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PREFACE

This investigation is part of "A Study of Methods Used in Measurement and
Analysis of Sediment Loads in Streams." The study is being made by the Federal
Inter-Agency Sedimentation Project at the St. Anthony Falls Hydraulic Laboratory
of the University of Minnesota. The project is under the sponsorship of the Sub-
committee on Sedimentation of the Inter-Agency Committee on Water Resources and
under the executive direction of a Technical Committee composed of: P, C.
Benedict, Geological Survey; D. C. Bondurant, Army Corps of Engineers; W. M.
Borland, Bureau of Reclamation; H. G. Heinemann, Agricultural Research Service;
M. D. Hoover, Forest Service; E. H. Lesesne, Tennessee Valley Authority; E. M.
Thorp, Soil Conservation Service. The purposes of the project are the development
and improvement of equipment and methods for obtaining and analyzing sediment
samples.

Thomas F. Beckers made most of the tests and prepared the original draft
of the report. Byrnon C. Colby, project leader, supervised the test program
and assisted in the preparation of the report, Howard A. Jongedyk performed
the microscopic analyses. Frederick S, Witzigman supplied data on comparative
analyses made with the visual-accumulation tube and sieves. Bruce R. Colby,
John V. Skinner, Salvatore La Bella, and Wayne Johnson assisted in some phases
of the test program and report preparation.

The Coulter Counter (registered trademark) Model A developed by the Coulter
Electronics Company of Chicago, Illinois was the basic instrument on which the
tests in this report were made. More advanced models now available (December
1964) are reported to be free from temperature effect, unaffected by moderate
changes in electrolyte, free from the need for variable F factors, and supplied
with a simplified set of accurate gain ratios. These improvements greatly sim-
plify the computation of the data. An accessory is under development to count
particles in size range steps and record volume of particles within the steps
and total volume of particles. This report pertains only to the Model A in-
styument. Permission of the Coulter Company to use material from the manual
of instructions and from brochures accompanying the instrument is greatly
appreciated.

Robert Berg of Particle Data Laboratories, Inc., and K. T. Whitby, con-
sultant for the American Association of Cereal Chemists supplied valuable material
and data.

George W. Whetstone, District Chemist, Branch of Quality of Water, U. S.
Geological Survey, Columbus, Ohio, furnished samples and the analyses of these
samples by the bottom-withdrawal-tube method for comparison with analyses by the
electronic-sensing method.
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SYNOPSIS

A commercial electronic-sensing device (counter) was purchased and tested for
determination of concentration and particle size distribution of sediments. In
operation a known volume is metered from a dilute suspension in which the sediment
particles are uniformly dispersed. As the individual particles pass through a
small aperture they produce an electrical pulse that is proportional to particle
volume, The numbers of pulses larger than several successive reference sizes are
counted., By calibration the electrical-pulse sizes are related to particle sizes,
The size distribution and concentration can then be determined.

Particles with diameters from 2 to 40 percent of the aperture diameter can be
analyzed. Apertures with diameters of 50, 140, and 400 microns were used and
particles from 1 micron to larger than 100 microns in size were analyzed. Uniform
dispersion of natural sediment particles coarser than 100 microns was difficult to
obtain. The necessity of passing the particles through a very small aperture and
of using more than one aperture for most analyses is a disadvantage.

Samples of fuller's earth, coal dust, pollens, glass beads, polystyrene beads,
and sediments from natural streams were analyzed or were used as calibration ma-
terials. Particle shape, roughness, and kind of material had little effect on
analysis, Determination of an accurate size or size distribution of materials for
use in calibrating and checking the counter was a basic problem, Microscopic ana-
lyses were used as the standard of comparison with the counter. A counter analysis
was about as accurate as microscopic analysis of size distribution and took nearly
as long.

The electronic-sensing method i1s shown to be usable for size analysis in the
laboratory. The method can be used to determine concentration by volume but the
process 1s long and involved, However, the basic electronic approach determined
accurately the volume of a single particle in an aperture., Although several
problems are involved, the basic approach might be extended to the determination
of concentration of particles in a larger aperture or sensing zone.
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ELECTRONIC SENSING OF SEDIMENT

I. INTRODUCTION

1. Purpose and scope of the investigation-~Suspended-sediment discharge of
streams is being measured at hundreds of places in the United States., The dis-
charge is obtained from manual measurements of sediment concentration and stream
discharge. Such records are costly and often they are incomplete. A method of
automatically determining suspended-sediment concentration in streams is needed to
improve accuracy and continuity of sediment records and reduce the cost inherent
in frequent manual measurements. The possibilities of using electronic sensing of
sediment in suspension seem to justify an intensive study of this method.

This report is a study of the method of electronic sensing of suspended sedi~-
ment. Ultimately the method should be evaluated completely. This first project
report is limited to an evaluation of the only commercial instrument available for
electronic sensing of sediment size and concentration.

A commercial electronic device for measuring and counting particles in sus-
pension was purchased, and its accuracy, stability, and dependability were tested
to determine the potentialities and competence of the apparatus and method. Basi-
cally the electronic~sensing device determines the number of particles larger than
each of a series of selected sizes, and size distribution is computed from the
data, After size distribution is determined, the concentration of sediment can be
obtained., If the commercial instrument proves capable of accurate size analysis
of sediment samples it will fill a need in the laboratory. However, development
of an instrument for field determination of concentration is the ultimate goal.

If electronic sensing can determine accurately the size of an individual
particle, the change in resistance caused by a cloud of particles in a larger
aperture can perhaps be measured to give sediment concentration directly., Also
measurement of concentration within limited size ranges might simplify direct de-
termination of total sediment concentration. Electronic sensing is important be-
cause of its possible future use for determining sediment concentration in the
field,

Tests of the commercilal instrument were made both on known size distributions
of varlous materials and on natural sediment samples of unknown size, The in-
vestigation was divided into two main parts: Instrument testing on known particu-
late systems to establish operator technique, and analysis of samples of known and
unknown sizes. Some of the first tests were run to evaluate effects of tempera-
ture, counted volume, and electrical environment on the operation of the electromnic
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counter. Later tests were run to establish routine techniques for analysis of un-
known samples.

Experience showed that the counter needed several minor improvements for best
use over a wide range of sediment sizes. 1In most applications the instrument is
used to count particles of a narrow size range or to monitor suspensions of parti-
cles of a known or limited size distribution. Such analyses can be made far more
simply and more quickly than an analysis of an average sediment.

Throughout the investigation of the electronic counter, short cuts in methods
of instrument operation and in data processing were studied. Because the present
method of obtaining concentration involves a long and intricate process of inte-
gration to determine the concentrations of many size ranges of particles, the most
important short cut would be one to permit direct determination of sediment con-
centration,

In this report "electronic counter" or simply “counter' will designate the
complete set of commercial equipment for electroni. ' ensing of sediment.

2. History of instrument and method~-The electronlc counter was developed
originally for counting blood cells and particles that contaminate fluids and
liquid foods in the medical-biological field. In 1956 W. H. Coulter [3]% pre-
sented a paper on a high~speed, automatilc blood counter and cell-size analyzer.

Mattern, Brackett, and Olson [9] of the National Institute of Health dis-
cussed the determination of size and number of cells passing through a small
orifice or gate, At the present time (1964) the counter is used widely in parti-
cle analysis of powders, slurries, and emulsified materials,

3. Basic principles of the electronic counter--The electronic counter was
developed to measure and count individual particles as they pass through a small
aperture, A known volume of a conductive liquid (electrolyte) containing the
particles in dilute suspension 1is drawn through the aperture. Resistance between
electrodes at each end of the aperture changes whenever a particle displaces part
of the liquid in the aperture. A nearly constant electrical current flows between
the electrodes so that the change in resistance produces a voltage pulse that is
proportional to particle volume. The electrical pulses are amplified, screened to
size, and counted.

The counter has an adjustable threshold level below which electrical pulses
are not counted. The threshold can be set so high that none or only a few of the
largest particles are counted. Then it can be lowered in successgive steps and a
count of pulses larger than each step can be taken. The relation of pulse height

* Numbers in brackets indicate referenceg listed on page 80,
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to particle volume can be established by calibration with particles of a known
gize, Thus, the number of particles in each size range can be determined.
Threshold adjustment can provide only for a 3 to 1 range in particle diameter.
However, adjustments of amplification (gsin) and voltage across the electrodes
permit anélysis of particle diameters over a range of 20 to 1. If apertures
having diameters of 50, 140, and 400 microns are used, a range of particle di-
ameters from 1 to 160 microns can be measured. Because the measurement is of
particle volume, particle dlameter merely expresses the diameter of a sphere
that has the same volume as the particle,
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I1I., METHOD OF OPERATION

4., Equipment location and power supply--The equipment should be placed on a
rigid table or bench that has ample room for each component. Crowding of any part
increases the probability that controls or settings will be inadvertently bumped
or jolted out of adjustment. The instrument should be at a height that is comfort-
able for operation from a chair or stool. A second table placed near the instru-
ment provides space for preparation of samples, electrolytes, and dispersing
agents, The location should be as free as possible from vibration and airborne
dust., A dust cover is recommended whenever the equipment is not in use. The
apparatus may have to be electrically shielded if it is near high-frequency de-
vices, fluorescent lights, calculating machines, starters, and similar sources of
electrical noise or radiation.

A regulated power supply relatively free from fluctuations, is necessary.
The electrical equipment must be grounded carefully to protect operators from
high voltages and to mipimize external electrical interference.

5. Components of the counter--The electronic components form one main sec-
tion of the electronic counter. These are housed in a cabinet that contains the
counting system and controls for threshold, gain, aperture current, and various
minor adjustments. The external features of the cabinet (Fig, 1) are: (1) an
on-and-off switch; (2) an oscilloscope; (3) a threshold dial and vernier; (4) an
aperture-current selector dial, or I-current dial, (with ten separate settings);
a digital recorder consisting of (5) a serles of three decade counters, and (6)
a digital register; (7) a gain-selector switch (with six separate settings); and
(8) a count reset sgwitch.

The sample stand (9 on Fig. 1) with auxiliary equipment is the other of the
two main sections of the counter. (See Figs. 1 & 2.) The principal components
include the sample platform, sample beaker, motor-driven agitator, aperture tube,
microscope, vacuum supply, volume-control manometer, tube-flushing beaker, and
trap flask.

The platform (1 on Fig. 2) for the sample beaker may be moved up and down on
a guide rod. It is held in position by a supporting spring. A 300~ml sample
beaker (2) having a bottom that is rounded to simplify the suspension of the parti-
cles sets on the sample platform. The sample is agitated by a propeller on a
stirring rod (3), that can be driven at a selected speed (4) by a brushless motor
(5). The propeller on the end of the stirring rod revolves in the sample beaker
to keep the particles in suspension.

A stopcock and connections unit provides a mounting (below 7, 8) for the aper-
ture tube (6); it allows alternate comnections through stopcock (7) to the vacuum
supply (through the trap flask), to the mercury manometer (between 15, 16) or to
the auxiliary flushing system, which consists of stopcock (8) and a tube to the
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auxiliary beaker (9). The open top of the aperture tube is joined to the stopcock
unit with a ground-glass joint that is sealed with vacuum grease. The aperture is
a small opening in a quartz disc that is fused into the side of the aperture tube
near the bottom. The area near the aperture is lighted (10) and a microscope (11)
can be used to observe sediment particles in suspension near the aperture, or
particles plugging the aperture.

A pump (12) develops a controlled vacuum (13) in a trap flask (14). The
flask prevents accidental damage to the pump 1f sediment in suspension 1s drawn
into the vacuum system. The vacuum is connected to the stopcock unit (7, 8)
through a hose so that the vacuum can be used to start flow through the aperture
and to unbalance the mercury in the volume-control manometer. The manometer con-
sists of a mercury reservoir (15), glass tubing, and start-and-stop electrodes
(16). As the mercury drains backward through the manometer, the start-and-stop
electrodes limit the particle count to a definite volume of sample as selected
by the volume-selector switches (17). An auxiliary connection to a beaker of
electrolyte (9) provides for flushing or draining the system.

The electronics cabinet is connected to electrodes that span the aperture and
also to those in the volume-control manometer (Fig. 3). Power for the vacuum pump
and for the agitator motor comes from the power supply in the cabinet. Voltage
pulses from the passage of particles through the aperture are fed into the elec-
tronic circuits in the cabinet. These circuits provide for amplifying, screen-
ing, counting, and displaying the pulses on the oscilloscope.

T— VACUUM
THRESHOLD
— MAIN PULSE
e AMPLIFIER AMPLIFIER
CIRCUIT '

BEAKER
APERTURE
MAIN ELECTRODES

ELECTRODES

é B !, BRIGHTER 3
i ABOVE COUNTER
é B % HRESHOLD DRIVER
M.
15 g ZZ/// ELECTROLYTE
......... ; Y DIGITAL
¢ / \
////////// Z , COUNTER "START - STOP" REGISTER

FIG. 3--SCHEMATIC DIAGRAM OF ELECTRONIC~SENSING SEDIMENT ANALYZER

Reference 4
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6. Electrolyte--The first step in preparing for analysis of a sample is to
select a suitable electrolyte. The requirements for an electrolyte for use in the
counter are: a liquid that has a dielectric constant of 10 ohm-cm or more; that
is miscible with all other liquids used; that will dissolve some salts to form
ions but will not dissolve the sample particles; that has rather low volatility,
toxicity, flammability, and cost. For sedimentation work a l~percent solution of
sodium chloride in distilled water is satisfactory and easy to prepare, It has a
resistivity of 55 ohm-cm. If resistivity is much lower, accuracy is lost; and if
it is much higher, electrical noise levels are a problem. Many different electro-
lytes have a satisfactory level of resistance. A choice of electrolytes can be
based on convenience and on the material to be analyzed.

Even the best distilled water contains some fine particles. Unless the par-
ticles in the sample are large in comparison with the particles in the electro=-
lyte, the electrolyte should be filtered to remove fine particles that might in-
terfere with the analysis of the fine sediment particles. Most samples from
natural streams contain some sediment particles so fine that the electrolyte
should be filtered. As an alternative to filtering, the background count in the
electrolyte may be determined as a basis for correcting the analysis, but usually
filtering is more desirable. A simple system composed of a filter flask, a hold-
ing clamp, and a graduated funnel with fritted-glass filter support was used for
filtering the electrolyte. A fine-membrane filter placed over the coarse fritted-
glass filter further reduced the electrolyte particle interference to the 0.5
micron level,

The addition of 0.1 percent of formaldehyde prevents growth of microorganisms
in the electrolyte [2].

7. Sample preparation--If the sample to be analyzed contains only a small
amount of material, the entire quantity may be used in the counter, but generally,
only a small sample of the available material can be used. A good sample must
accurately represent the parental distribution. Representative samples of dry
sediment may be obtained by splitting the original sample with microsplitters
[1, 10] or by quartering and recombining opposite quarters of the sample repeat-
edly [8]. Representative samples from a suspension of particles may be obtained
by pipette withdrawal from a thoroughly mixed sample [5]. Samples may be added to
the electrolyte or diluted with electrolyte as necessary. Occasionally, a sample
in dilute suspension may be analyzed directly using native water as the electro-
lyte. The native water may be diluted with distilled water if desirable,

Usually, organic matter in the sample should be removed. Sometimes the or-
ganic matter can be conveniently burned out of a dry sample. If the sample is in
water the organic material may be removed by adding hydrogen peroxide and heating
[6]. Organic matter must be removed carefully to avoid destroying any sediment
particles. If treatment increases the tendency of fine particles to cling to-
gether, extra effort may be required to disperse the particles satisfactorily.
Normally, the use of a dispersant is desirable regardless of prior treatment of
the samples.
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Particle concentration should be somewhere between 1 and 1,000 ppm by volume
depending on the aperture size to be used and the particle size. Concentration
must be high enough to provide statistically significant counts, but low enough to
avold an undesirably large number of coincidental passages through the orifice
(Section 19). Also, if the concentration is kept low the sample is more easily
dispersed. The sample may be diluted with additional electrolyte if necessary to
reduce the coincidence effect or to provide additional volume for continued count-
ing. Dilution simply reduces the number of counts. The counts can be overlapped
to obtain the relationship of the counts before and after dilutiom.

8. Basic procedure for snmalysis--A size analysis with the counter is begun
by placing a sediment sample in the 300-ml round-bottom beaker which is then
nearly filled with filtered electrolyte to which a dispersant has been added.
Next the beaker is placed on the sample platform (Fig. 2) and a spring attachment
raises the beaker to the operating position in which the opening in the aperture
tube is about an inch above the bottom of the beaker. The agitator motor is
placed so that the stirring propeller is near the bottom of the beaker. Then the
motor 1s started, and its speed is adjusted to obtain a uniform sediment suspen-
sion at a minimum speed.

An aperture size is chosen to fit the size range expected for the particles
in the sample. Normally the smallest aperture that will not plug with sediment
is chosen. (If the range of sediment sizes is large, additional apertures of
smaller sizes may be required, but the discussion of the basic procedure will be
confined to analysis with a single aperture.) The microscope can be used to note
the size of particles in suspension as a basis for estimating the size of aperture
required. Also when the sample is being drawn through the aperture, the micro-
scope can be used to observe any plugging. When the aperture is plugged, the
counting rate is reduced abmormally.

Particles are drawn through the aperture by opening a stopcock at the top of
the aperture tube (Fig. 3). The controlled vacuum created by the vacuum pump draws
fluid simultaneously from the sample beaker and pulls the mercury into the upper
reservolr to unbalance the mercury manometer, After the mercury is drawn beyond
the starting switch for the counter, the stopcock is closed to shut off the vacuum,
The siphoning action of the mercury manometer continues the flow of the sediment
suspension through the aperture, The mercury column drains from the upper reser-
voir through the volume-control manometer toward the starting electrode. When
the mercury reaches the starting electrode, the counter drive in the electronic-
components cabinet 1s activated. As a particle passes through the aperture, it
displaces its own volume of electrolyte and changes the resistance in the aper-
ture, The change in resistance produces an electrical pulse that is pilcked up
and amplified. The amplified voltage pulse is displayed on an oscilloscope as &
vertical spike whose height indicates the relative volume of the particle. The
amplified pulses are fed simultaneously to a threshold circuit having a dial ad-
justment for screening the pulses according to size. The pulses smaller than the
threshold level are not counted, but those that exceed the threshold level have
bright segments above that level (as shown on the oscilloscope), and they are
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counted individually. After the mercury has metered a certain volume of sediment
suspension through the aperture, a stop electrode deactivates the counting circuit
and the number of particles larger than the threshold size can be read from the
digital register. The electrodes are spaced accurately to meter a definite volume
of sample. Some instruments have provision for connecting the circuit to alternate
electrodes to provide a choice of two or more sample volumes. The counter used in
these tests had three metered volumes from which to choose.

Generally the threshold dial is first set high enough so that all, or all but
a very few, of the largest particles are screened out. Such a setting gives a zero,
or near zero, count to define the coarse end of the size distribution. A series of
counts is taken at the first threshold setting, and additional series of counts are
taken at 10 or more successively lower threshold settings. When the lower limit of
the threshold dial is reached, the readings may be extended to smaller sizes by in-
creasing the aperture current and by increasing the gain setting.

Particles counted at the highest threshold settings are large and each repre-
sents a significant part of the total size distribution., The numbers counted are
small, and random variations cause large percentage variatiomns in the numbers in
each count. Therefore, the count should be repeated six or eight times to obtain
a good average. At lower threshold settings more particles are contained in each
count, the readings are less variable, and two or three duplicate counts are gen~
erally sufficient,

9. Combination of apertures for a wide range of sizes--A given size of
aperture can be used only for analysis of particles having nominal diameters from
about 1 to 40 percent of the aperture diameter. A few particles as large as 50
percent of the aperture diameter may be present in the sample 1f the aperture does
not clog too frequently. The largest particle size in the sample to be analyzed
determines the smallest aperture that can be used. Normally, this aperture is cho-
sen for starting the analysis. Inspection through the microscope, absence of ex-
cessive aperture plugging, and data on the coarsest particles soon show whether the
proper aperture was chosen. Analysis is continued throughout the usable range of
the first aperture and then is extended to smaller sizes of apertures if addition-
al definition of the fine-particle distribution is required. Apertures are chosen
80 that the particle sizes analyzed in one aperture overlap those in the next.

As an analysis 1s continued to smaller apertures, the coarser particles in the
sample must be removed by sieving, or by sedimentation methods. Also the sample
may have to be diluted to provide enough volume for analysis or to reduce the
number of fine particles to be counted,

Sediment particles from 1 to 160 microns in diameter can be analyzed in a
series of three apertures that have sizes of 50, 140, and 400 microns. The manu-
facturer of the counter can supply aperture sizes ranging from 11 to 2,000 microns.
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10. Care and cleaning of instrument--The sample beaker and the aperture tube
must be kept clean and free from air bubbles. Bubbles in either one cause spur-
ious counts, and the bubbles cling to dirty glass surfaces more readily than to
clean glass. All auxiliary glassware, including the filtering system and sample
pipette, must be washed occasionally in a detergent solution to remove any film
that clings to the glass.

Normally the mercury manometer will operate for long periods of time without
cleaning. However, in the bulb-shaped reservoir near the top of the manometer the
sample in the aperture tube comes in contact with the mercury surface, and in time
some particles will work down into the mercury. Also, some particles may be drawn
into the metering section while the vacuum pump is being regulated. If sediment
particles form a scum on the platinum electrodes that start and stop the counter,
the metered volume may be inaccurate, and the manometer must be cleaned. The me-
tering section and the platinum electrodes can be cleaned by washing, rinsing, and
drying with nitric acid and ethyl alcohol. After the manometer has been cleaned,
clean mercury is added through the free end of the manometer to fill the manome-
ter to the widest part of the upper reservoir. This level gives the best metering
accuracy. If separations form in the mercury column of the manometer, they may be
drawn into a small round reservoir called the coalescing section, where they are
eliminated.

Electrical connections must be kept tight, dry, and free from dust. The
connections on the sample stand require the most attention because they may be-
come encrusted from spillages.

When not in use, the instrument and sample stand are covered with a plastic
sheet to protect them from dust.
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IITI. ELECTRICAL RESPONSE

11. Change in resistance resulting from particle passage--If the electrical
effect of a particle in the aperture 1s expressed in terms of a right cylinder
that is aligned with the aperture axis, it can be shown [4] (Appendix, Section 38)
that the change in aperture resistance, 4R, caused by the particle is

= T ¢ |
2 1 a

1-F/P A

When:

R = resistance with a particle in the aperture

R = resistance of electrolyte without the particle

po = electrolyte resistivity

P = effective resistivity of the particle

V = particle volume

A = aperture area normal to aperture axis

a = area normal to aperture axils of equivalent right cylinder for the
particle as oriented in the aperture

Equation 1 shows that response AR, depends almost directly (see also dis-
cussion of /L/p on next page) on the resistivity of the electrolyte. This resis-
tivity can be measured separately for each analysis. However, one electrolyte is
commonly used for many analyses., The resistance 1s then measured once and checked
occasionally. Temperature is held essentially constant or the effect of tempera-
ture changes on the resistivity is determined and corrections are made for tempera-
tures different from that for which the resistivity was measured (Section 25.)

The last term in the denominator of Equation 1 is not significant for very
low a/A ratios. For spherical particles with diameters that are 30 percent of
the aperture diameter the ratio a/A is 1:11 and the equation indicates a greater
than linear response. The effect of the a/A ratio is correctable whenever correc-
tion is justified. However, the larger the particle in relation to the aperture,
the greater the current density around the particle at the time of passage through
the aperture and the greater the electrical heating of the electrolyte. The heat-
ing of the electrolyte momentarily lowers the resistance and reduces the response
gsomewhat. Also for the larger particles, the entire volume may not be entirely
within the aperture and thus may not cause maximum response at the instant of
passage. Elongated particles that align with the stream flow may have the greatest
reduction in response. Preliminary investigations indicate that the effect of the
a/A factor is negligible if particle diameter is less than 40 percent of aperture
diameter. If the a/A term 1is negligible, then the response AR, 1s inversely pro-
portional to the square of the aperture area.
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Normally, particle resistivity 1s effectively many orders of magnitude
greater than that of the electrolyte., Powders of metals that are good conductors
behave like nonconductors, perhaps because of oxide surface films and lonic in-
ertia of the Helmholtz electrical double layer and associated molecules at the
surfaces of such particles [2].

Particle density does not affect response unless the particle surface con-
tains large pores. Particle shape has little effect on response; the distortion
of the electrical field in the aperture probably conforms to the general surface
without following each surface indentation or protrusion on the particle.

Within the limits of particles that are likely to be found in sediment sam-
ples the shape, structure, density, and resistivity of the particles have little
effect on the relation of particle volume to electrical response. Therefore, for
analyses in a given electrolyte at a nearly constant temperature, and for parti-
cles with diameters that do not exceed 40 percent of the aperture diameter, the
response, AR is proportional to particle volume and

T < - 3

Where K is a constant to be established by calibration for a given aperture,
electrolyte, and temperature.

12, Height of voltage pulse--If an electrical current is passed through the
aperture, each change in resistance, 4R, will produce a change in voltage across
the aperture, thus:

BE = G ITAR . . o v o v o o v v o o 6 s s s e e e e e e e e e . (3)

When
AE
G
I

4]

voltage change or magnitude of voltage pulse

gain factor in the circult (determined from gain setting)
electrical current through the aperture (determined by the
setting of the aperture-current selector dial).

3

If Equations 2 and 3 are combined and solved for the volume, V, of the parti-
cle that causes the voltage pulse AE,
VaKBE/ (GI) v v v o v i it e e e et ot e e e e e e e (B

Relative values of G and I (based on the dial settings of the counter) can
be used in equation (4) because the calibration constant K will take care of the
difference between relative and absolute values.

13, Threshold dial and circuit--The pulse height, AE, 18 the record of a
single particle passage, that is displayed on the oscilloscope and that 1is screen-
ed and counted. The threshold circuit provides the scale by which pulse heights
are screened, The threshold dial is arbitrarily divided into equal units from 0
to 100. A dial setting establishes a sill, or minimum pulse height, that must be
exceeded if a pulse 18 to be counted. On the oscilloscope, pulses that are below
the pulse height set on the dial are shadowed and those that extend above that
height are brightened above the reference level. The threshold-dial setting can
be uged in Equation 4 in place of AE. Then V becomes the minimum particle volume
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that will be counted for this threshold-dial setting and for specified gain-dial
and aperture-current dial settings.

14. Gain setting and circuit--The pulse height, AE, 1s extremely small until
it is amplified. Before it is displayed on the oscilloscope, or screened by the
threshold-dial setting, the pulse passes through an amplifying circuit that has
an adjustable gain. The gain setting has six positions. If the gain at the first
setting is given a unit value, then successive settings, G', have gains, G, of
1.41, 2.00, 2.83, 4.00, and 5.67. The variable gain permits scaling of a much
wider range of R values than would be possible on a threshold dial having a
single gain setting.

15. Aperture-current selector dial and circuit--Ten settings are provided for
varying the electrical current through the aperture by changing the electrical re-
sistance in series with the aperture. At the first setting an electrical resist-
ance of 25,6 megohms is placed in series with the aperture resistance, which is
usually less than 0.1 percent of that amount. A constant voltage of 300 volts is
imposed on the total resistance to give the aperture current, I. The relatively
minor change in total resistance that is caused by the passage of a particle
through the aperture is so small that the I current is not changed significantly.
However, the voltage pulse, aR, which is measured across the aperture only, is
significantly changed by the passage of the particle.

At the second setting for the aperture=current selector dial (or more simply
the I-current dial), the electrical resistance in series with the aperture is 12.8
megohms and the I current is doubled. As long as the resistance across the aper-
ture plus the small fixed resistance in the aperture circult is a very small part
of the total resistance, each increase in dial setting cuts the total resistance
in half and doubles the I current. At the higher settings the aperture resistance
becomes a significant part of the total circuit resistance and the change is no
longer proportional. (See Table A-4 in the Appendix.) The table is made up in
terms of a scale factor, ¥, for each I-current dial setting and the scale factors
can be substituted for 1/I in Equation 4,

At all but the first few settings of the I-current dial the aperture resist-
ance affects the I current. Resistance 13 measured directly across the aperture
by means of a d-c voltmeter (Appendix, Section 39).

16. Calibration constants--Equation 4 is the basis for calibration of the
counter. The equation can now be stated as

Vek, TF/G= Kk, S_ . ¢« v v o v v v v v v v v v e e e e e o
When v / voe *

T = threshold-dial setting

F = scale factor corresponding to the I-current dial setting

G = gain setting ratdo (1.00, 1.414 2.00, 2.83, 4.00, and 5.67 for

settings 1 to 6 respectively)
S¢=T F/G or electrical size of the particle

k, = a calibration constant for relating volume of particle to Se




Section 17 23

Also
T 43
V = —— =k, 5,
6
And d = kg YTFG =ky s, (8
When d = diameter of a spherical particle or nominal diameter of an
irregular particle
kg = calibration constant for relating nominal diameter of the
particle to Se
= 3
Then k= kg /6 N 2

A constant for relating particle size to electrical size applies only to one
aperture and one electrolyte that is held at a nearly constant temperature (or
for which temperature correction has been made).

17. Calibration with uniform particles-~If uniform particles (used in this
report to mean particles of limited size range) with a known mean size as deter-
mined by microscope or by other accurate means are avallable, the counter may be
calibrated by direct comparison. This method is fast, simple, and accurate. The
particles are placed in suspension in a concentration so low that the primary co-
incidence effect will be less than 2 percent. (See Section 19.) Particle counts
are made repeatedly on this suspension. Because the particles are nearly the
same size, the pulses on the oscilloscope will be of nearly uniform height. The
instrument is adjusted so that average pulse height is between 10 and 30 on the
threshold dial; gain setting is 3 or 4; and aperture-current dlal setting is about
2, The threshold dial reading that corresponds to the average pulse height should
be determined visually. The threshold dial is then set at 1/2 the average pulse
height and several '"full" counts, ng, are taken to obtain an average ng. Next the
threshold is set at 3/2 the average pulse height and several counts are taken to
establish an average "oversize'" count, n. The median, or half count, n, ., can be
computed from

np=ng +(ng ~ny)/2 = (ng+mng)/2 . .. ... ... (8)

It is assumed, and the assumption can be proved by test, that a system of parti-
cles of a narrow size range has an approximately normal distribution of sizes.
Therefore, the half count, ny, is the number of larger than average size parti-
cles in the suspension. Then, if the threshold-dial setting, T, that gives the
half count of Equation 8 is found by trial, the average particle diameter, d,
and the instrument setting factors, T, F, and G, can be used to determine the
calibration constant kg in Equation 6. (See Appendix Sectiom 40.)

The method of calibration based on uniform particles is ideally suited to
checking the relative effects of instrument settings. The electrical size, S,
should remain unchanged if; (1) T and G are both doubled, (2) T is doubled and F
is reduced by half, or (3) G and F are both doubled. If one variable is held
constant and the other two are varied, the particle count will not remain the same
unless the two variables are in correct ratio. Particle counts over a wide range
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of variation of T and F were used to determine whether the zero of the threshold
scale was at. true zero and to adjust to true zero when necessary. Similarly, com=
binations of T and G were used to adjust the gain in our counter to more precise
relations of the gain steps than those in the instrument originally. The gain ad-
justments required an actual change in the individual electrical resistances for
each setting of the gain circuit,

18, Calibration with particles in known concentration--The counter can also
be calibrated with a suspension having a known volume concentration of particles
[4]. The particles should be free of pores or excessive surface roughness and
have diameters between 2 and 40 percent of the diameter of the aperture. The den-
sity of the solid particles should be known accurately or determined carefully.

The volume of particles Vp’ in the metered volume of suspension will be

Vp = (vS/VS) (Wp/ﬁ%) T )
When
vy = volume of the suspension that 1s metered for each count
VS = total volume of suspension made up for measurement
W_ = total weight of particles in the total suspension
p . .
Pp = density of the particles (actual, not bulk)

A size analysis with the counter consists of measurements of the numbers of
particles n._, n,, Moy By, Dy weonee M that have electrical responses greater
than 81, So, S3, 84, S5, ...... Sy» Which are a series of electrical-size settings
that cover the range of sizes in the sample. Let S, represent average electrical
size of particles between two adjacent size settings and An represent the differ-
ence between counts for the same two settings. Then the total volume of particles
is proportional to the summation of the products of An and S, for all the inter-
vals between adjacent size settings. Thus,

Vo=, T(8nS,) = (M/6) k) E(ANS,) . ... .. ... ... . (10)

Because V_ 1s known from volume concentration and metered volume and 3{An 85) can
be obtained by arithmetic summation of the data from the counter, the relation, kd’
between electrical size and particle diameter can be determined. This value of kd
should be the same as that obtained from calibration with uniform particles.

Once the count at a definite size level has been established, the sample for
which the volume concentration is known can be used to check drift in calibration
or normal variations in instrument readings. However, if the sample having a
known volume concentration has a wide range of sizes, the change in count will not
be so sensitive to changes Iin instrument factors as for a more uniform sample of
small size range. Also, errors from nonuniform dispersion are larger if a sample
has a wide range of sizes.

19. Coincidence effects--Previous discussion has shown the effect of a
single particle in the aperture of the counter. Particle concentration in the




Section 19 25

sample to be analyzed should be high enough to provide statistically significant
numbers at the coarsest sizes for which the distribution of sizes is to be defin-
ed. As concentration of particles is increased, the probability also increases
that more than one particle will be in the sensing zone of the aperture at one
time,

A study of the electrical effect of particles passing through a small orifice
was made by Mattern, Brackett, and Olson [9]. They determined that for an aper-
ture having a diameter of 100 microns and a length of 75 microns a critical volume,
or sensing zone, about three times the aperture volume exists in which two or more
particles will not produce individual impedance pulses. Fig. 4 shows the sensing
zone of the aperture; some particle combinations in the zone, and the resulting
electrical pulses. Two particles of about the same size, following each other at
about the length of the sensing zone, register as a single particle of the given
size, 1If they follow more closely, they register as a single particle that is
larger than the individual particle size.

The primary effect of coincident passages is a loss of count. Mattern,
Brackett, and Olson showed that the coincidence loss followed the Poisson dis-
tribution. A secondary coincidence effect 1s a possible, occasional increase of
count of large particles. However, to register as an oversize particle, two
particles of nearly the same size must pass through the aperture very close to-
gether. The probability of such restrictive occurrences is, therefore, small.

Coincidence effect can be determined experimentally [2, 9]. A high con-
centration of particles in suspension can be analyzed, and successive dilutions
of the same suspension can be run until the concentration is so low that coinci-
dence becomes negligible. The error in the analysis for a high concentration
can then be computed from the deviation from a straight-line extension of the
low-concentration analyses., The manufacturer of the counter obtained the
following equation for p, the coilncidence factor,

p = 2.5(1)/100)3(500/vm)....,..............(11)
= 1,25 (D/10)3/Vm
In which
D = aperture diameter in microns

Vp® metered manometer volume in microliters (usually the nominal
metered volume 1s sufficiently accurate)

A count-loss correction, n'", to the observed count, f', can be computed as

o= p (A'/1,0000% . . . . . . ... e (12)
The correction to the count checks the Poisson function within 1 percent up to a
ratio of count loss to actual count of 1:10. Equations 11 and 12 were based on
counts of uniform particles, and correct only for loss of counts. No adjustment
has been developed to correct for the few oversized pulses that may be caused by

two particles of about equal size passing through the aperture very close together.

The loss of count correction for a range of analytical conditions was com-
puted from Equations 11 and 12. (See Table A-3 in the Appendix.)
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IV. TEST PROGRAM

20. Operator training--Preliminary analyses with the counter were made to
give the operator experilence with the equipment and to develop skill in its use.
Most operators require several days time to understand the instructions that come
with the counter; to learn how to handle the equipment without too many mistakes,
and to become reasonably accurate and proficient in recording and computing the
data.

21. Possible sources of incidental errors in analysis--As soon as operator
errors had been minimized, a study of other possible errors in the analysis was
begun. Several sources of errors were considered. Many were incidental to un-
favorable operation or because of inadequate maintenance of the equipment. Most
of these were not subject to quantitative evaluatlon but their effects could be
observed and procedures could be used to reduce them to negligible size.

a. Electrical interference may come from electrical switching, sudden

voltage changes, or bad contacts. The interference may be in the counter or
may reach the counter in the power supply or from radiation by external sources,

The counter was first set up in a part of the laboratory where interference
was 50 bad that consistent analyses were almost impossible to obtain. The counter
was then moved to a location remote from most other electrical equipment. The
power supply at the second site was less varisgble than at the first site but a
constant voltage transformer for the power supply was desirable even at the second
site. If a suitable location for the counter 1s not available, the equipment can
be enclosed in a grounded metal shield.

b. Alr bubbles may form in the sperture tube. Air in the aperture tube de-
stroys the relative incompressibility of the system, and the metered volume of
sample drawn into the aperture during the counting period will not be exactly
equal to the metered displacement of the mercury. Air bubbles on the inner elec-
trode cause electrical noise pulses that may be counted. Air bubbles in the aper-
ture tube can be eliminated by draining the tube and refilling it with electrolyte,
If a dispersing or wetting agent is used in cleaning the inside of the aperture
tube, bubbles or grime are less likely to cling to the tube.

€. fransient temperature differences, (oxr differences in electrolyte), be-
tween the sample beaker and the inside of the aperture tube may cause rapid changes
in aperture resistance and cause voltage pulses that will be counted. The instru-
ment should be operated in a relatively constant room temperature, and samples and
electrolyte should be kept at that temperature for some time before analysis.

d. Aperture plugging may cause abnormal counts. Usually, aperture plugging
results in particle counts or counting rates that are so far out of line with
adjacent counts as to be obviously incorrect. A glance through the aperture
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microscope will reveal any plugging. Generally, the aperture can be cleared by
opening the stopcock leading to the auxiliary flushing system. Sometimes the aper-
ture opening will require rubbing or brushing. Any counts made while the aperture
igs plugged should be disregarded.

The aperture may plug because particles are not fully dispersed, but the usual
reason 18 that the aperture is small in relation to the largest particles in the
sample, Occasional plugging from odd-shaped particles is to be expected, but fre-
quent plugging indicates that a larger aperture should be used or some of the
coarsest particles should be removed from the sample before it is analyzed.

e. Impurities such as organic matter in the sample may destroy the accuracy
of analysis. Also impurities in the mercury at the volume-metering section may
upset the volume accuracy. Careful cleaning of the equipment and of the auxiliary
glassware and adequate maintenance of the manometer will avoid most of the effects
of contamination.

f. Nonuniform dispersion in the sample beaker will obviously affect the
analysis. Fine sediments and sediments of low densities are easy to disperse uni-
formly with the stirring mechanism that is an intrinsic part of the counter.
Sediment particles usually have a specific gravity greater than 2.5, and particles
over 100 microns in diameter are difficult to maintain in suspension in the sample
beaker. The speed of the stirring motor 1s adjustable, but if it is too high air
bubbles may be drawn into the sample and pass through the aperture to be counted
and to accumulate in the aperture tube. If the particle count changes with a
small change in speed of the agitator motor, the dispersion is probably not uni-
form. A relatively high stirring speed can be used while counting the coarser
particles and while the sample covers the aperture to a depth of an inch or more.
Then the stirring speed can be reduced slightly when the counting level is lower
and the sample does not cover the aperture so deeply. However, the particle count
is supposed to include the coarser particles regardless of the counting level and,
even a slight departure from complete dispersion 1s allowable only after the total
count becomes so great that the number of the larger particles is relatively very
small,

g. Particles sometimes collect in the aperture tube. Most particles that
pass through the aperture are carried out of the tube, but some of the larger or
more dense particles may collect inside the aperture tube near the bottom. Some
of these particles may be drawn up into the portion of the electrically sensitive
zone just inside the aperture and be counted. TIf these particles accumulate ex~
cessively, the extra counts may become significant. Accumulation of particles may
be reduced by flushing with the auxiliary flushing system, but sometimes only com-
plete draining and refilling of the aperture tube will eliminate the accumulation.

h. Some minor items of procedure and possible sources of incidental errors
should also be considered:
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Particle counts near the lower limit of the threshold scale should be avoided
or viewed with suspicion because the background electrical noise may be great
enough to contribute extraneous counts.

At I-current dial settings of 7 or 8 and higher, erratic pulses may show on
the oscilloscope. They may indicate overdriving of the amplifying circuit or ex-
cessive heating effects because of the large current through the aperture.

The volume of electrolyte in the sample beaker has no effect on the results
of analyses unless the electrolyte level drops close to the aperture. However, a
very low level combined with intense stirring may permit air bubbles to enter the
aperture.

Surface roughness and porosity of the particles probably is not a significant
problem for normal sediments. However, indentations, wrinkles, and gross porosity
at the surface of particles, such as found in the corn pollen used in some of the
calibrations, may have minor effects. Particles with internal voids register as
solid particles.

22, Errors inherent in procedure~-In contrast to the incidental errors,
which are generally small, avoidable, and hard-to-define quantitatively, other
possibilities of error are inherent in the procedure or equipment. Although inher-
ent errors are not entirely avoidable, the different sources of these errors can
usually be identified. Then the effects of the errors can be reduced or eliminated
by proper procedure, by instrument adjustment, or by calibration and correction,
Errors inherent in procedure are discussed in the remainder of this section.

Excessive concentration of particles in the sample 1s one source of inherent
error in procedure. Because a concentration that is excessive for one aperture
and particle size may not be excessive for another aperture and particle size, ar-
bitrary limits on allowable concentrations are not easy to establish. The largest
effect of concentration 1is probably the coincidence effect that was discussed in
Section 19. However, if particle counts are very high, the counting rate may be
too fast for the instrument to record with satisfactory accuracy. The total number
of counts for a given aperture and metered volume is probably the best basis for
determining the corrections that may be necessary.

The manufacturer of the electronic-sensing counter furnished Equations 11 and
12 (p. 25) for correcting the particle count for loss from the effect of primary
coincidence, If this coincidence loss is kept below 10 percent and is corrected
according to Appendix Table A-3, the other effects of high concentration on count-
ing of the particles are probably negligible. Sometimes, however, complete dis-
persion of particles in the sample is difficult to achieve at high concentration.

Fortunately, the concentration of particles in the sample beaker can be re-
duced by dilution with electrolyte. Also, the minimum concentration is not close-
ly related to accuracy. The main requirement is that sufficient particles must be
counted to be statistically significant.
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At present (1964), the manufacturer's data and explanation of concentration
effects are accepted as adequate, However, concentration effects might well be in-
vestigated further.

Extreme ratios of particle diameter to aperture diameter are a second source
of inberent error. The particle must be large enough relative to the aperture to
cause a measurable voltage pulse when the particle passes through the aperture; it
must be small enough relative to the aperture so that the relationship of resist-
ance change to particle volume is essentially linear. Equation 1 indicates the
basic relationships. According to general observation, the counter operates con-
sistently when the particle diameter is from 2 to 40 percent of the aperture diam-
eter, which is the approximate range suggested by the manufacturer. Eventually,
the assumption of a linear relationship should be investigated carefully for a
range of particle to aperture diameters.

The range of particle sizes that can be analyzed satisfactorily depends on
the aperture or apertures available, or, in other words, the apertures required
depend on the range of particle sizes to be analyzed. 1If necessary, coarse parti-
cles in a sample may be removed before amalysis. The necessity for maintaining a
uniform distribution of particles in the sample beaker sometimes limits the maxi-
mum particle silze for analysis regardless of the apertures avallable. Hence, the
upper limit of particle size may be determined partly by the ratio of the density
of the particles to the density of the electrolyte.

Temperature effects may be significant if operation 1s not restricted to a
narrow temperature range. Changes in temperature of the electrolyte cause changes
in the resistance through the aperture, and resultant changes in the relation of
particle size to electrical response.

Special tests were made to define the effect of temperature changes on the
resistance through the aperture. During the tests, a l-percent sodium chloride
golution (electrolyte) flowed through a 50-, a 140-, or a 400-micron aperture.

In the first tests, the voltage drop across the aperture was measured with a
d=c voltmeter while the electronic-sensing equipment was in the usual operating
state., A nearly constant voltage was applied to the aperture circuit, which in-
cludes (1) the resistance through the aperture and (2) the resistance selected
by the aperture~current dial setting plus some additional fixed resistance in the
aperture circuit. The observed voltage drop across the aperture was used to com=
pute the aperture resistance (Appendix Section 39). The resistance selected by
the aperture~current dial setting and the fixed resistance are grouped together
in this report under the term "aperture series resistance" and should be distin-
guished carefully from the resistance through the aperture or more simply the
aperture resistance, 1In general, the aperture resistance decreased as the tem~
perature increased. (See Fig., 5.) Some irregularities were caused by polariza-
tion, line-voltage change, errors in voltmeter readings, and slight changes in
characteristics of the electrolyte. The effect of polarization was particularly
large for the 50-micron aperture. However, percentage departures of individual
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observations of aperture resistance from an average relation were no greater for
this aperture than for the 140- or 400-micron aperture (Fig. 5). The voltmeter
measurements gave only a general idea of the relation between aperture resistance
and temperature of the electrolyte.

Additional information on the relation of aperture resistance to temperature
was obtailned from measurements with d~c¢ bridge and a-c impedance bridge circuits
while electrolyte was flowing through the aperture. The a-c impedance bridge
measurements of aperture resistance avoided polarity effects and seemed to be most
consistent. The d~c bridge measurements of aperture resistance were somewhat in-
consistent among themselves but, in general, agreed roughly with the a-c bridge
measurements, Both the d-c bridge measurements and the voltmeter measurements
indicated somewhat greater aperture resistances for low aperture resistances than
did the a-c bridge measurements. (See Fig., 5,) Part of the difference may be
caused by the slight potential that is generated by the battery action of the
el%ctrOIYte.

Because the a-c impedance bridge measurements were the most consistent they
were used to define relationships between temperature and electrolyte resistance.
A decrease in resistance of 1 percent for a 1°F. rise in temperature was indicated
for the range of normal room temperatures. This agrees with data obtained by
others [2].

Equation 1 shows that the indicated volume of a particle analyzed by the
counter will change almost directly as electrolyte resistance changes. Therefore,
accurate results can be obtained only if analyses are confined to & narrow range
of temperatures, or if results are corrected for temperature effects. One way of
correcting would be by computations based on a change of resistance of 1 percent
per degree change in temperature; another way would be to use the results of
instrument calibration (Section 25).

23. Errors inherent in equipment~-For a given aperture, electrolyte, and
temperature the electrical size of a particle is determined from the three disl
factors T, F, and G (Eq. 5). If particles of known size are used each factor
can be calibrated. However, the amount cf calibration can be reduced by adjust-
ing the dial factors to conform to simple well-defined relationships.

The threshold dial with its calibration in units from O to 100 was taken as
the basic size measure. The threshold dial controls rheostat resistance and
should be linear. Linearity was also checked by comparison to changes in gain,
G, and aperture current factor, F. The zero trim of the threshold dial may re-
quire occasional adjustment and should be checked every few months.

Zero trim of the threshold dial was adjusted by a trial-and-error procedure.
First, a suspension of particles having a narrow range of sizes was analyzed re-
peatedly for a constant gain setting and a wide range of F values. The threshold
dial was set to give about a median count for the first F values., Then, the
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threshold was adjusted by trial and error to give the same particle count for
other F values. The product of F and threshold-~dial reading T, was not a constant.
A small amount would have to be gubtracted from each threshold setting to keep the
product constant. Finally, the threshold zero trim was adjusted slightly until
counts were about constant at threshold-dial readings that varied inversely with F.

The gain ratios were supposed to increase the pulse height by a ratio of 1.41
to 1.00 for each step increase in gain setting. Instead, slightly different gain
ratios were observed when serles of threshold-dial readings were made at several
different gain settings and constant temperature and constant aperture-current
readings. Also, theoretically equivalent combinations of gain setting and aperture-
current dial setting sometimes gave appreciably different threshold-dial readings
for a given particle count. Hence, variable resistances were added to the fixed
resistances that originally controlled the relative gains in the amplifying
circuit. Series of threshold-dial readings at each gain setting and at several
current-selector dial readings were repeated, and the variable resistances were
adjusted by trial-and-error until the gain ratio from one gain setting to another
was essentially constant at 1.41. 1Improving the accuracy of the gain ratios was
not a simple adjustment of the commercial instrument; it involved modification of
the amplifying circuit.

The gain ratios in the commercial instrument were probably accurate enough
for many uses. However, in the analysis of sediments, the limits of use of an
aperture are often stretched as far as possible. Hence, the gain setting is
changed much more frequently for sediment analyses than for simply monitoring
the particle size or size limit in some commercial process, A simple, uniform
gain ratio facilitates calibration and the computation of sediment-size analyses.

The F values furnished by the manufacturer for different apertures and for
different I-current dlal readings (Table A-4 of the Appendix) were checked against
the T and G values. After the gain circuit had been modified and the zero trim of
the threshold dial had been adjusted, all three were found to be in agreement.
Agreement means that calibration of electrical response is necessary only at one
value of T, one of F, and one of G, because the relation to all other values of
the three 1s known. Calibration (Section 25) can be used as a check on the in-
strument adjustments, but calibration is much simpler if the instrument is in
proper adjustment.

The actual volumes metered by the manometer of the counter were checked for
relative size by repeatedly counting the same particle suspension for each volume
gsetting. According to average counts of one of five sets of tests (Table 1), the
0.500- and the 0.0500-ml nominal volumes were about 1 and 7 percent, respectively,
too large as compared to the 2.000-ml nominal volume. (These percentages were
averaged according to the number of individual determinations.) The percentages
were confirmed by additional particle counts that are not listed in Table 1.
These additional counts indicated that the 0.500-ml nominal volume was about 0.9




TABLE

1

PARTICLE~COUNT CHECKS OF RELATIVE MANOMETER VOLUMES
[Blood cells through a 140-mi¢ron aperture]

Individual particle counts for nominal volumes

Threshold dial

20

15 15 18 20
I-current dial 6 6 1 2 7
Nominal volume (ml) 2.0000|0.5000(0.0500 | 2.00000.5000(0.0500 | 2.0000 | 0.5000 |0.0500 2.0000 | 0.5000 { 0.0500 2.0000{ 0.5000 | 0.0500
1 13,506 3,456 379 | 43,088|11,078| 1,137 | 37,531 9,601 1,005 119,969 | 30,816 3,191 | 100,344 | 25,648 2,639
2 13,693 3,491 372 | 43,9501{10,972} 1,169 {35,595 8,675 957 {121,004 | 30,566 3,224 1101,695 | 25,347 2,640
3 13,767 | 3,436 392 | 43,8331{11,012{ 1,162 | 35,021 | 9,833 997 [122,227 | 30,846 | 3,299 |101,502 | 25,718 | 2,675
4 13,795} 3,371 388 | 43,032 (10,919} 1,136 9,592 916 30,620 3,176 | 101,389 | 25,510 2,650
5 13,368 3,362 396 | 43,564 (11,071 1,141 8,751 1,033 30,763 3,184 25,479 2,639
6 13,557 3,374 391 | 43,236 1,151 8,346 971 3,264
7 13,3791 3,386 363 | 43,237 1,157 9,163 880
8 13,3601 3,417 350 | 43,150 1,188 9,310 858
. 9 3,409 360 | 44,239 1,213 9,297 873
é 10 3,387 401 1,150 8,128 915
2
o 11 352 8,971 901
8 12 359
& 13 344
14 382
15 350
16 364
17 324
18 427
19 347
20 360
21 349
Average count 13,553 3,409 369 {43,481111,0121 1,160 | 36,049 9,061 937 (121,067 | 30,722 3,223 1101,233] 25,540 2,649
Nominal factor 1 4 40 1 A 4 40 1 4 40 1 4 40 1 4 40
Count for 2,000 ml 13,5531{13,€36 (14,760 | 43,481 |44,048 (46,400 | 36,049 |36,244 (37,480 {121,067 (122,888 {128,920 | 101,233 1102,160 105,960
Relative count 1.000| 1.0061 1,089 1.000) 1.013| 1.067 1.000 1.005 1.040 1.000 1.015 1.065 1.000 1.009 1.047

K73

£ 1013998
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percent (average of five sets of tests) and the 0.0500-ml nominal volume was about
8 percent (average of two sets of tests) too large if the 2.000-ml volume is
correct,

The accuracy of the nominal metered volumes was also checked by weighing
quantities of distilled water that were removed from the sample beaker. A rubber
covering was placed over the aperture so that no water could be drawn from the
beaker through the aperture, Then, a known weight of distilled water at 79°F,
(density, 0.9968 g/ml) was placed in a beaker of known weight and the mercury in
the manometer was drawn to the start probe. The rubber covering over the aperture
was moved aside, and the mercury was allowed to siphon the sample from the beaker.
When the mercury surface reached the stop probe, the aperture was covered quickly
to stop the flow through the aperture. Thus, one volume of sample was removed
from the beaker. Sometimes the process was repeated until several volumes had
been removed. The accumulated quantity of water that was removed was determined
by weighing the sample beaker and its contents after the withdrawals had been
made,

Average observed volumes were 2.0074, 0.5117, and 0.06773 ml (Table 2) for
the nominal volumes of 2.0000, 0.5000, and 0.0500 ml, respectively. Thus, the
direct measurement of quantities of sample withdrawn from the beaker checked the
nominal volume of 2.0000 ml within less than 1 percent, which is also the assumed
accuracy of determination for this volume. The probable accuracy is, of course,
much less for the smaller nominal volumes. Hence, the excess of observed over
nominal volumes of about 2 and 35 percent for the nominal volumes of 0.5000 and
0.0500 ml probably are not as good measures of actual volumes as are the ratios
that were based on the particle counts. That is, the observed volumes confirm
the accuracy of the nominal volume of 2.0000 ml, and the ratios of the particle
counts are reasonably good indications that the other actual volumes are about
0.505 ml (1 percent larger than nominal) and about 0.0535 ml (7 percent larger
than nominal).

An additional approximate check of the accuracy of the 2.000-ml manometer
volume can be based on comparison of calibration constants ki, which are deter-
mined from volume calibration constants kv (see Section 18), against constants
ky that are determined directly from particles of approximately uniform size
(see Section 17). For known concentrations, kd is computed from kv’ and both
k, and k, are too small if the manometer volume is larger than its nominal size;
that 1s, if the integrated sum of the particle volume (an S,) is too large. How-
ever, kd computed from counts with particles of about uniform size is independent
of manometer volume, Hence, the approximate general agreement (Table 3, p. 40)
between some k, values determined from known concentrations and some average k
values from Fig. 6 (p. 39) indicates that the actual volume is about equal to the
nominal volume of 2.000-ml.

Correction of nominal metered volumes is seldom necessary. For size distri-
bution analysis no error is introduced if the analysis is in one nominal metered
volume throughout. Even if more than one size of metered volume is used, no error
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results 1if an overlap in counts is used to establish a count ratio between the
metered volumes. However, the accuracy of a concentration analysis depends
directly on the accuracy of the metered volume, If more than one size of metered
volume is used and a count ratio between volumes is established by overlapping
counts, only the first, or base, volume for the analysis affects the accuracy of
the concentration determination.

TABLE 2

CHECKS OF MANOMETER VOLUMES BY QUANTITLES OF DISTILLED WATER AT 79°F
[Density, 0.99681 g/ml]

Weight of water Volume of water Volume ratio,
Number of (grams) (milliliters) average to
runs or nominal
volumes Total Average Average Nominal
Trial 1 1 2.0347 2.,0347 =e e
Trial 2 1 2.0176 2.0176 e -
Trial 3 7 13.9687 1.9955 = --
Trial 4 8 15,9967 1.9996 e e
Total or
average 17 34,0177 2,0010 2.0074 2.0000 1.004
Trial 1 7 3.5822 5117 e o=
Trial 2 6 3,0816 .5136 - .=
Trial 3 5 2.5178 .5036 e o
Total or
average 18 9.1816 .5101 . 5117 5000 1.023
Trial 1 7 4792 .0685 ne e
Trial 2 3 .2119 .0706 = =e
Trial 3 3 .2159 .0720 - we
Trial 4 6 . 3756 0626 we -
Total or
average 19 1.,2826 .06751 .06773 0500 1,355
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24, Calibration materials~~The instrument adjustments that have been dis-
cussed could be made with almost any type of relatively stable particles that
would pass through a given aperture, because only a relative level of particle
size was required. If the specific gravity of such particles is known, they can
be used also for calibration by the known concentration method., However, special
materials of narrow particle-size range and known mean size facilitate calibrationm.
Calibration with materials of known size is also much more direct, and it is not
dependent on such secondary factors as metered volume, specific gravity, and un-
certainties in data analysis and interpretation,

CALIBRATION MATERIALS USED

Median size, in microns
Material From Appendix Microscopic size Average
Table A-2 Ours Others [7] size

Glass beads 135. 135,
Corn pollen 87.5 80.0 83.8
Pecan pollen 47 .5 45,0 46,3
Glass beads 37.4 37.4
Ragweed pollen 19.5 19.5 18.6 19.2
Polystyrene beads 3.04 3.04
Polystyrene beads 1.88 1.88
Polystyrene beads 1.30 1.30

The glass beads are spherical, smooth, and easy to analyze with the micro-
scope., Corn and pecan pollens are rougher, somewhat wrinkled and pitted, and
their microscopic analyses are possibly less accurate. Ragweed pollen is fairly
uniform but rather small for analysis with our microscope. Because pollens vary
slightly depending on source, and because the sizes change slightly with electro-
lyte, time of submergence in the electrolyte, and perhaps with other conditions,
an average size was used for each one.

Samples of glass beads were obtained as follows: First, several pounds of
beads having a rather wide range of sizes were washed thoroughly and sieved. One
sleve fraction was then further separated by letting the beads settle through a
column of water. Either the middle half or the third quarter from the bottom of
the deposited beads was retained for use as a calibration material. The bead
sizes so obtained were as uniform as the pollens. (See Fig. 8 p. 42.)

25. Calibration of equipment--Basically, instrument calibration consists of
establishing a relationship, ky or kg, between particle size and electrical re-
sponse for a given aperture, electrolyte, and temperature. (See Eq. 5, 6, and 7.)
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This discussion is mainly in terms of ky because ky is the constant that enters
directly into the usual computation of an analysis.

Fig. 6 shows values of kd for a l-percent sodium chloride solution and for
50-, 140-, and 400-micron apertures. The values are plotted to show temperature
effect. There is a tendency toward consistent differences among the k, values
from different calibration materials. 1In the 400-micron aperture, the main ma-
terials used were corn pollen, pecan pollen, and glass beads. Corn pollen gave
high kd values and pecan pollen gave low values. In the 140-micron aperture,
ragweed pollen gave high ky values and pecan pollen gave low values again. 1In
the 50-micron aperture, 3.04-micron polystyrene beads gave average results in
comparison with 1.88- and 1.30-micron polystyrene beads. Glass beads seem to be
a good calibration material. They are smooth, nearly spherical, and do not ex-
pand or contract with moisture content. The kd values plotted on Fig, 6 were
taken over a period of nearly two years, Values tended to run a little high or
low on certain days, but there was no definite trend with time.

Median sizes of the polystyrene beads could not be determined with available
microscopes. Sizes from microscopic analysis of the pollens did not seem to im-
prove calibration consistency as compared with sizes given by the suppliers.

Apparently calibration materials should be investigated further. However,
the average calibrations are probably accurate within 5 percent or less and con-
sistent within 3 percent or less. At 75°F the kd values are about 63.4, 16.0,
and 4.20 for the 400-, 140-, and 50-micron apertures, respectively, and the
change in ky with temperature averages about 0.45 percent per degree Fahrenheit.
The corresponding change in kv would be about 1.35 percent as compared with a
change in aperture resistance of about 1.00 percent per degree Fahrenheit
(Section 22). The difference may indicate a change in the electrical response
of the counter circuits or it may mean a lack of precise determination.

If all analyses in the counter are run with a l-percent sodium chloride
electrolyte and at a nearly constant temperature, a single calibration constant
can be used for a given aperture. If temperature varies, the calibration constant
can be corrected 0.45 percent per degree Fahrenhelt or 1.35 percent per degree
Fahrenheit for ky and k, respectively. Different ky and ky values would be re-
quired for an electrolyte with a resistivity different from that for a l-percent
sodium chloride.

Calibration constants can also be obtained by the known-concentration method
of Section 18. Table 3 lists seven known-concentration values of k4 and the aver-
age uniform~size calibration values of ky from Fig. 6 for the same aperture size
and temperature. The known-concentration calibrations were metered in the largest
manometer volume, which was taken as 2.000 ml, The generally good agreement be-
tween the ky values from the two types of calibration indicates that the 2.000 ml
volume is at least approximately correct.
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The data from Fig. 6 for the 400-micron aperture are plotted on Fig. 7 to
show how the F values can be checked by calibration. From Equation 6, {»P‘ =

d‘@ G/ T/ kd. In Fig. 7, the F values from d §F§7_T/ kd for several I-current
dial settings are plotted against the manufacturers F values for the dial set-
ting. The 45° line of perfect agreement lies very close to all plotted points,
so the manufacturers F values (Appendix Table A-4) were accepted as correct.

TABLE 3

COMPARTISON OF CONSTANTS ky FROM KNOWN CONCENTRATION AND UNIFORM SIZE

kd

Aperture Temperature
diameter (°F) Known Uniform size
(microns) concentration (from Fig. 6)

400 68 67.9 61.3

400 70 60.9 62.0

400 72 62.1 62.6

140 70 15.7 15.6

140 74 15.4 15.8

140 76 15.5 l6.1

140 78 16.7 16.3

26. Analyses of calibration materials-~Size distributions of several cal-
ibration materials that cover a range of sizes were determined with the counter
from the average calibration values of kd from Fig. 6.  The agreement between
these size distributions and size distributions determined from microscopic anal-
yses was generally good (Fig. 8). The major difference was a general displacement
of the comparative curves vertically and this difference, which is generally less
than 5%, would be almost entirely eliminated 1if ky were determined immediately be-
fore each analysis., Thus, Fig., 8 is a further indication that an average calibra-
tion factor 1s reasonably good, but not precise, for a range of materials and over
an extended period of time,
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27. Analysis of sediment samples--The size analysis of sediment samples from
streams involves some steps that usually are not required in the size analysis of
a calibration material. The added steps are necegsary because of the wide range
(1) of conductivity of the waters in which sediment samples are contained and (2)
of particle size of the sediments.

If much of the stream water of a water-sediment mixture is placed in the sam-
ple beaker, the unknown conductivity of the stream water necessitates a determi-
nation of the aperture resistance for each sample. Usually, a small, representa-
tive fraction of the mixture can be taken and added to the l-percent sodium
chloride electrolyte. The relative amount of sample and electrolyte should be
such that the concentration in the sample beaker will be satisfactory for the
first few particle counts.

A sample may contain some particles too large to pass, without plugging,
through the largest aperture that is to be used or too large to be kept in uniform
suspension in the sample beaker. These large particles can be removed by sieving
or by selective settling through a column of water.

The wide range of particle sizes and the usually rapid increase of particle
numbers with decreasing size may cause the colncidence correction (Section 19) to
exceed 10 percent of the observed particle count at some particle sizes. Whenever
dilution of the sample is necessary to avoid excessive coincidence, overlapping
counts should be made at three or more of the same dial settings to establish the
relative particle counts before and after dilution, Of course, the ratio could be
determined from relative volume of the sample after dilution to volume before di-
lution, However, the method of overlapping count is generally simpler and more
satisfactory.

The wide range of particle sizes generally requires use of more than one
aperture for s size analysis. Whenever a change is made from a large aperture to
a smaller one, some of the coarser particles in the sample may have to be removed
by sieving or by selective settling in a column of water to avoid plugging of the
smaller aperture, If large particles are removed or the counting of the large
particles is questionable for the smaller aperture, both the sample that was used
for the larger aperture and the sample that 1s to be used for the smaller aper-
ture should each be run at two or more of the same values of S (= T F/G). As an
alternative, overlap counts can be made for S, values that are not identical but
that cover a satisfactory range so that two curves of 5, versus particle count can
be plotted and an overlap relation detexmined from the curves. Overlap values of
Se should be for particle sizes that were too small to be removed, even in part,
by the sieving or the gelective settling. Overlapping counts are necessary to de-
fine a relationship between the numbers of particles within a given size range for
the two samples., That is, a ratio is needed between the difference in particle
count from one size to a larger size for one sample and the difference in particle
count for the same size range and the other sample. The overlapping counts must
be at the lower end of \the size range for the larger aperture rather than at the
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upper end of the size range for the smaller aperture unlegs all particle sizes of
both samples pass readily through the smaller aperture.

The lower limit of size analysis with the 50-micron aperture is about 1 mi-
cron. However, some sediments have an appreciable volume of particles finer than
1 micron. Also, an arbitrary lower limit for analysis may be set by judgment on
the agsumption that the volume of smaller sediment particles 1s an insignificant
proportion of the total volume. The quantitative estimate of the volume of un-
counted fine sediment can be checked, at least crudely, by a graphical procedure
that will be discussed later.

Some particles may break down or dissolve while in the electrolyte. Possible
changes in size of the particles can be checked readily by comparing particle
counts for a given electrolyte and S, value at the beginning of the analysis with
particle counts for the same temperature and S, value at the end of the analysis
of the same sample, Corrections to the counts must be applied for any dilution
of the sample during analysis.

In general, the natural inorganic sediments that have been analyzed showed
no decrease in size because of breaking down or dissolving of the particles.
Some coal particles did break down enough to give a slight increase in count of
particles at the smallest sizes. The small amount of breaking of particles can
be decreased by agitating and stirring the sample no more than necessary to obtain
discrete particles uniformly suspended in the sample beaker,

Some stream samples contailn organic matter that should be removed prior to
analysis. (See Section 7.)

28. Repeatability--Consecutive counts on a particular sample at the same set-
tings of the gain dial, the I-current dial, and the threshold dial usually check
within a very few percent, especilally if each count includes several thousand par-
ticles. As counts decrease the percentage variation from count to count increases,
It may be several percent at counts of 500 particles or less (See Table 5 on p. 50
and Table 6 on p. 56.) However, the average of several counts of a few hundred
particles each should be reasonably accurate. Of course, a uniform suspension of
the particles should be maintained in the sample beaker.

Repeated determinations, with two apertures, of the median size of a sample
of glass beads were closely consistent among themselves (Table 4) and checked the
median size of 37.4 microns that was obtained by microscopic analysis. The ky
values used in the analyses were not as completely determined as those of Fig. 6.
Values from Fig. 6 give diameters for the 400-micron aperture about 1 1/2 percent
smaller and for the 140-micron aperture about 1 1/2 percent larger than the di-
ameters listed in Table 4, However, the results would be slightly more consistent
between apertures if they were computed for values of ky from Fig. 6. The excel-
lent agreement with the microscopic size was due partly to chance because the
calibration constant is not known to an accuracy of a fraction of 1 percent., The
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repeated size determinations were based on one calibration constant for each aper=
They were made on the same day by the same operator and with the same
electrolyte, and at about the same temperature. The median sizes in Table 4 are
for a sample with a small range of particle sizes, They indicate the repeatabil-
ity of instrument readings. Computation tecaniques and inability to measure sizes
smaller than one micron would make anal! es Of samples with a wider range of sizes
less accurately repeatable.

ture size.

TABLE 4

CONSTISTENCY OF REPFATED DETERMINATIONS OF SIZES OF GLASS BEADS

Median size, in microns Median size, in microns
Order Order
number 400-micron 140~micron number 400-micron | 140-micron
aperture aperture aperture aperture
1 38.2 - 16 39.0 oo
2 37.6 - 17 38.2 -
3 38.0 - 18 37.0 -
4 37.4 - 19 36.5 -
5 37.4 - 20 37.2 -
6 38.0 - 21 37.5 =
7 38.0 - 22 - 36.5
8 37.8 - 23 - 36.2
9 37.8 - 24 - 37.5
10 - 36.8 25 - 36.6
11 - 36.8 26 - 36.5
12 - 36.6 27 - 37.3
13 e 37.0 28 - 37.2
14 39.0 - 29 - 37.0
15 38.4 o= 30 e 37.2
31 - 37.2
Average sizes in microns:
400-micron aperture 37.8
140-micron aperture 36.9
Both apertures 37.4
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Apparently the electronlc components of the equipment are stable. Hence,
size determinations generally can be repeated consistently provided that a stand-
ard procedure is always followed in analyzing a particular sample and particle
sizes are not large enough to plug the aperture or to prevent uniform dispersion
in the sample beaker. Some consistency of repeated determinations obviously will
be lost if the procedure is varied from time to time or if limitations of the
equipment and its calibration are not recognized.

29. Accuracy of analysis~~Several factors affect the accuracy of analysis.
Preparation of the sample in terms of representativeness of the parental material,
removal of extraneous or contaminating substances, and dispersion of the particles
are important., Careful operation of the equipment and a comstant watchfulness
wlll detect most malfunctions or electrical interference. An occasional glance
at the oscilloscope should show abnormal electrical interference or erratlc opera-
tion. Conditlions at the aperture, especlally plugging, can be observed through
the microscope. Questionable particle counts should be noted and repeated.

The statistical accuracy of particle counts is generally good when many par-
ticles are counted. However, one particle 100 microns in diameter is the equiv=
alent of 1,000 particles 10 microns in diameter. A sufficient number of large
particles must be counted to determine the relative volume of the coarser par-
ticles,

Particle characteristics such as shape, roughness, refractive index, density,
and electrical conductivity have little or no effect on the accuracy of analysis.
Orientation within the aperture probably has no measurable effect for sediment
particles.

Adequacy of the calibration coefficient is perhaps the most important factor
in accuracy of an analysis. A calibration factor that has been determined for a
given aperture, electrolyte, and temperature is good only for that combination of
bagic factors. It must not be used inadvertently and without correction for an-
other aperture, for an electrolyte of a different resistivity, or for a tempera-
ture much different than that for which 1t applies. Although an accurate deter-
mination of aperture resistance might be used to correct the calibration for
changes in electrolyte, the d-c voltmeter determinations (Appendix Section 39)
do not seem sufficiently accurate for that purpose. If a standard calibration
factor 1s to be used, the electrolyte should be very carefully prepared and tem-
ature corrections should be made when necessary.

Unfortunately the absolute accuracy of a complete analysis of a normal sedi-
ment sample was not established directly because no particle distribution of com-
pletely known size and size distribution was avallable against which to check the
analyses, The calibration procedure and analysis of calibration materials estab-
l1ished accuracy of analysis at certain specific particle sizes, spread over a wide
range of sizes. Hence, a sediment analysis in a single size of aperture tube al-
most certainly will be reasonably accurate except outside, at, or near, the size
l1imits for analysis in the aperture. However, the procedure for combining data
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from two or more apertures may introduce significant errors in the combined
analysis,

Six duplicate samples of fuller's earth were analyzed to determine consisten-
cy of analysis over a wide range of particle sizes and combination of apertures.
The particle sizes in the samples ranged from less than 1 to more than 100 microns.
The 400-, 140-, and 50-micron aperture tubes were all required.

A one-gallon master sample of 30,000 ppm (parts per million) of fuller's
earth in electrolyte was made up. About ten drops of Triton X-100 were added
for a dispersant., The 400-micron aperture was used first. The master sample was
mixed thoroughly, and a pipette sample was immediately withdrawn for analysis.
Pipette samples for analysils in the l40-micron aperture were withdrawn at a depth
of 5 cm from the surface and 1 minute after stirring of the master sample ceased.
Pipette samples for analysis in the 50-micron aperture were withdrawn at a depth
of 5 centimeters and 6 minutes after stirring ceased. Most of the 50-micron
particles, but few of the 20-micron and smaller particles, were removed from the
sample for analysis in the 140-micron aperture, Most of the 20-micron, but few
of the 10-micron or smaller particles, were removed from the sample for analysis
in the 50-micron aperture. These samples did not plug the apertures and the un-
disturbed size distribution analyzed in each aperture provided a good overlap with
counts in the next larger aperture.

The computed size distributions for the six samples were reasonably consist-
ent, The median diameters for the six analyses ranged from 20.0 to 23.4 microns
and three of the six were between 21 and 22 microns. Minor differences between
analyses could often be traced to an obvious source such as insufficient overlap
in readings before and after dilution, or fallure to count a sufficient number of
particles to provide an accurate average count at some sizes. The analyses were
run by two rather inexperienced operators, No consistent differences could be
seen between thelr results. Although better consistency of analysis could be
obtained by more careful operation and experienced operators, the data of Fig. 9
probably represent the accuracy to be expected from routine analysis.
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V. COMPUTATION OF SIZE AND CONCENTRATION

30. Basic data required-~Before particle counts are taken for an analysis,
the equipment must be set up properly and adjusted. Prelimipnary data on tempera-
ture, calibration constants, and aperture resistance must be obtained. Tempera~
ture of the room in which the equipment is operated should be fairly constant and
the electrolyte and sample should be at room temperature. The calibration constant
(Section 25) may have been determined previously or may be determined just before
analysis. Calibration constants should be checked occasionally. The gain trim in
the instrument may be used to bring the instrument back to a previous calibration
if drift in calibration occurs. If the same electrolyte is used repeatedly and
only a very small sample of water-sediment mixture is used, the resistance through
an aperture should not change except with temperature, and resistance need be

checked only occasionally.

After the aperture and the manometer volume are chosen for an analysis, they
are recorded and a coincidence factor, p, is computed from Equation 11 on page 25.

Particle counts are taken at several size levels to obtain a count of parci-
cles coarser than each size level. (See Section 8.)

31. Recording and computing data-~A method of data recording for an analysis
in a single aperture is illustrated in Table 5. Data on the sample and instrument
factors are recorded at the top. Values F; to F;, are taken from Table A-4 in the
appendix and correspond to I-current dial settings of 1 to 10, respectively.

The first three columns from the left side of the table contain the gain set-
ting, G', (and the corresponding gain value, G); the threshold dial setting, T;
and the I~current dial setting, I.

Particle counts at the various combinations of G, T, and I settings are re-
corded in the next several columns. An average count for each combination is re-
corded as fi', The coincidence count adjustment is computed from p and Equation 12
on page 25, and entered in cclumn n"., Column n (ny after dilution) is the average
count of column B', corrected by addition of values in columm n". Column C is for
background-count corrections, for correction ratios n/n2 of counts before and aft-
er dilution, and for n, counts that were corrected because of sample dilution (see
the following section also). The F/G column contains the basic values of F; to Fyj
that correspond to the I-current dial setting, divided by the value of the gain
setting, which is 1.00, 1.41, 2,00, 2.83, 4.00, or 5.66 for the 1 to 6 settings
respectively. Column S, is the product of columns T and -F/G.

The cube root of S, is multiplied by ky, to obtain the particle diameter, in
microns, shown in column d. The analysis at this point shows number of particles
larger than the sizes tabulated, and for some purposes such an analysis is suffi-
cient,
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The last six columns show computation of size distribution by volume, An is

change in counts between adjacent sizes, S,. §e ig the average of the adjacent
sizes. The product of An and §e is the average relative volume of particles in
the size Iinterval, ¥ (an) 5, is the cumulative total of the relative volumes.
The column headed "Coarser, 7% vol.'" contains the percentage by volume coarser
than the diameters of column d. It {s found by dividing the cumulative values
of Z(an) S¢ by the total for the column. The use of the final column and the
analysis of diluted samples are discussed in the following section,

32. Special computations and data extension-~-In many analyses the particle
count 1s not, or camnot, be carried to small enough sizes to cover the entire
particle size distribution. That 1is, the total of the cumulative volumes of the
2(an) §e column of Table 5 1s perhaps 90 or 95 percent of the true total for a
complete analysis. Visual inspection of the an S, values in Table 5 will show
whether or not they are approaching zero.

If the percentages coarser than the particle-~diameter steps of Table 5 are
plotted on log-probability paper as in Fig. 10, the plot will be a straight line
if the sediment has a log-normal size distribution. Because most sediments ap-
proach a log-normal distribution, any abrupt flattening in the relationship at
the fine particle sizes usually indicates an incomplete analysis., The total cu-
mulative volume from Table 5 may then be increased and new percentages based on
the larger total may be computed and plotted. By trilal and error a distribution
can be obtained that will straighten the fine-particle end of the log-probability
curve, and that distribution may be used asz the proper analysis of the sample on
the assumption that the distribution is at least approximately log normal. 1In
the data used for Table 5 and Fig. 10, the total of the I(an) §e columm 1s 4,577,
Percentages by volume were computed and plotted on Fig. 10 using total volumes
of 4,577, 4,900, and 5,000, The 4,900 total gives the straightest line at the
lower end on Fig, 10, The volume percentages based on the 4,900 total are re-
corded in the last column of Table 5 as the size distribution for the sample.

If concentration in the sample to be analyzed is sufficient to provide
statistically significant counts, the coincidence effect may become excessive
(10 percent or more) at small-particle volume settings, The sample should then
be diluted. After dilutlon, counts of the diluted sample should be repeated at
two to four of the sizes already counted. The ratlo of old counts to new can be
determined directly from the overlapping data and used as a multiplier to change
all diluted sample counts to the basis of the original sample concentration,

Table 5 shows the analysis of a sample that was diluted. Overlapping counts
were taken, and counts after dilution were related to those before dilution. The
average ratio of counts before and after dilution was 2.19. Counts after dilution
were multiplied by 2.19 to obtain counts on the basis of the concentration of sedi-
ment in the sample on which the analysis was begun,
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When an analysis is made in more than one aperture, the particle-size steps
of one aperture must be related to those of other apertures. The S, value of one
aperture can be converted to the basis of a second aperture from the cube of the
ratios of the ky values for each aperture. Perhaps a better method 1s to use the
d> values for each size step in place of S, of Table 5. The spherical volume
7d3/6 could be used in place of S, if desired.

After the size steps are correlated from one aperture to another, a dilution
or change in sample concentration, or a change in metered volume, can be handled
as a simple dilution and the ratio of overlapped counts from one conditiom to an-
other can be used to relate the counts for the second condition to those of the
original sample.

If x is the number of counts before a dilution, y is the number after dilu-
tion, and x1= K. y; at any overlapping count, then K.y is the count on the origi-
nal basis. (K,= 2.19 in Table 5.) If after analysis in a large aperture some
coarse particles are removed by sieving or by sedimentation to avoid plugging in
a smaller aperture, additional problems are involved. The removal of some coarse
particles reduces all counts throughout the analysis in the smaller aperture. If
a number of coarse particles, q, is removed before the count is taken x-q=K.y,
and the ratio of x to y is not a constant multiplier over a range of values of x
and y. As x and y become very large q becomes relatively small, but q may not be
small enough to neglect.

Because (%1-q) = (%p=q) = K.y - K.¥)

X1 = Xp = Ko(y1 = ¥2)

and the ratio of the differences, 4n, between counts at successive size steps is a
constant, The count ratio K, can be used as a multiplier to adjust An, counts to
equivalent an counts of the original sample and to determine n after dilutionm.

The above usage of differences in counts between successive steps applies only for
sizes smaller than any of the particles, q, that were removed. If sieving is in-
complete, or separation by settling is not accurate, many particles much smaller
than the sieve or sedimentation size may be removed from the sample.

A log-lot plot of total count against particle volume (or d3) can be prepared
and the ratio of counts before and after a dilution, a counted volume change, or
removal of coarse particles can be taken from the plot, Fig. 11 shows data from
an analysis of a sample of fuller's earth, The x symbols on the right show the
counts (above 100) for the first part of the analysis in the 400-micron aperture.
The + symbols show the second part of the analysis after dilution. 1In the overlap
region the ratio of counts on curve x to counts on curve + averages about 23.7.
(The same data are shown in Table 6 with a computed ratio of 23.6). Usually
greater weight 1s given to the part of the overlap where the counts are largest
unless the higher counts exceed an n" correction of 10%. TIf the n" correction
exceeds 10%, the corrected count is generally too low even after correction. The
® symbols show the + counts multiplied by 23.6. The solid line represents the
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relation between particle count and a3 for the concentration of sediment in the
sample with which the analysis was begun.

The e symbols on Fig. 11 show the counts from analysis in the 140-micron
aperture, Because some of the particles coarser than about 30 microns were re-
moved prior to analysis in the 140-micron aperture, the ratio of & counts to @
counts 1s not a constant in the overlap region. If counts are taken from the e
and ) curves at several of the same d3 values and the differences in counts be-
tween adjacent values are taken, the ratio of difference to corresponding differ-
ence is essentially constant. A difference of 17,800 in counts between 43 values
of 7,000 and 10,000 on the solid curve corresponds to a difference of 206 on the
140-micron curve and the ratio is 86.4. Other ratios of 86.2 and 86.8 are shown
on Fig., 11 for ranges of 43 from 10,000 to 20,000 and 20,000 to 40,000, respective-
ly. (The average computed ratio in Table 6 is 86.5). If the ® counts at the
large-count end of the overlap are multiplied by 86.5, they fall about 3,100 counts
below the solid lime. On the basils of the counts for the concentration with which
the analysis started, 3,100 of the coarser particles were removed before analysis
in the 1l40-mlicron aperture. FEach e count was multiplied by 86.5, and 3,100 was
added to obtain the ® counts on which the solid curve was based.

In a similar manner the -e- counts from the 50-mlcron aperture were adjusted
and used to define the fine-particle end of the curve.

If overlapping counts are not taken at the same size (or d? or S values),
direct arithmetic computation is very difficult and a curve of counts at various
particle sizes should be plotted. If counts are inconsistent, plotting may be
degirable. Sometimes the slope of a curve of counts after dilution can be used
directly to extend the curve for counts on the basis of the original sample, In
- :meral, plotting of counts, as in Fig. 11, at various particle sizes 1s not
necessary and 1t adds little to the accuracy of analysis.

33, Comprehensive form for computation of data~-The range of particle sizes
of natural sediments is so great that more than one aperture size is usually re-
quired. A form, Table 6, which can be used over a range of 1 to 160 microns, was
made up based on analyses in 50-~, 140-, and 400-micron aperture tubes. Besides
the data on sample and preparatory treatment, only the particle counts, count
differences, volumes of particles, and percentage by volume are recorded and
computed. In Table 6 all informatlon that is printed on the form is typed, and
information that is added later for an individual apalysis is hand lettered.

Aperture size, and the dial settings for gain, threshold, and I-current are
printed on the form of Table 6., The basic counts, average basic count, coinci-
dence correction, and counts between size steps ave recorded or computed as in
Table 5 and as explained in Section 32. A universal relative size 43 is used
instead of the electrical size 8,. The actual average particle volume in cubic
microns is used as a size multiplier in each size interval. The remainder of the
computations follow the general procedure for Table 5. The form of Table 6 can
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TABLE 6

COMPREHENSIVE FORM FOR RECORDING DATA AND COMPUTING SIZE DISTRIBUTION

sample fuller's earfh Source
Temperature 75 op Dispersant Triton X-100 Electrolyte 1% NaCt
Manometer 2,000 ul=- 400 p | Coincidence 40,0 —~ 400 p Operator TER.
volume: 2,000 ml — 140 4 factor, p: 17.1 - 140 p
5o ml= S0 u 3,125 — SO0xu | Date Aug |5, V964
=
G T 1 n' n' n' ' _n|_)2 n ny C1 Adj. n d
1000 n'+ n" 759F
400-Micron Aperture
2 180.0 1 o 0 o o} o o 243
4 | 80.0 1 o] o] o o 0 o O} 193
4 1 40.0 1 i 0 i 0.7 o] o7 07,153
4 120.0 1 3 3 ! 2.3 9] 2.3 2.3 122
4 120.0 2 24 20 23 2.2 ] 22 n/n 22 96.6
4 120.0 | 3 [T y49/e [T gw2|7  14s|@ i 146 7| —204 ML 76.7
4 20,0 | 4 |21 579]2% 43[26  58pf25  598|0 14 612 25 245 ¢i2| 61.0
4 120.0 | 5 [BT ya7yltoe oopslBS 90s5|%3  1978[0  156f 2134 93 229, 2§34} 48.5
4 ]20.0 6 260 yqyy[et3 324|262 yqe5[255 Son (3 pos|  eolb 258 23.3] 6090 38.7
4 119.5 7 413 656 603 62t 16 610| Avg. 23.6 is00} 30.7
5 {13.8 7 1255 1340 1324 1306 67 i375 32450 24.4
s [13.1 | 8 2287|2340,  2us4| 2360 223 2583 60960] 19.4
5 111.8 9 4049 3324 3943 3372 631 4603 1086001 15.4
5 110.0 |10 12.3
6 7,181 10 9.81
140-Micron Aperture
2 1 77.8 1 2 W 3 3 [®] 3! x86.5= 260 61.0
4 1 78.4 1 o [§s] 9 1o [o} 10 865 48,5
4 ] 39.6 L H6 44 43 w4 =] Yy 3806| 60 38.7
4 | 20.0 1 140 132 154 14/ o 141 12,200 54661 30.7
4 | 20.0 2 363 329 344 345 =3 345 29840 32459 24.4
4 1200 3 643 645 715 668 ] 669 57870 60360 19.4
4§ 20.0 4 1280 1218 1264 254 3 1257 1087000 111820] 15,4
4 | 20.0 5 2300 223% 2212 2250 9 2259 195400 198500 12.3
4 1200 6 3966|  39t0] 382 3909 26 3935 34oyp0| 343500]  9.81
4 20.0 7 6415 6481 6369 6422 71 6493 561600| 564800 7.89
4 120.0 8 10194 | 10086 10202] 10164 177 10341 B9Y3500| 897,700 6.43
5 ;. 14.0 8 17735 172937 17416 17481 523 18004 1557000 1560000 5.09.
s 112.2] 9 28550| 28655 28767| 286571  14o06| 30063 2600,000] 2003000 4,06
6 | 13.6 | 10 | w44388| ‘#4288 43372 #40lb 33/7] 47333 4094000| 60004  3.24
6 7.08! 10 63631 | 61723 LITT|  6237H bbbl 69035 5372000| 5iF4ese]  2.61
50~Micron Aperture
198,51 1 il 2 3 3 [ 3! x2669= 8007 09601 19,4
2 | 69.7 1 /3 8 17 7 0 17 45370 #8204 15.4
4 171.0 1 44 54 49 49 ) 49 (30890, 98566, 12.3
4 | 36.0 3 104 106 o1 104 o oy 277600| 3435604 9,81
4 118.8 | 1 187 197 182 189 o 189 50440p| B64808  7.89
4 120.3 2 317 320 308 31 o 314 838lo0| —B4I0]  6.43
4 120.0 3 534 545 557 548 f 546 115 7000| 451%085 5,09
4 | 20.0 4 94 952 966 953 3 956 2552000 261000  4.06
4 200 S 1559 1576 1582 1572 ) 1580 4217000] 4268000  3.24
4 | 20.0 6 2734 2643 2749 2701 23 2732 7292000] 7343500 2.61
4 | 20.0 7 4548 4395 4595 4513 &4 4577 122160000 12267000] 2,13
4 111 7 6050]  bivsl 6215 6137 18 6255 16695000] 16796000  1.75
4 [12.0 8 B9 8128  8iot 8117 206 8323 2221{000] 22265000  1.50
4 [10.5 | 9 ’ t 1.25
6 110.8 9 | IExcesdsive ilhterfdrance 1.00
6 | 5.8 110 | 0.75
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TABLE 6

COMPREHENSIVE FORM FOR RECORDING DATA AND COMPUTING SIZE DISTRIBUTION

Notes:
Adj.
d d3 AT Cy Adj. An | Volume, |[(An) vol.|¥(An) vol.| Coarser,| coarser,
750 xd3/6 | :1,000 £1,000 | % vol. | % vol.
i Based Based
400-Micron Aperture on on
) (823400 1850000
243 |14,400,000"
1193 7,200,000 5,655,000
153 3,600,000 0.7 0.7/2,827,000 1180 1980 0.1 0.1
122 1,800,000 1.6 1.6]1,414,000 2260 H2H0 0.2 0.2
96.6 900,000 19.7 19.7] 707,000 13930 18170 1.0 1.0
76.7 452,000 124 124 354,000 43900 62070 34 34
61.0 226,600 Hbb 4b6b| 177,700 82810 144900 7.9 18
48.5 114,000 1522} 2+ 1522 89,200 135800 280700 5.4 152
38.7 57,800 3956 | —H6 3956 45,000 178000 458700 25.2 24.8
30.7 29,000 9010 | —%3- Jo10 22,700 204500 663209 364 359
244 14,500 17.350 85.0 17350 11,390 197600 860800 H7.2 YL 5
19.4 7,260 28510 88.0 28510 5,700 162,500 1023 300 56.1 55.3
15.4 3,650] He4D i s e 2,860
12.3 1,850 " lavq. 86 1,440
9,81 943 731
140-Micron Aperture
! 61.0 | 226,600
48.5 | 114,000 7] 1865 = —606-| 89,200
38.7 57,800 34 ~@H-1 45,000
30.7 29,000 97 -83%61 29,700
C 264 | 14,500 204 el 11,390
19.4 7,260 324 26630 5,700
15.4 3,650 588 3633 50860] 2,860 1M5,500] [ib8Bo0 61 63.2
12.3 1,850 1002 2708 866700 1,440 124800 | 1293600 708 699
9.81 943 1676 2p36l 145000 731 I06000| 1399600 769 751
7.89 491 2558 2604 221300 375 83000] 1482600 813 80.1
6.43 266 3848 26b3| 332900 198 65300 | 1548500 849 837
5.09 132 7663 2857, 662800 104 68300 1617400 887 874
4.06 66.7 12059 2594] 1043 ooo 52,3 54500| 1671300 9.7 o4
3.24 34.1 171210 2394 +49poo] 26.4
2,61 17.8 21702 —52%| ABF#1ose] 13.6
Avg. 2669 !
50-Micron Aperture
19.4 7,260
15.4 3,650 4] x2669 = 373761 2,860
12.3 1,850 32 85446+ 1,440
9.81 943 55 Hie-8ee] 731
7.89 491 85 2269601 375
6.43 266 125 -3336ed 198
5.09 132 232 4142000 104
4,06 66.7 Hlo +pHpes] 52,3
3.24 34.1 624 1665000  26.4 H4000| 17i5300 941 928
2.61 17.8 1152 3075000 13.6 Y1800] 1757700 964 95.0
2.13 9.65 1845 Y 924 000 7.21 35500| 1793200 98.3 96.9
1.75 5.36 1678 4479p00] 3.93 17600 1810800 99.3 97.9
1.50 3.38 2068 5519000 2,29 12600| 1823400 100.0 98.6
1.25 1,95 ” L 1.40
1,00 1.00 0.772
0.75 0.42 ,372

Esl.  total = 1)8'50,000
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be used for a single aperture tube or any combination of the three aperture tubes.
The work of recording and computing the data is reduced considerably by using
standard settings.

In Table 6 the data for the 400-micron aperture show a dilution. Computa-
tions were made as in Table 5, but an additional column for the n count adjusted
for dilution and the restrictions of the printed G, T, and I readings makes the
arrangement of the data somewhat different.

Because the dilution between counts in the different apertures included also
the removal of some of the coarser particles, the overlap computations were not
made like those in Table 5. The ratios of counts before and after dilution were
determined. (See columns headed '"aAn", "Cy", and "Adj. an".) The average ratio
between an counts for the 400- and 140-micron aperture was 86.5 on the basis of
counts at diameters of 24.4 and 19.4 microns. Some 30.7-micron particles were
probably removed before analysis in the 140-micron aperture. The count at 15.4
microns requires an excessive n'' correction and was probably too low. The aAn
counts from analysis in the 1l40-micron aperture were multiplied by 86.5 to obtain
An counts on the basis of the sediment concentration with which the analysis was
started in the 400-micron aperture. The adjusted n count of 60,960 at 19.4 mi-
crons was taken as correct, and higher adjusted n counts were obtained by adding
the adjusted An counts in succession beginning with the 50,860 between diameters
of 19.4 and 15.4 microns, The 669 count at a diameter of 19.4 microns was multi-
plied by 86.5 to show a count of 57,870 in the 140-micron aperture compared with
the 60,960 count from the 400-micron aperture. The difference is about 3,100.
After n counts from the analysis in the 140-micron aperture were multiplied by
86.5, the 3,100 could be added to each product to obtain the adjusted n counts.
Note that the adjusted n counts in the 140- and 50-micron apertures and the
d3 column of Table 6 are unnecessary unless the curve of counts at various a3
values is to be plotted.

The data from the 50-micron tube were adjusted by the same methods that were
used for the data from the 140-micron tube.

The Z(An) vol. column shows the volume (in cubic microns) of particles
coarser than the corresponding size. The estimated total of 1,850,000,000 cubic
microns shows a volume of 1.85 microliters of particles in the metered volume of
2,000 microliters on which the analysis was begun. The volume concentration was
therefore .0925 percent, or 925 ppm, in the original sample. The volume concen-
tration between any two particle sizes, or coarser than any particle size, can
be obtained in the same way.

Besides the basic computations of particle size and concentration other types
of data reduction may be desirable under some circumstances.

The size distribution from Table 6 may be plotted as in Fig. 10. If this is
done (Fig. 12) a total of about 1,870,000,000 cubic microns would probably be used
as the basis for computing size distribution.




29

Section 33

VIVQ SISATIVNY dZIS INIINAWOD A0 SAOHLIX INFYAAATA 40 NOSTAVAWOD=--21 °914

Jaut) juadiag

6666 666 866 66 86 56 06 o8 oL 09 05 oF oz (-4 [:13 S Z T e o v @we e
14 T M
[ i '
{ I:1
rt
- O
; oML I =
T 1 H
2 A : T z
- W y
i 1
18 “
; - 14
#| v
s
. $921S 159||DWS D UCIINGIASIP == e
|owaou-Boj Bununsso 1By wois
A T [4
. $3ZIS [SO|{DWS {D UOIINGIHSID "
o lpwiou-Boj bupwnsse g 3jgo) wosl ¢ i z
; 000'000°088" 10 |oi0t EER i T o
paiowiiss of paisnipp g 8|qoy woiy [ %
paisnipoun ¢ a|go) wos 12800 @
2 oz
¢ og
14 8¢
= £ SSS=5 giS=s= £= *
9 o3
£ 'i [:74
o 68
6 1 B6&
EEEEsE === o
[£11] ¢ e ¢ se H 2 g (114 0z ot or 0g 2] 0L 08 06 6 &8 &6 §e6 668 656 ¢

$UOIOIUW Ul 9218 3|2144Dg



Section 33 60

When counts are somewhat erratic, the counts for computing An may be taken
from an average curve, If this is done for the data on which Table 6 and Fig.
11 are based, the final analysis would be that shown by the A readings of Fig. 12.

Table 6 was made up on the basis of a temperature of 75°F, 1If temperature
had been outside the range 73° - 77°F, an adjustment of the final analysis might
be desirable. (See Section 25.) For example, if the average temperature during’
analysis had been 80°F, the particle diameters should be increased 5 x 0.45, or
2.25 percent, for the analysis--and a median particle diameter of 22 microns
would be changed to 22.5 microns,
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VI, DISCUSSION

34, Short review of size analysis methods~-Although the basic reason for
studying electromic sensing of sediment was the possibility of its use to deter-
mine sediment concentration, the instrument in its present form is better adapted
to size analysis.

A brief review of size analyses with other equipment is given as a basis for
evaluating the potential of the electronic sensing device as a laboratory instru-
ment for size analysis. Accuracy in terms of size analysis implies possible
accuracy in determining concentration directly.

a. Sieves--In size analysis by sieving, particles are allowed to fall as
far as they will through a nest of sieves that have coarse openings at
the top and successively smaller openings toward the bottom., Results
of an analysis may be expressed in percentage coarser (retained on or
above) each successive sieve size. Materigls may be sieved wet or dry.
Sieves are agitated mechanically or by hand. Changes in duration or
method of sieving and wide variations in openings in sieves of the same
nominal size make sieving inexact, especially for particles of irregu-
lar shapes.

b. Visual-accumulatlon tube--In the visual-accumulation tube method the
particles fall from a common level in a sedimentation tube filled with
water. The particles form a stratified sedimentation system as they
fall. The accumulation of sediment at the bottom of the tube is re-
corded against time of fall. The method 1s a fast, economical, and
accurate means of determining the fall-velocity size distribution of
sands.

Bottom-withdrawal tube--In the bottom-withdrawal tube method of size

c.
analysis, particles fall from an initially dispersed suspension of par-
ticles in water. Several withdrawals of water and deposited sediment
are made from the bottom of the sedimentation tube at timed intervals.
The sediment is dried and welghed, and the size distribution is deter-
mined by the Oden curve procedure. The method is accurate for samples
of silt and clay sizes. A single analysis of a sample containing sands
is likely to be erratic.

d. Pipette~-~In the pipette method the sediment is dispersed thoroughly in

water in a cylinder and then allowed to settle. After a definite set-
tling time a small sample is withdrawn at a fixed point below the water
surface, The depth and time give fall velocity, which determines the
maximum sediment size at the point of withdrawal. From several with-
drawals that represent different particle sizes, the concentration of
sediment finer than these selected sizes can be obtained,
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e. Hydrometer--The sedimentation principles in hydrometer analysis are the
same as those in pipette analysis. However, concentration of sediment is
determined from a hydrometer reading of the demsity of the water-sediment
mixture at the reference depth and time. Because concentration determin-
ation with the hydrometer 1s not very sensitive, sediment {s usually anal-
yzed in too great a concentration for unhindered settling of the sediment
particles. The hydrometer method is used mainly in analysis of soils,

irh

Centrifuge-~Centrifuge methods of size analysis are sedimentation methods
in which a centrifuge 1s used to hasten particle settling. They are es-
pecially valuable for analysis of fine silt and clay.

g. Microscope--Sediment particles may be magnified with a microscope so that
thelr size may be determined. In general, microscopic size is determined
from measurement of length along two axes of the particle, and the depth
of the particle is estimated or assumed 1n relatlon to the measured dimen-
sions. For spherical particles the microscopic method 1s accurate within
the limitations of the avallable microscope. An analysis requires meas-
urement of at least a few hundred particles., Thousands of particles must
be measured to obtain an accurate size distribution for a sample contain=-
ing a wide size distribution of irregular particle shapes. Microscopic
size analysis is tedious and expensive but provides a dependable standard
by which to judge the accuracy of other size analysis methods.

35, Comparison of the electronic counter method with other methods--The elec-
tronic counter is well adapted to analysis of sediment particles from 1 to 160
microns in size, 1f apertures from 50 to 400 microns in diameter are used. Aper-
tures up to 2,000 microns are avallable but the problem of keeping sediment parti-
cles larger than 160 microns in suspension makes other methods such as the visual-
accumulation tube or sieve methods more desirable for larger particles. Apertures
as small as 11 microns are available, but an analysis with so small an aperture
requires additional time and the prior removal of all but the clay particles.

A comparison of the electronic counter with other size analysis methods
(Table 7) indicates that it is velatively accurate., The accuracy is probably
better than any other method except the generally more tedious and often more
expensive microscopic analysis of several hundred particles. Because irregu-
larly shaped particles are not accurately sized by microscope, the physical vol-
ume of such particles may be more accurately determined by the counter than by
the microscope.

The counter requires only a small sample and the concentration can be low.
For sand sizes the visual-accumslation tube method 1s satisfactory so that the
upper slze limit for electronic analysls is no serious disadvantage. The lower
size limits should be studied further -~ especlally the desirability of using
smaller apertures. The cost of an electronic counter analysis is relatively high.
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Information in Table 7 is very general and approximate. In many instances
accuracy and time of analysis depend on the size and size range of the sample and
on how completely and carefully the size distribution is determined.

Comparative analyses of a glass-bead sample are shown in Fig. 13. The sieve
analysis extended down to 44 microns, and the visual-accumulation tube analysis
extended down to 62 microns. (Glass beads may be sieved easily and with reason-
ably good accuracy.) In general, the electronic-counter analysis agreed well
with the other two., Electronic sensing of sediments could be combined with
visual-accumulation tube or sieve analysis to cover analysis of sizes too coarse
for analysis in the counter alone.

Analyses of samples of carborundum grits by the Andreasen pipette and the
counter are shown in Fig. 14, which is adapted from Fig. 5 of reference 2, Al-
though the pipette determines fall velocity and the counter measures particle
volume, the two methods agree fairly well.

A bottom-withdrawal tube analysls of a sediment sample from the Kentucky
River is compared with counter analysls of the same sample in Filg. 15. Eight
percent of sand was removed before analysis in the electronic counter. The size
distribution from the counter analysis is shown both without the sand and with
8 percent of sand added after analysis. The analyses do not agree well at the
fine~particle end of the distribution.

Analyses of a coal dust sample before and after an attrition process are
shown in Fig. 16. The two size distributions plot consistently and logically.
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VII. CONCLUSIONS

36. Conclugions--Electronic sensing 1s a relatively accurate method of de-
termining the size distribution of sediments between 1 and 160 microns in diam-
eter., In cost of original equipment and time and cost of analysis it is compar-
able to the microscoplc method of size analysis. (See Table 7 on page 63). For
irregularly shaped particles the size distribution by the electronic counter is
probably more accurate than that from an average microscopic analysis.

The electronic counter as now developed is a valuable laboratory instrument
for determining size distribution as a standard to compare with other less accu-
rate but faster methods, which are generally used for routine analyses.

The small aperture through which the particles must pass and the limited
range of particle sizes that can be analyzed in a single aperture are serious
limitations of the electronic-sensing method. The small aperture size makes
direct analysis of sediment on a flow-through basis almost impossible. Analysis
in more than one aperture is generally required. Samples wust be prepared for
analysis in each successively smaller aperture by removing particles so coarse
that they would plug the aperture. Computations of the analysis by overlapping
data in two or more apertures are time consuming and introduce the possibility
of additional errors,

Particles coarser than a given reference size are counted., In many ways
analysis would be simpler if only particles within a limited size band were
counted. Problems of keeping the coarse particles in suspension throughout the
entire analysis and of correcting for coarse particles that were removed prior
to analysis would be simplified.

The electronic-sensing method is not well adapted to determination of sedi-
ment concentration., Concentratlon can be determined by the same process as size
distribution, but the method 1s far too time conguming and costly for a routine
concentration determination. A program for determining concentrations with the
counter was not followed, because such an investigation did not seem to be
justified,

Work with the counter has shown that the passage of a single particle through
the aperture produces a voltage pulse that is proportional to the volume of the
particle., The pulses are practically independent of particle shape, roughness,
and material. Also the pulses and particle volumes can be related from one aper-
ture size to another. Progress toward electronic sensing of sediment concentra-
tion depends on using the basic facts to develop a more direct method of deter-
mining concentration. For example, the single-particle effect suggests that a
cloud of particles in suspension must change the resistance of the suspension in
proportion to the volume of the cloud of particles, or in proportion to the volume
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concentration of particles in suspension., Presumably this relation is not limited
to a small aperture.

37. Recommendations for future work--A method of analysis using several
apertures in the side of a sedimentation chamber could be studied. The apertures
might be connected alternately to the manometer part of the sensing device. The
sediment could be dispersed thoroughly and then allowed to settle. Counts in the
larger apertures could be made first; and, after the coarser particles had settled,
counts in the smaller apertures could be taken.

The feasgsibility of counting only the particles within a certain size range
instead of counting all particles coarser than a given size should be studied.
If the electrical pulses could be added electrically to show directly the volume
of particles within a size range, the computation of size distribution and concen-
tration would be simplified,

Direct electronic determinstion of sediment concentration in a large orifice
or sediment chamber is so promising that it should be studied and tested care-
fully. In comparison with the present electronic~sensing method, the problems
gseem to be: (1) effect of temperature of the fluid suspension, (2) changing con-
centration of dissolved solids, and (3) need for a basic reference or zero refer-
ence to cancel out, or to provide correction for, changes in the electronic cir-
cuitry and perhaps in items (1) and (2) above. The advantages would be: (1)
fast and direct information on concentration, (2) limitations imposed by very small
apertures could be avoided, and (3) the equipment could probably be gimplified.
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VIII. APPENDIX

38. Derivation of electrical response to particle size--A knowledge of
the basic electrical response may help in understanding the operation of the
electronic~sensing equipment. The following derivation is based on that of
the manufacturer of the electronic-sensing equipment [4].

Assume that:

1. The aperture contents form a cylindrical resistor in which
current density 1s uniform.

2. 1I1f the length of the cylindrical resistor is multiplied by
an appropriate factor, the cylinder represents the electri-
cally effective zone of the aperture.

3. 1Individual particles pass through at random and are evenly
distributed within the aperture cross section.

4. The electrically effective volume of a particle in the aper-
ture may be expressed as a cylinder having the same resis-
tivity as the particle,

Let the effective cylinder that represents the particle be bd in length,

cd 1n dismeter, and a in cross~sectional area, where d is the dlameter of a
sphere having the same volume as the cylinder.

bd

bd

Consider the aperture as having a disc segment that contains a given par-
ticle and has a diameter, D, and a cross-sectional area, A, equal to that of
the aperture and a thickness bd equal to the length of the particle cylinder.
Let P, and P be the resistivities of the liquid and the particle, respectively.

Then the resistance of the disc segment without the particle is
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And the resistance with the particle is that of two resistors in parallel

R = —I__l____ or _wflifgm
rq +
I 1+
)

Thus the particle makes a resistance change

AR = R - Ry

Pbd pbd

O,

- A= a a Pobd

T pobd pbd T A

-+
A -a a
Pobd Ap -1

Pobd AP - apy - AP+ ap

o= °

A ap, +Ap~- ap

pobd a (1l-p/p)

A A-a(l-p/p)

Psbd a
A A
L-P /P

For an equivalent sphere and cylinder of equal volume, abd equals the particle
volume, V

: Po V )
Then AR = which is Equation 1
Az_nmﬂj;mumm a
L=P/p A
With V = particle volume,

39. Method of measuring aperture regsistance--Aperture resistance is meas-
ured with a d-c voltmeter that is connected to the leads from the electrodes
inside and outside of the aperture tube. The aperture resistance is

Ro V
Rz —5 0 e e e e e e e e e e e e e e e e e . (1)

300 - V,,
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Where R, = tresistance in series with the aperture
= 215,000 ohms for T setting 8; 415,000 ohms for I setting 7
= sum of gll resistances in series with the aperture, any setting
Vo = voltage from voltmeter
300 = voltage across resistances R + Ry
300 - V, = voltage across R,

If the average reading of the voltmeter for both polarity orientations is 9.5
at an 1 setting of 7, the computed aperture resistance is 13,6000 ohms.

Compute the internal resistance of the voltmeter by multiplying its sensitivi-
ty in ohms per volt by the full scale voltage of the dial range. If this internal
resistance is not at least 100 times greater than the resistance from Equation 14,
correct for voltmeter shunt effect as follows:

From Equation 14 R- Ry - Re

Ry + Re
and RC = ._.}_RLR
Rm = R
Where R, = the corrected aperture resistance
R, * the voltmeter resistance for the scale used

For a voltmeter with a sensitivity of 10,000 ohms per volt and for the 10-volt
scale, the resistance would be 100,000 ohms.

Then R, = 100,000 x 13,600 _ 35 700 ohms
100,000 - 13,600

Table A~1 shows several aperture resistances and suggests some limitations
of the d-c¢ voltmeter method.

An approximate resistance for the aperture alone was added to the aperture
series resistance that is indicated by the current-selector dial reading given in
column 1, and the resulting approximate total aperture-circuit resistance is
listed in column 2. Polarity differences are shown by the measured voltages in
columns 3 and 4; they generally are large for the 50-micron aperture.

Each calculated value of current (col. 5) was computed from the applied
constant voltage of 300 volts and the approximate total resistance of the aperture
circuit (col. 2). Although calculated current usually agreed well with measured
current (col. 6), any small difference in current may cause a comparably small
difference between the computed resistances through the aperture (cols. 7 and 8).

The resistance in column 7 is computed by dividing average voltage by the
measured current; the resistance in column 8 is computed by dividing average
voltage by a calculated current. However, the calculated current used in the
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TABLE A-1

SOME APERTURE RESISTANCE TESTS AT HIGH SETTINGS OF THE CURRENT-SELECTOR DIAL

Measured voltages

D-c current

Computed aperture

Approximate (milliamperes) resistance (1,000 ohms)
total
Current aperture- Calculated From average | From average
selector circuit Current Current from Measured |voltage and voltage and
dial resistance flowing flowing constant measured calculated
setting | (1,000 ohms)| one way other way 300 volts current current
9] (2) (3 (4) (5) (6) ) (8)
140-micron aperture - 75°F
5 1,625 2.2 2.25 0.185 0.18 12.4 12.1
6 825 - - .364 .36 - -
7 425 7.8 7.8 .706 .72 10.8 11.1
8 225 14.3 14.3 1.33 1.33 10.8 10.8
9 125 24,1 24.5 2.40 2.38 10.2 10.1
10 75 40.5 39.5 4,00 4,00 0.0 10.0
400-micron aperture - 70°F
4 3,220 - - .093 .10 - -
5 1,620 1.25 1.65 .185 .185 - -
6 820 2.4 2.5 .366 .365 6.70 6.70
7 420 4.3 5.0 714 .725 6.41 6.53
8 220 7.5 8.2 1.36 1.36 5.77 5.78
9 120 13.5 13.5 2.50 2.49 5.42 5.42
10 70 21.7 22,0 4.29 4.25 5.14 5.11
140~micron aperture - 70%
5 1,625 2.25 2.68 .185 .18 13.7 13.4
6 825 4.5 5.2 .364 .36 13.5 13.4
7 425 8.0 8.8 .706 .72 11.7 12.0
8 225 14.5 14.9 1.33 1.33 11.1 11.1
9 125 25.6 25.6 2.40 2,38 10.8 10.7
10 75 41,5 41.5 4,00 4,00 10.4 10.4
50~-micron aperture - 70%F
4 3,245 3.0 3.45 .092 .10 32 35
5 1,645 6.2 6.0 .182 .185 33 34
6 845 10.8 11,6 .355 .36 31.1 31.6
7 445 20.8 22.0 674 .67 31.0 31.9
8 245 33.0 39.0 1.22 1,225 29.4 29.3
9 145 62.0 58.0 2,07 2,05 29.3 28.8
10 95 77.0 87.0 3.16 3.22 25.5 24,4
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computation is not exactly the same as the calculated current listed in columm 5
unless the aperture resistance is exactly equal to the aperture resistance that
was assumed in computing the approximate total aperture-circult resistance in
column 2, More specifically, the calculated current used in computing aperture
resistance in column 8 is based on the ratio of the difference between 300 volts
and the voltage drop through the aperture to the aperture series resistance,
whereas the calculated current in column 5 is based on the ratio of the 300 volts
to the approximate total aperture~circuit resistance. Resistances in column 7
are practically the same as those in column 8 despite these slight differences
in computing the calculated current and the slight differences between the
calculated and the measured currents in columns 5 and 6.

Each of the four groups of data in Table A-~1l shows a general decrease of com-
puted aperture resistance as aperture-circuit resistance decreases, The computed
resistances generally change less from one setting of the I-current dial to the
next at dial settings of about 7-10 than at lower dial settings. Instructions
with the electronic-sensing equipment suggest that resistance be measured at a
selector dial setting of 7 or 8--a setting high enough to make the voltage across
the aperture appreciable.

40, Procedure for median-count calibration--Calibration with uniform parti-
cles of known size was discussed in Section 17. The method can be illustrated as
follows:

Equation: Median count (count for median size) = ny + (ng-ny)/2 = (nf~+no y/2

Material: Corn pollen, 83,8-microns median diameter

Aperture: Diameter 400 microns

Electrolyte: 1% NaCl solution, temperature 75°F, aperture resistance 4,100 ohms

Instrument dial settings: G = 3, I = 3 (Select a combination that gives a pulse
height between 10 and 30 on the threshold dial)

Threshold dial reading for approximate average pulse height: 20 (use threshold
dial settings of 10 and 30 for ng and n, counts respectively).

Median count

Count Threshold dial
number 10 30
1 424 5

2 474 12

3 451 6

4 454 10

5 412 15

6 512 8

7 462 15
Total count 3,189 71
Average 456 10

Median count = (ng + ;) / 2 = (456 + 10) / 2 = 233
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Threshold reading to give median count

By trial and error find the threshold-dial setting that will give a count of about
233 at a desired combination of settings of the G and I dials. For example, use a
gain dial setting of 2 for which 3/€ =1.122 and an I-dial setting of 4 for which
F = 0.1258,

Trial setting of Counts
threshold dial 1 2 3
22 373 - -
25 247 254 -
26 239 225 236

From Equation 6
ky, = d- JC/TFY = 83.8 - 1.122/ 3/26 < 0.1258 = 63.3

41, Calibration materials that are commerciglly availlgble~-~The electronic
counter can be calibrated quickly and easily with essentially mono-sized particles
such as those listed in Table A-2. Sizes for calibration should be between 5 and
20 percent of the aperture diameter.

42. Table of coincidence correctiong~-Adjustments to observed particle count
to correct for coincident passages may be computed from Equations 11 and 12 of
Section 19. However a table of corrections is often more useful. Table A-3 shows
corrections n'" to be added to the average observed count n' to adjust for loss of
count from coincident passages for the apertures and counting volume generally used
in this work. An operator should remember the count limits for keeping corrections
within 10 percent and dilute the sample when the limits are reached.

43, Table of aperture-current factors, F--Aperture current factors F; to Fig
for I-current dial settings from 1 to 10 are shown in Table A-4 for the range of
aperture resistances normally encountered with 50~ to 400-micron apertures and a
l-percent sodium chloride solution as electrolyte. The values are taken from the
manufacturers more extensive but less detailled table [4].
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TABLE A=2
CALIBRATION MATERIALS THAT ARE COMMERCIALLY AVAILABLE
Particle
diameter Material Cost Source
(microns)
0.557 Polystyrene Prices The Dow Chemical Co.
0.796 latex (some on Order from:
1.30 other sizes request Coulter Electronics Industrial
1.88 depending Division
2.00 on stocks)
3.04
4.8 Puff ball $10.00 Particle Information Service
spores (request service 600 S. Springer Road
7.2 debris removal charge Los Altos, California
instructions from Paul L, Magill
8.6 supplier) (has catalog of various
reference materials)
12,0-13.0 Paper mulberry $5,00 Hugh Graham Laboratories Div,
pollen minimum Hollister-Stier Laboratories
charge P.0. Box 14197
19.0-20.0 Ragweed pollen Dallas 34, Texas
(has an extensive catdlog of
45,0-50.0 Pecan pollen pollens, but not all are
mono~sized)
85.0~90.0 Corn pollen
Bulletin 12P=~1 prices a series of Ionics, Incorporated
very narrowly distributed plastic 152 Sixth Street
beads, peaking from 15 microns Cambridge 42, Massachusetts
through 95 microns Morton Rosenstein

Adapted from [4] and slightly expanded
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TABLE A-=3
CORRECTIONS FOR COINCIDENT PASSAGES
Aperture size in microns
50 140 140 400
Counted volume in microliters
50 500 2,000 2,000
Correc= Correc~ Correc~- Correc~
Count tion Count tion Count tion Count tion
p=3.125 p=6.86 p=1.715 p= 40.0
200 .1 100 . 500 Na 100 b
500 1 500 2 1,000 1.7 200 1.6
1,000 3 1,000 7 2,000 7 300 3.6
2,000 12 1,500 15 3,000 15 400 6.4
3,000 28 2,000 27 4,000 27 500 10
4,000 50 2,500 43 5,000 43 600 14
5,000 78 3,000 62 6,000 62 700 20
6,000 112 3,500 84 7,000 84 800 26
7,000 153 4,000 110 8,000 110 900 32
8,000 200 4,500 139 9,000 139 1,000 40
9,000 253 5,000 172 10,000 171 1,100 48
10,000 312 5,500 208 11,000 207 1,200 58
12,000 450 6,000 247 12,000 247 1,300 68
14,000 613 6,500 290 13,000 289 1,400 78
16,000 800 7,000 336 14,000 335 1,500 90
18,000 1,012 7,500 386 15,000 385 1,600 102
20,000 1,250 8,000 439 16,000 438 1,700 116
22,000 1,512 8,500 496 17,000 494 1,800 130
24,000 1,800 9,000 556 18,000 554 1,900 144
26,000 2,112 9,500 619 19,000 618 2,000 160
28,000 2,450 10,000 686 20,000 685 2,100 176
30,000 2,812 11,000 830 25,000 1,070 2,200 193
32,000 3,200 12,000 988 30,000 1,540 2,300 212
34,000 3,612 13,000 1,159 35,000 2,100 2,400 230
36,000 4,050 14,000 1,345 40,000 2,740 2,500 250
38,000 4,512 15,000 1,544 45,000 3,470 2,600 270
40,000 5,000 16,000 1,756 50,000 4,290 2,700 292
42,000 5,512 17,000 1,983 60,000 6,170 2,800 314
44,000 6,050 18,000 2,223 70,000 8,400 2,900 336
46,000 6,612 19,000 2,476 80,000 10,980 3,000 360
48,000 7,200 20,000 2,744 90,000 13,890 3,100 384
50,000 7,812 21,000 3,025 100,000 17,150 3,200 410
52,000 8,450 22,000 3,320 120,000 24,700 3,300 436
54,000 9,112 23,000 3,629 140,000 33,610 3,400 462
56,000 9,800 24,000 3,950 160,000 43,900 3,500 490
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