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I

Summary

I
In this report a settling tube system LS described for the measurement

of-the settling velocity distribution of sand samples with particle dia

meterS ranging from 0.] to 2 mm and sample weights ranging from 0.1 to 20
-3 .

gf(IO to 0.2 N). •

The time of arrival of the particles is detected by means of an under~vater

balance. The response, stability and accuracy of this balance are greatly

improved by utilizing the well-known principle of feedback (Slot & Geldof,

1979). The accuracy (systematic part of the error) of the measurenlent of

the settling velocity turns out to be better than 2%, i.e. with the exception

of the error due to the concentration effect. The error due to the concentration

effect is dependent on the sample weight and partiele size.' It is possible

to choose a sample weight (for sand particles in the range from 0.] to 2 mm)

for which the error due to the concentration effect is less than 1% and the

signal-noise ratio is bet ter than 72 dB (<; 4000). This means that the overall

accuracy is better than 3%. The precision (random part of the error) of the

measurements turns out to be better than 4% (95% confidence).

A rapid analysis of the samples is accomplished by connecting the settling

t~be to a micro computer. Results are presented by means of a hard copy

yielding plots of the cumulative distribution and the calculated moments

(mean, standard deviation and skewness) of the settling velocity as weIl

as the sedimentation diameter.
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Introduction

I
Various authors proposed settling tube systems based on different measur1ng

piinciples. Three of the main principles are (Geldof & Slot, 1979)

I. Weight measurements(Oden, 1916; Doeglas, 1946; Plankeel, 1962; Bienek,

I Huffman & Meder, 1965; Sengupta & Veenstra, 1968; Felix, 1969;

Brezina, 1972; Gibbs, 1972)

2. Pressure measurements (Ziegler, Whitney & Hayes, ]960; Schlee, 1966;

Nelsen, 1976)

3. Light extinc tion .measurements (Jordan.,.Fryer & Hemmen, 1971; Taira &

Scholle, 1977).

•

I
I
I

I

As to all kinds of measurements the feasibility of the three measuring

principles is mainly determined by drift and noise. The weight and

pressure measurements are sensitive to an extra souree of 'noise' caused

by mechanical vibrations. In this respect the light extinction measurement

has some advantage being insensitive to mechanical vibration. However, a

disadvantage is that the settling velocity distribution is measured in

terms of projected area in contrast with the weight and pressure measurements

where it 1S done in terms of \veight and volume, respectively. The problem

is that the projected area is not a weIl defined quantity for irregular

shaped partieles. Furthermore,the transport equations in the field of

sediment transport contain the weight (volume) of the sediment and not

the projected area. In this respect weight and pressure measurements

are more appropriate.

Although the authors who propose the pressure measurements do not specify

drift and noise in the system it.turns out that the drift 1n the standard

differential pressure transducers is toa large limiting the range of

particle size to > 0.5 mrn (for smaller particles the combination of

maX1mum sample weight, determined by the error due to the concentration

effect, and the settling time is unfavourable with respect to the drift).

In contrast with the pressure measurements the weight measurements

have the advantage öf the possibility to use the weIl kno\Vllprinciple

of feedback. In general feedback can greatly imprave the performance

of a system such as the response, stability and accuracy of a system.

In this case the performance of a system is mainly determined by the

components used in the feedback section which have to be accurate, linear

and stabie •
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I. The settling tube system

I
In fig. 1 the complete DUST-system (Delft University Settling Tube)

is shown placed on a platform with four air springs to reduce mechanical

vibrations. The total height of the system from the ground to the top

of the sample introduction device is 282 cm. •

The settling tube itself is a perspex tube with a length of 165 cm

and an inside diameter of·J7 cm (volume 40 1). The housing of the balance

is made of a perspex block wi th an inner cavity wh ich is more or less

spherical. This spherical construction i.s.important for the reduction

of mechanical vibrations.

The maximum weight on the weighing pan of the balance LS limited to

approximately 0.7 N (70 gO. When this limit is reached the weighing

pan can be cleaned by rotating the balance. The sand particles are

gathered in the funnel underneath the housing of the balance. \Vhen

this funnel LS full the tap at the bottom can be opened to release the

sand partieles (together with same water).

I
I
I
I
I
I
I 1.1. The underwater balance wi th .féedback .

I
The heart of the settling tube system LS the underwater balance

(fig. 2). It is composed of

1. a weighing pan with an aLr chamber to provide buoyancy

2. a special construction of springs only allowing axial displacements of

the weighing pan

3. two inductive transducers to measure displacements

4. a solenoid for feedback and taring

I
I
I This weighing system should have a fast, critically damped response.

Drift and noise should be small and the relationship between weight and

output signal should be linear. In general the use of feedback will

greatly improve the imperfections inherent to the system. Fig. 3 shows

a block diagram of the weighing system with feedback. The feedback

section is composed of a solenoid and a differentiator. The lattcr LS

necessary to adjust the system for critical damping.

The transfer function H(w) of the balance is

I
I
I
I H(w) = (- MW2 + jkw + C)-l mIN, (I)

I
I
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where 1-1 inertial mass of the balance k8

w = angular frequency rad/s

k natural dampin8 coefficient Ns/m

C = spr1-ng constant N/m

I

I
The displacement of the balance 1-Smeasured with two inductive transducers

and a \olheatstone-bridgeamplifier. The transfer function H' (w) of the

balance with transducers and amplifier becomes

•

I H' (w)
-1

A(- Mw2 + jkw + C) VIN (2)

I

I

where A = transducerNheatstone-bridge amplification factor Vlm.

In general the natural damping is too small (internal friction in

springs and water) giving rise to an oscillatory motion of the weighing

pan.

When a settling particle hits the weighing pan the force on the pan will

change more or less step-wise. To test the weighing system this step

wise variation of the force was~mula~ by means of the driver-solenoid

combirlätion (see fig. 3) and an electrical square wave signal. The

response of the weighing system without feedback is sho.vuin fi8. 4. Due

to the'small natural damping the output signal is oscillatory. This

oscillatory motion will vanish if the damping is critical. This can

be accomplished by means of feedback. The feedback section (see fig. 3)

1-Scomposed of a P-D control circuit (Proportional and Differentiating)

and a solenoid. Now the damping can be made critical by adjusting the

time constant L of the differentiator. In fig. 5 the response of the

critically damped weighing system to a square wave signal is shown. A

measure for the oscillatory motion is the quality factor Q defined as

I
I

I
I
I
I
I Q = ~ 1Mè. (3)

I If Q = 1/2 the system l.Sdamped critically whereas for Q > ]/2 the

system is underuamped and will oscillate.

The natural frequency of the system isI
I
I
I
I



I -5-

I
I

When the feedback loop is used the transfer function Hf(w) of the

weighing system becomes

I (5)

I •
whe re 'G= 'transfer function of the driver-solenoid system N/V

t = time constant of the differentiator s

I
The quality factor Qf of the weighing system with feedback becomes

I ~
C
AGt Q

1+ --k

(6)

I
I and for the natural frequency follows

I , V AG \
wo, f =] + C Wo • (7)

I As stated before the quality factor Qf is an important parameter which

indicates the measure of oscillatory motion. For Qf = ]/2 the system

is critically damped and this ean be accomplished by adjusting the time

constant t of the differentiator. The second important parameter is the

natural frequency which indicates how fast the system will respond to

a variation in weight. A more appropriate parameter derived from the

natural frequency is the delay time ra, i.e. the time lag between

input and output for a linear changing input iignal (see fig. 6).

This delay time Yo for a second order system is defined as

I
I
I
I

Yo
(8)

Qwo

I For a critically damped system (Q

this becomes

1/2) with natural frequency Wo f,

I
I Ya = (9)

I
I
~I
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The time delay Yu indicates the delav of the output siRnal

with resoect .l to the input s{gnal (in this case the weight of the

particles on the pan). Xt is important that this time delay Yu is

smalI compared to the tatal settling time of the particles .

In order to obtain the required delay time Yo firstly Wo f has to be,
adjusted by means of G. Secondly T has to 'be adjusted to make the system

critically damped.

Before tpe adjustments of the delay time and the damping it is important

to make A as large as possible (i.e. CIA « G). This will reduce the

sensitivity of the system to noise, drift_and non-linearity due to the

imperfections in the inductive transducers, the Hheatstone-bridge amplifier

and the springs of the balance.

In order to calculate this reduction the steady state transfer function

(w=O) has to be used. The steady state transfer function for the system

without feedback is

•
I
I
I
I
I
I
I H(O) A

C
(10)

I and for the system with feedback

I
(II)

I

I

In the system without feedback every deviation ~n A and C is directly

noticeable in the output signal (see eq. la). In the system with feed

back the influence of deviations in A and C will be negligible for

CiA « G since the transfer function Hf(O) will mainly depend on liG.

As easily follows from (IQ) and (11) the reduction factor f for small

variations of C and A (e.g. due to temperature variations) in the feed

back system is

I
I

I
f I + AG

C
(J 2)

I
In general it can be stated that between the points A and B in the block

diagram of fig. 3 the influence of sources of noise, drift and non

linearity on the output signal will be reduced by the factor f glven in

(12). To take full advantage of the feedback AG/C has to be made as large

as possible, however, with G not too large (otherwise the output signal

will be too small). The practical limitation of enlarging AG/C is reached

when the system becomes unstable due to phase shift and second order system

I
I
I
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parameters. On the other hand the inf1uence of sourees of nOlse, drift

and non-linearity in the feedback section and externa1 sourees as we11

will not be reduced.

The main parts in the feedback section are the differentiator and the

driver-solenoid system. The differentiator can only be a source of

noise (its steady state response is zero); whereas the driver-so1enoid •

system can a1so be a souree of drift and non-linearity. A proper design of

these relatively simple components can make the inherent imperfections

small enough.

I
I
I Temperature variation of the water in which the weighing pan flaats

and mechanical vibrations can be considered as external sourees of drift

and noise, respectively. A constant room (i.e. water) temperature and

a quiet place may be essential although a proper construction of the

housing of the balance (spherical housing !) and a platform on air

springs damped in glycerine can reduce the sensitivity to mechanical

vibrations for the greater part.

The characteristics of the weighing system of the DUST are:

I
I
I
I M 8 kg !t

waf == 58 rad/s,
C = 170 N/m Qf = 0.5

Wo = 4.6 rad/s A 1.8 106 Vlm

k 5.3 Ns/m G J5 10-3 N/V

Q == 7 f = 160

't = 35 10-3 s

ra == 35 JO-3 s

I
I
I
I A detailed discription of the electronics lS glven ln appendix A.

I
1.2. The s.ample introduction device

I
The sand sample to be analysed is put on the iritroduction device

shown in fig. 7. This introduction device is of the venetian blind

t~pe with rotating lamellae. The sand sample can be released by means

I
I

*This mass is composed of the mass of the weighing pan, the magnet and

the virtual mass of the acceleration in water ..

\1
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of a push button which opens the lamellae by activating a solenoid.

lVhen the LameIlae are open they will vibrate for an adjustable period

of time (0 to 10 s) to ensure the release of all the particles.

I The ideal situation would be when the initial positions of all the

particles would be in the same horizontal plane (homogeneously

distributed) and the initial velocities are equal to their terminal

velocities. In practice this ideal situation can only be approximated.

The condition which has to be fulfilled is that the distances between the

introduction device and the position where the particles reach their

terminal velocities are small compared to.the length of the settling tube.

This means for the construction of the introduction device that the

width of the lamellae should be small compared to the length of the

settling tube (small differences between initial vertical positions)

and that the velocity induced by the device shbuld be small compared

to the terminal velocity of the particle (concave shape of the lamellae).

•I
I
I
I
I
I i.3. The platform with air springs

I Mechanical vibrations can disturb the measurements with the settling

tube.. ·Since the resolution of the balance is of the order of 10]1N

(1 mgf), which corresponds with displacements of the order of 10 nm,

mechanical vibrations have to be reduced as much as possible. A platform

placed on.four air springs will reduce the vibrations induced via the

ground. The cut-off frequency of the air springs is 3.5 Hz (independent

of the inertial mass), hence frequencies above 3.5 Hz will bereduced

with 12 dB/oct.

I
I
I
I

I

A disadvantage of the use of air springs ~s the presence of a resonance

peak Slnce air springs are underdamped (Q '" 10). This means that frequencies

around 3.5 Hz will be amplified (3.5 Hz with a factor 10)%.

To make the system critically damped the platform is placed ln a container

filled with a viscous fluid (glycerine).· By adjusting the distance between

the bottoms of the platform and the container the damping can be made

critical (Slot, 1977).

Since the damping of a (viscous) fluid is not ideal (the force induced

on the platform does not only depend linearly on the velocity but also.

on the higher order terms of the velocity) the reduction of the vibrations

lS not optimal and frequency dependent. From measurements it appears

that the reduction is about 30 dB (for the energy this means a factor

1000; for the RHS-value a factor 30).

*Hovlever, for a metal spring this resonance peak lS 50 times larger than

.for an air spring.

I
I

I
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2. Data acquisition

I
The output signalof the settling tube is the weight of the sand

partieles r.esting on the we i.ghi.ngpan. as a function of time. Since the

distribution in velocity (or partiele size) is a more appropriate quantity

than the distribution in settling time,thë settling tube is connected

to a micro computer system for the necessary conversion. By means of a

programmable timer the sampling of the output signalof the settling

tube is performed in equidistant velocity intervals (or equidistant

size intervals; not yet implemented*).

The input parameters for the sampling program are the length L of the

settling tube, the temperature t of the water, the maximum and minimum

•I
I
I
I velocity v and v . to be expected for the sample arid the velocitymax rmn

sample interval ~v. The sampling is started L/v s after the particlesmax
are released from the introduction device and stopped after L/v. s.m1.n
The sampling takes place on interrupt request (IRQ), meanwhile the data

I
I points are plotted on the screen of the monitor giving the opportunity

to check the data immediately.

Furtherrnore the data is stored 1.nthe memory of the m1.cro computer and

on request it can be saved on a floppy disk together with comments and

labels for later use. On request a hard copy of the velocity distribution

(cumulative and/or density) curve can be made 1.n less than a minute

together ~ith the calculation and printing of the mean, standard deviation

and skewness of the distribution of the veloci ty as we II as the particle

size (sedimentation diameter).

In fig. 8 the microcomputer system 1.Sshown. It is an Apple ] [ micro

computer with an A-D converter_ (12 bit), a printer/plotter and two disk

drives, one for the programs and one for the data.

In fig. 9 an example of the output of the microcomputer 1S shown.

The hardware and software necessary for the data acquisition is discribed

in detail an "Hardware and software for t'heDUST, implemented in the

Apple J [ microcomputer" (Slot, 1983).

I
I
I
I
I
I
I
I *The necessity for sampling in equidistant S1.ze intervals is not so urgent

since for samples with a relative small velocity range the relationship

between size and velocity is almost linear.I
I
I
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3. Performance

I
The performance of the DUST, as every other measuring system, LS

determined b~ drift and noise limiting the precision of the measurements.

A_I~mitation of the accuracy specific for settling tube systems is the

concentration effect due to hindered settling and settling convection.

During the measurements the water temperature $hould be constant

since a variation of it ...vill cause a variation in the upward force on the

weighing pan (drift !) as weIl as a variation in the viscosity of the

water (settling velocity !).
In the next three sections the errors due to the three mentioned

phenomena will be briefly discussed. For a~more detailéd discussion

about the accuraey and precision of the DUST see "Design Aspects and

Performance of a Settling Tube System" (S16t & Geldof, 1979).

The errors mentioned in the next sections are split into a systematic

part (accuracy) and a random part (preeision). It LS always possible

to make correetions for the systematic error (i.e. if the error is

known) whereas this is impossible for the random error. However, the

random error ean be reduced by averaging a series of repetitions.

All -the measurements discussed in the next sections are performed with

sand samples (p = 2.65 g/cm3) settling in water.

oI
I
I
I
I
I
I
I
I

3.1. Drift and noise

I

The feasibility of the required precision of the we ighing system 1.S

essentially limited by drift and noise. In fig. Ia a record of the long

.term drift is shown _(Fig. 10a for a tare current zero; fig.'JOb for the

maximum tare current of 185 mA). The drift during the measurement has

to be small compared to the total weight of the sample. During a measuring

time of 4 minutes (i.e. the settling time of 100 urnparticles) the drift

turns out to be less than 2 J.1N(0.2 mgf ), During the whole record of

38 minutes the drift was about 4 J.1N(0.4 mgf).

The drift during the measurement determines the minimum sample weight

which __can be measured with a certain precLsLon. For a precision of 1%

the minimum sample weight for 100 J.1mparticles wi11 be 200 l1N (20 mgf) ..

However, the larger the particle size . the less the influence of the

drift will be because of the shorter settling time.

The other limit of the required precision is the n01.se Ln the output

signal due to electronical noise and mechanical vibrations. A proper

I
I
I
I
I
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design of the electronics will make the electronical nOlse small enough

(feedback!; see section l.I. a"ndappendix A). Mechanical vibrations

will be reduced by a platform on four air springs damped in glycerine

(see section 1.3.). In general the noise has to be negligible compared

to the level of the output signal that corresponds to the sample weight.

An additional'reduction of the noise induced by mechanical vibration

may be necessary for small sample weights. This can be done by means of

•
I
I
I a low~p~ss electronical filter. However this will increase the delay

I
time of the weighing system implying a decrease of the maximum particle

velocity (diameter) that can be measured with a certain precision.

The delay time of the DUST lS adjustable from 56 ms to 2 s. The

delay time has to be negligible compared to the tOtal settling time

of apartiele, say a fraction of 1/100 of it. Then the minimum settling

time will be 5.6 s, corresponding to a maXlmum particle velocity of

30 cm/s (or a maximum sand particle diameter of 2.3 mm).

In fig. 11 the signal-noise ratio SIN versus the delay time Ya 1S shown.

I
I
I In general the larger the sample weight the larger the signal-noise

I
ratio (i.e. the precision) will be. HOHever,for larger sample weights

an other phenomena known as the concentration effect will decrease the

accuracy of the measurements. This will be discussed in the next section.

I 3.2. The eoncentration effect

I The settling velocity of the particles in a sample will be different

from the settling velocity of the free falling particles due to settling

convection and hindered settling (concentration effects). A series of

five measurements (for reproducibility) was performed for various sample

weights and for various sieve fractions. The mean settling velocity v

of each sample, the average Vs of the series of five samples and the

standard.deviation 05 (as a measure of the precision of ;) were

calculated and are shown t.n table I. The precision of the mean sample

veloci ty v turns out to be better than 4% at a couf idence Lirai.tof 95% 1, e.

k = 2.776 times the standard deviation 05; Student' s t-distribution).

In fig. 12 VS and kos/I) (as a measure of the precision of ;5) versus

the sample weight \.J are shown for three sieve fractions. Extrapolation

to \01=0will give the settling velocity of the sample w i.thou t; the concentration

effect. Due to the scatter in the particle size in a sieve fraction

I
I

I
I
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I
this settling velocity h~s to be interpreted as the average of the

settling velocities measured for each individual free falling particle

(i.e. "free falling" in a settling tube ",ith finite dimensions).

Th'e scatter in partiele size \\'ithina sieve fraction is relatLvely sma.l l,

hence the relationship between settling velocity and partiele Jiameter

can be assumed linear for this small region. In this case lhe settling

velocity found by extrapolation can also be interpreted as the settling

velocity of a free falling particle with a diameter equal to the mean

diameter of the particles in the sieve fraction.

•
I
I
I
I
I

The relative error E in the mean sample velocity due to th0 concentration

effect versus the sample weight Hand the concentration C is shown in

fig. 13. The concentration C is defined as the quotient of the sample

volume arld the water volume in the settling tube. From the preliminary

measurements shown in fig. 13 it follmvs that the smaller the particle

.size the larger the error E (for equal sample weights) which is in

accordance with literature (Gibbs, 1972; Taira & Scholie, 1977) and

some measurements in a test version of DUST (Geldof & Slot, 1979».

However, for a more generalized judgement about this concentration

effect a more comprehensive series of measurements is being analysed..

I
I
I
I
I

The sample weight to be used for the analysis has to be a compromise between

the error e: due to the concentration effect and the signal-noise xa't:i.o SiN. The

relationship between the sample weight Wand the particle diameter d is shown

in fig. 14 for a constant error E due to the concentration effect (s 1%

and c = 5%) and for a constant signal-noise ratio (siN = 72' dB and SIN = 60 dB)

measured for a delay time Yo of 1/100 of the total settling time T.

I
I Having a sample with a given . mean diameter one has to make a choice

I
for the maximum acceptable error due to the concentration effect and for the

m~n~mum tolerabie signal-noise ratio. Theu the sample weight (maximum 20 gf) has

to be chosen in the region below the error curve of the ooncentration

effect and above the signal-noise ratio curve. As follows from fig. 14

for partiele diameter> 0.1 mm the error due to thc concentration effect

can be chosen less than 1% with the signal-noise ratio bettcr than 72 dB.

Except the systematic error due to the concentration effect there are also

systematic errors caused by thc delay time, the introduction device and

the non-ideal linearity of the weighing system. The systematic error

due to the chosen delay time (1% for Yo = 1/100 T) is partly compensated

I
I
I
I
I
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I
by the impact of the par~icles on the weighing pan (see Slot & Geldof, 1979).

The total systematic error in the DUST is about 2% (see Slot & Geldof, 1979).

Including the systematic .error due to the concentration effect the overall

ac~uracy is about 3%.

The error due to drift 1S larger for small particle sThzes (i.e~ long

settling times) as weIl as for small sample weights as discussed in section·

I
I 3.1. Since the drift 1S about 0.2 mgf (see section 3.1.) the recommanded

sample weight for 0.1 mm particles is 0.15 gf (see fig. 14: E 1% &

S,/N = 72 dB) giving rise to an error of 0.J3% caused by drift. So evenI
I for the most unfavourable combination of ?mall particle size (0.1 mm)

and small sample weight (0.]5 gf) the error duè to drift is very small.

I 3.3. The influence of the water temperature

I
I

During a measurement the water temperature should be as constant as

possible since variation in the water temperature will cause a variation

of the upward force on the weighing pan as well as a variation of the

settling velocity of the particles.

I
I

The variation in the upward force 1S caused by the variation in the

volume of the weighing pan aswell as the variation in the density of the

water. It appears that there is an-optimum -value for the water temperaturc

(about 23°C) at which the variation in the upward force is zero (see

appendix B). A few degrees below and above this optimum temperature the

variation in upward force is of the order of + ]0 mgf/oC and - JO mgf/oe,

respectively. In the daytime wi thout precaution the wa ter temperature can

vary a few degrees, say 20C in 8 hours. This implies a variation of O.02oC

I
I
I during a measuring time of 4 minutes,:i.e. the settling time of 100 ~m

I
partieles. Ûuring this measuring time of 4 minutes the upward force can

vary 0.2 mgf, limiting the minimum sample weight to 20 mgf (see section

3. I).

I

The variation 1n the settling velocity of the particles is caused by

the variation in the density of the water as weIl as the variation in the

viscosity of the water. The influence of the density on the settling
. 0

velocity is negligible since it is of the order of 0.0]%/ C. However, the

influence of the viscosity on the settling velocity is about 1%/oC

(0.5%/oC for 2 mm particles and 2%/oC for 0.1 mm particles at a water

temperature of 20oC). In appendix C a formula is given for the settling

I

I
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velocity of spheres as a function of the viscosity and all the other appropriate

parameters. A explanationof thïs formula is given ln "Terminal Velocity

Formula for Spheres in a viscous Fluid" (Slot, 1983).

In fig. 15 the settling velocity of spheres versus the Hater temperature

lS shown for variaus particle diameters calculated by means of the formula

given in appendix e (viscosity v = 2t~~ 10-6 m2/s and particle density •

p = 2.65 g/cm3; /),= 1.65). As follows from fig. 15 there is a rather stron8

dependenee af the settling velocity on the water temperature. As stated

above during a measurement the variation in the water temperature can be

af the order of o.oloe causing a change in ,the settling velocity of O.OJ%

which is, however, of no significance. More important is a gradient in

the water temperature. Hithout precaution this gradient can run to J oe over

the total length of the settling tube giving rise to an uncertainty of the

order of 1% in the settling velocity.

Anotber important quantity in the field of sedimentation lS the size of

the particie. The basic concept of 'size' of a sediment partiele is best

expressed in.terms of volume or nominal diameter defined as the diameter

of the sphere of the same volume as the particie. An other con~only used

measure of size is the sedimentation diameter defined as the diameter of

I
I
I
I
I
I
I
I a sphere that has the same density and has the same terminal

I
settling velocity as the given particle in the same sedimentation fluid.

However, the found sedimentation diameter will be dependent on the used

sedimentation fluid and its temperature . as we ll, as the shape of the

particle and its specific weight (sphei i.cal particlesare the only

exception). It is canvenient to have a general and accurate analytic ex

pressian for the canversion from settling velacity ta either nomina1

diameter or sedimentation diameter. The expressians found in the literature

are not of a general nature and/or their valadity is limited to a small region

of Reynolds numbers. In appendix e a formula (eq. e.S) is given for the

sedimentation diameter of a particle with an accuracy of 2% for Reynolds

numbers up to 2000 and also a formula (eq. e.8) for the nominal diameter of

a particle with an accuracy of 5% for Reynolds ·nurnbersup to 8000. If the

shape factor of the particle is not kno\vu the first formula can be used to

aalculate the sedimentatian diameter which is hawever a dependent quantity.

If the shape factor af the particle is known the latter farmuia can be

used ta calculate the naminal diameter which lS an independent quantity.

Nevertheless, if the particle is spherical both formulae should give equal

results within the mentioned accuracies. It is abviaus that for direct

I
I
I
I
I
I
I
I
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I
I

compar~son oJ experimental r;esults t.henominal diameter ~s the most

appropriate one because it is an independent quantity. However, since

the shape factor ~s not always known the sedimentation diameter can be

used but it will be more or less meaningless without specifying the

specific weight of the particie, the used sedimentation fluid and the

tempe~atu~e of it. Furthermore, the found sedimentation diameter is also

deperidenton the shape of the part i.cle, so direct comparison of experimental

results of particles with different shape factors is meaningless too. Even

•
I
I
I if the shape factor and the nominal diameter are both unknown it is at least

in principle possible to calculate them if ·the set tli.ngvelocities are known

at two different temperatures (i.e. fo'rtwo different values of the

viscosity). This calculation requires the solution of two non-linear

equations. However, the results appear to be very sensitive to errors

in the (measured) settling velocities. Even for an error of a few percent

~n the settling velocities the error in the found shape factor can be as

large:asa few hundred percent (if there is any solution at all). The error

~n the found nomina I diameter is of the same order of magnitude as the error

~n the settling velocities if the values of th~ viscosities, at which

the measurements are perfonned, differ by a factor 5 or more (however,

this is'not possible for water by varying the temperature). In general , the

errors in the calculated shape factor and nominal diameter are larger for

smaller values of the actual shape factor. 80 the practical application

of the caLculati.onof the shape factor and the nominal diameter is limite.d

by measuring errors as weIl as the error of 5% in the used formula.

As an example the settling velocity distribution of a sieve fraction

(250 - 300 ~m) of natural worn sand was measured in water at three different

temperatures (15.40C, 190C and 240C). The mean settling velocities and

the sedimentation diameters (eq. C.5) were calculated and are shown in fig.16.

The nominal diameter and the shape factor were calculated for the velocity
o 0 0 0 0 0combination measured at (15.4 C, 19 C), (15.4 C, 24 C) and (19 C, 24 C).

I
I
I
I
I
I
I
I
I
I

I

The results are
0 190C) dN 0.322 sf 0.63(15.4 C, -+ mm
0 240C) dN 0.296 sf 0.86(15.4 C, -+ mm

0 24°C) ~ 0.278 sf 1.00(19 C, -+ rum =
I

I
It is obvious that the results are very diverse and are of little practical

significance.

I
I
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4. Conclusions

I A settling tube system with an underwater balance utilizing the

pr.inciple of feedback turns out to be a suitable measuring device

for the settling velocity distribution of sand samples with particle'

sizes ranging'from 0.1 to 2 mmo The accuracy of the measurement of

the settling velocity is better than 2%, i.e. with the exception of

the error due to the concentration effect. The sample we ight has to

be chosen such that the error due to the concentration effect and the

signal-noise ratio are tolerable. This is more critical for small

partieles. But even for _ small particles(lOO ~m) a sample weight

can be chosen (0.15 gf) such that the error due to the concentration

effect is 1% and the signal-noise ratio is 12 dB. This means that

the overall accuracy(systematic error)is bet ter than 3%.

The precision (random part of the error) turns out to be better than

4% (95% confidence) calculated from a series of five repetitions

pel!formed for var~ous particle sizes and sample weights. Of course

the precision can be made better by averaging a series of repetitions.

I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
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Fig. 1. Delft University Settling Tube (DUST)
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Fig. 4. ·Oscillatory response of the weighing system to a square wave signa l

fig. s. Response of the cri tically damped weIghi ng system to a square wave s ignr

Fig. 6. Delay time Ya of the critically damped system
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Fig. 7. The sample introduction device
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Fig. 8. The Apple I I microcomputer
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- (mm/s )mean settling velocity v average standard
Sample weight of sample nr. : ~elocity deviation

v (mm/s)of o~ (mm/s,)of~v(gf) I 2 3 4 5 t~e series t te seri.es

O. 15 14.08 14.10 13.94 14.04 14.04 14.04 0.06

0.5 14.25 14.04 14.38 14.04 14.41 14.23 0.18

I 14.83 14.56 14.68 14.50 15.04 14.72 0.22

2 15.41 15.21 15.31 15.45 15.37 15.35 O. ]0

Sl.eve fraction 125 - 150 ~m

Sample we igh t mean settling velocity v(mm/s) average standard
of sample nr.: velocity deviation

.W(gf) v~(mm/s~of cr (mm/s)of1 2 3 4 5
t~e ..·seriest e serl.es

1 55.99 55.27 55.65 55.35 55.95 55.64 0.33

2 55.90 55.82 56.25 55.43 55.89 55.86 0.29

5 56.79 57.24 56.76 56.88 56.91 56.91 0.19

10 . 58.88 59.50 58.,73 59.76 58.70 59.11 0.49

Sl.eve fraction 350 - 420 ~m

sample weight
mean settling velocity v(mm/s) average standard

of sample nr. : velocity deviation
R(gf) I 2 3 4 5 v5 (mm/s)of o t:: (mm/s)of

toe series trte series

2 110.15 108.85 109.35 108.57 108.65 109.11 0.65

5 109.38 109.4] 108.62 108.55 108.5] 108.89 0.46

10 109.07 109.12 108.83 109.15 108.86 109.01 0.15

20 )10.57 109.61 109.70 109.94 109.83 109.93 0.38
:

sieve fraction 710 - 850 ~m

Table 1. Measurements of the mean settling velocity of sand samples
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I
I Appendix A

I
The electronics

I
The eLectrorric part of the settling tube can be spIitinto two

sectiops, ,the actual feedback section and ~he electronics necessary

for an easy adjustment of the var~ous parameters (zero level, full

scale weight and delay time) and the record of the water temperature

and the tare range (see main circuit board PC I). The value of potentio

meter Pil for the fu lI scale weight adjustment (measure of the amplification

•

I
I
I

factor of the KHS-signal; important for maximum resolution of the A-D

converter}is continuously measured by means of a ~igh frequent signal

(5kHz) and displayed on a digital panel meter DP J. The amplification

factor of the KWS-signal is measured by s~tting the 5 kHz signal at the

input of the amplifier section (AS & A9) and by taking the quotient of the

output and input signa1 by means of a divider. In this way a very simple

oscillator can be used (no extreme stability :). Later on this 5 kHz

signal is filtered out of the actual output signalof the settling tube.

The range of the full scale weight can be altered by a factor JO by means

of swi.tchSI'

The delay time ~s adjusted by means of potentiometer ~3' The value

of ~3' as a measure of the delay time, ~s measured by means of a special

circuit on the main circuit board PCI. By means of a p.ushbutton PBJ the

potentiometer Pj~ is connected between the output and negative input pin

of OPAMP AI6 (like a feedback resistor). Now the amplification factor

of (lPAHPAI6 H a measure of the delay time and is displayed on the digital

panelmeter DP 1 •

Instead of using only thc variab1e part of ~3 ~n the filter (delay time)

section the fixed part of ~3 is used to eliminate changes in the bias

current of OPAMP AIO due to changes in resistance. However, there ~s a

problem if the cut-oH frequency of the filter is minimum (minimum delay

time). The impedance seen by the plus input of OPAMP AJO is very high

(IMn) sa the 5 kHz signal is very easily picked up. Ta eliminate this

5 kHz signal from the output signalof the settlÏng tube the runner of

Pl3and the plus input of AIO is 'short circuited' by means of a condensator

Cl of 2.2 llF (impedance 15 n for 5 kHz).

The potentiometers Pl9 (coarse) and P20 (fin~) for taring the balance

(or adjusting the zero level of the output signal) are connected to a

separated stabili:,>.edvoltage. This is done to minimize the drift in the

wcighing system.

I
I
I
I
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Repair/adjustment procedures

Adjustment of the feedback transfer f;lctorand tare range reading (should

t-edone after replacing the coil and/or magnet ; necessary for a correct

reading of th~ full scale weight and tare range).

I. Feedback transfer factor

I

1.1

1.2

1.3

1.4

1.5

2.

2. ]

2.2

11

III

•
Put 5 gram of sand on the weighing pan and measure the output

sw~ng of the KWS.

Set a low frequent (IV 0.] Hz) square wave function (preferabie

unipolar) at testpin 20 (PCJ).

Set the amplitude of the square wav e to the value which induces

an output swing of the KWS equivalent to 5 gram (as measured at ] .l).

Adjust P 17 (PCI) until the output swing of the KHS is a quarter of

the full scale swing of the KWS (preferable JO% less for a safety

margin) . This means a swing of 1.8V (full scale swing of Kh1S is 8 V) •

Check the damping of the output siGnal of the KHS (or output of the

settling tube signal itself). If necessary adjust the damping to

critical by ~eans of P]8 (PC3).

2.3

2.4

Tire range reading

Set the range selector of the KWS to zero position.

Adjust P6 (Pc'!)until the swing displayed on the digital panelmeter

(DP2.)is 5 gf.

Disconnect the square wave signal.

Turn the tare (or zero position) potentiometers ~coarse' and 'fine'

fully counter clock wise (maximum tared).
I

Adjust Ps (PC2) until the reading of the digital panelmeter (DP2)

is zero.

') ~.... .)

Adjustment of the openloop amplification (should be done after replacing

the inductive transdu cers) a.ndthe damp ing ,

I. Adjust the amplification of the KHS to 10% below the rm.ru.mumvalue

for oscillation.

2. Adjust PI8 (PCI) until damping ~s critical.

Adjustment of the delay time reading

1. Turn the delay time adjustment potentiometer fully counter clock

w~se (minimum delay time).

2.
s iqnc;..{_

Measure t_he_delay time by setting a triangle wa~est pin 20 (PCl) •
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3. Adjust P22 (PCl) u~til the delay time displayed on the digital

panelmeter (DPl) 18 correct (see 2).

Turn the delay time adjustment potentiometer fuIIy clock Wlse

(maximum delay time).

Measure the delay time (see 2).

~dj~st P2l (PCl) until the delay time displayed on the digital

panelmeter lS correct (see 5).

•

4.

5.

6.

IV Adjustment of the weight reading (shouid only .be done if the feedback

transfer factor is correctly adjusted: se~ I)

1. Check the offset of OPAMP's A3 and A6 (PCJ); adjust Pz and P9

(PCl) if necessary.

2. Check range switch ]x/JOx; adjust P3 (PCl) if necessary.

3. Turn the wei.ght adjus tment potentiometer fully counter clock wi.s e ;

adjus t p] (PCl) until output OPAHP A3 is -9.5 V.

4. Turn the weight adjustment potentiometer fully clock Wlse; adjust

PJO (PCl) until the weight displayed on the degital panelmeter

(DPJ) is 19.95 gf.

V Adjustment of the output voltage sWlng of the settling tube and the

analog panelmeter read~ug.

1. Output voltage swing

1.1 Check the range selector switch lx/JOx (SJ) for the output signal;

adjust PI4 (PCI) if necessary.

1.2 Set the weight reading to maximum (tV 19~95 gf).

1.3 Adjust PI2 (PCl) until the output swing 18 20 V (-10 V to +10 V)

for a fuH seaie swing of the KWS (-4 V to +4 V).

2. Analog panelmeter reading

2.1 Adjust PI6 (PCI) until a fuLl,scale swing of the analog panelmeter

is obtaiued for a full seale swing ~f the output signal (-10 V to

+10 V).

2.2 With zero output voltage adjust PIS (PCJ)until the reading of the

analog panelmeter is half scale.

2.3 The adjustments are interactive; so repeat.



r-I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I

-20

lVI Adjustment of the temper~ture reading and the temperature output

s irgna l .

I. Temperature reading

1.·1 At a temperature of OOC adjust PI (PC2) until the reading of the

digital panelmeter (DP2) shows zero.

1.2 ~t ~ temperature in the range of 40QC to 600C adjust P2 (PC2) until

the reading of the digital panelmeter (DP2) is correct.

2. Temperature output signal

2.I Adjust P4 (PC2) until the temperature. output signal 1.S equivalent

to 100 rnV/oC.
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Appendix B

I
Upward force variation on weighing pan due to temperature variation

I
Temperature variation of the water ln which the weighing pan floats

wilI induee a variation in the upward force on the weighing pan due to

variation in the volume or the weighing pan as weIl as variation is the

density of the water.

•

I
I
I

The upward force on the weighing pan as a t~mperature dependent quantity

ean be written as

K(t) (B. 1) •

I
I
I

wher.eK(t) ~ upward force on weighing pan at tOe

p (t)= speeific mass .(density) of vlater at tOew
Vo = volume of weighing pan at Oae ( ~ 1000 cm3)

y cubie expansion coeffieient of weighing pan (2.4
ot temperature ( e)

g = acceleration of gravity

I In fig. B.l the upward force K versus the temperature i.sshown , The

values of K were calculated utilizing the tabulated values of the

density of water shown in table B.l.

In fig. B.2 the variation dK/dt of the upward force per unit of temperature

1.S shown. As follows from fig. B.2 the variation in upward force lS zero

(minimum) at about 230e.

I
I
I
I
I
I
I
II
I
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(Oe) p (g/cm3)
w

0 0.99987

3.98 1.00000

5 0.99999

10 0.99973

15 0.99913

18 0.99862

20 0.99823

25 0.99707

30 0.99567

35 0.99406

38 0.99299

40 0.99224

'45 0.99025

, i

Table B.l. Density of water
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Appendix C .

Formulae for the settling velocity, the sedimentation diameter and the

nominal diameter

I
I
I
I
I

The generaL formula . for the velocity v of a sphere w i th diameter d

Lnduced by 'an ac ting force F and moving in a viscous f Lui.dwi th kinematic

viscosity v has the form

o

vv == 2dfS [ -I + ) f~1 CC. J )

where fS 1S a function of the dimensionless quantity F/(pv2) (Slot, 1983).

The formula holds for Reynolds numbers up to 2000 with an accuracy of 2%

if a linear relationship is taken between fS and [F/(pv2)J-lf3as

I
I
I
I

(C.2)

0.0125

0.348

For a free falling sphe re the dimensionless quantity [F/ (pv2)] -1 /3 1S

expressed as

I
I
I

(C.3)

where
. 1 /3

Q == [6 v·2/(nbg)]

b (ps - p)/p

p == specific mass (density) of the"spher~
s

p specific mass (density) of the sedimentation fluid

g acceleration of gravityI
I
I
I

Substitution of (C.3) into (C.l) gives for the settling velocity of a

free falling sphere

I
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I
I \) [-I + ~+ 2~gd3

fBJv = 2df 9\)2s
S

where f = Co + Cl Q/d.S

The above expression, solved for d, yields the eKpress~on for the

sedimentation diameter

(C.4)

I
I •

I
(C.S)I

I In general the particles analyzed by settling tube systems are not

spherical but are irregularly shaped. An attempt to define the shape

of a particle is done by the shape factorI
I
I

sf =
c (C.6)

I
where a = the longest (or major) ax~s of the particle

b = the interrnediate axis of the particle

c = the shortest (or minor) axi.sof the part icl.e, with all axi.s

mutually perpendicular.

I It appears that for large Reynolds numbers (er small values of [F/(p\)2)]-1/3)

as well as small shape factors the linear relationship between fS and

[F/(pv2)J-l/3 does not hold any more; fS becomes more or less a constant

of which the actual value depends on the shape factor. In fig. C.l the

relationship between fS and [F/(p\)2)J-l/3is shown for various shape

factors calculated from data presented in "A Study of Methods Used ~n

Measurement and Analysis of Sediment Loads in Streams" (Report no. ]2,

Some fundamentals. of part i.c l,esize analys is, St..Anthony Fall Hydraulic

Laboratory, Minneapolis, Minnesota, december ]9S7).

To approximate this relationship fS will be expressed as

I
I
I
I
I
I

(C.7)

I
I



I -24-

I,
I where KO' K1 and K2 are function~ of the shape factor. The motivation

of this form is that eq. C.4 can be solved for d, yielding the expression

for the nominal diameterI
I fl + v< +

f1g_ 2K VZ
K v2

2

Q)]'d 0 2 9, Q ( v= - + K
n Ag _ 2K2v2 L k 2 v2 v 1

9 Q
0

•
(C.8)

I
I
I
I.
I
I

Taking linear functions of the shape factor .for KO' K] and K2 as

KO COO + CO] sf

KI C10 + CI1 sf

K2 C20 + C21 sf

the formula for the nomina 1 diameter will hold for Reynolds numbers up

tri8000 with an accuracy of 5% for

I

Coo = 0.109 and COl = - 0.100

CIO = 0.635 and C11 = - 0.253

C20 8.95 10-5 and C21 = 6.34 10-5

I
I
I

If the nominal diameter and the shape factor of a partiele are known then

substitution of (C.7) into (C.4) gives the settling velocity of the (irregülar)

shaped partiele with the same accuracy of 5% for Reynolds numbers up to 8000.

I
I
I
I
I

In fig. C.2 the settling velocity of a sphere in water versus the sphere

diameter is shown, calculated from eq. C.4 for t = 200C and 6 = 1.65.

Furthermore the settling time -versus the sphere diameter is shown for a

settling tube length of 1.65 cm.

I
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Fig. C. 2. Settling velocity and settling time of a sphere versus the

spuere diameter
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