of the swirl vanes when the outer air tube
is in place. Note that the vanes, when in place, are recessed 6.35 mm behind the nozzle exit. This will
later be discussed in more detail.

3.4.1 Injector Flow Split Study

Because the atomizer features two air circuits, one on either side of the liquid filming surface, it is impor-
tant to quantify the air flow through each. In order to do this, a series of tests were conducted in which
one passage was blocked and air was flowed through the other circuit at a known rate.

A plenum was used for the tests as shown in Figure 3.4.1-1. A square box 150 x 150 x 250 mm was used.
The pressure drop was recorded for a variety of flow rates with each circuit blocked and with neither cir-
cuit blocked. In addition, tests were run with and without methanol flowing at the design rate. This in-
formation was used to calculate the effective area of the atomizer as a whole and of the individual air cir-

cuits using Equation 1 (Chang, 1985).

Ac d = m T10-5 / (2.0547*Pl*F(r2)) (1)

where
m = mass flow of air

T1 = inlet temperature (°R)

P1 = inlet pressure (psia)

F(r2) = [ (r2) 1"4286 _ (r2)1.7143 ]0.5
where

r2 = P2/P1, where P2 is the outlet pressure

The results of the tests are summarized in Table 3.4-I. Note that the sum of the individual areas is not

equal to the area of the overall area. This is consistent with tests run at Textron Turbo Components,
where typically it was found that areas do not sum properly due to stream interaction not present in the
cases where a single passage is blocked. In summary, the flow split between each passage is about the
same, and the total area is reduced when methanol is present.

3.4.2 Nozzle Symmetry Evaluation

The goal of the symmetry testing was to identify a nozzle which provided an axisymmetric flow. Because
of the practical hardware utilized, symmetry was a concern. To this end, nearly two dozen nozzles were
screened for symmetry. Because most of these were "burnt" (i.e., run in engine tests), many had obvious
defects such as bent bodies, or dented air shrouds. These were eliminated without significant evaluation.
The remaining half-dozen atomizers were screened more carefully. In an effort to obtain a highly sym-
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Table 3.4-I.

Results of flow split test.

Acd

No Blockage
No methanol 0.0359 in2

Methanol 0.0309 in 2

Center Blocked

No methanol 0.0184 in 2

Methanol 0.0181 in 2

Outer Blocked

No methanol 0.0206 in 2

Methanol 0.0185 in2

metric atomizer, a handmade version with tight machining tolerances was included in the nozzles ob-
tained.

An example of the comparison among three of the atomizers is presented in Figures 3.4.2-1 and 3.4.2-2,

where the effect of nozzle orientation on the mean spray velocity and SMD are presented, respectively.
Note that, for example, nozzle C is significantly less symmetric than either A or B. Based on this study,
nozzles A and B were judged to be the best, and nozzle B was selected for testing. Interestingly, the
handmade nozzle (A) was expected to perform better than the others, and, in fact, was subjected to de-
tailed preliminary testing before considering nozzles B or C.

The preliminary tests on nozzle A were detailed in nature and considered both the symmetry of the gas
phase as well as the drops. Interestingly, symmetry of the spray did not necessarily guarantee symmetric
gas flows. The results from nozzle A are shown in Figures 3.4.2-3 through 3.4.2-6. Figure 3.4.2-3 presents
the locations at which data were collected. Note that all data were collected along a single radial traverse,
and that, for plotting, the results from each profile were rotated about the centerline to reflect the rotation
of the nozzle.

Figure 3.4.2-4 presents isopleths of the mean axial velocity at 50 mm downstream of the injector for the
case without and with the spray. The case without the spray (Figure 3.4.2-4 [a]) exhibits a kidney shaped
result, rather than a circular pattern. When the spray is turned on, the pattern becomes much more sym-
metric (Figure 3.4.2-4 [b]). The lobed nature of the patterns with the spray could be attributed to the dis-
tinct passages through the atomizer.

The azimuthal velocity results (shown in Figure 3.4.2-5) exhibit trends which are correlated directly to the
observations in Figure 3.4.2-4. In Figure 3.4.2-5 (a), the locations where the azimuthal velocity profiles
show the highest values correpond to the location of the major axis of the ellipsoid formed by the axial ve-
locity isopleths.

Based on this, the more circular pattern of the axial velocity isopleths with the spray on should result in
uniform azimuthal velocity profiles. And this is the case, as observed in Figure 3.4.2-5 (b).

In summary, for nozzle A, it was observed that the gas phase velocity fields were quite symmetric for the
case with the spray. However, the single-phase cases were not as symmetric. Similar results for the liq-
uid flux distribution were also observed, as shown in Figure 3.4.2-6. Although nozzle A was made quite
carefully, it did not perform ideally.
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Basedon the detailed studies of nozzle A, it was decided to use nozzle B in the actual data runs for the

program. Subsequent testing of nozzle B revealed that, in fact, it was more symmetric, in the single-phase
case, but that it still revealed some asymmetry. This will be shown in Section W.

3.4.3. Aerodynamic Swifter

The swifter used in the conditions calling for swirl is manufactured by Allison for use in conjunction with
the above atomizer in the same production gas turbine combustor. A schematic of the swifter is shown in
Figure 3.4.3-1. Based on the design of the swifter, a swift number of 1.53 was determined using Equation
2 (Beet and Chigier, 1976)

where

Rh = radius of hub (2755/2)

R = radius of outer wall (36.68/2)

a = angle of vane from flowstream (60 degrees)

(2)

As with the atomizer, the use of industry hardware for the swifter, while making the data obtained more
relevant to practical systems, also introduces problems associated with relatively low manufacturing tol-
erances. As such, the testing protocol requires testing the swirlers for symmetry. In this case, two
swirlers were evaluated. For this study, air was run through the central 24.9 mm pipe and through the
swirler surrounding it. Two tests were run, both of which required measurements of velocity at a radial
location of 18 mm from the centerline at two axial locations. The first test involved rotating the central

tube (nozzle) while leaving the swirl vanes fixed. The second test involved rotating the swirl vane as-
sembly while leaving the central tube fixed. The results are presented in Figure 3.4.3-2.

Swifter 1 (Figure 3.43-2 [a]) shows little variation in axial velocity when the nozzle is rotated independent
of the swifter. However, when the swifter is rotated independent of the nozzle, a modest local maximum
in the velocity is observed at the 120 and 150 deg orientation at the 75 and 150 mm axial locations.

In comparison, swifter 2 (Figure 3.4.3-2 [b]) shows similar results for the case where the nozzle is rotated
independent of the swirler, but shows a more random behavior for the case where the swifter is rotated
independent of the nozzle. Further, the amount of variation for a given orientation is less for the second
swifter. Based on this study, swifter 2 was selected for use in the testing.

3.4.4 Evolution of Experimental Test Condition_

The original flow conditions were set based upon typical operating conditions for the Ex-Cell-O noz-
zle/swirler configuration. The swift flow condition was set by Allison based on a gas velocity of 300
ft/sec through the 60 deg swifter. From this velocity, and knowledge of the effective area of the 60 deg
swirler, the representative mass flow of 0.0133 kg/s was established. To determine the nozzle operation
condition, flow rates for the air and fuel that represented the average flow conditions for the Ex-Cell-O
nozzle were selected. Thus the mass flow of methanol was set at 0.0021 kg/s and the desired air-to-fuel
ratio of 1.0 set the corresponding atomizing air flow at the same value.

Both confined and unconfined configurations were desired. The former condition was established by the
use of a 6-inch diameter Plexiglass duct concentrically located around the nozzle/swirler assembly. The
original unconfined condition called for an 18-inch duct located in the same manner.
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Theconfinedconditioncalledfor modestscreenair (airinjectedintotheannulusbetweenthenozzle/
swirlerassemblyandthewallof thesurrounding6-inchduct)for thenozzle-onlycondition. Both the 60
deg and 0 deg swirl conditions called for blockage of the screen air passage to better represent actual
combustor geometry. The above conditions are tabulated in Table 3.4-II and depicted graphically in Fig-
ure 3.4.4-1, where the figure letter corresponding to the condition is indicated in the second column.

Table 3.4-II.

|_tiol test conditions.
Confinement S_rler

mp kg/s mp kg/s mc kg/s mc kg/s ms ms
Case Figure Injected ma monosized multisized 457.2 mm 152.4 mm kg/s kg/s
No. No. material k__ particles particles Ou_ duct 0_0__

1 3.4A-1 a Air only 0.0021 0.097
2 3.4A-1 b as base 0.0021 0.0
3 3.4.4-1 b for effect 0.0021 0.0
4 3.4.4-1 e of 0.0021 0.01

5 3.4.4-1 f particles 0.0021 0.0
6 3.4.4-1 f 0.0021 0.0

7 3.4.4-1 a Unconfined 0.0021 0.0021 0.097
8 3.4.4-1 b meno- 0.0021 0.0021 0.0

9 3.4.4-1 b dispersed 0.0021 0.0021 0.0

10 3.4.4-1 e Confined 0.0021 0.0021
11 3.4.4-1 f mono- 0.0021 0.0021

12 3.4.4-1 f dispersed 0.0021 0.0021

13 3.4.4-1 b Multisized 0.0021

14 3.4.4-1 b Particles 0.0021
15 3.4.4-1 f 0.0021
16 3.4.4-1 f 0.0021

17 3.4A-1 c Air only 0.0021
18 3.4.4-1 d for air- 0.0021
19 3.4.4-1 d blast 0.0021

20 3.4.4-1 g atomizer 0.0021
21 3.4.4-1 h 0.0021
22 3.4.4-1 h 0.0021

23 3.4.4-1 c Unconfined 0.0021

24 3.4.4-1 d spray 0.0021
25 3.4.4-1 d 0.0021

26 3.4.4-1 g Confined 0.0021
27 3.4.4-1 h spray 0.0021
28 3.4.4-1 h 0.0021

* Polydispersed methanol spray

0.0025
0.0
0.0

0.0021

0.0021
0.0021
0.0021

0.0
0.0

0.0
0.0

0.097
0.0
0.0

0.01
0.0
0.0

0.0021" 0.097
0.0021" 0.0
0.0021" 0.0

0.0021"
0.0021"
0.0021"

0.01
0.0
0.0

0.0133

0.0133

0.0133

0.0133

0.0133

0.0133

0.0133

0.0133

0.0133

0.0133

0.0133

0.0133

0.0133

0.0133

0.0133

0.0133

0.0133

0.0133

0.0133

0.0133
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Modification 1 - Hardware

Discussions of the original conditions led to some modest changes in the hardware. The ability of the 18-
inch duct to property reflect an unconfined environment was questioned. It was decided to replace the
Plexiglass duct with one made of screen mesh. The reasoning was that the permeable wall would permit
efflux of downstream air that before would have interacted with the physical wall as influx of en_ained
air. The drawback to this approach was the difficulty of properly seeding the entrainment air. This prob-
lem was handled by surrounding the entire delivery tube/plenum assembly with another confined struc-
ture. The resulting Plexiglass/tarp confinement structure provided the ability to monitor enb'ainment air
flow and thus ensuring proper seeding.

In summary, the unconfined case is represented by a screen structure 18 in. in diameter which is in turn
surrounded by a Plexiglass/tarp assembly which seals the entire test structure from the room. At this
point, no flow rate changes were made with the exception that the entrainment air which before was
screen air in the 18-inch duct now had no set flow rate. To determine the proper flow, it was decided to
balance the pressure inside the Plexiglass/tarp assembly with the room air. The resulting configuration is
shown in Figure 3.1.1-1.

Modification 2 - Hardware Changes to Reduce Impingement in the Six-Inch Duct

Impingement in the 6-inch duct was expected to be a problem. Initial testing with the proposed flow
rates demonstrated the realization of these expectations. Impingement occurred nearest the nozzle exit (0
in. below) when the 60 deg swirl conditions were used. Because the 60 deg condition most closely repre-

sented the operating conditions and geometry of an actual combustor, there was great desire to retain that
condition in the test matrix. Two solutions were considered. One was hardware changes to reduce im-

pingement, the other was to modify the flow rates. Because the general goal of the program was to study
effect of hardware changes rather than flow condition changes, the first option was exercised initially.

It was decided that a reduction in the spray-cone angle would move the impingement point away from
the nozzle exit. Thus, the shroud concept was incorporated. The shroud was to take the place of the orig-
inal cap at the end of the nozzle assembly. The shroud channeled a portion of the atomizing air around
the outside of the nozzle as shown in Figure 3.4.4-2.

Although conceptually sound, the shroud introduced complexities both experimentally and analytically.
Experimentally, there was no practical way to monitor the flow rate through the new passage, nor was
the concentricity of the nozzle/shroud cap ensured. Analytically, the boundary and inlet conditions were
further complicated.

Despite the above drawbacks, one shroud design was evaluated. The design is depicted in Figure 3.4.4-2
(c). The design selected created tractable inlet conditions but the experimental flaws remained. Initial
testing of the design proved to be encouraging enough to consider its use.

Modification 3 - Flow Rates

Comparison of the shroud and the no-shroud cases in the &inch duct demonstrated that more than
physical modifications would need to be considered. Allison and UCICL decided the approach to take
would be as follows (for the methanol, confined, 60 deg swirl configuration)

1. vary nozzle flow rates
2. cut swirl air by a factor of 2
3. use the screen air instead of blocking the passage
4. 3-inch dome region adequate for this study
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Initialtestingdemonstratedthatthenozzleflow ratesdid not strongly affect the cone an#e; that the swirl
air flow rate dramatically affected the cone angle; the screen air was needed to prevent recirculation back
above the nozzle, but did not strongly affect the cone angle; and that the 3-inch region would be the limit

for testing. Fornml testing then followed.

Evaluation of all nozzle/swirler configurations was conducted in the 6-inch duct. It was decided to vary
to swirl air, the screen air, and the use of the shroud. The results are summarized in Table 3.4-III.

Overall conclusions drawn from the flow rate studies were

• Screen air is required to eliminate recirculation eddies at the wall.
• Swirl air has the strongest influence on the location of impingement.
• All of the above flows possessed medium to high dynamics which result in the "periodic ira-

pingement" above.

From the above it appeared that the condition using the shroud, 0.031 kg/s of screen a/r, and 50% swirl
air would be satisfactory because the majority of the impingement ocom'ed at 3 in. below the nozzle exit.

However, the dynamics leading to periodic impingement were unacceptable.

Table 3.4-III.

Impingement testing results."

Screen Perodic Continuous

Shroud Swirl

no 60 deg 100% 0.031 0 +50
100% 0 -50"* 0

50% 0.031 +25 ÷ +50

50% 0 -87 +25

yes 60 deg 100% 0.031 +30 +70
100% 0 -12 +12
50% 0.031 +28 +75
50% 0 -38 +25

no 0 deg 100% 0,031 +100 ~
100% 0 -75 -

50% 0.031 +95 ~

50% 0 -75 -

yes 0 deg 100% 0.031 +88 ~
100% 0 -50 -
50% 0.031 +88 ~
50% 0 -87 -

no nozzle-only 0.031 +100 ~
0 -125 -

yes nozzle-only 0.031 +112 ~
0 -125 -

• Impingement values in mm
** + indicates downstream of injector

t" - indicates upstream
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Stepstoreducethedynamicsweretheninitiated.Thescreenair circuit was replumbed to provide higher
flow rates. It was found that increasing the screen air created a better behaved flow field, but dynamics
still persisted.

Next, the swirl air flow was reduced to 25% of its original value. This reduction indicated that the swirl
air was largely responsible for the dynamics. The dynamics with 25% swirl air, 0.040 kg/s screen air, and
shroud in place were acceptable. Further, even at 25% of the original flow, the swirl air had a significant
effect on the flow field. At this point, the flow conditions were set as follows

nozzle
fuel
air

swirler
screen air

entrainment air (unconfined)

0.0021 kg/s
0.0042 kg/s (half to go to shroud circuit)
0.0033 kg/s
@ 0.04 kg/s
to be determined

The above conditions were evaluated for the other nozzle/swifter configurations and found to be accept-
able.

With the glass beads, it was found that less screen air was required to minimize impingement. As a re-
sult, the screen air for the cases with beads was set at 0.027 kg/s. The screen air flow rate of 0.040 kg/s

was retained for the cases with spray.

As a last step, it was decided to evaluate the new conditions in the unconfined regime. The conditions
were acceptable for glass beads. However, when methanol was evaluated, substantial asymmetries were
noted. Subsequent testing of the nozzle-only condition with and without the shroud identified the
shroud as the cause of the asymmetries. When the shroud was not used, all configurations operated ac-

ceptably.

The asymmetry problem required a new evaluation of the use of the shroud. Testing in the confined duct
resumed. It was found that the increased screen air flow (previously unavailable) provided acceptable
conditions for the no-shroud case. Before, the use of the shroud moved the impingement point by 25 nun.
With the increased screen air, the use of the shroud moved the impingement point 6.5 ram, thus the use of
the shroud was dropped in favor of symmetry.

A follow-up evaluation of the no-shroud case in the unconfined regime demonstrated symmetry and well
behaved flow. Thus the following flow rates were decided upon

nozzle/bead injector
air
methanol or beads

swirler

screen air (in all confined testing)

spray tests
bead tests

entrainment air (all unconfined testing)

0.0021 kg/s
0.0021 kg/s
0.0033 kg/s

0.o40kg/s
0.027 kg/s
to be determined

Because the reduction in swirl air made that flow unrealistic, it was decided to do a limited additional
study in both the confined and unconfined cases.

In the confined case, for the conditions above, a test will be run using only air, both 0 and 60 deg swirlers,
and a disk blocking the nozzle air passage. This will provide additional data to bridge between element B
and C.
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In summary,thetestmatrixshowninTable3.4-Wrepresents,inasimilarformatastheoriginal,the
changes made in the testing conditions. The final testing matrix is shown in Table 3.4-W, including addi-

tional configurations added as described above. Note that the case numbers are not continuous. This is
because tests were run out of order and the matrix was modified based on modeling needs after this con-

vention for the cases was adopted. The results reported within Sections IV and V reflect the measure-
ments made using the matrix presented in Table 3.4-V. The final geometries have been discussed in sec-
tion 3.1, and can now be reviewed with the perspective behind their selection.

hse
No.

1
2
3

4

5

6
7
8
9

10

11

12
13
14

15

16
17
18
19

2O

21

22

23

24

25

26

27

28

It.

IIaF

¢

¢+

Table 3.4-IV.
Initial test conditions and chan_es made.

w

Figure Injected ma
No. material

Confinement S_fler

mp kg/s mp kg/s mc kg/s mc kg/s ms ms
monosized multisized457_ ram* 152.4mm kg/s kg/s

particles particles duct du_ 0_0_._

3.4.4-1 a Air only 0.0021
3.4.4-1 b as base 0.0021
3.4.4-1 b for effect 0.0021

3.4.4-1 e of 0.0021

3.4.4-1 f particles 0.0021
3.4.4-1 f 0.0021
3.4.4-1 a Unconfined 0.0021 0.0021
3.4.4-1 b mono- 0.0021 0.0021

3.4.4-1 b dispersed 0.0021 0.0021
3.4.4-1 e Confined 0.0021 0.0021

3.4.4-1 f mono- 0.0021 0.0021

3.4.4-1 f dispersed 0.0021 0.0021
3.4.4-1 b Multisized 0.0021 0.0021

3.4.4-1 b particles 0.0021 0.0021
3.4.4-1 f 0.0021 0.0021

3.4.4-1 f 0.0021 0.0021

3.4.4-1 c Air only 0.0021
3.4.4-1 d for air- 0.0021
3.4.4-Id blast 0.0021

3.4.4-Ig atomizer 0.0021

3.4.4-1h 0.0021

3.4.4-1 h 0.0021

3.4.4-1 c Unconfined 0.0021

3.4.4-1 d spray 0.0021 0.0021 tt
3.4.4-1 d 0.0021 0.0021t÷

3.4.4-1 g Confined 0.0021 0.0021 tt

3.4.4-1 h spray 0.0021 0.0021 +÷
3.4.4-1 h 0.0021 0.0021 tt

0.097*
0.0" 0.0133.*
0.0" 0.0133"*

0.0*
0.O*

0.0*
0.0*

0.097*
0.0*
0.0"

0.0021 "H-

0.{Y

0.0"

0.01 ¢

0.0 t 0.0133"*

0.0 ÷ 0.0133"*

0.097*

0.0025 t

0.0 t 0.0133"*

0.0 ¢ 0.0133"*

0.0133"*
0.0133"*

0.0 ÷ 0.0133"*

0.0 ¢ 0.0133"*

0.0133"*
0.0133"*

0.01 ¢

0.0 ÷ 0.0133.*

0.0 _ 0.0133"*

0.097*

Duct replaced by screen. Entrained air taken as needed by flow.
Swirl flow reduced to 0.0033 kg/s (0.25 times original flow).

Confinernentscreen air set at 0.045 kg/s for all confined cases.

Polydispersed methanol spray

0.01 ¢

0.0 t 0.0133"*

0.0 ÷ 0.0133"*
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Case Figure Injected
No. No. material

Table 3.4-V.

Test qondi00n_ l_ased on screening tests.

Confinement

mp kg/s mp kg/s mc kg/s mc kg/s ms
ma monosized multisized 457_ mm 152.4 mm kg/s

particles particles 0uct duct 0..d_g

1 3.1.1-1 Air only 0.0021
2 3.1.1-1 as base 0.0021
3 3.1.1-1 for effect 0.0021
4 3.1.2-1 of 0.0021

5 3.1.2-1 particles 0.0021
6 3.1.2-1 0.0021

7 3.1.1-1 Unconfined 0.0021

8 3.1.1-1 mono- 0.0021

9 3.1.1-1 dispersed 0.0021
10 3.1.2-1 Confined 0.0021

11 3.1.2-1 mono- 0.0021

12 3.1.2-1 dispersed 0.0021
13 3.1.1-1 Multisized 0.0021

14_ 3.1.1-1 particles 0.0021
15"H" 3.1.1-1 0.0021

16_ 3.1.2-1 0.0021

17"H 3.1.2-1 0.0021

17¢¢ 3.1.2-1 0.0021

19 3.1.1-1 Air only 0.0021
20 3.1.1-1 for air- 0.0021
21 3.1.1-1 blast 0.0021
22 3.1.2-1 atomizer 0.0021
23 3.1.2-1 0.0021
24 3.1.2-1 0.0021
25 3.1.1-1 Unconfined 0.0021

26 3.1.1-1 spray 0.0021
27 3.1.1-1 0.0021
28 3.1.2-1 Confined 0.0021

29 3.1.2-1 spray 0.0021
30 3.1.2-1 0.0021

31 3.1.1-1 Swirl only
32 3.1.1-1
33 3.1.2-1
34 3.1.2-1

a

b

0.0021 ¢

0.0021 ÷

0.0021 _"

0.0021 ÷

0.0021 t

0.0021 _r

0.0021

0.0021

0.0021

0.0021

0.0021

0.0021

0.0021"
0.0021"
0.0021"
0.0021"
0.0021"
0.0021"

trot.

tt.tt.

t_t_

tt,@

0.045
0.045
0.045

0.045

0.045

0.045

0.045

0.045

0.045

0.045
0.045
0.045

0.0033

0.0033

0.0133

0.0133

0.0033

0.0133

0.0133

0.0133

0.0133

S rler
rns

kg/s

0.0033

0.0033

0.0133

0.0133

0.0033

0.0133

0.0133

0.0133

0.0133

0.045
0.045 0.0133
0.045 0.0133

0.0033
0.0033

0.045 0.0033
0.045 0.0033

Polydispersed methanol spray
Entrained air proivded as needed by flow. Amount of air not measured directly.
Both 0.00042 and 0.0021 kg/s considered instead of items denoted with b.
Lack of impact of 25 micron beads made these cases redundant. Difficulty with feeding two sizes
with one feeder also required additional funds for second feeder.
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Figure 3.4-1. Ex-Cell-O air-blast atomizer: detail of flow passages through atomizer
with outer shroud removed.
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ID = 15.75 mm
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SECTION A-A

FUEL

PORT __"_

1.71 mm

55 DEG. HELICAL
SWIRLER

mm

6.30 mm

SECTION B-B

I I__ 12.0 mm _1

//

s j / j"S/'j

Details of Atomizer Flow Passages"
TE92-1648

DEG.

Figure 3.4-2. Ex-Cell-O air-blast atomizer: details of atomizer flow passages.

73



LIQUID FEED (OPTIONAL)

1

I FOR POSITIONING ANDPASSAGE MODIFICATION

AIR FEED

_ Mt::l t:HE_

SOURCE (2 PLACES)

ROW
STRAIGHTENER

ADAPTOR TEST
PLATE ARTICLE

TE92-1649

Figure 3.4.1-1. Plenum used for flow split study.
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Figure 3.4_.-6. Isopleths of volume flux at an axial location of 100 mm (McDonen and Samueisen, 1_).
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81



t_

o
o

I
I

z_

[--*co

,.._,

z_

0¢

0¢

t_

o

I

_o
,__tL

_Z
o_._

o

0

0

ID

v

z
.<

0

o
_o
t_

0

I

_.,.1o
£-, [..,

"Z.,m i

I

/

k...] _
o ctl o

(_/_) A.[IDOqSIA qvIkrV (_/_) X,I,IDoq:HA qVIXV

CD

&
tu

i

r-4

82
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Figure3.4.4-I.Originalgeometries(Iof 4).
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Figure 3.4.4-I.Originalgeometries (2of 4).
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Figure 3.4.4-I.Originalgeometries(3of4).
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Figure 3.4.4-1. Original geometries (4 of 4).
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Figure 3.4.4-2. Atomizer shroud evaluation: original cap.
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3..5DIAGNOSTICS - VELOCITY MEASUREMENTS

This section describes the laser anemometry setup used in the acquisition of velocity measurements. In
reality, several versions of the system were used throughout the testing done in support of this program.
Hence, historical perspective is included in rids section which provides the reader with an appreciation of
the evolution of the diagnostics which occurred through close interaction with the manufacturer.

3.5.1 Laser Anemometry System

Selection of the laser anemornetry (LA) system was made considering the test plan as a whole. An LA
system could have been used for the measurement of the single-phase flows, and then the phase Doppler
interferometer (PDI) could have been used for measurement of the dispersed phases. However, the need

to measure gas phase velocities in the presence of the dispersed phase required more consideration, as
described in section 3.7. Finally, it was decided that use of two independent instruments was unreason-
able, and that a phase Doppler instrument, operated without sizing should be used for characterization of
the single-phase flows. However, the phase Doppler instrument was designed with sizing as the first
priority and with velocity as a secondary consideration which led to some challenges in applying the in-
strument as an LA system. These challenges will be discussed within this section.

In general, the applications of interferometry for making velocity measurements have been well estab-
lished (e.g., Durst et al, 1976). As such, the choice of LA for making velocity measurements in two-phase
flows is dear.

A two-component instrument (Aerometrics, Inc.) is used in a nonsizing mode to obtain simultaneous
measurements of two orthogonal components of velocity. A schematic of the transmitter is shown in Fig-
ure 3.5.1-1. The system is driven with a I W Lexel Argon-Ion laser. The beam is horizontally polarized
and is split into blue (488.0 nan) and green (514.5 nm) beams via a dichroic mirror. The mirror is opti-
mized to reflect 78% of the blue and 0.6% of the green, and to transmit 84% of the green and 1.4% of the
blue. Each color beam is then directed through a line filter which eliminates any broad-band wavelengths
present. The output from each liner filter is focused onto a rotating diffraction grating which serves to
split the single beam into several ordered pairs of beams. Once split, the two first order beams of each
wavelength are recombined on the original axis using another dichroic mirror and subsequently colli-
mated with either a 160 mm or 300 mm achromat lens. The two pairs of mutually collimated beams are
then focused with a 495 mm f/6.4 lens to form overlapping probe volumes for two components of veloc-
ity. The nominal size of the probe volume waist was varied depending upon the application. For the
measurement of the glass beads, the 300 mm lens was utilized, resulting in a beam waist of about 115 mi-
crons. For the sprays, the 160 mm collimation lens was used which provided a beam waist of about 220
microns.

The scattered light from both color probe volumes is collected by the same receiver lens. A schematic of
the receiver is shown in Figure 3.5.1-2. The light is collected by a 629 mm f/5.7 lens and focused by an
air-spaced triplet lens onto a 100 micron x 1 mm slit which acts as a spatial filter. The lens design was
optimized to provide a 5 micron blur spot and to eliminate chromatic aberration, providing an accurate
definition of the imaged slit on the probe volume and improving signal-to-noise ratios. The light passing
through the slit is then collimated and is chromatically split by another dichroic mirror. The blue light is
sent directly to a photomultiplier tube (Hamamatsu model R928HA) and the resulting signal is sent to the
processor. The green light is split into three portions, each of which is directed at a separate photomulti-
plier tube. The splitting of the light is required for sizing purposes as described below. As a result of the
splitting, the intensity of the green light hitting a given photomultiplier tube is less than that for the blue
light. The portion of light hitting the top area of the receiver lens is used for determining the velocity of
the scatterer in the axial direction. Figure 3.5.1-3 indicates the approximate area division of the receiver
lens and the corresponding distances between the effective collection areas for the three detectors em-
ployed in the measurement of size, which is described in the next section.
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Todeterminethevelocityof theevent,theprocessorutilizes the entire portion of the burst (total burst
mode) which exceeds the threshold value. The use of this technique rather than a fixed-cycle approach
(e.g., comparing average frequencies from the first five and first eight fringe crossings) can lead to errors
if the signal is not carefully filtered. The reason for using this approach is described in the section under
sizing. Figure 3.5.1-4 shows examples of properly and improperly filtered signals. The system provides
feedback to the user during the collection of data by indicating how many events were rejected and for
what reason.

Prior to acceptance into the processor, the event must satisfy three criteria. First, the event must include a
minimum of four fringe crossings for both components of velocity. Also, a degree of simultaneity must
be ensured. The an_unt of overlap of the signal is used as this criterion. For the present work, if any
portion of the signal is overlapping, the signal is considered coincident.

Reasons for rejection during processing are summarized as follows (in order of checking by the processor)

• divide by zero This error will occur if the processor encounters an attempted divide by
zero. Reasons for this occurrence involve situations where the electron-

ics are saturated by extremely high data rates.

• overflow This error occurs if the clock is allowed to run for a period of time at a
given resolution such that the allotted 47 bits become filled. Reasons for
such occurrences include very slow events and filtering at too high a fre-
quency. The net error incurred by not attempting to reduce the amount
of these errors is an indicated velocity which is greater in magnitude
than the actual.

• out of range This error occurs if the velocity measured is greater or less than the val-
ues selected by the user to define the velocity pdf limits set up within the
window established by the filters. This error indicates that modification
in the velocity pdf range parameters selection be made by the user. This
error sometimes results when the velocity sensitive range selected seems
correct. This occurs due to low frequency noise which is not filtered
properly. Thus, this error is not always an indication that portions of

good data are being rejected.

excess fringe crossings This error is designed to reject signals due to multiple particles in the
probe volume. The value assigned for the limit varies from a minimum
number dictated by velocity range, frequency shift, and probe volume
waist, to a maximum of 256. Again, very slow events can be rejected er-
roneously due to this check.

In general, data are of better quality due to the real time indication of these errors because minor adjust-
ments can be easily made to optimize the quality of the data.

To discriminate between flow direction, frequency shifting is utilized. Classically, frequency shifting is
accomplished via opto-acoustic cells, which typically operate around 40 MHz. Because of the sophisti-
cated timing and signal conditioning required for sizing measurement, the effective bandwidth of the
instrument originally used in the program was 10 MHz. Since no satisfactory commercially available
gratings were available, the original system was used with no shift. This proved to be very limiting in
applying the instrument to gaseous flows, and render two-component operation impossible, since many
of the flow studies featured little or no radial or azimuthal velocity components.

During the beginning of the program, an alternative to the opto-acoustic cells was identified (Jackson,
1985) which would be appropriate for use with the relatively low frequency range of the PDI system,
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namely,rotatingdiffractiongratngs. Each component of velocity is shifted independently using rotating
diffraction gratings. It is noteworthy that the gratings and the motors evolved throughout the duration of
the program. At the lime the program started, only one vendor could be identified for the drcular grat-
ings required, Technisch Physische Dienst. The typical grating used features three "tracks" which have
different numbers of line pairs. Each track is located concentric to the others and to the center of the disk.

The first version of the gratings were software controlled and provided continuous shift between 0 and

8000 rpm. Using the relation for the frequency shift and rpm

fs=2Nfr (3)

where

fs = the frequency shift (MHz)
N = the number of lines on the track

fr_ the rotational speed (rps)

and given the number of lines on the different tracks. For the optical setup used for measurement of the
glass beads, this permits reverse velocities of up to 21 m/s. The 2.2 MHz limit is imposed by the stability
of the motors which are controlled by a separate controller box interfaced to the IBM AT by an RS232
connector. Because of the four fringe minimum required, reverse velocities approaching 20 m/s may be
missed depending on trajectory through the probe due to insuffident fringe crossings and, as such, 15
m/s is a more realistic limit. Although not a serious problem for the modest velodty flows involving the

glass beads, this was a serious limitation for the measurements in the sprays.

Because the diffraction angle is a function of the line pair spacing, the different tracks give flexibility to
the user. However, the geometry of the grating causes fundamental problems to be raised.

Figure 3.5.1-5 shows the details regarding the grating geometry. If the grating is mounted slightly off-
center, the line pair spacing will vary, and as a result so will the fringe sparing. The early version of the
gratings suffered from this problem, which led to an increase in the measured velocity rms, especially
when high frequency shift was used in low turbulence environments. Such concerns over the stability of
the motors and the manner in which the gratings are mounted to the motor shaft resulted in optimization
of the motor assembly (e.g., McDonell and Samuelsen, 1990a; Jackson, 1990).

To address these issues and to extend the frequency bandwidth, Aerometrics developed better versions of
the grating motor (using preloaded bearings) and a better grating mounting methodology to reduce grat-
ing wobble. Besides the increased stability offered by the new motors, their maximum rpm was increased
to 16,000.

In summary, Table 3.5-I presents the evolution of the instrument, and how it ended up in its present state.
Because of time constraints, the upgrade to DIG4 did not impact the present program.

3.5.2 Seeding Systems

To provide scattering of the laser light from the probe volume, particles are needed to seed the flow. It is
desired to have steady, consistent production of seed to avoid biases due to concentration fluctuations
(see below). One of two systems is used depending upon the flow to be seeded. For flows requiring low
amounts of seed, a system developed by Ikioka et al (1983) is used. This seeder is shown schematically in
Figure 3.5.2-1. In flows requiring high volumes of seed, a fluid bed-type seeder is used, as shown in Fig-
ure 33.2-2. Vibrator motors reduce pulsations from the fluid bed as shown in Figure 3.5.2-3. Figure 3.5.2-
3 shows the results without the motors. A reduction in seed output is quite evident with time. With the

motor, the seed output remains relatively stable as shown in Figure 3.5.2-3 (b). The fluid bed is inherently
less stable than the nebulizer system but is able to provide higher volume of seed.
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Date

7/85

8/85

I0/85

1/86

7/86

9/86

10/86

12/86

4/87

12/87

6/88

7/88

8188
8/89

Table 3.5-I.

Milestones in development of UCICL PDPA system.

Development

Prototype 1-D system delivered to UCI. No frequency shift. Software v.
2.2.

Verified system calibration.

Aerometrics provides "velocity only" software which permits system to
be used as LDV system without sizing.
Frequency shift added to software. Enables UCI transmitter to be used.

Two-component system arrives. Debugging of software begins begin-
ning with v.2.1.
Version 3.0 installed. Chromatic-aberration free receiver lens installed.
Production data collection started.

Version 3.10 installed. Data series implemented to provide reduced data
file.

Summary of hardware issues remaining: PMT power drift occurring,
analog filters switching, insufficient frequency shift on CH2 velocities.
Version 3.49 installed. Incorporates new probe volume correction
scheme.

Version 3.50 installed. Time series implemented. Too many bugs to be
useful.

Transmitter sent to Aerometrics for upgrade. Software v. 3.62 installed
incorporating a new probe volume correction scheme.

Received upgraded transmitter. Increase in frequency shift amount and
stability. Alignment much easier. Software v. 3.67 installed fixing last of
bugs. Time series data available, but no offline support available.
Ch 1 analog box fails. Repaired.
Higher speed processor Dig 4 received from Aerometrics. Includes of-
fline support for time series data. Eliminates problems observed with
previous processor.

Both systems permit monitoring of flow rates and, as such, the flow for the seeding system can be ac-

counted for in establishing each required flow rate. In addition, because each seeder has a steady output
rate directly proportional to the flow rate through it, the concentration of seed in the individual air
streams can be well regulated, reducing the effects of concentration bias (see below).

In all cases, aluminum oxide is used as seed (GB-1200, nominally 2.0 microns; Microgrit Corporation).
Figure 3.5.2-4 shows an example of the morphology of the seed output by the two systems. No partides
greater than 10 microns are observed, and the majority are less than 5 microns. Other types of alunima
seed particles were considered. Discussions with Microgrit Corporation led to the selection of the GB
powder, which is blockier than most other types of powders. Because of the desire to have particles as
spherical as possible, the GB powder was judged to be the best choice for this application.

In the flows outlined by the test matrix, there are no situations for which a 5 micron particle will not track
the flow. Thus, the velocity measured is that of the gas phase, since slipping between the seed and the
flow it is tracking is negligible. Durst et al (1976) described relations to determine the maximum size

particle that will track a turbulent flow. Recent work by Bachalo et al (1987) also supports the use of par-
tides which are less than 5 microns for the flows studied here. Figure 3_5.2-5 shows the methodology in
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establishingthe maximum particle size which will track the flow. This study is done for each configura-
tion to ensure proper measurement of gas velocities and associated statistics.

3.53 Sampling Bias

There are two primary sources of sampling bias to be addressed in the rrmeasurement of gas phase veloci-
ties using individual realization laser anemometry. The first is velocity bias which has been described in
detail by McLaughlin and Tiederman (1973). Velocity bias can occur when measuring evenly seeded air
streams which are of different velocities. Faster moving packets are more likely to have realizations
recorded than the slower moving packets. The approach taken by McLaughlin and Tiederman, for the
removal of this bias, uses of the mean velocity measured together with the velocity of the realization. If

the velocity of each event is weighted by the ratio of the mean overall velocity to that of the event, the bias
can be removed, according to McLaughlin and Tiederman. They also acknowledge that overcorrection
can occur in situations where the flow is not highly turbulent, and making this approach questionable for

use in general. In swirling flows, trajectory effects must also be considered, and the full magnitude of the
velocity should be used in making the correction suggested by McLaughlin and Tiederman.

Another bias can be realized in mixing layers where one layer is seeded in a different concentration than

another. Clearly, the more heavily seeded circuit will have more realizations recorded, and the resulting
measured mean will be biased towards that layer. This bias is minimized in the flows studied in this
work, by carefully controlling the seeding rates. Figure 3.5.3-1 shows an example of the error that can be
induced by concentration bias in the swirling cases where the variation is up to 0.5 m/s. Note that the ac-
tual velocity lies between the two curves shown.

Techniques for removing the bias due to both concentration and velocity involve the transformation of a
Poisson distribution (i.e., random arrival rate ) into a constant time interval arrival rate. Hoesel and Rodi

(1977), Simpson and Chew (1979), and others have proposed techniques by which bias can be eliminated.
Studies done by Gould et al (1986) and Craig et al (1986) independently identified constant time interval
sampling as the only effective technique by which to remove bias due to both concentration and bias.
This was also found to be the case for two-component measurements by Nejad (1986). This technique
was to be utilized in the current work based on the above findings.

The constant time interval sampling technique can be implemented in two ways, during data acquisition

or after. The online approach involves inhibiting the processor in some manner for a fixed time period
and then allowing it to grab a single sample. The key to success in this approach is the seeding concentra-
tion. It must be high enough to ensure a scatterer will be in the probe volume every time the processor is
allowed to grab for a sample. A safer approach is to remove the bias offline. This approach requires the
time at which each scattering event occurred to be recorded. Subsequent to their acquisition, the data are

stepped through using different fixed time intervals until one is found which always contains data, yet is
long enough to minimize bias. There will be a range of time intervals that can be used to provide proper
elimination of bias.

It is expected that the flow fields with swirl may require correction, especially in the unconfined cases.
However, as shown in Table 3.5-I, the time tagging necessary to do this bias removal was not incorpo-
rated until late in the development of the instrument and could not really be utilized in the data collection

for this program.

3.5.4 Validation of Veloci _tyMeasurement

In order to validate the measurement of velocity, three approaches were taken: sensitivity studies, in-
strument comparisons, and mass balances. For the sensitivity tests, exit profiles were taken from the free

jet studied in this program and integrated. Instrument comparisons were conducted in order to verify
operation of the new instrument and correlate irregular behavior with the measurements obtained via an
independent source.
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Thesensitivitystudieswereconductedtohelpquantifyerrorsin thevelocitymeasurements.In general,
the measurements were found to be reliable in terms of known mass balances. The fluctuating velocities
measured were found to be artificially high, primarily in regions of low turbulence (e.g., McDonell and
Samuelsen, 1990a; Jackson, 1990). This work led to improvements in the transmitter as described in sec-
tion 3.5.1.

As an example of both comparison and sensitivity studies, the setup shown in Figure 3.5.4-1 was used,
and measurements were conducted at the centerline of the free jet at an axial location of 2.0 ram. In this
case, the PDPA instrument was compared to TSI counters. In the setup, care was taken to ensure similar
setups of the two instruments (e.g., same processing criteria, same minimum fringe count).

An example of the results obtained in the sensitivity tests is shown in Figure 3.5.4-2 (a) which presents a
"cube plot" of the PDPA measurements as a function of four variables: PMT gain, filter selection, fre-
quency shift, and threshold. In this case, a two-level study was carried out as indicated on the ex0remes
of the cube axes, and the mean axial velocity, fluctuating axial velocity, and validation rate are examined
for dependency upon the four variables. The extremes were selected based upon experience, and would
be considered a good range of settings which should in theory provide accurate results. Figure 3.5.4-2 (a)
shows several important results. In general, little dependency of the mean velocity is observed, as ex-
pected. However, the fluctuating velocity shows significant dependency upon all four variables. From
Laufer (1954) and knowing the measured axial velocities, it is expected that the fluctuating velocity
should be 0.310 - 0.320 m/s. It is observed that minimization of PMT and frequency shift and increased
thresholds are necessary to reach these levels. PMT and threshold settings are expected to impact the re-
sults, but the extent to which this impact occurs is shown in Figure 3.5.4-2 (a). Further, the dependency
upon frequency shift stands out as inappropriate, as this quantity should be independent of the results.
This is an example of the problems with the gratings discussed in section 3_5.1. Fortunately, in higher
turbulence flows, this problem was not significant. These sensitivity tests help guide the instrument set-
tings and enhanced confidence in the results.

In addition, experiments were conducted which compared the measurements obtained by both PDPA
and other signal processors. A schematic of the setup used for this test is shown in Figure 3.5.4-1. In this
case, the PDPA system was compared directly to TSI counters. The PMT gain and filtering of signals was
done with the PDPA system. The TSI system was set up to mimic closely the PDPA system (i.e., using to-
tal burst mode, eight fringe minimum).

To complement the results shown in Figure 3.5.4-2 (a), Figure 3.5.4-2 (b) presents the cube plot for the TSI
system. The results show trends similar to those of the PDPA system. Noteworthy is that the validation
is lower than that of the PDPA. This is partially attributed to the inability of the TSI system used in this
study to utilize DMA. Also, the PDPA threshold had no influence on the TSI system. To emulate this
function, the TSI "gain" selector was used. A higher gain was used to reflect a lower threshold. An inde-
pendent study of the impact of the gain on the TSI measurement was carried out and showed no impact
over the range used in this study.

The fluctuating velocities show trends similar to those of the PDPA. Recalling that the value should be
0.310 to 0.320 m/s, the increase in shift has a strong impact on the measured fluctuating velocity. It is ob-
served that the PMT setting has less impact on TSI than on PDPA.

The results from the sensitivity study indicate that PMT gain and frequency shift have the strongest im-
pact on the results measured by both the PDPA and TSI counters. As a result, these two parameters were
examined in more detail in a separate study. Examples of these results are shown in Figures 3.5.4-3 and
3.5.4-4.

Figure 3.5.4-3 presents, at the centerline of the jet, the dependency of the measured quantities upon PMT
gain setting. Figure 3.5.4-3 (a) presents the results for the axial velocity. At the lowest voltages, the TSI
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instrumentmeasures a relatively high value. Increasing the voltage results in systematically increasing
PDPA values but fairly stable TSI values.

The fluctuating velocities are presented in Figure 3.5.4-4 (b). Both instruments exhibit little dependency
upon voltage until 550 volts is reached. At this level, both instruments measure slightly higher fluctuat-
ing velocities which increase with continued voltage increases.

The turbulence intensity is presented in Figure 3.5.4-4 (c), and it is observed that similar trends occur for
the fluctuating velocity. Departure from the expected values increases with higher voltages, but less so
for the TSI measurement. This result helps to dictate the maximum voltages that may be used and still
measure accurate fluctuating velocities.

The validation rate shown in Figure 3.5A-4 (d) shows the expected increase with increased voltages. It is
tempting to increase the voltage in order to achieve higher data rates, but this leads to erroneous scores
and results in artificially high levels of turbulence, as indicated by Figure 3.5.4-3 (c).

An example of the impact of the PMT voltage is shown in Figure 3.5.4-4. Figure 3.5.4-4 (a) shows that the
TSI mean axial velocity increases systematically with shift. An exception is the value measured with no
shift, which like the PDPA result is locally high. The TSI dependency is attributed to shift/fringe spacing
mismatch in the TSI setup.

The fluctuating velocity (Figure 3.5.4-4 [b]) increases modestly with frequency shift for the TSI case, but
rather dramatically for the PDPA at shift values above 3.0 MHz.

The dependency of the turbulence intensity upon the frequency shift is shown in Figure 3.5A-4 (c).
Again, the TSI equipment appears less sensitive to shift values than does the PDPA. However, at shift
values less than 3.0 MHz either processor gives reasonably accurate results.

The validation (Figure 3.5.4-4 [d]) reveals a systematic decrease for both instruments. Note that the TSI
dependency is nearly linear, whereas the PDPA result drops off quickly with increased shift.

The results show that the PDPA instrument is more sensitive to shift and PMT settings than is the TSI

instrument. However, if constraints are placed upon the settings, the PDPA instrument also obtains accu-

rate results. Although the TSI instrument is less sensitive in a velocity measurement mode, it cannot
measure size. More details regarding the checkout of the instrument are given in section 3.6.3 and in a
separate report which documents additional tests run (McDonell and Samuelsen, 1991).

In order to check measurements in other flows, the axial velocity profiles are integrated to provide a mea-
sure of the mass flow. Comparisons of measured profile based mass flows and injected mass flows were
regularly with 1% of each other. Examples of this are given in section 3.5.
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Figure 3.5.1-1. Two-component PDPA transmitter.
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Figure 3_,.1-2. Two-component PDPA receiver.
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Figure 3.5.1-3. Partitioning of the PDPA receiver lens.
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Figure 35.1-4. Evaluation of signal filtering.
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Figure 3.5.1-5. Detail of diffraction grating (Jackson, 1990).
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a) Nebulizer Based (Ikioka, et al., 1983)
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Figure 351-1. Seeders used in the program: nebulizer based (Ikioka, Brum, and Samuelsen, 1983).
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b) Fluid Bed Type
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Figure 3.5.2-2. Seeders used in the program: fluid bed-tTpe.

IO0



a) Without Vibrator Motor

1.000

U

u'l

0.100

0.010

0.001

0

b o o o

o
v,., 0 - _ _ 0 ¢%

0 0 0 0 o O_ _ 0 00_ 0

0 0 0_0

o oo£ o
_ °

0

0

i l i 01

IO0 200 400 500 600

i

300

TIME, sec

b) With Vibrator Motor

0

m&

I.000

0.100

0.010

0.001

qlw• "o • • • _ __ ,m - __'-'--.T-

Jig • • • • • • •

• • ••O

0

i L I | i

1O0 200 500 400 500 600

TIME. sec

TE92-1670

Fi@ure 3.51-3. Ruid bed output rate.
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Figure 3.5.2-5. Example of particle response study.
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Figure 3.5.4-1. Setup of instrument comparison.
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Figure 33.4-2. Cube plots for sensitivity study results at centerline of free jet (1 of 2).
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b) TSI

Figure 35.4-2. Cube plots for sensitivity study results at centerline of free jet (2 of 2).
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a) Mean Axial Velocity
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Figure 33.4-3. Impact of PMT gain on TSI and PDPA velocity measurement at centerline of free jet (I of 2).
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Figure 35.4-3. Impact of PMT gain on TSI and PDPA velocity measurement at centerline of free jet (2 of 2).
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Figure 3.5.4-4. Impact of frequeno/.hilt on 151 and PDPA velocity measurement
at centerline of free jet (Iof2).
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c) Axial Turbulence Intensity
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Figure 3.5.44. Impact of hequency shift on 13I and PDPA velocity measurement
at centerline of free jet (2 of 2).
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3.6 DIAGNOSTICS - PARTICLE SIZE MEASUREMENTS

This section describes the use of the phase technique in making size measurements. In addition, compari-
son to other techniques is presented. Finally, the extension of the technique for making measurements of
volume flux and concentration is discussed.

3.6.1 Phase Technique - Theory_ and Limitations

The use of the phase technique to measure the size of spheres is described by Bachalo (1980). The theory
makes use of the sphere acting as a lens, either refracting or reflecting incident light. The theory demon-
strates that the size of the sphere is linearly proportional to the phase shift of the light which is refracted
or reflected. The use of refracted light is the most common application of the theory and is the mode of

operation used in the present case.

Figure 3.6.1-1 shows the means by which light is refracted and reflected through a sphere. At 30 deg off-
axis, the refracted portion of light is maximized relative to the portions scattered by either reflection or
diffraction. As such, scattering due to refraction can be isolated. Figure 3.6.1-2 (a) shows the relation of
the spatial phase shift to the sizing parameter. This linear relation arises in the following manner. If a
spherical drop is suspended in space and images the probe volume onto a distant surface, a fringe pattern
will be projected. Knowing the optical properties of the drop/probe volume system (i.e., refractive index,
probe volume fringe spacing) and distance to the surface, the spacing of the imaged fringes can be theo-
retically related to the size of the drop. It is apparent that a smaller sphere will result in an imaged fringe

pattern with wider separation than that of a larger sphere. The relationship between the imaged fringe
pattern separation and the size of the sphere is linear, and is the physical basis for the measurement of
size.

However, because in general the spheres are moving, the imaged fringe pattern is swept through space.
As a result, the spatial phase shift is measured by fixing two detectors in space and measuring the relative
time shift between the signals received by the detectors. Figure 3.6.1-2 (b) demonstrates the spatial phase
shift measured by using multiple detectors. These signals are obtained from the detectors as indicated in
Figure 3.5.1-3. Similarly, time lag measurements can be made by the other detectors at known spacings as
a means of checking the results. Since the signal is also processed for velocity, the period of a single
fringe crossing is known. The ratio between the time difference measured by detectors at a known sepa-
ration and the total period required for one fringe crossing gives the separation of the imaged fringe pat-
tern. This can be related to phase by assuming that the period of the time between fringes is equivalent to

360 deg of phase shift.

(4)ol-3 = 360-_--_
%

_1-3

*d
(_1-3

= temporal phase shift between detector 1 to detector 3

= the Doppler period

= the spatial phase shift associated with the imaged fringe pattern

Note that if _ 1-3 exceeds $ d then there will be ambiguity in the resulting spatial phase shift (i.e., shifts

greater than 360 deg cannot be distinguished from those less than 360 deg). This limiting case establishes
the ultimate particle size range that can be covered and is a function of the optical setup. Using Mie
Theory or geometrical optics, the relation obtained in Equation 4 can be related to the size of the sphere.
All that is required is the optical properties of the setup, including the refractive index of the sphere (for
refractive light), the fringe sparing, the focal length of the receiver lens, and the detector sparing. Note-

worthy is that the detector spacing cannot be determined physically. This is due to the complex image
integration which occurs over the face of the lens. As a result, the distances must be determined via cali-
bration. Typically, a monodispersed drop stream is used to fix the separation.
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Thetechniqueis limitedtoquasisphericalparticles.Asaresult,thetechniquecannotberelieduponto
measurethesizeofnonsphericalornonhomogeneousparticles.Thislimitationwasconfirmedexperi-
mentallybyAlexanderetal (1985). Thus, application of the instrument in regions of sprays where liga-
ments still persist is not possible and other means are required to characterize these regions in the spray
field.

The primary advantage of the technique is that it utilizes a standard laser anemometry probe volume.
Hence, the addition of size measuring capability to an existing laser anememetry setup is straightfor-
ward. This is accomplished by adding two more detectors to the receiver to measure phase shift.

Although total burst mode operation may require care when measuring velocity, it improves the accuracy
of the size measurement. If the velocity of particles with a wide variety of sizes is measured, a variation
in cycles will occur depending on the size of the scatterer (discussed in detail in section 3.6.2). A fixed-

cyde processor will use the beginning, and hence noisy, portion of the signal from large particles. Thus,
the full signal is used to ensure that the best parts of the signal are used regardless of the size of the scat-
terer. This approach is also employed for velocity measurements, so that the same processing electronics
may be utilized. As shown in section 3.5.4, the use of the total burst may require additional care to be
taken when measuring velocity only.

Another inherent limit imposed largely by electronics is the size range that can be detected. In a typical
spray, the amplitude of the scattered light can be assumed to be proportional to the diameter squared.
For example, a 100 micron drop will scatter 10,000 times more light than will a 1 micron drop. This
means that the electronics must be able to pick out 1 part in 10,000 in terms of amplitude, which is unreal-
istic. More realistic is I part in 1,000, so a limit in size range of 35 to 1 was set as the limit. Therefore, if
the instrument is set to detect a maximum size of 70 microns, the minimum size it can be expected to de-
tect is 2 microns.

In addition to the validation checks made for velocity as mentioned in section 3.5.1, checks are also made
for size validity. These checks are as follows

• phase error A band of phases are assigned to each size class. This band is set by the
user and is typically 10-15%. The phase shift is measured by two sets of
detectors, each having a unique phase/size relationship. If the measured
phase by each set of detectors does not correspond to the same size
within this band, the event is rejected.

• out of range If the measured size falls outside of the size range selected by the user,
the event is rejected. This implies that the 35:1 size range is exceeded.

• saturation If the signal detected exceeds the limit of the preamp output (10V), the
PMT is assumed to be saturated and the event is rejected.

As a result of the many checks that the signals undergo, it is possible to have many events rejected, de-
pending upon the particles being measured. As previously mentioned, nonspherical particles will give
rise to phase errors, as will multiple particles in the probe volume.

In general, it can be stated that the primary limitation of the instrument is imposed by high concentration
sprays. As a result, measurements close to the nozzle in typical gas turbine atomizer sprays generally
cause problems. However, it has been suggested recently that in a typical twin-fluid atomized spray the
rejections due to multiple particles in the probe volume do not strongly impact values such as 1332
(Edwards and Marx, 1991).
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3.6.2 Probe Volume Correction

Like all single particle counters, the phase/Doppler instrument must account for the Gaussian intensity
profile of the laser beam. Figure 3.6.2-1 (a) illustrates how particle size influences the effective probe vol-
urne size. Several approaches are available to correct for the Gaussian profile. There are approaches
which compensate for the Gaussian nature of the beam by making assumptions regarding the size distri-
bution in the flow (e.g., Yule et al, 1982) and those which eliminate the Gaussian intensity profile by using
masking to enable only the most intense part of the beam to be used (e.g., Hess, 1984). Those which make
assumptions about the size distribution are questionable since it is the same distribution that is being
nmasured. Those which attempt to eliminate the Gaussian nature offer a more realistic approach to pro-
riding accurate information. However, these techniques suffer in that disturbances to the probe volume,
such as those occurring in dense sprays, may not be accounted for.

In principle, the best way to correct for variation in probe volume size due to particle size is to measure
the variation during the measurement. The result is that a pdf of particle size versus number of fringes

can be generated. An example of the cross correlation of particle size with fringes crossed is
shown in Figure 3.6.2-1 (b). By normalizing the counts to a given value of fringe crossings, the effect of
the Gaussian beam is eliminated. The primary, and perhaps only, drawback to this approach is the ambi-
guity associated with the number of fringes which to normalize. If the number selected is too large, too
many particles will be counted across the total distribution, and the mass flux measured will be too high.
The opposite will occur if the number is too low.

During the development of the PDPA system, as used in the current program, several approaches to the
probe volume correction scheme were used. All were based upon measured fringe crossing information.
Each approach was retained as proprietary, and as a result, independent approaches were evaluated. For
the majority of the work clone with glass beads, a value was selected which was equal to the mean num-
ber crossed for all the samples added with the rms of the fringes crossed for all samples.

Later versions of the software (v. 3.62 and higher) use a more sophisticated approach involving least
squares fitting of the measured data. However, this approach requires extrapolation of measured data,
which can lead to serious error. Additional information regarding probe volume related phenomena can
be found elsewhere (McDonell and Samuelsen, 1991; McDonell and Sowa, 1990).

Essentially, the probe volume correction scheme is important for values such as volume flux, concentra-
tion, and distribution linear mean. The results for size distribution D32 (D32 is the diameter of a droplet

whose ratio of volume to surface area is equal to that of the entire sample) are less sensitive because the
correction techniques, in general, impact the population of small drops the most. Since D32 is derived

largely from the population of big drops, it is not strongly affected by the correction scheme used.

3.6.3 Validation of Technique

In order to verify the performace of the instrument, several approaches were taken. Fundamental tests
such as checking the detector calibration by measuring a monodispersed drop stream were run every few
months. Other tests involved comparing the results obtained via phase Doppler to those obtained via
other techniques. Finally, tests were run later in the program comparing the results measured by the
phase technique but using different types of processors. The last two types of tests are discussed in the

following paragraphs.

Several workers have made comparisons between the phase technique and diffraction or visibility tech-
niques: these include Jackson and Samuelsen (1987), Dodge et al (1987), McDonell et al (1986), and Young
and Bachalo (1987), among others. Typical results are shown for the comparison of the phase technique
to visibility/W (Jackson and Samuelsen, 1987) and to Malvern (McDonell et al, 1986) in Figures 3.6.3-1
and 3.6_3-2.
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Figure3.6.3-1showsthecomparisonof Malvern,visibility/IV,andPDPAsizedistributionsmeasuredat
the centerline of a twin-fluid atomizer spray. The results suggest that the general distribution shape is
matched by all three techniques. However, closer inspection reveals that the PDPA distribution is
weighted towards the larger drops, especially compared to Malvern Rosin-Rammeler.

Jackson developed a technique to compare Malvern data to phase/Doppler data acquired along a radial
profile. This is not a straightforward task, as the Malvern measures a line of sight ensemble SMD in a

spatial or volume sensitive manner and the phase/Doppler measures a spatially resolved temporal or
flux sensitive SMD. The details of the algorithm used to compare the two techniques are given by Jackson
(1985). The primary difference between the flux sensitive and volume sensitive SMD is that the volume
sensitive SMD cannot account for size velocity correlations and detects more slower moving droplets. In
the algorithm to compare the two data types, any dependency of droplet velocity on size must be
removed.

Figure 3.6.3-2 presents a comparison of PDPA line averaged, or composite, SMD (PDC) and Malvem de-
rived SMDs based on both model independent (MI) and Rosin-Rammeler (RR) algorithms obtained in a
spray similar to that used for the results in Figure 3.6.3-1. Close to the nozzle, the phase Doppler results

are higher than either Malvern-based result. Farther downstream the model independent treatment and
PDPA results become similar. However, even at the farther axial location, the RR treatment gives an
SMD which is much lower than that measured using PDPA.

The results shown in both Figure 3.6.3-1 and 3.6.3-2 are based on the use of a single velocity component to
make the correction for size/velocity correlation. In theory, since a dependency may exist for all three
components of velocity, these must be considered as well. As part of the current program, the work of
Jackson was extended to account for two velocity components, which will make the comparison more ac-
curate. Details of the algorithm used are given by Jackson (1985).

Other tests run involved comparing the results obtained using the Aerometrics instrument to those ob-
tained using an independent signal processor. This approach is similar to that described in section 3.5.4.
For sizing, an independent signal processor (Quality Signal Processors [QSP] [Tan, 1990]) was utilized.
This is the same signal processor used in the INVENT phase Doppler instrument (INVENT, 1991), and
based not on counter technology, but on frequency domain processing. In this study, the Aerometrics
transmitter and receiver and signal preparation (i.e., amplification, filtering) were used, and the signals
from detectors 1 and 2 were fed into the QSP. In this manner, the signals were identical, but being pro-
cessed by two independent processors.

As an example of the types of results obtained in this type of study, Figures 3.6.3-3 and 3.6.3-4 present a
comparison of the sizes measured by each instrument. Figure 3.6.3-3 presents the effect of frequency shift
on the distribution number and Sauter mean diameters at one location in an air-assist spray. In addition,
the effect of shift on the validation is presented.

Figure 3.6.3-3 (a) presents the effect of frequency shift on the uncorrected distribution means. Uncor-
rected means that the probe volume compensation required for single particle counters was not em-
ployed. The results show that, for both instruments, a modest reduction in the distribution means are ob-
served with increased shift. This is true for both number and Sauter mean diameters. At modest shift

levels (less than 25 m/s), little variation is observed for either processor, as expected. The reason for the
decrease at higher shifts is not known. Note that in each case the QSP distribution means are systemati-
cally smaller than those for PDPA. This is attributed to the increased sensitivity to small drops that the
QSP has.

When the distribution is corrected for probe volume/drop size dependency, the results shown in Figure
3.6.3-3 (b) are obtained. In this case, even more dependency is observed. The corrected distribution
means for each instrument show less difference than do the uncorrected results. This helps to show that
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the correction scheme used by PDPA in this case provides reasonable correction. The systematic reduc-
tion in distribution means is still apparent in the corrected results.

Finally, Figure 3.6.3-3 (c) presents the results for the validation. In this case, both inslrumemts validate the
majority of the signals. The QSP tends to reject fewer drops at the higher shifts, again owing to the inher-
ent ability of the frequency domain processor to operate in lower S/N ratios than the counter.

Another type of result is presented in Figure 3.6.3-4, where the uncorrected distributions are examined in
more detail, this time as a function of PMT setting. Figure 3.6..3-4 (a) presents the dependency of the dis-

tribution means on the PMT setting. In this case, the QSP results are essentially independent of the PMT
setting, whereas the PDPA results exhibit a strong correlation of decreasing means with increased volt-
age. To examine the reason why, the distributions obtained for three PMT settings are presented in Fig-
ure 3.6.,3-4 (b, c, and d). At the lower voltage (Figure 3.6.3-4 [b]), it is observed that the QSP detects con-
siderably more small drops than does the PDPA. Increasing the voltage to 320 volts (Figure 3.6.,3-4 [c])
results in similar distributions, but with still more small drops detected by QSP. Finally, at the higher

voltages (Figure 3.6.3-4 [d]), the distribution means are very similar (Figure 3.6.3-4 [a]), but the distribu-
tions themselves still reveal differences. In this case, the QSP detects not only more smaller drops but

also more intermediate drops than the PDPA (McDonell and Samuelsen, 1991). Some of these results are
not surprising, since it is expected that the QSP can detect smaller drops even at low volatges. Esentially,
however, the results show that the two processors give similar results for the distributions and for the
distribution means.

It is difficult to interpret comparisons of the corrected results because the two systems use different probe
volume correction schemes. Essentially, the corrected results from the PDPA agree reasonably well with
the QSP results. Additional information regarding these types of tests is available elsewhere (McDonell
and Samuelsen, 1991).
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Figure 3.6.1-1. Light scattering by a sphere (Bachalo, 1980).
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a) Relation of Spatial Phase Shift to Size Parameter
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Figure 3.6.1-2. Spatial phase shift related to size.
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a) Effective Probe Sizes
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Figure 3.6.2-1. Dependency of probe size on particle size.
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Figure 3.6.3-3. Effect of frequency shift on PDPA and FFT processor measurement of air-assist spray
(McDonell and Samuelsen, 1991) (1 of 2).
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c) Validation
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Figure 3.6.3-3. Effect of frequency shift on PDPA and FFr processor measurement of air-assist spray
(McDonell and Samuelsen, 1991) (2 of 2).
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a) Mean Comparison
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Figure 3.6.3-4. Detailed comparison of effect of PMT voltage on uncorrected size distribution measured
by PDPA and FFT processor in air-assist spray (McDoneli and Samuelsen, 1991) (1 of 2).
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Figure 3.6.3-4. Detailed comparison of effect of PMT voltage on uncorrected size distribution measured
by PDPA and FFT processor in air-assist spray (McDonell and Samuelsen, 1991) (2 of 2).
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3.7DISCRIMINATIONBETWEENPHASES

Therehavebeenmanyapproachestakeninattemptingtodiscriminatebetweenthecontinuousanddis-
cretephases.In laseranemometrymeasurements,owingto theinherentlight scatter,amplitudecanbe
utilizedto discriminate between phases since the amplitude of the scattered light is roughly proportional
to the diameter of the scatterer squared (Van de Hulst, 1981).

3.7.1 Cl'_matic Discrimination

Originally it was planned to incorporate fluorescences as the discrimination. This was to be done by
adding a dye to either the methanol or the seed particles and then using a fifth detector to detect the fluo-
rescences' wavelength. The measurement would be tagged with a bit to indicate the presence of fluores-
cences and then post-processed to extract the distributions of fluorescing and nonfluorescing partides.
Although promising, this technique created significant hardware and software challenges for the manu-
facturer of the instrument. Further, given the duration of the program, the cost of the dyes, and the chal-
lenges with signal amplitude on the dye channel, an alternative approach was sought.

3.7.2 Amplitude Discrimination

Levy and Lockwood (1981) used a threshold discriminator, realizing that the signal from a 200 micron
sand particle would be markedly different than that from a seed particle. This approach was also applied
by Tsuji et al (1984). The approach only suffers from intensity variations due to the Gaussian intensity
profile of the probe volume and extinction effects due to other particles in the path of the beam, which ef-
fect intensity-based measurements in general. The Gaussian intensity profile causes cross talk between
phases since a large particle in the wing of the Gaussian can scatter as much light as a seed particle in the
center of the probe volume as illustrated in Figure 3.6.2-1.

This approach has also been used by Lee and Durst (1982) in a study of a two-phase turbulent pipe flow.
They also incorporated a wide array of filters in addition to amplitude to help discriminate between the
signal from each phase.

The amplitude technique was extended further by Modarress and Tan (1983), who not only incorporated
an amplitude discriminator, but also reduced the Gaussian intensity problem as well by using one probe
volume which was smaller than the other. If signals are accepted from the large probe volume only when
they occur simultaneously with those from the smaller probe volume, then it is ensured that the scatterer
passed through the central or most intense part of the large probe. This clever approach is one of the rea-
sons that this data set has been strongly accepted by the modeling community.

Amplitude and relative concentration of the particles compared to the seed were used by Shuen et al
(1985) and Solomon et al (1985). The weakness of this approach is that no attempt is made to eliminate
scores from the other phase when one is being measured. The seeding concentration is stated to be two
orders of magnitude greater for the seed when measuring gas phase in the presence of particles at a given
location. Some particles will be recorded and different locations in the flow may give rise to different
concentrations.

3.7.3 physical Discrimination

The approach incorporated in the present work has also been used by Bulzan (1988), Brena de la Rosa et
al (1990), and others. The approach is to use the phase/Doppler instrument to size all scatterers and then
use the size measured to discriminate between phases when calculating velocity statistics. Figure 3.7.3-1

(a) shows a typical size distribution obtained while measuring the seed particles in the presence of glass
beads in a recirculating flow. Note that the size range recorded for the gas phase is broader than the
morphology indicates; this is due to the asphericity of the seed particles and noise due to the presence of
beads. The corresponding velocity distribution is shown in Figure 3.7.3-1 (b). The bimodal distribution is
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due to the slip velocity between the gas and the beads. This is shown in Figure 3.7.3-1 (c), where the cor-
responding size-velocity correlation is presented.

To ensure that only seed scores are used, only the first few bins are used for gas phase statistics following
the approach delineated in Figure 3.5.2.5. A data reduction program was developed to perform the ex-

traction of the gas phase size ranges and calculate the gas phase velocity statistics. When measuring the

gas phase velocity in the presence of the spray, very small drops will also contribute to the gas velocity.

However, in the present case, drops smaller than 2 or 3 microns can track the flow quite accurately.

In the present case, dry alumina was used as seed. Other researchers have used mists (e.g., Brena de la

Rosa et al, 1990) to avoid the ambiguity of using nonspherical particles. Some researchers have shown,

theoretically, that even spheres in the size range of 1 to 8 microns cannot be accurately sized using the

phase method (e.g., Hardalupas and Taylor, 1988; Martin et al, 1990). Sankar et al (1990) pointed out that

generalization of this statement is strongly dependent upon the optical configuration used, and demon-

strafed, both experimentally and theoretically, that optimum collection angles, fringe spacings, and focal
lengths can be utilized to precisely size fine particles. The theoretical studies indicate that errors in the

measurement of particles less than 3 microns are +/- 2 microns using the optical setup used in this study.

Fortunately, this is probably adequate for most flows since 5 micron particles will track nearly as well as 3
micron particles.

The question regarding the use of phase Doppler accurate sizing of fine particles is insufficiently an-

swered. In the present case, however, phase Doppler is not being used for accurate sizing of the seed
particles, only for measurement of the size which falls into bins which are less than 4 microns. As a re-

sult, as long as the seed particles are known to be small enough to track the flow and only scores which

are less than 4 microns are used, the ensuing statistics should be independent of whether a 2 micron par-

ticle is scored as an 8 micron particle. Another problem is that the acceptance rate may decrease.

To further investigate the issue of measuring seed particles, a test was carried out which compared mea-

surements of alumina powder and a mist produced from a 50/50 mixture by volume of glycerin and wa-
ter. Based on the specification of the nebulizer unit, the average size of the mist should be 2.0 microns

and no particles greater than 5 microns should be produced. The powder and mist were dispersed using
the seeder shown in Figure 3.5.2-1. Figure 3.7.3-2 presents an example of the measured distributions for

each seed type. The mist provides a significantly tighter distribution (Figure 3.7.3-2 [a]) which is at-

tributed to the spherical particles. In that no scores are recorded which are greater than 3.2 microns, the

capability of the instrument to accurately size the small particles is demonstrated. However, the accep-
tance rate is only about 10%, with the majority of the errors arising from phase errors.

Although the size distribution for the alumina (Figure 3.7.3-2 [b]) is wider than that for the mist, it is simi-
lar to that stated by the manufacturer (mean size of 2.0 microns, with 99% of the material < 15 microns).

In addition, of the cases examined, no appreciable dependency of velocity on measured size was ob-

served, indicating that the material, even if improperly sized, is still tracking the flow. This result sug-

gests that, perhaps, the fine particles are being sized as larger particles, so that they still track the flow. In
the case of the alumina, the acceptance rate ranged from 10 to 15%.

The low acceptance rates could be due to ambiguities arising from the measurement of fine particles.

Comparison of the velocities measured using either particle reveals the same results for both mean and
fluctuating velocities, as shown in Figure 3.7.3-3. In this case, the measurements were conducted in a low

velocity region of the flow. In addition, Figure 3.7.3-3 presents results obtained with and without sizing

enabled to see the effect of the increased constraints and reduced acceptance rates imposed by sizing. In
all cases, the measurements were repeated three times, and the error bars shown reflect the standard de-
viation about the means of the three results.

The conclusion is that this approach to the discrimination of phases works well in the present case for ei-
ther type of particle.
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An additional check was conducted by examining the exit plane profiles measured in the single- and
two-phase free jet. Integration of these profiles in the radial and azimuthal direction gives the mass flow
of air. In this case, the presence of the particle had an appreciable effect on the gas phase velocity profiles
(see Sections IV and VI). As such, integration of the profiles is a good check on whether the discrimina-
tion technique is working. Table 3.7-1 sunm_rizes the results obtained.

Table 3.7-1 shows that in all cases reasonable mass conservation is obtained, supporting the use of this

approach for phase discrimination.

Table 3.7-I.

¥_rification of discrimination in the free let.

Mass flow _"(g/s)

Free Jet Azimuthal 2.17
Radial 2.02

1.0 Radial 2.12
0.2 Azimuthal 2.06
0.2 Radial 2.19

* mass of beads to air injected
refers to the velocity associated with second component

injected flow 2.10 g/s
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a) Size Distribution
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Figure 3.7.3-1. Measurement of seed particles and glass beads in recirculating flow (1 of 2).
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c) Size/Velocity Correlation
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Figure 3.73-1. Measurement of seed particles and glassbeads in recirculating flow (2 of 2).
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a) Nebulized Glycerin/Water Mixture
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Figure 3.73-2. Size histograms for two types of seed particles.
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a) Mean Axial Velocity

0.75

E

b,

0.70

0.65

0.60

0.55

0.50

0.45

0.40

0.35

0.30

0.25
-80

0 AI20 3 (w sizing)

• A1203 (w/o sizing)
zx glycerin (w sizing)
• glycerin (w/o sizing)

i

I I I

-70 -60 -50

RADIAL POSITION. mm

b) Fluctuating Axial Velocity

0.25

i

-40 -3O

0.20

0.15
E

D 0.10

0.05

0 AI203 (w sizing)

• AI203 (w/o sizing)
& glycerin (w sizing)
• glycerin (w/o sizing)

0.00 ' ' ' '
--80 --70 --60 --50 --40 --30

RADIAL POSITION, mm
TE92-1692

Figure 3.7.3-3. Sensitivity of velocity rneasuren'cmts to seed type and sizing enabled/disabled.

132



3_ VAPOR CONCENTRATION MEASUREMENTS

For the cases where the methanol spray is being studied, measurements of the vapor evaporated are re-
quired. These measurements can also be used to compare to phase/Doppler measurements.

Originally, these measurements were to be obtained using a phase discrimination probe. A schematic of

the probe is shown in Figure 3.8-1. The figure shows how the discrimination takes place. Droplets, even
the smallest, cannot make the extreme turns that the gas phase is required to make. In addition, a very
low velocity at the inlet of the gas phase ports is maintained to further eliminate flow tracking by the
smallest drops. A hydrocarbon analyzer (Beckman 402 hot FID) is used to determine the amount of
methanol vapor present in the gas phase.

By fixing the probe to the NRC table, the test article can be traversed about and point measurements of
the methanol concentration in the gas phase can be made. The probe is intrusive, but its effects are mini-
mized by sampling isokinetically, using the velocities measured by the phase/Doppler to match the sam-
pling velocities. The measurement has a spatial resolution of 1.5 mm.

Initial measurements with the probe proved difficult because of the continually varying probe tempera-
ture. Because the methanol is continuously accumulating on the tip, drops run down the inside of the
probe and provide local sources of vapor to the gas sample. The probe temperature varies as a function
of position in the spray, and as a result, the local vapor source from the drops accumulated on the probe
varies. Because of this, measurements obtained were quite unreliable and unreasonable amounts of time

were required for equilibrium to be reached at each point. Initial results suggested that, at the centerline
of the spray without swirl, the concentration was between 2 and 5% by volume. This corresponds rea-
sonably well with the saturation condition implied by the -10°C temperature of the methanol. Chilling
the probe tip would have helped this problem, but was considered beyond the scope of the program.

Optical techniques (e.g., Chraplyvy, 1981; Tishkoff et al, 1982) have been used to observe the vapor field
on a whole and were pursued late into the program. The results obtained were promising and develop-
ment of an instrument was undertaken (Adachi et al, 1991) but not completed in time to use in support of
the current program. As such, no quantitative vapor concentration results were obtained in support of
this program.
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Figure 3.8-1. Phase discrimination probe.
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3.9 PRESSURE MEASUREMENTS IN CONFINED DUCT

In the case of the confined measurements, the accurate measurements of axial pressure gradients are re-
quired. The measurement of this gradient is critical to successful modeling as pointed out by Zhang et al

(1985). In their predictions of the data of Modarress et al (1984), a slight negative axial pressure gradient
(dP/dz -- -5 Pa/m) was required to match the data. This is thought by Zhang et al to be due to the pres-
ence of the 600 mm duct surrounding the jet studied. Unfortunately, Modarress et al did not report mea-
surements of the axial pressure gradient.

For the above reasons, it is critical that these measurements be made to quantify the gradient, if any. To
make the measurements required, taps are placed in the confined duct at 18 axial locations. Used in the
duct is 1 mm (0.0625 in.) stainless steel tubing, and tygon tubing is used to interface the taps to a Scani-

Valve static pressure manifold (Model W0602/1P-24T). The ports to be measured are then connected to
an MKS Baratron membrane pressure transducer which is sensitive to 0.0001 torr. Measurements are
made either relative to the inlet plane port or to atmospheric pressure. The pressure is read directly from
a TSI integrating DVM using a time constant of 10 and 100 seconds. Readings are made after a two
minute time period. A schematic of the setup is shown in Figure 3.9-1. Measurements in the confined
duct under the final test conditions did show the presence of a very slight negative pressure gradient
which maintained nearly linear behavior typical of pipe flow. The result indicated that no special pres-

sure measurements were necessary for the confined flow.
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Figure 3.9-1. Pressure measurement setup.
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3.10 TEMPERATURE MEASUREMENTS

Temperature measurements are required in all air circuits and in the methanol circuit to ensure that den-

sity varialions do not occur and, as a result, throw off the calibrations of each. All measurements are

made using shielded type J thermocouples (Iron-Constantan) directly in the flow circuit of interest. A 12-

channel single-digital readout is used to monitor the temperatures. The only crucial circuit is that for

methanol owing to the nonroom temperature (-I(YC) usage. A thermocouple is maintained 50 mm (2 in.)
from the entrance to the airblast atomizer so that the exit temperature is measured.
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3.11 FLOW VISUALIZATION

How visualization is utilized for all the flow fields studied. It is used to provide insight into the dynam-
ics of the flow fields as well as to provide a quantitative estimate of the length scales involved.

3.11.1 Photo_aohv

Still photography is used in combination with laser sheet lighting to isolate sections of the flow field in
order to generate streaklines and study global features such as symmetry. In addition, this technique can
provide quantitative evidence of perturbation to the flow due to patternation or probes. Tri-X (ASA 400)
is used and developed in-house to provide quick turnaround on the results. The film is developed using
Microdol-X which further accentuates the green wavelengths selectively recorded by the Tri-X emulsion.
A Spectra Physics 5-Watt Argon-Ion laser is used to generate the sheet of light. The beam is collimated at
3 man and sent through a cylindrical lens which generates the sheet of light. The sheet can be used either
horizontally or vertically, depending upon the type of information needed.

3.11.2 High Speed Cinematom-aphy

To study dynamics and to evaluate scales in the flow fields, high speed cinematography is used. A Hy-
cam II is used with Kodak 7277 (ASA 400, 100 ft) 16 mm black and white reversal film, which is again
most sensitive in the green wavelengths. For cinematography, either sheetlighting or white light back-
lighting is used. Sheeflighting does not provide light energy as intense as the backlighting and as such
the frame rate is limited to 80 frarnes/sec. The sheetlighting setup is the same as above. For backlighting,
two 250-watt photofloods are placed behind the flow at 30 deg to either side of the axis of the normal to
the film plane. With this setup, the framing rate can be increased to 200 frames/sec. These rates give the
necessary stopping to determine scales in the flow fields.

3.11 3 Shadowgraph Photo m'aphy

This technique is used to document regions of the flow field where the phase/Doppler is limited by non-
spherical particles. In addition, the technique can be used to verify the phase/Doppler measurements. In
a high magnification mode, the shadowgraph setup shown in Figure 3.11.3-1 can provide size distribu-
tions to which the phase/Doppler measurements can be compared. The system utilizes an EG&G spark
gap flash unit which provides a 1 g s flash which is suitable to freeze the particles being studied. The
magnification factor can be adjusted to provide the necessary field of view and to resolve small particles.
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Figure 3.11.3-1. Shadowgraph setup.
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3.12 DATA FORMAT

In each case, the data are available in a tabulated fashion (McDonell, 1987a and 1987b). The name of each

file is based on the number of the configurations listed in Table 3.4-V. In each case, each radial profile is
stored as a separate file. Since two orthogonai profiles are required, and up to 8 axial stations are mea-
sured, up to 16 files make up a data set.

The data file names are based on DOS-based operating systems. The first four characters are CONF, the
next two reflect the configuration number as shown in Table 3.4-V, the following two charac_rs reflect
the repetition of the data set, and the extension of the file reflects the axial location and which profile is
included. If more than nine repetitions are made, letters are used (for example, the tenth repetition of
CONF07 is #A). The extension follows the format of .ABC, where a refers to the axial station. A value of
A = 0 refers to the inlet station. Unless noted in the documentation file (discussed below), A -- 1 refers to
15 ram, A = 2 refers to 25 ram, A = 3 refers to 35 ram, A = 4 refers to 50 nun, A = 5 refers to 75 nun, A -- 6
refers to 150 man, and A = 7 refers to 300 ram. The B value is either t or r, where t indicates that the tan-

gential and axial velocity components were measured and r indicates that the radial and axial velocity
components were measured. C refers to the repetition of the profile within a given repetition of the data
set. The first repetition is a, the second b, and so forth. Finally, a file with extension .doc refers to a doc-
umentation file which contains details regarding the flow rates and other special points of interest regard-
ing the data set.

As an example, consider a file with the name CONF01#2.3ta. Referring to Table 3.4-V, the first 6 charac-
ters indicate that this file is from the free jet without coflow in an unconfined environment. "#2" indicates
that this is second time the data set was collected. ".3ta" indicates that the radial profile contained within
the file was taken at the 35 mm axial station, and that the axial and tangential velocity components were
measured.
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IV. DATAPRESENTATIONANDDISCUSSION

Thissectionpresentsthedataacquiredwhichareconsideredusefulformodelchallenges.Someof the
caseswerenotcompleted with the quality desired, and as a result, are not included as part of the
"benchmark" data sets. The next section describes all of the data cases and delineates which of those are

included in the discussion and which are not included and for what reasons. In the presentation of the

data, only a representative sample of the data is presented. This includes the "inlet station" and two
downstream axial locations. The rest of the data are available in tabulated form in both hardcopy and on

magnetic media. In addition, plots of all the data obtained are included in the model comparison results
presented in the Section VI.

4.1 DATA CASE DESCRIPTIONS

4.1.1 Summary of Data Base

Table 4.1-I summarizes the flow configurations presented in this section. Table 4.1-II summarizes the di-

agnostics utilized for each configuration. Each data set can be obtained (McDonell, 1987a and 1987b*) in a
standardized format (Faeth and Samuelsen, 1986) which makes it readily accessible to modelers. In the
present case, the statistics are not normalized because this can lead to confusion in the comparison of dif-
ferent conditions. Instead, complete documentation is provided so that the modeler can use the normal-
ization desired for any condition.

Num_r

1
2
3
4
5
7
8
9

10

11
12
13
22
23
26
28
29
31
32
34

Table 4.1-I.
Case numbers used in the tabulated results.

Description

Unconfined single-phase round jet
Unconfined single-phase round jet with annular coflow
Unconfined single-phase round jet with swirling annular coflow
Confined single-phase round jet
Confined single-phase round jet with annular coflow
Unconfined two-phase round jet: monodispersed
Unconfined two-phase round jet with annular coflow: monodispersed
Unconfined two-phase round jet with swirling annular coflow: monodispersed
Confined two-phase round jet: monodispersed
Confined two-phase round jet with annular coflow: monodispersed
Confined two-phase round jet with swirling annular coflow: monodispersed
Unconfined two-phase round jet: two sizes
Confined single-phase atomizer
Confined single-phase atomizer with annular coflow
Unconfined spray with annular coflow
Confined spray
Confined spray with annular coflow
Unconfined single-phase annular jet
Unconfined single-phase swirling annular jet
Confined single-phase swirling annular jet

* References for Section IV are listed at the end of the section.
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C0nfigxlration

1-5, 22, 23, 31, 32, 34

7-13, 26-29

Table 4.1-II.

OuantiO_ measured and diamaostics employed.

Ouantities measured*,*"

U +, V, W, u '÷÷, v', w', u'v', u'w'

U, V, W, u', v', w', u'v', u'w'

Ui $, Vi, Wi, u'i, v'i, w'i, u'v'i, u'w'i

mass fluxi

7, 9, 26 still photos of discrete phase Olympus OM-I

Laser Anemometry

Phase Doppler

26 high speed cinematography of discrete phase Hycam

04 same as configurations 1-5 + P:I:_: Baratron

* U, V, and W correspond to axial, radial, and azimuthal velocities, respectively
** for all laser anemometry, phase Doppler, data are obtained at 15, 25, 35, 50, 75, 150, and 300 mm axi-

ally. In addition, measurements are made as near to the inlet plane as possible (between I and 5 mm

axially). At each axial station, data are obtained at enough radial locations to resolve gradients. In

the confined spray cases, measurements could not be obtained at all axial locations due to impinge-
ment

t the overbar indicates time averaged

t÷ . designates fluctuating quantities

_: i corresponds to particle size i

_::_ P corresponds to pressure

4.1.2 Case Description and Geometries

In each case, the geometry of the condition is presented first and the pertinent file name is indicated in the

section title so that the reader can be congnizant of the setup used and can select the appropriate files

when modeling the given setup. The description and contents of each data file are explained in the next

section. Where no case number is presented in the section title, the discussion within that section is a

comparison of results or does not deal specifically with a given case.

4.1.3 Data Collection and Reporting Protocol

The focus of the study was on the developing region of the flows. However, to retain a bridge between

the developing region and the far field, at least one profile was obtained in the far field. Nevertheless, the

near field is of greatest interest, because, in gas turbine flows, all important phenomena associated with

the fuel injector occur here.

Because a two component system is utilized in measuring three velocity components, two orthogonai tra-

verses are required. As such, the axial velocity component is measured twice. This results in an inherent

check of flow symmetry and repeatability.

Data for each case were obtained over as short a period as possible in order to eliminate the chance of day

to day variables from impacting the results. In general, data were obtained at 8 axial locations, and at 10
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to 20 radial locations at each of the 8 axial locations. Since the radial profiles were repeated twice, an av-

erage of 8 x 15 x 2, or 240, points make up one data set. In addition, many of the data sets were repeated
up to three times. The results contained within this program represent over 15,000 data points, each re-

quiring approximately 10 minutes to obtain, reduce, tabulate, and plot. This reflects over one year of time

at 40 hours per week dedicated entirely to data collection without allowing for any facility modifications

or issues related to diagnostics.

An important criterion in the testing protocol includes the establishment and definition of the flowfield

edge. In the present case, data collection for the continuous phase stopped at the radial point where the

axial velocity was less that 5% of the maximum velocity for any of the three components for the given ax-

ial station. In the case of the discrete phase, collection stopped when the number density had been re-

duced by 95% of the maximum value for a given axial station.

Following this protocol, with great attention given to the monitoring of flowrates, spatial positioning, re-

peatability, optical alignment, and other details, data of the highest quality (benchmark) is ensured. To

support the quality of the data, a quality control plan (McDonell and Samuelsen, 1991) is available which

identifies limitations and sensitivity of the instrument.

In each case, the data are available in a tabulated fashion. The name of each file is based on the number of

the configurations listed in Table 3.4-V. In each case, each radial profile is stored as a separate file. Since

two orthogonal profiles are required, and up to 8 axial stations are measured, up to 16 files make up a
data set.

The data file names are based on DO, based operating systems. The first four characters are CONF, the

next two reflect the configuration number as shown in Table 3.4-V, the following two characters reflect

the repetition of the data set, and the extension of the file reflects the axial location and which profile is
included. If more than nine repetitions are made, letters are used (for example, the tenth repetition of
CONF07 is #A). The extension follows the format of .ABC, where A refers to the axial station. A value of

A = 0 refers to the inlet station. Unless noted in the documentation file (discussed below), A = 1 refers to

15 mm, A = 2 refers to 25 mm, A = 3 refers to 35 mm, A = 4 refers to 50 mm, A = 5 refers to 75 mm, A -- 6

refers to 150 mm, and A = 7 refers to 300 mm. The B value is either t or r, where t indicates that the tan-

gential and axial velocity components were measured and r indicates that the radial and axial velocity

components were measured. C refers to the repetition of the profile within a given repetition of the data

set. The first repetition is a, the second b, and so forth. Finally, a file with extension .doc refers to a doc-
umentation file which contains details regarding the flow rates and other special points of interest regard-

ing the data set.

As an example, consider a file with the name CONF01#2.3ta. Referring to Table 3.4-V, the first six charac-
ters indicate that this file is from the free jet without coflow in an unconfined environment. #2 indicates

that this is second time the data set was collected..3ta indicates that the radial profile contained within

the file was taken at the 35 mm axial station, and that the axial and tangential velocity components were
measured.

4.1.4 Nomenclature

U

V

W

U'

V'

W'

U'V'

U'W'

mean axial velocity

mean radial velocity

mean azimuthal velocity

rms of the axial velocity

rms of the radial velocity

rms of the azimuthal velocity
axial - radial shear stress

axial - tangential shear stress
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R correlation coefficient
N data rate

subscripts
uv based on axial and radial components

uw based on axial and azimuthal components

p discrete phase
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4.2 SINGLE ROUND JET

4.2.1 Unconfined Single-Pl_e |et - CONF01#_

Figure 4.2.1-1" presents the geometry utilized for the unconfined single-phase jet. Briefly, the flow is in-

jected downwards from a centrally located injector. The injector is attached to a traverse which provides

motion in the vertical direction along the centerline. The vertical traverse is mounted on top of a 457 x

457 mm 2 frame which is constructed from 19 mm 2 bars. The sides of the frame are open up to the point

where the exhaust plenum begins. The frame is suspended from an optical table via a two-dimensional

traverse. Hence three degrees of freedom are afforded to the test article. The entire frame assembly is
isolated from the surrounding room by a Plexiglass/tarp system. Air for entrainment is provided

through a manifold. Additional details are provided in Section III.

The details of the geometry are provided in the blowup view of the injector. For the single round jet, the

simple geometry shown is utilized. Air and seed are introduced far upstream of the pipe at a mass flow

rate of 0.0021 kg/s. Enough air is injected through the screen air manifold to maintain a pressure balance
between the room and the inside of the enclosure. This air is seeded so that entrained air can also be
measured.

The results for the single-phase single round jet are presented in Figures 4.2.1-2 and 4.2.1-3. Figure 4.2.1-2

presents the complete set of results for axial locations of 1.0, 25, and 75 mm. Figure 4.2.1-2 provides radial
profiles of the mean axial velocity. Note that two sets of results are shown. This is a result of the inherent

need to repeat the axial velocity measurement. As a result, the mean and fluctuating axial velocities are

shown twice in Figure 4.2.1-2 (a) and in all other figures showing redundant results obtained from the
two orthogonal traverses.

The mean axial velocity shows a peak at the centerline as expected, which decays very little by 75 mm.

The velocity decays in the radial direction due to mixing with the surrounding still air and the no-slip

condition at the wall of the tube. The shear layer formed at the tube wall rises to increased mixing in this

region, resulting in a local peak in the fluctuating velocity. As the flow develops downstream, it spreads

radially as momentum is exchanged with the still surrounding air. The shear layer again results in a local

peak in the fluctuating velocity component. By 75 mm, the mixing has nearly penetrated the centerline,
as indicated by the movement of the peak in the fluctuating velocity towards the centerline. In each case,

the flow exhibits excellent symmetry as indicated by the agreement in the results obtained along the two
traverses.

The mean and fluctuating radial velocities are shown in Figure 4.2.1-2. Note that the values are slightly

nonzero at the centefline. This is attributed to a modest variation in the measured and actual fringe spac-

ing and slight rotation of the fringes from the vertical plane. The results are very slight (magitude < 0.1

m/s) and reflect the resolution to which the laser anemometry system can be expected to perform. At 1.0

ram, the radial velocity is nominally zero at all locations except at the very edge, where the negative val-

ues indicate the presence of entrained air. By 25 mm, the evidence for entrainment is even stronger. By
75 ram, the jet shows some modest spreading along with entrainment at the edge. In general, the radial

velocities are quite small. The fluctuating velocity shows a local peak at the shear layer, as expected.

The azimuthal velocity component is shown in Figure 4.2.1-2 (c). In this flow, the mean azimuthal veloc-

ity should be zero everywhere. This is true for the most part, with the exception of near the edge of the

flow at 25 and 75 mm. However, the magnitude of these velocities are again quite small. The fluctuating

azimuthal velocity component exhibits trends quite similar to the fluctating radial velocity component,
namely a local peak appears at the shear layer.

* Figures for Section IV appear at the end of each subsection. The figure number identifies the subsection

in which the figure is discussed.
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The cross correlations are shown in Figure 4.2.1-2 (d, e, f, and g). The correlation between the axial and
radial velocities is shown in Figure 4.2.1-2 (d). The results are as expected and are equal to zero at the
centerline. Again, a local peak is observed which corresponds to the location of the maximum in dU/dr.
For completeness, Figure 4.2.1-2 (e) provides radial profiles of the correlation coefficient based on u' and
V I .

Figure 4.2.1-2 (19presents the radial profile of the correlation between u' and w'. This quantity, like W,
should be zero everywhere. In this case, it is true. Again for completeness, Figure 4.2.1-2 (g) provides the
correlation coefficient based on these same quantities, and again, the values are nearly zero at all points.

To assess the repeatability and sensitivity of the results to the selection of the inlet plane location, Figure
4.2.1-3 presents radial profiles taken at 1.0, 3.0, and 5.0 nun downstream of the pipe exit. Figure 4.2.1-3 (a)
presents the radial profiles of the mean and fluctuating axial velocity measured on the traverse required
for the radial velocity. Note that the three profiles were obtained on different days, spanning a six month

period of time. As shown, the results show very little dependency upon the axial location.

Figure 4.2.1-3 Co)shows the corresponding results from the traverse required to measure the azimuthal
velocity. Again, little or no difference is observed for either the mean or fluctuating velocities.

Figure 4.2.1-3 (c) provides the mean and fluctuating radial velocities. The mean values show some de-
pendency but the difference is on the order of 0.01 m/s, which is roughly the accuracy of the system. The
alignment of the optics was enhanced slightly from the time the 1.0 mm and the other profiles were ob-
tained, so the variation between 3.0 and 5.0 could reflect a trend. The fluctuating values show little varia-
tion.

Figure 4.2.1-3 (d) presents the mean and fluctuating azimuthal component. Again, the enhanced align-
ment is evident in that the mean values are closer to 0 for the 3.0 and 5.0 mm profiles. However, the
overall values are less than 0.1 m/s, so this velocity component is not very important. Once again, the

fluctuating values are identical.

Figure 4.2.1-3 (e) presents the correlation between u' and v'. A modest peak is evident at all three axial lo-
cations, with a maximum at 5.0 ram. This is attributed to the start of the shear layer at this radial location.

Figure 4.2.1-3 (19provides the correlation between u' and w', and reveals zero correlation for all three axial

locations, as expected.

4.2.2 Unconfined let in the Presence of 100-110 Micron Beads at Loading Ratio 0.2 and 1.0 -

For this case, the geometry and flow rates described in section 4.2.1 are used. In addition, glass beads
(100-110 microns) are introduced at a mass flow rate of 0.00042 or 0.0021 kg/s, corresponding to an in-

jected dispersed phase to continuous phase mass loading ratio of 0.2 and 1.0, respectively. This section
presents the profiles measured for the gas phase in the presence of the glass beads. Sections 4.2.3 and
4.2.4 present the profiles for the beads and comparitive results, respectively.

Figure 4.2.2-1 presents the results for the 0.2 mass loading case. Figure 4.2.2-1 (a) provides the results for
the mean and fluctuating axial velocity of the gas. In general, the structure of the axial velocity appears

quite similar to that of the single-phase jet as shown in Figure 4.2.1-2. A noteworthy difference is a mod-
est mismatch in the results from the two orthogonal traverses which is evident at the 1.5 mm station. The
results still show the development of the jet manifested by the increased radial spread and decay of the
peak axial velocities. The fluctuating velocity profiles are quite symmetric and reflect the development of

shear layer.
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The radial velocities are presented in Figure 4.2.2-1 (b). At the 1.5 mm station, 2 points appear to be out-
liers, those at the centerline and 10 ram. Besides these two points, the profiles are well behaved. As in the
single-phase jet, imperfections in the alignment lead to nonzero values at the centerline, but again, the

magnitude of the velocities is quite small. As the flow develops, radial velocities away from the center-
line are evident, as is the peak in the fluctuating velocities corresponding to the location of the shear
layer.

The azimuthal velocities are shown in Figure 4.2.2-1 (c) and, like the radial velocities, reflect some minor
problems associated with alignment. In general, the mean azimuthal velocities are quite small. The fluc-
tuating velocities again appear similar to the single-phase case, with local maximums occurring in the
regions of most intense mixing.

The shear stress values are presented in Figure 4.2.2-1 (d and e). Both quantities behave as expected. The
change in sign of u'v' from the single-phase jet is due to a change in the optical setup (i.e., change in the
radial velocity sign).

The results for the higher loading ratio case are presented in Figure 4.2.2-2. These results were obtained
approximately six months after the results presented in Figure 4.2.2-1. Improvements in the optical
alignment and in data collection protocol resulted in improved measurements which are borne out in
these results. Figure 4.2.2-2 (a) provides the mean and fluctuating axial velocities. In this case a modest
asymmetry is apparent in the mean velocities. The fluctuating velocities show good symmetry. The
mean velocity profile at Z = 1.0 and 25.0 mm appears flatter than it does for the single-phase case, due to
the presence of the glass beads. This will be examined in more detail in section 4.2.4.

Figure 4.2.2-2 (b) presents radial profiles of the mean and fluctuating radial velocities. The improved
alignment is evident in these profiles where zero values are now measured at the centefline. Note that
the radial velocities deviate only slightly from zero. The fluctuating velocities still exhibit a local maxi-
mum as observed previously in both the single-phase jet and the 0.2 mass loading jet.

Figure 4.2.2-2 (c) provides profiles of the mean and fluctuating azimuthal velocities. The mean values
tend towards zero, in general. Near the edge of the jet, some nonzero values are observed but, again, the
magnitude is small. The fluctuating values appear fiat at both the 1.0 and 25 mm axial planes. At 75 ram,
a local peak is observed.

Figure 4.2.2-2 (d and e) present radial profiles of u'v' and u'w', respectively. The profiles of u'v' appear
flatter than they did for the single-phase case, and show only modest shearing at Z = 75 mm. Again, the
sign change relative to the single-phase case is due to a change in traversing and optical setups. The val-
ues for u'w' are everywhere zero as expected.

4.2.3 Glass Beads in the Unconfined let at Loading Ratios 9f 0.2 _nd 1.0 - CONF07#5,#3

The radial profiles for the 100-110 micron glass beads are presented in Figures 4.2.3-1 and 4.2.3-2 for the

0.2 and 1.0 mass loading ratio cases, respectively. Note that a subscript p is used on the legend to repre-
sent a quantity measured for the dispersed phase.

The mean and rms for axial velocities are presented in Figure 4.2.3-1 (a) for the 0.2 mass loading case. The
maximum velocity is observed at the centerline, and the velocity decay in the radial direction starts away
from the centerline. The mean velocity does not go to zero at the edge of the flow due to gravity. The
profiles for each traverse are virtually identical, indicating good symmetry in the dispersed phase flow
field.
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The rms values show a local peak right at the edge of the jet at the inlet plane, which is due to the interac-

tion of the particles with the wall of the pipe in this region. However, by an axial location of 25 ram, this
interaction has decreased and the rms profile becomes flatter. By Z = 75 mm, the rms profile is fiat.

The mean and fluctuating radial velocity components are shown in Figure 4.2.3-1 (b). At Z ffi1.0 mm, a
consistent radial component is measured. However, this is due to modest misaligument of the optics and
is indicative of the error associated with this measurement for this case. With increased distance from the

injector, the mean radial velocities increase away from the centerline, indicating that the beads are being
transported outwards. The rms values are fiat at the inlet and exhibit a local maximum at the centerline
at the downstream locations.

Radial profiles of the mean and fluctuating azimuthal profiles are shown in Figure 4.2.3-1 (c). The mean
values are expected to be zero everywhere. The nonzero measurement (note that IW I < 0.1 m/s) is again
indicative of the systematic measurement error associated with this case. The fluctuating velocities, like
those for the radial component, feature a local maximum at the centerline.

The cross correlation between the particle fluctuating velocities in the axial and radial direction are pre-
sented in Figure 4.2.3-1 (d). A slight positive correlation is observed, which is consistent with the physics
of the fow. A slow moving particle traveling in the axial direction is less likely to be transported radially

outwards, whereas faster moving particles are likely to penetrate outwards.

Finally, the particle data rate is presented in Figure 4.2.3-1 (e). The results show that the concentration is
at a maximum at the centerline and it falls off rapidly at the edge of the jet. Comparison of the profiles

obtained along the two orthogonal directions reveals reasonable symmetry.

Figure 4.2.3-2 presents the same results for the 1.0 mass loading case. The results appear similar in struc-
ture to those for the 0.2 mass loading case. The nonzero V and W values at the centerline again corre-

spond to modest misalignment and can be taken as the error associated with the measurement. A com-
parison of the two cases is discussed in section 4.2.4.

4.2.4 Effect of Particle Mass Loading in the Unconfined let

Figure 4.2.4-1 presents a comparison of the gas phase results measured in the free jet and in the particle-
laden jet at mass loading ratios of 0.2 and 1.0. The results for the mean and fluctuating axial velocity are
presented in Figure 4.2.4-1 (a). At the inlet location, the differences are small. However, the increased
loading ratio results in a modification of the velocity profile shape and a reduction in the fluctuating ve-
locity. The lower loading ratio has no effect on the shape of the velocity profile. The modestly higher ax-
ial velocities are attributed to variation in day-to-day operation of the facility. These differences, how-

ever, are not signficant in terms of mass flow, as demonstrated by the similarity in the mass flow rate ob-
tained by integrating the profiles.

At an axial location of 25 mm, the same trends are observed. The low loading case appears more similar

to the single-phase case, as does the higher loading case. The reduction in the fluctuating velocity is ap-
parent. Farther downstream the same trends are observed, but the fluctuating velocity shows modestly
higher values for the high loading case. Note that the higher loading case results in a narrowing of the jet
relative to the single-phase case. The lower loading case has less impact on the gas phase, but appears to
widen the jet. This appearance is attributed to the difference in overall flow, as shown by the inlet profile
as well, and may not be a fair comparison.

The shear stress, shown in Figure 4.2.4-1 (b), reveals trends which are similar to those for the axial veloc-

ity. The apparent sign change is due to differences in the alignment of the optics and should not be taken
as being physically correct. At the inlet, little or no difference is observed for the three cases. At Z = 25
mm, the magitude of the shear is reduced for the higher loading case. By Z = 75 mm, the three cases ap-
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pear similar. Note, however, that the peak in the shear occurs closer to the centerline for the single-phase
case, showing quicker development of the jet for that case.

The effect of the particle loading ratio on behavior of the particles is shown in Figure 4.2.4-2, where a
comparison of the two cases is made. The comparison of the mean and fluctuating axial velocities is pre-
sented in Figure 4.2.4-2 (a). The fluctuating velocity shows little change with variation in the particle
mass flow. The mean velocity, however, shows a significant variation. The higher loading ratio results in

a much flatter velocity profile at the inlet. The values along the centerline are suppressed compared to
the lower loading ratio. This is due to the ability of the wall effect to be transferred to the centerline by
the higher concentration of beads in the high loading case. As the flow develops, the centerline values
remain significantly lower for the high loading case. Interestingly, at the edge of the flow, the velocities
in both cases are similar, suggesting that the interaction between particles is much less at the edge.

Figure 4.2.4-2 (b) provides the data rate profiles for the two cases. As expected, the lower loading ratio
case has approximately an order of magnitude lower data rate. The shapes of the profiles are similar.

4.2.5 Unconfined let in the Presence of 25 and 105 Micron Beads - CONF13#2

Figure 4.2.5-1 provides gas phase results obtained in the free jet laden with an equal number of 20-30 and
100-110 micron glass beads. The overall loading ratio of beads to air is 0.2.

The results are similar to those obtained for the previous gas phase jet cases. Essentially, the flow struc-
ture appears identical to that of a free jet, showing again that the 0.2 mass loading has only a small effect
on the overall structure of the gas phase.

4.2.(_ Mixture of 25 and 105 Micron Glass Be.ad_ in the l,Jn¢onfined let - CONF13#4

Figure 4.2.6-1 presents the results for the glass bead behavior. In this case, equal numbers of 25 and 105
micron beads were injected at a mass loading ratio of 0.2 relative to the gas phase. Figure 4.2.6-1 (a) pro-
vides the radial profiles of the mean axial velocity at axial locations of 1, 25, and 150 mm. In this figure,
the circles and triangles represent the value from the 25 micron beads, whereas the squares and upside
down triangles represent the 105 micron beads. It can be seen that the mean axial velocity profile for the
large beads is much flatter compared to that of the small beads. The same is true for the fluctuating ve-
locity profiles. The symmetry of the axial velocity profiles for the two different sizes is quite reasonable
for each axial location. By 150 mm downstream, note that the larger beads posess a greater velocity than
do the smaller beads at all radial locations. This is due to the greater momentum and larger mass of the
large beads.

Figure 4.2.6-1 (b) provides the mean and fluctuating radial velocities for the bead mixture. In this figure,
and those that follow, the open symbols reflect the behavior of the small beads and the filled symbols re-
flect the behavior of the large beads. The radial velocity shows little variation between the two sizes and
is, in general, quite small. The largest radial velocities are observed at the edge of the jet, and both sizes
exhibit similar values. The fluctuating velocity shows that near the edge the smaller beads have larger
values, and at 150 mm downstream the values are consistently twice the value for the larger beads. This
is attributed to the larger inertia of the larger beads.

The mean and fluctuating azimuthal velocities are shown in Figure 4.2.6-1 (c) and exhibit trends which
are identical to those for the radial velocities.

The axial and radial velocity cross correlation is shown in Figure 4.2.6-1 (d). In this case, the circles repre-
sent the smaller beads. The cross correlation shows that the smaller particles have a stronger correlation.

This is attributed to their small inertia compared to the larger beads.
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Thedatarateispresentedin Figure 4.2.6-1 (e). At the inlet plane the results for the smaller beads are a lit-
tle noisy, but it is apparent that the profiles show less small beads. By 150 mm downstream the smaller
beads show an increased spread relative to the larger beads, as expected.

4.2.7 Confined Single Round let - CONF04#3

Figure 4.2.7-1 presents the geometry associated with the confined single round jet. The setup is similar to
that used for the unconfined testing with several important exceptions. First, a 152.4 rnm i.d. Plexiglas

tube concentrically surrounds the jet. Air is introduced at the top of the duct via a manifold. This air is
distributed as uniformly as possible by a series of flow straighteners. The 152.4 mm duct enters the ex-
haust plenum via a sealed entrance. The plenum is evacuated by the exhaust blower and the flow rate is
adjusted by slide valves until the pressure inside is less than atmospheric.

Figure 4.2.7-2 provides the results measured within the duct. Figure 4.2.7-2 (a) provides the measured
mean and flucutating axial velocities. Overall, the results at the inlet appear quite similar to those ob-
tained in the absence of confinement (Figure 4.2.1-2). The primary differences occur at the edge of the jet,
where the presence of the coflowing air is evident. Note that the axial velocities obtained while measur-
ing the radial component extend to only 38 mm. This is due to the optical access provided. The symme-
try of the jet flow in terms of both mean and fluctuating values is quite good. However, the mean axial
velocity in the outer flow exhibits some asymmetry, where the results from one profile differ by up to 0.4
m/s compared to the other. This is atributed to the relative position of the duct air flow manifold to the
measurement plane and to challenges associated with providing a uniform velocity profile.

Figure 4.2.7-2 (b) presents the mean and fluctuating radial velocities. In this case, positive mean radial
velocities correspond to flow towards the centerline. Hence, at the mixing layer between the two streams
it is apparent that the jet expands slightly into the slower moving surrounding stream and that the outer
stream is entrained towards the jet, as expected. The fluctuating radial velocity peaks in the vicinity of

the shear layer at the 25 and 75 mm axial locations.

Figure 4.2.7-2 (c) provides the mean and fluctuating azimuthal velocities. In this case, it is expected that
the mean value be everywhere equal to zero. This is esentially true with the exception of slight nonzero
values in the outer flow. Again, this is attributed to challenges of introducing the coflowing air such that
it appears uniform at the measurement plane. The fluctuating value behaves as expected and again peaks

in the vicinity of the shear layer. At the inlet plane the fluctuating velocity appears as twin peaked which
is due to the shear along the inside and outside of the pipe.

The cross correlations are presented in Figure 4.2.7-2 (d and e). The correlation between axial and radial
values (Figure 4.2.7-2 [d]) is strong at the shear layer. With increasing downstream distance the shearing
begins to weaken. The correlation between the axial and azimuthal components is expected to be zero
and the measurements reflect this quite well (Figure 4.2.7-2 [e]).

To provide an estimation of the repeatability of the measurements, Figure 4.2.7-3 provides a sample of the
comparison between data sets obtained nine months apart. The repeatability in the jet dominated region
is quite good, but the outer flow region exhibits some differences. In general, these differences are within
the variation produced by nonuniformities in the screen air flow.

4.2.8 Confined let in the Presence of 100-110 Micron Beads at Loading Ratios of 0.2 and 1.0 -
CONFI 0#3.#5

Figure 4.2.8-1 presents results for the gas phase velocities in the presence of glass beads with a bead-to-
gas phase mass loading ratio of 0.2. The results appear similar to those presented in section 4.2.7, with lit-
tle exception. It is apparent that the low loading ratio has little impact on the gas phase behavior. The az-
imuthal velocity (Figure 4.2.8-1 [b]) exhibits some unexpected behavior near the edge of the jet, but the
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overall values are small. The correlation of the fluctuating axial and azimuthal velocities is small every-

where, as expected.

Figure 4.2.8-2 provides the results for the jet with beads in a mass loading ratio of 1.0. The results again

appear similar to those presented in section 4.2.7. The symmetry of the axial velocity profiles (Figure

4.2.8-2 [a]) is quite good. In general, the results appear as expected.

4.2.9 Glass Beads in the Confined let at Loading Ratios Qf 0.2 and 1.0- CONF10#4,#6

Figures 4.2.9-1 and 4.2.9-2 present the velocity and number density results for the glass beads in the con-

fined particle-laden jet for bead-to-gas phase mass loading ratio of 0.2 and 1.0, respectively.

The behavior of the beads in the low loading case appears similar to that in the absence of confinement

(section 4.2.3). The bead velocity is at a maximum at the centerline, with magnitudes slightly lower than

that of the gas phase (Figure 4.2.8-1). The fluctuating velocity is constant. The azimuthal velocity (Figure
4.2.9-1 [b]) shows similar behavior as the case in the absence of confinement (section 4.2.3), as does the

number density (Figure 4.2.9-1 [c]). With confinement, the data rate maximum is lower, which is at-

tributed more to a decrease in detectability through the glass of the confined duct than it is to physics.

Figure 4.2.9-2 presents the same results for the case with a bead-to-gas mass loading ratio of 1.0. Figure

4.2.9-2 (a and e) shows that the flow field exhibits good symmetry. The radial velocities (Figure 4.2.9-2

[b]) show transport of the beads away from the jet. A slight nonzero value of the azimuthal velocity indi-
cates slight mismatch of the fringe spacing and orientation of the transmitter.

4.2.10 Effect of Particle Ma_ Loa0ing Ratio in the _)nfined let

To directly see the effect of the particle mass loading ratio on the gas phase behavior, Figure 4.2.10-1 pro-

vides results from the single-phase confined jet along with the results for the gas phase in the presence of

glass beads at the two mass loading ratios.

The axial velocities reveal trends similar to those in the unconfined case. The presence of the beads re-

duces the axial velocities of the gas phase. In addition, the beads tend to reduce the spread of the jet. The

high mass loading reduces the fluctuating gas phase velocity compared to the single-phase case.

Figure 4.2.10-2 (a) provides a comparison of the glass bead velocities for the two cases. In this case, the

higher loading ratio has higher mean velocities but lower fluctuating velocities. The comparison of the

data rates is shown in Figure 4.2.10-2 (b). As expected the data rates are roughly five times higher for the

1.0 loading ratio.

4.2.11 Effect of Confinement on let

To show the effect of confinement on the free jet, Figure 4.2.11-1 presents the axial velocity results from

the two cases. The main structure of the jet is retained in both cases. However, the effect of the coflowing

air in the 152.4 mm duct is evident in the confined case. Also, a slight reduction in the fluctuating velocity
at the 75 mm axial station is evident.

4.2.12 Effect of Confinement on Glas_ Bead_

Figure 4.2.12-1 shows the influence of the confinement on the behavior of the glass beads. In this case, the

loading ratio is 1.0. Figure 4.2.12-1 (a) presents the mean and fluctuating axial velocity component. The
only significant difference is observed at the centerline. The fluctuating velocity reveals little or no im-

pact.
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Figure 4.2.12-1 (b) shows the impact on the data rate. In this case, it is not likely that the flowfield is giv-
ing nse to the difference. In fact, it is likely that the beads are slightly less detectable in the confined duct
due to the presence of windows.
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a) Mean and Fluctuating Axi-al Velocities
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Figure 4.2.1-2. Radial profiles of gas phase statistics in unconfined single-phase round jet (1 of 7).
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b) Mean and Fluctuating Radial Velocities
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Figure 4.2.1-2. Radial profiles of gas phase statistics in unconfined single-phase round jet (2 of 7).
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c) Mean and Fluctuating Azimuthal

Velocities
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Figure 4.2.1-2. Radial profiles of gas phase statistics in unconfined single-phase round jet (3 of 7).
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d) Shear Stress Based on Axial and Radial
Velocities
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Figure 4.2.1-2. Radial profiles of gas phase statistics in unconfined single-phase round jet (4 of 7).
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e) Correlation Coefficient Between the

Fluctuating Axial and Radial Components
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Figure 4.2.1-2. Radial profiles of gas phase statistics in unconfined single-phase round jet (5 of 7).
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f) Shear Stress Based on Axial and

Azimuthal Velocities
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Figure 4.2.1-2. Radial profiles of gas phase statistics in unconfined single-phase round jet (6 of 7).
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Figure 4.2.1-2. Radial profiles of gas phase statistics in unconfined single-phase round jet (7 of 7).
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c) Mean and Fluctuating Radial Velocity
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Figure 4.2.1-3. Repeatability and sensitivity of measurements in lhe unconfined
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a) Mean and Fluctuating Axial Velocities
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b) Mean and Fluctuating Radial Velocities
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Figure 4.2.2-1. Radial profiles of gas phase velocity measurements in unconfined round jet laden with

100-110 micron glass beads with a bead-to-gas mass loading ratio of 0.2 (2 of 5).
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c) Mean and Fluctuating Azimuthal
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Figure 4.2.2-1. Radial profiles of gas phase velocity measurements in unconfined round jet laden with
100-110 micron glass beads with a bead-to-gas mass loading ratio of 0.2 (3 of 5).
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d) Shear Stress Based on Axial and Radial
Velocities

1.000

04 0.600

04

E

_4 0.200
(29
"' 0
¢Y
I---
(29--0.200
nl

"1-
(29 -0.600

04
{I}

04

E

OO
(299
LLI
IY
I---
03

Of

I
(29

04
_0

04

E
04
(23
Ld
Of
I--
(29

n_

I
(29

-- 1.000

0.600

0.200

0

--0.200

--0.600

- 1.000

0.600

0.200

0

--0.200

-0.600

Z = 1.5 mm

I I i | . I • I •

0 U'V'

! • I

Z 25.0 mm

_'0..... o__. • . . _o .........................

i I I I , I i I i

O U'V'

Z = 75.0 mm

..... .......................

0 U'V'

- 1.000 ..... ' ' ' ' ' ' ' '
- 10 0 10 20 30 40 50 60

RADIAL POSITION. mm TE92-1710

Figure 4.2.2-1. Radial profiles of gas phase velocity measurements in unconfined round jet laden with
100-110 micron glass beads with a bead-to-gas mass loading ratio of 0.2 (4 of 5).
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Figure 4.2.2-1. Radial profiles of gas phase velodty measurements in unconfined round jet laden with
100-110 micron glass beads with a bead-to-gas mass loading ratio of 0.2 (5 of 5).
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b) Mean and Fluctuating Radial Velocities
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Figure 4.2.2-2. Radial profiles of gas phase velocity measurements in unconfined round jet laden with
100-110 micron glass beads with a bead-to-gas mass loading ratio of 1.0 (2 of 5).
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Figure 4.2.2-2. Radial profiles of gas phase velocity measurements in unconfined round jet laden with
100-110 micron glass beads with a bead-to-gas mass loading ratio of 1.0 (3 of 5).



d) Shear Stress Based on Axial and Radial
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Figure 4.2.2-2. Radial profiles of gas phase velocity measurements in unconfined round jet laden with
100-110 micron glass beads with a bead-to-gas mass loading ratio of 1.0 (4 of 5).
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e) Shear Stress Based on Axial and

Azimuthal Velocities

1.000

tN
&9

0.500
04

E

'.' 0.000
n.,

¢Y

-0.500
"1"-

04

E

W

212

E

td

¢Y

212

-1.000

0.500

0.000

-0.500

-1 .DO0

0.500

0.000

-0.500

- 1.000

Z = 1.0 mm

..... O0000BD_D .............................

* I * I * I , i , I

0 U'W'

z ' 2go

..... O000(X_CI::I:]_DO...........................

, I i | , I , ! ,

0 U'W'

i i i
Z 75.0 mm

..... OOOOOOOOo.Oo. O ......................

OU'W'

I . i _ ,. I i , i , I ,

0 O 10 20 30 40 50 60

RADIAL POSITION, mm
TE92-1716

Figure 4.2.2-2. Radial profiles of gas phase velocity measurements in unconfined round jet laden with
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177



a) Mean and Fluctuating Axial Velocities
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Figure 4.2.3-1. Radial profiles of particle measurements in unconfined round jet laden with 100-110
micron glass beads with a bead-to-gas mass loading ratio of 0.2 (1 of 5).
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b) Mean and Fluctuating Radial Velocities
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Figure 4.2.3-1. Radial profiles of particle measurements in unconfined round jet laden with 100-110

micron glass beads with a bead-to-gas mass loading ratio of 0.2 (2 of 5).
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c) Mean and Fluctuating Azimuthal
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Figure 4.2.3-1. Radial profiles of particle measurements in unconfined round jet laden with 100-110

micron glass beads with a bead-to-gas mass loading ratio of 0.2 (3 of 5).
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d) Particle Velocity Correlation Based on

Axial and Radial Components
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Figure 4.2.3-1. Radial profiles of particle measurements in unconfined round jet laden with 100-110
micron glass beads with a bead-to-gas mass loading ratio of 0.2 (4 of 5).
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e) Particle Data Rate
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a) Mean and Fluctuating Axial Velocities
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Figure 4.2.3-2. Radial profiles of particle measurements in unconfined round jet laden with 100-110

micron glass beads with a bead-to-gas mass loading ratio of 1.0 (1 of 5).
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b) Mean and Fluctuating Radial Velocities
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Figure 4.2.3-2. Radial profiles of particle measurements in unconfined round jet laden with 100-110
micron glass beads with a bead-to-gas mass loading ratio of 1.0 (2 of 5).
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c) Mean and Fluctuating Azimuthal

Velocities
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Figure 4.2.3-2. Radial profiles of particle measurements in unconfined round jet laden with 100-110
micron glass beads with a bead-to-gas mass loading ratio of 1.0 (3 of 5).
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d)
Particle Velocity Correlation Based on
Axial and Radial Components
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e) Particle Data Rate
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a) Mean and Fluctuating Axial Velocities
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b) Shear Stress Based on Axial and Radial

Components
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a) Mean and Fluctating Velocities
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b) Data Rate
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a) Mean and Fluctuating Axial Velocities
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b) Mean and Fluctuating Radial Velocities
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c) Mean and Fluctuating Azimuthal
Velocities
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d) Shear Stress Based on Axial and Radial

Velocities
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e) Shear Stress Based on Axial and

Azimuthal Velocities
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a) Mean and Fluctuating Axial Velocities
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Figure 4.2.6-1. Radial profiles of particle measurements in unconfined round jet laden with equal
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b) Mean and Fluctuating Radial Velocities
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c) Mean and Fluctuating Azimutha]

Velocities
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d) Particle Velocity Correlation Based on

Axial and Radial Components
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e) Particle Data Rate
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a) Mean and Fluctuating Axial Velocities
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b) Mean and Fluctuating Radial Velocities
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c) Mean and Fluctuating Azimuthal
Velocities
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d) Shear Stress Based on Axial and Radial
Velocities
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e) Shear Stress Based on Axial and
Azimuthal Velocities
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Figure 4.2.7-2. Radial profiles of gas phase statistics in confined single-phase round jet (5 of 5).
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a) Mean and Fluctuating Axial Velocities
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b) Mean and Fluctuating Azimuthal

Velocities
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c) Shear Stress Based on Axial and
Azimuthal Velocities
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a) Mean and Fluctuating Axial Velocities
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b) Mean and Fluctuating Radial Velocities
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c) Mean and Fluctuating
Velocities
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d) Shear Stress Based on Axial and Radial
Velocities
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e) Shear Stress Based on Axial and

Azimuthal Velocities
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a) Mean and Fluctuating Axial Velocities
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Figure 4.2.9-1. Radial profiles of particle measurements in confined round jet laden with 100-110 micron
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b) Mean and Fluctuating Azimuthal
Velocities
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c) Particle Data Rate
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a) Mean and Fluctuating Axial Velocities
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b) Mean and Fluctuating Radial Velocities
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Figure 4.2.9-2. Radial profiles of particle measurements in unconfined round jet laden with 100-110
micron glass beads with a bead-to-gas mass loading ratio of 1.0 (2 of 5).
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c) Mean and Fluctuating Azimuthal

Velocities
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d) Particle Velocity Correlation Based on

Axial and Radial Components

1.000

o4 0.700
(n

o4

E

re 0,400
U')
I...ul
Of

cn 0.100

n.- 0

-1-
-0.200

-0.5O0

c_ 0.700
O3

C_

E

u_ 0.400
O9

hJ
_f

oo 0.100

'Y 0

T
m -0.200

("4
(n

C'4

E

(,'3
hl
Of
I--
0")

n_

I
U9

-0.500

0.700

0.400

0.100

0

-0.200

Z = 4.0 mm

..... Oo.o  0Q9 .............................

. i 1 I • 1 i
0 U'V'p

I , I •

Z = 25.0 mm

0 U'V'p
l . i •

Z = 75.0 mm

0 U'V'p
_ l . 1 . i i i 1 _ i i

0 0 10 20 30 40 50 60

RADIAL POSITION, mm
TE92-1762
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e) Particle Data Rate

1000

0

100

U./
I-.-
<
n,-

Cb

o

cJ
I---
,,<
n,,-

n

(../,

rn

::Is:

u_

13C

r_

10

100

10

100

I0

1

, i J i I • i ,

, I , i i i , i ,

\

Z = 4.0 mm

OANp

'Z = .0 mm

oZ_Np

Z = .0 mm

OANp
, i . L _ i , i . i i ,

0 0 10 20 30 40 50 60

RADIAL POSITION, mm
TE92-1763

Figure 41.9-2. Radial profiles of l_irticle measurements tn unconfined round jet laden with 100-110

micron glass beads with a bead-to-gas mass loading ratio of 1.0 (5 of 5).
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a) Mean and Fluctating Velocities
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Figure 4.2.10-2. Comparison of particle velocities and data rate in confined round jet laden with particles
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b) Data Rate
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a) Mean and Fluctuating Velocities
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Figure 4.2.12-1. Comparison of mean and fluctuating axial veiodties and data rates for 100-110 micron

beads in the room F_t with and without confi_t for a bead-to-gas mass flow rate ratio of 1.0 (1 of 2).
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b) Data Rate
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43 SINGLE ANNULAR JET- CONF31#2

Figure 4.3-1 presents the geometry for the single annular jet. in this case, an annular jet is introduced into
an unconfined environment. A cap is placed over the end of the pipe used for the jet studies so that the
end of the pipe is a fiat surface.

Figure 4.3-2 provides examples of the results obtained in this case. The mean and fluctuating axial veloci-
ties are presented in Figure 4.3-2 (a). The two profiles are obtained from the two orthogonal traverses re-
quired to measure the azimuthal and radial velocity components. Again, the symmetry is reasonable
based on the axial velocity. Note that an on-axis recirculation zone persists to somewhere between 3 and
25 mm axially. By 75 mm axially, the profiles become nearly fully developed.

The radial velocities are presented in Figure 4.3-2 (b). There are strong velocities towards the centerline at
3.0 mm, which give rise to high velocities away from centerline at 25 mm. High fluctuating radial veloci-
ties at the centerline are observed at 25 mm, reflecting some unsteadiness in the flow.

The azimuthal velocities are shown in Figure 4.3-2 (c). The mean velocities reveal mostly zero values as
expected.

The shear stress components (Figure 4.3-2 [d and el) show expected behavior.
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a) Mean and Fluctuating Axial Velocities
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Figure 4.3-2. Radial profiles of gas phase statistics in unconfined single-phase annular jet (1 of 5).
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b) Mean and Fluctuating Radial Velocities

2

E

O
_J
uJ

> 0

<
/3

&0

E

i
D
O
_J

uJ
>
_J

<

E

D
O
_J
UJ

>

<

c3

-2

2

1

0

-1

-2

2

1

0

-1

Z = 3.0 mm

.\ O
o I

\ O
O

-oo.O

oV
Z_ V'

Z 2,5.0 mm

A._ ,0%

) .....................

o

o/ ov
"" 'V'

, l • i , J J. l ' 7 /5 "Z .0 mm

o0O 

oV
"" V'

- 10 0 10 20 ,30 40 50 60

RADIAL POSITION. mm
TE92-1773
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c) Mean and Fluctuating Azimuthal

Velocities
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d) Shear Stress Based on Axial and Radial

Velocities
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Figure 4.3-2. Radial profiles of gas phase statistics in unconfined single-phase annular jet (4 of 5).
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e) Shear Stress Based on Axial and

Azimuthal Velocities
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4.4 SINGLE SWIRLING ANNULAR JET

In this case, both unconfined and confined studies were conducted.

4.4.1 Unconfined Case - CONF,2#1

Figure 4.4.1-1 shows the geometry employed for the swirling annular jet. It is the same as for the non-

swirling case (Figure 4.3-1), but the 60 deg swirl vanes are in place.

Figure 4.4.1-2 shows examples of the results obtained. The results for the axial velocity (Figure 4.4.1-2 [a])

reveal good symmetry at Z = 3.0 and 25.0 mm. The 75 mm station, however, shows some asymmetry in
the mean velocity.

The effects of the bluff body at the center of the flow exiting the annular jet and entrainment is apparent

from the radial velocities (Figure 4.4.1-2 [b]), where strong flow towards the centerline is revealed by the
measurements.

The swirling velocities (Figure 4.4.1-2 [c]) show that the strong swirl decays rapidly. The mean velocity
shows values of zero at the centerline, as expected.

The cross correlations of the fluctuating velocity components reveal behavior which is as expected (Figure
4.4.1-2 [d and el).

4.4.2 (_0nfined C..a_g - CONF_#1

Figure 4.4.2-1 presents the geometry employed for the confined annular swirling jet. It is identical to that
used for the unconfined case, only it is placed concentrically within the 152.4 mm duct.

Figure 4.4.2-2 provides examples of the results. The results for the mean axial velocity (Figure 4.4.2-2 [a])
reveal reasonable symmetry and exhibit a strong on-axis recirculation zone. The radial and azimuthal ve-

locities appear similar as they did for the unconfined case (section 4.4.1).

4.4.3 Effect of Swirl

To better examine the effect of swirl on the flow from the unconfined annular jet, Figure 4.4.3-1 provides a

comparison of the axial velocities for the cases presented in sections 4.3 and 4.4.1. The inlet plane shows

similarities, but the swirl shifts the momentum radial outwards. With increased distance, the strong re-
circulation zone which forms with swirl does not appear in the absence of swirl. The swirl also moves the

radial location of the highest axial velocity fluctuations away from the centerline.

4.4.4 Effect of Confinemgn_

To better show the impact of confinement on the swirling annular jet, Figure 4.4.4-1 presents a compari-
son of the cases with (section 4.4.2) and without (section 4.4.1) confinement. For this case, confinement

appears to have little impact on the behavior of the axial velocity.
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b) Mean and Fluctuating Radial Velocities
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c) Mean and Fluctuating Azimuthal
Velocities
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d) Shear Stress Based on Axial and Radial
Velocities
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e) Shear Stress Based on Axial and

Azimuthal Velocities
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a) Mean and Fluctuating Axial Velocities
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b) Mean and Fluctuating Radial Velocities
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c) Mean and Fluctuating Azimuthal
Velocities
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d) Shear Stress Based

Velocities

on Axial and Radial
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e) Shear Stress Based on Axial and

Azimuthal Velocities
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Figure 4.4.2-2. Radial profiles of gas phase statistics in confined single-phase swirling annular jet (5 of 5).
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4.5COAXIAL JETS

Several coflowing geometries were considered for the present study, including confined and unconfined
cases. Two particle loading ratios were again considered, although the higher loading ratio cases were
conducted only in the confined geometry.

4.5.1 Unconfined Coaxial lets - CONF02#3

Figure 4.5.1-1 presents the geometry used for the unconfined coaxial jets. In this case, the geometry is
similar to that described in section 4.3, but the end cap is now removed and the central jet is operated
with a mass flow of 0.0021 kg/s of air. The annular airflow rate being 0.0033 kg/s.

Figure 4.5.1-2 presents examples of the results. The axial velocity results are presented in Figure 4.5.1-2
(a) and reveal excellent symmetry. The two jet fows are quite distinct at Z = 5.0 mm. The two jets then

form a shear layer which moves towards the centerline with increasing axial distance downstream.

The radial velocity (Figure 4.5.1-2 [b]) reveals the mixing of the two air streams more clearly. The central
jet moves away from the centerline, while the outer annular jet moves towards the centerline. By 75 ram,
the core of jet is expanding slightly and outside air is being strongly entrained.

The mean azimuthal velocity should be everywhere equal to zero. This is essentially true as shown in
Figure 4.5.1-2 (c).

The cross correlation between the fluctuating velocities behaves as expected (Figure 4.5.1-2 [d and e]).

To illustrate the repeatability of the measurements, Figure 4.5.1-3 provides comparions of measurements
made one year apart in the same flow. The axial velocity (Figure 4.5.1-3 [a]) shows very repeatable re-

sults. The radial velocities (Figure 4.5.1-3 [b]) do not repeat as well as the axial velocities. In this case, the
later data set reflects improvements made in the transmitter and improvements in the alignment. Finally,
the cross correlation between the fluctuating axial and radial velocities' components are shown in Figure
4.5.1-3 (c). In this case, the sign of one case has been inverted due to the optical alignment. However, the
trends are quite similar between the two cases, although the later case shows more clearly defined struc-
ture.

4.5_ Effect of Coflow on Single let

To better reveal the impact of the coflowing jet on the behavior of the central jet, Figure 4.5.2-1 provides a
comparison between the cases presented in sections 4.5.1 and 4.2.1. The coflowing jet causes the center-
line velocity of the central jet to decay more rapidly due to the expansion associated with the shear layer
between the streams.

4.5.3 Unconfined [ets in the Presence of 100-110 Micron Beads at Loading Ratio 0.2 - CONF08#1

Figure 4.5.3-1 presents the results for the gas phase in the presence of monodispersed glass beads. Figure
4.5.3-1 (a) provides the axial velocity. The symmetry of the flow remains quite good. In general, the
structure of the flow appears similar to that of the single-phase case (section 4.5.1).

The nonzero radial velocities at the centerline (Figure 4.5.3-1 [b and c]) are attributed to a slight mis-
alignment of the optics and to a small difference in the actual and input fringe spacing.

4.5.4 Glass Beads in the Unconfined lets at Loading Ratios of 0.2 - CONF08#2

Figure 4.5.4-1 provides results for the 100-110 micron glass beads in the unconfined coflowing jets. Figure
4.5.4-1 (a and e) shows that the symmetry of the flow is quite good. The bead radial and azimuthal mean
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velocities reveal a slight nonzero value at the centerline, which is again attributed to mismatch of the ac-

tual and input fringe spacing and to nonoptimized optical alignment.

4.5.5 Effect of Coflow on Glass Beads

To better assess the effect of the coflowing air stream on the behavior of the beads, Figure 4.5.5-1 com-

pares results from the coflowing case to a case with only the central jet (section 4.2.3). Near the centerline,

the effect of the coflow is small and any differences observed are likely within experimental error. How-

ever, with increased distance downstream, the coflowing annular entrains some of the particles and ac-

celerates them, resulting in a more uniform velocity profile for that case. This difference is also revealed

in the data rate profiles (Figure 4.5.5-1 [b]) although it is not as clear.

4.5.6 Confined Single-Phase Coaxial lets - CONF0_#2

Figure 4.5.6-1 provides the geometry used for the studies of confined particle-laden coflowing jets.

Figure 4.5.6-2 presents the results for the single-phase coflowing jets. Based on the two orthogonal pro-

files for the axial velocity (Figure 4.5.6-2 [a]), the symmetry of the flow is good. Many of the attributes of
the unconfined case are revealed (section 4.5.1) with two distinct jet flows merging together to form a

single flow. The primary exception is the flow in the outer part of the duct (R>25 mm), which does not
decay to 0.0 m/s as it does in the unconfined case.

Figure 4.5.6-2 (c) reveals the presence of a modest azimuthal component which occurs in the region where

the axial velocity is negative. This is evidence of a maldistribution in air in one of the three passages,
most likely the annular section. Despite this, the dependency between the axial and azimuthal fluctuating

components is small (Figure 4.5.6-2 [e]).

To evaluate the degree to which the flows and measurements are repeatable, Figure 4.5.6-3 provides a

comparison of the axial velocities measured nearly two years apart. In this case, the early measurement

featured higher coflow in the outer passage. However, in the region of the flow where the jets dominate

the structure, the repeatability is excellent for both mean and fluctuating velocities.

4.5.7 Confined ]¢¢_ in _h¢ PrCscn_ of 100-110 Micron Be.ads at Loading Ratio_ of 0.2 and 1.0 -

CONF11#1,#_

Two particle-laden cases were run for the confined coflowing jets. The first case was done at a bead-to-air

mass loading ratio (in the central jet) of 0.2. In this case, only U and W were measured. The optical access

necessary to measure V as well had not been established by the time these data were acquired. Figure

4.5.7-1 provides the results for the gas phase in the presence of the beads.

The results shown reveal a structure which is similar to that observed in the single-phase case (section
4.5.3).

The results from the higher loading ratio are presented in Figure 4.5.7-2. The results look quite similar to

the single-phase case (section 4.5.3) with the exception of a flatter axial velocity profile near the centerline.

The results will be compared more completely in section 4.5.9.

4.5.8 Glass Beads in the Confined lets at Loading Ratios of 0.2 and 1.0 - CONF11#2,#4

Figure 4.5.8-1 provides results for the glass beads in the confined coflowing jets with a loading ratio of 0.2.

In this case, the behavior is similar to that in the unconfined coflowing jets. The peak mean axial veloci-

ties occur along the centerline, while the fluctuating components peak at the edge of the flow. The bead
concentration has a maximum at the centerline and reveals a reduction with increased radial distance.
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The results for the higher loading ratio are presented in Figure 4.5.8-2. Aside from the similarity to the
lower loading ratio, the results from the two orthogonal profiles attest (U, u', Np) to the degree of symme-
try associated with the flow.

45,9 Effect of Particle Mass Loading Ratio in the Confined let

To compare the effect of the mass loading ratio on the gas phase behavior, Figure 4.5.9-1 presents a com-

parison of the measurements in the two cases. At the centerline, the higher loading ratio results in a
slightly flatter axial velocity profile. Differences away from the center of the jet are due to flow rate varia-
tions.

Figure 4.5.9-2 provides a comparison of the bead characteristics The main differences are a slightly
higher fluctuating component for the low loading ratio, and a sharper velocity gradient at Z m 75 ram. Of
course, the data rate is roughly five times higher for the higher loading ratio (Figure 4.5.9-2 [b]).

45.10 Effect of Confinement on Coaxial lets

To illustrate the impact that confinement has on the behavior of the coflowing jets, Figure 4.5.10-1 pro-
rides a comparion of the axial velocities for the unconfined (section 4.5.1) and confined (section 4.5.6)
coflowing jets. The main difference is that the shear layer on the outside of the flow is less severe, result-
ing in higher velodties along the outer edge of the jet. Also, the peak velocities associated with the annu-
lar jet are higher for the confined case (note the different Z value used for the inlet plane).

4,5.11 Effect of Coflow on Confined let

To illustrate the effect of coflow on the confined jet, Figure 4.5.11-1 compares the measurements in the

confined single jet (section 4.2.7) to those obtained in the confined coflowing jets (section 4.5.6). The dif-
ferences observed are similar to those observed in the unconfined case (section 4.5.2).

4.5.12 Effect of Confinement on Glass Beads in Coaxial lets

To illustrate the effect of confinement on the behavior of the glass beads, Figure 4.5.12-1 (a and b) presents

a comparison of the bead velocities and data rates for the unconfined and confined cases. In the confined
case, the gradients farther downstream are larger. Also, the data rate gradients are steeper for the uncon-
fined case.
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Figure 4.5.1-1. Geometry utilized for unconfined coaxial jets.
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a) Mean and Fluctuating Axial Velocities
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b) Mean and Fluctuating Radial Velocities
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c) Mean and Fluctuating Azimuthal

Velocities
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e) Shear Stress Based on Axial and

Azimuthal Velocities
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a) Mean and Fluctuating Axial Velocity
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b) Mean and Fluctuating Radial Velocity
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c) Shear Stre'_.'; Based on Axial and Radial

Velocities
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a) Mean and Fluctuating Axia] Ve]ocities
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b) Mean and Fluctuating Radial Velocities
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c) Mean and Fluctuating Azimuthal

Velocities
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Figure 433-1. Radial profiles of gas phase velocity measurements in unconfined coaxial jets with central
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d) Shear Stress Based on Axial and Radial

Velocities
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e) Shear Stress Based on Axial and

Azimuthal Velocities
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b) Mean and F]uctuating Radial Velocities
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c) Mean and Fluctuating Azimuthal

Velocities

1.000

In

E 0.700

o 0.400
o
_J
hl

>

-J 0.100.<
-r 0
i-

-0.200
<

03

E

(D
O
...J
bJ
>
.J
<
"T
t--

N

&q

E

(O
O
_J
i,i
>
._J
,<
"1-
I-

N
.<

-0.500

0.700

0.400

0.100

0

-0.200

-0.500

0.700

0.400

0.100

0

-0.200

-0.500

-10

Z = 2.0 mm

• i , i l i = ! .

OWp

"W'p

' z " 251o

'_-A.,%.%

_o__

. J , | . • . I ,

o Wp

nW'p
i . 1 .

Z = 75.0 mm

n-n-A.n._._

O00_aXD

OWp

n W'p
I l . A . i ..... i . J .

0 10 20 30 40 50 60

RADIAL POSITION, mm
TE92-1808

Rgum 43.4-I. Radial profilesofparticlemeasurements in unconfined coaxialjetswith centraljetladen

with 100-110 micron glassbeads ata bead-to-Kas mass loading ratioofO.2 0 of5).

274



d) Particle Velocity Correlation Based on

Axial and Radial Components
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Figure 4.5.4-1. Radial profiles of partide measurements in unconfined coaxial jets with central jet laden
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e) Particle Data Rate
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a) Mean and Fluctuating Velocities
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b) Data Rate
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a) Mean and Fluctuating Axial Velocities
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b) Mean and Fluctuating Radial Velocities
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c) Mean and Fluctuating Azimuthal

Velocities
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d) Shear Stress Based on Axial and Radial

Velocities
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e) Shear Stress Based on Axial and

Azimuthal Velocities
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a) Mean and Fluctuating Axial Velocities
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b) Mean and Fluctuating Azimuthal
Velocities
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c) Shear Stress Based on Axial and

Azimuthal Velocities
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a) Mean and Fluctuating Axial Velocities
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b) Mean and Fluctuating Radial Velocities
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Figure 4.5.7-2. Radial profiles of gas phase velocity measurements in confined coaxial jets with central jet
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d) Shear Stress Based on Axial and Radial
Velocities
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e) Shear Stress Based on Axial and
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a) Mean and Fluctuating Axial Velocities
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b) Mean and Fluctuating Azimuthal
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c) Particle Data Rate
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c) Mean and Fluctuating Azimuthal
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d) Particle Velocity Correlation Based on

Axial and Radial Components
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e) Particle Data Rate
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a) Mean and Fluctuating Axial Velocities
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b)
Shear Stress Based on Axial and Radial
Velocities
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a) Mean and Fluctuating Axial Velocities
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b) Data Rate
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a) Mean and Fluctuating Axial Velocities

5

4

E 3

o 2
-J
W
>

I

0

-1

4

E 3

S 2

-- 1

0

-1

4

E 3

o 2
.J

>

_J

X
.<

1

0

-1
-10

o A Z = 2.0 mm (Unconfined)
• A Z = 3.0 mm (Confined)

..................................... oeUp

A • U' D
. a . J . I • a • ! . ! • --

o _Z=25.0 mm (Unconfin.ed)
• A Z=25.0 mm (Confined)

..................................... O"• U'p'

A & U'p
J , J • A • I , I , j --

O A Z=75.0 mm (Unconfined)
• A Z=75.0 mm (Confined)

...... : ............................... O"• UI:)"
r

• , ,A -U'p
I • . I . t . I .

0 10 20 30 40 50 60

RADIAL POSITION, mm
TE92-1842

Rgure 4.5.12-1.Compari_om of particleaxialvelocitiesand data rateinconfined and unconfined coaxiallets
with the centnd letladen with 100-110 micron particlesata partlcle-to-gasmass loading ratioof 0.2(Iof 2).

3()8



b) Data Rate
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4.6 COAXIAL JETS WITH SWIRLING ANNULAR FLOW

Figure 4.6-1 presents the geometry utilized for the studies of coaxial jets with swirling annular flow.

4.6.1 Unconfined Single-Phase lets - CONF03#3

Figure 4.6.1-1 provides the results for the single-phase study. At the inlet plane, the two jet flows remain
distinct. With increasing distance downstream, the axial velocities near the centerline decelerate and be-

gin to reveal recirculation. In addition, the jet flow spreads rapidly. The symmetry of the flows is rea-
sonable.

Evidence for the rapid spreading is provided in Figure 4.6.1-1 (b), where strong velocities away from cen-

terline persist over the flow domain.

Although quite strong initially, the swirl decays rapidly (Figure 4.6.1-1 [c]).

The cross correlations (Figure 4.6.1-1 [d and el) between the velocity component fluctuations reveal rea-
sonable behavior, although they do show some noise which is attributed to the complexity of the flow.

4.6.2 Effect of Swirl on Coflowing lets

To illustrate the impact that swirling the annular air flow has on the structure of the coflowing jets, Figure
4.6.2-1 presents a comparison of the axial velocity profiles from the nonswirling (section 4.6.1) and
swirling (section 4.6.1) cases. The swirl has a strong effect even at an axial distance of 5.0 mm. The flow
spreads radially much quicker in the case of swirl, as expected.

4.6.3 Unconfined Swirling lets in the Presence of 100-110 Micron Beads - CONF09#4

Figure 4.6.3-1 provides results for the gas phase in the presence of 100-110 micron glass beads in a bead-
to-gas loading ratio of 0.925. The results appear similar to those obtained for the single-phase case
(section 4.6.1).

4.6.4 100-110 Micron Glass Beads in the Unconfined Swirling lets - CONF09#3

Figure 4.6.4-1 provides the characteristics of the glass beads in the swirling jets. Unlike the gas phase
characteristics, the bead results (Figure 4.6.4-1 [a and el) exhibit excellent symmetry, suggesting that the

swirl vane is the primary cause of the asymmetry.

Figure 4.6.4-1 (b and c) reveals that the swirl imparts significant radial and azimuthal momentum to the
beads.

4,6.5 Effect of Swirl on 100-110 Micron Glass Beads in Unconfined Flow

To better illustrate the effect of swirl on the behavior of the beads, Figure 4.6.5-1 presents a comparison of

the bead characteristics in the free jet (section 4.2.3) and in the free jet with swirling annular air.

The axial velocity results reveal strong similarities at the inlet plane. However, as the flow progresses
downstream, the beads are decelerated by the gas phase in the swirling case. In addition, the beads

spread radially (Figure 4.6.5-1 [bl).

4,6.6 100-110 Micron Glass Beads in the Confined Swirling let - CONFI2#4

The geometry utilized for the confined jet with swirling annular air flow is shown in Figure 4.6.6-1. Fig-

ure 4.6.6-2 provides the results for the glass beads.
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Theredundant measurements (Figure 4.6.6-2 [a and e]) reveal reasonable symmetry. Overall, the behav-
ior is similar to that observed in the unconfined case (section 4.6.4). However, the radial and azimuthal

velocities at the centerline are not zero and the results suggest that less swirl is imparted to the beads in
the confined case.

4.6.7 Effect of Swift on Glass Beads in the Confin(_l FlOW

To illustrate the effect of swirl on the beads in the confined flow, Figure 4.6.7-1 provides results which
compare the measurements made with and without swirl. The comparison is nearly identical to that
made for the unconfined flow (section 4.6.5).
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a) Mean and Fluctuating Axial Velocities

E

o
Ld
>

_<
X

E

o
o
_J
LU
>
_J

_<
X

E

8

6

4

2

0

-2

Z = 5.0 mm

.............. 0 I u

A&U'

• ' ' ' ' ' ' 7 .0 m

2 A..*._.a-*,,-A4k'_.AJA'._e d "A'mmA.__)'_,

: _I -_
o ....• ....................

ooU
_.AU s

-2 .......... ' mZ = 75.0 rn

6

o
_J

> 2

I A--'-4&_=I-- -- -0 --/

0 / ...... •........ >.o<,t: ...................... I
r : _o e/ o • u i
I _ ,-.....-X) jb.-- - t

-2
- 10 0 10 20 30 40 50 60

RADIAL POSITION. mm TE92-1845
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b) Mean and Fluctuating Radial Velocities

E

F
o

W

>
-J
<
r_

<

E

F
o
_J

W
>
J

<

E

o
_J

W

>
_J

_<
£3

6

4

2

0

-2

4

2

0

-2

4

2

0

-2
-10

Z = 5.0 mm

-',-,--,----a-E_,_ ,_ \
.... ". - ...........

_q:_o oV

A V _

• 1 . I , I i I i I i .i .

Z --- 25.0 mrn

A-_-_-_-_._.,_.z_.,,.,_ o .o "o

i .oo_ "°" °_ o "

.... 0 '°'° ....................... \0 .........

oV
A V g

, I • I , I I I I

Z ' 7@.0 mm

__o .................

oV
A V'

I , I I I i I , i

0 10 20 30 40 50 60

RADIAL POSITION, mm
TE92-1846
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314



c) Mean and Fluctuating Azimuthal
Velocities
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Figure 4.6.1-1. Radial profiles of gas phase statistics in the unconfined single-phase coaxial jets with
swirling annular air (3 of 5).
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d) Shear Stress Based on Axial and Radial
Velocities
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Figure 4.6.1-1. Radial profiles of gas phase statistics in the unconfined single-phase coaxial jets w/th

swirling annular air (4 of 5).
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e) Shear Stress Based on Axial and

Azimuthal Velocities
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swirling annular air (5 of 5).
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a) Mean and Fluctuating Axial Velocities
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Figure 4.6.3-1. Radial profiles of gas phase velocities in the unconfined jet with swirling annular air flow

with the central jet laden with 100-110 micron particles in a particle-to-gas mass loading ratio of 0.2 (1 of 5).
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b) Mean and Fluctuating Radial Velocities
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c) Mean and Fluctuating Azimuthal
Velocities
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Figure 4.6.3-1. Radial profiles of gas phase velocities in the unconfined jet with swirling annular air flow
with the central jet laden with 100-110 micron particles in a particle-to-gas mass loading ratio of 0.2 (3 of 5).
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d) Shear Stress Based on Axial and Radial

Velocities
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e) Shear Stress Based on Axial and

Azimuthal Velocities
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a) Mean and Fluctuating Axial Velocities
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b) Mean and Fluctuating Radial Velocities
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c) Mean and Fluctuating Azimuthal
Velocities
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d) Shear Stress Based on Axial and Radial

Velocities
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e) Particle Data Rate
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a) Mean and Fluctuating Axial Velocity
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b) Particle Data Rate
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a) Mean and Fluctuating Axial Velocities
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b) Mean and Fluctuating Radial Velocities
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c) Mean and Fluctuating Azimuthal

Velocities
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d) Shear Stress Based on Axial and Radial

Velocities
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e) Particle Data Rate
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a) Mean and Fluctuating Axial Velocities
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b) Particle Data Rate
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4.7 AIRBLAST INJECTOR

Results reported in this section were obtained in the flow field produced by the airblast injector in the ab-

sence of either swirling or nonswirling coflow. In the case of confinement, air flow is retained in the outer

portion of the duct to mitigate recirculation of the spray and to reduce impingement on the windows.

4.7.1 Confined Single-Phase - (_ONF22#1

The geometry utilized for this study is shown in Figure 4.7.1-1. Examples of the results obtained are

shown in Figure 4.7.1-2. The mean axial velocity reveals very high gradients near the centerline. In fact,

the high axial velocities precluded the acquisition of high quality data for the other two components in

this region. The axial velocity decays with increasing axial distance. The low velocity coflow in the outer

portion of the duct is also apparent.

The radial velocity (Figure 4.7.1-2 [b]) reveals strong inward velocities near the centerline. By 25 mm
downstream, the flow begins to expand.

The azimuthal velocities (Figure 4.7.1-2 [c]) are high near the exit plane but decay quickly with increasing

downstream distance. Note that the maximum fluctuating velocities occur along the centerline.

4.7.2 Gas in the Presence of Confined Methanol Spray - CONF28#2

Figure 4.7.2-1 presents the gas phase velocities in the presence of the methanol spray. Based on the two

orthogonal profiles, the flowfield is symmetric. Many of the attributes of the single-phase case are re-
tained. The next section focuses on the differences between the two cases.

4.7.3 Effect of Spray on G0_ Pha_ B_havigr in (_Qnfinq_d Spray

Figure 4.7.3-1 provides results which compare the measurements made with and without the spray. The

results reveal some interesting differences. First, the presence of the spray reduces the width of the pro-

files and increases the maximum velocities. Second, the spray reduces the fluctuating velocities in both

the axial and radial directions. The presence of the spray also increases the magnitude of the radial veloc-

ities away from the centerline at the edge of the spray.

The reason for these differences is not clear, as discussed in Section III. The presence of the spray leads to

interaction between phases, resulting in potential for momentum transfer which could, in principle, lead

to changes in the gas phase velocities. However, the presence of the spray also changes the effective area

of the atomizer, resulting in higher velocities for the same mass flow rate of air. Hence, some contribu-

tions of each phenomena give rise to the differences observed.

4.7.4 Confined Methanol Spray - CONF28#1

The characteristics of the droplets in the confined methanol spray are presented in Figure 4.7.4-1. The
mean axial velocity shows good symmetry based on the two orthogonal profiles (Figure 4.7.4-1 [a and d]).

The velocity profiles exhibit trends similar to those for the gas phase. Again, the highest fluctuating ve-

locities are observed at the centerline. The profiles of D32 are shown in Figure 4.7.4-1 (d). These results

show that the atomizer produces many fine droplets near the centerline and larger ones at the edge of the
spray.
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a) Mean and F]uctating Axial Velocity
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b) Mean and Fluctuating Azimuthal Velocity

E

o
o
_J

W
-J

I

D

ffl

E

o
o
_J

.J
<
-r"
I.--
D

E

o
,_J

W
_J
<
"-I-
F.-
D

12

8

4

0

--4

0

--4

8

4

0

--4

Z = 4.0 mm

k

&'&'A'A._'&"A __&_ "_ A __ A _ A _ &--."_ --

• " " O'--'-O_

= I . I • I • I • I

oW

, .AW'

Z = 25.0 mm

,&'_,

,a,
\

0 0

• _O _=...q;_.__._.... U..=_=_=_Ej_

, i , i , i l i ,

oW
,_.W 4

1 ,
Z 56.0 mm

'A'A'A'A'_.Z_.A"

A.

&.&.z_

O.

OW

AW'

0 0 10 20 30 40 50 60

RADIAL POSITION, turn
TE92-1873

Figure 4.7.1-2. Radial profiles of gas phase statistics in confined single-phase flow from air-blast injector
(2 of 3).
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c) Shear Stress Based on Axial and

Azimuthal Velocities
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Figure 4.7.1-2. Radial profiles of gas phase statistics in confined single-phase flow from _r-blast injector
(3 of 3).
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a) Mean and Fluctuating Axial Velocities
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b) Mean and Fluctuating Radial Velocities
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Figure 4.7.2-1. Radial profiles of the gas phase measurements in the confined methanol spray (2 of 5).
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c) Mean and Fluctuating Azimuthal

Velocities
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Figure 4.7.2-1. Radial profiles of the gas phase measurements in the confined methanol spray (3 of 5).
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d) Shear Stress Based on Axial and Radial
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a) Mean and Fluctuating Axial Velocity
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b) Mean and Fluctuating Radial Velocity
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a) Mean and Fluctuating Axial Velocities
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Figure 4.7.4-1. Radial profiles of the droplet measurements in the confined methanol spray (1 of 4).
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b) Mean and Fluctuating Radial Velocities
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Figure 4.7.4-1. Radial profiles of the droplet measurements in the confined methanol spray (2 of 4).
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Figure 4.7A-I. Radial profiles of the droplet measurements in the confined methanol spray (3 of 4).
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d) Sauter Mean Diameter
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4.8 AIRBLAST INJECTOR WITH ANNULAR JET

Two cases were considered for the nozzle with annular jet, confined and unconfined. The unconfined
spray was used as a baseline.

4.8.1 Gas in the Presence of Unconfined Methanol Spray - CONF26#2

Figure 4.8.1-1 presents the geometry utilized for the unconfined spray in the presence of the annular jet.
Figure 4.8.1-2 provides examples of the results obtained. Based on the orthogonai profiles of the axial ve-

locity (Figure 4.8.1-2 [a]), the flow field is reasonably symmetric. In this case, unlike that of the jet (section

4.5.1), the axial velocities from the two jets are not distinct. This is attributed to the much higher velocities
of the atomizer.

The radial velocites (Figure 4.8.1-2 [b]) exhibit some evidence of the two distinct flow passages with a lo-
cal minimum between 10 and 20 mm from the centerline.

4.8.2 Unconfined Methanol Spray - CONF26#1

Figure 4.8.2-1 presents results from the methanol spray. Again, based on orthogonal profiles (Figure

4.8.2-1 [a and d]), the flow is symmetric. The droplet velocities resemble those of the gas phase discussed
above. The droplet sizes appear similar to those for the case in the absence of the coflow (section 4.7.4).

To add some insight into the interaction between phases, Figure 4.8.2-2 (a and b) presents a comparison of
the measurements of the gas phase and droplets for the unconfined methanol spray with annular coflow.

The results for the axial velocity (Figure 4.8.2-2 [a]) indicate that the droplet velocity is lower than that of

the gas phase up to about 50 mm downstream of the injector. Since the liquid is injected with nearly no

velocity, the gas phase accelerates the liquid. By 50 ram, the greater momentum of the droplets causes

them to reach axial velocities which are greater than that of the gas phase, which is continually decaying.

The radial velocities reveal little difference between the two cases near the centerline. However, away
from the centerline, the droplet radial velocity is significantly higher than that of the gas phase.

4.8.3 Confined Single-Phase - (_QNF2_# 1

Figure 4.8.3-1 provides the geometry employed for the confined spray with annular coflow.

Figure 4.8.3-2 presents examples of the results obtained for the single-phase flow. Based on the two or-

thogonal profiles (Figure 4.8.3-2 [a]), the flow is symmetric. At 4.0 mm, evidence of the two air streams is

evident. Data were not obtained near the centerline due to insufficient frequency shift on the second

component. The radial (Figure 4.8.3-2 [b]) and azimuthal (Figure 4.8.3-2 [c]) profiles show that a slight
mismatch between the geometric and aerodynamic centerlines was present. The radial velocities also re-

veal high entrainment rates near the injector.

4.8.4 Effect of Coflow on Gas Pha_e

Figure 4.8.4-1 provides a comparion of the measurements made with and without coflow in the confined
duct.

4.8.5 Confined Methanol Spray - (_ONF29#1

Figure 4.8.5-1 presents examples of the results obtained from the confined spray with coflow. Based on

the two orthogonal profiles (Figure 4.8.5-1 [a and d ]), the spray is symmetric. The trends observed are
similar to those observed for the case without coflow (section 4.7.4).
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4.8.6 Effect of Coflow on Spray

Figure 4.8.6-1 presents a comparison of the confined methanol spray with and without coflow. The
coflow has little impact on either the droplet velocities or the droplet size.

4.8.7 Effect of Confinement on Spray

Figure 4.8.7-1 provides a comparison of the measurements made in the confined and unconfined
methanol sprays with coflow. Small differences are observed, primarily in the mean axial velocity at the
edge of the spray and in the size. Overall, the effect is small.
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a) Mean and Fluctuating Axial Velocities
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b) Mean and Fluctuating Radial Velocities
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c) Mean and Fluctuating Azimuthal
Velocities
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e) Shear Stress Based on Axial and
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a) Mean and Fluctuating Axial Velocities
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b) Mean and Fluctuating Radial Velocities
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c) Mean and Fluctuating Azimuthal
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d) Sauter Mean Diameter
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a) Mean and Fluctuating Axial Velocities
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b) Mean and Fluctuating Radial Velocities
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Figure 4.8.2-2. Comparison of the gas phase and droplet velocities in the unconfined methanol spray with
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a) Mean and Fluctuating Axial Velocities
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Figure 4.8.3-2. Radial profiles of the gas phase measurements in the confined methanol spray with
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b) Mean and Fluctuating Radial Velocities
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c) Mean and Fluctuating Azimuthal

Velocities
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a) Shear Stress Based on Axial and Radial

Velocities
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Figure 4.8.3-2. Radial profiles of the gas phase measurements in the confined methanol spray with
annular coflow (4 of 5).
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e) Shear Stress Based on Axial and

Azimuthal Velocities
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Figure 4.8.3-2. Radial profiles of the gas phase measurements in the confined methanol spray with
annular coflow (5 of 5).
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a) Mean and Fluctuating Axial Velocities
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Figure 4.8.4-I. Comparison of gas phase velocities in the confined single-phase flow from the air-blast
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b) Mean and Fluctuating Radial Velocities
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c) Shear Stress Based on Axial and Radial
Velocities
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a) Mean and Fluctuating Axial Velocities
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Figure 4.8.5-1. Radial profiles of the droplet measurements in the confined methanol spray with annular
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b) Mean and Fluctuating Radial Velocities
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Figure 4.8.5-I. Radial profiles of the droplet m_sunmnents in the confined methanol spray with annular
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c) Mean and Fluctuating Azimuthal

Velocities

m

E

o
0
_J

W
_J

-I-

D

E

o
o
_J
IM
>
__1
<
I
I-.-
D

¢1

E

o
o

W
_J
<
I
I---
D

10

-5

-10

5

0

-5

-10

-5

Z = 25.0 mm

OWp

z_W'p
'Z " 3,5.0mm

i I , I . i i .

OWp

,_,W'p
* . J ,

Z 45.0 mm

• _.O-5_.8,_.A.,,.,,.,..,..A.,,.,,.,,.,,,.,,.,,,.,,
• .¢_ "O. O

..... 0.O ......................

l . l . i . i . [

0 10 20 30 40

RADIAL POSITION, mm

OWp

• _ A,W'p

50 60

TE92-1910

Figure 4.8.5-1. Radial profiles of the droplet measurements in the confined methanol spray with annular
coflow (3 of 4).
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d) Sauter Mean Diameter

P%
o

150

100

5O

0

-50

100

50
o

0

-5O

100

5O

,.%

Z = 25.0 mm

, . , ....... . ,
Z 3,.5.0 mm

i . J . I • . - J .

Z 45.0 mm

tH_mmaa sas_

-50 ........ ' ' ' '
- 10 0 10 20 30 4(3 50 60

RADIAL POSITION. mm
TE92-1911

Figure 4.8.5-1. Radial profiles of the droplet measurements m the confined methanol spray with annular
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a) Mean and Fluctuating Axial Velocities
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Figure 4.8.6-1. Comparison of droplet measurements in the confined methanol spray with and without
coflow (1 of 3).
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b) Mean and Fluctuating Radial Velocities
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c) Sauter Mean Diameter
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Figure 4.8.6-1. Comparison of droplet measurements in the confined methanol spray with and without
coflow (3 of 3).
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a) Mean and Fluctuating Axial Velocity
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Figure 4.8.7-1. Comparison of the droplet mem_ in the methanol spray with and without
confinement (1 of 3).
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b) Mean and Fluctuating Radial Velocities
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Figure 4.8.7-1. Comparison of the droplet measurements in the methanol spray with and without
confinement (2 of 3).
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c) Sauter Mean Diameter
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