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INTRODUCTIOR

Under Contract Néonr-27712 (NR-084-008), a study was
made of the possibility of instrumenting the problem of
mechanical analysis using electronic devices. The following
account 1s the result of an effort to explore only the theo-

retical possibllities and to suggest a practical prototype
deslign.

The determination of the fregquency distribution by weight
of grain sizes smaller than 0.062 mm. within a sediment 1is a
tedious and time-consuming process. Many attempts have been
made to facllitate such measurements (see Krumbein and Petti-
john, 1938). Such a device would soon pay for 1itself in the
man-hours saved by laboratory technicians, and would provide a
means of Ilncreasging the number of gamples 2nalyzed In a gilven
period of time. A better knowledge of sedimentation phenomena
would result from such improvements.

By rearranging the equation for obtalning the cumulative
frequency of a fine-gralned sediment, as this equation 1is
employed in the rrinciple of the Oden Continuous Sedimentation
Balance, (Krumbein and Pettijohn, 1938, »n. 11y (25)), 1t was
pogsible to find an expression which could be solved with elec-
tronic devices, The instrument designed by the authors employs
a settilng tube, a sensitlive mechanotransduacsr, a program
timing device to establish the requlred measurement times, two
scaling d.c. smpliriers to set iimits for the signul vouliluye
levels, & signal voltage retaining or memory stage, two differen-
tlal amplifiers, a logyy multiplier or varlable gain DC ampli-
fier, and a recording éevice. The values obtalned with this
instrument correspond to cumulatlive weightas rather than total

accumulatsd weight as obtalned with the Oden Continuous Sedimen-
tation Balance.

THEORETICAL CONSIDERATIONS

The assumptlon is made that a ssdlment whose particles vary
continuously in slze between unknown limits, 1s uniformly dis-
persed in water at time (t,). A pan suspended at level (h) in
this dispersion will accumulate sediment 1in such a manner that
the total weight of the pan (Wp) will increase contlinuously with
time. Readlings of the total welght (Wgp) of particles which have
fallen on to the pan will form a curve, f(t), when plottecd
against time (t). According to Stokes equatien {Krumbein and
PULLlehI‘i, 1938’ o (YA A neankiala A an

26), o particle of any glven sice within this




uniform dispersion will fall with a velociky determined by its
size and density, viscoslity, density cf the water, and the
acceleration due to gravity. It is further assumed that par-
ticles of given size will settle independently of any other
size. At time (t) all the particles of a size having a velo-
city of h/t will have settled a measured dietance (h%. Those
particles of this velocity that were 1included in the column of
water over the pan will have reachked the pan along with all the
particles having a velocity greater than h/t. Vory few of the
smaller particles with a velocity less than h/t will heve
reached the pan level (h) but a portion of each of these sizes

will be included in the total welght of the ssdiment collscted
on the pan.

It can Ye shown that the partialiy sedimented portion (velo-~
cities less than h/t) of the tctal pan welght 1s equal to

t . £'(t) Xrumbein and Pettijohn, 19238

The expression for the totally sedi-entsad portion (velocities
greater than h/t) 1s then:

r(s) -t . £'(t) = W, (1)

Since f(t) cannot be predicted, the equation 1s in its simplest
form., 1L may be written:

AWy
= = W

Where: Wp = total weight of sediment on the pan at t.

W, = cumulative welight of the sediment for all sizes
with a velocity equal to or greater than h/t, at t.

ct
i

time since to.

In order to find W,, the desired variable, it is necessary
to differentiate Wp with respect to time. The dii'Terential 1is
shown to be:

; W
1im. e (g - TP {E)

2 1
(to-51)—> 0

tn = t-‘
[ 1
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However, as (t2 - tl) approaches zero, the amount of sediment
accumulating becomes very smali sand, In fact, too small o
measure. To insure & messaurable quantlty of sediment a sultable
Interval of time should be chosen rather than the lnstantaneous
diftrerential. This interval should be long enough to give a
measursble difference without impairing the accuracy of the cumu-
lative weight. Then Wy is no longer the lnstantaneous total
welght for a given measurement of cumulative frequency, but
becomes an apore.imate value. Nevertheless, it is5 so close that
the error 1s undetectable In the final computed value for W, in
the electronlc circuity.

Most electronic circuits have a time base of only a few mic-

roseconds when performing differentiation. A memory circvit was
devised to find

¥ (£2)” Wr(ty)

when (to - t]) is equal to the chosen interval of time which
amounts to mililisecnnds rather than microseconds.

For the equaticn to ve dimensionally correct, &t .
dt
must equal & welght and (t) dt) must be in the same units
since (dt)_is eguail to Lne chose 'rtarva of time ia ssesconds.
The total anulysis way take 120 hours or LB?,COO seconde. (]
is then expressed in units ranging from ¢ - 21,500. It 1s imprac-

tical to multiply by 21,630 electronically. To overcome this prob-

lem it 1s pcassalble to employ logarithms to reduce this excessive
rangs.

let t = (Log t!') (3)

and dt =d(Log t!') (4)

Then substitute emquations {3) and (L) into equation (2):

dwT
WT =] LOg t? = wC (
d(Log t!')

U

This limits the range of (t') to about 0-5 units inastead of
0-21,600, the range of (t).
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Since thc time Increment over which the measurements are
made 1s the same for all observetions, d(Log t') may be comn-
sidered a constant and the ratio ot Log (t') to d(Log t') may
bs vredicted and ussd as & multiplier of

W (tp) - W (t,) to determine W, from Wy.

The writers were unsuccessful iIn finding a means of mul-
tiplyine

dw.,
T

(Tog 1) continuously with suf-

d{Lor t')

ficient accuracy. To simplify and rendsr possible this opera-
ticn, 16 observation timss wore sselected where We was deter-

mined becauss 1t 1s posslible to multiply by fixed values more
sccurately.

Since the authors have sslected standardlzed times for
sampling, the varticle size at those chosen sampling times will
depend on the temperature during analysis. The sampling times
shown in Table 1 are for 20° centigrade. Variatiors in tem-
perature could be compensatecd for either on tks data sheet, or
by employing temperature control methods.

The interval chosen to glve a measurable cnount of sediment
ovar (to - t,) for obtalning the dit'ierence

Wp 0) Wrp (t1) i1s 20 seconds.

To clarify this point with an example, at each selacted chserva-
tion time (tp) the instrument measures WD ten seconds prior and
again ten seconds aftar (tp). Where (tp) is the second observe-
tion time (see Table 1) which is given as 50 secci-us after (tg)
the analyzer measures Wr at [0 seconds (t1) and again at 60
seconds (t2) after (tgy). The meesurements glve approximate
values for We which are belleved to e as accurate as those
cbtained by usual mcocchanical analysis nrocedures.



SHGGRITTONS FOR AN ELECTRONIZ AN.TVZER
DESIGN

To instrument the equation Tfor cumulative weight (Wg) of

a fine-gralned sedimenl sample, equation (2) may be expressed
asg:

s =
W =k W . - W . Ik W
T (t5) LT (to) T {(ty) | n="¢ (6)
< n Cn ln__.l n
whore,
Wp (¢.) = 1s the weight of the total accumulation
1 of sedimenied sample at the beglnnling of
each observetion time n.
Wmp (gl = is the weight of the total accumulation
= of sedimented sample at the end (20 seconds)
after wm (tq) of sach observatlicn time.
Wo = the cumulative weight for each observation
time.
&
L = YR
d 1
n = 1-16 selected observation times from 0 to
120 hours.
) d
Now divide equation {3) by (/i) and the result 1s that
dt
Log t!
equels
d{Leg ©%)
Log t!
theregiore: e S &
d(log t!')

and thls equatlion can bs expressed electronically. This can be
shown by substituting in equation (6) voltage signals E,, Ej,
and Ep,. which are oreorortional to welght measured by the device.

R - (i - . ) k. = n (8)
Ln ln oTl i 21’1 el



where:
Eon = W (tl)n
L T (t2),
Bey = ch
Components of the Analyzer: The fine-grained sediment

anclyzer may be represented In a block diagram (Flg. 1) which
describes the various units and how they are linked in order

of operation. A dlagram for a pllot model is shown in (Fig. 2).
Further details of deslgn and construction of the pllot model
are fi1led in the peneral files of thu Woods Hele Oceanographic

Institution, and are available for further development of the
device.

A. A settling tube and bhalance van with: transmission
beam attached mechanlically to a transducer.

B. A mechsnoelectrical transducer tube or resctance (RCA

5734 was suggested here) with power asupply and asso-
ciated circuity.

C. First DC scaling amprllifier for caiikration and range
seisctlion oI the input signal voltage.

D. A voltage splitter of tiwe compensated type using
vacuum tubes instead of ourely resistance loads for
better isolation.

E. A program timer and time relay switch which prcvides
the function periods or observation times. As part
of this compcnent there 1s a channeling and ther-
mionic-loop-contrelled chopper circult for distribu-
tion of the signal voltage at the two wuments either
end ol the 20-second interval.

. A memory component which retains a signal voltage
for exactly 20 seconds then releases it to one of
the inputs of the first differentlal amplifier (G).

3. The first differential amplifier component, whers

two signal voltagss entsr simultaneously and a vol-
tage, their difterence, ig waszsed on to the variable
galn amplifier (II).
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H. A l6b-stage log;y multiplier, cr variable gain
amplifier, which provides the proper constant
(ky,) each of the 16 observation times to give the
product of the constant (k,) and the input voltage
from (3},

-

The second differential ampliflier component, per-
forming the same type of operatiocon as the first
one in the final step In the solution of the equation.

Cy

The secnnd acaling amplifier is ldentical tc the first
one, but ig¢ necessary to raise the signel voltage
(Eg ) to the proper value tc provide a full-scale

n

ad justment in the recoraer. in ccnjunction with the
first scaling amplifier, this unit can be adjusted to
calibrate the instrument accurately.

K. The recording instrument, which should be a highly sen-
gitive direct-writing gelvanometer.

Operation of the Analyzer: As the weight from the accumu-
lation of sediment on the balance pan (A) increases, there is
an accompanying increase in strain transmitted to the plate
shaft of the transducer (B) through a suitable wire link.
Changes in strain on the shafi produce proporticnal changes in
output veitege from the transducer. 1In the remainder of this
discussion the output voltage from the transducer and its change
through various sections of the circullty will always be referred
to as the slgnal voltage.

The signal voltage passes from the transducer component
into a scalliag amplifier (C) permitting accurate callbration
in conjunction with a second scaling amplifier (J) to be con-
gsidered later. Callbration of the signal voltage moanc that
for a specific welght of sediment a finite voltage amplitudse
will be established and an accurate scaiing in terms of grams/
volts maintained through the system.

The slgnal voltage leaves the first scallng amplifler and
enters a vnltage splittsr (D). In the splitter the signal
voltage is divided and 1isolated into two equal voltages which
may then be introduced into two different parts of the circulty
gimultaneously without mutual interference. The gplitting of
the osriginal signal voltage does reduce the sensitivity but not
enough to affect the necessary accuracy at the recording end of
the analyzer. The two halif-value voltages entsr a choeppor-con-
trolled, channeling componcnt vperated by & program timing
device (E).
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The #iming control i3 preast %o provide sixteen observa-
tion tImes, mentlioned above in the sectlion on theoreitical con-
siderations., At each observation time (n) the time switch
activating a thermionlc chopper permits one of the half values
of the signal voltage to enter the computer cirvculty for a
guitable milliseronds interval by way of channel 1. The signal
voltare passes directly to the memory comnoneunt (F) where a
flip~flop relay permits the signal to enter and remaein stored.
At the end of the 20-second interval the chopver allows the
channeling relay to move tc channels No. 2 and No. 3 permitting
the two half signals to nass into them.

At the same instant the signal voltage from the memory
(Eon) 1s released by the filp-flop swlitch (synchronized by a

loov through the chopper unit) and enters one of the innut chan-
nels of the first differential amplifier (G). OUne of the two
half-value signal voltages (i ) enters the other input chan-

nel of component(G;and the difference of these two voltages
appears at tho ocutput ané passes into component (H), the l6-stage
loglo multiplier. Within component (H)the signal voltage (El, -Eoy)
ig multipiied by the ~onstant (kp) for the particular observation
time. The product (Eln - Eon) kn passes into one of the inputs

of the second differential ampliiier (I) where the other nalif value
voltagse {Elr) arpsars at ths orposite input, and thne difference of
A

s
1 }2N - i - 5 =! o) -
these two voltages 21 (Lln bon) Kn Egn . The signal vocl

tage (Eo_) parcges from (I) into the second scaling amplifier (J)

and in turn to the reccrding instrument. Only (Ezn) is actnally

recorded on the strir graph for each observation time. It should
be mentioned here that the duration of the voltage signal passing
through the circuity and to the recording instrument should be
sustained for a sultable time in milliseconds to prcvide & full-
scale travel of the recording stylus.

Points nn the strip ciart recorded by the 16 sweens of the
stylus can bs read directly from the calibrated chart coordinates
as We, the cumulative weignht. During each observation time pro-
vision can be made to operate & zero level marker to assure
accurate cellbration of the striv chart for each of the measure-
ments. Values for W, are then entered on the data sheet (see
Table 1) The vercentage of the total fline fractions and then
percentage of ull fractions 1sg computed to obtain the cumulative
per cent of each size. [rom the latter a cumulatlve frequency
curve may be plotted.

In the original piloct model design the problem of correcting
for drift during long period operation imposed on the instrument
had not been solved. Since then, self-correcting and recalibrating

-2
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devices have been made avallabie on the market and may be adced

to the analyzer to glve unattended operation for 120 hours or
longer.

Multiple Operation of the Analvzer: The deslign as pro-
posed here ls sultable for analyzing a single sediment sample
Either completely separate analyzer unlts may be used or a mul
tichannel Instrument may be built. The latter would use one
common system utilizing components (C) through (J) uné be provided
with 6 to 12 settling tubes, transducer components, and elther
separate or multichannel recorders. Such s multinla channel
Instrument would require a synchronized cam oneratea timing
unit pemitting one signal voltage from one sample at a time
toc enter the common measuring and computing channsl. Separate
analyzer unlts offer the advantage of wminimlzing maintenance
problems which would interlsre withh a large-scale laboratory
analysis.

Purther Considerationsgs: Some of the tneoretical asgpecths
of the problem only are uvovered in this report and further
refinements are possible. The writers had plamned to continue
to develop the method by adding a preset coefflclent stage to
allow percentages instead of welghts to be plotted. They had
also planned to investigate the possibilities of incorporating
the measuring element in a ceouilrriiuge to reduce thse analysis
Lime. It wos determined experimentally thet other measurement

methods were possible. For exampie, a change of capacitance or
dielectrie, whnich could be meaaured as changes in voltage

developed by offsetting a palr ol loosely couplad radio-frequency

oszillators, will occur in proportion to the change in suspended
sedimont In the settliing column. There 1s some promise in the
field of ultrasonics in which a recent stuly showed that there
may be a good correlation beotween fregquency of resonance (in thes
supersonic ranges) and particle size. The measurement of resis-
tance, as another parameter, was found to be considerably com-
plicated by nolarization WuiCh could be partialiy nullified by
using low—fr requency alternating current.

These investigations seem to show that a fully automatilc,
ahort veriod, accurate analysis of fine-grained sediments 1is
possible.

Cost Estimates: The original estimuate for the cost of
parts, materials, and the lebor of wiring and assambly, and
tosting the analyzer wlthout considering further developmental
or enginsering expense, was in the neighborhoed of $2,000.

Two fifths of this cost was given to labor. Since this study
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was made, in Junse 1953, & number of packaged components have
gppeared on the commercial market which would take the place

of most of the clrculty necessary 1or the analyzer. The
avallahlliity of new transducers wlth far better discrimination
and more ruggsdly bullt, well-regulated d.c. scaling amplifiers,
vsriable galn amplifiers, and subtraction components, as well

as fine recording instruments, puts an entirelvy new light on

the success of the analyzer design. Tue cost of such packaged
units would be around $5,000. An additional $1,500. should

make it pcsslble to englineer, constru:t and test the added com-
nenents which would te needed slong with the packaged commercial
uniits. The cost of designing, buildlng and testing the analyzer
without recourse to commorclal units available, would probably
exceed thls cost estimate, and require consideratbtly more time

to instrument before the device could be used in a sedimentation
laboratory. A mucii clocger study of the cost estimates would be
made, if any Interest were shown to proceed with ths develop-
ment of the analyzer, but 1t is believed doubtful if the over-all
ccst would exceed $6,500. for & multichannel system. Further-
mere, the packaged commerclial equipment purchased for the ana-
lyzer could be easily uvwtilized for other types of instrumentsa-
tion without disturbing the device for which they wsare purchased.
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