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An experimental program to characterize the spray from candidate nozzles
for Iclng-cloud simulation is discussed. One candidate nozzle, which is cur-

rently used for icing research, has been characterized for flow and drop size.

The medlan-volume diameter (MVD) from this alr-asslst nozzle is compared with

correlations in the literature. The new experimental spray facility is dis-

cussed, and the drop-slze instruments are discussed in detail. Since there is

no absolute standard for drop-slze measurements and there are other limita-

tions, such as drop-slze range and velocity range, several instruments are used

and the results are compared. The drop-slze instruments used are the Malvern

2600, the NASA Lewis Scanning Radiometer, the Phase/Doppler Spray Analyzer

(P/DSA), a Forward-Scatterlng Spectrometer Probe (FSSP), an Optical Array Probe

(OAP), and a limited amount of photography. The known capabilities and llml-

tations of the drop-slze instruments are compared.

A two-phase model was developed at Pennsylvania State University. The
model uses the k-c model of turbulence in the contlnous phase. Three methods

for treating the discrete phase are used: (1) a locally homogenous flow (LHF)

model, (2) a deterministic separated flow (DSF) model, and (3) a stochastic

separated flow (SSF) model. In the LHF model both phases have the same veloc-

ity and temperature at each point. The DSF model provides Interphase transport

but ignores the effects of turbulent fluctuations. In the SSF model the drops
interact with turbulent eddies whose properties are determined by the k-c

turbulence model. The two-phase flow model has been extended to include the

effects of evaporation and combustion. Model development has been accompanied

by an experimental program to provide data for verification. Presently, the
model has been further extended at NASA Lewis to include the effects of

swirling flow, and a partlcle-laden swirling flow experiment is currently
being performed to provide verification data.

INTRODUCTION

Sprays and two-phase flow are of interest in many fields - for example,

gas turbine combustion, agricultural crop spraying, paint spraying, fire pro-

tection, and drying. This paper describes the use of sprays to simulate icing

clouds for the Altitude Wind Tunnel Icing Research Program. Iclng-cloud simu-

lation and gas turbine combustion research have common interests in the method

of injection, the characterization of drop size and of droplet velocities, and

the development of analytical models for droplet trajectories and droplet

vaporization. This paper discusses injector or spray-nozzle drop-slze charac-

terization, an experimental test facility for injector characterization, drop-

size measurement techniques, and analytical models for trajectory calculations.

IN3ECTOR CHARACTERIZATION

The injector, or spray nozzle, used currently for Iclng-cloud simulation
at the NASA Lewis Research Center is an alr-asslst injector (fig. l). It is
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very similar to the injector used by Nuklyama and Tanasawa (ref. 1). The water

flows through a center tube (0.635-mm dlam) and has a concentric annular pas-

sage (9.35-mm dlam) for alr-asslst flow. The water and the air exit through a

3.175-mm orifice. The advantage of an alr-asslst injector for icing research

and other applications is that, within limits, there Is nearly independent

control of water flowrate and drop size. The water flow Is controlled by the

difference between the air pressure and water pressure, and the drop slze Is

controlled by the alr pressure only.

Drop-slze measurements using this injector were made for us at Arnold
Engineering Development Center by J.L. Hunt. The drop-slze data shown In

figure 2 are plotted as medlan-volume diameter in micrometers. The median-

volume diameter MVD is defined as the drop size where 50 percent of the total

droplet volume is contained in droplets less than that diameter, and 50 percent

is contained In droplets greater than that diameter. The MVD is plotted as a

function of the difference of water and alr-asslst pressure wlth the air-

assist pressure as a parameter.

This method of correlating the data is very useful for setting the oper-

ating conditions in the wind tunnel. However, the drop-slze data could be

presented in a more fundamental manner as a function of the water to air mass

ratio. Other factors that appear in correlations In the literature, such as

viscosity, surface tension, and relative velocity between the air and water,

are constant or nearly constant for these data. The relative velocity Is

nearly constant, even though the flowrates are changing. The reason for this

Is, first, that the alr Is being injected at high pressure into a low-pressure

ambient environment and thus has sonic, or nearly sonic, velocity. Second, the

water pressure is relatively low so that the water has a relatively small

velocity compared to the sonic velocity of the air. Thus, the difference In

the velocities or the relative velocity is constant.

These data were compared to values from various correlations. These com-

parisons are shown in figure 3 for one alr-asslst pressure. The injectors used

in the references were similar to the NASA Lewis Research Center injector.

However, the drop-slze measurement techniques were different. The Nuklyama-

Tanasawa (ref. l) drop-slze correlation was made from measurements of water

droplets on photographs. The Lorenzetto-Lefebvre correlation (ref. 2) was made

from llght-scatterlng measurements of water droplets. Wlgg (ref. 3) used

measurements from molten wax sprays with swirl. As you can see in the figure,

the results of the correlations have a wide range of values, some higher and

some lower than the data taken at Arnold. Preliminary data taken at NASA

Lewis seem to be closest to the data of Nuklyama-Tanasawa. Preliminary

data taken With the NASA Lewis injector at Carnegle-Mellon University are lower

than the Arnold data. There needs to be much more work on drop-slze measure-

ments and correlations before drop sizes can be accurately predicted.

TEST FACILITY

The objectives of our experimental program are to characterize a variety
of candidate injectors for drop size and dispersion, to compare different

drop-size measurement techniques, and to take data that can be used for tra-

jectory models. Trajectory model data consist of initial condition data taken

upstream close to the injector and verification data taken far downstream.
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The test stand is shown In figure 4. Duct air enters through a 40-cm-
diameter pipe. The maximum atr velocity through the pipe is 88 m/sec. We wtll
be able to control the relative humldtty from 0 to 100 percent by adding steam

far upstream. Controlling the relative humidity could be necessary tf evap-
oration ts important.

The duct atr temperature wtll be controlled by injecting ltquid nitrogen
upstream. The primary use of the temperature control will be to provide a
constant Inlet temperature of 292 K. For some icing tests the Inlet temper-
ature Is held at 273 K and even lower temperatures for shorter times.

The injector ts inserted In a section with a window so that the nozzle
operation can be monitored wtth a television camera. Water ts the only liquid
capable of being tested in this facility. The water is demlnerallzed and
heated to 380 K. For icing applications, the water and the air-assist injector
are heated so that tce crystals do not form during the expansion process. The
water and air-assist flow temperature can be controlled between the ambient
temperature and 3?3 K.

The injector ts shown In a section 2.5 m upstream of the instrument sec-
tion. The injection section can be moved to any location closer to the
instrument section. Upstream of the injector there ts a traversing pltot tube
to measure the Inlet velocity.

Downstream, at the instrument section, drop-size measurements can be made.
The instrument section has a square cross section wtth windows In the sides
that are at 7° angles to each other to prevent reflections. Other drop-size
instruments that are used are described In the next section. The instruments
stt on a three-axis traversing table so that radial and spatial variations can
be measured. A llquld-water measurement probe traverses vertically to measure
the variation in liquid-water concentration.

Another set of droplet-sizing instruments Is mounted In the duct down-
stream of the instrument section. The principle of operation of these instru-
ments ts discussed In the next section. These instruments are intrusive and
mounted In a fixed position. They are the same instruments that are mounted
on airplanes to measure drop sizes In clouds. Tests with these instruments
will provide a good comparison of the data from the nozzles with that In the
clouds. This Is an atmospheric pressure rtg, so the atr and water are vented
to the atmosphere.

DROP-SIZE INSTRUMENTS

The most important factor In making drop-slze measurements is the drop-

slze measuring instrument. As you have seen from the figure comparing the

drop-slze data correlations, there must be large differences in the data on

which they are based. One of the major problems is that there Is no standard
to which to compare the drop-slze measurements, especially In a spray. Since

there are other limitations beside the lack of a standard such as drop-slze

range and velocity range, In our program we use five different drop-slze
instruments and compare the results. The instruments are a Malvern 2600, a

NASA Lewis Scattered-Llght Scanner, a Phase/Doppler Spray Analyzer, a Forward-

Scattering Spectrometer Probe, and an Optical Array Probe. And a limited
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amount of photography is used for qualitative analysis. A qualitative analysis
and a discussion of each of these instruments follows.

The Malvern 2600 is a commonly used drop-slze instrument (fig. 5). Lewis'
HSD version of this instrument, which provides a faster snapshot of the data,

is described in reference 4. (The inserts in figure 5 describe the principle

of operation.) This instrument measures the angle that the light is diffracted

by the drops. The bigger drops diffract the light at a small angle and the
smaller drops diffract the light at a larger angle. The detector is a series

of concentric rings that determine the angle of the scattered light. The drop
size is calculated from the scattered light angle. The insert also shows that,

no matter where the droplet is in the llne of sight, the light that is scat-
tered at the same angle always falls on the same detector ring.

Although there is no standard for determining drop sizes, we use a

Hirleman reticle for calibration purposes. The Hirleman reticle (fig. 6) con-

sists of a glass substrate on which chrome disks are photographically depos-
ited. The chrome disks are sized to represent a Rosln-Rammler distribution

with an x-bar of 50 and an n value of 3. One problem we have found using
the reticle with the Malvern 2600 is that there is a correction for anomalous

diffraction. The Malvern calculations are based primarily on Fraunfaufer dif-

fraction theory. However, for small drop sizes (below a diameter of 5 pm)

three-dimensional effects are considered; these effects are lumped under the

term anomalous diffraction. Thus, the problem is that the reticle has two-

dimensional disks and not three-dimenslonal spheres. We are currently studying

the feaslblllty of modifying the Malvern software to ignore the anomalous dif-

fraction calculation when using the reticle. If this does not prove to be
practical, we will still use the reticle for relative comparisons.

We also plan to add an additional lens system to the Malvern to be able
to measure an MVD of 5 pm across the 30-cm instrument section. Verification

of the correctness of the additional lens system will be done by taking meas-

urements of the retlcle with and without the additional lens system.

The second instrument, the Scattered-Light Scanner, is also based on the

diffraction principle. This is a revised version of the NASA Lewis Scanning

Radiometer (described in ref. 5), which was developed by Don Buchele and used

in many research projects by Robert Ingebo. Figures 7 to 9 explain the oper-
ation of the instrument.

Figure 7 shows the reflection, refraction, and dlffractlon of a laser

light beam passing through a drop. Since calculations are based on the dif-

fraction of light through the drop, the wlde-angle diffraction is ignored.

There is narrow-angle diffracted light from the envelope (or aperture) of the

laser beam that must also be ignored.

F!gur_ R(a) It a plot of light intensity as a function of the llght-scat-

ter angle. Figure 8(b) shows the product of the light intensity and the llght-

scatter angle as a function of the light-scatter angle. It shows that the

measurement interval extends from where the intensity of the near envelope

diffraction is negligible to a value of the light intensity which is still high
enough to be meaningful. A scanner is used to measure the intensity of the

scattered light as a function of the light scatter angle. The scanner is a
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disk wtth a radial slot that is rotated wtth Its centerltne eccentric to the
laser beam centerltne.

To calculate the mean drop size, Don Buchele has calculated the light
intensity as a function of a beam spread parameter (fig. 9). From the previous
figure we can find the maximum ltght intensity and the light intensity at a
specified angle. Using these values and the beam spread parameter and knowing
the wave length and the specified angle, we can determine the mean drop size.
Calculations were made wtth five different distribution correlations, and they
are shown plotted for three dispersion levels. The distribution correlations
used were the Nuktyama-Tanasawa, the upper-limit distribution functions, the
Rostn-Rammler, the Nelbel, and the Rinks distribution function. The beam-
spread parameter ts nearly the same for all the distributions and dispersions
at a relative intensity of 0.75. If this relative intensity Is used, then the
mean drop-size calculation ts independent of distribution and dispersion. The
dispersion can be calculated from the slope of the curve.

A schematic of the Scattered Light Scanner (fig. 10) shows the various
parts and dimensions of the instrument. The primary feature ts the eccentric
light scanner.

The third drop-slze instrument to be discussed was developed under a NASA
combustion fundamentals contract to Wtlltam Bachello at Aerometrlcs Corpora-
tion. The method Is the phase/Doppler detection technique and the instrument
ts called the Phase/Doppler Spray Analyzer (ref. 6). This ts a scheme where a
set of laser beams Is crossed to form a fringe pattern (fig. 11). As a drop-
let passes through the fringes the llght ts scattered and measured 30 ° off axis
with a photodetector. From this measurement, simultaneous values of drop
diameter and velocity can be calculated. The measurement and calculations are
for single droplets; averages and medians are calculated from the single drop-
let data.

Figure 12 shows In more detail the principle of the phase/Doppler system.
The scattered light ts collected by three detectors wtth sllghtly different
spattal locations. Because of the spatial difference, the light path to the
three detectors ts different, and thus there Is a phase difference In the stg-
nals. From this phase dlfference the drop stze can be calculated. Again, the
phase difference occurs because of the path difference inside the drop, so that
the phase angle Is a function of the diameter.

Figure 12(b) ts a plot of phase difference as a function of diameter.
From the phase difference between detectors 1 and 2, an approximate drop-size
estimate can be made. From this approximate drop stze and the phase difference
between detectors 1 and 3, a more accurate determination of diameter can be
made.

The calculations are based on reflection and refraction theory. Dlffrac-
tlon can be ignored because the measurements are taken 30 ° off axis, where
diffraction ts negligible.

The Forward-Scattering Spectrometer Probe (FSSP) Is one of the two lntru-
stve instruments that we use that ts located downstream of the instrument sec-
tion. This instrument Is the same type that Is mounted on airplanes to measure
raindrop diameters (see ref. 7). It provides a comparison of the other drop-
stze instrument measurements wtth the measurements made tn clouds.
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The FSSP Is a single particle counter. A schematic of tts operation ts
shown In figure 13. A laser beam. ts optically directed across two arms of the
probe, In a direction perpendicular to that of the partlcle-laden flow. Scat-
tered light from a particle Is optically directed and focused onto a photodtode
to measure the intensity of the scattered light. Any unscattered light Is
removed by the dump spot. The scattered light is also directed onto a second
photodetector that Is used to determine whether the droplet ts In focus (in
focus along the axial length of the laser beam). This second photodetector
also has a dump spot. The light from a droplet that is In focus Is removed by
the dump spot. A droplet that Is not in focus has a broader signal that ts not
removed by the dump spot, and the droplet measurement Is rejected.

Drop slze as a function of the measured intensity Is shown In figure 14.
In the figure the light intensity Is shown In the near forward-scatterlng

angles of 4° to 14°. The curve Is shown for a Gausslan T-type (transverse

electric) beam. This Is a multlvalued function; thus, for a given intensity,

the drop slze may not be uniquely determined. The actual instrument uses a

hlgh-mode laser beam which has a smooth curve and Is single valued.

The last drop-slze instrument to be discussed Is the Optical Array Probe

(OAP), which can also be flown on an airplane to measure raindrop sizes. Thls

instrument Is made by the same company as the FSSP, but It Is made to cover a
larger drop-slze range. The operating principle Is shown In figure 15. It Is

a slngle-partlcle imaging system. The drops pass through a laser beam, and

then the light is transmitted through the instrument optics to an array of

photodetectors. The drop slze Is determined by counting the detectors In the

shadow of the drop. The last detector at each end is kept open as a check to

determine If the whole drop Is seen. To determine If the drop Is In focus, we

use an intensity gradient criteria. An Infocus drop has a sharp gradient from

llt to unlit photodetectors, while an out-of-focus drop has a gradual gradient

from llt to unlit. Figure 16 Is a simple schematic of the OAP.

Table I compares the FSSP, OAP, Malvern 2600, Scattered-Llght Scanner, and

Phase/Doppler Particle Analyzer (P/DSA) drop-slze instruments. The slze range

refers to the droplet diameters that can be measured wlth any particular setup.

The number of bins refers to the number of increments Into which the size range

is divided. The overall slze range then refers to the smallest to the largest

diameter that can be measured, but It may require a change In setup and multi-

ple measurements to cover the range. The numbers In the ranges refer to indi-

vidual droplets for all the instruments except for the Scattered Light Scanner,

whose range Is given In MVD.

The velocity limits are all acceptable for our work except for those of

the P/DSA, which has a slight limitation for our purposes. Currently manufac-

tured P/DSA instruments have a upper limit of 75 m/sec. The comments section

lists features that we consider particularly beneficial. With the FSSP and

OAP, we consl _-- the ability to use the same I.......... to A_-In _UQ LQu_w fromU_ L_Ulll_ll LI1_ LI

clouds and the test factllty to be important. The Malvern and the Scattered-
Light Scanner have the abtltty to measure MVD directly and thus are good for
screening a number of injectors qulckly. The P/DSA has the capability of
making point measurements of stze and veloclty which makes the data particu-
larly useful for modeling work.
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ANALYTICAL TRAJECTORY MODELS

The second part of thts report describes spray model development. The
model work to be presented was done at Pennsylvania State University by Pro-
fessor Faeth and his graduate students and associates (refs. 8 to 10).
Ftgure 17 shows the Important Interactions of the drop with Its environment.
These Interactions are: the drop]et drag that results tn a source term tn the
continuous flow equation, random deflections of the drops by turbulent eddtes,
and turbulence modulation of the continuous phase by the extraction of turbu-
lent energy by the droplet drag. Actually, three models of Increasing com-
plextty were developed. They are a locally homogenous flow model, a determln-
tstlc separated-flow model, and a stochastic separated-flow model.

The locally homogenous flow model ts the simplest model (ftg. 18). It
uses the k-c model to calculate the continuous-phase flow characteristics.
It then assumes that the particles have the same velocity as the continuous
phase and treats the k-c equations as a varying-density flow. This model Is
correct for small drops that follow the continuous phase flow. An advantage
of the model ts that the calculation Is no more complex for a two-phase flow
than for a single-phase flow. It Is also useful when the lntttal conditions
of the spray, such as drop size or spray angle, are not available since they
are not needed tn the calculation.

The second model Is the deterministic separated flow (DSF) model
(fig. 19). It also uses the k-c model to calculate the gas or continuous-
phase flowfleld. The parttcle or droplet distribution Is dtvtded tnto a number
of classes wtth a representative number of droplets tn each class. Then, for
each drop, the trajectory ts calculated. The trajectory calculation ts based
on the mean continuous-phase flow properties. Dispersion due to turbulence Is
Ignored. Thts Is the most wtdely used approximation In current models of com-
busting sprays. Other assumptions are that the drops are spherical and that
the spray Is dilute wtth no collisions.

One feature of this model ts the partlcle-ln-cell approach. As a particle
goes through a cell, the drag momentum ts coupled wtth the continuous-phase
momentum. The net change In momentum Is calculated for each drop class as It
passes through a computational cell as shown tn figUre 20. Then the gas or
continuous-phase flow equatton Is calculated with the change tn momentum as a
source term.

The last, and most complex, model Is the stochastic separated flow (SSF)
model (fig. 21). In this model, the conttnuous_phaSe turbulence does Interact
with the drop or particle. Again the gas-phase calculation Is made using the
k-c model. To make the Lagraglan drop-trajectory calculation we assume the
drop Interacts with an eddy. The properties of the eddy have a distribution
based on a probability density functton with a standard deviation dependence
on k. From the distribution, the properties of the eddy are found by using a
Monte Carlo technique. The Interaction ts shown tn figure 22. The drop
Interacts wtth the eddy etther for the 11fetlme of the eddy or the time tt
takes the particle to traverse the eddy. The stze of the eddy Is based on the
dissipation length. The number of calculations are much greater for thts
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method than for the deterministic separated flow (DSF) model. While for the
DSF model approximately 600 drops are sufficient for an accurate calculation,

for the stochastic separated flow model about 6000 drops are needed for an
accurate calculation.

An experimental study was also done to complement the analytical modeling
effort. From a large amount of data, four plots were chosen as representlve.

Figure 23 is a plot of the mean axial velocities of the drops as a function of

the drop diameter at different axial locations. An alr-asslst injector wlth
an exlt-orlfice diameter of l.lg4 mm was used. The initial conditions were

taken at an x/d of 50, where x Is the axial distance and d is the Injec-
tor-orifice diameter. Thls is a distance of about 55 mm. This was sufficient

distance for the spray to be well formed for most conditions. However, there

were some conditions where ligaments were observed.

The drop-slze and velocity measurements were made using double-flash
photography. Two other methods were used to measure drop size. One was slide

Impactlon in which a slide coated with magnesium oxide was used. The second
alternate method was to measure drop size with a Malvern. The Malvern meas-

urement was used mainly to monitor the spray to determine whether the spray

varied from day to day.

The data were compared wlth the calculations from the stochastic separated
flow model and the deterministic separated flow model. The calculations agree

well, with the data from the stochastic separated flow model agreeing the best.
For all the data plots, the stochastic separated flow model agreed well with

the data, while the deterministic separated flow model and the locally homoge-
nous model agreed well for some conditions and not so well for other condi-
tions.

Figure 24 shows the radial variation of mean liquid flux G. For this
case, the SMD at an x/d of 50 was 30. Again the calculations wlth the

stochastic separated flow model agree well with the data for all conditions,

while the other two models do not agree well for all conditions. It Is inter-

esting to note that the locally homogenous model underpredlcts the data. For

all the previous work In which the locally homogenous model was calibrated with

solld-particle-laden flow, the model overpredlcted the development of the

spray.

Figure 25 shows the variation of the Sauter mean diameter with the dls-

tance along the axis. Figure 25(a) is for a nonevaporatlng oll spray and

figure 25(b) is for an evaporating Freon ll spray. Case 1 had an initial SMD

of 30 at an x/d of 50 and case 2 had an initial SMD of 87. For the nonevap-

orating case, the mean diameter increases after an x/d of lO0 because of the

greater dispersion of the small drops. The stochastic separated flow model

does better at predicting the data because it considers the dispersion due to
turbulence.

The variation of SMO along the axis for an evaporating spray Is shown In
figure 25(b). For an evaporating spray, there are competing effects: evapo-

ration reduces the mean diameter, and greater dispersion of the small drops
increases the mean diameter along the axis. The stochastic separated flow

model and deterministic separated flow model do a good Job of predicting the

trends even if they do not exactly duplicate the data.
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The model development Is continuing at the NASA Lewis Research Center as
part of a Ph.D. thests (by Daniel Bulzan). The ablltty to calculate flow
fields wtth swirl has been added to the model, and an experimental calibration
and verification ts underway. The experiment wtll have a weakly swirling flow
field with a swtrl number of less than 0.4. Glass beads with known sizes wtl]
be used to slmpltfy the analysts. Particle number flux wt11 be measured by a
30 ° off-axis Mte-scatterlng technique. Laser Doppler veloclmetry (LDV) wtll
be used to measure the particle and gas-phase velocities. The parameters to
be studied are swtrl number, parttcle loadtng ratio, and particle size. The
tntttal conditions w111 be well characterized to provide tnput conditions to
the computer model.

Ftgure 26 Is a drawtng of the experimental configuration. It has a two-
component laser veloctmeter system that w111 be used to measure the partlcle
and the gas-phase velocities. Small aluminum oxtde particles, approximately
0.5 pm diameter, w111 be added to make the gas-phase veloctty measurement. The
laser system wt11 rematn fixed and the Injection system wtll be traversed to
determine spattal variations. The tnJector has four tangential slots to create
swirl.

CONCLUDING REMARKS

There has been much work tn thts fteld of two-phase flow In the past,
and, with the new Instruments that are more accurate, faster, and easter to
use, there promises to be great advances tn the experimental data base. Ana-
lytical models wtl] complement the experimental work; there promtses to be more
accurate and faster analytical models to calculate the two-phase flow fields
that exist tn tclng clouds, gas turbtne combustors, and other applications.
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TABLE I. - DROPLET-SIZE INSTRUMENT COMPARISON

Forward-Scattering Optical Array Malvern 2600 Scattered-Light Phase/Doppler
Spectrometer Probe, Probe, Scanner Particle Analyzer,

FSSP OAP PIDPA

Size range 20 to 300 6 to 120 MVD DmaxlDmin = 35

Number of bins

Overall size range

Velocity limits

Measurement
theory

Type of
measurement

Probe volume

Comments

1 to 16
2 to 32

2 to 47
5 to 95

15

1 to 95

5 to i00 mlsec

Scattering
amplitude

Single-
particle

counter

0.218-mm (diam)
x 2.61 mm

Flight-instrument

15

20 to 300

5 to 100 m/sec

Particle
shadow size

Single-
particle

counter

4.8 mm (diam)
x 6 cm

icing research

1.3 to 128
1.9 to 188

5.7 to 564

15

1.3 to 564

None
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Figure 11.- Phase interactionsfor particle-laden flow.
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Figure 19.- Deterministic separatedflow (DSF)model.
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Figure 21.- Stochastic separatedflow (SSF) model.
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