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Level and Inventory Monitoring of Powder
and Bulk Solids
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Introduction

Continuous level measurement is about one thing, e.g. answering the question ihow
much stuff do | haveo. There are many applications where you need to know how much
material is in a bin, silo or other vessel type. Usually the desired engineering unit is
expressed in terms of volume or weight. iMeasuringo volume or weight is not always
the most practical approach, sometimes it isnit even viable. Take those silos you have,
how do you weigh the ingredients if the silos werenit installed with load systems? Not
an easy or inexpensive question to answer. So what do we do? This is where
continuous level measurement sensors and systems come into play and offer a viable
and cost effective approach.

The purpose of this white paper is to discuss and inform about the application
considerations when you need to measure the level of material continuously or simply
determine on a continuous basis how much stuff you have in your vessels.

The Material Being Measured

When desiring to measure the amount of a powder or bulk solid material in a vessel, the
material itself plays an important role on the performance of the measurement, its
precision and also the choice of sensor technology best used. Here are the issues:

1. The bulk density of the material, e.qg. light or heavy, does it vary?

2. What is the particle size of the material? Is it a fine micron size powder or a granular
material? Smooth or sharp edges?

3. Is the material hygroscopic?

4. Does the material vary from batch to batch, load to load or are there seasonal
variations?

Bulk Density: The weight of the material per volume plays an important role in
monitoring the amount of bulk solids inventories or when measuring the level of a pile of
material within any bin structure. Bulk density is usually given in Ibs/ft}, grams/cm?® or
some other metric engineering unit. Conversion between English and Metric units is as
follows:

Lbs/ft® x 0.0160185 = grams/cm®
Lbs/ft® x 16.0185 = Kg/m3
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Grams/cm®  x 62.43 = Lbs/ft®
Kg/m® x 0.0624 = Lbs/ft®

Continuous level sensors will convert from a distance measurement from the sensor to
the material surface to volume and weight/mass. Accuracy of the bulk density of the
material is very important to the accuracy and precision of this conversion. Any
variations in density within the pile of material due to packing (such as with powders)
and any variations from the source of the material from time-to-time or season-to-
season can affect the precision of your mass calculation. Determining an fiaverageo
bulk density that gives you a good accurate calculated value through empirical testing,
or changing the bulk density value periodically, may give you best results.

Heavy material may present problems for level sensor technologies that measure
continuous level through constant contact with the material. The continuous level
sensors, such as guided wave radar, have probes continuously subjected to the
material and loading of the material on the probe. Long range applications with heavy
material, such as cement powder, can exert tremendous pull forces on continuous level
sensor cables that are suspended continuously in the silo. These forces can be exerted
in some magnitude to your vessel roof.

Particle Size: The size of the particle of the material can affect the performance of some
continuous level sensor technologies. Fine micron size powders will completely
envelope contact technologies that may use radar or capacitance sensor techniques.
However, larger particles may not contact the surface of the probe enough, such as with
continuous capacitance level sensors that respond to changing dielectric constants. In
addition, large aggregate particles with sharp edges can damage some continuous level
sensor probes that are continuously in contact with the material.

Ratheling

Flow Characteristics: Some materials do not flow well. This is also
influenced by silo design. Two conditions can exist in a vessel due to poor

Bridging material flow characteristics of material and vessel, e.g.
firatholingo and fibridgingo. A rathole is created when the
material discharges only from the center of the material pile
within the vessel. This is caused by frictional coefficient

between material particles and the vessel wall. CA3US mY dwl-K 2S¢
-tifRrg L) 27 al-uSlitl £
2y +8aaSt =1fa

Bridging is similar except in this case material flows at
IS WY _UiRIy3 2F the bottom of the pile only and then ceases. This ficloggedo condition
al-iSuI tisasyta is created by similar aspects of the material and vessel design as the
(20 rathole. See Figure 2 for an illustration.
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Both of these conditions can create problems for you when trying to measure the
amount of material within the vessel. In both cases you may be detecting the presence
of material and calculating a mass of material that has inaccuracies introduced because
of material absence in the rathole or under the bridge. These conditions create
production problems as well and material flow problems need to be dealt with in order to
improve the precision of your continuous measurement system based on level sensor
technologies.

Hygroscopic Material: This material characteristic closely ties in with the previous topic
on flow characteristics. When a material is said to be hygroscopic it readily attracts
water molecules from the surrounding environment

through absorption or adsorption. An example of a e
hygroscopic bulk solid material is sugar. Many times RH < 50% RH > 50%

the moisture absorbed/adsorbed simply comes from

humidity. Combining with moisture the bulk material

may become very difficult to flow and may present

challenges for some continuous level sensors and

measuring systems.

4> BN A |

Batch Variability or Seasonality: The material density is . N o

) ) Ch3dzlS o 1A3IK wSE-IMgS 1dzY IRIuE
important to converting level sensor measurements to /2y aiy/5R giik 1831202010 a6l

a mass value, as we previously discussed. Batch al-15 20 Ct2¢ ti20tSYaly +5aasta
variability and seasonality are interrelated with density.

Some bulk materials, such as grain, have a varying density level because of varying
moisture levels from farm to farm, batch to batch etc. and this means that your average
density value either needs to change or be adjusted to take this into consideration when
making the conversion.

Angle of Repose: One final note about the material that affects the choice of =~ et
level sensor technology as well as the precision of the conversion from the
level measurement to mass. Since we are only specifically talking about
automatic level control and measurement of powders and bulk solids the
flow profile within the vessel is an issue. While liquids present with a flat
surface in a vessel, making level sensor applications easier to handle, a
bulk solid material will form a pile or create a depression. This CA3dzS ny 1y3ES . duifRuyL) 1
means that the bulk material will present a sloped or angled Yy2oyld 1y3ts 2T wali2ds
surface to the level sensor. The angled slope is commonly

referred to as the angle of repose. The importance of this is due to the fact that the
level sensor measures the distance between the sensor and the material surface at a
single point. Depending on where that point of measurement is on the angle surface, a
different distance/level is measured and therefore a different mass
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calculation/conversion is made even though the material amount hasnit changed. This
will be discussed again when we talk about real-world accuracy.

The Vessel Containing the Material

This is all about size, shape and the accuracy of the vessel dimensions. A continuous
level sensor will measure the distance/level and then convert, sometimes using off-
board software, to volume and then finally converting the volume to weight. The
dimensions of the vessel must be accurate if the calculation of volume is to be accurate.
Having a dimension, such as the height or diameter or a cylindrical vessel like a silo,
wrong by even 16 can equate to hundreds or even thousands of pounds of material that
the conversion will be off. Drawings of the vessels are not always accurate with the
fabricated bin or silo. Check actual dimensions versus the drawings before using them.

Filling/Discharge Systems

The method of filling and discharge of the vessel can impact your overall precision and
CI30US pr alkiSukt {kIIS ly {itz2 =kSy”  the location, if not the choice, of the continuous level
CisR sensor. For example, pneumatic filling of a powder
introduces far greater dust into the vessel atmosphere
than does gravity feeding the vessel. Heavier dust can
impact the performance of through-air level sensor
technologies such as ultrasonic, laser and radar.

The location of the fill inlet and discharge will impact the
shape of the material surface and the location where the
continuous level sensor should be installed. In addition,
some bins may have multiple fill and discharge points,
further complicating the shape of the surface and the
choice and location of continuous level measurement
technology. Complex systems have arisen that are based
on some form of continuous level measurement
technology, such as ultrasonic or laser, that actually claim to be able to map the
material surface and determine material volume. However, these devices still must use
vessel dimensions and material bulk density values that you provide. They do promise
improved precision, but at high purchase prices. These will be reviewed later.
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Environmental/Other Issues

Other issues effecting the application of continuous level sensors for measuring
powders and bulk solids include the following:

1. Process Temperature: The temperature inside the bin is important to selecting the
proper level sensor. All common continuous level measurement sensors are
invasive, e.g. they have a sensor element sticking into the vessel. This applies to
weight & cable, ultrasonic, guided wave radar, open-air radar and laser. Only
weighing systems and radiometric (nuclear) level sensors are non-invasive.

Materials of construction of the level sensor must be compatible with the minimum
and maximum temperatures that the invasive element will see within the bin. Many
sensors use a combination of elastomers, polymers and metals. Check to be sure
that the level sensor specifications are compatible with your application. Sometimes
a maximum temperature may exist fiintermittentlyo rather than continuously. This is
important to note as well. If your internal temperature is outside the limits of a
chosen technology or brand, look for another or contact the manufacturer if the
extreme condition is only intermittent.

Internal bin temperatures can also affect the local ambient temperature seen by the
part of the sensor external to the bin. This can impact electronic performance. Most
level sensor electronics are designed for a maximum of 65-75A C (149-167A F) and a

minimum of -40A C (-40A F) 9T80iia 27 1Y oISyt YR 1120884 (S Y LISIHiISa ‘
ambient temperature. Care 200° e — T
. | | | | | |
must be taken to ensure that :;3 EEE T 1]
the ambient and internal bin e 55| Bt fe o
. eratt | % A
temperature effects combined o100 anes
. . o 5 %
will keep the electronics within 50° -
P 100 200° 300° 400" 500"
the acceptable limits as A o S AR A
specified by the C13S cf 1Y 6iSyt IyR 20544 ¢SY LSS 97804 2y {15 hLSuIMiy3 wly3S

manufacturer. Refer to

Figure 6 for an example of the combined effects of internal bin process temperature
and ambient temperature for a capacitance point level sensor. As the process
temperature at the invasive level sensor component rises, the allowed ambient
temperature at the external electronics enclosure declines.

2. Ambient Temperature: Discussed briefly above, the ambient temperature typically
refers to the temperature of the air surrounding the electronics enclosure of the
continuous level sensor. This ambient temperature is influenced by environmental
conditions such as outdoor temperature swings if installed outdoors. This swing can
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range from far below OA F (-18A C) to above 100A F (38A C), depending on the
geographic location of the level measurement sensor. Electronic components do not
function properly when subjected to temperature conditions beyond their specified
extremes. The result in what you may see can be anything from a substantial
reduction in accuracy, intermittent or partial operation, and temporary failure to
permanent fatal failure of the level sensor. Abide by manufacturers specifications.

3. Corrosiveness/Abrasiveness: Corrosion and abrasion is related to the effect the
material being measured has on an invasive level sensor probe. Technologies that
are finon-contacto, typically ultrasonic, radar and laser, will not be subjected to as
much of these problems as those level sensors that have probe elements in contact
with the measured material. However, because these non-contact devices are still
invasive, even vapor from the material can be corrosive in some cases. Abrasion
will be related to the material contacting the probe element. Check the compatibility
of the material being measured with the materials of construction of any fiwetted
partso of the level sensor. Consult with the manufacturer.

4. Dust: We briefly discussed or alluded to the impact of dust in a previous section.
Dust is associated primarily with powders or with granular material that are mixed
with smaller particles, such as whole grains from the field. Pneumatic filling of silos
when dealing with powders adds air and creates a mixture of air and particulate.
This creates more dust in the internal environment of the vessel during filling. Non-
contact level sensor technologies are highly sensitive to the amount of dust in the
internal bin environment. The result of dust in the air can
range from sensor failure to intermittent loss of signal and
estimations of signal reflections to fiassumeo a measured
value.

5. Humidity/Clinging Material: Humidity
can produce material that will cling
or stick together (clumping) and
also to the bin walls and invasive \
level sensor probe elements. CIAS Y /E51yAya hi 2F {eraH
This is particularly true with the  g1&8312a020100 {if2

CIAtS T1 1461 {Sya2t {K26y/LyaIRS DIy . Iyl more hygroscopic

/20805R Bl DIy 5z 905y ¢K20IK y2i Iy materials (refer to
?dz'ﬁféﬁ” (26 THK 20}y 72000 BIK akistil previous discussion). If material clings to
vessels and level sensor probes, then a non-
contact level measurement sensor may be
preferred for the application. This will also
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depend on whether the material can come in contact with the sensor probe element
by proximity of the incoming material flow and flying particles (see Figure 7). Proper
level sensor location can minimize this. Non-contact sensors will not be very
tolerant of any material adhering to its probe surface.

6. Frequency of Measurement Required: How often do you really need a measurement
made? The answer to this questions helps qualify whether the smart weight & cable
devices are applicable to your specific need. These level sensors are suitable to
continuously measure the level of material with a practical frequency of 5 minutes or
more. There may be exceptions to this where a shorter measurement frequency
could be used, such as with short vessels of 20 feet or less. The issue is the duty
cycle of the weight & cable level sensor motor. These motors are not rated for
continuous duty. In addition, the travel time of the smart weight & cable level
sensors are from 1 to 2 feet per second. Therefore the fastest response time in a 60
foot high silo might be every 60 seconds. This compares to a measuring frequency
of every second or so with other continuous level measurement sensors.

Most inventory monitoring applications will find a sampling rate of a few times per
day or possibly once per hour acceptable. This is why the smart weight & cable
level sensors are found mostly in inventory monitoring and management
applications.

7. Level v. Mass: What measured value do you need, e.g. Level, Volume or Mass?
This decision will qualify whether the direct mass measuring devices such as load
stands and bolt-on load cells or strain gauges should be considered. If distance or
level is all that is required then your level sensor accuracy is what your system
accuracy will be, there is no conversion calculation to make. Usually conversion to
volume or mass is needed only for inventory monitoring applications.

A Word Regarding Accuracy

This is a good time to discuss precision and accuracy. First, accuracy is defined,
according to Wikipedia, as the degree of closeness of a measured or calculated quantity
to its actual (true) value. Accuracy is closely related to fiprecisiond, a.k.a. repeatability or
reproducibility, the degree to which further measurements or calculations show the
same or similar results. A measurement system or calculation method is considered to
be valid if it is both accurate and precise.

Explaining the difference can be done with an example; that of arrows shot at a target.
Accuracy describes the closeness of each arrow to the bulleye at the target center.
Arrows striking closer to the bullseye center are considered more accurate. If a large
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number of arrows are fired, the precision would be the size of the arrow cluster. When
all arrows are grouped tightly together they are considered to be precise. Hence, it is

possible to be precise, while not being accurate.

In determining the real world accuracy of an inventory measuring system for bulk solid
materials, when using a continuous level sensor as the primary means to make the
measurement, you need to consider both the accuracy stated for the chosen level
sensor as well as the accuracy of the conversion. Consider the following:

Vv Converting from a
measured
distance into

[0St Syazl 20105k mkc™
(KS RIIFY SiSH FiY &l

mass first requires the conversion into
volume. The calculation of the volume of
material is based upon the vessel
dimensions and a measured level of material
at a point on the material surface.

V The location of the sensor on top of the
vessel determines the point on the surface
where the measurement will take place.
How does this relate to the shape of the
material surface or angle of repose? See
Figure 9.

Many continuous level sensor manufacturers
will recommend the sensor location for a
cylindrical vessel with center fill and
discharge to be 1/6™ the diameter in from the

-y

Empty Space

Level Measuring Point
Angle of Repose

A

23.00'

CI3aNS g {Syaz2i [201ii2y 1yR 1y3tS 21 wiLj2aS

sidewall. These are very common vessels. Square vessels can have sensors
located in similar ways, but rectangular vessels and those with multiple fill and

discharge locations may require further thought.

In this example with a round vessel and center fill/discharge with the sensor located
1/6" of the diameter from the wall, if you draw a straight line across the angle of
repose at the measurement point (Figure 9), the volume of material above the
imaginary line and the volume of empty space below the line will be equal. The
sensor location that produces this relationship of 1:1 of the material above the line
versus the empty space below the line should be chosen no matter what the angle of

repose is.
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Vv Calculating volume from a distance/level measurement also requires an accurate
measure of the internal diameter or measure of the vessel. Some vessel
construction can create challenges. Consider a corrugated bin. What exactly do
you use for a vessel measurement? The average right down the middle of the
corrugation is the best dimension.

V A value to be used for the average bulk density is also required and this fiaverageo
number can reduce accuracy and possibly impact precision as well. The accuracy
of the bulk density of the material being measured is important and it affects the
accuracy and precision of the calculated mass. No matter what the bulk density is in
the lab or on the ticket from the transportation company, it may not be exactly
accurate. In addition, remember that packing can also affect the real density at
various points within the pile of material. In addition, flow aids such as aerators or
vibrators may also impact the effective real density of the material.

The real world accuracy of the inventory measurement using a level measurement
system for bulk solids applications is the stated accuracy of the level sensor, usually
stated in terms of distance or level, plus the errors associated with all of the issues we
previously discussed. It is not possible for the manufacturer of the level sensor system
to tell you precisely what the accuracy of the calculated value of mass will be as
converted from the distance/level measurement. However, most vendors will estimate
that typical real world accuracy of calculated mass can be as little as 1% to as much as
between 5-10%. Level sensors used in bulk solids applications providing this accuracy
will cost between $1400 - $3000 and more.

An alternative to provide improved accuracy is weighing systems. However, this is not
practical in some applications, especially with existing vessels. Two types of weighing
systems exist, e.g. the load stand type device that is installed under the supporting
structure of the vessel, and the bolt-on load cell or strain gauge device that bolts on to
the supporting structure of the vessel.

Load stand systems will typically provide 0.2% accuracy or better, and this is mass
accuracy. The real world accuracy is based on the quality of the calibration and the
installation, but should be close to promised accuracies if done correctly. Load stand
systems can cost $5000 and up, plus a significant cost of installation and calibration.
The expense is certainly much more than a typical level measurement system.

The bolt-on load cell or strain gauge device is less expensive, typically around the cost
of a high end level sensor ($2500) and it is easier to install than a weighing system
based on load cells/stands. However, the accuracy is not anywhere near as good with
the real world accuracy stated by some manufacturers being in the 1% to 5% area.
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This also depends on the quality of the installation and calibration, which is very
challenging. With both weighing systems, the installation and calibration is often done
with non-plant personnel and many times is contracted with the weigh system
manufacturer.

Letis compare the level sensor based system to a weighing system:

A Assume a vessel such as that shown in Figure 10. This
silo will hold 133,305Ibs of material that is 40lbs/ft>
density. The volume of the silo is 3326ft* and
dimensions include an overall height of 23{ from top to
discharge and a 156 diameter. The height of the cone is
23.00'  6.5) and the discharge opening is 1§ in diameter.

15.00'

Y

3326 ft°
40 Ibs/ft*?

133,305 Ibs First, letis evaluate a weight & cable level sensor system

versus both types of weighing systems. The weight &
cable system has a sensor accuracy specification of
0.5% of the distance measurement. The purchase cost
of this device is $1400. If a measurement is made by
this sensor and the result indicates 166 of material level
(calculated weight is 113,040 Ibs) and the level

CIANS wnt {I-YLIES {2 1LLEOIGiRy measurement accuracy is 0.08§ (0.5% maximum error).

The theoretical error is 565Ibs. If we assume the data
used to make the calculations is only fifairlyo accurate and that a small error exists as a
result, say 1% for the mass calculation given this is a relatively small vessel, we have a
real world accuracy of +/-1300Ibs for this measurement.

Next, consider the weighing systems. The load stand system will be very accurate, but
has a purchase cost of about $5000. It will measure the same 113,040lbs with an
accuracy of 0.2% or 226lbs. The bolt-on load cell or strain gauge sensor would cost
less, about $2500, but the accuracy will only be about 2% or 2280Ibs.

In this example the level measurement system is actually preferred over the bolt-on load
cell system. And while the load stand weigh system provides more accuracy, you would
have to decide whether the added expense to gain the improved accuracy is worth it. In
some cases it may be, while in others it wonit be. If you have an existing vessel, the
level sensor approach will be the way to go and that is what almost everyone chooses.
Next, weill look at the various level sensor technologies.
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Sensor Technologies / Suppliers

The most commonly used level sensor technologies for powder and bulk solids
applications include the following:

Weight & Cable, a.k.a. Plumb-bob, Yo-Yo, Bin-bob

Ultrasonic, a.k.a. Sonar, Sonic

Open-Air Radar, e.g. Pulse and FMCW types

Guided Wave Radar, a.k.a. Reflex Radar, TDR, Radar on a rope
Laser

X X X X X

Weight & Cable: This level sensor technique has been providing level measurements in
a wide variety of powder and bulk solid level sensing applications for over 80 years, and
perhaps longer. The oldest patent in the USPTO archive that a quick search could
locate was issued on December 21, 1926. Subsequent technological advancements by
several companies took place over the following decades. Most notable are technology
patents issued to Link-Belt Company in 1958, Rolfes Electronics Corporation in 1964,
U.S. Steel in 1970, Bindicator Company in 1974 and Ludlow Industries (a.k.a. Monitor
Manufacturing, a.k.a. Monitor Technologies) in 1979. In addition, significant
contributions made by Garner Industries (a.k.a. BinMaster) have also advanced the
technology.

A weight & cable continuous level sensor incorporates a power supply, motor, weight &
cable system, motor control system, cable distance measurement
system and an output. Upon demand from the user control system
or upon automatic scheduling, the level sensor will operate its
motor to lower the weight and cable system into the bin from its
mounting point on top of the bin. The weight & cable system is
typically a stainless steel cable (some use a chain) with a weight
constructed of aluminum, stainless steel or other material. The
weight & cable system will drop into the bin until it contacts the

ciams e {Y i =83kt s material surface. An optical measurement system is used to

/1085 [S05E {Syazll o8 generate pulse counts that are read by an on-board
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b9 microcontroller. The microcontroller manages the weight & cable
descent and counts the pulses to determine the distance traveled.

This is then relayed through the level sensoris output to a user supplied control system

or a readout (user supplied or with the level sensor). When the material surface is

detected the motor is reversed and the weight & cable system is retracted to its normal
position. The process of measurement is repeated with the frequency determine by the
user. The weight & cable system travel speed is usually 1 to 2 feet per second.
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