UNCLASSIFIED

AD NUMBER

AD832909

NEW LIMITATION CHANGE

TO

Approved for public release, distribution
unlimited

FROM

Distribution authorized to U.S. Gov't.
agencies and their contractors; Critical
Technology; MAR 1968. Other requests shall
be referred to U.S. Naval Postgraduate
School, Attn: Code-023, Montery, CA 93940.

AUTHORITY

NPS 1ltr, 18 Oct 1971

THIS PAGE IS UNCLASSIFIED




L R TR 2 T Ty

g ]

AD852909

UNITED STATES

NAVAL POSTGRADUATE SCHOOL

THESIS

PARTICLE SIZE DETERXIPATION

USING A LASER LIGHT TRANSMISSION TECHNIQUE

by

Jean Price Phelps

Kar:2 98¢

This document is aubject to special export zon-
trcls snd each traramittal to foreign government
or foreign nationals inky he made only with pr.or
?ptwd cf the U. 5. ‘hvn! sty raduate Schoox

e £23, /"2 v u!;j
f’ 0

TR P
H i T




< T

© e e e

PARTICLE SIZE DETERMINATION

s v by <

’ USING A LASER LIGHT TRANSMISSION TECHNIQUE
by
Jean Price Phelps

Ensign, United States Navy
B, S,, Navel Academy, 1967

i et R 2 7

Snbmitted in partial fulfillment
for the degree of

MASTER OF SCIENCE IN AERONAUTICAL ENGINEERING
from the

NAVAL POST1GRADUATE SCHOOL
March, 2008

Signature of Author /AAQ& # }2“

Appreved by / )@u(l C d(.jdfav

Thesias Advisor

Qilew. & Frhle

Chaimn, “Tepartment of Aeronautics

éf)j a/%(/{t ,z,,y

Academic Dean

o = e




e et A A P s 1

ABSTRACT
A light transmission tecknique was used to measure the

mean sise of a group of graphite particles suaspended in water and
the perticle sises in an aerosgol of ammonium chloride in air,
Pagsage of & single red laser beam through a known concentration
of graphite particles in water made it possible to obtain a
measure of their mean sise, Laser beams of two different wave-
lengths were used for the measurement of a suspension of unknown
particle sizse and concentration,

Operating procedures were ectablished for the apparatus,
and calibration tests were performed in order to demonstrate

the feasibility of the technique,
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LIST OF SYMBOLS USED
Optical transmission
Intensity of light after it has passed through a group of particles
Initial intenaity of the ifight
Javelength of the light aource
Particle diameter
Sige number = --?5-

Refractive index of the particles relative to the surrovaeding
redivm

Phuzzzife pumeoeatan - 90 (o= 1)
Number of particles per unit volume
Volume of particles per unit volume
Optical path length

Scattering coefficient

Ratio of “%s third moment of the size distribution funciion
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Phase shift parameter based on the diameter Dj,
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I, INTRODUCTICN

With a steadily increasing interest in the subject of the

atmospheric scettering of light and its parallel applications in
certain fields of phyaics, meterorology, and colloidal chemist.y,
a sound tnowledge of the scattering characteriaticea of particles
is necessary,

A theory of 'ight acattering by small particles has heen
derived from Maxwell's equations for the behavior of eleciromagnetic
waves, The solutions to these equations in spherical coordina‘tes
were derived in 1908 by Gustav Mie, [18] This solution providea
tke basis for receat experiments in particle sise determination
using & light scattering technique, Experimentation by Penndorf y

[14], Kerker, ot al, [9], and Meehan and Hugus [13], among others,

Bas provided elaborete tabulation of the functions necsssary for
the solution of Mie's equatin~m,

In contrast to most siudies that have been concerned
with dielectric spherical purticlea of constant diametor, the
present investigation utilised particles of odd shapes and siszes,
Hence, & mean diameter, as theorized by Dobbins acd Jismgian [8]

i was the basis for particle sise meagsuremenis in this study,

Throughout this paper the term unknows suspension refars to s

--n-pannion whose chemical composition is nown but whose particle

sizes snd concentration are un'tnown,

11




Particle Size Measurement Apparatus

Ther» are two basic techniques in use today to determine
particie sizes, The choice of technique depends solely uponm the
theory eof operstion~—vwhether particle sizcs are to ko determined
by meseurement of gscatiered light or of tranamitted light,

Schematic diagrasms of sxperimenial arrtngements tnat have
been used in wearsuring particle sizes are shown in Figures 1 -~ 4,
Figure 1 is the srrangement used by Durbin [4] to deiermine particle
sizes »y measuring the intensity of light scattered by particles
ot different angles from the incident light, Figure & shows the
srrangessnt used hy Dobbins and Jiznsgian [2] to measure the
trangmission of light through & polydispersion of dielectric
spheres, Dobbins and Jizmagian have shown that light trensrission
neosurements give more accurate results than those for light
scattering measuremmts, especially whe:s a study of the growth
of particlas s mde,

Figui-9 3 and 4 show the arrangements used in this atudy, The
principles ¢f both is basically the same &s that shown in Figure 2,
with ¢he following important exception, For this experiment lasers
of krown wavelengths were employed to eliminzte the complexities
of a monvchromaier and to insure a stable 1'’gnt scurce, The con~
figuretion shown in Figure 4 was constructed +to emable the
measurement of both particle sizes and concentrations in an unknown
sugpsugim, For tuis it was necessary to alternately measure the
intensities of two iasers with one photemultiplier tube, Hence, &

mirror snd a beassplitter were placed in the path of a second
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laser heam in order to superimpose both beams on the photomulti~
plier tube,

In the numerous investigations of particle sisze meagsurement
using light scattering techniques, all except a few have assuwed a
uniform «ize and shape of particles in order to utilizs Miefs

exact solution of the wove equation, However, the theory used here

wag that developed by Dobbins and Jismagian which is bused on the
observation that ¢ particular mean diameter is directly related te
the mean scattering cross section for a variety of particle sise

distribution functions and is relatively indepondept of the shiape

of the distribution function, which is usually unknown, This has ;
been graphically shown for twenty different distribution fonctions,
including rectangular, pareb¢lic, sud upper limit, [2] The i
agreement between the various values of i; as repreasnted by the
standard deviation between ¢ack of the curves of iyﬁag v Pgg, Was
pooreat at P3o squal to about 4,0 at which the stendard deviatien

is 5.6 per cent, For othar values of P4, the standard deviatien

was much less, especially for values of pap > 10 where the standerd
deviation is approiinntoly equal to serc, Hence, for the suspemsion

of's;;nhitO .particles used in this experiment ( 32 >>10), say of
T

K v B 5 me i e s e v e e e a e i e i
R . .

the distribution functioms would provide accurate vesults., This

line of reasoning was followed because it alloved a flexible appli-

cation of the light transmission theory to nonuniform particle sises, §
Description of pr;rinont

The purpose of this projcct was twofold, One was to develop a

facility for the determination of particle sixe and concentration

13




in the exhaust of a rocket being developed at the Naval Postgraduate
3cheo!, The second was to continue the work of Dobbins and Jizmagian
by determining the relationship of the theorised mean diameter of a
group of particles suspendcd in & medium to the physical charscter-
istics of the particles,

In this thesis the results of twvo experiments are described,
Graphite particles of known sizes, similar to those expected in
the rocket exhaust, were immersed in water in discrete amounts to
provide known concentrations, Also, an aerosol of amsoniue-

chloride particles wes generated for which neither particle sise

e -

nor cencentration was known, Rxperiments were made on bhoth groups
of particles,

In the first oxperiment, measured quantitiocs of graphite
particles vere added to water in an cpiical cell, and the trens~
'I.illgl.ﬂl .of e laser beam through the cell was recorded, The
n& particle sise was determined by employing the theory d’volopod
by‘ nébim and Jismagion, In the second experiment, prior weasurmeat
of the comecentration of the particles in an cerosol of ammonium-
chleride was not pouibio. However, both the mean particle sise '
and the concentration could be determined by measuring the light '
f..ruuniuion of two lasérs of widely separated wavelengths, .

. Completien of tﬁil project included the folloewing:
o, A light transmission system, including an associated
moagurement facility, was assembled,
b, An opticel cell, equally as suitable for liquid solu-

tions as for gas dispersioms, was designed and sssembled,

14
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¢, The system was instrumented to insure that uniform,
reproducible conditions existed for successive experiments,

d, Techniques were developed for sorting graphite dust
samples into uniform sizes and for measuring their volume,

| e, Sufficient tests were performed to reach a conclusion

as to the applicability of this technique for measuring particle sises
in a rocket exhaust and for determining the relationship between the
theorised mean diameter and the diameters observed under magnification,

f. Procedures for the operation of the system as a whole
were established,

g+ Mean ssatiering coefficients were determined for the
relative refractive indexes of a solution of graphite and water

(m = 1,673) and an aerosol of ammonium~chloride particles (m « 1,642),

18




_sesttering, This scattering is the means by which the psrtic{’n

II, LIGHT TRANSMISSION THEORY

When o parallel beam of light is incident upon a group of
sphericel particles of uniform size, o frscuon’of the in«.’dt
light is extinguished by the particles through absorption and

are visible, Since the light absorbed by a gronﬁ of particles is

so much less than the scattered light, tho. fraction of this parallel

beam of iight that emerges without experiencing a deflection from
the initial direction of propagation is given by

| %o - oxp[&k (a,m) I P2 Cql] (1)

vhere

I/I. is the fraction of the light; intensity which passes
passes through the particles unchanged

T 4s the optical treamsmittance

X( a,m) is the soattering ceefficient for the particles
a is the sise number (a = "f"
A is the wavelength of incident light

m is the refractive index of the particles relative to the
surreundiag sediwm

D is the particle diameter

Cy is the conceamiration or nusmber of particles per wmit volume

1 1a the eptical path length,
Bquatien (1) cam be wsed to test the solutiom developed by Gustav
Mie in 1908 for Maxweli's wave equations for the comdition of aa
elestromagnetic vave inesideat on & sphere, Through experimentation,

the seatteriag ceefficient can be caleulated for a growp of spherical

16
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particles of known concentration and diameter, This scattering
coefficient has been compared with that given by the Mie Theory,
with an agreement of 10 per cent or better for a broad range of
K( a,m), [2] Therefore, it can be assumed that use of the Mie
Theory will yield valid results for the scattering coeffiecient of
an unknown sugpension,

In reality, hovever, few dispersions are of uniform siue,
Therefore, the transmittance law as given by Equation (1) has
little real significance in yractical applications, Tn make
Equation (1) valid for a variety of distribution functions,
it must be assumed that there exists a particular diameter which
is directly related to a mean scattering cross section and which
is independent of the shape of the size distribution functiong
see Bquation (4), The transmission equation used for these
experiments follows the development advanced by Dobbins amd
Jizmagian [2] and is partially reproduced here,

Equation (1) can be extended to a polydispersion by determining
a scattering coefficient as a function of the particle diameter and

some perticle sise distribution function Nr (D) such that

D
1 Nr(D)ap - (2)
Dy
is the relative probability of the occurence of siszes hetween

Dy and Dy, Therefore, Equation (1) becomes
D, :
T e oxp[- Ifc,,l [o 'x(n,-)'ur(n)nzan] (3)

vhere D, is the maximum particle diameter present, A mean

17
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scattering coefficient may then be defined as
De
- 1:, X(D,m) Nr (D)D2dD

Ks ®)
| f Do xr(p)n24D
9

To oliminate the odvious complexities of accuretely counting
s very large number of small particles, the number concentration
may be replaced by a volume concentration Cy, i.e,, the volume of

particles per unit volume, such that for spherical particles

Da
e = Cy % [ Nr (D)D3dD | (5)
o

Inserting Equations (4) and (5) into Bquation (2), the remainir_
integral quantity is the ratio of the third woment of the sise
distribution function to the second moment, or the volume to the

surface mean dismeter, such that

D
[ Nr(D)Dp3dp
Dyy 3 ——>
32° De
[ Nr(D)D24D
Q

Intreducing Bquation (6), the transmittance laws can be re-

(6)

written as
Te oxp[ - % (i/"sz) ¢, 1 ] (7

A simple interpretation of Dy, is obtained by noting
that the volume-to-surface ratio of a collection of particles
of uniform size is D/6. The volume-to-surface ratio of a
collection of C, particles per unit volume is

< D=
(o [ Nr(D)D%4D
L

- « 032 (8)
Cy * /o Nr(D)D24D

6
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Thus the volume-surface mean diameter is that
diameter which is exactly six times the volume~to-
surface ratio of the polydispersion. [2)
Equation (7) and the volume concentration, therefore, would
be sufficient to determine the quantity K/Ds, and thus provide s
measure of some mean particle size, Bvaluating Equation (7) for
two widely separated waves of light through unkaown suspemgien
would produce mean particle diamater and concentration,
Evaluation of K 1s o complete investigation in itself and
will only be touched upoa lightly, Let it suffice to say that the
wmean scattering coefficient which is normally given by & slovly
converging series cam be approximated by
K=2- (4 sin p/p) + 4(1 - coe p)/p? (9)

form~-1 <<1landa> 1, vhere p = 20 (m = 1) is the phase~
shift parameter, Thus for particles wuch larger than the waveleagth

of the incident light

K/o 12 M 2/0 12 (10)

a>>1

Most of the graphite particles used for the first experiment
were found to be mmch larger than the wavelength of the lasers
used, Therefors, K was set equal te 2, Where this simplitying
assumption could met be made, values of ¥ va pgp vere extracted
from tables interpolated from these provided dy Dobdins and
Jismagian, [2] The origima! values were tabulated by wsing
Equation (4) and the uwpper limit fumctioa

19




- 2
Nr(D) a f—"%:bi‘_'(;’;/ Doz B (1)

'horg ‘; - 1,26 and § = 1,13), Limiting velues of E/pa2 .
0,849 Pgg’ for Pgp mmch lesa then 1, and /oy, = 2.00/03p for

~ Pyp much greater than 1 were tabulated using Equation (11).

¥ for 0.5 <pyy <100 for various m are tabulated in Appendix II,
They were interpolated from the tables listed in Reference [2]
_ for the fnluu of m uged in this report,

References (2], (4], [9], [13], [u], end [158] provide sxact
tabulation of the mean scattering coefficient vs verious phaseshift
' pc:jpntera for a large variety of rohtivo refractive indexes,

| Another theory applicable to ﬁﬁicle sise determinaticy is
that fer light seattering whish will be presemted briefly for
' the purpese of séuparison, . The intensity ratio for particles of

aay sise illua‘nated by a monochrematic 1ight besm ¢f umit intensity
is

A [1,(0) +1,(0) ] (az,
vhere

Ig is the inteasity of light scattered at any angle

€@ is the angle betveem directiom of incidemt beam and
reverse dirsction of observed scattered light

R is the &istance from particle to peint of cbaservation
1,(€) & 1, (8) are functions of the amgular distribution
of light intemsity proporticned to intensities of plane~
polarised componemts of scattered 1ight,

Those last twe terms, comprisinmg the real complexity of

20
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this theory, represent slovly converging series that are
difficult to compute, Alsc, the metsnrement of scattered light
at various distances and angles is difficult to accomplish
without introducing variations in light intensity from stray
light sources,

Light transmission theory was chosen for this experiment
beceuse of the eases with which it can be applied to any situation,
An interference filter and a gshield that allow only light passing
throogh the test cell to enter the photomultiplier tube are sll
that is required for accurate measuremants of particle sise and
concentration, Any stray light passing through the test cell
would he meagured by the photomultiplier tube as if it were
from the laser beam, When particles are added to the test cell,
the stray light intonsity would be reduced by the same factor as
that of the laser beam, Since both the stray light and the laser
beam are reduced by the same factor, the transmission (I/1,)

wiil remuin constant no matter hov mmch stray light {s prilcnt,

21
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III, LYGHT TRANSMISSION EXPERIMENTAL APPARATUS

A major portion of the time epent on this project was
devoted to the procarzment and assembly of the components of
the system shown im Figures 3 and 4, A detailed descriptior of
the apparatus is pressnted as an aid to those who continue
experimeats with this apparstus and as a means to help the
reader better undersirad the experiment,

Photometer

The photometer was of central importance to this system,
as it ultimately provided the data necessary to determine the
sise and concemtration of the particles in question, Imitial
experiments were carried out vith an Eldorado Model 210 Labo-
ratory Differential Photometer which was equipped to measure the
current ‘cutput of two photomuliiplier tubes. This piece of
squipment provid 10 be very convenient when experimemting with
seattering mcthods, as it wvas not necessary to take long intervals
of tims to move the photommltiplier tubes from position to
position, This would bave produced invalid results il the
particles in guestion were changing sise lnd/or concentration,

Sicce the bulik of the experiment was concerned with light
transmission measnrements, a nevly acquired Pacific Photometric
¥odel 11 Laboratory Photometer was used, Rapid change of
photommlciplier tubes wvas enhanced by a high voltege control on
this photometer that allowed the vcltage to be varied from
-300Y to ~i5%0(V, In the Bidorsdo photometer, a reviring of

the internal high :c2itage circwita wvas necessary to muet the

22




requirements for a given photommltiplier tube, In addition to
a variable high voltage pover supply, the Model 11 further
incorporated a wide range measuring circuit (neceuary for
meaguring the greatly varying light intensities which occurred
as particle concentrations increaged) and an outpnt for an
external recorder, The instrumeat was designed for use with
all gide-window photomultiplier tubes and most head-on tubes
having diameters of up to Z inches,

The nine~pogiticr measmring circuit covered full scale
ranges from 10 micro amperes to 1 nano ampere in '0 - 3 - |
steps, lero adjustment of the meter and dark current cancella-
tion zasured accurate weasurements. The current meter had three
scales, Two of theze scales were linear with 100 and 30 divisiems,
respactively, The third scale wag the log of the reciprocal
of the first scale and was a scale of optical demsity, Rerge
adjesteent permitted measurements from 100 per cent to 0,002
per cent on the limnear scales, The overall accuracy of the
woaguring circnit was 2 per cent, A recorder output of 100mw
for full scale cn all ranges was provided on the back of the
instrument, and wvas commected to a strip recorder, The regulatiem
of the high voltage was C,.05 per cent for line variations from
105 to 125 volts AT, A comstant voltage regulator attached te
the Model 11 Fhotometer provided for the stabilisatiom of the
high voltage output,

Photommltiplier Tubes
Equally impertant were the photommltiplier tubes which

counverted incident light te some moaszmrabls quantity eof curremt,
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Thevphotomltiplier tubes were ideel for measurin: the low
inteasity light transmitted through a strong concentration of
particles in a solution, The theory of phoutomultiplier tube
operstion iz as follovs, Radiation incident on the photoactive
surfece within the eanvelopa of the tube will release en electron
from the surface, A voltage drop then accelerates the electron
to the first of seve.ral plates, Scoveral secondary electrons are
released vhen the eloctroa strikes the first plate, These
secoudary electrons, in turn, are accelerated to another plu.te
vhere the prucess continues, This chain reaction may be
amplified, eventuclly, by as much as ).06 times before the electronas
are led from the photommltiplier tube to the photometer in the
form 3f cusremt, This current is the direct measure of light
intensity sought “or transmission measurements, Since the
photomultiplier tubes are teco un;itive for direct exposure to
the laser light, with lov perticle cemcﬁtution., neutral density
filters were used to reduce the laser intensity to one that could
be measured, BReforeaces [1], pagos 791-793, lists seven special
comnennts concerning the use of photomultiplier twubes that eare
sspecially ussful to sayoae not familiar with their speration

or csomatruction, While several photomultiplier tubes were used
in preliwimary seasurements, an RCA 1P28 phetcmultiplier tube
witk geod spectral responsea fcry both wavelengths of lasers

used in this experimen! was used for the actusl measurements,
Figare 8 ahows the spectral response of the 1P28 for various
vavelemgths of light, Light of wavelemngihs other than thoss

oi the lasera was preveamted Ircm affecting intemasity messurements

24
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by placing interference filters in front of the photommltiiplier
tubes, This permitted the use of normsl working lights in the
area of the experiment without affecting the normal intensity
levels of the lusers,

In addicion to the interference filters, a mirrer and a
beam aplitter were used vhen both lasers were needed so that
only one photomuliiplier tube was required, (See Figure 4.)
This arrangement emabled the two parallel laser beams to be
superimposed on the same path after passing through the test
cell, Thus, a single photomnltiplier tube could accurately
meagure the intensity of eithgr laser by alternately chopping
off the light from the other laser,

Lagers

Two lasers were used for this experiment, A Spectra Phyaics
Model 124 CW helium-neon gas laser of wavelength A= 6328 i
(See Figure 13 ) vas used for particle size measurements when
the concentration of the solution was kmown, This model con~-
sisted of two units, The laser unit contained the plasma tube,
reflectors, supporting adjusting mechanisms, and the high voltage
section of the excitation power supply, vhich supplied the
energy n.cessary to create and suastain the glow discharge in
the plasma tube, The separate exciter unit houaed the low
voltage exciter section located in the laser unit, To msintain
the spectral purity of the red light that entercd the photo-
multiplier tube, an interference filter of » = 8328 * 5.: was used

with this laser,
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The second laser, used in conjunction with the first when
neither particle size nor concentration was known, was a TRW
Pulsed Argon Ion Laser Model 71A, (See Figure 14,) Although
the laser!s wavelength could be varied in six steps from 4579 i
to 5148 i, 4880 ; was chosen because of the high peak power
available at this wavelength, The TRW laser is & compact single
unit that produces a repetitively pulﬁed argon ‘ion laser light,
The repetitive pulse rate can be varied from single pulse to
60 Hs (povcr line froquoncy)- This variable repetitive pulase
rate, properly timed with a light chopper on the cortinuous wave
red lager, would permit alternate intensity measurements to be
made for each laser without manually blocking off the light from
each laser,
| fh. edvantage of using lasers for this expsriment rather than
the more commonly used vhite light is twofold, Firast, s lager
produces & highly collimated beam of light of high intensity that
onables the measurement of particle sizes even in very high con~
centrations of solutions, The limiting particle concentration
is when Inltiﬁlo interference of the light occurs due to one
particle shadoving anothar, This may be the reason for the de~
vietion of the deta from straight lines at high particle con-
centrations as seen in Figure 12, Second, the principal charac~
teristic of the laser is that it produces a light of only one
vavelength, thus eliminating the monochromator in the optical
apparatus, shewn in Figure 2, Since the laser beam is so highly

collimsted, a diverging lons and a collimating lens were nsed with

26
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each laser to produce a broad parallel beam of light through the
test cell, With a wider beam of light, inconsistencies in the
concentration of the particles in solution tend to average out and
give a more constant value for the transmitted light,
Instruscntation

In addition to the photomultiplier tube output meter in the
photometer, a Leeds and Northrup Speedemax Strip Recorder provided
a permanent record of the intensities measured by the photo-
multiplier tubes, (See Figure 6.) This record was especially
helpful when the light from both lasers was alternately being
measuire’, L variabie DT power supply was éllo uved to power the §
propeller in the test cell, The variable power output of the
supply enabled the propeller speed to be adjusted as necessary to
keep the particles in suspension, Figure 16 shows the arrangement

of the instrumentation used for these oxperiments,
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IV, LIGHT TRANSWMISSION EXPERIMENTAL TECHNIQUE

Numerous teats were made to develop the transmission technique
that was ultimately used, In each test, light iransmitted through
a variety of concentrations of particies was measured in order to
insure that tksre existed an exponential variation of transmission
with particle concentration, Initial measurements were made with
oue lager ( the Spectra Physics Model 124) to establish procedures
and techniques, Measurements using two lasers present little '
additional difficulty, once the technique is established with one
laser,

In determining particle siszes of known concentrations, the
folloving procedure was followed, Graphite particles were sepa~
reted into groups of C.28igm (equivalent of 0,128cc), The
transmission apparatus was then warmed up for a minismum of 15
minates, Twelve hundered milliliters (12C:icc's) o” water was
poured into the test cell, and its temperature taken in order to
eatablish its exact index of refraction. The red ( A= 6328 A)
lager—used in the tests on graphite particles— was aligned with
the lenses and the photommltiplier tube, as shown in Figure 3,
Yhen the strip recorder was calibrated and the photometer was
properly zeroed, the test was ready to begin, The light intenasity
of the laser, measured through the test cell with water, was re-
corded, Thea samples of grephite particles were added one at a
time, and the light intemsity recorded after the addition of each
sample, The test cell was them cleaned in preparation for the
next test,
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The graphite particles used were measured with a m .roscope,
This was done at a comparison to the theorized partic?> sise
meagsurement, Stokes! law provided another check on the a.tual
particle size by measuring terminal velocity of par.icles as they
sank in water, (See Appemndix III,) Velocity measuremeat vas
provided by timing the fall of the particle over a fixed distsuce,

A settli‘ng process was used to provide a group of particles
of similar size, Mixing a group of graphite particles in a
test tube full of water and allowving them tc settle gave a
variation of particle sizses in the settled nedixent, from smll
to large, i,e,, from top to bottom, This ascattaring process is
actually another application of Stokes' law, iwplying that larger
particles wvill fall faster than smaller ones. Then particle
groups vere siphoned off in thiee groups according to relative
sige,

To obtain experimental results for a groap of perticles of
unknown size and concentration, an aeruvsol of asmoniwm-chloride
particles was blown int) the test cell, This teat used vapors
from flasks of ammonium hydroxide and of hydrochloric acid,

These vapors were chosen because they remain a constant sise

long enough for the experiment to be completed (approximately

10 to 15 minutes) and because their sise has been experimentally
determined, [4]

The same experimental procedure was utilized as t for the
cage of uninown sise, omly with the folloving exception, Inastead

of adding graphite samples, more smoke was blown into the sell,

praven
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Tulensity measurements were taken as soon as possible after the
gro:e wus blowvn into the cell te insure that ’tho particles had
not begun to agglomerate, Once the variables necessary for the
solution to the transmission equation were obtained, size
determination for both types of particles was made from the
tables of K/ogg, shown in Appendix II, These tables were tabu~
lated from computer solutions of Equations (4) and (9) for
specific values of the relative indexos of rofraction, Values
of K and -K/aaa for the valuea of m considered in this report
were interpolated from the tables presented in Referemce [2].

Since the retio of light intensities passing through the
test cell before and after the addition of particles is all that
is necessary to detarmine the transmission, the units of intenaity
measurenent are arbitrary, For these experiments the curremt
produced by the light incident on the photommltiplier tube was
used to determine the light trensmission, Figure 8 is a record
of the light tramsmissions recorded during experiment 12 by the
Leods and Northrup recorder,

Once the transmission was determined, Equation (7) wag need
to determine the mean particle diameter, n32‘ The optical path
length vas & constant equal to the width of the test cell (4 cm).

For the 7irst experimeat, the volume concemtrstion anl ilic
trensmission were messured during the experiment, Figures 7 -
shov the graphical representation of the transmitted light fo:

various amounts of graphite particles added to 1200¢c of water,
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The remaining unknown was the ratio of the mean scattering coefficiemt

to the particle dismeter (i/!)az). Since a >>1 for these particles,
the limiting value of f/o32, as given by Equation (10), was used to
soive for the particle diameter,

For the second experiment, the concentration and the particle
size of the aerosol of ammonium=chloride particles were unknown,
Hovever, by using two lasers of widely separated wavelengths and by
measuring the transmission of each laser for the same concentrations,
two equations with two unknowns could be written and solved for the
mean particle size and concentration, Figure 17 ghows this ex-
periment in operation,

Table I is & sample of how the particle sizse was determined
for experiment 12, Many different volumes of graphite particles
vere used te jnsure that each gave the same mean particle diameter,
Table II liats the particle sises meagured by experimeats 12 to 16,

Both procedurss worked very satisfactorily, as evidenced by
the comparison of the theoretical sises to the sizes observed wnder

magnification, and are recommended for future use,
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V. RESULTS AND DISCUSSION

A major portion of the time and effort aspent on thiz project
wos involved with the design and procurement of the apparatus used
for \he experiment, Procedures were established for the operstion
of the apparetus and are listed in checklist form in Appendix I,

As o check on the apparatus, & series of five testa on graphite
perticles in water were made., The perticle sises determined were
coapared with the sises measured witk the microscope., Another
oheck of particle sise was provided by Stokes!' law, (See Appendix
111,) These five tests gave a mean particle dismeter of 23,8y
with & mizisna deviation of 0,5u or 0,2 per cent, (Puns numbered
12 and 14 were not considered for this meagurement since they
represented extreme values of particle sises, They were used to
demonstrate the applicability of using & settling process to
separate perticle greups by sise ,) Microsoopic messurememts of
particles from the same five groups showed diameters varying frem 8,04
for the smller particles to 60,0u for the largest particlea, The
variety of sines shewn under the microscope illustrated the value
of light transmissien medsuresments, Rather than try to precisely
measure each partiole in a large group of particles, light trems-
nisaion experiments can be comducted to metsure some metn aime that
diseribes the particlea, Measurements usiag Stokes' lav gave a mean
particle diameter of 50,0u, A pesaible cause of the difference, hers,
is attriduted to the difficulty of viswslly fellewing Ahe poth of
small particies ever the measured drep ia order te time their passage,

It can be seea frem the above measurements that the ‘heorised
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mean diameter D3g is actually some diameter within the extreme
bounderies of maximuwn end minimum particle sizes, Hence, it can
be uzed accurately to give some measure of a middle diameter,

To test the light transmission theory for sn‘gn__kp_o_!g_ sugpension,
an aeroso! of ammonium~chloride particles was pumped into the test
cell, (See Figure 18,) Only two experiments were performed »ith
thiz aerosol due %o the late arrival of the TRW Pulsed Argon Ien
Laser, However, results agrecd quite closely with the measurements
perforwed by Derbin [4],

Table III shows the Jdata obtained from the %irst of two
meagurements ou the eaxmoniua-chloride aercsol, This experiment

~ave n mean particle diameter of C,38u as comparad with Durbin's

peasuromert (4) of 0,41 u,
Since t2e rocket exhaust %o be tested by this tranamiseion

process wag not davsloped prier to the prasentaiion ¢f this peper,

L . T DI TENR SRR s e D I T o, G e Py
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no tests were performed, However Equaticr (7) shows that for the 1
dynsaic range (109) of the Model 11 Photometer, a minimmm retio of . |
particle concentration to tho phaseshifi parameter, “"!'/9325 of
1.13 x 19°5 caz te obtained.

It vas wuted from the light transmission mesasurements showmn r
graphicully in Tigmrea 7 - 11 that the trensmission valuwes failsd

to follow & linear varistion once a concentration o: 0,00083¢ce

grephite/cc water vey reached, This nonlinearity was sssumed to :
be due to & mmltiple sosttering of light encountered whem the

particle concentration reached a certain value, Since the light

trensmisasion theory only Polda for singlo scettering, particle
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measurensnts for concentraiions greater then 0,00083cc graphite/
66 water are sost likely invalid,

Yigure 12 shors a plot of light trensmission vs volume of
grophite partieles for three partiole sise measurements, Each
of these tests was made for a different group of particles
separated by the settling process deussribed above, The variation
of slepaa shows that the particle sises are different and that the
bigger particles did aink faster, Thua, the settling proceas
previded aa exeellent method for eliminating tho extrsmes in

gartiele afses,
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VI, CONCLUSIO. .

The optical apparatus functioned satisfactorily, and procedures
vere established to moke reliable operation of the equipment
possible, The mean diameter of the graphite particles used was
found to be 23,84 , using the laser transmission technique,
Microscope meagurement of the same particles showved that this
theorised mean diameter war within the sxtremes limits of particle
sise, The agreement between thecse measurcments verified the light
treansmission theory used in this repert,

Thus, the experiments performed b::a showvu luul ihc wcan
particle sise theorised by Dobbins and Jimsmgian [2] is closely
related to the mean diameter of the size distribction fumctionm,
Hence, the mean diascter meazured by a light transmission experiment
provided some indicatiom of the particle aizes present im the
suspension, For the special case of uniform particle sises, the
ligat trensmission theory would provide an exmct messuremeat of
the sise,

Finally, mean scattering coefficients were interpclated fer
the solutions uned, Tdeco coofficients vere tabulated for the
relative indexes of retraction of graphite ir water and of an

asrosol of ammoniuvm~chloride particies, (See Appendix II)

as




ViI. SUGGESTIONS FOR FUKTHER INVESTIGATION
The light transmizsior nz~d for tLes2 experiments provides o
vory flexible test for detsrmining particle sises and concentrations
in zaknowe sugpengiong, Curremt ideas for investigation imclude:

6. Make mesguremcnta of particle sisos on the order of
one willi-mioron to determina what renge of particle zises can be
acoursiely seagured,

b, Comnduot prectical experiments to deteruine the applica~
biliiy of using the light tranesission theory to messure particle
sizss and concantrationg in fogs, sxhsusts, and smogs,

¢, Incorperste s light chepper on the osntinucus wave
lager, and rogulate the pulsed laser to permit nearly simultancouc
light intensity measurements in order to redu~y say erroi's vhich

my enter (ue te the growta of particles during cxperimentation,
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TABLE I

SAMPLE DATA SHEET

RON#12 I, = 91,0
VOLUME OF | INTENSTTY | TRANSMISSION t:E 5
CRAPHITE I T -In T | x 4,008 x10° | K/pgy
0,125 53,0 0,582 0,54 41,75 0130
0,250 31,0 0,340 1,07 83,42 0142
0,376 19,0 0.208 1,86 125,25 0142
0,£00 11,0 0,120 2,11 166,99 0148
0,825 6.8 0,074 2,59 208,74 0144
0,750 4.4 0.048 3,22 25¢ 50 0142
0,875 2,8 0,030 3,48 292,25 0142
1,000 1.7 0,018 3,98 333,99 ,0137
1,125 1.0 0,019 4,82 375,78 0133
1,250 0,67 0,007 4,92 417,50 20180
avg, «01428
For K/ pgp = 0,01425
P32 = 140,20
Dgg = 2,1x 103 om
RUN # 12
» 0,00082 in

Microscopic measurement sliows:

0,002in <D3a < 0,0002 in

2. ok




TABLE II
GRAPHITE PARCICLE SIZE MEASUREMENTS

N W, MEASURED SIZE - om

12 0,00210

13 0,00239

14 0,00285

" 18 0,00242
‘ 18 0,00233 )

4

Mean Particle Sisze 0,00242 cm
Maximem Deviation 0,00043 cm or 17,7 % *

Y

% Notes BRuns 12, 13, & 14 were made on particler sorted as to sise
by a sottling process in water, with the particles then
grouped as small, mediuvm, and large, respectively, Hence,

the meximum deviation calculated has little value since it

is calculated for extremes rather than for a "normal"

digtribution of particle sizes,
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High-voltage photocell power supply
RCA IP21 muitiplier phototube
Boliontine model 304 VTVM

Chamber for generating ommonium - chioride fog
Glass windows

Wrotten light-fiter monochromat 77A
Focusing lense

Waler infrared filter

Adjustable siit

Air-cooled, high pressure mercury- vopor
lomp (GE B-H6)

Lomp power supply

X E-ZToMMODO®>»

——
A 0

sF/
l\\““\ A
N\

FIG. | -EXPERIMENTAL ARRANGEMENT USED BY DURBIN TO
MEASURE PARTICLE SIZES IN AMMONIUM - CHLORIDE
FOG BY LIGHT - SCATTERING METHODS (4}
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Phototube Er—::'—‘lj

Monochromator

i
Enfrance operture Az —

Receiver lens L g

Test cell —_

Collimating lens L3
I

CO"im'iﬁ; omr'uf. Az-— omrvvens § encessses

Condensing lens Lo, ————

~
Bondpass filter F ————|
Neutral density filter -

(if needed) |

condensing lens L,

FIG. 2 - SCHEMATIC ORAWING OF OPTICAL APPARATUS USED
8y DOBBINS AND JIZMAGIAN FOR L!GHT TRANS-
MISSION MEASUREMENTS (2)
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A. Specira-Physics model (24
stabilite gos laser As 6328 A
L; Condensing lens F
L2 Collimating lens
Test cell
Interference filter
RCA 1P28 photomultiplier tube E
PP! laboratory photometer
Leeds & Northrup speedomax
sirip recorder
D.C. power supply

MmO OW

o

FIG.J - OPTICAL APPARATUS USED FOR LIGHT TRANS-
MISSION MEASUREMENTS ON SOLUTIONS OF
KNOWN CONCENTRATION BUT UNKNOWN SIZE
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A. Spacira-Physics mode! 124 H
stobilite gas laser As6328 &
8. TRW pu argon ion laser

A: 4880
L; Condensing lenses ' 6
L2 Collimating lenses
C. Test cell
D. Interference filters
M. Mirror
E. Beom splitter
F. RCA 1P28 photomultiplier tube F
G. PPI laboratory photometer
H. Leeds 8 Northrup speedomax L—r 3
strip recorder ]
E 3
1 . 3
M - 7# - i
4 S ;
! ~p 3 i
!
) c !
L
1 1
" >
A 8

FIG. 4 OPTICAL APPARATUS USED FOR LIGHT TRANS-
MSSION MEASUREMENTS ON SOLUTIONS OF
UNKNOWN SIZE AND CONCENTRATICON
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APPEN sy

PROCEDURES CHEC!LIST

Preparation for Experiment

1. Measure ¢,28) gm (0,125 cc) sumplea of Graphite,
2, Measure 1200 ml (1200 cec) of water in a bea%er,

3, Clean teat cell,

4, Clean lenses, filters, and mirror of optical apparatus,

5, Align laser beam, lenses, test c2ll, aad photomultiplier.

6, Start laser,

7, Turn strip recorder ON,

8, Turn photcemeter power toggle switch ON,

9, Turn high voltage toggle switch OMN,

10, Turn meter diegplay switch to H, V., and adjust high voltage
to some valuc less than the maximum rating for the photo-

multiplier in nse minus 53 V,
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Test Procedure

1.
2,
3.
4.

S5,

6.

! 12,

Turn meter diaplay switch to INPUT,

Turn sensitivity switch OFF,

Cover photomultiplier tubec.

Turn zero adjust control until meter reading is 0,

Uncover photomultiplier tube and expose it to laser beam

passing through test cell,

Turn input current awitch to scale that giveas a current

reading greater than 10 per cent of full scale,

Turn on strip record-r,

Start Prop motor,

PRacord meter reading for laser ﬁassing through water only,

Add Graphite sample, .

Record meter reading,

Turn OFF prop motor,

Turn recorder (FF,

Turn H, V, and power switches OFF,

Turz laser off,

Note 1t Steps 10 and 11 are repeated as many times as
measurement~ of particle size are made for different
particle concentratiions,

Note 23 When two lasers are in use, measurements and re-
cordings should be made by alternately blocking

off the light from one laser to the photomulti-

plier and then from the other laser.




AFPENDIX 11

MEAN SCATTERING COEFFICIENT va PHASE SHIFT PARAMETER

o for upper limit funotionf(u - 1

]

130, 8= 1,260)

K vs GS

for seleacted valz=ez of m interpolated from Feference [2]

M. 1.673

M=1,75
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APPENDIX III
STO'ESt LAW FOR PARTICLE SIZE DETEFMINATION

A measurement of the size of the particles theot was indepeandent
of the light tranamission theory was necessary to provide a reference
with wkich the results could be compared, Visual mcagurement with a
microscope vas found tobe quite adequate for the experimente with
graphite particlec in & water medium, However, for smaller particles,
particularly those whose pliyasical chemistry would not permit them to
be examined out of tﬁéir éin environment, another type of measure-~
ment was the appliceiion of Stokes' Law as follows,

if a am 1] sphericai particle of radius r is moving through
& melivm of siscosity nac a constant velocity v, the force that
epposes this metion is given by Stokes: Law as

F = 6wenv
ior RNml, {f the only other force acting on the particle is that
of gravity, then the Zorce tending to keep the particle in motion
ie givea by
F=mg=da/3nrd (p - pl)g

where © is the demssity of the particle in question and p' is the
denaity of the suspending medium, Since these are the only two
forces acting on the particle, they may be equated so that

4/3ncd(p - p'3g = 6nrnv or,

- /_‘»i.fm_ C—
V2 -»9")8

Thus, by merauring the velocity &t whick the particles fall, the

particle size mny be dctermined,
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