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ABSTRACT

A method of measuring the aerodynami; diameter of aerosol
particles was investigated. The method consists of acceler-
ating particles in a converging nozzleiand measuring their
velocities near the exit of the nozzle with a laser-Doppler
velocimeter. This study involved theoretical and experimental
~studies ot particle velocity near the exit of converging
nozzles. The results were applied to the problem of sizing
atmospheric éerosols in the diameter range from .5 to 10 um.
The experimental studies utilized a test nozzle with a
converging angle of approximately 15° and an exit diameter of
about .1 cm. Particles of known diameter in the range from
0.5 to 11.3 um were accelerated under various flow conditions,
and their velocities were measured approximately 145 um down-
otream from Llie nozzle exit. 'The pressure drop across the
nozzle was varied from 2.54 to 276 cm of HZO’ and pérticle
velocity was observed to vary from approximately .5 times the
gas velocity at the exit of the nozzle to 1 times this velocity.
A tﬂeoretical analysis utilized boundary layer theory to
predict the velocity of fhe gas in the_nozzle, and then the
equations of particle motion were integrated to give the theo-
retical particle velocities. These values agreed with the
experimental values to within a few percent. One-dimensional,
ideal flow calculations successfully predicted the gas veloc-
ities along the center streamline of the nozzle, and since the
particles were confined near to this streamline, this simplified

flow model was used for the additional theoretical studies.



The effects of nozzle geometry, flow rate, particle den-
sity éna partigle size were studied using the results'of calcu~-
>latiégg'ﬁade‘dith dimensionless equations. The velocity of a
pértib%e-inAa given nozzle and flow depends upon ghe aerody-
pamicfﬁiameter'of the particle and the particle density. The
"“gegﬁégrj-and flow can be chosen to minimize the effect of par-
';ticlg aeﬁéity. This was done in the case of a nozzle proposed
.,fqr‘méaéﬁrements of atmospheric aerosol. This nozzle converges
‘ with aﬁ angle of 456; has an exit diameter of .1 cm and a pro-
poéed operating pressure drop of 54.6 cm of HZO' Assuming that
,_tﬁé Aensity of particles in the atmosphere ranges from 1 g/cm3
'to 3 g/cm3, the aerodynamic diameter of particles can be mea-

sured with an uncertainty of #107 in the size range from .5 um

to 10 ym.
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CHAPTER 1

INTRODUCTION

1.1 Introduction

Concern has grown in recent years over the effects of par-
ticles suspended in air. Qﬁestions have arisen concerning the
role of fine particles in causing or contributing to respi-
fatory ailments, degrading visibility in the atmosphere, or al-
tering the climate., These have prompted considerable research
‘into the characterization and measurement of aerosols. Since the
particle diameters of interest in these sfudies range from a few
thousandths of a micron to tens of microns, many different in-
struments operating on different principles have been developed
to size and character:i = aerosols. Instrﬁments which classify
particles according to aerodynamic diameter are of particular
interest in the study of health effects, since the aerodynamic
diameﬁer is the primary characteristic of a particle which deter-
mines if and where it settles or impacts in the respiratory
system. The present study concerns the development of an instru-
ment to make rapid, in situ measurements of aerodynamic size in
the range from .5 um to 10 um.

1.2 Object of the Study

A

The principal aim of this work is to study a method for mea-
suring the aerodynaﬁic diameter of particles in the diameter
range from .5 pm to 10 um. The method involves passing particles
through a converging nozzle and measu;ing their velocity with

a laser-Doppler velocimeter (LDV) as they exit the nozzle.
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The particles lag behind the rapidly accelerated flow, and the
amount of this lag depends upon their size, density and the flow
conditions in the nozzle.

In order to use particle velocity as a ﬁeasure of particle
size, it is necessary to know how this velocity is affected by
nozéle geometry, the flow in the nozzle, particle diameter, and
partiéle density. These questions are pursued here in experi-
mental and theoreticél studies. These studies$ cover a broad range
of operating conditions and are intended to_be sufficiently gen-
eral so that they can be used for actual instrument design or
for assessing the feasibility of the technique for wvarious ap-
plications.

The results are applied to the problem.of sizing atmospheric
aerosols in order to demonstrate that an appropriéte nozzle and
flow can be chosen for the rapid, in situ measurement of aerody-
namic size distributions.

Thus, the objectives are to study the method, to explore one
of its possible applications, and to present sufficient informa-
tion so that it is accessible to others.

The remainder‘of this chapter contains the definition of
aerodynamic diameter.and a discussion of its importance, a brief
review of opticallmethods widely used to size particles in the
.5 uym to 10 um.size range, and a review of other velocimetric
methods used in the measurement of particle size in the diameter

‘range of interest. The final section introduces and outlines the

present study.



1.3 Aerodynamic Diameter

The aerodynamic diameter, Da’ combines factors of shape, size

and density into one parameter and provides a convenient means
of characterizing a particle when its motion in a flow is the
principal consideration. Knowing the aerodynamic diame;er of
a particle is sufficient to allow prediction of its motion in a

® known flow if the particle Reynolds number is small and the only
forces acting on the particle are drag forces and body forces pro-
portional to particle mass. Thus, impactors (Marple and Liu,
1974), centripteres (Sttber, 1976), and acoustic fields (Kirsch
and Mazumder, 1975) have been used to classify particles ac-
cording to Da' At small particle Reynolds numbers, deposition by
impaction and settling is détermined by aerodynamic diameter, and
therefore, the Task Group on Lung Dynamics of the Internmational

Commission on Radiological Protection (1966) suggested that the

® particles used in aerosol inhalation studies be characterized in
terms of the '"diameter of a unity density sphere with the same
settling velocity as the particle in question.'" This definition
is consistent with that of Da'given in Equation (1.2) below.
The generality of Da can be understood by considering Equa-
tion (1.1), which describes the motion of a particle moving at
small Reynolds numbers (Fuchs, 1964, p. 27 and 107):
dU_  3muD
%Dp3°' =L = —22 @, -T) +F , (1.1)
o '

where Dp is the particle diameter; p' is the particle density

and C is the slip correction [see Equation (3.16)]; u is

.
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the gas viscosity; ﬁg is the gas velocity; ﬁp is the particle
velocity and T is any body force acting on the particle.' In the
casg of an irregular particle, Dp is replaced by the diameter of

a sphere having the same mass and density as the particle, and the
first.term on the.right-hand side of thg eqﬁation, the Stokes drag
term, is divided by the dynamic shape factor (Fuchs, p. 37 ff.).
This modification accounts for the dependence‘of drag on orienta-
tion and shape while reflecting the fact that the drag on a non-
spherical particle is still proportional to (ﬁg - ﬁp) at small
particle Reynolds numbers.

In the cases mentioned above, F is eithef zero (for example,

in impaction) or proportional to particle mass (for example, in
settling or circular motion). Thus, all the terms involving p',
o énd Dp can be grouped into a single term, CDPZQ', and par-
ticles having the same value of CDpzp"will have the same trajec-
tories. This suggests a definition of aerodynamic diameter
(Raabe, 1976):

/) o, = D, /e'C(D) ‘ ' (1.2)

where-Da.is the aerodynamic diameter of a particle having a diam-~
eter Dp' C(Da) and C(Dp) are the slip corregtions applying to Da
"and D_. Irregular particles are again treated by the introduc-
tion of the diameter of the mass-equivalent sphere, and by
dividing that diameter by the square root of the dynamic shape
factor. Thus, Equation (1.1) predicts the same motion for all
particles having the same value of D, as long as F is zero or

proportional to mass.
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At larger Reynolds numbers, another term is added to Equa-
tion (1.1). In such cases, aerodynamic diameter is no longer
sufficient to characterize the particle. This is discussed in
Chapter 4. Da does not provide sufficient information to permit
calculation of particle mass or shape. It says nothing about
chemical compoéicidn, optical properties, or any of the dozens of
other things researchers want to know from time to time about
aerosol particles.

1.4 Optical Particle Counters

Optical particle counters (OPCs) are very frequently used
to size aerosols in the diameter range from .5 um to 10 um and
beyond. They will be discussed briefly to indicate what they mea-
sure and how it relates to the concerns of the present study.
These instruments come in a variety of configurations. Most
operate by measuring a portion of the light scattered by individ-
ual particles as they pass through a light beam. While it is
generally true that large particles scatter more light and small
ones scatter less, it must be femembe?ed that scattered light is
the detected variable. And so, the optical properties of the par-
ticles influence the. output of the OPC. When'measuring spheres of
known refractive iﬁdex, the output of an OPC can be related with
considerable accuracy and resolution to the diameter of the sphere.
When measuring spheres of unknown refractive index, the output of
the OPC is given in terms of equivalent light-scattering diameter.
If the range of the refractive index present in the aerosol is

known, the equivalent light-scattering diameter can be related to
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particle diameter with‘an»uncertainty depending on this range.
Irregular shape further complicates the problem and reduces the
resolution and accuracy of the measurements. In the best situa-
tion, an OPC gives the éeomeﬁrical size or projected area of the
particle.

éebhart et al. (1976) reviewed laser and white light-
scattering instruments. They note that lasers are particulariy
useful for particle sizes below the wavelength of light where the
scattered intensity of monochromatic radiation is a monotonic
function of particle size, Particles larger than the wavelength
. of light produce intensities which oscillate with particle size.
The oscillations can be smoothed over by using white light for
these larger particle sizes. They report an instrument using
white light and collecting forward-scattered light from 2.5° to
5.5°. This instrument is quite insensitive to refractive index
and shape, and has an output relating principally to the projected
area of the particle.

Willeke and Liu (1976) and Whitby and Willeke (1976) reviewed
commercially available Osz using white light to size particles
in the range of interest in this study. While such instruments
provide valuable information, ghe uncertainties due to unknown
refractive index and shape can be significant. As in the case
reported by Gebhart, these problems vary in importance with the
optical configuration. Whitby remarks that the uncertainties in=
VolQed in sizing atmospheric aerosols with OPCs can be reduced

to an acceptable level by careful choice of instruments and
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modifications such as sheath air. Questions of viewing volume
size and sample rate take precedence over considerations of the
effects of refractive index when sizing atmospheric aerosols which,
at the lower end of the OPC range, are predominately spherical,
wet. particles.

| Knollenberg and Luehr (1976) report an instrument in which
particles pass through a laser cavity and interact with the reso-
nafing radiation. Scattered radiation is measured from particles
ranging in size from .05 um to about 10 um. Calibration curves
show that uncertainties due to refractive index and oscillating
intensity with Dp are of the order of uncertainties encountered in
white light OPCs.

For studies of optical properties of aerosols, OPCs are cer-
tainly the instrument of choice. However, for sizing respirable
coal dust, for example, they have serious shortcomings. To over-
come these problems, Marple and Rubow (1976) have calibrated OPCs
with impactor-classified coal dust to allow use of the OPC to
gain aerodynamic size information. Liu et al. (1974) pre--
classified coal aerosol up to 2.4 um in size using an electrical
mobility analyzer, and then fed the dust to two OPCs. Since
single-charged particles dominated, these particles were monodis-
perse in Stokes-drag diameter. However, the OPC indicated dis-
tributions with geometrit standard deviations of 1.6 to 2.0,

And so, at least it must be said that the resolution of an OPC

calibrated by pre-classified irregular dust is not very good.




1.5 Previous Work .

This discussion is limited to methods in which size is deter-
mined. by velocity measurements.

Yanta (1973) has reported results of LDV measurements of the
velocity of particles on the centerline of a supersonic nozzle
and downstream of a normal shock. The first flow is rapidly ac-
celerating and the second, rapidly deaccelerating. In both cases,
particle velocity differs from the gas velocity by an amount de-
pending on particle diameter and density. Yanta presents the
results of calculations of velocity lag for spheres in a Mach 3
nozzle and behind a normal shock. The calculations show that par-
ticle velocity depends on Dp and the position of measurement.

The density of the particles is not.given. He then shows par-
ticle velocity histograms measured for atmospheric aerosols and
an oil droplet aerosol at various positions downstream of the
shock - and at the point of maximum resolution in the Mach 3
nozzle. These velocity distributions are converted to size dis-
tributions using the theoretical curves. The size distributioﬁ
for the oil aerosol agrees reasonably well with one obtained
using an optical particle counter. This method was intended for
the measurement of particle size by researchers using the LDV to
study supersonic flows. The problem faced by these researchers
is to quantify the velocity lag of the particles so that they
can dgterﬁine the actual fluid velocity.

. . . A device described by Dahneke (1972, 1973, 1974) also

utilizes a jet to accelerate particles. However, in this case,
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the jet expands into a vacuum where the particles are separated
from the gaseous component of the aerosol (Figure 1.1). Dahneke
calls the result an aerosol beam which, similar to a molecular
beam, can be treated in various ways. The initial step of the
process 1is to confiné the aerosol to the center streamline of the
flow into -a converging nozzle by Lhe use of cleén sheath air.
This focusing of the aerosol minimizes the spreading of aerosol
beam as it expands into the vacuum on the downstream size of the
nozzle. The gas.is pumped away, but the particles, due to their
large mass, continue on a straight path in the vacuum chamber.
At this point, the velocify of the particles can be measured
using, for example, a two-beam, time-of-flight measurement.
Dahneke shows the results of measurements on PSL aerosols. The
theoretical analysis of this method is presented by Schwartz and
Andres (1976), in which terminal velocity is shéwn to depend on
the product of particle density and diameter for a given nozzle.
The method has been demonstrated for particles from .3 um to
several tens of um in diameter.

Dahneke also proposed deflecting the aerosol beam with a per-
pendicular jet of air, Large particles would be deflected less
and small ones, more. The deflected particles could be collected
or counted at different positions, each position corresponding to
a different size.

Chabay and Bright (1977) describe a chamber in which par-
ticles settle and their settling velocity is measuring using

laser-Doppler velocimetry. In this case, the reference beam
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Figure 1.1 ‘Aerosol beam apparatus reported by Dahneke (1974).
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configuration is used; and the light scattered from several par-
ticles is simultaneously measured. The resulting signal is ana-
lyzed for beat frequency and amplitude. The analysis assumes that
the aerosol is made up of spherical particles all of the same den-
sity and refractive index, and that both are known. Each Fourier
component of the signal corresponds to a particular particle eize.
Knowing the refractive index allows computation of the amount of
light arriving at the detector from one particle of a given size.
Dividiﬁg this number into the amplitude of the correspondiﬁg
Fourier component produces the number of particles contributing to
that Fourier component. So the signal from the photodetector is
Fourier-transformed, and the frequency spectrum is scaled by the
relative Mie scattering amplitudes point-by-point. The result is
a size distribution. This method was applied to the study of
water Qroplet growth where the assumptions of homogeneity of
shape, density and refractive index are valid (Gollub et al.,
1974). The method has also been used to analyze test aerosols in
the .5 um to 50 um range.

A method for obtaining aerodynamic size is reported by Kirsch
and Mazumder (1975). 1In this method, particles are set into .
motion in an acoustic~field, and thelr velocity is measured using
a.frequency-biased differential LDV. For this measurement, it is
necessary to measure velocities near zero and to distinguish the
direction of the mbtion. This is accomplished by shifting the
frequency of the laser beams relative to each other so that a sta-

tionary particle scatters light with non-zero beat frequency.
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.In the present case, the beam is passed through a rotating dif-
fraction grating, with the result that thé two beams in the dual-
beam method differ in frequency by 2.5 MHz. Thus, the zero
velocity point corresponds to 2.5 MHz; negative velocities have P
lower frequencies and positive velocities have higher frequencies.
The amplitﬁde of the sinusoidal particle velocity divided by the
amplitude of the gas velocity is shown to depend on aerodynamié
diameter, and the system has been used to measure size distribu-
tions in the .1 um to 10 um diameter range.'

Agarwal (1975) performed studies on micron-sized particles
emerging from a thin-walled orifice. Using an LDV, he found the
velocity of the particles to depend on particle size. The orifice
was operated at sonic conditions, and tests were run for particle
diameters ranging from nearly 3 um to § um.

1.6 Present Study

In the present study, ‘the velocity of particles emerging from ®
a converging nozzle was studied experimentally and theoretically.
The experimental studies involved measuring the velocity of
spherical particleslof known diameter an& density as they emerged
from a test nozzle. Particles ranging in diameter from .5 um to
11.3 um were measured in various flows. The pressure drop across
the noézle was varied from 2.54 cm of H20 to 691 cm of HZO.
The measurements were made with an LDV, The results of these
measurements are presented in Chapter 2.
The theoretiéal stﬁdy began with an analysis of the

. experimental results. First, the shape of the test nozzle
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was determined. The flow in the nozzle was then calculated using
boundary layer theory for several values of pressure drop across
the nozzle observed in the experiment. The flow was also calcu-
lated using one-dimensional ideal flow, and these predictions of
centerline gas velocity agreed well with theose of the boundary
layer theory. Then, particle velocities for particles moving in
the flows were calculated from the equations of particle motion.
The agreement between theory and experiment, presented in Chap-
ter 3, justifies the use of the theory in other circumstances.

The second part of the theoretical study invelved applying
the theory, validated in Chapter 3, to nozzles of different geom-
etry and particles of different properties. Dimensional analysis
shows that the dimensionless particle velocity depends upon nozzle
shape, dimensionless distance from the nozzle exit, Stokes number,
and a particle Reynolds number. Thus, calculations were made for
three nozzle shapes, four dimensionless distances from the nozzle
exit, and a range of Stokes and Reynolds numbers based on particle
diameter. The aerodynamic diameter can be determined from Stokes
number. So, if the dependence of dimensionless velocity on the
Reynolds number can be minimized, then aerodynamic diameter can be
determined from the velo;ity. The discussion of this task and the
results of the calculations are presented in Chapter 4. The re-
sults should be general enough to permit nozzles to be designed
and flow rates chosen for a wide variety of applicatioms.

One possible application of this system is discussed in

Chapter 5. There, the choice of nozzle and flow parameters
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to ‘be used in measuring aerodynamic size distributions in atmo-
- spheric aerosols is explored.

 FConclusiéns concerning this work are presented in Chapter 6.
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CHAPTER 2

EXPERIMENTAL

2.1 Introduction

The first ébjectiverf the experiﬁental investigation was to
determine the effect of particle size on thg‘vélocity of particles
as they emerge from a test nozzle in a variety of flow conditioms.
The second objective was to make the measurements with sufficient
precision and resolution to demonstrate the feasibility of deter-
mining particle size from particle velocity. These velocity.mea-
surements were ﬁade with a laser-Doppler velocimeter (LDV).

It is shown in subsequent chapters that it is possible,
within certain limits, to determine the aerodynamic diameter of a
particle by measuring its velocity as it emérges from a nozzle.
This cbnclusion results from a theoretical extension of the ex-
perimental‘results presented in this chapter. Thus, the experi-
mental investigations provide insight into the functioniﬁg of the
system and the data base for ﬁalidating the theory, which in turn
allows a more general treatment of the problem.

The objectives required standard aerosols and careful ;ontrol
of the flow system. In addition, they required that the LDV be |
aligned and pcsitionéd correctly, and that it be accurate. The
subsequent theoretical analysis demanded that the flows be charac-
terized in such a way as to allow the determination of the veloc-
ity field in the nozzle, And finally, it was necessary to know
the distance from the nozzle exit to the point where the velocity

measurement is made.
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In this éhabtéf, the procedure used to complete each of these
tasks ié diséussed énd:theAresuifs of the experimental investiga-
tions are reported. Fifsf;'héﬁevet, Fhe system as a whole will
be briefly desc;gbé&.sblfhét the relationship between the various
parts may be uqdéfstsdd;A-Eiéure 2.1 is a schematic of the experi-
mental»appgratﬁs} .

A-monodispéfse éerosoi of known size was generated and fed to
the flﬁw system."jhe_flow system provided clean sheath air around
the aerosol flow. The flows were adjusted so that sheath air ac-
counted fof 90%;of'thé total flow, and thus the aerosol stream was
focused and remained. confined near the center streamline as it
~ passed through the nozzle. The flow profile was sufficiently flat
in the cenfer~portion of .the flpw so that all particles experi-
enced essentialiy the same floﬁ conditions and emerged with essen-.
tially the same velocity. The flow meters used to monitor the
flows are shown on Figure 2.1. The flow system also allowed
careful control of thé pressures upstream and downstream of the
nozzle, so that the flow conditions were known and.reproducible.

The velocities of the particles emerging from the nozzle
were measured:at a known point- -using an LDV, The laser, beam
splitter, lenses and photomultiplier (PM) are shown. The fre-
quency qugpﬁt by the PM when a single particle passes through the
étqsséd laser beams is proportional to the particle velocity.

This velocity is counted in a signal prodessor, aﬁd the results

are analyzed and stored in an MCA.
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2.2 Generation of the Test Aerosol

Droplets of oleic acid and polystyrene 1atéx (PéL) spﬁeres
were used as the test aerosols. The oleic aéia:pargicles were
generated using a vibrating orifice gefoé@ligéhérgtor (VOAG) .
This method has been reported in thg}iiﬁéfafure ‘(Berglund and
Liu, 1973), and is based on tHenfécéAfhéf aAitiia jet can be
broken into a stream of uniform dropiéts Qhen disturbea with a
periodic vibration. 1In the present céée, a filtered solution of
oleic acid dissolved in isopropyl alcohol is pumped by a syringe
. pump through an_orifice approximatél? iO uﬁ in diameter. A piezo-
electriﬁ crystal driven by an oscillétof provides the mechanical
excitation to break the liquid jet up into a stream of droplets.
A turbulent jet of dispersion air is provided around the stream
of droplets to insure that they do not coalesce at a high rate.
This dispersed aerosol stream then merges with a flow of dilution
air, which then passes through a Kr-85 neutralizer to neutralize
the electrical charge which was generated as the liquid stream
passed thfough the orifice. The aerosol is then transported to
a small chamber from which sampleé are drawn into the nozzle.
During the transport of the aerosol, the alcohol evaporates,
leaving the oleic :acid to form sphe:ical particles., A diagram
- of the VOAG apparatus is given in Figure 2.2 (Liu, 1976).
ihe diametér bp Sf ;hé particles produced by the VOAG is.

‘given by:

D - [%%2]1/3 _ (2.1)
g
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where Q is the volumetric flow of solution through the orifice aﬁ&{
fg is the frequency of vibration. The volumetric:concentratioﬁ ;fj
the oleic acid in the solution is given by c. Under conditioné of;?
proper operation, a certain fraction of the droplets willbcﬁliidé b

with each other to form doublets. The resulting particles‘hayei

twice the volume of the primary particles and are also quite usef&l',

since there is;usﬁally no difficulty in distinguishing betﬁeén the
doublets and primary particles.‘ Berglund and Liu reéoft tﬁét the
accuracy of Equation (2.1) in predicting particle diameter is 2%
or better in routine operations. They also report the évérége
geometric standard deviation of DOP aerosols generated by’the VOAG
to be 1.014 as determined by the electrical mobility method.

In the present study, Q = 1.50 x 10-3 ml/s and fg = 200 KHz
were used. The dispersion air was set to around 1 lpm and the
dilution air was set to about 15 1lpm. Table 2.1 shows the values
of ¢ and the corresponding primary and doublet particle diameters.
The density of the oleic acid used in this experiment was measured

by Westphal balance and found to be .886 g/cm3.

Table 2.1 Volumetric concentration of oleic acid
and resulting particle diameters

c Primary " Doublet

Dpym o 0Dy, m
.00507 9.0 113
©.00156 6.1 7.7
.00195 3,04 3.8

&
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Uniform polystyrene latex spheres in suspension were pur-
chased from Dow Chemical Co. (P. O. Box 68511, Indianapolis, IN
46268). The suspension was diluted in distilled water and placed
in an ultrasonic bath to insure good dispersion. The PSL aerosol
was generated by nebulizing the suspension in a RETEC X-70/N nebu-
lizer (Retec Development Lab, 9730 S.W. Scholls Férry Road,
Portland, OR 97223). The resulting aerosol was mixed with dry,
filtered air and passed through a diffusion drier. The dried
PSL particles were then transported to a small tank from which
aerosol was drawn into the nozzle.

The diffusion drier consists of coaxial cylinders, the outer
one of plastic and the inner one of wire mesh. The space between
the cylinders is filled with silica gel, and the aerosol passes
down the axis of the inner cylinder which offers no obstruction
to the flow. The moisture diffuses to the silica gel. The over-
all length of the drier is about 30 cm with the outer cylinder |
being nearly 6 c¢m in diameter and the inner one, 1.5 cm in diam-~
eter.

The nebulizer flow was set at about 2 lpm, and the drying
air, at about 15 lpm. Table 2.2 gives the particle size and stan-
dard déviation reported by Dow and lot numbers qf the suspensions
used. The density of PSL is 1.05 g/cm3.

In order to insure that the initial dilution was adequate,
the diluted suspension was rediluted by 10 parts water to 1 part
suspension. The velocity of the resulting aerosol particles

emerging from the nozzle was compared to the velocity of
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Table 2.2 PSL particle diameters and standard deviations

EE:_EE Standard Deviation, ﬁm _; 4Lo§ ﬁumber
.500 .0027 . _vlf:A' 257X
.794 _.ooaoo:iff'j'f*' . 3E6B

1.101 = L0085 o 263

2.02 Lol sk

the particles resultinguf?bm the initial dilution. These two
velpcities were found to be the same, whi;h.indicates that single
PSL particles were aerosolized using both'dilutions. Had the
first dilution'prdduced groups of PSL particles, then the in-
creased dilution would have produced smaller groups of PSL par-
ticles with different yelocity'characteristics.

2.3 The Flow System

The flow system provided a reproducible flow by allowing care-
ful control of the pressure at the inlet to the nozzle and in the
test chamber, It also provided adequate flow to transport aerosol
to the nozzle and a means to restrict the ;erosol to the center
10% of the’nozzle flow. Two flow systems were used, one for flows
for which the pressure drop across the nozzle exceeded 5 cm of Hg,
and the other for flows havipg smaller values of pressure drop.

The-nozzle‘and'chamber wérélcémmon to the two systems and

will -be discussed first. Figure 2.3 shows a cross-section from

_ the front of the nozzle and chamber and a cross-section from the

size of the chamber., "O"-rings provided a seal around. the windows

and nozzle. For most measurements, a tube was connected from

®
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the outlet of the chamber to an aerosol trap positionedAopposite 2

the nozzle. The presence of the trap did not affect the measﬁredf

particle velocities, but reduced the amount of aerosol circulating_f,

in the chamber and helped keep the windows clean.. Thus;:theyéerb?;

sol trap reduced the noise generated by the LDV,

The inlet pressure tap was connected to a differential manom—

eter which was open on the other side to the atmosphere. The
chamber pressure and atmdspheric pressure wéfe,measu:ed with abso-
lute pressure gauges having a resolution of .13 cm of Hg (Model
FAXA 129113, Wallace and Tiernan, 25 Main St., Belleville; NI
07109). In the cases of small flows, the pressure drop 5cross the
nozzle was measured directly with a manometer. The total flow
~ through the nozzle was controlled by setting the iniet pressure
and the chamber pressﬁre or the inlet pressure and the pressure
drop across the nozzle. The division of the flow between aerosol
flbw and sheath air flow is described below., The excess aerosol
flow was monitored with a rotameter, and it was thus possiblé t§
provide near-isokinetic conditions at the inlet to the nozzle
E when necessary. The pressure in the inlet»pressure tap was 76.2
cm of Hg (1036 cm HZQ) for all trials, and the aerosol flow was
set to approximately -10% of the total flow through thg.npzzle.
All volumeﬁric flows are qélculated and presepted_for a pressure
of 76.2 cm of'Hg._' H |

The shabe of -the ﬁozzle is tfeated in detgil in Chapter 3.

Briefly, it can be described as a conical nozzle with a short

throat near the exit. The nozzle converges with a conical

"
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half-angle of approximately 15°. The radius at the exit is about
.05 cm, and the throat section is approximately .l cm in length.

The radius of the entrance to the nozzle is about .5 cm, and the

overall length is 1.77 cm,

Figure 2.4 is a photograph of the chamber and nozzle, showing
the nozzle painted black to minimize stray reflected light. Tosi=
tioning screws allow movement of the chamber parallel and perpen-—
dicular to the axis of the nozzle. Leveling screws allow control
of the inclination of the nozzle axis with respect to the plane of
the laser beams.

2.3.1 Flow System for Large Values of Pressure Drop

Figure 2.5 is a diagram of the flow system utilized for flows
having pressure differences across the nozzle greater than 5 cm of
Hg. The sheath air flow was measured by a glass capillary tube
flow meter approximately 20 cm in length and .3 cm in diameter.
The aerosol flow nozzle was made from a #15 hypodermic syringe
needle., The radius of the flow nozzle is about .4 cm at the up-
stream pressure tap and .14 cm at the downstream tap. Both flow
meters were calibrated at pressures near those encountered in
normal operation.

In order to establish the desired flow conditions, valve A
was set to give the proper chamber pressure, valve B was set to
give the proper aerosol flow, valve D was set to give the proper
inlet pressure, and valve C was set to give nearly isokinetic
sampling conditions at the inlet of the aerosol flow nozzle.

The last adjustment was unnecessary for smaller particles.



Figure 2.4 Photograph of nozzle

in the chambor.
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Since the values are interdependent,'it.was necessary to repeat
the sequence a few times to bbtain the desired conditions. Occa-
sionally the aerosol generator flows were adjusted to help obtain
the appropriate value of inlet pressure when atmospheric pressure
was low, or to provide adequate transport flow.

The flow conditions used in the experiment are summarized

below.

Table 2.3 Flow conditions for large pressure drop flows .

Pressure Across Chamber Aerosol Sheath Total
the Nozzle Pressure Flow Flow Flow
cm of H20 cm of HZO lpm lpm lpm
691 345 .98 9.8 10.8

484 552 .98 9.7 10.7

276 760 .90 8.8 9.7

69.1 967 .54 4.6 5.2

'2,3.2 Flow System for Small Values of Pressure Drop

Figure 2.6 shows the arrangement for smaller flows. In this
case, the pressure drop across‘the nozzle is measured directlj.
The aerosol flows were so small that the pressure drop across the
aerosol flow meter was insufficient to provide a useful indi-

cator. Therefore, the sheath air, measured by a capillary tube

flow meter of smaller diameter, was used to set the proper balance

between aerosol and sheath air flow. This capillary tube‘flow‘.
meter consists of a tube .139 cm in diameter and about 20.7 cm in
length. The upstream pressure tap is placed approximately 8 cm

from the entrance, leaving the distance between pressure taps

)
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to be 12.7 cm. Although intended for Poiselle flow, this flow @
meter was operated beyond its linear range and was calibrated for
this condition.

The tétal flow through the nozzle was determined by placing )
a soap bubble flow meter between the chamber and wvalve A. The
measured yalue of volumetric flow was corrected to a pressure of
72.6 cm of Hg (1036 cm‘Hzo), which again was the value of inlet
pressure maintained for these trials. The flow conditions used

for low flow tests are listed below.

Table 2.4 Flow conditions for small pressure drop flows

Pressure Drop Across Total Flow Sheath Air Flow
the Nozzle -~ cm of HZO lpm lpm |
. -
25.4 3.25 - 2.9 4
12.7 ‘ 2,31 2.1 ‘
| 7.62 ‘ 1.77 1.6 ‘
2.54 1.02° .9 ““1
To obtain these conditions, valves A, B, D and C were ad-
justed in sequence. Again, isokineticjsampling at the inlet of Y
the aerosol flow nozzle was only important for the largest par-
ticles.
2.4 Measurement of Particle Velocity .
2.4.1 The Laser—pqppler Velocimeter
A laser-Doppler velocimeter (LDV) was used to measure par-
ticle velocity. These instruments are widely used in the study ®

of fluid mechanics and appear in a number of configurationms.
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A recent review by Durst, Melling and Whitelaw (1976) discusses
the principles of the method and illustrates some of its diversity.
In the present case, a configuration referred to as the dual
beém configuration was used. In this method, a laser beam is split
into two equally intense beams., The two beams are passed through
a converging lens and thus are brought to a point of intersection.
At the point where they overlap, they form interference fringes
nearly parallel to the line which bisects the angle between the
beams and perpendicular to the plane of the two beams. The fri;ge
spacing, df, is given by:

A

£~ 2sin(/2) (2.2)

d

where A is the wavelength of the laser radiation and ¢ is the
angle between the beams. A particle passing through éhe fringes
willAscatter light, and the intensity of the scaftered light will
be modulated as the particle passes through the dark and bright
fringes. The frequency of tﬁis modulation is directly proéor-
tional to the velocity of the particle in the direction perpen-
dicular to the fringes. Radiation scattered from the particle is
collected and chused onto a photo-sensitive device which measures
the scattered intensity, and resbonds duickly enough so that the
frequency of modulation, called the Doppler frequency, can be
detected. The velocitf of the particle, Up, perpendicular to

the fringes equals: .

(2.3)

Up = fD df

where fD is the Doppler frequency. A schematic diagram of
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the LDV system used in this experiment is presented in Figure 2.7,
The above explanation is commonly used to explain the fre-

quency of dual beam Doppler signals,. but is of little use in
arriving at an understanding of the amplitude of the signal. This
requires reference to Doppler theéry and Mie theory. Such an ex-
planation involves calculating the intensity of the radiation
scattered by the particle from each beam using Mie theory. The
frequency of the radiation scattered from each beam is calculated
noting the respective Doppler shifts up and down due to the com-
ponent of particle velocity along the axis of each beam. The

radiation scattered from each beam is superimposed on the photo=-

" sensitive device where the beat frequency emerges as the Doppler

frequency and the intensity emerges from the Mie calculations.
Such a calculation for a reference beam configuration is given by
Adrian and Goldstein (1971). The problem of signal amplitude will
not receive much attention in this work since the principal con-
cern here is particle velocity, which can be calculated by either
model.

- The LDV used in this experiment was obtained from Thermo-
Systems, Inc. (P.. O. Box 3394, St. Paul, MN 55165), and TSI model
numbers will be indicated for the major items. The transmitting
optics (TSI Model 910) consists of a beam splitter, an angle
reducer and focusing lens. For this experiment, two focusing
lenses were used with the beam splitter and angle reducer: a
551.2 mm focal length lens for the larger particles, and a 243.5

mm focal length lens for the smaller particles. The angle reducer
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Figure 2.7 Diagram of LDV system,
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-reduces the beam separation to 22 mm, and the resulting values

of ¢ become 5.09° for the 243.5 m lens and 2.28° for the 551.2
mmAlens (Instruction Maﬁual, 900 Series Laser Optics, Thermo-
Systems, Inc.).

Two lasers were used in the experiment: a Spectra-Physics
(1250 W, Middlefield Rd., Mountain View, CA 94042) Model 120,
5 mw He-Ne laser for larger particles, and a Spectra-Physics
Model 124, 15 mw He-Ne laser for smaller particles. The wave-
length of the radiation is 632.8 nm. The resulting fringe
spacings from Equation (2.2) are 15.9 um for the 551.2 mm lens
and 7.13 um for the 243.5 mﬁ lens. |

The receiving optics were fashioned from standard TSI com-
ponents. A Model 935 lens, focal length 193 mm, was attachéd to
two Model 937 lenses, focal lengths 102.5 mm.and 104.5 mm, to
fashion a lens having a focal length of approximately 50 mm.
This allows the éollection lens to be placed close to the nozzle
and, hence, intercept a largér fraction of the scattered radia-
tion. Thisilens was fixed approximately 50 cm from the photo-
multiplier (PM) and the aperture plate. The TSI Model 960
photomultiplier inciudes the preamplifier and power supply.

The PM aﬁérture‘limits what is seen by the PM, and two such

plates were used in this study. A L1l cm-diémeter aperture was
used with the 243.5 me lens, and a .19 cm diameter aperture was
used with the 551.2 mm lens. . Figure 2.8 shows a diagram of the
receiving optics, and Figure 2.9 is a. photograph. of the entire-

optical system including the chamber. The chamber windows

W
|
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Figure 2.8 Diagram of receiving optics




Figure 2.9 Photograph of optical system.
\
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are coated to reduce reflections. Whén the system is properly
aligned, the images of the fringes can be seen and counted on the
aperture plate.k The smaller aperture accommodates 17 fringes,
and the larger accommodates‘13 when used with their respective
lenses. Table 2.5 below summarizes the optical par;meters.

2.4.,2 Alignment of Optics and Chamber

The optics and chamber mu;t be aligned and positioned so Lhal
the velocity is measured at a known repeatable position and the
path of the particles is perpendicular to the fringes. Figure 2.10
is provided to simplify»the explanation of the alignment and shows
two planes, both perpendicular to the plane containing the two
crossing laser beams. Plane A is parallel to the planes contain-
ing the fringes, and Plane B is perpendicular fo those planes.

The procedure followed is listed below:

a) The unfocused split laser beam was allowed to fall on
Fhe window of the chamber, and the chamber position and
leveling screws were adjusﬁed until the beams reflected
off the window were colinear with the incident beams.
The object was to place the axis of the nozzle in a
plane parallel to Plane B.

b) The leveling screws on fhe base of the chamber are ad-
justed so that when the transverse position screw is
turned (see Figure 2.4), the tip of the nozzle passes
through each of the split beams. The object was to

orient the axis of‘thé nozzle so that it 1is perpendicular

to Plane A.




A

Figure 2,10 Alignment planes in LDV measuring volume.



c)
®
®
d)
o
|
|
|
®

= 39 -

The focusing lené was attached to the beam splitter and
angle reducer, and the receiving optics assembly was
moved as a unit until the beam intersection volume was
imaged on the PM aperture plate. The position of the
receiving optics unit was adjusted until the image of the
beam intersection point remained nearly circular as the
beams were alternately blocked. This was to insure that
Plane B is being imaged onto the PM aperture plate.

Thén tﬁe nozzle is moved using the axial and transverse
édjustment screws until the shadow of fhe nozzle was
sharply focused on the PM aperturé plate and did not
change éosition much as the beams are alternately blocked.
This procedure is intended to insure that the axis of

the nozzle is in Plane B.

A microscope was placed so that the images of the fringes
could be seen and counted on the PM aperture plate. The

aperture and nozzle were positioned, without changing the

plane of either, so that a specified number of fringes

fall between the image of the nozzle and the aperture.
Also, the PM éperture was positioned near the center of
the circular image of the intersection volume, and on
the axis of the nozzle. Therefore, the particles passed
through the center of the intersection volume of tbe
beams and were only seen by the PM when they are near

the brightest portion of that volume.



- 40 -

e) The last step was to block the main beams after they
emerge from the chamber so that only light scattered by
particles reached the PM. This is accomplished by making
a mask of black tape to block the beams and other stray

light. The optical parameters are given in Table 2.5.

Table 2.5 Optical parameters for experiments.

Focal length Number of :
of focusing. df PM aperture fringes from Particle
lens diameter nozzle to diameter
mm " um cm - aperture pm
551.2 15.9 .19 4 3 ~-11.3
243.5 7.13 .105 16 S5 =3

As. is indicated below, the frequency counter measures Doppler
frequency by timing the passage of eight Doppler cycles. Thus,
the determination of particle velocity occurs in a volume having
the cross—secti&nal area of the aerosol flow and a leﬁgth of
eight fringes. The size of this measuring volume is important in
determining the possibility of coincidence, and this is discussed
in Chapter 5. The location of the center of this measuring volume
is needed for the theoretical calculations, for it will be assumed
that the velocity at this point equals the average velocity mea-
sured over the eight-fringe interval. 1In the present case, the
center of the measuring volume is four fringes beyond the edge of
the aperture. Allowing fdr some uncertainty in the placement of
the nozgle shadow and the edge of the aperture, it is possible to
estimate‘fhe distance from the nozzle exit to the center of the

measuring volume. Allowing 9 * 1 fringes for the df = 15.9 um
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case, and 21 * 1 fringes for the d_. = 7.13 um case, particles

f
travel some 145 um * 15 um from the nozzle exit to the center
of the measuring volume.

2.4.3 Counting and Analysis of Doppler Frequency

The method described above produced highly uniform signals
which could have been measured on an oscilloscope. Figure 2.11
shows the oscilloscope display of the output of the PM for data
taken in trial 64E. This photograph is a time exposure encompas-
sing hundreds of individual Doppler signals. However, a couﬁter
was used to provide accurate measurement of the frequency of a
large number of individual signals, thus allowing analysis of the
frequency distributions produced for each trial.

A modified TSI 1094 counter was used in this experiment. This
modified counter had a 500 MHz clock. The processing of signals by
this counter is illustrated in Figure 2.12 (Laser Anemometer
Systems, Thermo-Systems, Inc.). A high pass filter removes the
low frequency component from the signal so that it oscillates
about zero rather than above it. The cut-off for this filter can
be set from the front panel of the instrument. A Schmitt trigger
then converts the Doppler signal to a square wave. The Schmitt
trigger is activated when the Doppler signal crcsses zero after
it has crossed the threshold. The threshcld crossing arms the
Schmitt trigger, and its inclusion is intended to prevent noise
near zero from activating the Schmitt trigger. The value of
the threshold can be set from the front panel. The resulting

square wave is timed for five cycles and eight cycles by a 500 MHz



Figure 2,11 Oscilloscope display of Doppler signal Trial 64E,
2 us/div.
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Figure 2.12 Processing of a Doppler signal by the counter.
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clock, and the two times are compared. If the ratio of the two
times is nearly 5/8, then the signal is validated. This proce-
dure is intended to reject data generated by noise. The criterion
for this comparison can be set from the front panel. The output
used in this experiment is an analog signal nearly proportional to
the time and scaled by a binary factor which is read out on the
front panel. After a signal has been validated, the output analog
signal is updated and a pulse, called a SYNC signal, is generated
to indicate the arrival of a new data point. The counter was
modified by the addition of an end-of-burst detector, but the
high quality of the Doppler signals reduced the importance of
this addition and it will not be discussed here.

In the present study, the analog output signal was analyzed
using a multi-channel analyzer (MCA) made by Nuclear Data Inc.
(P. 0. Box 451, Palatine, IL 60067), consisting of a Model ND560
Analog to Digital Converter, a Data Handling Module, and a Memory
Module. The MCA was DC coupled, operated in the coincidence mode
and gated by a pulse from a Tektronix (P. O. Box 500, Beaverton,
OR 97005) 115 Pulse Generator. The pulse generator was of course
triggered by the SYNC pulse from the counter. Since the MCA re-
quires a gate of at least 1 us duration, and the SYNC pulse lasts
only .5 us, the pulse generator was introduced. Thus, the MCA
samples the analog signal from the counter when gated by a pulse
triggered by the SYNC pulse. The input impedance of the ND560
is only 1000 ohms. Therefore, a high-input—impedance, unity-gain

amplifier was introduced in the analog circuit between the MCA
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and the counter so that the counter output would not be loaded
down. A block diagram showing this arrangement is presented in
Figure 2.13, and Figure 2.14 is a photograph of the electronics.
The counter was calibrated using a sinewave with a frequency
counter at the input and a digital multimeter at the output. The
MCA was calibrated using a DC supply, a voltage divider and a
digital multimeter. Equations (2.4) and (2.5) give the calibra-
tion relations for the counter where VC is the output voltage in
volts, and fc is the calibrating frequency in Hz. The exponent

n is the range and is given on the front panel of the counter.

6
g 313.8 x 10 209 x 103; 10 MHz < fc < 50 MHz (2.4)

c n
(2 )Vc

6
£ = 316.2:x10 - 3.9 x 103; ‘75 MHz < fc < 10 MHz (2;5)

2%V,

These relations result from linear regressions performed on
five or more data points in each interval. The regression coef-
ficients were greater than .9999. Equation (2.6) presents the
calibration relation for the MCA with VC being the voltage and
Ch, the channel number. The instrument was set on a nominal con-

version gain of eight volts per 256 channels.

Vc = (.0317) Ch + .0837 (2.6)

This relation results from a regression done on five
points. Each point was the average of two voltages representing

the channel boundaries. The regression coefficient was .99999997.
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Figure 2.13 Block diagram of the electronics.

Figure 2.14 Photograph of the electronics.
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The gain of the unit gain amplifier was found to be one to four
significant figures.

Actual data—-taking proceeded as follows. Particles were
generated and the chamber and flow adjusted as described above.
The output of the PM was viewed on the oscilloscope to insure that
good Doppler signals were being produced. The gate pulse to the
MCA was input into the second channel of the oscilloscope and the
signals were added. When the counter was counting valid Doppler
signals, a signal like that shown in Figure 2.15 was produced.
These results from the arrival of the gate pulse after the Doppler
have been counted and validated. Single-sweep triggering made it
possible to verify that gate pulses were generated in response to
genuine Doppler signals. In order to obtain the proper response
to genuine Doppler signals, the high voltage on the PM tube, the
gain on the counter amplifier and the threshold on the counter
were adjusted. A signal-to-noise ratio of about three to one was
sought, and signal amplitudes greater than 30 mv were needed.

The comparator accuracy on the counter was set to two, which re-
quires the five-to-eight comparison to be within a few percent of
5/8. The counter was allowed to auto range until a convenient
value of n was displayed, and then it was switched to the hold
range position, after which n remained constant. For smaller
particles, a low-pass filter was used to imprbve the signal-to-

noise ratio. The high-pass filter on the counter was set to a

value less than the frequency being counted.
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Figure 2.15 Oscilloscope display of Doppler signal and gate
pulse superposed.
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For example, in the case of trial 64E, 3.04 um oleic acid
ﬁarticles were measured using the 35 mw laser and 551.2 mm
focusing lens; the amplifier gain was set on 10, theAthreshold on
5.3, the high-pass filter on .5 MHz. The Doppler signal from the
PM had an amplitude of nearly 100 mv; the frequency measured on
the scope (see Figure 2.10) equaled approximately 1.2 MHz, and
that reeulting from the MCA analysis was 1.19 MHz. The raw data
output from the MCA for this trial (64E) is.given in Appendix E.
This result demonstrates that the frequency counting and data
_analyzing electronics wéré calibrated and used in such a way that
valid Doppler signals were accurately counted.

Not every particle, however, generated a Doppler signal which
Qas counted, validated and analyzed. Using the single-sweep
method of checking the data validation revealed that often a sig-
nificant fraction of the obviously correct Doppler signals were
not counted by the counter. These unmeasured signals were indis-
tinguishable on the scope from many which'weré measured. Assuming
that the signals were randomly ignored, this fact pfesents no
problems for the determination of particle velocity and thus was
not pursued,

2.5 Results

The measurements of Doppler'frequency and particle velocity
are reported ;; Tables 2.6, 2.7, 2.8 and 2.9 for various particle
sizes and values of pressure drop across the nozzle. Each trial
consisted of hundreds of individual measurements analyzed and

stored by the MCA. Only the geometric mean, ?é, and geometric




Table 2.6 —f-g’ Up and 0 as a function of Dp and pressure drop
.500 um 2.02 um 3.04 um
PSL PSL Oleic Acid
Pressure _ _ _ _ _ _
Drop Trial £ U o Trial f U o - Trial f U o
cm H.O g P =4 g P g 4 p g
2 MHz m/s MHz m/s MHz m/s
691 53A 39.2 279 1.04 53G 28.6 204 1.02 52C | 11.6 184 ~1.014
‘ 484 53B 36.0 257 1.022 53H 26.4 188 1.02 52A 10.8 172 1.009
276 53C 28.0 200 1.024 53J 21.5 153 1.016 52F 8.86 141 1.01
69.1 53D 14.6 104 1.02 - 53K 12.3  87.7 1.01 52H 5.02 79.8 1.006
[ J ® [ |



Table 2.7 ?g' ﬁp and og as a function of Dp and pressure drop
3.8 ym 6.1 um 7.7 ym
Oleic Acid Oleic Acid Oleic Acid
Pressure ..., F T o Trial £ 1 ¢ Trial € T o Trial
Drop g P 8 8 4 |3 P
e “20 Miz n/s MHz m/s MHz m/8
691 52C 10.6 169 1.018 51C 8.65 138 1.017 S1c  7.93 126 1.012 49A
49C
484 52A 9.88 157 1.012 521 8.28 132 51A 7.56 120 1.01 49F
S1A 8.19 130 1.008 51D 7.66 122 1.01
510 8,31 132 1.008
511 8.25 131 1.008
276 52¢ 8.06 128 1.009 51F 6,67 106 1.007 51F 6.08 96.7 1.01 49H
49v
69.1 52H 4.59 73.0 1.006 S1H 3.76 59.8 1.005 51H 3.42 54.4 1,006 493
49p

9.0 ym
Oleic Acid

3 ) o Trial

B ot g

MHz m/s
7.55 12¢  1.016 49A
7.53 126 1.017 49c
7.03 112  1.009 49F
5.58 88.7 1.006 49H
5.59 88,9 1.007
3.08  49.0 1.007 493
3.09 49.1 1.008 499

11.3 um

Oleic Acid
T v o

8 P 8
Miz m[a
7.00 111 1.007
6.99 111 1.016
6.57 1.04 1.015
5.12 B81.4 1.013
2.76  43.9 1.010
2.77  44.0 1,010

_'[g_



Presaure
Drop

[S. “20

25.4

12.7

7.62

Trisl

66C
66AA
66AE
65X
65222
66F
66G
66AB
65Y
661
66AC

652

661
66AD

6522

63.5
63.5

45.5

20.6

20.5

1 20.4

1.009
1.007

1.008

Table 2.8 £, U &nd 0_ as 8 function of
8 P 8

_ Trial

66M
66AF

65V

661
66AG

65U

66K
66A

65T

66J

66A1

655

65W

794 um
PSL

MHz

8.90
8.91

8.84

6.34
6.34

6.28
4.93
4.97

4,90

2.9

45.2
45.2

44,8

35.2
35.4

34.9

20.7
20.4
20.4

20.3

1.01
1.010

1.010

1.007
1.008

1.006

1.007
1.007
1,007

1.005

Trial

65Q

66AM

65P

66AL

650
65R

66AK

65N

66AJ

1.10 um
PSL

t
8

Miz

8.50

8.69

6.13

6.24

4.81
4.82

4.86

2.85

2.86

]
P
n/s

60.6

62.0

43.7

44,5

34.3
34.4

34.7

20.3

20.4

DP and pressure drop

1.009

1.013

1.008

1.009

1.01
1.009

1.008

1.008

1.006

Trial

65M.

65AM .

65L

66AL

65K

66AK

653

66AJ

2.02 um
PSL

S.7€

5.78

41.1

41.2

32.5

32.7

19.8

19.9

1.012

1.009

1.006

1.009

1.008

1.006

irial‘

64N -
siR
65¢
63
63N
63A°

64J

62A
631
64F
658
65A
64A
64LE

64AB

1.93
1.89
1.92
4.27

2.66

1.19

1.20

ua
Acid

e

51.0

.51.5

50,5

50,4
51.8

38.2

38.2

30.7
30.1
30.5
30.4

19.0

1.007

©1.007

1.006

1.011

1.006

1.005

1.008

1.006
1.005
1.006
1.007
1.005
1.005
1.005

1.004
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Pressure
Drop

cam H,0

2

25.4

12,7

7.62

2.54

Trial

64N
64R
65C
63M
63N
63A
64J
62A
631
64F
658
65A
€4A
64E

64AB

Olelc

1.77
1.76
3.97
2.5)

1.13

1.14

[T
Acid

'Svcl

46.9

47.4

46.7 .

46.4
48.1
35.5
35.0
28.9
28.1
28.0
28.3
18.0
18.0

18.0

1.009
1.009
1.007
1.02

1.007
1.008
1.015
1.007
1.007

1.013

1.005

1.005
1.009
1.009

1.006

Trial

61H

61A
61B

61P

Table 2.9 E;, Up and og as a function of Dp and pressure

6.1
Oleic
t
8
MHz

2,50

1.99
1.93

1.55

1.01

31.6
30.7

24.6

16.1

7.7 ym
Oleic Acid

o Trial f U
8 4 4
MHz m/s
1.007 61H 2,26 35.9
1,01 61A 1.79 28.5
1,006 618 1,75 27.8
1.005 61P 1.41 22,4
1.004 61L .922 14,7

drop
9.0 um
Oleic Acid
[} Trial f, v
g g p
MHz  m/s
1.009 62T 2.03 32.3
1.009 62X 1.56 2.4B
1.006
-1.006 62N 1.26 20.0
1.006 62S .842 13.%

11.3 um
Oleic Acid
o Trial T 1] [¢]
B P 3
MHz  m/s
1.007 62T 1,81 28.8 1,01
|
w
(9%
1
1.006 62X 1.40 22.3 1,01
1.007 62N 1,14 18.1 1,011
1.004 62S .756 12,0 1,007
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standard deviation,_og, are reportéd for éaéhiﬁistribu#ion of
Doppler frequency. The velocity, ﬁé, reported for each distribu-
tion equals (df)(?é)’ Definitions of Eé and:ég aré'given in
Equations (2.6) and (2.7). Clearly, dé applies'fQ both thé
velocity and Dopplgr frequency distribdtidns; -

LN [ln £ ]

: i . '

where Ni is the number of ;ouﬁts in the’itb channel of the MCA

output, and fDi is the Doppler frequency corresponding to that
channel as calculated by Equations - (2.6) and (2.4) or (2.5).

' =2
1n o ]2 =~Z Ni[ln fDi - 1n fg]
g (z Ni) -1

(2.7

The output of the MCA for‘nine representative trials is given
in Apbendix E. The brackets indicate which channels were included
in the calculaFions of ?é and Ug, As can be seen from the sample
output, channels containing counts were excluded from the calcula-
tions. For example, oleic acid aerosols cohtainipg primary and
doublet particles produce two easily distinguished peaks, but
there are nén-zero channels ﬁetween the peaks which are not easily
assignable., Such channeis are not included in the analysis. In
most trials, the total number of counts attributed to a given
particle éize excéeds 1000. E£¢éptions include doublet particle
sizes-féf some tfiéls and occasional PSL trials. Of the approx-
_imatel§»95 trials which Qere analyzed, four were excluded from
.this tabulation. Three of these were associated with ques-

tionable aeroscl generating conditions, and the fourth varied
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too much from four other trials at the same conditions and
was rejected.

Figures 2.16, 2.17, and 2.18 are graphs of the experimental
data with particle velocity shown as a function of particle diam-
eter and pressure drop across the nozzle. In those cases where
three or more trials were analyzed for a single set of conditioms,
the graphical presentation consists of the mean of the values of
ﬁ? and error bars indicating the 957% confidence interval about the

mean. This confidence interval equals iZOm where:

(2.8)

Nt is the number of values of ﬁ; averaged to find the mean and o
is the standard deviation of this set.

These results show that the particle velocity does depend
upon both the size of the particle and the flow rate in the
nozzle. The curves in the figures were drawn to suggest the de-
pendence on density which is discussed in detail in the next two
chapters. The mismatch between the PSL and oleic acid curves
could have been ignored by paying less strict attention to the
points representing multiple trials and by attempting to join all
the points in a smooth line. This was not done.

The resolution of the instrument depends upon its intrinsic
dispersion, which is the width of the size distribution indicated
by the instrument when measuring a perfectly monodisperse aerosol.

The intrinsic dispersion may depend on the counter resolution,
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turbulence in the jet, dependence of gas velocity on the radial
poéition in the jet, etc.

Perfectly monodisperse aerosols are not available. So to
evaluate the intrinsic disﬁersibn of the instrument, it is neces-
sary to compare the relative standard deviation of the size dis-
tribution as.measured by the instrument, (crs)m’ with the actual
relative standard deviation of the size distribution of the test
aerosol, (crs)a' Approximate values of (crs)a can be calculated -
from the information given in Section 2.2.

Values of (crs)m can be calculated from the relative stan- -

dard deviation, crv’ of the corresponding velocity distribution?

and the U vs. D curve.
P P

(crs)m = (dDP] 5;— ' (2.9)

where crv equals og—l, since the reported distributions are

3, Bebyd = g

quite narrow. The results of several calculations are given
below. The intrinsic dispersion of the instrument is seen to in-
crease with decreasing particle size. Operating the test nozzle

at 69.1 cm of H,0 provides very good resolution for micron-sized

2
aerosols, but less adequate resolution for submicron aerosols.
As is indicated above, the counter measures the time for
eight Doppler cycleé with a 500 MHz clock. Thus the resolution
of the counter for a single cycle is .25 ns,.and the frequency

resolution expressed as a fraction of the frequency is

(.25 ns)(fD). The tables indicate that og-l is generally
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Table 2.10 Measured and actual values of the width of

size distributions for selected test aerosols

Pressure Drop

69.1 cm H20 691 cm H20
g o] a o]

D \m s rs rs rs
p’ Measured Actual Measured Actual
9 .02 014 - .02 014
3 .02 .014. .04 .014

5. .37 .005 - ' .27 .005

more than three times the value of (.25 ns)(?é), and so the reso-~
lution of the instrument is not limited by the counter.

The repeatability of the measurements determines the preci-
sion of the instrument. The four trials taken with DP = 3,04 um
and a pressure drop of 7.61 cm of HZO give an indication of
repeatability. Both the flow and the nozzle position were reset
between each of the trials; The standard deviation of the four
values of ﬁ; frém the mean of 30.4 x 102 cm/s is 300 cm/s. This
implies a relative standard deQiation of ,01. However, the aero-
sol was also changed between trials, and that may well exaggerate
the variability. dnly one other set of conditions for which‘four
or more trials was run produced a larger relative standard devia-
tion. That was a value of .013 for 3.04 um particles at 25.4 cm
of HZO pressure drop. Other conditions for which four or mq?e .
trials were taken all resulted in smaller relative standard devia-

tion. Therefore, .0l must be taken as a large value for varia-

bility. It should be noted that these calculations were only done
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for primary particles, and not for doublets. The value of .0l is
verf near the values of S which produced Table 2.10. The bre—
cision then is of the same order as the reéolutipn. They are both
.adequate to allow measurements fb be made on micron-sized aero-
sols. Submicron aerosols, however, may require some modification

of the system, and that task is undertaken in later chapters.
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CHAPTER 3

THEORETICAL ANALYSIS - TEST NOZZLE

3.1 Introduction

A theoretical analysis of particle motionh in the test nozzle
is presented in this chapter. The model developed and verified
‘here will be used in later chapters to design a nozzle for uée in
a practical aerosol measuring instrument.

The first step in the analysis is to determine the flow field
of air in the test pozzle. Then the motion of particles can be
predicted., The flow field is first calculated using the bqﬁndary
layer approximation for incompressible, laminar flow. The gas
velocities on the centerline of ghe nozzle are then compared with
those predicted assuming inviscid, incompfessible plug flow (i.e.,
Bernouli's Law), and good agreement is found. )

Using the infofmation provided by the flow calculations; the
velocity'of particles is predicted from the equations of particle
dynamics and is compafed with the experimental results presented
in Chapter 2. fhe good agreement between theory and experiment
verifies the validity of the model and allows the confident appli-
cation of fhe theory to practical nozzle design.

’

3.2 The Boundary Layer Calculation

- The first task in the theoretical analysis is the determina-
tion of the fluid flow in the nozzle. Various approaches, some
more complicated than others, are possible and it is necessary to
choose one which fits the conditions found in the nozzle. It is-

possible to numerically solve the full Navier-Stokes equations
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'

for-compreésible flow. (Gosman et al., 1970). But this is an
expensive adventure in computing, and simplifying assumptions
can be made which result in equations that are less demanding.

The first simplication involves calculating only‘for incom-
pressible flow. The air can be considered to have constant
density as long as the pressure drop across the nozzle is small
compared to atmospheric pressure. Alﬁhough the ability to size
small particles increases with gas velocity, experimental résults
indicate that sufficient resolution can be achieved at a‘rela-
tively low pressure dropf This is beneficial because the lower
gas velocities require less pumping power aﬁd limit the Reynolds
numbers of the particles, and hence, the ill effects of being -
beyond the Stokes. law regime. Therefore, incompressible-flows
will receive all the theoretical attention.

The second simplification involves the structure of the
Navier-Stokes equations, and is referred to as the boundary layer
approximation. Tﬁis;approximation is best known for its success
in predicting the flows along a bounding surface. Schlichting
(1968) shows that in these cases, it is possible ﬁo neglect trans-

_verse pressure gradients and velocity gradients along the direc-

tion of the flow., The resulting simplification produces equations

which are much easier to treat than are the full Navier-Stokes
.equations. 1In ;he present study, the boundary layer equations
are applied to the entire region of the flow and not only near
-the wall. ‘This method is described by Patankar and Spalding.

(1970) who argue that it is aﬁplicable when there exists

e
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a "single, predominant direction of flow...and the only signif-
icant shear stresses...are caused by the gradients in the direc-
tions normal to the streamlines.' The present case fits these

) S requirements. The boundary layer approximation is useful be-
cause it transforms the Navier-Stokes equations from the ellip-
tic form in the.axial direction to the parabolic form. That is,

all second derivatives with respect to the axial position coor-

®
‘

dinate vanish. Therefore, it is possible to solve the equationms
numgrically byAa marching procedure, i.e., given the conditions
at the'inlet to the nozzle, the calculation proceeds down the
axis to the exit and Stops. When the full Navier-Stokes equa- = -
tions are to be solved, on the other hand, the presence of |
.second derivatives in the axial direction requires that the
region from entrance to exit be solved using an iterative proce-
dure. Thus the boundafy layér equations require less computer
time and storage space than do the full Navier-Stokes equations.. ~
Finally, the gas velocities were calculated only for laminar

flows. This is clearly justified at the lower Reynolds number

@

flows. At higher flbws, the narrowness of the velocity distribu-
tions measured for the smallest particles suggests that turbulence
is not an important factor in the nozzle.

The boundary layer approach resulted in good agreement be-
tween the theoretical and experimental particle velocities, even
in the case where the pressure drop across the nozzle approached

30% of the absolute upstream pressure and the Reynolds number of

the flow at the nozzle exit approached 14,000.
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3.2.1 . Equations to be Solved.

The boundary layer equations follow from the Navier-Stokes

equations and the equation of continuity. These latter three

equations are listed for steady, laminar, incompressible, axially-

symmetric flow (Landau and Lifschitz, 1959):

fn2 2
Yoy 128  uwidv v 13y _ v (3.1)
or 9X p dr 2 2 r ar 2
}ar 9xX r
‘ 2 2
3 o : o e
V§E+u£‘:‘.=_.].'._'_P_+H. .?__‘:I..q,.f__l'l.‘.l.;l'.'. (3.2
ar 9x p 9x 2 r or
3T ax
v , du , v _
ar + X + r 0 G.3)

where r is the radial coordinate and v is the radial velocity;

x is the axial coordinate and u is the axial velocity; p is the

gas density and u is the gas viscosity; and P is the pressure.
The corresporniding boundary layer equations are given by

Patankar and Spalding (p. 20, p. 22) as:

3P _
Ju du 1dP  u {1 5u 3%u o
‘fﬁ*"‘a?=';?a*3[¥¥+’gij .9

In order to arrive at Equations (3.4) and (3.5) from Equations

(3.1) and (3.2), it is necessary to neglect all derivatives of v

and the terms v/rz. Partial differentiation of (3.3) with re-
2

spect to x prcduces an equation for 3—% in terms of the deriva-
X

tives of v. Thus, this term is neglected with the others. The

neglect of these terms is consistent with the qualitative condi-

tion that there is a predominant direction of flow and no signif-

icant shear stresses perpendicular to that direction.

C
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3.2.2 Solution Method for the Boundary Layer Equations

The computer program used to solve the boundary layer equa-

tions was written by Baliga and Patankar (see Sparrow et al.,

;977) and follows the method devised by Patankar and Spalding.

The program can be applied to a broad range of problems. The.
present discussion, however, will focus on the particular applica-

tion to the present problem and is adapted from that given by

‘Patankar and Spalding. The derivation of the finite difference

equation is discussed in more detail in Appendix A, and the pro—'
gram, named BNDARL, is listed in Appendix B with a glossary of
terms. The program was executed on the University of Minnesota_
CDC 6400 computer with the MNF compiler.

The numerical solution of Equations (3.4) and.(3.5) requires
that they be expressed in finite difference form. First, Equation
(3.5) is transformed so that the normalized stream function, w,

replaces the coordinate r as the cross-stream variable,

w = I
p¥r
(3.6)
oY _
or _p ur

where ¥ is the stream function and WI is the value of ¥ at the in-
terior boundary of the calculation. WE is the value of ¥ at the
exterior boundary. Under this transformation, and in the case of

impermeable walls in enclosed flow, Equation (3.5) becomes:

2 .
Jdu 3 r p U u du - 1 dp v (3.7)
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This equation expresses conservation of x-momentum, and is trans-
formed into a finite difference equation bylintegration over a
confrol volume in x-w space, shown in Figure 3.1. The points
fepresent the nodes at which the values of r, u, and P are to be
calculated in the finite difference scheme. The index i is used
to lpcate the cross-stream nodes and the ith cross-stream node
maintains its value of w for all values of x.

In a marching procedure, the values of u, P and r for all the
nodes at a given x can bé calculated using the knowledge of the
values at the previous x. Therefore, the integration will be done
so that the resultiqé finite difference equation permits the cal-
culation of the u;s T, and P at x based on the values at x-A4x.

In addition, the equations will be linear in ui(x), the method
will be stable regardless of downstream step size, and the éon-
servation equations will apply over any number of control
volumes.

In orde: to achieve these results, the derivatives with re-
spect. to w are expressed»in ferms of values of uy at x, and u is
assumed - to be linear between adjacent nodes in r for the evalua-
tion of these derivatives. ‘Also, all coefficients of ui(x) are
expressed in terms of values at x-Ax.

| The integration over the control volume produces an equation
of the form:

dp ‘
u, l(x) + di + € Ix (3.8)

(x) + ci i- dx

ajuy (x) = byu,

where a.,, b., ¢,, d, and e, are functions of w,, r, and u,
i? 71?2 i i i i i

i

evaluated at the position x-Ax. The values of r, at x-Ax
1
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Wisl -9 —6 —e °- ¢—
__CONTROL VOLUME
w; - 9 > © u v &—
w; < —e -— @ —t—
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X-AX X XX

Figure 3.1 Nodes and a control volume for the boundary layer
: calculation.
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: ;re.obtained‘by-integrating‘EquatiOns (3.6). Special equations
are derived for the boundaries, but théir form is similar.
‘For a given value of x, there is an equation like (3.8) fof
each node. In additioﬁ, 4P is necessary for the solution of this

dx
system of equations. Inconfined flows, the value of %g is deter-
‘mined by the interaction of geometry and the conservation equa-
-tions. . The. geometrical considerations are input into the solution
process through the definition of stream function,
Yo R |
— rdr =%—- ) (3.9)

In the present case, R is the radius of the nozzle at the value
of x under consideration. Equation (3.9) can be expressed in

terms of w and in discrete form,
2(¢, W)Z “1 el = ®? | (3.10)

Equation (3.10) is then added to the system of Equations (3.8)

'and the system is solved for the u, and %g-using an iterative

technique described by Sparrow, Baliga and Patankar (1977).
Thus the solution proceedsAacréss the nozzle from inlet to

exit.

3.2.3 Check of the Floszfogram

The program was checked by calculating the developing laminar
flow in the entrance region of a cylindrical pipe and comparing

the results with the published solution of Hormbeck (1963).

&
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Hornbeck's method involved similar assumptions and is used here
as a standard for checking BNDARL. In particular, the sensitivity
of the calculation to the number of cross-stream nodes and down-
stream step size was checked.

Figures 3.2 and 3.3 show Hormbeck's solution and the results
of boundary layer calculations of fluid velocity and pressure on
the axis of the cylindrical pipe. The dimensionless variables

referred to in the figure are defined as:

k- B
u

x* = X E_ (3.31)
R up
P-P

X =

gt

up

where u is mean axial velocity, R is the radius of the pipe, and
Po is the pressure at the inlet.

The maximum step size was varied from Ax* = ,0005 to Ax* =
.005 without significantly altering the results. However, the
figures indicate that the number of cross-stream nodes does af-
fect the results. The calculated velocity and pressure more
closely approached Hornbeck's result as the number of cross-
stream nodes increaséd. However, the cost of the computer calcu-
lation also increases with the number of nodes and a balance must
be struck. It seems that the improvement from 90 nodes to 200
nodes does not justify the more than doubling in cost that it

entails.
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The check verified that the program BNDARL produces values
which are consistent with those produced by other calculations
for a well-known situation.

3.2,4 Geometry of the Test Nozzle

In order to calculate the flow in the test nozzle, it is
necessary to specify the shape of the nozzle. Due to machining
inaccuracies, the nozzle was found to exhibit some asymmetries,
but a method was devised for assigning an average value of radius
for each position along the axis. The shape of the nozzle was
determined by making a plastic mold of the inside of the nozzle.
The plastic, Rigidax compound is produced by Argueso and Co., Inc.
(Mamaroneck, NY 10543) for this kind of use. The model was
examined with an optical comparator at magnifications of 20X and
100X. The nozzle was found to have a nearly conical entrance
region and a short throat at the exit. The characterization of
the nearly conical entrance region was straightforward. However,
the critical region near the exit required more careful examina-
tion. Nine tracings of the exit region were made at a magnifi-
cation of 100X as the model was rotated by approximately 20°
between tracings. Measurements were made of the overall length
of the model using the micrometer table on the optical comparator.
This length measurement agreed well with direct measurement done
on the nozzle itself, and supported confidence in the accuracy of
the model. In addition, a #58 drill bit was found to slide into
the exit region of the nozzle. The diameter of this drill was

measured to be 1,06 mm.



.

The tracings of the throat region were superimposed and
found to be nearly congruent in the conical section leading into
the throat and at the farthest extremity of the throat. Figure
3.4 shows the superposition of the nine tracings which have been
aligned using the section leading inté the throat.

The characterization of the throat region is based upon the
congruence of the tracings in the section leading into the throat,
the congruence of the tracings at the farthest extremity of the
throat and the radius of the drill #58. An axis was drawn bi-
secting the angle formed by the congruent lines, and the farthest
extremity of the throat was assigned an axial position of x =
1.770 cm, which agrees well with overall length measurements
made on the nozzle. The congruent lines leading into the throat
section were then found to have the formula R = -.311x + ,584.

A line perpendicular to the axis was constructed through x =
1.770 cm, and the distances corresponding to R = .053 cm were
marked off. These points represent the radius of the nozzle at
the exit which was determined from the drill bit. Figure 3.4
shows rounding of the model near the radius of the exit. This
is assumed to be due to loss of plastic when the model was ex-
tracted from the nozzle.

The nine tracings result in eighteen characterizations, each
consisting of the line R = -.311lx + .584, a point (Ri, xi) where
the throat begins and a line from (Ri’ xi) to the point x = 1,770,
R = .053 where the throat ends. The points (Ri’ xi) were grouped

into nine groups for convenience and an average of the eighteen
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radii was taken at each of the nine positions. For each charac-
terization, the radius R at a position x is determined either by
the line R = -.311x + .584 or by the line connecting (Ri, xi)
with (.053, 1.770) depending on whether x is greater or less than
X5

In addition, the smaller magnification tracing revealed a
position where the angle of the cone changed slightly: x = 1.580,
R = .0922, Therefore, the characterization of nozzle consists of
eleven points and straight line segments connecting the points

which provide an axi-symmetric outline. Figure 3.5 illustrates

the result near the exit. Table 3.1 lists the points.

Table 3.1 Points defining outline of axi-symmetric

characterization of test nozzle

X, cm R, com
0 i <527

1.580 .0922
1.661 .0670
1.670 L0644
1.677 .0625
1.684 .0606
1.691 .0589
1.701 .0566
1.706 .0559
1.712 .0552

1.770 .0530
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3.2.5 Calculation of Flow in the Test Nozzle

In addition to the geometry specified in the last section,
the flow program requires that the number of cross—stream nodes
and maximum down-stream step size be set. Also necessary are the
fluid properties and the velocity profile at the entrance to the
nozzle. Finally, it is necessary to decide how to relate a theo-
retical flow to one obscrved in the experiment.

The fluid properties were specified as .001185 g/cm3 for
density and 188 x lO_6 poise for viscostiy. These values corre-
spond to a temperature of 26°C and an inlet gas pressure of
1.015 x 106 dynes/cm2 or 76.2 cm of Hg. The values were inter-

polated from values given in the Handbook of Chemistry and

Physics (Weast, 1975, p. f-11, p. £-58).

The solution method was checked for sensitivity to number of
cross—-stream nodes as in Section 3.2.3. Ninety-one cross-stream
nodes were chosen for the final calculations as further increase
seemed uneconomical. Table 3.2 shows centerline gas velocity at
the exit of the nozzle, Ue’ pressure drop across the nozzle, AP,
and the number of nodes used in each calculation. The entrance
velocity for these calculations had a parabolic profile in r and
a centerline velocity of 83.6 cm/s. The nodes were distributed
uniformly in w.

A similar test was done on maximum down-stream step size,
using ninety-one cross-stream nodes and the same inlet flow as in
the above test. Table 3.3 shows the results. R is the radius of

the nozzle and depends upon position on the axis.
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Table 3.2 Effect of number of cross—-stream nodes on

calculation of flow in the test nozzle

Number of Cross- Ue Ag H.0
stream Nodes cm/s =S 2 2
91 4585 12,76
50 4559 12.56
20 4470 12.07

Table 3.3 Effect of largest down-stream step size on

calculations of flow in a test nozzle

Largest Down-stream Ue A%
; cm of H,O
Step Size cm/s 2
.01R 4585 1276
.05R 4587 12.60
ol R 4594 12.49

In the final flow calculations, the largest down-stream step size
was limited to .0O1R.

Tests were also done to determine the effect of the shape of
the inlet velocity profile on the velocity of particles leaving
the nozzle. Flat and parabolic entrance profiles were used to

generate flows with AP = 2,54 and 25.4 cm of H,0., Particle

2
velocities were then calculated for the flat and parabolic cases
for each value of AP. The particle velocities at the exit of the
nozzle for the two entrance ccnditions were found to agree to

four significant figures for both values of AP. The choice be-

tween flat and parabolic profiles was found to be insignificant
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and parabolic entrance profiles were used throughout the theo-
retical work.

The final question to be resolved before the flows could be
calculated concerns the method of relating a theoretical to an
experimental flow. Pressure drop across the nozzle is quite sen-
sitive to changes in velocity and was the most accurately deter-
mined flow parameter in the experiment. Therefore, in the
calculation, inlet velocities were varied until the calculated
pressure drop fell within .5% of the measured pressure drop. The
results of the calculation producing this agreement were stored
for use in the particle velocity calculations. The program solved
the flow field in approximately 80 seconds of central processor
time and required 932 down-stream steps.

3.2.6 Results of the Flow Calculations

Flow calculations were done for each of six values of pres-
sure drop across the nozzle. In each case, thirty-three values
of centerline velocity, the corresponding axial coordinate and
pressure were stored in a file for later use. A listing of these
files is found in Appendix B.3. Graphs of the centerline veloc-
ity as a function of position are plotted in Figures 3.6 and 3.7,
along with the outline of the nozzle. Figure 3.8 shows velocity
profiles at four points along the axis for two values of AP.

Figures 3.6 and 3.7 reveal curves which are very similar in
shape, a fact to be considered in the next section. In addition,
it is clear that most of the velocity change occurs near the end

of the nozzle; hence, it is not surprising that inlet velocity
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Figure 3.7 Centerline gas velocity in the test nozzle.
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profile-is not very important in detérmining the velocity of
particles at the nozzle exit.
The velocity profiles shown in Figure 3.8 are quite flat.
This fact will also be taken up in the next section. The viscous
effects which tend to produce a parabolic distribution of velocity
along the radial direction are counteracted by the convergence of
® the nvzzle which flattens the flow. The relative size of the flat
portiqn of the curve actually increases slightly as one moves down
the axis until the throat is entered, at which point the flow
@ again begins to develop a more rounded ﬁrofile. It is clear that
aerosol could occupy more than the center 10% of the flow without
showing significantly different particle velocities at the exit.

3.3 Comparison of Boundary Layer Calculations with Calculations

of Inviscid, Incompressible, Plug Flow

The similarity in éhape of the curves in Figures 3.6 and 3.7
® . ‘ and t-he flatness of the velocity profiles shown in Figure 3.8
suggest that.additional simplifying assumptions concerniﬁg the
flow might be made. In this section, the predictions of inviscid,
incompressible plug flow will be compared with those of the boun-
dary layer theory.

Under the assumptions of incompressible plug flow, the veloc-
ity profile is considered flat across the entire nozzle, and the
velocity at any given cross-section times the area of the cross-
section gives the volumetric flow through the nozzle. Thus, given
the velocity at any point in the nozzle, it is possible to predict

the velocity at all other points in the nozzle by conservation
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of mass, i.e., the product of velocity and area is a constant.

The assumption of inviscid_flow allows the application of
Bernouli's Law to the flow; by which one can relate the volumet-
ric flow‘of the fluid through the nozzle; Q, to the pressure drop,

AP, across the nozzle,

KNP SN I S
AP =59Q { 2 2] ; : (3.12)

g A

where AE is the area of the nozzle exit and A_, the area of the

I
entrance.

The assumption of £hcompressible, inviscid plug flow (here-
after referred to as one-dimensional ideal flow) is compared té
the boundary layer approximation to see if the two agree on total
'~flow, velocity of the gas on the centerline at the exit of the noz-
zle and dependence of centerline gas velocity on axial position.

In Table 3.4, experimental values of Q have been included for
reference with those predicted by ideal flow and boundary layer.
All valuves of Q are for P = 76.2 cm of Hg. Centerline velocities
at the exit predicted by boundary layer are tabulated with the
exit velocities predicted by ideal flow. Figure 3.9 shows the
Qépendence of centerline velocity on the axial position as pre-
dicted by boundary layer and by the plug flow assumption. - The
dimensionless velocity is the centerline velocity, Ug,.div%ded by
fhe centerline velocity at tbe.exit,.Ue. —

A significant disagreement concerning tota; flow exists be-
ﬁween thé boundaryklayer'and~ideal.flow calculations. The percent

discrepancy'decreases with increasing flow Reynolds number, Ref.
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Table 3.4 Comparison of boundary layer and inviscid incompressible plug flows

in the test nozzle

Flow Rate, lpm

Exit Centerline Velocity, cm/s

AP Theoretical Boundary

em of H.O Measured Boundary Layer Bernouli's Layer Bernouli's
2 Calculation Law Calculation Law
2.54 1.02 .94 1.09 2054 2050
7.63 1.77 1.69 1.89 3557 3553
124 2.31 2:21 2.43 4585 4584
25.4 3udd 3.2 3.4 6480 6482
69.1 5.2 3.3 5.7 10690 10692
276 9.7 10.9 11.4 21380 21370

# K ® ® ® 5
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The ratio of total flow predicted by the boundary layer to that
predicted by ideal flow increases from .85 when Ref =12 x lO2

(AP = 2,54 cm of H20) to .96 where Re_, = 14 x 103 (AP = 276 cm of

f:
HZO)' This illustrates the expected effect of viscosity. The
energy dissipated by viscous effects results in lower flow rates
for a given AP than would be expected for inviscid flow. This
energy is lost in the region near the wall where the velocity
gradients are largest and there is development of a flow profile.
The velocity predicted by boundary layer in the center region of
the flow exceeds the mean velocity. It turns out that these ef-
fects balance and the centerline velocity predicted by the boun-
dary layer theory agrees well with the velocity predicted by
ideal flow. This is true of both the exit velocities tabulated
in Table 4.3 and the velocity as function of position shown on
Figure 3.9. The two models agree on the values which are crit-
ical to this study, i.e., prediction of centerline velocity as

a function of position on the axis from the pressure drop.

3.4 Calculation of Particle Trajectories

3.4,1 Equations to be Solved

The equations for spherical particles moving in a fluid are
given for the one-dimensional case [Equations (3.13) and 3. 14015
Due to the flatness of the theoretical velocity profile and the
use of sheath air to confine the aerosol in a region around the
center streamline, it is necessary only to solve for the par-
ticle motion along the center streamline. The narrowness of

the measured particle velocity distributions supports this view.
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The equations of motion of the particle are:

du 3mu(U_-U )D
& u(g p)

= P
b = (Rep < .5) (3.13)
12
du 3 (U -=U)D D 5/3 2/3 l/3(U -U )5/3
P g p p_ _ P g P
dx CM Up : 2C M Up

(Rep > 45) (3.14)
where Dp is the particle diameter, Ug’ the gas velocity, Up, the
particle velocity, M, the particle mass, M, the gas viscosity,
and p, the gas density. Rep, the particle Reynolds number, and
C, the slip correction, are given in Equations (3.15) and (3.16).

The formula for C is adapted from Liu (1972).

oD (U =U )
Rep =___LL_E.__P__ (3.15)
5 16.5 5.5 *
C=1+ B—F—-+ 5;5 exp (~0.65 DpP) (3.16)

where P is the air pressure. Although the flow is solved for the
incompressible case, changes in gas density enter into the par-
ticle dynamics through Equation (3.16).

Equation (3.13) is merely Stokes' law and expresses the
fact that at low Reynolds number, the drag coefficient of a
sphere is 24/Rep. Equation (3.14) is an extension of Stokes' law
to be used at higher Reynolds numbers. It was proposed by
Klyachko (see Fuchs, 1964, p. 33). This equation results from an
empirical fit to drag coefficient data, and is equivalent to

/3

CD = 24/Rep + 4/(Rep)l . The transition point from Equation

(3.13) to Equation (3.14) is somewhat arbitrary. Figure 3.10
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shows the percent ‘deviation from measured values of the drag coef-
ficients calculated by (3.13) and (3.14). The error bars show

the probable error cited by Fuchs. The percent discrepancy be-
tween the formulas and the measur;d values has approximately the
same magnitude but opposite sign at Rep = .5 where the transition
between Equation (3.13) and.(3.14) is made.

3.4.2 Solution Method

Equations (3.13) and/or (3.14) are solved numerically using
a Runge-Kutta solution subroutine. The gas velocity and pressure
are supplied as a function of position on the axis from the boun-
dary layer flow calculations. The particle diameter and density
are supplied by the user. The solution proceeds step-by-step down
the axis using P to calculate C [Equation (3.16)], and finding Up
for each step. The Runge-Kutta routine requires that dUp/dx be
supplied in order to integrate for Up. Each time the Runge-Kutta
routine demands dUp/dx, Rep is evaluated. If Rep is less than
.5, Equation (3.14) is used to evaluate dUp/dx; otherwise, Equa-
tion (3.14) is used.

The Runge-Kutta library routine, programmed by Frisch and
Hotchkiss (1965), has variable integration step size and automatic
error control. The user assigns values to the error parameters,
ETA and EPS. These parameters are used as follows: the routine

integrates between two points, x, and Xys and produces a value of

ik

Up at X,. Then the interval is halved and the integration is done

£
between Xy and (xl + xz)/Z, and then from (xl + x2)/2 to X,. The

second two-step integration produces Up'. If IUp—Up'I < EPS x Up,
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or if |UP-Up' < ETA, the routine continues on to Xj. If the
criﬁeria are not met, the interval is halved and reintegrated.

Clearly, the Runge-Kutté routine with variable step size re-
quires that a value for‘dUp/dx be available for any value of x.
However, the information supplied from the flow calculations con-
sists of gas velocity and pressure at thirty—ﬁhree points on the
axis of the noscle. A library rouline using Aitken's method was
used to interpolate between these points when the Runge-Kutta
routine required intermediate values of Ug (Skow and Hotchkiss,
1972), Three points were used in the interpolations. The thirty-
three supplied values of P were used to calculate C, since P
changes slowly.

The main solution program, named PARVEL, is listed in Appen-
dix C with a glossary of those terms which are modified by the

user.

3.4.3 Test of the Solution Method

The particle velocity.prégram was tested in the case of a
particie with a small initial velocity in a flow of larger con-
stant velocity. Stokes' law was used. The equations were non-
dimensionalizéd and solved numerically. An analytic solution was
used for comparison, and the two agree to four significant figures
for values of EPS less than 10-2.

3.4.4 Calculations of Particle Trajectories in the Test Nozzle

The particle trajectory program requires that particle den-

sity and diameter be specified, gas velocitles and pressures be

supplied, and values be assigned to EPA and ETA. In addition,
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some accounting hust.be made for~the_fapt Fhat in the experiment,
ﬁhe measurement of‘particle vglocity is made some distance from
the end of the nozzle. |

The error criteria, EPS and ETA, which control the step size
in the integration routine, were set at 10_5. The test and some
preliminary calculations indicated that this is a safe value,
Resulting i;tegratioﬂ_step sizes and time required for solution
of the equation depended primarily oﬁ particle lag. Those par-
ticles with velocities closest to that of the gas required
smaller steps and longer computing times. CP times ranged from
less than two seconds for 11.3 um particles in the lérgest flow
to 60 seconds for .5 pm particles in the smallest flow. The cor-
responding step sizes were on the order of .03 cm and .00l cm,
respecti?ely.

In the experiment, particles traveléd some 145 uym # 15 um
from thé exit of the nozzle to the center of the measurement
region. The theoretical treatment of this fact consists of con-
tinuing the integration to the measuring point, assuming that the
gas velocity remains unchanged over this distance, which corre-
sponds. to approximately .13 of the nozzle exit diameter.

Velocities have been calculated for particles of density
1.05 g/cm3 with diameters .5, .15, 1, and 2 um for comparison
with measurements made on PSL aerosol. Calculations for par-
_ticles of density .886‘g/cm? and diameters 3, 6, 9, and 11.3 im

provide theoretical comparison for the measurements made on

oleic acid particles.
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3.4.5 Results of Calculations and Comparison with Experiments

Figures 3.11, 3.12, and 3.13 present graphically the results
of the theoretical calculations and measurements of particle
velocity 145 pm from the exit of the nozzle.

The deviation of the experimental points from the theoret-
ical curves is rather small. Considering only deviation in the
velocity coordinate, the percent mean deviation is on the order
of 1.4% for AP = 2.54 cm of HZO’ 2.2% for AP = 12.7 cm of H2

and 1.1% for AP = 61.9 cm of HZO' A mean deviation of only 3%

0,

for AP = 276 cm of HZO is surprising since the incompressible
flow assumption should begin to fail at this large pressure drop.

The good agreement between theory and experiment must be un-
derstood as a verification of the model in the range of values
tested. The boundary layer flow calculation produced centerline
gas velocities at the exit which were very close to the veloci-
ties of the .5 um diameter particles in the cases where the par-
ticle velocity curves become flat for small Dp. The flattening
of these curves (see AP = 2,54, 7,63, 12.7 cm of HZO) indicates
that the particles are traveling at velocities very near that of
the gas, and these measurements tend to confirm the centerline
exit velocity predicted by the boundary layer theory.

The remainder of the velocity measurements confirm the par-
ticle dynamics model as well. This method of theoretical analysis
can be used with confidence to predict the velocity of particles

confined near the center streamline in incompressible flows in

nozzles of moderate convergence.
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The use of Bernouli's Law to predict particle velocities
will be examined in the next chapter.

In Table 3.5, the theoretical calculated velocities, Up’ of
the particles at the point of measurement, dUp/dx, and the par-
ticle Reynolds numbers are tabulated. dUp/dx multiplied by the
uncertainty in the measurement position is not large enough to
account for the deviationms.

Figure 3.14 shows the theoretically calculated gas and par-
ticle velocities as a function of position along the axis for the

case of AP = 25,4 cm of H,0 and two particle sizes. The fact

2
that the slope of the gas velocity is greater than that of the
particle velocity indicates that the particle Reynolds number,

% Rep, is increasing throughout the trajectory in the nozzle.

As was noted in Section 3.4.1, C was allowed to change as P
changed, even though the flow was calculated for the incompres-

@ sible case. The actual variation in C is small. It will, of
course, be greatest for small particle sizes and largest pressure
drops. Table 3.6 indicates the increase in C for the smallest

[ ) particle sizes and largest values of pressure drop calculated.

This result will be referred to in Chapter 4.
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Table 3.5 Theoretical values of Up and dpp/dx at 145 um beyond the exit of the nozzle
AP = 2.54 AP = 7.63 AP = 12.7 AP = 25.4 A2 = 69.1 AP = 276
Ue = 2054 Ue = 3557 Ue = 4585 Ue = 6491 Ue = 10710 Ue = 21380
Dp’ pm Up dUp/dx Up dUp/dx Up dUp/dx Up dUp/dx : Up dUp/dx Up dUp/dx
' g/cm3 cm/s 1039._1 cm/s 1035”1 cm/s 1035-l “ecm/s 1033"l cm/s 1033-1 cm/s 1035"l
.5 /1.05 2054 O 3556 O 4583 N 6482 1.2 10650 4.6 220§40 18
.75/1.05 2053 .14 3550 .9 4574 1.3 6440 3.7
1. /1.05 2050 .53 3532 2.0 4532 3.3 6352 6.0 10240 13 19400 32
2. /1.05 1991 2.4 3328 5.0 4221 7.0 . 5768 10.8 8934 19 16100 38
3. / .886 1904 3.1 3138 6.1 3920 8.1 5288 11.8 8079 19 14410 37
6. / .886 1574 3,9 . 2469 6.5 3034 8.1 4020 11 6034 17 1062 31
9. / .886 1322 3.6 2044 S.é 2501 7.2 3299 9.6 4934 15 8670 26
11.3 / .886 1181 3.4 1818 5.3 222 6.6 2928 8.8 4376 13 7688 24

- 00T -~



Tabie 3.6 Change in C for smallest pafticles and

AP, cm H

276
276
276

69,1
69.1
69.1

25.4
25.4
25.4

2

0

largest values of AP

% Increase in C

11
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CHAPTER 4

THEQRETICAL ANALYSIS - IDEAL NOZZLES

4,1 Introduction

The work-described in Chapter 3 demonstrates that it is pos-
sible to accurately predict the velocity of particles movingvon
the centerline of a nozzle. In this chapter, the equations of
particle motion are written in dimensionless form and applied to
the problem of particles moving in conical nozzles. These calcu-
lations are done assuming inviscid, incompressible plug flow in
the nozzle. The use of these assumptions in place of the bound-
ary layer approxima;ion is justified by additional comparisons
between the two methods in which the centerline velocities are
found to agree.

A dimensionless particle velocity results from the numer-
ical solution to the dimensionless equation of motion. This
dimensionless velocity is a function of Stokes number, a par-
ticle Reynolds number, the geometry of the nozzle‘andlthe dimen-
sionless pbsition of the particle. The dimensionless particle
velocities are shown in tables and graphs which allow particle

velocities to be determined for various flows, nozzle geomet-

rics, particle sizes and densities.

In the final section of the chapter, the relationship be-
tween particle velocity and aerodynamic particle size is explored.
Understanding this relationship is essential in order to evaluate

this technique as a method of sizing particles.
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4,2 Dimensional Analysis-of the Equations of Motion

This analysis follows that of Friedlander (1977). Equation
(4.1) expresses the drag force experienced by a particle moving

in the same direction as the fluid.

22
mp(U_ - U )"D “C
F. = Py 2’ % : 4.1)
D 8C ’

The drag coefficient, C_., depends only upon Rep. C is included

D’
in Equation (4.1) to account for the slip experienced by smaller
particles.
Newton's second law for a particle experiencing only drag
force can be written as:
T _ 3 du
= — D ' .
F 3 Dp p Up E;R A 4.2)
where p' is the density of the particle.
If Equations (4.1) and (4.2) are combined, the resulting
equation can be non-dimensionalized to give:
%
du
P

e W uNHZac
4 .

ax 'w ™y ¢p
P P P

where the following dimensionless quantities are defined as:

U
y =R
p U,
U
* .
U =R (4.4)
g U, .
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Ue is the centerline gas velocity at the exit of the nozzle, and
a is the radius of the nozzle exit.
This result can be simplified by the introduction of Stokes

and Reynolds numbers. For spherical particles,

D 2p'UeC
St = g (4.5)
pU_ D 4
Re = ——u—R . (4.6) '
and
R w*-u* R 4.7)
e = - e _ .
P b4 P ) .
The dimensionless equation becomes:
* * 2
du Re(ng -U ) CD
i P (4.8)
dx 24 (st) Up

*
In order to solve this equation, both CD and Ug must be pro-

vided. CD is known to depend only on Rep, and the assumption of

* *
one-dimensional ideal flow implies that Ug is a function of x and
* * A
nozzle shape. Thus, Up is a function of x , Re, St and nozzle
geometry.

4.3 One-Dimensional Ideal Flow in a Conical Nozzle

In order to simplify and standardize the specification of

. nozzle geometry, only conical nozzles are treated in this and the.
following sections. A cone of sufficient length will be speci-

~ fied to insure that the approach velocity is negligible. In such

a nozzle, the gas velocity at the exit depends primarily upon
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the pressure drop and not significantly upon the length of

the nozzle. The dimensionless gas velocity in the nozzle as a
function of dimensionless distance from the exit is identical
in all nozzles having the same cone angle.

Figure 4.1 shows the conical nozzle used in subsequent calcu-
lations. The dimensionless velocities calculated for‘particles in
this‘nozzle may be applied to all nozzles having the same cone
angle and equal or greater length. For one-dimensional, ideal
flow, the pressure drop across the nozzle and the dimensionless
gas velocity are given by:

U 2p

AP 32 (.992) (4.9)

I

*
v ¥ 1 A (4.10)

*
g (11 - x tan a)2

Nozzles described by Equations (4.9) and (4.10) will be referred

to as ideal nozzles.
% x
Ug is needed for calculations of Up in nozzles with a =

15°, 30°, and 45°, but the accuracy of one-dimensional ideal flow

has been established only for the & 15° case in Chapter 3.
Results shown in Table 4.1 and Figure 4.2 indicate that the
values of centerline gas velocity and pressure drop across the
nozzlé predicted by oné—dimensional ideal flow agree with those
calculated using the boundary layer model for a = 30° and 45° as
well. Unlike the values for a = 15°, those for a = 30° and 45°

have not been checked experimentaliy. Table 4.1 gives the volu-

metfic flows (P = 76.2 cm Hg) and exit velocities, and Figure 4.2
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Figure 4.1 Geometry of the ideal nozzle.
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Table 4.1 Comparison of’boundéry laYér and one-dimensional

ideal flow calculations for a = 30° and 45°

One-Dimensional

Boundarvaayer . Ideal Flow
a AP Q- ge - Q 3Ue
cm H20 lpm ;0 cm/s lpm 10 cm/s
30° 2.68 94 212 1.00 2,12
30°  23.4 2.85 6.23 2,94 .6.24
30° 204, 8.55  18.4 8.69 18.4
45° 2.60 .94 2.09 .98 2.08.
45° 22.8 2.85 6.18 2.91 6.17
45° 201. 8.55 18.3. . 8.63 18.3

shows the centerline velocities predicted by the two methods.

The flow Reynolds numbers range from 1300 to 11,600. In the one-
dimensional ideal flow case, Bernouli's law, Equation (4.9), was
applied to the pressure drop predicted by the boundary layer cal-
culation to find Ue. Then Q was found by multiplying Ue by the
area of the nozzle exit. The centerline gas velocities and pres-~
sures calculated by thé boundary layer approxiﬁation are listed in
Appendix B.3.2. The agreemeﬁt of the two methods on Ug* justifies
the substitution of the one-dimensional ideal flow calculation for
the other.

4,4 Particle Motion in Ideal Nozzles

4,4,1 Equations to be Solved

* *
Equation (4.8) is to be solved for Up where Ug is given by
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Equation (4.10) and CD“is given below.

= 24 .
Cp = 22 ; Re < .5 (4.11)
P
_ 24 4 ' |
¢ = ep * 7735 Re, > .5 (4.12)

R

( ep)
Equations (4.8), (4.11), and (4.12) express in dimensionless

form the same information found in Equations (3.13) and (3.14).

“4.4,2 Solution Method

Equations (4.8), (4,11), and (4.12) are solved numerically
by methods similar to those described in Chapter 3 for the solu-
tion of Equations (3.13) and (3.14). However, two differences in
the solution programs deserve mention. When solving Equations
(3.13) and (3.14), the value of C was calculated for each value of
pressure encountered along the particles' path. However, C is ab-
sorbed into St in the solution. of Equation (4.6) and is thus con-
stant. Table (3.6) shows the changes in C experienced in the
actual calculations done for Chapter 3. If the pressure drop is
kept small enough so that the assumption of incompressibility re-
mains valid, the change in C will be small for moderate sized par-
ticles. TFor example, a AP equal to 7% of atmospheric pressure
produces an increase in C of 2% for a .5 um diameter particle.
This will not result in large differences in the Up calculated by
the two methods. Secondly, no interpolations are needed to pro-
vide gas velocity in the solution of Equation (4.8) since the
values of Up* are calculable for all k*;

For the present case, the error parameters for the

Ruhge—Kuttavroutine were set just as in Section 3.4.4 (i.e.,
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_ -5 . * *
EPS = ETA = 10 7). The entrance conditions were Up = Ug at
* * *
x =0, Ug = ] was assumed for all x greater than 10/tan a.
. v

Up was calculated for a = 15°, 30°, and 45° at the exit ?f the
nozzle and At positions .2a, .4a, and .6a beyond the exit of the
nozzle. St was varied from .02 to 200 and Re from .1 to 100.
The program, named CONOPT, is listed in Appendix D with a
glossary of terms and was run on the.University of Minnesota's
CDC 6400 computer with the MNF compiler.

4.4,3 Results of the Calculations

] as a function of St and Re is tabulated in Tables 4.2

through 4.13 for o = 15°, 30°, and 45° at the exit and at dis-
tances equal to .2a, .4a, and .6a from the exit of the nozzle.

Figures 4.3 through 4.14 are graphical presentations of the

- numerical results given in the tables.

Stokesian particles are.those having Rep < .5. The Up* of a .
particle which has been Stokesian throughout its motion shows no
dependence oane. This follows from Equations (4.12) and (4.6). -
Hence, the values of Up* for particles which have been Stokesian

throughout will all fall on one line for a given and distance

~from the exit. At points beyond the exit, some particles which

have been ultra-Stokesian in the nozzle catch up to the gas veloc-
*
ity and become Stokesian. Up for such particles does show a

dependence on Re.
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*
Iable 4,2 Up as a function of St and Re at the exit of

an ideal nozzle, a = 15°

Re
st .1 .5 1. 5. 10. 30. 50.  100. ®
.02 .989 .990 .990 .990 .990 .990  .990  .991
.12 J947  .947  L947  .947  .949  .954  .956  .960
-2 919 .919  .919 .919  .926 .932 .936  .942 ®
.5 844 .844  .844  .853 .860 .873  .880  .892
1.2 741 741 .741 .759  .768  .790  .803  .823
2. 671 .671  .671  .693  .704  .730  .746  .771
5. .538  .538  .538 .564 .578  .611  .630  .663
12. 416 .416  .419  .443  .457 491 .512 547
20. 352 .352 .355  .377 .39  .424 445 479 ®
50. 254 253 .257  .274  .286 .31&  .333  .364

120. .180 .180 .183 .196 .205 .228 .243.  ,269

200. .146  ,146 .149 160  .167 .187 .200 .223 . ®
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* .
Table 4.3 Up as. a function of St and Re, .2a beyond the exit

of an ideal nozzle, a = 15°

Re .
St .1 .5 1. S. 10. 30. 50. 100.

.02 1.000 1.000 1.000 1.000 1.000 1,000 1.000 1.000

.12 .990  .990  .990  .990 .991  .993  .994  .995

¢ .2 972 .972 .972. .972 .975 .980 .982  .985
.5 .91 901 .90l .910 .917 .929 .937  .947

| 1.2 791 .791  .791 .812 .822 .845  .859  .880
. 2, 715 .715 .715  .740 .753  .782  .800  .826
5, .570  .570 .570 .60l  .617  .653 .675 .71l

12, 438 .438  .443 L4609  .485  .523  .547  .586

20. 369 .369 .375 .398  .4l4 451 .474 . .512

50. 264 .264 .270 .288  .301  .333  .354  .388

i 120. 187  .187  .191 .206 .216  .241  .258  .286
* 200. 151 .151  .155 .167 .176  .197 .211  .236




Table 4.4

St

.02

12,
20.
50;
120.

200.
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Up* as a function- of .St .and Re, .4a beyond the exit
of an ideal nozzle, o = 15°
Re
.1 .5 1. 5. 10, 30. 50. 100.
1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000
.998 .998 .998 .998 .998 .999 .999 .999
990 .990 .990 .990 .991 .993 .994 .995
.936 .936  .936 .942 .949 .958 .963 971
.830 .830 .830 .851 .861 .882 .895 .914
.751 .751 .751 .778 .791 .821 .838 .864
.598 .598 .598 .632 .649 .688 .711 .748
459 .459  .465 .493 .510 .551 .577 .618
.386 .386 .392 .418 .435 474 .500 .541
.276 .275 .281 .302 .316 .350 .372 .410
.194 .194 .199 .215 .226 .253 .271 .302
157 .157 .161 174 .183 .éO6 .221 . 249

[
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. %
Table 4.5 Up as a function of St and Re, .6a beyond the exit

of an ideal nozzle, a = 15°

Re
st .1 .5 1. 5. 10. 30. 50.  100.

.02 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000

.12 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000

.2 996  .996 .996  .996  .997  .997  .998  .998

.5 958  .958  .958  .962  .966  .974  .978  .983
1.2 .861 .861 .86l .88C .889  .909  .920  .935
2. .782 .782 .782 .808 .821 .850  .866  .890
5. .624  .624  .624  .659  .677 717  .741 777
12. 478 .478 486 .514  .532  .576  .603  .646
20. 401 L401 .409  .436  L454  L496  .523  .566
50. .286 - .286 .293  .314  .329  .366 .390  .429
120. ©.201  .201  .207 .223  .235 .264. .283  .316

200. .162 .162 .167 .181 .190 .215 .232 .260




*
Table 4.6 Up as a function of

St
.02

.12

. 5 :

1.2

12.
20.
50.
" 120.

200.
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|l

St and Re at the exit of
an ideal nozzle, a-=-30°

Re .
et .5 1. 5. 10. 30. 50.  100.
978  .979 .979 .979 .979 .,981 .,981 .982
901 ,901 ,901 .901 .911 .918 .923 .930
.858  .858  .858  .866  .873  .884 .891  .902
755 ° .755 .755 .772 .,781  .801 .814  .833
.634  .634  .634 (658  .670 .698 .716  .743
..560 .560 .560 .586  .599  .631 -.651  .681
430  .430 433 ..457 472,506  .527  .562
2322 .322 .326  .346  .360 .391 .412 446
.268 ,268 .271. .,290 ,302 .331 .350 .382
.188 ,188 ,191  ,205 .214 .238 .253  .280
131  .131  .133 ,144 .151 .168 .181  .202
.105 .105 .107 .llé 121 .136 .146 .164
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Table 4.7 Up as a function of St and Re, .2a beyond the exit

of an ideal nozzle, a = 30°

Re
St .1 .5 1. _s. 10.  .30. _50.  100.
.02 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000
.12 983 .983 .983 .983  .985 .989  .990  .993
.2 .953  .953  .953  .956 .962 .969  .973  .979
.5 .851 .851 .85l .869 .879  .899  .910  .927
1.2 714 714 .74 743 .758  .791  .810  .839
2. 628  .628 .628 .661 .678 .716 .738  .774
5. 478 .478  .485  .513  .531 .572 .598  .639
12. 354 .354  .361  .385 .402 .44l .466  .507
20. 293 .293  .300 .321 .336 .372  .395  .433
50. 204,204 .209  .225 .237  .265 .284  .316
120. 141 L1641 .145  .157  .166  .187  .201  .226
200,  .113  .113  .117 .126 .133 .151 .163 .184
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Table 4.8 Up as a function of St and Re, .4a beyond the exit

of an ideal nozzle, a.= 30°.

Re
St .1 .5 0 1. 5. 10. 30. 50.  100.

.02 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000

.12 .997 .997 .997 .997 .997 .998  .998 .999

.2 .983 .983  .983 '{984 .986 .990 .991 .994

.5 | .905 .905 .905 919 927 .942 <950 .961
1.2 771 771 771 .801 .815 .846 .864  .889
2. . .680 . .680 .630 .716 .733 772,794 .828
5. .519 519 525 | .558 .577 .623 .650  .694
12. .383 .383 .392 +419 .437 .481  ,509 .553
20. .316 316  .325 .348 .365 .405 431 474
50. .219 .219  .226 .244 .257 .289 <311 .347
120. .151 <151 .156 .169 .179 .204 ;220 .248

200. 121 121 .125 .136 144 .164 .178 .201
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Table 4.9 Up as a function of St and Re, .6a beyond the exit

of an ideal nozzle, a = 30°

Re
St .1 .5 1. 5. 10. 30. 50. 100.

.02 1.000 1.000  1.000 1.000 1.000 1.000 1.000 1.000

.12 999 .999  .999  .999  .999 1.000 1.000 1.000

.2 .994  .994 .99 .99  .994  .996  .997  .998

.5 939 .939  .939  .947  .954 .965 .970  .978
1.2 .815  .815 .815 .843  .855 .883  .898  .920
2, 723 .723 .723  .759  .776  .813  .834  .865
5. .553  .553  .559 .595 .616 .663 .691 .735
12. 408 408  .420  .448  .468  .515  .544  .591
20. 2337 .337  .347  .372 .391  .435  .462  .508
50. 233 .233 .241  .261 .275 .311 .33 .373
120. .160 .160 .166 .18l .191 .218 .236  .267

200. .128  .128  .133  .145 .153  .176  .191  .217
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Table 4.10 Up “as a function of St and Re at

St
002

012

12..
20.
50.
120.

200.
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an ideal nozzle, o = 45°

the exit of

Re
.1 .5 1. 5. 10. _30. _50. 100.
965 965  .965 .965 .965 .969 .970  .972
.854  .854  .854 ’.863 .869  .881  .888  ,900
'.800 .800 .800 .813 .821 .838 .848  .864
681 .681  .681 .702  .713 L7390 L7540 .779
554 .554  .554  .580  .594 626  .645  .677
.481  .481  .481 ,508 .522 .56 .577  .611
.360  .360 .363  .386 .399  .432  .453  .488
264 264,268 .286  .297  .326  .345  .377
217 .217  .221  .236  .247  .273  .290  .319
.150  .150 .153 .164 .172  ,192 - .205  .229
103 .103  .106 .114 119 .134 .144 .16l
.083 .083 .084 .091 .096 ,108 .116 .130
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Table 4.11 Up as a function of St and Re, .2a beyond the exit

of an ideal nozzle, a = 45°

Re
St .l .3 1. 5. 10. 30. 50. 100.

.02 1.000 1.000 1,000 1.000 1.000 1.000 l.OCO 1.000

.12 .976 .976 .976 .978 .980  .985 ,988  ,991

.2 936 .936  .936  .943 .951  .961 .966  .974

.5 812 .812 .812 .838 .850 .876 .890  .912
1.2 661 .661 .66l .696 .714 .753 .776 .81l
2. .570 .570 .572 .608  .627 .671  .697  .737
5. 422 .422 431 459 L477 L5201 .549  .593
12. ©.306 306 .314  .336  .353  .392 417  .458
20. .250  .250 .256  .277 .291 .326 .348  .386
50. 171 171 .176  .191 .201 .228  .245 .275
120. 117 117 .120  .131  .139  .158  .171  .194

200, .093  .093 .096 .104 .110 .126 .137 .156
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*
Table 4,12 Up as a function of St and Re,. .4a beyond the exit

of an ideal nozzle, a = 45°

Re

st .1 .5 1. 5. 10. _30. _50.  100.
.02 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000
.12 .995 .95  .995  .996  .996  .997  .998  .998
.2 977 .997 977 .980 .982 .987 .989  .992
.5 .883 .883 .883 .903 .912 .931 .941  .955
1.2 733,733 .733  .769 .786  .822  .843  .873
2. 636 .636  .637  .677  .697 .741 .767  .806
5. 472 472 484 514 .535  .584  .6l4  .661
12, 340 L340 .351 .377  .396 .44l 469  .516
20.- 278 .278  .287 _.310 .327 .367 .393  .436
50. 189 .189  .196  .213  .226  .257 .278  .312
120, 129 .129  .134  .146  .155 .178  .193  .220
200. 102 .102 .106  .116  .124  .142  .1S5  .177
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Table 4.13 Up as a function of St and Re, .6a beyond the

of an ideal nozzle, a = 45°

exit

Re

St ol ) 1s 5. 10. 30. 50. 100.
.02 1.000 1.000 1,000 1.000 1.000 1.000 1.000 1.000
012 999 ,999 .999 .999  .999 .999 1.000 1.000
o2 29927 0880 992 992 <983 . 09850 - 3996 991
. 2925 .. ,925 . - ,0925 - ..937 946 - 959 - 966 974
1.2 785  ,785 785 .819 .B834  .867 - .B85 910
24 687 687  .888 - 728 14l 198 v Bl . 849
Be «DER Tt 583 526" 5550 - ,B5BY 15832 %663 710
12. o 7 e v QU - TR e IS i Sl - ) R R ]
20. 302" ;302 - G314 3390 357 . G402 - 430 41]
50. 205 2057 2Vh 5,233 - LAY G288 305 343
120. s240 L L 180 146 SIGEDG . G170 U G198 “a212 . W82
200. o311 T AEL BN 32T G35 G860 N 370 195
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a = 15°, at the exit.
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Figure 4.15 shows Up* as a function of /St for Stokesian
particles at the exit of the nozzle. The figure indicates the
effect of varying o even though it is not likely that a real aero-
sol would be Stokesian throughout the range of St indicated.
Clearly, increasing the angle increases the slope of the curve,
and the sensitivity of the method.

Figure 4.16 shows the effect of varying the point of measure-
ment for nozzles with a = 30°, Up* is shown as a function of VSt
for Stokesian particles at the exit of the nozzle and at dis-
tances .2a, .4a and .6a from the exit. The curves are nearly
parallel, indicating that the slope does not change very much as
the measurement point moves away from the exit. However, the min-
imum value of St needed to obtain resolution does increase. This
implies a decrease in sensitivity as the measurement point moves
away from the nozzle, because slope of the Up* vs. D_ curve does
decrease if St is increased to utilize the full range of Up*.

4.5 Construction of Calibration Curves for Ideal Nozzles

Figure 4.17 shows predicted particle velocity as a function
of Dp for unit density spheres .0l cm from the exit of an ideal
nozzle with a = 30°, a = .05 cm, and Ue = 6234 cm/s. This flow
corresponds to AP = 23.4 cm of HZO' First, particle diameters
were chosen and C determined from Equation (3.14) or Figure 4.18
(Liu, 1976a). Then St and Re were calculated, and Up* found
from Figure 4.8. The results are tabulated in Table 4.14, along

with particle velocities predicted for the same configuration
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Table 4.14 Particle velocities by two methods for the nozzle

of Section 4.5

One-Dimensional Boundary
Ideal Flow Layer Flow
D St Re Up* Rep UP Up*
um cm/s
3 6228 1.00
oD 122 1.97 +985 .03
ol 5888 .94
1 .428 3.9 «89 43 5493 <88
iby s .918 9% .18 1503
P 1.58 7.8 VAL 2.34
250 2592 10.0 .63 Fie
S 3.50 11.8 <59 4.8
S YD 19.6 .455 $:05.
6. 17386 23.6 .40 1452
8. 24,0 31.4 5515 2042
105 1922 Sesil
1E22 53.8 47.2 2 34.0
155 83.8 58.9 .24 44.8 1499 .24

using boundary layer flow calculations. These points are also
plotted on Figure 4.17, and the agreement between the methods
is very good. The boundary layer flow was calculated for
Section 4.3 and the centerline velocities are listed in

Appendix B.3.2.
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4,6 Determination of Aerodynamic Diameter from the Velocity
of Particles

The previous section demonstrates that particle diameter can
be determined from particle velocity for spherical particles of
known density. In the case of uncertain shape and density, an
aerodynamic diameter can be assigned to particles based on their
velocity.

The aerodynamic diameter determines the impaction and set-
tling behavior of Stokesian particles and is defined as the
diameter of a unit density sphere having the same value of St as
the particle in question. Equation (4.13) expresses this defini-
tion. ét is the Stokes number of the particle, Da is its aero-

dynamic diameter, and C(Da) is the corresponding slip correction.

it t (18ua)
¥C(d.) D = /i——ii:———- (4.13)

Impactors classify particles of different demsities and shapes
according to Da' But the dynamics of particles in impactors is
generally governed by Stokes' law (Marple and Liu, 1974). It has
been shown above, however, that the particles emerging from a
nozzle are often ultra-Stokesian and this introduces some uncer-
tainty in the assignment of aerodynamic diameter.

The uncertainty due to uncertain density is illustrated in
Figure 4.19. The horizontal coordinate is the aerodynamic diam-
eter and the vertical coordinate is the velocity of spherical
particles .01 cm from the exit of the nozzle described in Section
4,5, The curves are drawn for p' =1 g/cm3 and p' = 3 g/cm3.

The points for p' =1 g/cm3 are taken directly from Table 4.14.
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The points for p' = 3 g/cm3 are listed in Table 4.15.

%
Table 4.15 Up for particles with p' = 3 g/cm3 in
the nozzle described in Section 4.5.

Ue = 6234 cm/s

o St Re Up Rep Da
um SEaTE N, Hm

o3 .368 1:97 + 20 .19 92

ol .668 2.75 .82 5 L dd
1. 1.28 3.9 «73 1.05 1.79
1.5 2.76 b #6 +61 23 2.65
2. 4,78 729 e 3.9 3.50
4, 18.4 15.7 .36 10. 7.0
5. 28.6 19.6 «32 3.3 8.7
7. 55.4 27.5 «26 20.3 12,2

Figure 4.19 clearly shows that the value of Da associated
with a given Up depends upon particle density. Analysis of Equa-
tions (4.8), (4.11) and (4.12) show why this is true. In Stokes'
regime, Equations (4.8) and (4.11) suffice to describe particle
motion, and Up* is a function of St and x* alone. This is equiv-
alent, in a given flow, to Up being a function only of Da and
position. In this case, particle density is irrelevant and Da
is assigned on the basis of Up alone. In the case where Rep
exceeds .5, Up* becomes a function of Re, St and x*.

The addition of Re requires that particle density be specified
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in order to.relate Da to Up'
If the aerosol being studiedAcovers a range of densities, it
is necessary to choose a representative or mean value and use it
to generate a Up vs. Da curve‘to be used in the analysis of the
aerosol. The uncertainty in the valﬁes of Da assigned by this

method can be evaluated by looking at curves representing the ex-

tremes of the density range. If, for example, the density of an

-aerosol falls between 1 and 3 g/cm3 and is analyzed using the

nozzle of Figure 4.18, the Da of a particle with Up = 2500 cm/s-
must fall between 5.5 and 6.5 um.

The spread in Da associated with a given velccity increases
with increasing Da' Larger values of Da imply larger values of
Rep which imply a more important role for the ultra-Stokesian
term in Equation (4.12). 1In the next chapter, flow and nozzle
parameters will be chosen with this in mind in an effort to keep
the uncertainty due to density to an acceptable level.

The importance of non-spherical particle shape also depends
upon Rep. Happel and Brenger (1965) and Fuchs (1964) report that
for small Rep, the drag experienced by a large class of non-
spherical particles dis proportional to velocity. This implies
that the equations describing particle motion can be written in
the form of Equations (4.8) and (4.11). In this case, St is not
defined by Equation (4.5) but includes terms to -account for the
shape and orientation of the particle in the flow. "These cor-
rection factors do not depend upon Rep, however, and therefore

the value of Da assigned to an irregular particle in Stokes'
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regime caﬁ Sefuéé&;to prediht the behavior of the particle in all
low Reynolds numgef éituéfibns (assuming the same oriéntation).

At thg vélue$ 6§ ﬁép experienced in thevnozzle, the motion of
some noniséhéfiéal?pérticles can be described byquuations (4.8)
and (4.12);‘;Tﬁds thé value of Dé assigned to such particles based
on theféfﬁéiécityfcéq’bevuséd.to predict particle motion, at least
:Aat.smallérAvalﬁes of Rep. In such cases, the definition of St in-
. cludgé'the‘éame factoré for shape and orientation as in Stokes'
regime. Hencg, the classification of these non-spherical particles
by the hoézié is equivalent to that made by an impactor.

Fuché (p. 42) reports that "for round, cubical and octahedral
pgrtidlgé"’having Rep less than about 100, the dependence of CD
on kep is the same- as that given in Equations (4.11) and (4.12).
Particles with "sharper angles.and edgeé"; such as tetrahedra  and
discs, can be described by the same equations as long as Rep is
under 10.

So for man& kinds of non-spherical particles,'the velocity of
particles in the ndzzle can be used to make valid assignment of'Da.

This abilify decreases as.Rep'increases.

®
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CHAPTER 5
DESIGN CONSIDERATIONS FOR

A PRACTICAL LASER-DOPPLER INSTRUMENT

5.1 Introduction

Techniques de&eloped in the last two chapters are used here
to make a design study of a practical instrument for aerodynamic
particle size measuremént. The instrument will employ an ideal
nozzle, as described in the last chapter, and a laser-Doppler
velocimeter. The present design study-will treat the choice

of a, Ue’ a, the measuring position, and the fringe spacing in

- the measuring volume. These variables determine the response of

the instrument. Optical, mechanical and electronic components
will not be discussed as they are beyond the scope of this in-
vestigation.

The instrument is intended for studying atmospheric aerosols
and will fit into the aerosol analyzing system which has been in
use at the University of Minnesota (Whitby et al., 1975). It
will size particles in ‘the .5 um to 10 ym diameter range, so
that it overlaps the largest size range covered by the electrical
aerosol analyzer and exceeds the entire range now sized by the
modified Royco 220 single particle optical counter (Willeke and
Liu, 1976).

This particular objective was chosen because the problems
posed by atmosphefic studies are well-known in this laboratory
and are quite challenging. it must be acknowledged that the

optical counter now in use provides useful data, especially at
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the lower end of the size range where'aEAnormal‘humidities,
wet spherical particles dominate atmospheric aerosol. At the
upper end where mechanically generated-ncn-sphericalvdusts become

important, the particular virtue of the velocimetric instrument

"will be better' appreciated. This:yiftue is‘that it provides a.

direct measure of'aerpdynamictcafficle-sice‘independent of opti-
cal properties of the'aerosol.:AIt Qill also be seen that the
accuracy and resoiution expécte& from the velocimetric instrument
are certainly adequate for the study of atmospheric aerosols.

Since the theory hasAnoc~Sech tcsted~for all values of a,
some of the expefimectal resulcs’have been carried over from the
test nozzle and assumed tc épply to the proposed nozzle. Hence
the performance attribcted to. the proposed nozzle set-up is some-
what coﬁjectural.

5,2 Characteristics Required of the Nozzle and Measuring Volume

" This section presents a list of the characteristics required

of the proposed device. Only those properties which are influ-

enced by nozzle and viewing volume gecmetry and gas velocity are

discussed, since thesé are the variables which can be controlled

‘and investigated using the techniques at hand.

~ The resolution of the system must be sufficient to allow

meaningful classification of aerosols. In the present analyzing

' system, each decade in particle diameter is divided into four

channels. The analysis of an aerosol then consists of measuring

“the size of particles and recording the number that fall into

’each channel., The resolution of aerosol sizing instrument

o

o
@
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must then beAsmall compared to the width of the channels in
the range it covers.

The precision of the measurements must be sufficient so
that particles are classified repeatably.

Atmospheric aerosols contain particles with a range of
density and particle shape. Both factors introduce uncertainty
into the assignment of aerodynamic diameter. This uncertainty
must be small enough to allow accurate classification of aerosols.

The aerosol sample rate of the nozzle must be large enough
so that meaningful statistics can be gathered for large particles
which are present in relatively small concentrations in the atmo-
sphere.

The measuring volume must be small enough so that coinci-
dences of particles in the measuring volume are inf;gquent.

Since the laser power must be spread over the entire measuring
vplume, it is desirable that it be small enough so tha; a reason-
ably priced laser can be used,

5.3 The Effects of Ue’ a, @, the Measuring Position, and

Fringe Spacing in the Measuring Volume

The variables under control in this investigation are a, a,
Ue’ the position of the measuring volume, and the fringe spacing,

d, in the measuring volume. This section discusses the influence

of these variables on the properties listed in Section 5.2.

The resolution of the instrument will be a concern only for
the smallest particles. For the larger sizes, the resolution

will be more than adequate., Resolution equals the sensitivity,
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defined as the slope of the Up*'vsr Da{curve,;divided into‘éﬁé
smallest'meaningful change in"Up* detectable by the instrﬁﬁent;‘
For small particles moving at higher velocities, the ggibf
velocity distributions increases in the teét nozzle, ana;héhcé, '

. ok
the smallest meaningful change in Up

increéses..'Ac low:véloé—:
ities, the slope of the calibration curve teﬁas td&zéro; Boﬁh};
effects ténd to degrade resolution. In théipresent case, the -
major concern was to gain adequate sensitivity at'reésbnable
values of Ue’

The sensitivity is affected in several ways.'-Figﬁre’4.15
indicates that incréasing o should. increase sensitivity, and
Figure 4.16 indicates that moving the measuring volume away from
the nozzle decreases th; sensitivity. Figure 5.1 was plotted
from Figﬁre-é.lz to show the effect of D and Ue on sensitivity.
The graph shows Da as a fundtion of Ue for fixed values of Up*.
By fixing a value of Ue’ Up* can be found as a function of.Da.
The curves represent lines of constant Up* for a = .05 and a =
.1 cm for an aerosol with‘p' =1 g/cm3. This plot is of heuris-
tic value and should not be used for serious-ipterpolation as
the curves were each generated frpm 6n1y three points. It is.
clear that for a fixed value of a, the.sensifiyi;j,for smaller
particles increases with-increasing Ue; agd that the Up* VS. Da
curve teﬁds to flattép out for iargef.parficles. Alsb, for a
fixed Ué, a,smallef value of a produces more sensitivity.

The uncertaint& due to variations in density and particle

shape is more important for larger particles where Rep gets large.
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This uncertainty increases with Ue'

The aerosol sample rate is limited by a and Ue' It deter-
mines whether enough large particles to provide good statistics
can be analyzed in a convenient period of time. The flow profiles
shown in Chapter 3 indicate that the velocity profile in the test
nozzle is nearly flat out to about .7 of the radius. Thus, ap-
proximately one-half of the flow could carry aerosol without sig-
nificant variation in particle velocity due to the flow profile.
Applying that result to the present case implies that the maximum
aerosol sample flow rate in cm3/s is w (.7a)2 Ue'

The size of the measuring volume equals the product of the
cross—sectional area of the aerosol sample flow, the fringe spac-
ing and the number of Doppler cycles needed for a frequency deter-
mination. Increasing the volume increases the chance of coinci-
dences and decreases the maximum concentrations which can be
sampled with the instrument.

The choice of Ue’ d and a involves compromise. Sensitivity
gained for small particles by increasing Ue implies increased un-
certainty for large particles. Sensitivity gained for small
particles by decreasing a increases the difficulty of obtaining
adequate statistics for large particles which are relatively rare
in the atmosphere. Improved counting statistics for large par-
ticles obtained by increasing a increases the size of the mea-
suring volume and hence increases the chance of coincidence of

smaller particles and increases the laser power requirements.
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5.4 Ue’ ¢, a, d and the Position of the Measuring Volume for

the Proposed Nozzle

Weighing the compromises listed above, the following choices

were made: o = 45°, a = .05 cm, Ue = 9500 cm/s, and d,. = 10 um.

£
The distance from the nozzle exit to the viewing volume was

chosen to be .01 cm. Experience gained in the experimental in-
vestigations indicates that it would be difficult to get closer

to the nozzle. These choices are made principally to obtain suf-
ficient resolution for small-size particles and sufficient aerosol
sampling rate for large particles. If minimizing the uncertainty
in sizing large, non-spherical aerosols of unknown density is
deemed to be very important, a second choice can be made for Ue.
In such a case, Ue = 9500 cm/s would be used to size particles
with Da less than about 2 um and Ue = 1200 cm/s could be used

for sizing particles with Da between 2 pm and 10 um. The other
parameters remain unchanged; only the gas velocity is altered to

change scales.

5.5 Results of Calculations

Table 5.1 gives Da’ St, Re and Up* calculated for particles
of density 1, 2 and 3 g/cm3, .01 cm from the exit of the proposed
nozzle with Ue = 9500 cm/s. Some of these values are plotted in
Figures 5.2 and 5.3. Table 5.2 and Figure 5.4 displays the same
results for the nozzle with Ue = 1200 cm/s. The pressure drop is
54,6 cm of HZO for the larger flow and 0.87 cm of HZO for the

smaller flow. These results were calculated using the program

described in Chapter 4.
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Table 5.1 Up s Da’ Re for particles in the proposed nozzle, Ue = 9500 cm/s

1 g/cm3 p' = 2 g/cm3 p' = 3 g/cm3

*
U
P




Table 5.2 Up*! Da, St and Re for particles in the proposed nozzle, u, = 1200 cm/s
p' =1 g/cm3 ' p' = 2 g/cm3 p' =3 g/cm3
15P L D, o D, L D,
Hm Rg ' St P um _St P Um St p Hm
¢S5 .378 .024 1.00 +5 .048 .999 .737 .071 «995 .92
1. .76 .082  .991 1. J164  ,954  1.45 247 913 i.78
1.5 1.13 .176 .948 1.5 .354 .865 2,15 .530 .803 2,65 .
i,O 1.51 .306 .886 2.0 .614 .780 2.86 .920 ,716 3.52
2.5 1.89 . 472 .826 2.5 .944. .719 3.57 1,42 .649 4.39
3. 2.27 +672 .780 3. 1.35 .661 4,28 2.02 +591 5.25
4. 3.03 1.18 .689 4, 3.36 .570 5.69 ‘3.54 .503 6.99
6. 4,54 2.62  .561 6. 5.24 449 8.52 7.86  3.90  10.4
8.  6.05 464 475 8. 9.26  .374 11,3 1.39  .322  13.9
10. 7.56 7.20 A.415 “10. 14.4 322 14.2 21.6 276 17.4
12. 9.08 10.4 .369 12, 20.8 .284 17.0 31.0 . 243 20.8
[ ® ® L

= LST -
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The three densities were chosen to represent the'range of
density found in atmospheric aerosol in the size range of in-
terest. Whitby and Cantrell (1975) indicate that the range
proposed for this instrument is dominated in the atmosphere
by hydroscopic aerosol (accumulation mode) and coarse particles
generated mechanically. Under most conditions, the hydroscopic
aerosols contain significant amounts -of water. Their density is
often between 1 and 2 g/cm3. Much of the aerosol in the coarse
range is wind-blown soil, clay, sand, flyash, etc., énd a density
range of 1 to 3 g/cm3 will include most of this aerosol. 2 g/ém3
was taken to be an averageAand the curves drawn in Figures 5.2
and 5.3 are drawn through the points for p' = 2 g/cm3. The other
points given are an indication of the range of unéertainty asso-
ciated with a density ranging from 1 g/cm3 to 3 g/cm3.

5.6 Evaluation of the Proposed Nozzle

5.6.1 Resolution and Precision

The resolution of the instrument must be small compared to
the width of the channels in the size range it covers. The rele-
vant channel boundaries currently used in the aerosol analyzing
system are at .56 wm, 1,0 um, 1.78 pm, 3.16 um, 5.62 um, and
10 um.

The experience with the test nozzle indicated that resolu-

tion is only a problem for submicron particles, and the present

discussion will be limited to them. The resolution is limited
by the intrinsic dispersion of the instrument. Since there are

no experimental results available for the proposed nozzle,
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.the intrinsic dispersion can not be evaluated as was done in

Chapter 2 for the test nozzle. However, some experimental re-
sults from the test nozzle can be applied in the present case
to allow estimates to be made. Let 0 __ be the relative stan-— ®
dard deviation of the size distribution indicated by the pro-
posed qozzle and O be the relative standard deviation of the
corresponding velocity distribution.. The two can be related by
Equation_(2.9)'and the calibration curves for the proposed
nozzle. In this case, the wvalues of Grv will be taken from
the test nézzle‘data for the P = 69.1 cm of HZO case, since
the gas velocity approaches the 9500 cm/s flow. Under these
conditions and assumptionms, the‘relativé standard deviation ex-
pected for a size distribution measured for .5 pum PSL with the
proposed nozzle is 0.12. This value follows from the assumption
of a value of 1.02 for the geometric standard deviation of the
vélocity'distribution. For a 2 ym PSL aerosol, the corre-
spbnding values would be Opg = .03, based on oy = .01 (i.e.,
og‘= 1.01).

Similar numbers apply to.the repeatability. The relative
standard deviations of meaﬁ velocities from repeated trials 'in
the test nozzle were on the order of 1% or léss. So the projected

resolution and precision of the proposed system seem adequate to

L]

’meéningfully and reproducibly classify aerosols in the 0.5 um to

10 um range. As Da increases, the precision and resolution ex-

T pressed: as a\percent:of the value measured should decrease.
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5.6.2 Accuracy in the Case of Unknown Density
In tﬁe caée of unknown particle density ranging from 1 to
3 g/cm3,.it is possible to assign a value of Da based on the be-
Havior of aerosol with a density of 2 g/cm3. The error associated
with this assignment increases with Da and is negligible at the
lower end of the diameter_ranges for both.proposed values of Ue'
The limits of the uncertainty can be estimated by noting the

variation in Da at a given velocity for aerosols with p' = 1, 2

and 3 g/cm3. In the case with Ue 9500 cm/s, the maximum uncer-
tainty at 2 um is on the order of .05 um; at 10 um, it ap-
proaches -1 um and +.4 pym., In the case of Ue = 1200 cm/s: the .
maximum uncertainty is on the order of ~.,6 um and +.2 um at

11 pm.

5.6.3 Count Statistics and Probability of Coincidence

. For Ue = 9500 cm/s, the ﬁaximum aerospl sample- flow rate is
2.2 lpm. For the Ue = 1200 cm/s case, the maximum sample flow
rate is .28 lpm. Using models developed at the University of
Minnesota to indicate typical aerosol number distributions, it is
possible to evaluate the counting statistics which result from
these flows. A portion of two models is given in Table 5.3
(Whitby and. Sverdrup, 1978). Table 5.4 shows concentrations
and counts per minute expected in clean background and average.
urban conditions for size ranges at the upper and lower limit
covered by the instrument.

The relative standard deviation in counts registered by a

counter sampling random events is given by:
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".Table 5.3 Number distribution for tri-modal models of

atmospheric aerosol

Interval ' 3
Boundaries Number in Each Size Interval, Number/cm
D, vm Clean Background Average Urban o
.100
161 43200
.178 '
- 58,0 20900
- .316 |
11.6 : 275
.562
| 1.44 297
1.00
.264 | 3.00
1.78 . : ®
.107 749
3.16 .
| .0336 .211
5.62
v .00634 .0381
10.0
.000702 .00404
17.8
o
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Table 5.4 Concentrations and counts per minute in clean back-

ground and average urban conditions

Diameter Range Clean Background Urban Average

um » \

Typical :
Concentratio .562- 1. 1.4 30.
Particles/cm 5.62 ~10, .006 .04
Counts/Minute .562- 1. © 3100. 66 x 10°
Ue = 9500 cm/s 5.62 -10. 13. 88
Counts/Minute .562- 1. 390. 8400,
Ue = 1200 cm/s 5.62 -10. 1.7 11,2

o, = 212 (5.1)

where n is the number of counts and O» the relative standard
deviation. So 100 counts are necessary to obtain a 107% relative
standard deviation, and 1000 counts, to obtain a 3% relative
standard deviatiom.

“For the Ue = 9500 cm/s case, slightly mcre than one minute
would be required to sample sufficient large particles in an
average urban atmosphere to produce a o of 10%. A ten-minute
sampling time would be required in a clean background to pro-
duce a or of 10% for large particles, Sample times of one
minute and ten minutes are reasonable and a 9. of 10% is ac-
ceptable. So Ue = 9500 cm/s provides adequate aerosol sample

low for atmospheric measurements. Count rates provided for
large particles in the Ue = 1200 cm/s case are too low to be

practical except in the case of extremely polluted atmospheres.
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And so the decreased uncertainty in sizing larger particles ob-
tained by reducing the gas velocity is balanced by increased
counting uncertainty when sampling real atmospheric aerosols..

The measuring volume must be small enough so that the prob-
~ability of finding two or more particles in the measuring volume-
at the saﬁe time is small. The result of such coincidences would
most likely be the loss of counts, since laser-Doppler frequency:
counters like the one used in this experiment are ulLen designed
to reject signals which have been phase~ or frequency-shifted
sometime during the count. The frequency counter used in the ex-
periment counted eight fringes. With a 10 um fringe spacing and
allowing the aerosol flow to cover .7 of the nozzle radius, the
measuring volume is 3.1 x 10"5 cm3. The probability of coinci-
dence- of particles.in the viewing volume can be estimated using
the Poisson distribution (Willeke and Liu, 1976). The probabil-
ity, Sp, that p particles are present at the same time in a
voiume V is:

_ owmP

S !
P p!

(5.2)

where N is the number of particles per unit volume. Choosing N
as 300 particles/cm3, which is ten times greater than the concen-
tration expected in an urban atmosphere in the diameter range

. between .562 um and. 10 um, Equation (5.2) predicts the following

~ results for the measuring volume given above.




- 164 -

Table 5.5 Probability,-Sp, of finding p particles

in the measuring volume

0. .991
1 .00921
2 .0000428

The calculation does not account for fhe dynamic processes in the
measuring volume such as the smaller particles overtaking the
larger ones. However, it does give an estimate of the probabil-
ity of coincidence. Table 5.7 implies that the number of par-
ticles passing through with one other particle will be about 1% i
of the number passing through alone. It is possible that par-
ticles in the size range just below the .5 um boundary might '
scatter enough light to start the counter. Thus the above cal-.
culation is probably too optimistic. Nonétheless,_the provlem of o
coincidences should not be a serious one for the proposed set-up.
5.7 Conclusion
In this chapter, a design study of an instrument for aero-
dynamic particle sizing of atmospheric aerosols has been done.
A nozzle geometry, two flow rates, a measuring position and
fringe spacing have been proposed and studied. Using the
higher flow rafe, the ogs for the size distribution  indi-
cated for a .5 um PSL aerosol is expected to be about 1.12;
the maximum uncertainty due to density ranging from 1 to

3 g/cm3 should occur at 10 um and should be +.4 pm and -1 um;
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the sample flow rate is -adequate to provide 100 counts in ten

minutes in the 5 to 10 um range in a clean background, and the

measuring volume is small enough to avoid serious coincidence

problems in a polluted urban atmosphere.. . : ’ L )
However, ‘the Re»p experienced by 10 um particles-is on the

order of 50, and thus exceeds the limit discussed in Chapter 4

for measuring the aerodynamic size of disc-like particles.

However, f'or>more gently-rounded pa'rtic.les, the aerodynamic

sizes remain valid.
To improve the aerodynamic sizing of irregular particles and

to- reduce the uncertainty due to density, a second flow rate was

proposed. In this case, the largest particle Reynolds number is

10 and the maximum uncertainty due to denéity variation is reduced e

to ;.6 um.and +.2 pm at 10 ym., However, the aerosol sample flow

rate is only .28 1lpm, which is too small for routine atmospheric

studies. Unfortunately, it seems unlikely that all of this can ®
be accomplished with 5 mw of laser power, since in the experi-
mental study, 5 mw of laser power spread over a viewing volume
.07 cm in diameter was insufficient to size submicron aerosols. ®
®
!
®
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CHAPTER 6

SUMMARY AND CONCLUSIONS

The object of fhis thesis was to study a means of measufing
aerodynamic'particie diameter in the range from .5 um to 10 um
employing a nozzle and a laser-Doppler veloéimeter. |

It was shown experimentally that particles accelerated along
the center streamline in a converging nozzle ieave'the nozzle with
a velocity which depends upon particle size and flow rate. It was
also demonstrated that the particle velocity can be measured with
a high degree of repeatability usiﬁg a laser-Doppler velocimeter,
and that the velocity distributions measured for nearly monodis-
perse test aerosois are usually quite narrow. These results indi-
cated that the method has promise and suggested broader studies
aimed at enabling an intelligent choice of nozzle geometry and
flow rate.

Theoretical studies involved predicting the flow in the nozzle
and calculating the resulting particle velocity from the equation
of particle motion. The theory was first tested by calculating
the particle velocities expected under the conditions observed in
the experiments. The theory treats only incompressible flows.

The agreement between theory and experiment was fpund to be'very
good.

Using the validated theory, it was possible to investigate
the effect on particle velocity of nozzle size aﬁd shape, flow
rate, particle diameter and density, and position of the point of

measurement. The use of dimensionless variables gave added
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‘generality to the calculatibns.. It was learned that ae.rodynamic_

diameter is the pfincipal factor in determining the velocity of a

particle in a given nozzle and flow. But the particle density

" also plays a role. In terms of the dimensionless variables, | o

.Stokes number,. St, determines the dimensionless particle velocity

in a given nozzle as long as the particle Reynoldé number, Rep,

is small. Aerodynamic diameter can be determined from St.. _ ®

However, at larger values of Rep, a Reynolds number based on par-

ticle diameter, Re, becomes increasingly important, and both Re

and St are needed to determine dimensionless particle velocity.

In this case, particle density as well as aerodynamic diameter

affect the particle velocity. But by judicious choice of flow

conditions, it is péssible to minimize the role of Re, and hence,

. particle density, in detérmining the velocity of the particle

near the nozzle exit. Thus, particle velocity can be a good mea—

sure pf St, and hence, 'ae.rody.namic diameter. : °
It was also detefmined that increasing the cone angle and

moving the point of measurement closer to the nozzle increased the

slope qf the dimensionless velocity vs. aerodynamic diameter curve °
for smaller Aparticles. Similarly, increasing the flow rate in~
creases this slope, as does decreasing the nézzle exit diameter.

Using the results of the theoretical analysis, a nozzle geom- 1
etry, measuring point and flow rate were chosen for the study of
atmospheric;‘ aerosols. The inter\lt. was to provide adequate resolu-

o

tion for submicron particles, minimize the effect of particle

density for larger particles, and provide adequate sample flows
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to.allow collection of meaningful data over the entire range.
The nozzle has not been tested experimentally.

It is possible to conclude that under proper conditions, the
aerodynamic diameter of a particle can be determined with accept-
able uncertainty from its velocity as it emerges from a nozzle.
The laser-Doppler velocimeter provides a means of determining this

e velocity.

In order to produce a practical instrument, additional work
needs to be done. An efficient sampling inlet is needed, a com-
pact, cost-effective electronicé package to provide reliable fre-
quency counting and data analysis must be developed, and an optical ;.
system allowing the use of a reasonably-priced, reasonably-sized

laser is necessary.
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APPENDIX A
DERIVATION OF A FINITE DIFFERENCE EQUATION

FOR THE CALCULATION OF FLUID FLOW IN A NOZZLE
USING THE BOUNDARY LAYER APPROXIMATION

A,1 Introduction

This Appendix expands the discussion found in Sectién 3.2.2,
In thal section, the general principles of the boundary layer
calculation of fluid velocity in the nozzle are presented. In
this appendix, more detail is discussed concerning the finite dif-
ference equations.

Patankar and Spalding (1970) derive a partial differential
equation (PDE) which describes the transfer of mass, momentum and
stagnation enthalpy in a boundary layer. They transform that
équation to a finite difference equation (FDE) and present a com-
puter program which solves the FDE in axisymmetric or plane geom-
etries with free or fixed boundaries. - Program BNDARL, used in
this study, is very similar to that described by Patankar and
Spalding But differs in some ways. The treatmeﬁt of the equation
ﬂear the boundaries and the Qelocity profile uséd to calculate
the radial positions are simplified in BNDARL. In addition, the
treatment of the pfessure gradient in confined flows has been
modified in BNDARL. This last moéification is discussed in
Sparrow et al. (1977) and will not be dealt with here.

The object of this appendix is to illustrate the derivation
of an FDE from a PDE, that is, to show how to get from Equation

(3.7) to Equation (3.8); to show how the equations are treated
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. near the boundaries and how the radial positions of the nodes

are calculated. However, the full generality qf BNDARL will not

be illustrated here. In scope and utility, it is very similar to

the program described by Patankar and Spalding. In this discussion,

~only the velocity_equation will be considered, and the simplifica-

tions implied by the geometry and boundary conditions of the
prese;t problem will be made. Thus, the equations derived here
do ﬁot appear as stafements‘in.Program BNDARL, but the wetliod
shown here illustrates that used by Patankar and Baliga (see
Sparrow et al., 1977) in writing the program. This discussion is
based on information supplied by Baliga in personal communica-
tions.

A.2 The Partial Differential Equation

Equation (3.7) is a particular example of the PDE treated in

BNDARL. The general equation is:

13 3 3 30 |
jgg:yzy'gg [(¥g-tp)e] + o= [(atbw)e] = == [e EZJ +d (A1)

¥ and w are defined in Equations (3.6). ¢ is either fluid veloc-

" ity, mass or stagnation enthalpy. The transfer coefficients are

included in e, and the mass flux across the interior and exterior

boundaries are included in a and b. The source term is given by d.

In the case of Equation (3.7),

1 dp

e = L&_ o - ‘ (A'B)

2
(em¥p”
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The problem solved.in this investigation is the flow in a nozzle;
therefore, the interior boundary is the center streamline and
the exterior boundary of the calculation is the wall. Thus, a
and b vanish and (WE-WI) is a constant for a given flow. The
first term in Equation (A.l) is streamwise convection; the second
vanishes in this case and is w-direction convection; the third
term is the w-direction diffusion term. Patankar and Spalding
give the definitionsﬁof e and d when ¢ is mass or stagnation
enthalpy, and discuss a and b for cases where fluid is entrained

at a free boundary or mass crosses the boundaries.

In the present case, Equation (A.l) reduces to:

2
Ju 9 r puu du 1 dp _ 0 (A.4)

where u is the fluid velocity parallel to the center»streamline‘
and r is the distance from that streamline.
A.3 The Grid

It is explained in Chapter 3 that this equation is solved in
x-w space. For flow in the nozzle, x corresponds to distance
along the axis and w varies from O on the center streamline to 1
on the wall, The nodes shown in Figure 3.1 correspornd -to the
points in (x-w) space for which values of u will be obtained.
After obtaining values of u, values of the radial coordinate r
will also be obtained for each (x~w) pair. Of course, the w=l
points are fixed on the walls of the nozzle and w=0 points

are fixed on the axis. The calculation of values of r at
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the (x,w). nodes allows the distribution of the values of stream
function in (x,r) space. Figure A.la shows two lines of nodes
stretching from the center streamline to the Qall, and indi-
cates thé boundaries of the control volumes. At the boun-
daries, the~first control volume extends from the boundary to
between the second and third nodes. Typical control volumes at.
the boundaries and between them are indicated by the shading.
The node at the wall is indicated by M3 and its neighbor is M2.
The half-integers refer to the boundaries of the control volumes.
The solution starts at an initial value of x and sweeps down-
stream to subsequent values in a once-through marching procedure.
Therefore, one interval in x suffices to illustrate the equations.
The values of r and u are known then for all nodes at x-Ax and
are sought for the nodes at x. Quantities at x-Ax are indicated

with a U subscript; those at x, with a D.

A.4 The Finite Difference Equation:
Each term in Equation (A.4) is integrated over a control

volume from x-Ax to %X, and from w, 1 to w,,l. The integral of
iz %

the first term, indicated by (1), is evaluated assuming a veloc-
ity profile of the type indicated in Figure A.l1b. The width of

the interior control volume in the w-direction is taken to be

(0, ,~9;_1)/2. Thus,
(w, =0, ,)
W = (amu,) —13’—%—1—’—1- (A.5)

The integral of the second term in Equation (A.4) is indicated

by (2). The w~derivative in this form is evaluated in terms of
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downstream values of u. This is referred to as a fully implicit
treatment and is discussed by Patankar and Spalding, who relate it
to the stability of the method. Thus,. the x-integration reduces

toa-multiplication by Ax, and the w integration produces:

L
3,
B O T T\ RO D Tt R
(2) Ax .aw(e 3w] dw = A [% ol 17 ° 3 l] (A.6)
* i
i D
2

Equations (3.6) allow the transformation from derivatives in w

to derivatives in r, where

s U -
3w pur 3r ¢

Introducing the definition of e and transforming to derivatives.

in r, (2) becomes:
J _ubx ), bu | _
@ =w ) [[r ar].+; (r ar}i_;] (4.8)

In this case, W is constant and is taken out of the parenthesis.
A linear profile with radius is. assumed between adjacent nodes

for u, as is indicated in Figure A.lc. Therefore, (2) becomes:

r.,. 1 r.'l
(2) = (wuﬁj A l+? (ﬁ'+1'“')n - ;:;;2-—' (u3u51p
E'I i+17 T4 u * i ii-1) :

- (A.9)
Note that only the velocities are now evaluated at x. The

values of I, depend upon the values of ups SO it is necessary
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to approximate I by r,. in order to maintain the linearity

]

of the final equation,
The integral of the third term is also converted from an

integral over w to one over r, The derivative, dP/dx, is left

explicitly in the equation as a reminder that is must be sup-

plied, since Equation (A.4) does not provide sufficient infor-

o mation to determine the pressure gradient.
- ..l . P
%2 2
' 1 dp . x dp
(3) = &x pu dx dw] = ¥ o rdr
E'I
i1 1
Y 2 ] 2 ]
D D
2 2
r.,1 " -r., 1 :
o fa) |2 Y,
(v_-¥.) idx 2 ' '
EI D U

Again the coefficients of dP/dx are evaluated in terms of upstream

L values, and dP/dx is evaluated downstream. Gathering Equations
(a.5), (A.9), and (A.10) allows the double integral of Equation
(A.4) to be written in finite difference form:

dP

/ ajuy =byuypy v e Tt e i (3.8)
where
r, 1 r., 1
©i417%5-1 x| Y 0 1
i - 2 + (¢y_-¥.) [r., l-r + r,-r
: E L Ty i TiTaeL
Ax ri+%
5 .

1 (¥p¥p) |Ty07Ty
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It must be remembered that all the terms in the coefficients,

r,_l'
o = Ax o
i (WE-WI) r.-r -1
{“’i+1""1-1]
d, =
i i 2
Tk :- it ‘
e = - Ax 2 2 (a.11)
i FWE-WI) 2
|
|

a;, bi’ o di’ and e, are evaluated at the upstream position,

and hence, are known when the calculations for the Uss Uy g5

and u,

1+ are done for the downstream position.

|

|

|

} Equation (3.8), with the definitions in Equations (A.11l),
; applies for i=3 through i=M3. The equations for i=2 and i=M2

‘ differ slightly siﬁce these control volumes are adjacent to the
; boundaries. Figuge A.,1 illustrates some of the differences.

For i=2, the term ri_i is replaced by zero, since the lower

2
boundary of that control volume is at r=0. For i=M2, ri+l and
: b ‘his m s e -
T4 are set equal to M1 This means that the cross-stream

derivatives are calculated from one side at the wall.

The values of u at i=1 and i=Ml are determined by thé
boundary conditions. In the nozzle, uMl=0. The derivative of u
at the center streamline also vanishes, énd this condition is
enforced by setting u;=us.

Thus, there are as many linear equations as there are

o SR

nodes, and provided that a value of dP/dt can be supplied, it

at x given the uy

| is possible to solve for the u and r, at x-Ax,

i
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As is indicated in Section 3.2.2; the information on dP/dx is
provided by an iterative scheme involving Equations (3.8) and
(3.10) and described by Spafrow et al.

A.5 Calculations of the Radial Positions of the Nodes

‘Once values of u are obtéined for each node at a given x,
it is necessary to determine the radial position of each node.
And the positions of the interfaces between control volumes
must be determined. Equations (3.6) imply that:

W
(Y-¥1)

™ dw = rdr (A.12)

0 0
So to assign a value of r to each node, the integrals in Equa-
gion (Af12) are evaluated using a velocity profile like that
shown in Figure A.l1b. The left-hand side of Equation (A.12)

becomes a summation, and the right-hand'side equals r2/2, In

order to follow the profile indicated in Figure A.lb, the value-.

of Py1Y4-1 changes to PyUy halfway between the i-1 and
i nodes.
2 i
r, (Y_-¥Y.) |w,~w w,~w : . ,
L. EpI il+21211%_+u1 (A.13)
2 i i-1

where the density of the fluid is treated as a constant, as is the

current case.

The values of r at the interfaces, r,,1 or r, 1, is deter-
i 1
mined by formula similar to (A.13), except that all the terms
W, =W,
have the form [—3;—£—l].
i
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Having. found the.values of.ui, r.» T 1l for each node .at x,.

2

it is now possible to continue the calculation to x+Ax by forming

Equation (3.8), etc., etc.

K J

@

@
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APPENDIX B

PROGRAM BNDARL FOR
THE BOUNDARY-LAYER CALCULATIONS

B.1 Glossary of User Modified Terms

All dimensioned variables were expressed in cgs units.

Term Statement Number Significance
P 290 Sets initial pressure
Ml 300 Index of last node point
(maximum = 200)
M2, M3 300 " Ml-1, Ml-2, respectively
IPLAX 310 Determines geometry
IPLAX = 1 implies plane
IPLAX = 2 implies axisymmetric
CSALFA 310 Cosine of the angle between inner
boundary and axis of symmetry
R(1) 310 Radial position of first node
point (for example, in coaxial
flows)
KIN, KEX 310 KIN applies to the internal
boundary
KEX applies to the external
boundary
1 implies wall; 2 implies free
boundary; 3 implies axis of
symmetry
RMI, RME 320 Product of radius and mass flux
through internal and external
boundaries
™l 320 Initial radius of external surface
NL 330 Number of points given to deter-
mine nozzle outline
XX, YY 330 Points given to determine nozzle

outline
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Term Statement Number Significancé
NFT 360 Number of equations (2 is minimum
value. See 2100)
DELTAZ 360 Initial downstream step size
(.00004 in this case)
INCRE1 -360 Intervals at which detailed
(PRINT 1) output is desired
INCRE2 360 Intervals at which brief
(PRINT 2) output is desired
Us 360 Mean velocity at inlet to nozzle
(distribution calculated at
statement 4180)
ISKIP 360 Index determines number of radial
nodes to be skipped in printing of
output (PRINT 1)
ISOLVE 370 Index determines whether equation
is to be solved
1 implies solve, 2 implies
do not solve: .
(1,2 input in this case)
IPRIT 380 Index determines whether wvariable
is to be printed
1 implies print
(1,2 input in this case)
TITLE 390 Title of variables printed-out
OMEGA (J) 4060 Determines spacing of w
' coordinates
RHO(J) 4170 Density of fluid
U " 4180 Initial veloéity distribution
AMUU 4200 Viscosity
PEI 4210 ‘Initial value of fpurdr
DXMULT . 4220 Multiplies downstream step size
' on successive steps
DXMAX 4360 Sets maximum downstream step size

-
\
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B.2 Listing of Program BNDARL

00100 FROGRAM BNDARL (INFUT,OUTFUT»F703sTAFE1=F703)

00110C .
00120C THIS IS THE MAIN FROGRAM

00130C

00140C

00150C THIS IS THE COMMON ELOCK

00160C : .

00170 COMMON/COMA/OMEGA(200) s TWOMD(200) »CUWIL(200) yOMAV (200} COMAV(200)
00180+ M1 v M2y M3y KINIKEXs TITLE(S) y IFRIT () s XsRCYF (2003 » YCUF (200) y ANUU
00190 COMMON/COME/R(200),Y(200) 1RHO(200)FEI,IFLAXsCSALFASF(20058)
00200 COMMON/COMC/RADTYLN(200) yALD2(200) yRMI »RME»FCUMIN(200) y DELTAX
0021 0+RCUWIN(200) s NFyNFT s YM1 s FCORR» DFIIXs ISKIFsF»Y1(200) »DELTAZUS
00220 COMMON/COMO/ISOLVE(S) »GAM(200) yAJF(200) yAIM(200) »ACON(2003 yAF (200)
00230 COMMON/COME/INCREL»INCRE2,XOUTyNs ITER'LSTOFs IFRT1 IFRT2,NITF
00240 COMMON/COMF/X0C(200)V0C(200) »NOFFO(200)

00250 COMMON/COMG/NLXX(11),YY(11)

00260 DIMENSION U(200)

00270 EQUIVALENCE (UC1)sF(1,51))

00280C '

00290 DATA PyDFDX,FCORR/1.015E6+0.50./

00300 DATA M1,M2,M3/91,90,8%/

00310 DATA IFPLAXICSALFA»R(1)yKINIKEX/271.0:0.093r1/

00320 DATA RMISRME,YM1/0.050.0,0.527/

00330 DATA NL»XXsYY/11,0.91.5891.66111.6791.877+1.68491.691:1.701,
0034041.70651.71251.771.5275.09225.,0677».,0644,.06255.06067,038%>
00350+ ,05665.0559 .0352,.053/

003460 READINFT,NELTAZy INCRE1yINCRE2,USsISKIFP
00370 REAILs (ISOLVE(NF) s NF=1,NFT)

00380 REALy (IFRIT(NF) yNF=1sNFT)

00390 READSy (TITLE(NF) yNF=1/NFT)

00400 S FORMAT(6AL11)

00410 NOF=0

00420 CALL GRID

00430 CALL SETUF1

00440 CALL START

00450 CALL ECUNE

00460 10 CALL SETUP2

00470 CALL OUTFUT .
00480 IF(LSTOF.ER.1)GOTOB00

00490 CALL FPRINT1L

00500 CALL FRINT2

00510 WRITE(1:,801)NOF

00520 801 FORMAT(IA4)

00530 803 FCRMAT(I(EL3.&))

00540 IO 804 I=1,NOF

00550 804 WRITE(1,803)XDC(I),VOC(I)sFPOCI)
005450 STOF .
00570 800 CONTIMUE

00580 CALL XANIIDX

00590 CALL ECUND

00600 CALL SETUP3

00610 ITER=ITER+1

00620 IF(X.GE.XX(NL))LSTOF=S

00430 GOTO10

00640 EMI

004650C

00660C SUKROUTINE  SETUP

00670C

00680 SURROUTINE SETUP
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00690 COMMON/COMA/OMEGA(200), TUOMD(200) y CUNINI(200) y OMAY (200) y COMAY (200)
007004y M1 »M2 sy M3, KINSKEXs TITLE(S) s IFRIT(8) s X»RCUF(200) s YCUF (200) s AMUU
00710 . COMMON/COMR/R{200) Y (200) yRHO(200) s FEI» IFLAXy CSALFAsF (2004 4)
00720 COMMON/COMC/RADITYD(200) » ALIR(200) yRMI s RME» FCUWILN(200) » DELTAX
00730+RCVUIDN(200) yMF »NFT s YM1 s FCORRy IFDIX» ISKIFF»U1(200) » DELTAZ,US
00740 COMMON/COMD/ISOLVE(4) »GAM(200) rAJF(200) yAJM(200) s ACON(200) » AP (200)
00750 COMMON/COME/INCRELs INCRE2,X0UT s Ny ITERsLSTOF» IFRTL, IFRT2,NITF
00760 DIMENSION U(200)

00770 EGUIVALENCE (U(1)sF(1,1))

00780 DIMENSION TIMA1(200),TIMA2(200)

00790C ‘

00800C SUBROUTINE SETUF1: COMFUTES ONCE FOR- ALL QUANTITIES
00810C

00820 ENTRY SETUP1

00830 [0 10 I=3,M2

00840 TWOMD(I)=(OMEGA(I)-OMEGACI-1))/2,

00850 OMAV(I)=(OMEGA(I)+OMEGA(I-1))/2.,

00860 COMAV(I)=1,-0MAV(I)

00870 10 CVYWID(I)=(OMEGA(I+1)-0OMEGACI-1))/2,

00880 TWOMII(2)=0MEGA(2)-OMEGA(1)

00890 TWOMII(M1)=0MEGA (M1)-OMEGA(M2)

00900 CVWIN(2)=(OMEGA(3)+0MEGA(2))/2.,-0MEGA(L)

00910 CUWIN(M2)=0MEGA(M1)~(OMEGA (M2) +OMEGA(M3)) /2,

00920 OMAV(2)=0MEGA(1)

00930 COMAUV(2)=1,-0MAV(2)

00940 OMAV(M1)=0HEGA (M1)

00950 COMAV(M1)=1.-0MAV(H1)

00960 Y(1)=0.0

00970 RCUF(1)=R(1)

00980 GO TO(20,40) IFLAX

00990 20 D0 30 I=1,M1

01000 RCVF(I)=1.

01010 30 R(I)=1.

01020 GOTG3S

01030 40 YM1=R(1)XYM1+YM1XYM1XCSALFA/2.

01040 35 RETURN

01050C ‘

01040C SUEROUTINE SETUF2: COMFUTES Y’S AND R’S

01070C :

01080C

01090 ENTRY SETUP2

01100C .

01110C CALCULATION OF Y’S FOR PLANE GEOMETRY

01120C

01130 IF((ITER.LE,0),OR.((KIN.EQ.2).0R.(KEX.EQ.2)))G0T041

01140 NIT=0 .
01150 540 CONTINUE

01160 SUM1=0.0

01170 SUM2=0.0

01180 DO 42 J=2,M2

01190 SJ=CVWIL(J)/RHO(JI/UCD)
01200 Y2=SJXV1(J)/UCI)

01210 SUM1=SUM1+SJ - , ‘
01220 42 SUM2=SUM2+VU2

01239 PCORR=(SUM1-YM1/PEI)/SUM2
01240 DFDX=FCORK+DFDX

01250 FAMX=0,0

01260 DO 520 J=2,M2

01270 FACTOR=V1(J)XFCORR/U(J)
01230 FAMX=AMAX1 (FAMXsAES(FACTOR))
01290 520 U(JI=U(H)X(1.,0+FACTOR)
01300 IF(NIT.GT.NITF)GOTOS30

01310 IF(FAMX.LT.0.000001)G0TO570
01320 NIT=NIT+1

01330 GOTOS50

01340 .530 FRINTSS0,XsFAMX

)
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01350 580 FORMAT(/1XsXAT X=Xy 1FEL12.5>2X s ¥NIT=NITF;FHAX =%,»1PE12.5)
01360 570 COMTINUE

01370 P=P+DFINCGKOELTAX

01380 GOTO(48r,48,47)KIN

01390 47 F(1,1)=F(2y1)

01400 48 IF(KEX.EQ.3)F(M1s1)=F(M2,1)

01410 41 YCVF(2)=0.0

01420 45 Y(2)=TUWOMD(2)XFEI/(RHO(2)XU(2))

01430 N0 50 I=3,M2

01440 YCVF(I)=YCUF(I-1)+CUNID(I-1)/RHOCI-1)/UCI-1)XFET -
01450 SO Y(I)=Y(I-1)+FEIXTWOMD(I)*(1,/(RHOC(I-1)%UCI-1))+1,/(RHOCI)
01440+%U(IN))

01470 YCUF (M1)=YCUF(M2)+CVUWID(M2) /RHO(M2) /U(H2)IXPEL
014380 Y(M1)=Y(M2)+TWOMD(M1)YXFEI/ (RHO(M2) XU (M2))

01490 GOTO(120,60) IFLAX

01500C

01510C Y*S AND R“S FOR AX1ISYMMEIRIUAL GEURMEITRY
01520C

01530 60 IF(CSALFA.EQ.0.)GOTO100

01540C CSALFA NE ZERQ

01550 COSD2=,3¥CSALFA

01560 IF(R(1).NE.0.)GDTO80

01570C

01580C R(1)=0,

01590C

01600 L0 70 I=2,M1 )

01610 Y(I)=SQRT(Y(I)/CCSD2)

01620 YCVUF(I)=SQRT/(YCVF{I)/C0SD2)

01630 RCVF(IN)=YCVUF(I)¥CSALFA

01640 70 R(I)=Y(I)XCSALFA

01650 GOTO120

01660C

01670C R(1) NE ZERO

01480C

014690 80 R1D2=,05%R(1)

01700 RID2SQA=RID2ARID2

01710 [0 90 I=2yM1

01720 Y(I)=Y(I)/(RID2+SORT(RID2EQ+Y (1) *¥COSD2))

01730 YCVUF(I)=YCUF(I)/(RID2+SQRT(RIN2SQ+YLVF (I)*COSDZ?
01740 RCUF(I)=R(1)+YCVUF(IIXCSALFA

01750 90 R(IN=R(1)+Y(I)*CSALFA

01760 GOTO120

01770C

01780C CsAaLFA EQ ZERO

01790C

01800 100 D0 110 I=2,M1

01810 Y(I)=Y(I)/R(1)

01820 YCVUF(I)=YCVUF(I)/R(1)

01830 RCVF(I)=R(1)

01840 110 R(I)=R(1)

018350 120 RETURN

01860C

01870C SUERROUTINE SETUF3: COMPUTES RADTYR'S,RCVWID‘/S,FPCVUWIL‘S,ALLI2’S
01880C

01890 ENTRY SETUF3

01900 IO 130 I=3,M3

01910 RADTYD(I)—RCUF(I)/(Y(I) -Y(I-1))/2

01920 ALDQ(I)‘(COHAU(I)*RHI+OHAU(I)*RHE)/2.

01930 RCYWIDC(I)=(RCUF ([+1)+RCVF(I)IX(YCVF(I+1)-YCVF(I))/2,
01940 130 PCYWIDCI)=FEI/DELTAXXCVWIN(I) -
01950 RANTYD(2)=RCVUF(2)/Y(2)

01960 RADRTYD(M2)=RCUF (M2) /(Y (M2)-Y(M3)) /2,

01970 RANTYD(M1)=RCVF (H1)/(Y(ML)I=T(M22)

01980 ALDN2(2)=(COMAV(2)XRMI+OMAV(2)XRME) /2.

01990 ALDN2(M2)=(COMAV (1M2)XRMI+OMAVI(M2) XRME) /2,

02000 ALLIR(M1)=(COMAV (M1 )X¥RMHI+OMAV(M1)XRME) /2,
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RCUUID(“)“(PCUF(3)+RCUF(”))*(YCU#(3) ~YCVF(2))/2
RCVUWID(M2)=(RCVF (M1)+RCVUF (M2) )X (YCVUF (M1)~ YCUF(H“))/&.
FCUWID(2)=PEI/DELTAXXCVWIN(2)

-PCVUWID(H2)=PEI/DELTAXXCVWID(M2)

V1(13=0.0
V1(11)=0.0

ALGORITHHM TO COMPUTE THE NEW F’S

DO 140 NF1=2,NFT

NF=NF1

145 CONTINUE
GOTOC1505144) ISOLVE(NF)

COMPUTATION OF THE COEFFICIENTS IN THE F.D.E’S

150 CALL GAMMA

CALL SOURCE -
GOTO(170,14605180)NIN

160 GAM(1)=0.0

170 GOTO0(190,180,180)KEX

180 GAM(M1)=0.0

190 TJUF=GAM(1)XRALTYD(2)

TJdp= AHAXI(T’F:ABb(ALD”(“)))

DO 200 J=2,M3 .
TIM=TJIF
TIFP=(GAM(II+GAM(J+ 1) I XRADTYD(J+1)

TIF=AMAX1(TIF s ARSC(ALDI2(J+1)))
AJFP(JI=TIF-ALD2(J+1)

AJM (D) =TJIM+ALD2(J)
ACONC(D)=FCUWIDC(I *F (JsNFILACON( D H¥RCVWITICS)

200 AR(D=AJP{D AN +FCVNIDC(I)I —AFP (JIXRCVWIDCD)
TIM=TIPF

TJF=GAM(M1)IXRADNTYD(M1)

TJIP=AMAX1(TJIFrABS(ALD2(M1)))

AJP(M2)=TJIF-ALD2(M1)

AJM(M2)=TIM+ALD2(M2)
ACON(M2)=FPCVUID(M2)XF (M2, NF)I+ACON(M2)SRCVWID(M2)

AP (M2)=AJP (M2) +AJM (M2)+FCVWID(MR2) -AF (M2)YXRCVWID(MD)

THE EQUATIOM SOLVING SEQUENCE
CALCULATION OF THE TOMA COEFFICIENTS

TDMA1(1)=0.0

TIMA2(1)=SF (1 NF)

Do 210 J=2,M2

DENOM=AP (1) -AJM(IIXTIMAL (J-1)
TIMAL(J)=AJF (J) /DENOM
IFC(NIMN.EQ.2Y.CR.(KEX.EQ.2))G0OT0210
IF(NFL.EQ.1HVI(D)=(AIM(II ¥V1 (J=-1)-RCVUID(I) ) /DENOM
210 TOMA2(DN=(AIM(IIRTIMAZ(J-1)+ACON(J) ) /DENOM

.

COMPUTATION OF THE NEW F’S
410 DO 220 I=2,M2
JEM1+1-1
IFC(NINJ.EQ.2) .0R..(KEX.EQ.2))G0TO220
IF(NFLEQ. IVI(D=TIMAL (U RVL (J+1)+V1 ()
O F(JsNFI=TDOMAL (JIXF (J+1 -, NFI+TIMA2(D)
IFC(KIN.EQ.2).0R.(KEX.EQ.2))G0TO144
IF(NKNIN.NE.3)GOT0240
FOLyNF)=F(25NF)
240 IF(KEX.NE.3)GOTO0250
F(MLsNF)=F(M2;NF)
250 CONTINUE-

144 IF(NF.NENFT. OR NF.EQ. 1)GOT0140

@
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02670 NF=1
02680 GOTO14S
02690 140 CONTINUE
02700 RETURN
02710 END
02720C : .
02730C SUEROUTINE GAMMA! COMPUTES THE EXCHANGE COEFFICIENTS
02740 SUBRDUTINE GAMMA
02750C
02760C THIS IS THE COMMON RBLOCK
02770C

02780 COMMON/COMA/DMEGA(200) » TWOMD(200) yCVUWNID(200),»CMAV(200) s COMAV(200)
02790+ s M1+ M2y M3y KIMIRKEXy TITLE(S) » IFRIT(S) s Xs RCVYF (200) y YCLUF (2009 » ANUU
02800 COMMOMN/COME/R(200),Y(200)sRHO(200)FEIIFLAX,CSALFA,F(200,6)
02810 COMMON/COMC/RADTYL(200)yALO2¢(200) s RMIRME»FCVWID(200) »DELTAXY
02820+RCVUIN(200) yNF yNFT» YM1»FCORRyDIFIXy ISKIP,F,V1(200) s DELTAZ,US

02830 COMMON/CCHD/ISOLUE(é)vCHH(“UU)vﬁJP(‘00)rAJH("OO);ACDN("OO):AP(QOO)
02840 COMMON/CDHE/INLREIyINLREZyXDUTvaITER;LSTOP;IFRTIyIFPTZrNITF
02850 DIMEMNSION U(C200)

02860 EQUIVALENCE (U(1)»F(1s1))

02870C )

02880 I'0 10 J=1,M1

02890 GAM{J)=AMUU

02900 10 CONTINUE

02910 RETURNM

02920 ENID

02930C

02%40C SURRQUTIMNE SOQURCE? COMPUTES THE SOURCE TERMS

02950 SUBROUTINE SOURCE

02940C

02970C THIS IS THE COMMON ELOCK

02980C

02990 COMMON/COMA/OHEGA(200) » TWOMII(200) yCUNID(200) » OMAV(2C0) s COMAV(200)
03000+ M1y M2y MIKINVKEXs TITLE(S) y IFRIT (&) s X s RCUF (200 » YCUF (200) » AMUY
03010 COMMON/COMEB/R(200),Y(200)RHO(200) yFPEI»IFLAXCSALFASF(200+8)
03020 COMMON/COMC/RALTYD(200) ALD2(200) »RMIsRME,FCUWIL(200) »DELTAX,
O03030+RCVWINC200) yNFyNFTyYM1 s FCORR» DF DXy ISKIFF>V1(200) yELTAZ»US
03040 COMMCN/COMD/ISOLVE(S)»GAM(200) yAJF (200) s AJM(200) »ACONC200) yAF(200)
03050 COﬁﬁON/COHE/INCREl!INCRE27X0UT7N7ITER!LSTOP!IPRTlIIPRTngITF
03060 DIMENSION U(C200)

03070 EQUIVALENCE (UC(1)»F(1+1))

03080C '

03090 0 10 J=2,M2

03100 GOTO(20»3C)NF

03110 20 ACONCU)=-IPIX

03120 GOTO10

03130 30 ACON(J)=0.0

03140 10 AP(J)=0.0

03150 RETURN

03160 END

03170C

03180C

03190C. THIS IS THE FRINTING ALGORITHM

03200C

03210 SURROUTINE PRINT

03220C o ’

03230C THIS IS THE COMMON BLOCK

03240C

03250 COMMON/COMA/OMEGA(200) y TWOMD(200) yCYKWIN(200) » OMAV(200) yCOMAV(200) -
03260+ M1 s M2 I MI s KINIKEXs TITLE(S) s IFRIT () s Xs RCVUF (200) s YCUF (200) » ANUU
03270 COMMON/COME/R(200)sY(200)yRHO(200) yFEIsIFLAX,CSALFAF(20056)
03280 COMMOM/CONMC/RAITYIN(200) sALI2(200) s RMIRME,FCVWITI(200) » DELTAX
03290+RCVUIN(200) yHF yNFT» YM1y FCORRy DFDIXs TSKIF s FrV1(Z00) » DELTAZ,US ]
03300 COMMON/COMI/ISOLVE(S) »GAM(200) s AJF(200) yAJM(200) 9y ACON(200) »AF(200)
03310 COMMON/COHE/INCRELs INCRE2sXOUT /Ny ITERLSTOF s IFRT1 IFRT2,NITF
03320 COMMON/COMF/X0C(200)yV0C(200)yNOF,FO(200)
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03330 DIMENSION U(200),I(8)
03340 EQUIVALENCE (U(1)sF(151))
03350 ENTRY PRINT1

033460 PRINTS,ITER

03370 S FORMAT (//K=w=e———mm RESULTS OF STEP # %,16+% —————- Xx)

03380 FRINT10s,XsR(1)

03390 10 FORMAT(///%. RESULTS AT X=%,1FE12.5,5Xs%R(1) =%,1PE12.3)
03400 PRINTLIS,IFDIXsFCORRsP

03410 15 FORMAT(/% DFDX=%,»1FE12.5,SXs¥FCORR =%,1FE12.3r% P=Xy1PE12.5+/)
03420 JOUT=5

03430 KOUT=1

03440 I(1)=1

034350 12 IF(I(1),LT.M1)GO TO 20

03460 KOUT=2

03470 I(1)=M1

03480 JOUT=1

03490 GO TG 23

03500 20 DIQ 21 J=2,5

03510 I(U)=I(J-1)+ISKIF

03520 IF(I(L).LT.HM1)GO TO 21

03530 I(J)r=m1

03540 KOUT=2

© 03550 JouT=d.

03560 GO TO 23
03570 21 CONTINUE
03580 23 FRINT 40, (Y(I(J))sdJ=1,J0UT)

03590 IF(ITER.GT.0)GO TO 25

03400 FRINT 20, (OMEGACI(J))yJ=1,J0UT)

03610 25 CONTINUE .

03420 DO 60 NF=1,NFT

03430 GO T0(70,60) IFRIT(NF)

03640 70 FRINT 80, TITLE(NF) s (F(ICJ)sMF)yJ=1,J0UT)

03450 60 CONTINUE ' .

02640 FRINT BS

03670 85 FORMAT(/)

03480 .I(1)=I(S)+ISKIF

03690 GO TO (12,90) KOUT :

03700 30 FORMAT(1Xr% OMEGA(J) %,1PSE12.4)

03710 40 FORMAT(1Xs% Y(J) Xr1PSE12.4)

03720 80 FORMAT(1XsA11,1FSE12,4)

03730 90 RETURN

03740 ENTRY FRINT2

03750 FRINT100,ITERyXsUC1)sDFDXsPCORR/P -
03760 NOF=NOF+1

03770 XOC(NOF)=X

03780 VOC(NOF)=U(1)

03790 FO(NOF)=F

03800 100 FORMAT(1XsI&s1PSEL12.4)

03810 RETURN
03820 END

03B30C: st stottoesssressetateastoastestassassssssstsssssasssessaaszess:
03840C SUEROUTINE JOR GIVES GRID DETAILS,INITIAL VALUES OF THE

03850C DEFENDENT VARIARLES, KOUMDARY VALUES: QUTFUT FORMAT,ETC.

03860C 2288t eesissttoosatsstsasssosasssasteosssssasssessssrssssesesssee
03870C ‘

03880 SUBROUTINE JOB : .
03890C :

03900C THIS IS THE COMMON ELOCK

03910C

03920 COMMON/COMA/OMEGA(200), TWOMI(200),CVKNIN(200) »OMAV(200),COMAV(200)
039304y M1y M2y HISKINSKEX, TITLEC(S) P IFRIT(6) 1 X9y RCVF(200) » YCYF (200) s AMUU
03940 COMMOM/COME/R(200) Y (200) RHO(200) s FEIs IFLAXSCEALFASF(200+6)

03950 COMMON/COMC/RADTYD(200)sALD2(200) yRMIPRME,FCUKIN(200) » RELTAX
0394604 RCVUIN(200) s NF yNFT» YML,FCORR» DPOX s ISKIF»F»V1(200) » RELTAZ,US

03970 COMMON/COMI/ISOLVE(S) »GAM(200) rAJF(200) yAJM(200) yACON(200) s AP (200)
03980 COMMON/COME/INCREL» INCRE2»XOUTsNsITER2LSTOF IFRT1,IFRT2,NITF



03990
04000
04010
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COMMON/COMG/NL» XX (11),YY(11)
DIMENSION UC200)
EQUIVALENCE (UC1)sF(1s1))°

04020C

04030
04040
040350
04060
04070
04080
04090
04100
04110
04120
04130
04140
04150
04160
04170
04180
04190

04200

04210
04220
04230
04240
04250
04260
04270
04280
04290
04300
04310
04320
04330
04340
04350
04360
04370
04289
04390
04400
04410
04420
04430
04440
044530
04460

ENTRY GRID

OMEGA(1)=0.0

00 10 J=2,M1

10 JOMEGA(J)Y=(FLOAT(J-1)/FLOAT(M1-1))
RETURN ’
ENTRY START

LSTOF=1

ITER=0

IFRT1=0

IFRT2=0

X=0,0

NIT=0

NITF=10

po 110 J=1r,M1

RHO(J)=.,001185
UCJ)=2.XUSXSART(1.-OMEGAC(J))
110 F(J»2)=0.0

AMUU=188.E-6

PEI=USX1.6446E-4

DXMULT=1.35

DELTAX=LELTAZ

RETURN

ENTRY OQUTFUT
IFC(IFRT2.6GT.ITER)GOT0210
CALL FRINT2
IFRT2=IFRT2+INCRE2

210 IFC(IPRTL.GT.ITER)GOTO220
CALL FRINT!
IPRTL=IFRT1+INCRE1

220 CONTINUE

RETURN

ENTRY XANDDX
IF(ITER.EQ.0)GOTO300
OXMAX=,010%Y (M1)
DELTAX=DELTAXNXDIXMULT
IF(DELTAX.GT. IXHMAX) RELTAX=DXMAX
00 X=X+TMELTAX

IF (Y .OT XX (NLY IX=XX(NL)

DO 201 J=1,sNL :

301 IF(XL.GE.XX(J))IL=J
IFCIL.NE.NL)GOTO302

YH1=YY (ML)

GOTO 303

302 YHMI=YYCIL)+(X=XXCILI YR CCYY(IL+1) =YY (IL)Y )/ (XX(TIL+1)

04470+-XX(IL)Y M)

04480
04490
04500
04310
04520
04530
04540
04550

READY.

’

303 CONTIMUE
YM1=R(1)IXKYM1+YMIXYM1IXCSALFA/2.
RETURN

ENTRY EOQUND

F(M1+1)=0.,0

F(1,2)=1.0

RETURN

END




B,3 Results of the Boundary Layer Calculation - P and Ug in the Test Hozzle

Position .

0

C 2 129682E400
w271349E400

¢ 401 7469E400
H21841E+00
cH323B6EL00
¢ 734175 ‘)L +00
SBRA7OE7E
914121 E 4
e PP35396E400

e 106666EA01

¢ 11339
119GPGE401
+ 125300401

e 130553401

+ 135390E4+01

T 13984215401
" 1A3941E+0L

1477156401
1511901401
¢ 154388E401
LG 7333E401

T L&EOOI7EAO]

162500401

v 1GATAZEFOL

166787401
v 1AEBESTEAOL

W 170401E401

o 172062E401
1736991401
175318401
1769186401

177000E401

AP= 2,54 cm of uzo

Gas Velocity

360000 FOD

' 366778BEH02
«3P21208E402
+A28023E+02
e 477393402
¢+ SA009 3402
e HL73GP140D
7108871402
8228528+

W PEGPHUEHOD
+ 1113491403
¢ 129940E403
e 1E51842E4H03
e177614E403

¢ 207921E40F

¢ 243540403
285411EH0Y
e 3346096403
e 3P2422EA403
e 4H0FE3EH03
54021 2E403
e H340L6EH03
+ 754085E403
«PO3132E403

108274404

1”94Q4E+04

.1/5815L+04
1854626404
«192420E404
. 198828E+04
¢ 20H008E+04
«205388E+04

Pressure

¢ 101500E+07

e 101500E4+07
.101500E+07
e 10LGO0E4H0OY
101500407
¢ 101500E4+07
cLOLHOOEL+O7

+ 1O01E00E 407
s 101500407
1015001407
1014991407
¢ 101499E407
¢ 101499407

« 101 49¢
c101498E407
¢ 1031497407

.JOl4V3h+0/

1014901 9()/

« 101488

+ 101 485! +07 .

01014746407

+1013464E+

e 10132214

d1OL297EAO7
S LO1I2B1E4O7
+101266E407
1O +
101251 E407

Position

4]

+ 1294689400
s 27134912400
RO L7 45PEA400
LEDL841E400
W &32ABEEA00
e 738015921400
CB27RE7EH00
214121400
COVPIGIREAO0O
s 108886861401

e LLEBRTEAOL

e LE9BY5EL0L
«12E300E401

e L30GGEIEA0L

« 13539012401

T 1398421401

¢ 1AZ941E4OL
o 147715E401
«1510190E+01
.IWQWHHFGOJ
o LE7333E401
1600371401

e 162500401

¢ 1647436401
cLHET87EAOL
L5B4&6LEHOL
o 170401E+01
cL72062E401
173597401
.]/u:SllH"i01

0177000Lf01

AP=7.62 cm of H,0

Gas Velocity

s HAL000E402
s HEHIIBEH02
cOPA2HTEHOR2
¢ 7540061402
cBRHIPEEH02
s PFOOEBEY02
s 10699712403
o 122EAN .
o 1 A1PAT R
e 1EA71L3E403
o'|91 7841403
P '5\; n“’()\g
¢ 261700403
e 306356403
L 3GHY7AELHO3
cA209Z4EH03
JAP33457E4H03
G793 E403

CHBOLBSELOS

7995126403
.959&20L§U$
110383404
1315326404

o LEG7785E4H04
» 189428404 -

e A2L5HH0E04
«2466286E404
+ 304254404
e 32344685404
s 33465258404
¢ 3450036404
¢ 3HHOBEEA04
v$bb692ﬂ+04

Bressure

«101500E407
¢ 101500E+07
+1OLS00E407
« LOLGO0EAO7
s 101500407
101500407
d1IOLEO0E+O7
¢ 1014998407

« 10O149¢

10149 7E4O7

¢ 101498E4+07
e 1O1L4PGEAO7

e 1OLADIELGY

+ 101LA90EHO7
1O1486E407
+101480E4+07
c10LAZIEAO7
oIUl46’E§0/

s LOL3GIE+OY
«101288E4+07
cA1O1LP7EHO7
.IOlOULP!O/

.1009

 100838E
L0079 7E+O7

- T6T -



Positlon

0
V129689E+00
V271IA9EHO0
V4017 69EHO0
V52184 LEH00
L 6ERBBSEF00

s 1O&HLALHL401
c 113397140
 L1YEHPEEH0
cL25300E401
o 130GLGIEL0L
¢ 135390401
1398425401
2 143941E4+01
e 1A7715E401
«1651190E401
TL154388E4H01
173336401
+160037E401

14625005401
0164/4“5+01
+ 1667871401
. 168661E401
+170401E4+01
1720621401
e 17369¢
« 175318
L76918E401L
«177000E4+01

Gas Velocity

+844000E+02
LBHH1L60E402
«Q03278EHO2
e P78334E402
«108128EH03
S1214161403
e 137993403
v LEE266EH03
182721403
SN APVEEOS
e 24678715403
s 2880481403
s 336836403
e 3944296403
+AO2342E 403
s S42FHGE103
e 63HLLEEAH03
e 747589403
8782311403
+LOZ202E404
121303404
1AL LEAOA4
+1700461E404
2041271404
¢ 245189404
CA93AB7EA404
+ 344829E+04
+ 393864404
+A4L8104E404
s 432033404
HOHIEL04

27445404
+A58500E+04

AP=12.7 cm of HZO

Pressure

+101500E4+07
c101500E407
cIOLS00E407
s 1OLS00E 407
L101500E407
cLOLHOOEO7
W 101499E+O7
c1OLAY9ELO7
o 101ABELO7
V101A98E+O7
101LAY7E4O7
cLOLADEE O
c 1014907
V1014 LEFOY
c101483E+07
e 101483E407
1OLATEEHO7
c1OLASTELOT7
101 AGEEAQ7
oLOJQW?F%O/
G 1OLALEE4QY
V10L3BOEYO7
c1O1L329EH07
10125 AE407
101 LASEFO7
e 1OOYYIELO7
c100798E407
.100584r 07

olOOAV/LrO/
100329407
¢ LOO262EHO7
¢ LOOREBELO7

- Position

0
c129689E400
2 271349400

cA0L769E+00
+321841E4+00
fAHIDIBHELO0
s 7AQLTEREAQ0
LBA78G57E400
«P1A1L21E4+00
W PPIOICEAO0
cLO6SHGHELOL
o LL3IP7EAOL
19595E401

1 "’f.\i()’)l"'é 01
. I JOGE §l 01

.lﬁOOS/I%Ol

o LE2GHO0E 401
v LEA743E401

v LESTVTELOL
e LOBALOIELOL
s 170401E401
o L72062E401
1736998401
e 175318E4HOL
1 786918E+0L
e 177000E401

AP=25.4 cm of HZO

Gas Velocity

+121400E403
LR27BAE403
 1292BYE+03
 1395HBE 403

L REBEIE 0!
2PYEPEE 4O
CZARTIVEFOY
cAOTOTEEHOS
A7 ELEBEFO
ST ETESO
cH520ATEFO3
V76765
CPOLATEES
CLOBGLEE+O4
V1I44T4E+04
cLASETIELO4
LT RLBEEFO4
JR0ZAB1EL04
VRALE68E 04

s @ RO2BLEAO4
0 54\5‘ IZ:.'l 04

cAL7778E4O4
«AP0909E+04
e 360479404
sOYIBIZEA404
SL2777E404
+O30E09EE4H04
+HABOLGEHO
cOA208PL 404

Pressure

«101500E+07
«1O1G00E+07
+ 1OLHO0E+O7
101G00E4+07
c101499E 407
+101499EL07
101429+ O7
« 101498E+07
SA10LAYT7EAO7

.1014)0L%07.

1014948407
10149 LE
« 1014
101481 07
1017 07
« 101 ‘1‘1\"“;! {0 7
ol")l‘})ﬂ{')/

.I004/Ol§0/
s LOOOZ7E407

- EG[-

VOPEAAGEL06

4L E7EHOS
PP2BLAEL0S
+P1501E406
cPPO0L79EH06
cPP0100E+06



Pogition

'.129689E+08
¢ 271349E400
401 7469E400
v 521841400
w632386E400
e 734159400
827857400
21412 01E400
« P9FGHIEA00
110666612401
«113397E401
s 119G90E4+01L
01253001401
+ 130553401
¢ 1353901401
¢ 1398421401
143941401
+ 147715401
I1G1L190E401
« 1354388E401
¢ 1573335401
e 160037E401
1625008401
1647431401
16467871401
+ 168661E+01
170401401
1720621401
 173699E401
L 175318E401
«17469218E401
1770008401

AP=69.1lcm of H,0

Gas Velocity
¢ 204000E4+03
B058B9E403
f2LHO01EE+03
VAZDI7AEH0B
CRAEE2EIEH03
F285202E+03
C322913EH03
¢ 369340E403
VAREE6T7LEADS
CA9IBEBES 03
742035403
67031 1LEH03
J784240E403
fPLYORIEFLOD
1078256404
V126619404
«148787E4+04
1749245404
e 205731E404

e 2420365404

2348165404
¢ 33HA22E404
+A00519E+04
+A81L4711E404
97920676404
«693741E404
SBLEB252E404
+P30287E4+04
2832311404
+101290E40%
¢+ 1041 16E405
«106897E405
«1070B7E40%

Pressure

=0 407"
:181300E 187
«101500E407
s 101A99EA407
+101L499EH07
+101498E407
e 1O1AR4EHO7
101494407
«101492E407
«101488E4+07

«101483124+07

«101476E407
10146 4E407
¢ 10314521407
1014345407
+101408E4+07
101LE721407
« 10138
s JOL2GB2E4+07
10101565407
¢ 101L023E4+07
+ 1008381407
1 O0SESELO7
1001 33E407
cPPLLLAEA06
PEEGY 24

PTH7H7E406
s PE38BBLHEL0E
57890406
cPGAZHIEH0E
95094615406
4747085406
¢ PA472671E406

EO7

Pusition 0
+129689E400
v 27134912400
eA0L 769400
fS21841E400
cHI23BLHEHO0
e 7E41GREHO0O
cB2A7BEZE400
e 14121400
e PP3EBYEAO0
1066641401
11339712401
119595401
¢ 1253008401
s 130553 4+01
135390401
+ 1398425401
1432411401
e 1AZ71EE4H01
cLH1LLROEHOL
s LEA3BBELOL
e LETRAIZEAH01
e LAHODIZE 401
» 162500401
e 1L6EA743E4+01
+ 1667871401
+168BEL1EHO1
e 170401E4+01
e 17204625401
s 173499401
+ 175318401
e 1769185401
« 177000401

AP=276cm of H.0

Gasg Velocity
cALH400E403
e A1834315 403
s A37288E4+03
+ALB6B2E403
v S131 7355403
W SH71828E403
v HAELLEEHOF
+ 737942403
eSA49707E403
s P8BA4343EL0O3
e 1145445404
s 1337291404
s 156GBO2E+04
+ 1834746E4+049
215375E404

¢ 253060E+4+04

2 297546404
350035 4+04
4119 44E+04
+AB49471E 404
e G71021E4+04

26724946404

+804377E4+04
Q4677 34E4CA
116471405
e 132600405
« 154063E 405
c187103E40%
e 197199E40%
202759405
+ 208180EH0E
¢ 21 3B20EHO%
¢ 213818E4+0%5

2
101888 0
+101500E4+07
V101499E 407
V10149 7E407
 101494E+07
VAOT49LE+O7
L1001 A85E407
L LO1A7BE4O7
V10146 7E407
LLO1A53E+07
CLOLAZE4O7
c1OLA0AE O
 LO1EEBE07
C1O1311LE+07
CLO123EE+07
VIOL131E4O7
V100987407
 1O0786E407
10050 7E 407
c1OO120E+07
VODERIIE 40
L OBOITGEHOG

VOEDTTLEFOL

3496 1E406
BP9 74408
JBHB6072E406
+BOB2A46E+06
¢ 78528
W 7721 L3E406
J7O8968E406
o ZALGHIE406

s 744828E4+06

- %61 -
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B.4 Results of the 'Boundary Ldayer Calculation — P and U,

. in Coniecal Nozzles

a=30°

AP=2.68 cm of HZO

=30°
AP=23.4 cm of HZO

a=30°

AP=204 cm of HZO

Position

0
.13Q045E+00
e 2GL209E+00D

¢ 37 LAGAESQO-

cAGLEEE RO
CSADOLLELO0
LG0T ATRE D0
L EERHQ6EX00
2 FOBT7ERE400
TA7EISEH0Q0
JTBOILRELD0
JBOT777BE400
s 8I0BEAE 0D
cSS02469E+00
CBLOHODCEFO0

o
L 130045E+00
CR41209E400
C3714A58E400
VAE4122E400
L54201 1E+00
L607479E+00
L66250SEF00
L7087 5PEL00
L 7A7EISE+O0
L 78OZL2EF00
L8077 78EFOO
 B308EAEFOD
LB502E9E+00
L B6ED00EHDD

0
+130045E400
+261209E4+00
¢ 37L4TEEFCO
+464122E4+G0
+S542011E4+00
e 507479E+00
+662308E+00

T W 70873%E400

+ 747 533E400
+780312E+00
+807778E+00
+830864E+00
«B850269E+00
+866000E+00

Gas Velocity

c330800E+02
CEGR7TLEH0R
cAZEROPEFOD
CESZYTTEFOR
GE+G2
LLO2S74E+03
c1A2402E+03
. 198738E403
LEPBLTOE+O3
L 3900BBE+03
JEATEA6E403
CTEPEITEFOZ
c108174E+04
S152191E+04
VRLLAOEL0O4

¢ FABR

+1O0000E+03
L 10B3R27EL03
L L25247E4H03
s 1&OET2ELOS
»215194E+03
« 275408E4+03
sALO621E403
L574485E+03

s B08E10EH03 |

+113441E+04
L 1LEF7A2E404
W AR2TGLOTEACA
P 31L7388E404
ALV STEEAQA
s HAZA29E+T04

+300000E+03
0 313574E+03
s 36P1PLEAHO3
+470195E+03
e 628173E+03
+BOL732E+03
«119872E+04
+167954E+04
2 236203E+04
» 332846E+04
«AGEP5ATESO4
cHO2B1L6E+H0A
cPIH030E+04
» 132225BE405

+184361E4+03

Pressure

s101800E+O7
+1013500E+07
+101500E+07
+1O01500E+07
<101500E+07
s 1O1A9RELO7
+10149RE+O7
s 101498E+07
+ 101495E407
1014 1LESGT
«101482E+4+07
cLOLASGEFQ7

"2 101431LEH07

«101364E+07
«101237E+07

s LO1500E+07
L 101500E407
CIOLSHO0E+OT
L101499E4+07
L1O1A9BELOV
L101495E+07
L LOL1491E407
«101481LE+07
,101LA62E+07
, 1O1425E4+07,
CID13S0EH0T
C1O1LR202E407
CLOOPOTEFOT
L 100320E407
LPP2109E408

<101500E+07
+ 101499407
«101497E4+07:
+101492E+07
+101482E+07
«101461E4+07
«101421E407
«10133%E+07
«101176E4+07
«100832E4+07
« 1O0208E+O7
cP89171E406
e P63438E+06
«R1205BE+06
. 314823E406



a=45° ,
AP=2.60 cm of HZO«

a=45°
AP=22.8 cm of HZO

a=45°

=201. cm of HZO}
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Position

- 0
» 788560E-01
+» 164485E+00
» 2344634E4+00
W 292210LE+0O

L+ 332063E400

+ 377473400
- 408889E+00
+ 434584E+00
+455601E+00
+A72790E+00
+486842E400
+A98349E+00

« GO000CE+00

0
+786560E-01
+164485E400
 2346B4E+00
»292101E400
+339063E+00)
37747 3E+00
+ 408889E+00
+434584E+00
+455601E+00
+472790E400
+486847E400
+498349E+00
+500000E+00

0
+786560E-01
+1644835E+00
+234684E+00
+292101E+00
+3392063E400
+ 377473E100
+408889E+00
+434584E400
+455601E4+00
+472790E4+00
+4868491+00
+498349E+00
+300000E+00

Gas Velocity
+ 330800E+02

£, 35218375+02

L 439TLEEFOR
L598660E+02
. 853543E+02
+124318E+03
L 182875E+03
V270T0AE+03
,400532E+03
VE9ABLIEHOS
L BB287SE+O3
L 131239E404
VIFS20REL0S

20881 1E+04

+100000E+03
s LOSZ93E+03
V1295245403
+174977E403
cRAB72SE4O3
c362407E+03
J534189E4+03
V7PLE7BEHO3
+117463BE+04
J175045E4+04
2 260677E+04
+388408E+04
JS57B956E+04
C518185E404

"+ 300000E+03

. 314246E403
+3B2956E+03
2 514814E4+03
«730558E+03
«106474E+04
VIS7131E404
J233I23IBE404
+347143E404
«517371E+04
771620E4+04
J115129E405
L 171827E405
+183395E40%5

Pressure

«101500E+07
+101500E+07
«101500E+07
+10150QE+07
+101300E4+07
v101499E+07
»101498E407
. 101496E+07
+101491E407
o 101479ES07
»101454E4+07
»101329E+07
+101277E407
« 1012451407

+10150CE+07
+101300E+07
+101500E407
+101499E+07
+101497E407
+101493E+07
+101484E+07
+101464E+07
+101412E+07

- 101321E4+07

V1011025407
. 10061 6E407
VRIEIAMEF06
VPPRESTE0S

L 101500E+07

«101499E4+07
«101497E+07
. 101490E+07
+101474E+07
+101439E+07
«101360E+07
+101186E407
+100798E+07
» 997349E4+06
JPBOL26E+06
L937301E+06
.841868E+06
+817750E+06
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APPENDIX C
PROGRAM PARVEL FOR

CALCULATION OF PARTICLE VELOCITIES

C.1 Glossary of User Modified Terms

All dimensioned variables were expressed in cgs units.

Term » Statement Number Significance
VIS . 135 - Fluid viscosity
D 135 . Fluid density
EPS, ETA 135 Error criteria for

subroutine RK

DIS 136 Distance from nozzle exit
to measurement point

DP ' 150 Particle diameter
RHO ) 150 Particle density
NPRINT 150 Index controlling printing

0 implies print particle
velocity for each step;
1 implies print only,
last 5 steps

M 180 . Number of positions for
which gas velocity and
pressure are given in
file called in 140

X(1), V(I), P(I) 240 Positicn, gas velocity
: and pressure; read from
- file called in 140




.t N
o

'C.2 Lipting of Program PARVEL

00100
00110
00120
00130
00135
0013564
00140
00150
00140
00170
00180
00190
00200
00210

FROGRAM FARVEL CINFUT»OUTFUT » TAFEL)

DIMENSTON TEMFC(4) yUF (200) yF(200)

COMMONZAZ JyVISsUC200) 52000 oIy IF y FMy RE (200) y X (200) 4 M
EXTERNAL DERIV '

nDare nIsS/Z145.£E-4/
CaLl GETFF(GHTAREL» AHF7015050)
REATIy Dy RHOy NMFRINT

REWINI L

READCLy120M

12 FORMAT(L4) .

3 FORMAT(IHDOF=yE10, 3y SXy AHRHO=9 E10 o 3y GX v 2HM=y I GXy GHVEXTIT=9E10 6 3)
2 FORMAT CLOHXFOSTTTONXy 2Xy LOHXFART VELXy 1Xy 12HXBUF/DXC(I~1) vy 1 Xy

QO220+10HXETER S1ZXy2Xy LOHKRE (D) %y 2Xy LOMXSLIF CORX)

00230
00240
00250
00260
00270
00280
00282
00264
00286
00288
00290
00300
00310
00360
00370
00380

0 20 f=1yiM

READCLp 23)XCIY 9V CT) o1 ()

L3FORMAT (3CEL13,48)) A

20 CCLI=lobLO S/ CUFRECI) Y45 o SREXF C s Q&SKNFKE (X)) / (DFXF (L))
FRINTE L s RHO s My V(M) :
FRINT 2 :

X(M+1)=X(M)+01S

VML) =0 (M)

COMEL Y =0 (M)

FoOMA L) == (M)

00 200 J=1vM

X=X ()

XF=X C441)

Y= ()

IFCJ.EQ. 1) GO TO 22

Ya=UP (L))

- 86T -



00390
00400
00410
00420
00430
00440
00450
00460
00470
00480
00490
00500
O0S1L0O
00520
00530
005490
00550
005460
00565
00570
00580
00590
00410
004640
00650
004 70
00477
(\() /4
00480
00690
00700
00710
00720

22 CONTINUE

N==

Il
FCJeGT L) =1

CALL RRC(XIsXFoYyFyDERIVyNyEFSyETAy XD TEMFyNIX) -

U411 ) =Y

RE CHL )= (U CHL) =UR CH 1) ) XDEXD/VIS
ITF(NFRINT.EQ.O0)GO TO 18
TFCILToM=5)60 TO 200

LBCONT INUE

FRINT Ly XFyYsFeDOXyRECIHLY »C (I
L FORMATC(ELIA4.795 (FII.4y1X))

200 CONTINUE

HTOR

E/NT

SURROUTINE DERIV(XIyYsF)
DEMENSTON FXVUC3) » XACE)

COMMOMN/AY JyVIGsV200) s CC200) » Dy DF v FMyREC(200) 9 X(200) v M4

IFCHGE.MYGO. TO 1000
g 180 K= JyS
Iz =24 K

TFCSEQ. 1) L= 1K
FXVIR) =V (L)

180 XA =X (L) h

Z=X1 :

YU=ATTKENF (ZyFXVy XAr2)

1000 YVIS=VUIG

TF (A GE M) YVU=U (M)

YCEG (D) ‘

Y I:l P I:l

Fa®, A2KYVISKIER(YV-Y) 2 CFMXYAYC)
TF (. EQ. 160 TO 10

IF (RECH LT8G0 TO 10

- 661 -



00730 F=F+1,S57%(OF%KLo67)KYIKK, 667K CYULERK, ITI)R(YVU-Y) kK1 . 67)
Q0740+/ (YCORFMXY) '

00750 10 CONTINUE

00760 RETURN

00770 END

READY .,

- 002 -
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APPENDIX D

PROGRAM CONOPT FOR
CALCULATION OF PARTICLE VELOCITIES
IN IDEAL NOZZLES

D.1 Glossary of User Modified Terms

Term

EPS, ETA

TANA

REDP (J)

ST(J)

Statement Number

Significance

140

150

160

170

180

Error parameters for subroutine
RK

Tangent of the half-angle of .
the cone

Values of Re [see Equation
(4.6)] for which dimensionless
particle velocity is to be
solved

Values of St [see Equation
(4.5)] for which dimensionless -
particle velocity is to be
solved '

Number of values of Re and St,
respectively



D.2 Listing of Program CONOPT

00100
00110
00120
00130

00140

00150
00160
00170
00180
00190
00200
()()"'l()

00350
00240
00250
00270
00290
V0300
00310
00320
Q0330
00340
QO350
00340
00370
00380
00390
00400
00410
00420
00430
- 00440

IhOhhAM CONOPTCINFUT»OUTEFUT)
IIMENSTON TLMI(4)yX(5b)vhlU(J0v3094)vlhl(’OvJOvG)
COMMON /A/H](QO)vhtht(’O)vlﬁthﬂlvlvL
EXTERNAL DERIV

DATA EFSyETA/L E-Gy 1 B u/

DATA TANA/ 268/

DATACREDF () 9 J=1v3) /10, v 30,5100, /
DATACST() v =19 6) /5091209200 95009 120, 9200,/
DATA NRyNS/3967

Ol.s=10 . /TANA

X(1L)=0,

XC2) =01

X(3)=0L4.2

XC4)=0l+.4

XH5)=0L+.6

FRINT Sy TANA

9 FORMAT OETANGENT ALFA=XyF8.%5)

) 200 K=1vyNR '

00 200 L=1yNS

R0

Nne 200 J=1s4

X=X )

XF=X0d+1)

N

Tl

IFCIG6T41) =1

Y, QO824

TFCOoNE . 1) Y=UR

CALL RE(XITyXFyYoF i I\lVH\'vLI SyETAY Ir'v TEME ¢ 11X
VF ==Y

XX=X CIt1)

TF (X CJH1)  GE o OL ) XX=0).

FRE Ly J)=REDF ORYX L/ 0011 = XXOETANA) XK2) V)

- zoz -



V0450 DFV(Kyl v J)=Y

004460 2 FORMAT(EXy I292X 0P 3y E8XsEP 305X FB.S)
00470 200C0NTINUE

00480 NO8OO J=1v4

004920 JJ=J-1

00500 PRINT 31yl

00510 31 FORMATC(//9XDIMENSTIONLESS FARTICLE VELOCITY AND FARTICLE RE(RE)
QOB204AT Xy T1Ls XDATIMETER FROM EXETX)

00530 FRINT33

00540 AJFORMAT (23X X-REDF———%)

00550 FRINT 32y (RENF ALY sL=19yNR)

00560 FRINT 39

QO 70 39 FORMAT (L BNy e s o s o oo i 05 1 00 10 5 03 70 352 50 10 38 520000 103 G120 130 2007 S0 1500023 D00 0 2020030 U 522 00 38D 202 200 S0 LSS0 SN IED AN S0 A8 DN S e
Q0SB0 4 memmum g )

GOS90 32 FORMATAXyZHS Ty A4Xy IHX vy S(ER  3v2X)v)

004600 N0 OO L.=1yNS

00610 FRINT 34y STy (DFYCKyLy ) oKl y NRD

00620 800 FRINT 38y (FRE(Ky Ly )y K=ty NR) -

00630 34 FORMAT(/v1XsEP 3y Xy 1HXy 685y 3X))

00640 38 FORMATAXySGHFRE) » 22Xy SCIHC v EY 39 1H) ) )
00650 STOF

006460 END

00670 SUBROUTINE RERIV(XIsYsF)

00680 COMMON /7a/8T(20) yREDF (20) y TANAYOL y Ky L.

00690 XX=X1 "

Q0700 TF (XTI .GE . OL)YXX=0L.

Q0710 VG=1./C(11.,~XXXTANA)KX2)

00720 Fr=UG-Y) /7 (ST (LIRXY)

00730 IFCREDF(RKYXC(VUG-Y) LT o5)60 TO 10

00740 F=F4+ (REIF(RI XK 8667 ) XK C(UG~YIXKL o 8867)7 (6 XST (L) XY)
Q0750 1OCOMTINUE
00740 RETURN

00770 END




Trial 53A
n=2

Trial 521
n=4

Channel 120

‘BaE003
‘WIBO0
‘MAGBO
'maoas

Channel 60 '@20418
' DBA8

900854
‘ge0009
600200
000000
‘300800

B0GI00

[Bol1aaz

MAE6A
MI60a0

663000
A02033
Bea020
2000322
020809
A237230
Pda3459
aepall

B394 B02631
Q0934 00301

000000
¢aoaoa
oda) o]
ceeo0e
000000
Joladafo))
800639
023000
0oee0a
0000060
logaleiols)
0a00a9
0154864

000000

802000

B00g2a
aeoens
002009
e0agoy

go0024[pool1 71
000348 POJ298
Q00002 QUBBAG
402000, 3006001

APPENDIX E
MEASURED VELOCITY DISTRIBUTIONS FOR REPRESENTAIIVE TRIALS

¢a002a
ga0000
a2aeae
036020
027060
223000
BRa3246
caezar

880201 )370031 833000

6oeo008
0000c0e
300000
2000200
000033
300000
000000
0002200
0060089
ge0000
Juloddeale]
370023
013418
gar21e
go0a46
Boga1e
800030

306000
020000
330000

230000
BOAB33
G00000
020000 030303
000300 30020¢
003000 [peasal
B00050 900344
A30303S 633205

800060
200000
Juld ol
GeI000
800300
@a3009
833309
@oB0s0Q

0000800
200000
020099
009008
P200009
Gnocee
nfofolele]n
260000
gaganad
036000
2230909
020400
gg3iae2
003699
Qa2008
ooooRs
008039

¢ae6aa
000000
200239
8283763
Q33364
gopeee
8030806

@oe200
Ge3039

00000
¢200a9
200000
002000
636200
0060283 30323085
038313 BB0624
6300602 BBO02
0e0003 B00AA0

GGGZGG
Ge2090
000339
232020
2022920

¢o0d0e
200009
8o0300
0203009
00Qo0a
PBeooY
200200
800303
GoeBea
g20000

4000433
200000
200900

e0000
GoC0s0
200000
280000
ee0o0d
900030
GY00U0 00300
@00000_0000a0
000033000018
@0@387 006044
POC00A B08017
900901 000002
Fe0000 003000

000000

002000

303000
800320
6023000
030030
603009
220131
e000A6
260002
20800008

EGQGGZ
a020a0
230000
200009
322032
0000360
222317
aBpan2

0eose0
088000
LY
LLELLL
000000
eBo00
200000
2000060
e00000
Pe0r00
0B0000

@necao
800009
@00000
200000
@00000
0000600
208000
e00e00
000008
020000
200009
0o00ed @000A0
200021 0006012
800015]200814
600681 088851
@00001 603001
00000

002068

270300

230000

300000 .

vaEoead -

B3a384

2080809 -

20039033
820000

0T - .

@ﬂﬁ@@ﬁ

00e00s .

0000002
0o220a
8000600
VoB0Bs
olangolole)

2o3003.
POURRa

6BE300
POBOGE
8208323
200a09

2001Q7

0808017

aga0a2.



" Trial 64E
. n=6

A oa185
B00000
Vo200
0000009
P00000
006238
900020
02332330
-B03334
goreg2
‘800060
203000
©'90009a
Channel 133gp268
223399
0000063
030003 .
090000
000000

300008 00000
Ce0000 003000
eeo0ee 003000
CO0EeE C00BAR
000000 000000
300008 B00B0d
G00NE00 203000
000003 ¢Ea0ad
000005 GO3004
800001 0000082
300000 G0QUaY
300000 002800
3000AP 003800

300000
600008
000000
L LLLLL}
020080
260030
000000
Q00000

200006

8o3a9a
Qeaooo

ga000%

a000aa

e00a1s Joosacs (900018

000512000186
@00018 200007
@e0000 000000
032000 800020
000000 A0GA00

330015
600600
002008
330000
000000

288000
agoeed

000000
600000
PB0000
000000
300000
L LLL
233005
300000
2Bea0a
LLLLLY
@0000a
000888
000020
@80000
200300
0000600
0300600

600000
@030
000000
260330
000000
eo0000
@00e003
@o0029
@006
630001
2008909
202290
G0A003
231639
Baa67T
220081
eo0003
@0B002
eP

000000
000000
303300
300000
2200080
0000800
300000
@eo038
030004
000300

800000
6000600
000000
000200
000000
000000
000000
0ooaoe
080005
000000
000003 AOGGO0
000000 _PAE000
000a09 008717
gel1a4 400974
209051 0620342
800001 020081
000000 000000
020000 CC0000

¢00000
800000
@00000
600000
803000
000000
060000
000004
000001
680000
@00000
e00A%0 GE0ACO
668178 007194
0003517000003
¢o0e19 080002
200801 000000
000000 000000
Go0000 000000

‘30080060
¢0oo00
020000
200000
POaE00
600000
000000
LT
VLLIL)
eo0280
Ge00e0
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Trial 628
n=6

1 28CHANNELS SUPPRESSED

020009
6000300
839000
0309920
200009
6e2039

Channel 188 9 06003

Trial 49J
n=5

000000
@ 02095
608024
300902
000000
000000

00030971
eo0003
Q90000
aonoea
020909
9000600
eCo0aa
93303
000090
Channel 90°0080324%
‘804941
wWea799
660008406
go0ae9
2900gQ

202000
000003a
0B03009
003900
@e0eod
@oo00!
g90804q
6oooa1
fofuycyalol
6ooo18
gragoal
Go3099
lngatatats,

2689030
200009
902000
230000
0002090
0000003
Q80200
660309
3002043
2233649
goAa21l
221448

P0QC3Y

000000
e0000s

238200
000000
000009
9009209
A060030

[oooole

0e820a9
olofelelols)
sJsfogslols)
goedae
0300682
0a0031
000

6206000
000009
220000
030020
380000
G38000
00eesa
¢00004d
603000
060000
0006632
8008564
600000
‘gB0o0Vo0
@u30069

900309
L dolofuls
200000
000000
eooane
000109
aeeoaA9

[Bo0013

002009
030090
006000
200000
600000

0000809
2062000
200000
@aa000e
0020030
200020
600000
800008
gogoee
602662

0002829)] 08032329

0209900
00Ra00
200029
2008330
20000a
002179
2000800
gooeaz -
g030049
200090}
goa399
200890
003330

6c0od
0000088
260008
8000620
B00Aa0
0000620
000029
630000
600000
G00060

G699257000000

¢60030
000020
000000

000000
060000
680000

002000
?00000
200300
090000
neAEad
201857
200000
G02676
000000
200000
?30000
Pe0000
2000800

800003
200008
8ao20a
Q060009
20600003
0uaaead
0oooa0
olalajorgo]
ofuRela oy
606384
B830639

200000
leldadndon
0e0B0o
220000
9340009
earave
0o0900
803164
geooa2
0ead39
jofolololy
220003
ge00g0

2290030
000200
000009
209000
308039
Jaloalln)
0000080
200000
226398

[eeos578

[@oBE25

300000
200000
002000
000009
000001
000203
600a07
gog12]
2r8008
0e006a
000001
6e3000
060000

2200024
620000
PR0200o
200000
0200820
BoCCoa
2833049
0BCas!
200009
BA6601
@erB39

000008 000000 CGBA0303
6000373 020230 002008

088000
032000

BA0330
006200

000030
8030300

3008020 000000
300000 600000
000000 000000
000058 Gooood
006300_000s0]
@e0E05 063003
@00000 cocoan .
ege220 29001 []
600365 000022
990001 000002
000000 000000
000000 000000

000000 0F20A0
008000 00000U
000003 800000
PP2000 00000J
308000 0C0B00
620000 003000
000000 A00C00
000000 29060
000a00 BBA0EH
629252, 081816
630083 BOG44R
600001 000001
300003 B000CA
002000 008300
628000 800035M



. n=4

. 800069
000000
600000
@30000
Y LLLLY)
Boz2054
BOG589
. 000000
& -gasgem

AR KA P |

Trial 52C
n=4

Channel 50 .

200000

000340
0o@aaa

' 200g00
: 2060303
Trial 49A CETLLY
202009
0Q00aa
. Channel 80 ¥@3920
p@oal3

2020800

goonaa

Q00230

-Q9Qde0a8

600000

2300900
300000
000000
G000
eAQ00a
817845
g00s72
030301
A39%500
eHonNg
60Qg00e,

@a0e00
00eA30
063200
0300300
LELETY
200000
260300
000008
302960
@0008085
300000
203003
®00004
20062031

000000
000000
026000
400000
RLLLL
339222
693511
B60a01
ea0334a
6000080

620600
200000
200000
#23020
@00000
608000
eeses0
200000
802969
eB000s
200300
2003800
000003

LLITILS

PBC2319

000000 3306000
¢02e08 ¢AAVs0
0330008 600000
600008 0GGRI0 @00eI0
0ABE00 ¢A000A F0BA2
212603 2a0687)[@a1356
002131 000865 300820
00U00E B0008Q V05004
399041 080081
0EB000 S05000

02006033
623280

006000

doa0020
8eeoea
gooean
233000
220000
200090

032000
300000
000000
000020
263003
200000
000000 00P00A GQ03A0
033003 G30A0A BA0QR6
200199 [paa159[@oa119
020002 UOR0R0 GO2000
000000 0P0P0d 930000
000003 GO0a00 C0203Y
000000 2360008 003300
200

o3s000
6002000
geeeda
jujeleliel
2030068
2329000

800000.

000309

600808
LY
000000

0020030
32848
A03ga6

2300049

2aneoa
Q80230

200000
3200309
60a2030
0236060
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