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ABSTRACT

This research was conducted as a second phase of investigations of
capabilities ana lTimitations of microwave Doppler radar as a flow monitor
for particulate soTids; Experiments were performed to extract information
from the Doppler signal about the average b&1k density of particulate
solids, an important parameter in monitoring the mass flow rate.

Different flow fields were employed including the circular and ring cross-
~section flow fields to study the effect of the distribution of so]1d
material in the flow field. Monostat1c free space configuration was

used throughout the experiments.

Two different Doppler signal processing systems, namé]y, an
analog (on Tine), and a digital (off line), were used to determine the
RMS vaTues of the Doppler signals and hence radar cross-sections of columns
of wheat, moving through a.plastic pipe. A commerically available tape |
recorder was used for fecording Doppler signals from the bulk flow of
_granu]ar materials and metallic calibrating spheres. The recorded data
- were subsequently processed by a digital computer. Radar cross-sections
of various metallic ca]ibrating spheres were determined theoretically
as well as experimentally and used for calibration of the radar system.

A computer program was developed for analysis of Doppler signals.
The relationship betWeen,the average bulk density of the column of

wheat moving continuously through a pipe and RMS values of Doppler signals

ahd hence their radar cross-sections was developed and verified experimentai]y.

Experimental results of radar cross-section as a function of the average

bulk density of wheat are presented.



As a result of this research it was concluded that a Doppler radar,
used as a flow monitor, has an excellent capability for monitoring the
flow rate of particulate solids without disturbing the monitored system.
llhen the cross-section area of the flow field is known, this flowmeter can
be used to monitor the mass flow rate of particulate so]ids‘continuous1y

with good accuracy and without causina any obstruction in the flow field.
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CHAPTER T
’ INTRODUCTION

The subject of flow metering of particu]ate so]ids dates back a
few deéades Severa] efforts have been made in the past to des1gn and’
develop pract1ca1 f1owmeters for monitoring the mass flow rate of
granu]ar materials. However, none of the flowmeters deve]oped so far,
prbved to be suitable for applications, which réquire an inexpensive and
accurate flowmeter for measuring the mass flow rate of particulate solids.
With the advahcement.in aaricultural technoloay, and other areas of
engineering, there has been an increasing need fof some means of measuring
flow rates of particulate solids. From harvesting of grain to the pointﬂ
' of consumptfon, a flowmeter may potentially play an important role in
enab]ihg the Government authorities to obtain more accurate and earlier
estimates of national yield, which would be.he1pfu1,in’p]anninq and have
a settling effect on the new cereal market. The information obtained
would also be helpful to individual farmers who could compare their yields
ar1s1ng from different grain var1et1es, fertilizer app11cat1ons, cu]t1va-
tions techniques etc., and could plan their future contracts more accurate1y.
Flowmeters are also needed to weigh grain as it is loaded onto trucks
or ships or‘de1ivered into grain driers. In sugar, fertilizer, cement,
paper and other cHemica] industries there has been a growing need for a
measuring device for solid materials, because of the fact that the quality
of the final product and the performance of the plant depend to a large
extent upon precise measurements.

Several flowmeters, based onbvarious principles of operatian, have
been developed in the bast. By far, continuous weighing is one of the

most commonly utilized methods of measuring the flow rates of particulate
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solids. The principle df change of angular momentum of the measured
matekia] has also been utilized by different ahthors to monitor the
masé flow rate of granular materials. A spiral vane flowmeter, for measur-
ing the volumetric flow rate of particulate solids moving through verti-
cal ducts, is another reported device. Optical methods for detecting
and measuring the volumetric flow rates of powders have been practised in
the past. Nucleonic methods for monitoring the mass flow rate of gran-
‘ular solids, is another contribution towards the solution of this pro-
blem. Recently, laser anemometers and ultrasonic flowmeters have been
introduced for measuring the velocity of flow fields, without intro-
ducing any mechanical brobe into the flow field. The microwave Doppler
flowmeter technique for'particulate so1ids was:first suggested by
ETTerbruch anvaarker. Harris ﬁadevsome qua]itative studies on applica-
tions of this technique to the fiow metering of particulate solids. The
first quantitative studies of this technique were made by Hamid to monitor
velocity ofkgranu1ar’materia1s falling freely under gravity. Thé detailed
review of the subject is presented in Chapter II. |
/, DUring the last few years, the increasing demand for more accurate
solid flow measurements has exceeded the capability of the existing flow-
meters for pérticu]ate solids. None of the existing'f1owmeters, however,
is suitable . for the applications, which require a compact, 1hexpensive
device to measure a high flow rate continuously, and without causing any
obstruction in the conveying system.
The aim of this work was to investigate further capabi}ities and
limitations of the Doppler radar flowmeter for continuous and contactless
measurements of particulate solids. The particular objective of this

work was to analyse the- Doppler signal and to retrieve useful information



“about the average bulk density of the aranular materials moving through a
pipe. When the cross-sectional area of flow is known, the average mass
flow rate can be determined easily by multiplying the average bulk density
by the average bu1k velocity and by the cross-section area of the flow |

field.



CHAPTER II

REVIEW OF LITERATURE

Monitoring mass flow rate of‘particu1ate solids with high accuracy
haé been a major problem in many areas of engineering. The complete soiu-
~tion awaits mainly the development of an accurate mass flowmeter, which
is by no means a trivial task. A brief review is given here indicating
the basic problems in monitoring the mass flow rate of granular méteria]s
énd some of the contkibutions made in its solution. The capabilities
and limitations of microwave Doppler flow monitor and other noncontact
flow measuring systems, for example, ultrasonic flowmeters and laser
anemometeré are discussed in some detail. |

Although the basic principles used for monitoring the mass flow rate
of fluids apply equally well to granular materials, typical sensors
~usually obstructbthe flow of the’mater1a1, change the flow pattern,
éSsist"thebformation of blockages and therefore 1imit practical use of the
modified forms of fluid flowmeters for granular materials. The relatively
high resistanée to shear forces of granular matéria1 compared to that of
fluids further‘exp]ains the Tag of flow measurement techniques for granu-
lar materials. However, a few devices and techniques exist to measure
the flow rate of particulate solids. None of the exfsting fiowmeters
is suitable for applications which require a compact, inexpensive and non-
contact device for measurements at high flow rates in difficu1t, hostile
environments and inaccessible situations. |
| Flowmeters based on the principle of weighing the material contin-
uously are the most common devices for monitoring the mass flow rate of
granuﬂar and powdered materials. The material passing a fixed point on

a conveyor belt or through a hopper can be weighed. (Beck et al., 1969).
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Eariy methods of weighing on a conveyor belt contained a inoted'arm
restored to the equilibrium position by weights. The restoring force was
thus proportional to the weight of material on the belt. (Kirwan and
Demler, 1955). Modern instruments employ load cells to measuré the weight
Qf the material on the belt, and a tachometer'generétor’to measure the
speed of the belt. (Valenti, 1961 and Craven, 1964). Continuous weighing
is an accurate method of measufing solid flow rates on a belt conveyor.

As these flowmeters contaih moving parfsz a fair amount of care is required
to maintain the required accuracy. These methods are not in general suit-
ab]e for pneumatic conveyors.

The princip]é of momentum change of the measured material has also
been used in the past tb measure the mass flow rate of particulate solids.
A f}owmetér working on this prfncip]e has been developed and reportea.

; (Dean,‘1955). The meter incorporates an inclined plate attached to a rigid
beam, pivoted about a point near its centre. The material falls onto the

| inclined plate and the moment is measured by a force ba]ancé unit.> If the
velocity of the méteria1 is constant, the force 6n the plate is propdrtiona]
to.the mass flow rate. This device, however, can only be used for dense
materia]s; falling freely under gravity. Moreovér,it can cause obstruction
in thevcohveying’system. Recently, a combine harvester discharge meter
employing the same principle has been developed in NIAE, Silsoe. (Hooper
et al., 1973). The meter incorporates an impact p]até in the form of a .

- funnel through which the grain falls, and the force exerted on the funnel
is a measure of the f]ow rate of grain. The meter gave good resu]fs for
wheat and rather poor results for barley. The.poor results for barley may
be due to formation of blockages in the conveying system because freshly

- harvested barley is usUa11y not clean and may contain roughages. This
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device can only be used for materials of large density and is not suitable
for materials of small density due to the buoyancy forces effect. Further-
more, the impact plate can cause blockages in the conveying system.

Rotating impeller flowmeters working on the principle of the change
of angular momentum of the measured material have also been developed and
reported. The torqué produced in the supporting shaft due to the change
in the angu1af‘momentum is a measure of the mass flow rate. A mass flow-
meter based on this principle has been developed and reported. (Henderson,
1966). This‘device consists of an impeller with eight vertical vanes
rotating at a con§tant speed;bwhich is driven by a synchronous motor

- clamped to the impeller éhaft. The reaction torque on the motor pfoduced
by solids flowing through the impeller is transmitted to the shaft by a
clamp. This causes the shaft to twist, and the torque is measured by a
system with four strain gages. A flowmeter working on the same principle
~was also reported earlier. (Kirwan and Demler, 1955). Rotating impeller
flowmeters can only be used in ducts where the solid material is falling
free]y under”gravity. Moving parts of the systém requfre considerable
maﬁntenance, particularly when abrassive powders are being conveyed. Further-
more;the flowmeter is a potential source of obstruction in the conveying
system. | |

Optical me?hods can be used to measure volumetric flow rates of
powders (Beck and Wainwright, 1969). These methods of_fioW”measurement |
are volumetric and make no allowance for variations in the packing density
of the material. They can be used only with materials having high reflec-
_tion coefficients and their accuracy can be serijously affected by dust

settling on optical.windows.



A spfra]lvane flowmeter measures directly the volume of granu1ér
solids moving through a spiral vane (Brown et al., 1962). The spiral
vane is connected to a revolution counter, and the number of revolutions
due to moving granular solids through the duct, is a direct measure of
the vo]umetric flow rate. This device can only be used in ducts greater
than 25 cm (10 in) in diameter, which should not be tilted more than 20°
from the vertical plane. |

Nucleonic methods for monitoring the mass flow rate of granular solids
utilize the fact that the radiation absorbed by the materié] depends on‘
the mass of the material in the path of the radiation. A flowmeter employ-
ing this principle was feported. (Perkovski, 1963). In this meter the
grain is flowing through a specially Z-shaped bend and the radiationv
absorption of the material in the bend is measﬁred. This flowmeter can be
used sucéessfu11y with belt conveyors if belt velocities can be measured
readily. It can also be used in pneumatic conveyors if the velocity of
the flow is measureed independently. )

The electromagnetic flowmeters are based on Faraday's Tlaw of
e]éctromagnetic‘induction. When a conductive Tiquid flows, the voltage
induced 1is proportional to the average velocity of the 1iquid, the
'Strength of the magnetfc.f1e1d, and the disfance between the electrodes.

In a given meter, the magnetic field and the distance‘between the elec-
trodes are usually designed to remain constant; therefore, the fnduced
voltage is directly proportional td the flow velocity. The flowmeters
working on this principle have been repdrted and marketed by a number

of companies (Webb, Stone and Webster, 1974). These flowmeters can measure

the flow of blood, slurries, corrosive 1liquids, viscous materials, milk

and pharmaceuticals. Electromagnetic flowmeters are obstructionless and



contain nb moving parts, but work satisfactorily only for conductive
materials. |

Recently, laser anemometry have been introduced for measuring the
flow velocity of fluids without introducing any mechanical probe into the
flow field. Several anemometer systems have been used, the differences
being basically in the optical configuration and the signé1 processing
schemes used. = (DISA, 1973). The fluid velocity is measured by measuring

the Doppler shift of laser radiation scattered by small particles moving

in the fluid flow. A flowmeter based on this fechnique was first developed

and reported by Yeh and Cummins (1964). This laser Doppler anemometer
focuses two light beahs‘in such a manner that they intersect in the flow
'fie1d‘ét their focal points. The frequency of the 1ight wave from the
illuminating beam scéttered by the‘moving particles towards the phato?

multiplier is shifted by (Goldstein and Kried, 1967)

fd.= 2U sin 8/X

>

where X ‘is the wave length and 6 is the viewjng angle, both measured
~in ‘the fluid. The U ACOmponent of velocity is.determined either from
direct measurement of the photocurrent frequency, or from the spectrﬂm
of the phdtocurrent. Although 1aser anemometers have excellent capabili-
ties for measuring supersonic flows, local velocities without disturbing
the flow, and are characterized by high spaciaT resolution and low
uncertainity in measurement, they cannot be used to monitor the flow rate
of particulate solids. |

F1owmetérs based on the Doppler effect of ultrasound have also
been developed and reported by different authors; Here the Doppler

priniciple is used for measuring the velocity of fluids. The Doppler



: effett appears when the ultrasound'ane strikes a moving particle. The
particle scatters the sound wave in all directions. The frequency of .
the scattered sound wave differs. from the frequency of the incident sound

wave by Aw.

S

Aw = w - w =~—9—V(COSOL+COS R)

0 CO

where w is the angular frequencyvof the receiVed siagnal, ‘wo is the
angu]af frequency of the transmitted signal, o is fhe velocity of sound

in the medium, v 1is the velocity of the Darficle, o is the angle

bétween the transmitting beam and the direction of the ve]bcity vector of
the‘nartic1e and B s the anale between the receivina beam and the direc-
tion of the velocity vector of the particle. A flowmeter working on this
principle has been reported (Arts and Roevros, 1971) for measuring blood
flow rates. It has been found that the received signal contained a

spectrum of frequencies and not a sing]e discrete frequency, because of the
various velocities of tﬁe scattering particles, depending on their ﬁe1ati§e
positions in the blood vessel. The authors concluded that the inétantaﬁepus
Dopb]er frequency does not give meaningful information about the blood
flow. The Doppler frequencies have to be averéged over a certain period of
time in order to obtain qUantitative information about the blood flow rate.
Another flowmeter working on the samé.princ1p1e and used for the diagndsis of
urethral parameters has been developed recently (Albriaht and Harris, 1975).
Despite the fact that u]trasonfc flowmeters are contactless and can measure
the parameters of fluid flow without distrubing the monitored system,

they cannot he easily employed for monitoring the ve1oc1ty.of the flow of
-particu]ate,so]ids.

The microwave Doppler flowmeter technique for particulate solids
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was first suggested and reported by Ellerbruch (1970) and Parker (1970).
Harris (1970), made some gqualitative studies of this technique when
applied  to the flow metering of particulate solids. A Doppler radar as
a- flow monitor for detéction of flow failures dn granular or powder flow
was suggested by Hannir (1970). The quantitative studies of this technique
for measuring the mass flow rate of particulate solids were first made
and reported‘by Hamid .(1975). He found that the frequency of the Doppler
signal from single séattering particles was spread over a finite band-
.Width and that the mean frequency of the Doppler spectrum was proportional
to the mean velocity of the flow field. Further investigations showed that
due to the semi-random movements of particles in the flow fieid_and due
to mu1t1p1e scattering from particles in the flow field the resu]tﬁnq
Doppler signal had a complex wave fokm. The sfgna] had tc be averaged in
~order to extract the desired information abbut the average bulk velocity of
the granular material. If the cross-section area of the fiow fié1d and
material density ére known, the average bulk velocity is proportional to
the avefage mass flow rate. |

The review of the technical 1iferature on the subject clearly shows
that none of the existing f}owmeters is suitable for applications which
require an inexpensive and noncontact and nonobstructing flowmeter for
monitoring the mass flow rate of particulate solids. The microwave Doppler
flowmeter seems to have all the capabilities required for monitoring the
parameters of the flow field and shows considerable potential forrthe solu-

tion of this important measurement problem.



CHAPTER III
THEORETICAL CONSIDERATIONS

3.1 IntrodUction

Knowledge of the fundamental equation for mass flow rate 1is
essential in designing and developing of a flowmeter for particulate
solids. For éxamp]e, in monitoring mass flow rate of granular materia1s,‘\
the average bulk velocity, the average bulk density and the average
cross-section area‘of the flow“field should be known to determine the
mass flow fate.

In this chapter the basic equation for the mass flow rate of
particulate éo]ids,‘wi11 be given and the radar cross-section (RCS) of
a single scattering particle and multiple scattering particles will be
discussed. The relationship between the RMS value of the Doppler signal
and .the average bu]k density of particuTate solids as well as the relation-
ship between the RCS and the average bulk density will be described. The-
principle of measukement"of the average Doppler frequency, the Fast>qurier
Transform (FFT) and the power spectrum of the Doppler signal waveform will
also be presented. Diagrams of the Doppler waveform and power. spectrum
are given and discussed to develop better understanding of the experimental

results discussed in Chapter V.

3.2 Mass Flow Rate

The fundamental equation for the average mass flow rate of parti-

culate solids can be formulated as follows:

Mav = Aoy X Dy X Vo | (3.1)

2

where Mav is the average mass flow rate in kg/sec, Dav is the average

 bulk density of the flowing material in kg/m3, ) -‘is the average bulk

av

11
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‘velocity of the material in m/sec, A is the average cross-section area

av
2 . . . . .
(m™) of the moving column of grain determined by the interaction between

the flow field and the beam of the electromagnetic waves.

3.3 Doppler Radar as: a Mass Flow Monitor

The microwave Doppler flowmeter téchnique was first intfoduced by
-E1lerburch (1970) and Parker (1970). Harris (1970) made some qualitative
studies on applications of this technique to the flow metering of parti-

culate solids:/ Hannir (1970) suggested the use of the Doppler radar
principle fdr_detection‘of the flow failures in the flow of granular dr
powdered maferia1s. | | | |

‘The average RMS value of the Doppler respdnse'carries 1nformation
- about the average bulk density of the moving material. The reIationship
between the averagé RMS value of the Doppler siéna1 and the average bulk .
density of particulate solids will-be discussed in section 3.4. The
average dep]ér frequency bears information about the average'bu1k
ve]dcity of the f]dwing particulate solids (Hamid, 1975). The ante%na
beam is usually divergent and has a finite beamwidth A62 as shown in
Fig. 3.1, therefore, a spectrum of frequencies results as shown in Fig.
3.3(b) and the Doppler spread is given by (Hyltin et al., 1973)

' A, A ‘ :
bfq = 5 Tcos (8- %) - cos (5 + 55 )] (3.2)

where Afy is the Doppler spread in Hz, Vv 1is the velocity of thevtar-
gét in m/sec, X is the free space wavelength inm, © 1is the viewing
angle and A62 is the two way 3dB beamwidth. |

Although the frequency of the Dopp]er signal from a single
scattering particle is spread over a finite.bandwfdth, it was found that

the mean frequency of the Doppler spectrum gives an accurate va1ue of
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" Fiqure 3.1 Flow Field and Antenné Beam Geometries
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" the average velocity for a given viewing angle (Hamid,T975).

The average cross-section area of the flow field is determined
by interaction between the electromagnetic waves and the flow field
and is a constant factor which depends upon the calibration of the
flowmeter. The:microwave Dopp]ef flowmeter monitors the parameters of
the flow field without causing‘any'obstruction in the flow path of the

material.

3.4 Relationship Between the RMS Value of the Doppler Signal and the

Bulk Density

Plane electromagnetic waves travelling through the space contain-
ing particles of solid Materia]s are scattered and absorbed by these
particles. The scattered (radar) signal from the particles of a granular
material is not steady like that from a point scatterer or target. The
received (back-scattered) signal at any instant is composed of signals
from a very large number of particles, and depends on their exact arrange-
ment in space, which is continuously changing. Studies of scatteri;g and
attenuation by meteorogical partfc]es | (Marshall and Hitschfeld,

, T953), have shown that fnstantaneous observations of the’received power
give wery little information about the scattering medium, and the signal -
has to be averaged until a large number of independent returns have

been received. The average power scattered by the flow field is

Pt AL

p
8nR?

. To , | (3.3)
where Pt is the transmitted power, Ae is the equivalent antenna.
aperture, 'La is the length of the flow field in the direction of the
antenna beam, R. is the distance from the point of observation to the

flow field and 3o is the equivalent radar cross-section of the flow

field.
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The equivalent aperture Ae‘ is 1ess’than the actual area of the
antenna for two reasons. Firstly, not all the power coming from the
primary feed falls inside the antenna aperture, neither is the distri-
~ bution of power uniform across the aperture because'the amplitude of
the signal varies due to the variations in the distance to the target
and intensity of radiation which depends upon the antenna pattern. The
amplitude of the signal inéréases as the target approaches the antenna
axis. The peak of the signal occurs in the region where the ratio of the
rédiation intensity to'the fourth power of range is maximum. It decreases
again as the target recedes, because of decreasing radiation intensity
off the antenna axis. The second reason, which applies only to distri-
buted targets, affeéts radar systems. Some of the radiated power goes
Ainto sjde Tobes and the edges of the main beam, and some of the returned
power comes from directions to which the antenna is less sensitive for
reception. An exact value for Ae is difficult to determine but a
conservative estimate is probably 0.5 x actual area. ’

The eguivalent radaf ﬁross-section depends upon the geometrical
andvelectromagnetic properties of the flow field. For wavelengths larae
cohpéred with the‘diameter, d, of the particles, the RCS of a single

particle can be expressed as follows (Skolnik, 1962)

5.6
g=T 2 IKIZ (3.4)
where X s the free space wavelength, d is thé diameter of the
. ) 2-
scattering particles and K = g;;%—, while m = V€™ = Je" where ¢'

is the dielectric constant and €" is the loss factor of the scattering
particles.

The relationship betweeh the dielectric Constant and the density
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of wheat and the loss factor and density of wheat can be expressed as

follows (Nelson, 1972)

it

1.2283 + 0.8480 D+ 1.2180 D2 (3.5)

2

1

e" = .8508 - 1.9150 D+ 1.4373 D (3.6)

where . D is the kernel density of a single partic]é in q/cm3. fombining

eqs. 3.3 and 3.4
At AL
P, = : 454
2 4 '
8R™ « A

_Wwhere symbols are the same as in egs. 3.3 and 3.4.

6 2

I

From eq. 3.7 it can be concluded that since all the parameters
are constanf for a particular Doppler modu]e except the dielectric
properties of the flow field, therefore,lthe received power is a function
of the dielectric properties of the flow field. Further the dielectric
‘propertiesAof the flow field depend on the density, moisture cohtent,
and temperature of the Flowing.materia1. Although both the moisture
cbntent and tempefafure of the granular material affect its dielectric
properties and, therefore, the receivedvpower, this is believed to be
ﬁUCh weaker than the effect of density. This will be discussed in detail

in section 3.6.

3.5 Radar Cross-section

3.5.1 Single Scattering Particle

The radar cross-section of a target may be defined as the area
intercepting that amount of power which, when scattered equally in all
directions, ' produces an echo at the radar equal to that from the target

(SkoTnik, 1962), or in mathematical terms
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£ 2

_r
E.
i

o = 47 R2

R—>oo

(3.8)

where R is the distance between the radar and the target, Er is the
ref]ecﬁed field strength, Ei is the strength of the incident field.
Theoketica11y, the scattered field, and hence the radar cross-
sectfon, can be determined by solvina Maxwell's equations with the proper
boundary conditions apb]ied, but this method is applicable only for the
simplest shapes. .The radar cross—section is frequency dependent. The
region where the size of the spherelis small comparéd with the wavelength,

(Zwaé/x << 1), where a. is the radiué of the sphere in m and A is the

0
wavelength in m) is called the Rayleiah region. At the other extreme
from the Rayleigh region is the bptfca] region, where the dimensions of
the sphere are large compared with the wavelength that is ZWaO/A >> 1.
Between the optical and the Rayleigh .region is the Mie, or resonance régfon.
The RCS is oscillatory with frequency within this region. .Thé radar cross-
section for most of’fhe particulate solids of interest falls in the)Rayleigh
region and, therefore, the discussion that follows, is limited to this region.

The RCS of an object depends upon

1. the size of the object

2  the frequency of the incident radiation

3.. the polarization of the transmitting antenna

4. the orientation of the object relative to fhe.p1ane of

polarization

5.: the materia1 of which the object 1s_made, and

6. the shape of the object5

The critical parameter in the Rayleigh region is the volume of

the scattering object. RCS for all spheroids with semi-axes a, 'a, and b,
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the Rayleigh RCS for backscattering along the axis of symmetry (6=0)

is given by (Crispin and Maffet, 1965)

o = ot vl [i + ;L-e_%12 (3.9)

2, K= 2n/x, X 1is the free ,

where o 1is the radar cross-section in m
space wavelength in m, V is the volume of the object in m3, F s
the shape factor, and y = b/a. | _

Except for very flat oblate spheriods the quantity fn the brackets

can be neglected.

The shapé factor F s equal to

' 2 . 2
o _1 1 cos™ 6 , sin™ 6
Frhorz. pol. ~ 2 [2 “TYTL T (3.10)
2 5 . 2 .
‘ _ 11, cos” 6, sin” 6
Fver. po1. “Z 32T * o) - (3.11)
and )
L - - _1- e’ n 1*e ' (3.12)
(prolate spheriod) e2 _2e3 1 - e
where, the semi-axis are a, a, ———o
/T = e?
-2
Fsphere -
, , 2
Yl - e -1 1 -e :
Loblate spheroid ““‘;g—— sin ‘e 2 - (3.13)

where the semi-axis are a, a, a/l - e2 . For a sphere the shape factor
F, at all polarizations and viewing angles is constant and is equal to

1.125.
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Since the critical parametéf of the scattererAin the Rayleigh region
is its volume, it is natural to consider the app1iéatibn of the exﬁressions
Just mentioned for spheroids to all bodies of revolution. Of course,
this extension requires careful consideration of the parameter y. To
illustrate this, let us consider a right circu1ar‘cone of altitude h

andkbase radius .a. For the Timiting case in which the right circular

cone collapses into a disk of radius a i.e., the Timit as h = 0, we find

that the appropriate ratio is given by y = h/4a. Hence, the cone

has the same RCS as a spheroid of equal volume whose semi-axes are a, a and

h/4.

3.5.2 Multiple Scattering Particles

As discussed in 3.5.7 eq. 3.9 applied to calculate the radar
cross-section of spheroids can be extended equally well to determine the
RCS of all bodies of revolution. But the most common method of determin-
ing the RCS of an object is the comparison method in which the power |
scattered from the'object is combared with the power scattered from a
vstandard located in the same position‘as the actual object. This méthod
eliminates ‘the problem of the sensitivity of the radar since the RCS of
the.étandard (metallic sphere) can be easily calculated analytically.
Therefore, it is only nécessary to measure the ratio of the power scattered
from the two targets. The RCS of a given object cah then be calculated

easily. Under similar conditions, the ratio of power received is

P
r ..o
=
ro (6]
but
2
Pr (Agys)
ro (Ao, )2



20

_therefore,

(ARMS)ZA
i} ' ~ . (3.14)
0 (AORMS) ,

Q{Q

where o 1is-the radar cross-section of the target in m2, . is the RCS

of the calibrating sphere in m2

R VARMS is the RMS value of the signal
scattered by a given target in V and AORMS is the RMS value of the signal

scattered by the calibrating sphere in V.

3.6  Relationship Between RCS and Density
- The scattering by multiple particﬁes (bulk flow of particulate
solids) répresents a much more complicated case as compared to a single
scattering particle. The number of particles illuminated and their orienta-
~ tion with respect to the antenna beam both affect the equivalent RCS. For
simplicity of calculations, it is assumed that the scattering medium
(grains) consists of-a collection of identical independent scétterers that
sbatter isotropically. The number of scattering particles at any time is
changing very slightly. | ’

_ The RCS of a single scattering dielectric particle can be expressed
by eq. 3.4

o = ﬂj?gfi k|2 . | , (3.15)

~where symbols carry the same meaning as in eq. 3.4.
If the volume under consideration contains N partiﬁles, the

average RCS is formulated as follows (Skolnik,-1962)

TT5 N
o.,=—x ¥ d
av. 4 Ly

K (3.16)

‘Using eqs. 3.5 and 3.6, ]KI2 can be written as
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K | 5 3 7
11.145 + 2.217D+ 14.695 D2 - 3.438 D3 + 3.549 D

(3.17)

Substituting value of }Kl2 in eq. 3.76

{6 (2175 - 2.871D+ 7.387 % - 3.438 03 + 2.065 D

1 11.145 +.2.217 D+ 14.695 D2 - 3.438 D3 + 3.549 D4
(3.18)

TT5
o.. = —
av k4

n~Mm=

i

. where Ty is the average RCS of N particles in cm2, D s fhe
kernel density for a single wheat grain in g/cmB,' A is the free space -
wavelength in cm.

As discussed in section 3.4 the average power scattered back and
hence the RCS depend on the dielectric properties of the flow field, and,
thefefore,,density, moisture content, and temperature. The effect of the
moisture content and femperature is, however, much weaker thaﬁ the effect.

of the‘density. For illastration the following example fis considered.
| The values of the RCS for wheat'as a function of its density
- calculated from eq. 3.]8, are p]otted in Fig. 3.2 taking 'the equivalent
diameters of wheat seed and wavelength .3328 cm and 2.85 cm respectively.
The effect of moisture content of wheat on its equivalent RCS can bek
’determined using the regression equations describing the relatianship of’

the dielectric constant, ¢ 'and the loss factor, €" with moisture

content developed by (Chugh, 1973)

m
1

1.953 + 0.039M : ‘ (3.19)

.249 + 0.047M - (3.20)

™
i

where M is the moisture content in percent on wet basis.

Combining egs. 3.5 and 3.6,
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Figure 3.2

RCS for Wheat as a Function of its Density Moisture Content

and Temperature. Points shown represent calculated values
based on the experimental results. (Nelson, 1972 and Chugh,
1972). Straight.lines represent the least squares approxi-
mations. : :
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)2 < =970 + 0.0aM + 003

5 (3.21)
15.688 + .328M + .003M
and substituting in eq. 3.16
5 N 2
g =T 5 d6 [.970 + .094M + ,003M ] (3.22)
2 s

1 15.688 + .328M + .003M%

the symbols bear the same meaning as in eq. 3.16. The RCS as a function of
~moisture content of wheat is plotted in Fig. 3.2.
The effect of temperature of wheat on its equivalent RCS can be

found by considering the following regression equations'(Chugh, 1973)

m
1

' = 2.36 + .005T, ~ (3.23)

"= 637 + .001T (3.24)

m
]

1

where €' and " are the dielectric constant and the loss factor of the
material respectively, and T] is the  temperature.

Using eqs. 3.5, 3.6 and 3.16
5 N ¢ 2.190 + .014T; + .002T%
DA ettt Bkt I

1 19.206 + .OO4T]+ .0002T1

m
=T (3.25)
N

;
Fig. 3.2 shows the values of RCS of wheat p1ottéd as a function of
its temperature. ' ; | ‘
Fig.v3.2 shows'that the effect of density of wheat on its equivalent
RCS is much Targer than the effect of moisture content and temperature. |
Fdrthermore, the RCS of whéat is almost a Tinear function of its density.

3.7 Principle of Measurement of the Mean Frequency in the Distributed

+

" Spectrum.

The determination of the mean frequency of the power spectrum of a

stationary random process is a problem often encountered in a variety of
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ehgineering app]icatiohs. For example, in velocity measurement in

Doppler navigation (Pawula, 1968), or in frequency measurement of a

received éarrier which had been transmitted through a fading medium, the
mean frequency of~the spectrum must be measured, since the received

signal is noise-like and has some appreciable bandwidth. Various techniques
such as short-time autocorrelation (Schultheiss et al., 1954), frequency
dfscrimination or zero-crossing counting (Ehrman, 1955),’correlation
detection (Kobayashi, et al., 1974), frequency to vo]tagé.converter (Brody

et al., 1974), are employed for the meah frequency measurement of a random
signal, and the methods based oﬁ these techniques havé been studied.

| During-the course of this research two methods were employed in
order to measure the mean Doppler frequency, fd in a distfibuted
~ spectrum. In the first method the s1gna1 was passed through a frequency-

- to-voltage converter (ana1og frequency meter) producing an output voltage pro-
| portional to the Doppler frequency, which was used td measure the velocity
of the flow. In the second method, which can be considéred as the most
accurate for measurihg the average Doppler frequency, the power spectrum
of the Doppler signé] is computed. The power spectrum of the received

signal, shows the distribution of frequencies in the batkscattered signa],

and contains a]] the information concerning the flow f1e]d The average
frequency derived from the power spectrum is proport1ona1 to the average
ve]oc1ty of part1cu1ate solids. The frequency at which the peak of the
spectrum appears may not necessarily be‘the same as the average frequency,

but is equal to some suitable characteristics of the power spectrum,

Studies reported by Edwards et al. (1970) for signals from a laser Doppler

flowmeter showed the existence of a shift of the mean Doppler frequency

on the power spectrum curve.
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3.8 Prfncip]e of Measurement of the RMS Value of Doppler Signal

Two basic systems can be applied to measure the ' RMS va]ue of the
rece1ved Dopp]er signal: an analog system and a digital system.

In the analog system, the Doppler signal is passed through a pass-
band amplifier to boost the signal to a level convenient fof processing.
A true RMS voTtmeter is incorporated in order to measure the RMS value
of fhe-recei?ed Doppler signal. A reborder is also used to record the
RMS value of the Doprer signal for further utilization.

In the digital system, thevsigna1 is fed to a digita] computer
and the power spectrum of the Doppler signal is calculated. The area
under the power spectrum curve gives the square of the RMS value of the

Doppler signal.

3.9 ‘The Fast Fourier Transform

The Fourier Series is a useful tool for determining the frequency

content of a time-varying signal. The Fourier Transform Pair is defined

as:
Sx(f) = j X(t) g iomft dt " (Forward Transform) (3.26)
X(t) = { Sy(f) el 2mft 4¢ (Invérse Transform) (3.27)
£2nft _ A .
where e = cos (2mft) + i sin (2nft), -s known as the kernel of the

Fourier Transform. Sx(f) contains the amplitude and phase information
at. every frequency present in X(t) without demanding that X(t) be

periodic.
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An algorithm for the computation of the Fourier coefficients which

requires much Tess computational effort was reported by Cooley and Tuckey

. (1965). This method. is now widely known as the Fast Fourier Transform.

In digital analysis techniques forvana1ysing'a continuous wavefdrm,
the data is sampled, usually at equally spaced intervals of time, in order
to produce a time series of disérete samples which can be fed into a digital
computer. When these samples are equally spaced they are known as Nyquist
samples. The Disérete Fourier Transform (DFT) of such a time series is
closely related to the Fourijer transform of the cohtinuous waveform'from
which samp]és have been faken to form the time series. This makes the
DFT particularly useful for power spectrpm analysis and filter Simu]ation
on digital computers.

.In order to calculate Sx(f) it is necessary to take an infinite
number of samples of the input'waveform.’ As each sample must be separated
by a finite amount of time, one would have to wait forever for the calcu-
lation of 'SX(f) to be tomp1eted. Clearly then, the observation time
has to be Timited in order to calculate a useful Fourier transform. It is
assumed that the input signal is observed (sampled) from some zero time

reference to time T seconds.

“Then
H= N (3.28).

‘where At s the time interval between samples, N, is the number of
sémp1es, and Tw is theltime window. As there are no longer an infinite
~ number of time points, calculation of magnitude and phase values at an
infinite number of frequencies cannot be expected. Equiva]ent]y, the

truncated version of eq. 3.26 produceé a discrete spectrum. This discrete
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finite transform (DFT) is given by

X(t) e 12T gt | (3.29)

wm
>
—
—4
~
i
1 o301

The FFT of the Doppler signal was performed by a digital computer (PDP-11)
using the'software'package of the computer (SPARTA).

3.10 Power Spectrum

The power spectrUm of the received signal, showing the distribution
of the Doppler frequencies in thevbackscattered Dopp]er signal, contains
all the information about the flow field. Important 1nformation which can
be obtained from the power spectrum is the meén Doppler frequency and .
the RMS value of the Doppler signal.

The mean Doppler frequency which is directly proportional to the
‘average bulk velocity of the material is the frequency corresponding to
the peak of the power spectrum. Fig. 3.3(a) and Fig. 3.3(b) show‘a typi-

'ca1 Doppler waveform and the power spéctrumvof this signal respectiyely.
The standard deviation is appro*imate]y equal to (Hyltin et al., 1973)

My v
G%d'—' 5T T 'A82 sin 6 : | (3.30)

where éfd is the standard deviation of'the instantaneous frequency
fai’ f is the half power with of the spectrum, v is the
velocity of the flow field, A is the free space‘wavelength of the trans-
- mitting beam, 46, is the two way 3dB beamwidth and 8 is the viewing
angle. |

The area under the power spectrum curve gives the square of the RMS
value of the Doppler signal, which is proportional to the density of the

material. The area under the power spectrum is calculated using Simpson's

formula as fo]]ows:
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Figure 3.3 (a) Typita] Doppler Waveform
(b) Typical Power Spectrum of the Doppler Signal
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>
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the constant time interval between consecutive data points

(where n=1, n+2=2, ...)
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CHAPTER TV
EXPERIMENTAL PROCEDURES

4.1 Introduction

Experiments were conducted with continuous bulk flow of wheat
fTowing'thfough a section of a plastic pipe. The objective of the
experiments was to verify the relationship between the average buik g !
density of grains ahd the RMS value of the Doppler radar output signal.
Small meta]fﬁc $pheres were used to calibrate the Dopp]er radar. Three
different F]ow-fie]ds were created during the course of experimentation,
e.g. solid f]ow‘field, ho]1ow flow field and elliptical flow field. THe
Doppler signal was proceésed on Tine by an anlog system and recorded for
digita] off Tine processing. Monostatic free space configuration:was 7

used throughout all the experiments.

4.2 . Doppler Radar

A commerica11ybavai1ab1e Doppler transcei?er, model MA—86105>
(Microwave Associates) operating at a frequency of 10.525 GHz énd a staﬁ-
dard waveguide horn, Narda 640, were used as the maih sensing.elements. The
details of the different elementsof the Doppler module and its operation have

~ been  described elsewhere (Hamid, 1975). A block diagram of a typical

Doppler radar is given 1n Fig. 4.1.

4.3 Continuous Flow Experiments

| In the free space configuration, a dielectric pyramidaﬁ box, lined with
an absorbing mat, with the plastic pipe passing through tHe box and
.the Doppler radar module fixed at the other end of the box; was used

throughout the experimentation in order to screen the interaction area

30
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Figure 4.1 Block Diagram of a Typical Doppler Radar
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from the surround1nqs and to minimize- stray ref]ect1ons A general view
of the experimental arrangement for a single scattering particle and for a
continuous bulk flow is given in Fig. 4.2

In all the experiments, gravity flow was employed, in which the
test material fell freely from a large hopper,’through~a section of plastic
pipe into a co11eéting bucket Tocated underneath. The material was
recirculated by an auger conveyor. |

The experiments were designed to measufe the RMS value of the Doppler
éigﬁa] as a function of density of the material. The velocity of the
material was measured at a fixed boint in the flow field and kept at a
constant value. The flow rate was varied by p]acihg plastic orifices of
different sizes on fhe'top of the h]astic pipe in order to vary:the~average
bulk density. The moisture content and,temperatufe of the material were
kept constant at 12.5 percent (Wét basis) and 70 F, respectively.

Weighing is a primary standard of flow measurement, and therefore,
a direct weighing technique was used to determine the mass‘f16w rate, for
the purpose of calculating the average density of the test material falling
freely through the pipe.’ | |

A viewing angle of 42.5° was Qsed in all experiments becéuse it was

found optimum for the measurement of the velocity of the target (Hamid, 1975).

4.4 Ana]og Signal Processing Arrangement - On Line

In the analog signai processing arrangement, the Doppler module was
supplied from a power supply (HP 6220 B). The output signal from the
module was amplified by a bass—band amplifier (PAR 113) and further disb]ayed’
on the screen of a storage oscilloscope (Tektronix 564 B). A true RMS
voltmeter (HP 3400 A) was incorporated for measurement of the RMS’value»ofv

the Doppler radar signal. A strip chart recorder (Clevite Brush Mark 220)
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Figure ‘4.2 General View of the Experimental Arrangement for Single Scattering Particle and Continuous Bulk
Flow ' '
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Qas used for continuous recording of the DC outﬁut signal from the true

RMS voltmeter which was proportional to the RMS value of the Doppler signal.
Averaging times of 1,3, and 5 seconds were used. Capacitors of 1000, 3000,

and 5000 uF were ¢onnected in parallel to the input of the strip chart

: reéorder. A Qenera];view of the analog signal processing arrangmént is

shown in Fig. 4.3.

4.5 Digital Signal Processing Arrangement - Off Line

In the digital signal processing system, the Doppler signal was
amplified by a.pass—band amplifier (PAR 113) and dispTayed on a storage
oscilloscope (Tektronix 564 B). The signal was continuously recorded on
magnetic tape by a tape recorder  {Sony TC-126) for'fufther processing'by
a digital computer. The signal waé then fed through a pass-band amplifier
 to a digital computer (Digital Equipment Co. PDP-11/40) through Lab Peripheral
System LPS-11. - The signal was digitized at the rate of 2000 points per second.
A sample of the digitized Doppler signal displayed on the screen of the
computer CRT-is shown in Fig. 4.4. A general view and a schematic &iagram of
the digital signal processing arrangément are given in Fig. 4.5 and Fig. 4.6,
respectively. |

The PDP-11 computer is interfaced with the LPS-11 Lab Peripheré1
System. The system houses a 12-bit A/D con&erter, a programmable real time
‘c10ck, a display unit and a 16;b1t digital I/O option. ‘A schematic diagram
of the LPS is shown in Fig. 4.7.

The information and commands were communicated to the computer by tele-
type. The results of the computations were displayed on the screen of the
display unit (LPSVC). The A/D converter (LPSAD-12) sampled the analog data
(Doppler signal) at specified rates and stored the equivalent digital -values
for subsequent processing. A schematic diagram of LPSAD-12 is shown in

Fig. 4.8.
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Figure 4.3 General View of the AnaTog SignaT Processing Arréngement
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‘ ' . Figure 4.5 General View of the 'Di'gital' Sigha'l Processing Arrangement :
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The fast Fourier transform and the power spectrum were calculated by the
computer by using the software package of the computer (SPARTA). The power
spectrum was displayed on the screen and the RMS value of the Doppler signal
and the mean Doppler frequency were calculated from the power spectrﬁm, The
Doppler signal from meta]iic ca]fbrating spheres was also analysed by a

digital computer.

4.6 Experiments for Average Bulk Density Measurement of Wheat

In continuous flow experfments, the average bulk density of wheat
was measured by mgasuring ﬁhe mass flow rate by a direct weighing and timing
technique. The velocity of the grains was measured at a fixed point in
thé flow field and kept at a constant va]ue; The area of the flow field

was assumed to be the same as that of the orifice.

4.7 . Procedure of Creating Flow

Four different flow fields were created during the period of
f expérimentatidn. The four different flows employed were, single scattering
particles (metallic spheres), continuous solid bulk flow, hollow flow and
elliptical flow.

For single scattering particles, metallic spheres of different sizes
‘were used. A small hole was made in the metallic pipe, welded to the bottom
of the hopper, to accomodate a flexible plastic tube for dropping the metal
spheres in the centre of the plastic pipe. A general view showing the
arrangement for single scattering particle is shown in Fig. 4.2, So]id'
bulk fTow was obtained by plastic orifices of different sizes in order to
have different bulk densities at the centre of the pipe. The ho]iow flow field
was created by attaching circular cones of different sizes in the centre of
»the orifices. Elliptical flow was the result of an elliptical orifice

placed at the top df the plastic pipe.
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4.8  Signal Recording Unit

A tape recorder (Sony TC-126) was used for recording the signal
on magnetic tape for further processing by a digital computer (DEC PDP-11/40).
'Frequency response of this recorder was 50 - 10,000 Hz for standard cassette
and 50 - 13,000 Hz for chromium dioxide cassettes. This tape recorder
has two input dhanne]s, microphone inputs and Tine inputs. The signal to-

noise ratio for the'tape recorder was 45 dB.



CHAPTER V
RESULTS AND DISCUSSION

5.1 Introduction

Following the procedure outlined in Chapter IV, metal spheres of
various sizes were used for calibration of the radar system. The RCS of
columns of wheat falling in a plastic pipe wefe then measured by measur-
ing the RMS values of‘the Doppler signal. The average bulk densities. of
“the falling columns were determined for different mass flow rates. The
'experimental uncertainties in the measurements of the average»bu]k density,
the average mass flow rate, and the corresponding RCS weré analysed.
Doppler signals were processed by two different techniques: an analog,
“(on Tine) énd a-digital (off line). Various experimental results of
the RCS as a functidniof'the average bulk density of granu1ar material
are presentéd. VTheoretica] results are compared with the experimental

data.

>

5.2 Calibration of the Radar System

Metallic spheres of different sizes, with RCS calculated theore-
tically, were used to calibrate the radar system. This method of com-
parison is quite common. In this methbd the powef scattered by the
object under test is compared with the powér scattered by a standard
Tocated in the same position as the objecf; A metallic sphere is commonly
used as a RCS standard. |

The RCS of most.of the particulate solids of interest falls in the
Rayleigh region (for the selected frequency range) and, therefore, small
méta11ic spheres were used. Theoretically, the monostatic scattering

cross-section of a metal sphere in the Rayleigh region is given by eq. 3.9.

43
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Experimentally, the RCS of a sphere was determined by a digital
compUter. The signa1‘was digitized at a rate of 2000 points per second.
A general view of the digitized Doppler signal fed to the computer for a
single scattering particle (metal sphere) is shown in Fig. 5.1. Fig. 5.2
.depicts a typita] power spectrum of the Dopp1er signal obtained by digital
processing of the outpuf signal from the Doppler radar sensor shown in
Fig. 5.1, The areakunder the power spectrum curve was determined, and was
related to the RCS of metallic sphere calculated theoretically.

Table 5.1 gives a comparison of theoretical and experimental values
of the RCS of various metallic spheres, The experimental values are in good

agreement with the theoretical ones.

TABLE 5.1
Comparison of Experimental and Theoretical Values

of the RCS of Various Metal Spheres

Uncertainty
in .
Diameter  Theoretical Theoretical Experimental Theoretical Difference
(m) RCS RCS A .
- - * : *
+2.5x10 . x 1074 m? (+%) 0/0O 0/60 (%)
.0078 2.350 1.702 ©7.34 ~7.339 0.013
.0064 - 0.720 1.805 2.250 ' 2.388 5.77
0056 0.320 I P T— R
.0048 0.128 3.450 0.400 0.372 7.00

.0040 0.042 4.760 0.131 0.130 0.760

* .
The RCS of ‘a .0056 m sphere
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General View of the Digitized Doppler Signal Fed to the Computer
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Figure 5.2 Typicai Power Spectrum of the Doppler Signal Obtained by Digital Processing
of the Qutput Signal from the Doppler Radar Sensors Shown in Fig. 5.1
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5.3 Calibration of the Flow Field

A direct weighing and timing technique was employed in order to
determine the average mass flow rate of wheat in the continuous flow experi-
ments. The avéragé bulk density of the flowing wheat was calculated from

the following eq. 3.1

A
av av av av
where, Mav is the average mass flow rate in Kg/sec, Aav' is the average

area of cross-section of the illuminated flow field in'mz, DaV is the

average bulk density in Kg/mg, and VaV is the average velocity of

grains in m/sec.

The average veTocity of the flowing material, Vav’ was calculated

from the mean Doppler frequency meaéured by a frequency counter (Monsanto
Model 105A). A schematic diagram and a general view of the frequency
counting arrangement are given in Fig. 5.3 and Fig.15.4, respectively. The
mean Doppler frequency'was'a1so determined from the power spectrum of the 
| Dopb1er signal. The results wiT] be discussed in 5.5.4(b). The Doppler

frequency and the velocity of target are related as follows (Skolnik, 1962):

2f0 . ‘
fd ==V cos 6 (5.1)
and hence
_ _C '
V= fy4/cos 8 (5.2)
0

where v. is the velocity of moving material in m/s, fd is the Doppler
frequency in Hz, fo is the frequency of transmitted beam in Hz; c 1is
the velocity of propagation of the electromagnetic waves in m/s, and ©

is ‘the viewing angle in degrees.
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Figure 5.4 fGeneral View of the Frequency Counting Arrangement
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In the experiments reported here an averaging time of 3 sec was
used to calculate the average Doppler frequency. This proved to be
necessary because the Doppler Signa1 scattered by the bu{k flow of wheat
is not steady in time. The free falling flow of wheat consists-of bunches
rather than a continuous flow. The particles neither move in.one direc-
,tion_nor_have they the saﬁe velocities. The particles have random move-
 ments, i.e., spinning, bouncing, to and fro motions etc., and have different
scattering properties which make the Doppler signal complex. Simiiar
results have also been reported (Marshall and Hitschfeld, 1953) for scat-
tering and attenuation of meteoroéicé] particles. It was shown that
aﬁvinstantaneous observation of the received signal gives very Tittle
information about the precipitation, and the signal at any given range
has to be aQeraged until a large number of independent returns have been
received. | | |

Velocity measurements of granular materials by Doppler radar have
been done aﬁd.reported e]sewhere (Hamid, 1975). It was found that the
frequencies of the Doppler signal from single scattering particles were
spread over a finite bandwidtﬁ, but the’mean frequency of the Doppler
spectrum gave accurate values of velocities for a given viewing angle. A
simb1if1ed diagram showing the reference point for velocity measurements -
in the flow field is shown in Fig. 5.5. -

The cross-section area of the flow field was assumed to be the
same as that of the orifice through which the material fé11 in the centre
of the plastic pipe. Some small dispersion occured as the material
bpassed through the orificé and moved in the pipe. The resulting uncertainty
in measurement of the average bulk density.due to the chénge in the cross-

section area of the flow field will be discussed in 5.4.1.
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Substituting eq. 5.2 into eq. 3.1 and rearranging

M
D =—2 . 2f . cos (5.3)
av .Aav't' fq 0 .
where symbols carry the same meaning as in-egs. 3.1 and 5.2. The
average bulk densities calculated for different mass flow rates of wheat

are listed in Table 5.2.

5.4 Experimental Uncertainty

The uncertainty in caculating the averaée bulk denéity of wheat
from eq. 5.3 is caused by»three uncertainties, namely in measuremeht~of'the'
cross—section area of fhe flow field, 1n‘weigh1ng‘of the granular material,
and’in recording the time of flow i.e., starting.and stopping the stop
watch synchronously with the flow. The other parameter creating uncertainty
1ﬁ density determination is the velocity of particulate solids which has

been analysed and reported elsewhere (Hamid, 1975).

TABLE 5.2 | :
Average Bulk Densities of Wheat at Different

Flow Rates, Average Velocity = 2.2 m/sec

Diameter of the

Flow Field ’ Flow Rate Average Bulk Density
m (ko/sec) (kg/m°)
0.05 534 - 125.3
0.04 .310 113.3
0.035 .209 98.7
0.03 | 134 88.0

0.025 .074 ‘ 67.9
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QThe uhcertaiqty in determining the RCS comes from uncertainties in
measurement of the diameter of a calibrating sphere‘and in'measurement of
the RMS value of the Doppler signal by a RMS vo]tmeter. Errors in calcu-
lating the RMS value of the Doppler signal by a computer are very small and,
therefore, can be neglected.

A method of estimating uncertainty in experimental results has been
suggested (Kline and McClintock, 1953) in the following forﬁ.

If S is a given function of independent variab1es X1s Xo» x3,’...;

“Then

_ 5 .2 ., 39S 2 aS
H = LS w) ™+ (Somp)™ + e

: 4 | (5.4)

where WS is the uncertainty in the wesult S, ’w], Wos oo and w, are the

uncertainties in the independent variables.

. 5.4.17 Density

The average mass flow rate of the granular material is giyen)by eq. 3.1

Mav = Aav X Dava Vav | (5.5)
where notations bear the same meaning as in eq. 3.1 . Further .
MaV ' '( 6)
D., = +—ov— : 5.6
av Aav X Vav
whi]e_
_u ' .
M. = T . (5.7)

av

‘where W is the weight of the material in kg, and T is the time period of

the flow in‘seconds.
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Substituting eql 5.7 into eq. 5.6

where symbols carry the same meaning as in eqs. 5.6 and 5.7.
The uncertainty in the calculation of the density can be found by
differentiating eq. 5.8 with respect to independent variables, W, T,‘ v,

and- A as follows:

aD :
av _ 1
W Aav "Vav - T
Day - W
oT 2 -
Aav Vav T
Day - W
oV 2
Tlav Aav Vav T
8Dav - W
oA 2 ~ ;
- av AaV Vav T
Hence
3D aD 3D oD :
- r(__av 2 av . 12 av 2 av 2-1/2 :
"o, T Hmr )T b )" GGy wg)® ¢ (g ) (5.9)

wHere, WDav is the‘uncertainty in the average bu]k’density of particulate .
‘solids, Wys Wos w3,' and W, are the uncertainties in the weight of
- material, time period of the flow, measurement of the velocity of particuiate
solids and the cross-section area ofAthe flow fie]d,\respective]y.

The experimental uncertainty in measurement of the average bu]kil

density of_granular maferia1s calculated from eq. 5.9 is given in Table 5.3

for three bulk densities.
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TABLE 5.3
Uncertainties in Measurement of the

Average Bulk Density of Wheat, Average Bulk Velocity = 2.2 m/sec

Diameter‘of the Average. Bulk
Flow Field Column Density Uncertainty
(m) (ko/m’) (%)
0.050  125.3 | 5.6
0.035 98.7 5.7
0.030 | 88.0 o - 6.0

- 5.4.2 Radar Cross»section

If the diameter of the sphere is d + Ad, 1instead 6f d, the RCS

is given hy |

|+ Ady 3+ B :
p (ot ad32 2

4 g
o= K[ 5

Wi

(5.10)

compared with

SEEE N RS

NN

g =

for the nominal diameter d, where d is the diameter of the sphere and

. other symbois are same as in eq. 3.9. Thus for the diameter of 0;0056m,

- the uncertainty of +2.5 x10™°mcauses an uncertainty in o of 3.1 percent.
If the RMS value of the Doppler signal is measured with an uncertainty of

1 percent, the uncertainty in the RCS of column of wheat is 3.25 percent.



56

5.5 Continuous Flow Experiments

5.5.1 Multiple Scattering

The continuous flow of particulate solids involves a problem of
'mu1t1p1e scatterﬁng. The Doppler signal results erm contributions of
signals scattered by a large number of particles. FEach scattering
particle has, in general, different scattering properties. Mutua] inter-
actions between the scatterers also affect the resultant signal. Fluctua-
tions of the radar cross-section with the viewing aspect add to the
complexity of the prob]em;, Furthermore, parfic1es'move'neither'in one
“direction nor at the‘same ye1ocity. Random movementsof particles, along
with the factors discuséed above, result in a complex waveform of the

Doppler signal.

5.5.2 Averaging Technique

The discussion in the previous sectioh leads to the conclusion that
the instantaneous Doppler sﬁgha] contdins Tittle information about the
average flow rate of,granu1aﬁ materials. Howeyer, Tong time averagés (a
few'seconds) of the instantaneous Doppler signa]s'were found to be propor-
tional to average bulk densities. Marshall and Hitschfield (1953) have
demonstrated the necessity of averaging of instantaneous signa1§ scattered
by‘meteorogica1 particles in order to extract the desired information. The
same averaging concept was used by Arts and Roevros (1971) to measure blood

flow rate by ultrasonic means.

5.5.3 Analog Signal Processing Technique

(a) Circular Cross-section Flow Field - The experiments were

performed with wheat falling freely under gravity through plastic or1f1ces

of d1fferent sizes, placed at the top of a plastic. pipe, in order to obtain
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different flow rates and hence different bulk densities. The objective

of the experimentswas to find a're1ationship between the average RMS value

of the Doppler signal and hence RCS and the average density of the flow field.
Figs. 5.6(a), (b), and (c) show the typical recordings of RMS value of the
Doppler signal averaged for 1.sec, 3 sec, and 5 sec.

Inspection of Figs. 5;6(a), (b), and (c) reveals that 1 sec averaging
time is insufficient to obtain reliable information about the flow field.
However, 3 sec and 5 sec averaging time was found to be sufficient to eXtract
quantitative information about average flow rates of particulate solids.

The RMS value of the Doppler signal fok 1 sec averaging time varied + 9 percent
around the mean va1ue obtained for 5 sec averaging time,'whf1e'jt varied only
+ 1 percent for 3 sec averaging time. As the difference between 3 sec and
5 sec averaging for the Doppler signal output is small, therefore, 3 sec
averagihg time was considered to be appropriate for reﬁrievihg meaningfu1
,informationAabout the flow field. | “ |

| The RMS values of the Doppler signal recorded at different flow
- rates having diffefent bulk densities, were used to calculate RCS of cQ1umns‘
Aof7Wheat. fhe RCS ef the coTumn of wheat with bulk density of 125.3 kg/m3
computed'by a digital computer‘Was used as a reference, e.g., it is common
invFigs.S.f(a) and (b). Fig. 5.7(a) shows the RCS as a function of the
average bulk density of wheat. It is evident from this figure that the RCS
varies Tinearly with the bulk density. The RMS deviation of the experimental
points from the straight Tine calculated by least square analysis is equal
to 1.2 percent.

(b) Ring Cross-section Flow Field - Experiments were also conducted

with the flow of wheat with a ring shape cross-section having a hollow

space in the centre of the flow field. The objective of this test was to
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investigate the effect of the distribution of particles in the f]bw field
on the RMS value of the Doppler signal. As the Doppler signal voltage
depends upon the number of scattering particles moving across the antenna

beam, as long as the shape of the flow field is circular, and regérd]ess

the air spaces between them, it was found that the RCS of a hollow column of

grain also varies linearly with the density. The RMS deviation of'the
ekperimenta1'poihts from the straight Tine ca]cu]ated by least squares
~analysis is equal to 0.23 percent.

The sTopes of the characteristic i.e., RCS versus average bulk
density of wheat (processed by analog technique) calculated by Tleast
squares analysis for different flow field shapes are listed in Table 5.4.
As the difference between the slopes for circular and ring cross-section
f}ow fields is very small, therefore, the experimental values for c{rcular
and'rihg cross-section flow fields were combined to calculate the slope of
the characteristic shown in Fig.v5.7(a). The experimental points of RCS
for circular and ring cross-section flow fields of wheat vefsus'theﬁr
average bulk densities are plotted in Fig. 5.7(a) for the purpose of com-
'pafison. The experimental poihts fell reaéonab]y well on the straight |
line ca1cu1ated for both flow fields. The aforementioned discussion leads
to the conclusion that there is no appreciable effect of the distribution

of particles on the RMS value of the Dopp]er signal.

(c) Elliptical Cross-section Flow Field - Experiments were also
conducted with the flow field of elliptical cross-section. The major

akis of this flow field was 6.2 cm and the minor axis 3.6 cm. The purpose

these experiments was- to investigate the effect of change in shape of the

flow field. Figs. 5.8(a), (b), and (c) show typical recordings of the

of

RMS value of the Doppler signal for three different re]atfve positions of the

flow field in respect to the antenna beam.
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 Slopes of the Characteristics (RCS Versus Average Bulk Density of Wheat

Processed by the Analog Technique) Calculated by Least Squares Analysis

For Different Flow Fields

Shape of the Flow Field : Slope Difference
(%)
Circular Cross-section 0.7317 +0.18
Ring Cross-section 4 - 0.7289

Circular and Ring Cross-section 0.7304

-0.20
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Fig. 5.8 indicates that the Doppler signal depends on relative
positions of the elliptical flow field in respect to the antenna beam.
It is appreciably larger, i.e., 700 mV at the average bulk density of
110 kg/m3, when the antenna beam is parallel to the minor axis of the
flow field, c&mpared»with 500 mV and 550 mV when the antenha beam is
parallel to the major axis and at an angle of 45° to the major axis of
the flow field, fespective]y. Similar results have been'reported
(Crispin and Moffett, 1965). It was concluded that the RCS of an ellip-

tical ogive varied with its orientation in the antenna beam.

5.5.4 Digital Signal Processing Technique

(a) Power Spectrum - Doppler signals recorded on the magnetic tabe

for thé continuous fiow experiments of Wheat, were amplified ahd fed

into a laboratory digital computer:(DEC PDP-11) and were digitized at a
rate of 2000 points per second. As indicated in:5.5.3(a) 3 sec time |
averaging gives satisfactory results. Therefore, a group of €144 samples
wefe analysed by digitizing six adjacent 1024-sample. time windows.> For
111ustfation Fig{ 5.9 shows 1024 points of a digitized Doppler signal

fed to the computer. | ' ’

The fast Fourier transforms were performed on Doppler signals to convert

them from the time to the frequency domain. Then the power spectrum was

calculated again using the software of the computer (SPARTA), The program desian-

ed to perform the FFT aﬁd power spectrum using SPARTA LAB Applications-11

is given in the Appendix. Thé area under the power spectrum which is equal

to the équare,of the RMS Va]ue of the Doppler signal was also deter-

mined. Table 5.5 shows the average‘area under the poWer spectrum curve calcula-
ted using the 6144 samples. Inspection of Table 5.5 shows that the differ-
ences between. the area under the poWer spectrum for the first group of 6144

samples and the hext_group taken from the same signal are small. The differences

are
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TABLE 5.5

Area Under the Power Spectrum Curve of the

Doppler Signal for Different Bulk Densities

Average Bulk

~ Samples of the Digitized

Density Doppler Signal Average Area
(kg/mS) (Arbitrary Units)
88.0 1 - 6144 1795573
6145 - 12288 1742561
98.7 1 - 6144 2014235
6145 - 12288 2023204
113.3 1 - 6144 2310703
6145 - 12288 2203652
125.3 1 -6140 2564762
6145 - 12288 2095225
C71.00 1 - 6144 1432412
6145 - 12288 - 1441040
82.7" 1 - 6144 1690115
6145 - 12288 1649670
92.0" 1 - 6144 1831226
6145 - 12288 1844613
110.8" 1 - 6144 2173501
6145 - 12288 2279443

. ;
Ring cross-section

flow field
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due to the fact that the Doppler signal variesasa result of variations in the
flow field of wheat. Fig. 5.10 depicts a ‘typical power spectrum of the
Doppler signal shown in Fig. 5.9.

(b) Determination of the Mean Frequency From the Power Spectrum - The

power spectrum'depicted in Fig. 5.10 shows clearly that the Doppler signal
is not a single discrete frequency; which one woqu expect for a para11e1
antenna beam ahd a single scattering partic}e, but contains other frequenciés
spread within a certain band, The spread of the Doppler frequencies‘is well
known for Dopp]er radar in navigation (Bérger,‘1957). In- the repofted
experiments the spread of Doppler frequencies results ffom the divergent
antenna beam, the presence of multiple scattering particles with random
orientations and from increasing velocity in the free falling flow field.
Various techniques such as short—time.autocofre]ation'(Schu1thesis

et al., 1954), frequency discriminations of zero crossing counting

(Ehrman, 1954), have been employed for the mean frequency measurement of a
random signal, énd-the methods based on these techniques have been studied.
The mean frequency of the Doppler signal was determined from the power
spectrum. Since the power spectrum is characterized by a regular distri-
bution, a frequency corresponding to the peak value of the curve was taken
as a mean frequency. Table 5.6 shows a comparison of average Doppler
frequenciesvas determined from pQWerspectraand measured by the frequency
_counter method. Table 5.6 shows that the mean Doppler frequencies determined
from the power spectrum are always higher than the average Doppler fre-
quenties measured by the frequency counter method. The average shift is
equal to 8.8 percent.. This effect is probably due fo the fact that the'
 materia1 fa11s.Under agravity and the velocity increases as it pas§es across

the antenna beam. In other words, there exists atvelocity gradient within
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This problem of mean frequency shift has also been

studied in measurements of gradients of fluid velocities in tubular flow

fields by spectral analysis of the signal from a laser Doppler flowmeter

(Edwards et al., 1970). Fig. 5.11 shows a typical power spectrum of the

Doppler signal, where thecursors indicate the mean frequencies determined

by the two methods discussed.

TABLE 5.6

Comparison of Mean Frequencies Measured by the

- Frequency Counter Method and Calculated From Power Spectra;

Average bulk

Mean fréquency

measured

Mean frequency
by the measured on power

Difference from

density frequency counter spectrum curve the average shift
(kg/m°) (2) () %
125.3 118.7 129. 1.4
118.4" 117.9 130. 0.4
113.3. 118.2 129. 0.7
110.8" 118.8 131. -0.3
98.6 118.4 131. -0.6
92.0" 118.3 | 130. -0.08
87.8 118.2 | 132. ~1.4

: 118.1 129. 0.4

71.0

*
Ring Cross-section Flow

(c) Width of the Spectrum - The discussion in the previous section

Field

Teads to the conclusion that Doppler signals are not of a single discrete

frequency but contain spectra of frequencies. The width of the Doppler

spectrum isAgiven by eq. 3.2



“Figure 5.11 Typical Power Spectrum of the Doppler Signal Showing Positions of Cursors
for the Mean Frequencies Determination by Two Different Methods
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A@Z A@Z '
Afd = T ) - COS (e + "z“")] . (5.1])

where Aez is the two way, 3dB beamwidth. The other symbols carry the
same meaning-as in eq. 3.2. |
The standard deviation is

8 éid%’
fd 2

<

Aez sin 6

- where ) is the free space wavelength in m, v - is the ve]ocfty vector
magnitude in m/sec, © is the angle between the velocity vector and the
centre of the antenna beam in degrees. Table 5.7 gives a comparison of
widths of Doppler spectra and standard deviations ca]cu]afed theoretically

and -determined from power'speétra obtained experimentally.

TABLE 5.7
- Comparison of the Theoretical Half Power Spectral Width

Af . and Standard Deviation 5. with Experimental

d f
: d
Values Determined from Power Spectra - >
Theoretica1* Afd = 21.8 Hz | Theoretica1* Gf = 10.9 Hz
. : ‘ d
v | Difference Between
Average Bulk - ' Experimental and
Density Experimental Afd‘ ExperimentaTchd Theoretical éfd
(kg/m°) (Hz) () @
125.30 20.3 ' 10.2 - 6.4
98.67 19.8 9.9 9.2
87.86 19.5 | 9.8 -10.0
LT
- 82.68 23.8 11.9 + 9.2

Calcu]ated assuming 12° as 3 dB points for the antenna utilized in
‘these experiments
*Ring cross-section f]ow field
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(d) Radar Cross-section Versus Area Under Power Spectrum Curvé - The

area under the power spectrum curve was determined by a digital computer
(DEC PDP-11) using software of the computer (SPARTA). As indicated in
eq. 3.10 Simpéon's formula was used to calculate the area.

As shown in 3.5.2 the RCS of columns of wheat having different bulk
densities were calculated using the area under power spectrum curves of
the‘Dopp1er signal from a metallic ca]ibréting sphére used as a standard
cross-section and comparing it with the area under power spectrum curve
of Doppler signal from fhe target of interest.

The slopes of the characteristic i.e., -RCS Qersus’average bulk
density of wheét (processed by the digital technfque)‘ca1cu]ated by least
square analysis for different flow field shapes are listed in Table 5.8.

It is evident from Table 5.8 that the differénce between the slopes for
circular and ring cross-section flow fields is Very smalT.k Therefore,

the experimental points for both flow fields were combined to calculate

the sTope of the final characteristic. ' The values of the RCS as a function
of average bulk densities of wheat calculated from the spectra are plotted
in Fig. 5.7(b). Fig. 5.7(b) shows clearly that experimental points for

both ffow fields fell reasonab1y well on the straight line ca1cu1ated by the
least squares technique. fhis verifies the thesis that the RCS of a

column of grain debends Tinearly on the average bulk density of the -

particulate solids.



TABLE 5.8
Slopes of Characteristics (RCS Versus Avekage Bulk Density of
“of Wheat Processed by the Digital Technique) Calculated

by Least Square Analysis for Different Flow Fields

Shape of the Flow Field STope Diff?rince
o , %
Circular Cross-section ~.0.7201 +0.36
Ring Cross-section 0.7139 ~-0.50

Circular and Ring cross-section 0.7175 -
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CHAPTER VI
CONCLUSTONS

A need for accurate measurements of mass flow rates of particulate
solids in agriculture as well as in other industries was pointed out and
the potentié] for a flowmeter working on the princio1e'of'the Noppler effect
waSYCOnsidered‘in some areater detail. It is eVident from this research
that a Doppler radar %1owmeter'cah measure continuously the mass flow rate
of particu]ate so1ids in hostile environments and difficu]t;situations with -
‘ good accuracy. The main advantages of the meter arethat it does not reqUire
any mechanical probe to be introduced into the‘f1ow.f1e1d, contains ho
MOvihg~parts and hence is obstructionless. If the cross-sectional area of
the flow field, which depends upon the calibration of the flowmeter, is
known, the mass flow rate can be COmpufed by mu1tip1y1ng the éveraée bulk

density, by the average bulk veTocity and hy the cross-sectional area of the

flow field. : ‘ : >

The bulk density of the wheat used in the experiments was determined by a
diréct weighing technique. The uncertainty found in the measurement of the
bulk density-by this method was not more than 6 peréent in any case.

- A monostatic configuration was employed throughbut the experiments
using a viewing ang]evdf 42.5°. An advantage of the monostatic’configuration'
is that only ohe site is required as compared with the two sites of the
fbistatic configuration, which makes the fTowmetér more economical and suif—
able for industrial applications.

Doppler signals from the flowmeter were analysed by two independent
processing systems: an analog system (on Tine) and a digital system (off line).

It was found that due to semi-random movements of particles in the flow field,
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the Doppler signals were.of‘a very complex waveform and instantaneous
signals did not accord any useful indication aont the density of
particulate solids. However, an integration time of 3 seconds Was
found appropriate to extract informations about the average bulk density
of granular material from the Doppler signal. The power spectrum of
the Doppler signals provided important information about the parameters
of the flow field. The average area under the power spectrum curve
which is eqﬁa] to the square of the RMS value of the digitized Doppler
signal was found proportional to the average bulk density’of.particu1ate
solids. The mean Dopp]er.frequency‘which is proportional to the average
bulk velocity of the flowing material was found shifted, for all investi-
gated flow kates, by about 9 percent in respect to the'frequency of the
peak of ‘the power spectrum. »

High accuracy, fast response, no obstructions in the flow field,
linearity over wide ranges of velocities and bulk densities; suitability
.fdr different granulations ofﬂparticulate soTids, absence of moving
parts, simplicity and Tow cost make this flowmeter a versatile instrument

for a variety of industrial applications.
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APPENDIX

A computer program was developed for calculating the power spectrum
of Doppler signals using software package (SPARTA) of the digital computer

PDP-11. The program is given as follows:

R ADRKO5

* MSCAT1/R!5/S1 13304=
R GSPART

BBU S2 F1 1024

MOP

MSDAT1

MIN S1 1024 1 I1

DDI S1

DLO

BSU S2 S2

FFT S1

FPO ST S 2 F1
MCL

MOP

Tl=

MOU F1 01

MCL

BSU F1 F1

MOP

=T1 :
SAD F1 1000000 . 5
MIN F1 60 30 I1 '
DDI F1 60

DCU

DCV
~BSM NP

BIN F1 A
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