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INTRODUCTION TO
LEVEL MEASUREMENT

Level is measured at the position of the interface
between phases, where the phases are liquid/gas, solid/
gas, or immiscible liquid/liquid. Level is simply a
measure of height, defining the position of the inter-
face, that is, the surface where the two phases meet with
respect 1o a reference point. This measurement is often
converted to a volumetric or gravimetric quantity. So,
level may be measured directly, by defining the posi-
tion of the interface; or indirectly, by measuring another
quantity, such as volume, and inferring the level meas-
urement by converting that quantity to a level measure-
ment,

Level is measured at the interface between two mate-
rials. In order for the level of a substance 1o be measured
directly and accurately, this interface must be definite.
For example, the point at which water meets air in an
open tank is a definite interface. Another example
would be the interface formed between oil and water.
The specific gravity of oil is less than that of water.
Therefore, the oil floats on top of, but separate from, the
water and forms an easily defined interface.

On the other hand, liquids that mix well do not form
clearly defined interfaces. So, it is difficult to determine
the level of each substance using level measurement
techniques.

However, many liquids form detectable interfaces
with gases, other liquids, and solids. Solids also form
clear interfaces with gases. Level measurement is

commonly used to determine the amount of these
substances.

Level is a vertical measurement taken from the sur-
face, or interface, to a fixed reference point. Normally,
the reference point is the bottom of the vessel holding
the substance. As with most process variables, level
can be measured by both direct and indirect methods.

Direct Level Measurement

Direct methods employ physical properties such as
fluid motion and buoyancy, as well as optical, thermal,
and electrical properties. To measure level directly, the
position of the interface may be monitored visually
through a sight glass (see Figure 1-1), dip stick, orby a
float device riding on the surface. Displacers, dia-
phragm boxes and air bubble systems are also used to
directly measure level,

The direct measurement of level is possible because
of the relative simplicity of this variable compared with
other variables. Level is simply a measure of height,
while temperature is a measure of the molecular activ-
ity of fluids and almost always requires inferential
measurement; pressure is a measure of force per unit
area; and flow is a measure of volume per unit time.

Direct level measurement does not require compen-
sation for changes in Jevel caused by changes in tem-
perature.  Although liquids and gases expand or
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Figure 1-1. Sight Glass

contract in response to temperature change, direct level
measurements show the actual level of the interface.

Indirect Level Measurement

Indirect level measurement involves converting
measurements of some other quantity, such as pressure
to level (see Figure 1-2). All substances have weight
and exert a measurable force over a given area. This
force, or pressure, is measured in pounds per square
inch (psi). By determining how much pressure is
exerted over a given area at a specific measuring point,
the height of the substance above that measuring point
can also be determined. For example, the formula used
10 determine the height of water in an open tank is;

h = P
433 psi
where:
« h = height
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Figure 1-2. Pressure Gage
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* P = pressure indicated on a gage

* 433 psi = pressure exerted by one square inch of
water, one foot high

Given a tank of water at a reference temperature of
60° F, the pressure reading is .866 pounds per square
inch at amospheric pressure (14.696 psi). The height
of the water is therefore:

2ft. = .866 psi
433 psi

However, this formula is only accurate if the sub-
stance measured is water. For substances other than
water, the liquid’s specific gravity (the ratio of the
liquid’s density to water’s density) must be factored
into the level calculation. For substances other than
water, the formula is modified as follows:

h = P
433 psi(C)

where G = specific gravity.

introduction to Level Measurement 3

For example, the pressure reading for a tank of glycer-
ine at 60°F is .866 psi. Accounting for the specific
gravity of glycerine, the level of the liquid is calculated
as follows:

h .866

433(1.26)

= 1.59 ft.

Table 1-1 lists the specific gravity of some of the
liquids frequently found in industrial plants,

Temperature can also affect the accuracy of indirect
ievel measurement. Substances have a tendency to
expand when heated and contract when cooled. Gases
are greatly affected by changes in temperature, while
solids are affected very litde. Liquids, on the other
hand, are affected somewhat more than solids but less
than gases. A change in temperature causes a change in
density and this affects the amount of force exerted on
a pressure sensor.

For a specific mass or weight of substance, the
volume will increase if it is heated and will decrease if
the substance is cooled. Figure 1-3 shows the differ-
ences in level of two water-filled tanks at different

Table 1-1, Sp'ecific Gravity of Commonly Used Liquids

Specifie

Liquid Gravity
Kerosene {41 APH .82
Diesel Fuel Oil (No. 2D) .82 - .85
Turpentine .86 - .87
Sesame Qil .923
Linseed Qil .25 - .839
Soy Bean Qi .927
Phenol (Carbolic Acid) .85 - 1.08
Water 1.00
Hydrochloric Acid (31.5%) 1.05 @ 68°F
Ethylene Glycol . 1.125
Gilycerine (100%) 1.26 @ 68°F
Glucose 1.35 - 1.44
Freon 1.37 - 1.49 @ 70°F
Molasses “A” 1.40 - 1.486
Corn Syrup 1.40 - 1.47
Sulfuric Acid {100%) 1.83
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temperatures. The level in each tank is different even
though the pressure gage on both tanks reads the same.
The mass or weight of the substance remains constant,
but the volume of the substance has changed because of
a change in temperature.

Because indirect level measurement is sensitive to
specific gravity and the effects of temperature, it is
necessary to compensate for these factors to ensure
accurate measurement.

Continuous Level Measurement

In many processes, continuous level measurement is
required because it is necessary to know at all times the
exact position of the interface in relation to one or more
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specific reference points.

To iltustrate this concept, consider the water level in
the steam drum of a boiler (see Figure 1-4). For the
boiler to operate most efficiently, it is critical that the
water level remain constant. In most modem boilers,an
automatic control system will monitor and maintain the
water at the correct level.

However, it is also important that the operator be able
to monitor the level. For this purpose, a direct reading
device, such as a gage or sight glass, can be used to
continuously observe the position of the interface. In
addition, temperature-compensated and pressure-com-
pensated gages may also be installed.

Properly designed continuous level measurement
systems continuously indicate the changing level of a
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Figure 1-4. Boiler Steam Drum
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substance.

Point-to-Point Level Measurement

Certain processes require only that the level of a
substance be maintained between two points. Fre-
quently these two points are a high level and alow level.
When this is required, a point-to-point level measure-
ment system is used. Such a system activates control
devices only when predetermined levels are reached.

A surge tank (see Figure 1-5) in a process system is 2
good example of a device which would require point-
to-point level measurement. The exact position of the
interface is not critical. It is only critical that the tank
not overflow or run dry. Thus, the level must be
maintained between the two extremes. When the inter-
face reaches either of the critical points, an alarm or
other indicator will activate so adjustments can be

Introduction to Leve! Measurement 5

Selecting Measurement Devices

Some level measurement methods and devices are
better suited to point measurement than to continuous
measurement. When selecting a measuring device, itis
important to consider the operating parameters and the
physical and chemical properties of the process materi-
als.

All level measurement devices are designed to locate
the interface by responding to distinctive properties of
the process materials. Some devices display the inter-
face visually. Others distinguish differences in terms of
weight, density, electrical properties or the ability of the
process material to absorb mechanical or electro-mag-
netic energy. The properties of the process material will
help determine which devices are best suited to the
process.

Direct methods are not inherently more accurate than
inferential, orindirect, methods of measurement. Other
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Figure 1-5, Surge Tank
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factors specific to the process are often better criteria
for selecting a particular device.

Process variables such as temperature and pressure
affect the properties of the process materials. Some
process materials will be more greatly affected by these
variables than others. Some devices are not sensitive to
these effects and will register accurate measurements
regardless of the cause of the change. Other devices,
which are sensitive to the changes caused by such
variables, must be compensated for to provide accurate
level measurement.

1]



L i l 1

VISUAL LEVEL SENSORS

One of the simplest methods of measuring process
level is by visual means. Dip sticks, sight glasses and
floats are very reliable direct measurement devices,
When installed and used correctly, these devices pro-
vide a high degree of accuracy.

Dip Sticks and Lead Lines

Probably the oldest form of level measurement is the
dip stick (see Figure 2-1). A dip stick is essentially a
stick or rod that is calibrated to indicate level. Two ap-
plications for which dip sticks are commonly used are
to measure the oil level in internal combustion engines
and 10 determine fuel quantities in underground storage
tanks.

The dipstick is lowered vertically into a tank or vessel
until it reaches a reference point. Usually the bottom of
the tank is used 10 ensure that the dip stick is inserted to
the correct depth. The dip stick is then withdrawn and
the level is read by determining where the interface last
made contact with the dip stick. Reading the scale on
the dip stick indicates the level measurement. This
scale can be marked for point measurement or in units
that provide continuous measurement.

A Jead line (see Figure 2-2) acts in the same way asa
dip stick. A steel measuring tape with a weight at-
tached, the lead line can be used in most places that the
dip stick can. Since the lead line can be rolled up into Figure 2-1. Dip Stick
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Figure 2-2. Lead Line

a smaller, compact vmit, it is often easier to handie than
a dip stick. In addition, lead lines can measure much
higher levels than would be practical with dip sticks.

When measuring clear liquids, special chemicals can
be applied to the stick or line that will darken or change
color when immersed in the liquid. The chemical
should not react with the process.

Although the dip stick and lead line methods of level
measurement may seem crude, they are in fact accurate
to about 0.1 percent with ranges up to about 20 feet.
While accurate, reliable and dependable, the technique
still has disadvantages. One limitation to this
measuring principle is that it can only be used to

V

measure level on open process systems. Safety precau-
tions must be observed when the process is caustic or
toxic to persomnel. In addition, it requires that an
operator must interrupt his duties to take the measure-
ment. Finally, a continuous representation of the proc-
ess level is not possible; level is known only at the time
the measurement is taken. These drawbacks limit the
application of these means of visual measurement.

Sight Glasses and Gage Glasses

The sight glass is an important method for visually
determining level. The sight glass (see Figure 2-3)isa

H |
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Figure 2-3. Sight Glass

transparent tube of glass or plastic mounted outside the
vessel and connected to the vessel with pipes. The
liquid level in the sight glass matches the level of liquid
in the process tank. As the level in the tank rises and
falls, the level in the sight glass changes accordingly,
Thus, it is possible to measure the level in the tank by
measuring the level in the sight glass.

Sight glasses operate on the principle that equal
pressure on the surfaces of two connected columns
causes the liquid to seek the same level. To better
understand this principle, consider the U-tube ma-
nometer. With equal pressure on both legs of the
manometer, the level in the two legs will have the same
amount of vertical displacement. For example, if more
liquid is added to the manometer, the leve] in both legs
rises. Applying this concept to a sight glass, one of the
legs is represented by the process; the other is a trans-
parent tube on the outside of the process vessel that is
available for visual inspection. As the process level
fluctuates, the level in the transparent tube changes
accordingly and is a true representation of the process
level. Thus, the level of the liquid in the sight glass will
be equal to the level in the vessel. When it is equipped
with a scale, the liquid level in the sight glass acts as an
indicator for direct reading.

Visual Level Sensors 9

These measurement devices can be adapted to ecither
open or closed tank applications. The closed-tank sight
glass is used in both pressurized and atmospheric proc-
esses. Common applications of this device on pressur-
ized vessels include boiler drums, evaporators, conden-
sors, stills, tanks, distillation columns, liquid accumu-
lators, traps and other such applications.

Sight glasses can also be used in both low and high
pressure process systems. The low pressure gage
shown in Figure 2-4 consists of a clear round tube fitted
between service valves that permits the gage to be
isolated from the process for repair orreplacement. The -
valves are also equipped with ball checks inserted

Glass —T]
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Figure 2-4. Low Pressure Sight Glass
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within the valve chambers that automatically shut off
flow in the event of a serious leak or rupture. The ball
checks permit a free passage of fluid when the process
level is changing, allowing the level in the tube to
change.

In process systems that contain a lquid under high
pressure a reflex sight glass is used. This device is
armored (see Figure 2-5), to permit it to tolerate higher
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* Figure 2-5. High Pressure Sight Glass

temperatures and higher pressures. The viewing glass
is installed in a protective high-pressure housing. The
viewing glass may be as much as one inch thick.

The design of a reflex sight glass is based upon the
optical law of total reflection of light when it passes
from a medium of greater reflective power into a
medium of lesser reflective power. To facilitate read-
ing the level, groove facets are cut in the inner surface
of the glass at appropriate angles, making it possible to
eliminate all light from the vacant space (back portion)
of the glass. At the same time, light is permitted to pass
through the portion of the glass that is covered with the
process fluid. A sharp, clearline marks the height of the
liquid surface, above which the air or gaseous space has
a bright, mirror-like appearance. Light is reflected by
the grooves in the glass above the liquid, but not below
the liquid surface. As a result, the liquid appears the
same color as the background of the chamber, usually
black, giving the greatest contrast. When natural light
is not sufficient to see the level, a lighted plastic strip is
placed in the back side opposite the viewer. This allows
the glass to be used in low light areas and at night.

Gage glasses function in a similar manner to sight
glasses. Gage glasses are typically glass covered ports
in a vessel that make it possible to observe the level of
the substance in the vessel. Many gage glasses, such as
the example shown in Figure 2-6, will have a scale
mounted on the tank that allows the level to be read. A
major disadvantage of the gage glass is that the process
system must be shut down and the tank drained if
repairs to the glass are necessary.

The simplicity and reliability of sight-glass and gage-
glass level measurement devices explains their fre-
quent use forlocal indication. When level transmitters
fail, or are out of service for maintenance, sight glasses
and gage glasses allow the process to be measured and
controlled by manual means. However, sight glasses
do have limitations and disadvantages. For example,
tanks are very often inaccessible, which makes viewing
the sight glasses difficult. In addition, sight glasses are
not designed to provide remote indication. Sight
glasses are also vulnerable to breakage. This could

result in the release of the process product into the

enviropment. Ifthe process is hot, corrosive, or caustic,
the results of accidental spills could be serious. Care
should be taken to install sight glasses in locations

|| | | |
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Figure 2-6. Gage Glass

where the risk of breakage is minimal and they should
be shielded whenever possible.

Fioat Devices

Float devices share the reliability of other visual
sensors. These devices operate by float movement with
a change in level. This movement is then used to
convey a level measurement. With this type.of device,
an object of lower density than the process liquid is
Placed in the vessel, causing it to float on the surface.
The float rises and falls with the level; and its position
is sensed outside the vessel to indicate level measure-
ment.

Many methods have been used to give an indication
of level from a float position. The most common of
these uses a float and cable arrangement, in which the
float is connected to a pulley by a chain or flexible
cable. The rotating member of the pulley is, in tumn,
connected to an indicating device with measurement
graduations. As the float moves with the level in the
tank, a counterweight moves along a graduated scale.
When chains are used to connect the float to the pulley,

Visual Level Sensors 11

a sprocket on the pulley mates with the chain links.
Perforated tape may be used in place of the cable to
drive a dial indicator,

Figure 2-7 illustrates a typical arrangement of this
cable, pulley and counterweight float system. A float
rides on the surface of the liquid. This is attached 10 a
weight by a cable running through a pulley. As the float
raises or lowers due to changes in level, the weight will
also raise or lower by means of the pulley arrangement.
Frequently, the weight rides in a tube or guide similar
to the one shown in the figure. By installing a scale on
the tube or guide, the level measurement can be deter-
mined by the position of the weight as it moves along
the scale. This type of device is commonly used in
applications involving closed tanks at atmospheric
pressure.

A more sophisticated variation of this type of level
measurement uses a steel tape and a spring-loaded
drum instead of a cable and weight (see Figure 2-8).
Here, as the level changes and the float raises or lowers,
the drum either winds in the steel tape or lets it out. A
window in the spring-loaded drum housing allows an
operator to view the graduations on the steel tape and
read them to determine level. A particular advantage of
this device is that the readings can be made at ground
level. This is especially useful for large vessels. Float
and drum devices can also be adapted for remote
indication by installing a transmitter assembly.

Float and tape or cable devices are common in many
industrial applications. They are reliable and require
verylittle maintenance and calibration. Most often they
areused forlocal indication and as auxiliary, or backup,
devices for other types of measuring systems. How-
ever, they are limited to liquid-gas interfaces. These
types of float devices are usually not accurate enough
for foaming liquids.

Magnetic-Type Float Devices

Floats can also be used with magnets to detect and
indicate level. This type of measurement system uses
the attraction between two magnets to follow the level
of a process liquid. Figure 2-9 illustrates a simple
magnetic-type float device. The system consists of a
magnet enclosed in a float ring or collar. A second
magnet, called the magnet follower, is contained in a
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non-ferrous metal ube. The magnet in the float attracts
the magnet inside the tube, and, as the float raises or
lowers with the level of the process liquid, it causes the
magnet inside the tube to raise and lower also. By
sensing the position of this magnet, the level of the
liquid in the tank can be indicated,

This type of arrangement is particularly useful in
corrosive process systems or in processes where the
viscosity of the liquid could plug or deteriorate a cable
or steel tape arrangement. In such systems, it would be
cost prohibitive to create an entire measurement system
of materials able to withstand the effects of the corro-
sive elements. In this arrangement, the only part of the
system in contact with the corrosive process material is

the float, so only the float requires some type of protec-
tive coating.

A variation of the magnetic float level measuring
device can be designed to actuate switches (see Figure
2-10). A magnet attached to a float is housed insid€ a
non-magnetic tube. The non-magnetic tube is attached
to the vessel by small pipes at both the top and bottom
of the tube. This arrangement allows the liquid in the
tube to be at the same level as the liquid in the vessel.

As the float rises with the liquid level, the magnet
maoves up into position opposite the switch mechanism.
The magneric field produced by the magnet attracts the
iron ammature on the switch. The switch is held in the
open position by a spring until the magnet is raised to a

| | | |
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certain point (see Figure 2-10A). Then, the magnetic
pull will overcome the spring tension and the switch
will close, as shown in Figure 2-10B. This movement
tilts a glass tube containing mercury. The mercury
flows to cover the terminals and complete the electrical
circuit.

This electrical circuit might then be used to sound an
alarm indicating a high level has been reached, or o
activate a control device. When the liquid leve] falls
below the set point, the magnet moves, decreasing the
magnetic field and the spring tension retums the switch
to the original position. Other magnetic-type float
devices use the same principle described in the mercury

Visual Leve! Senscrs 13
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switch 10 actuate micro-switches and pneumatic con-
trols.

This type of level measuring arrangement can be used
on open or ¢closed processes. In addition, it can be used
to provide remote level indications or alarms.

| Nonmagnetic tube

Follower magnet
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Figure 2-10. Magnetic Float Switch Mechanism
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VARIABLE DISPLACEMENT

When a body is immersed or partly immersed in a
liquid, it loses weight equal to the liquid weight dis-
placed. Variable displacement level devices utilize this
principle by measuting the weight of the immersed
displacer.

Archimedes’ Principle

To better understand what is involved in variable
displacement measurement, it is necessary to consider
Archimedes’ Principle. Archimedes’ Principle states
that a body immersed in a liquid will be buoyed up by
a force equal to the weight of the liquid it displaces.

This upward pressure acting on the area of the dis-
placer creates the force called buoyancy.

Principles of Variable Displacement

Float actuated level measurement devices operate on
the displacement theory. The float displaces its own
weight in the liquid in which it floats. It will sink into
the liquid until a volume of liquid is displaced that is
equal in weight to that of the float. The float, therefore,
partially displaces the liquid.

When the specific gravity of the liquid and the cross-
sectional area of the float remain constant, the float rises
and falls with the level. So, the float will assume a
constant relative position with the level and its position

DEVICES

is a direct indication of level. Consequently, floats are
referred to as constant displacement devices.

The buoyant force is proportional to the relative
densities of the fluid and the immersed object. If the
density of an object is greater than the density of a fluid,
itwill sink. However, this does not mean that buoyancy
no longer has an effect. In this case, the buoyant force
will partially offset the force of gravity and the object,
called a displacer, will weigh less.

According to Archimedes’ Pringciple, the more fluid
displaced, the less the weight of the displacer. When the
displacer is held in 2 fixed position so that it is only
partially submerged, the displacer will weigh less as the
level of the liquid rises and more fluid is displaced. If
the level falls, less fluid is displaced and the displacer
will weighmore. So, the weight of the fixed displacer
is proportional to the level of the liquid.

In contrast to float devices, which always displace the
same amount of liquid, the amount of Yiquid displaced
by variable displacers depends on how deeply the
device is submerged in the liquid. With variable dis-
placement devices, the amount of displacement varies
with the level of the liquid.

Some of the effects of buoyancy are illustrated in
Figure 3-1. Although the vessels shown are open to the
atmosphere, the principle described applies to closed-
tank measurement as well,

The displacer is suspended from a scale that indicates
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Figure 3-1. Effect of Buoyancy on Displacer Body

its weight at various depths of immersion. In Figure
3-1A the displacer is out of the liquid and its full weight
is supported by the scale. As the scale indicates, it
weighs 10 pounds when suspended in air, When the
level of the tank has risen to immerse about half the
displacer (see Figure 3-1B), the weight of the displacer
is approximately 6 pounds. The displacer’s loss in
weight is equal to the weight of the volume of liquid
displaced.

As the water level increases to fully immerse the
displacer, the weight of the displacer decreases (see
Figure 3-1C). The displacer now weighs approxi-
mately 2 pounds. Again, the loss of weight of the
displacer (8 pounds), is equal to the weight of the
volume of the liquid displaced. So, when the water
level changes from O to 100 percent, the weight of the
displacer also changes proportionally.

Two important points are demonstrated here. First,

when the liquid level is lowered to completely uncover
the displacer, the displacer can no longer measure level.
Any changes in level below the lower end of the
displacer will not be measured. Secondly, the same is
true when liquid level rises to the top of the displacer.
Then, any changes in liquid level above the top of the
displacer will not be detected. Consequently, the span
of the displacer is the distance that the displacer will
respond to the forces of buoyancy. This can be a
significant limjtation if measurement objectives re-
quire 2 continuous measurement over a long span.
However, it is possible to increase measurement span.
Longer displacer bodies can be used and, in some
installations, several displacer bodies (see Figure 3-2)
may be connected together.

Since buoyant force depends on the amount of liquid
displaced and the density of the liquid, it is important to
note the relationship of specific gravity to the change in
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Figure 3-2. Displacer Bodies

weight of the displacer as the level changes. Displacers
used in liquids with lower specific gravity will not
change weight as dramatically as those used in liquids
with higher specific gravity. Consequently, the specific
gravity of the displacer is selected based on the specific
gravity of the liguid in which it will be used.

The following examples can be used to illustrate that
the difference in weight of a displacer is directly pro-
portional to the specific gravity of the displaced liquid.
It is known that a decrease in specific gravity of 50
percent will result in a 50 percent reduction in weight
change of the displacer for the same increase in level.

For example, to determine the weight of the displacer
when it is 100 percent submerged in water, two steps are
required.

First, the volume of the displacer is determined using

Variabie Displacement Devices 17

this formula:
= qDL
4
where
e ® = 314
*» D = diameter
* L = length

Assume that a displacer has a submerged length of
140 inches, a diameter of 2 inches, and is immersed in
water.

v

(3.14)(2in.)¥14 in.)
yi

= 44in?

Step two is to find the weight of the water displaced
by 44 in.%. One gallon of water weighs 8.33 pounds and
the volume of 1 gallon equals 231 in.,

44 = 19% of 1 gallon
231

So, 0.19 gal. (8.33 Ib/gal) = 1.6 Ib.

If the displacer weighs 5 pounds in air and is com-
pletely submerged in the water, the weight of the
submerged displacer is 5 pounds minus 1.6 pounds or
3.4 pounds.

If a liquid other than water is being measured, the
calculation must be modified to compensate for the
specific gravity of the liquid. For exampile, if the liquid
has a specific gravity of 0.5, the calculation is modified
as follows.

(0.19 gal) (8.331 Ibs/gal) (G)

(0.15 gal) (8.331 lbs/gal) (0.5) 0.80

So, the weight of the submerged displacer would be
5.0 pounds minus 0.80 pounds or 4.2 pounds.
Given these examples, it is evident why displacer
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level measuring systems are not used in applications
where they could be immersed in liquids of varying
specific gravities. However, when the specific gravity
of the liquid remains constant, the relative change in
weight will be the same as the rise and fall of the level.
Since the change in weight is directly proportional to
the change in level, the weight scale can be calibrated
in terms of level to provide an accurate means of Ievel
measurement in liquids of constant specific gravity.

Liquid-Liquid Interface
Measurement

An advantage of variable displacers is that they are
capable of detecting liquid-liquid interfaces as well as

Light liquid

Interface

Heavy liquid

Inlet

liquid-gas interfaces. When a displacer is used to
determine the level of an interface between two liquids,
it is always completely submerged as shown in Figure
3-3.

The displacer should be positioned so that its mid-
section is at the liquid-liquid interface. When the
interface level changes, the buoyant forces acting onthe
displacer will change the weight of the displacer. This
change in weight is a result of the change in buoyancy
caused by the difference in specific gravity between the
two liquids. The weight of the displacer is then a
function of the interface position and a direct indication
of the level of the interface.

This application can be used in liquid separators. It
must be remembered, however, that the level indication

|

Figure 3-3. Displacer Indicating Liquid-Liquid Interface
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only represents the position of the liquid-liquid inter-
face and does not indicate the overall level in the tank,

Variable Displacement Level
Measuring Devices

It should be noted that displacers are only sensing
elements. To be a useful measuring device, a displacer
must be connected to a measuring mechanism which,
when sensing the changes in buoyant force, converts
this force into an indication of level. A displacer body
can be suspended directly in a tank, as shown in Figure
3-4, or installed in a float chamber on the outside of the

L

Figure 3-4, Displacer Suspended in Tank
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vessel. Inthe first case, the displacer is directly exposed
to the process and indicates level as buoyancy changes
due to changes in the level of the process liquid. A
major disadvantage of this type of arrangement is that
in order to work on the displacer body, it is necessary to
shut down the system and drain the tank.

More commonly, the displacer is suspended in a float
chamber mounted on the process vessel (see Figure 3-
S). Here the displacer can be isolated by valves and
removed for repair or replacement without draining the
tank.

Regardless of how the displacer is installed, it must be
connected to a device that can sense changes in

Mid
range

Figure 3-5. Displacer Outside Tank
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displacer weight resulting from changes in buoyancy,
This information is then used to indicate level.

A widely used method employs a device called a
torque tube. One such torque tube displacer level
instrument is shown in Figure 3-6. With this instru-
ment, the displacer is suspended from an arm that is
attached to a torque tube or torque rod. A knife-edge
bearing supports the movable end of the torque tube.
This type of bearing provides an almost frictionless

Torque
arm

N

Figure 3-6. Torque Tube

pivot point. The torque tube must be of sufficient
strength to support the full weight of the displacerin the
absence of buoyancy, or when the level is at minimum,
It is a solid or holiow tube that transfers displacer
motion to an electronic instrument or a pneumatic
instrument that will produce a signal proportional to the
changes in the weight of the displacer.

Spring balance displacers are devices similar to
torque tube displacers. In these devices, the torsional

le———— Displacer
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spring of the torque tube is replaced by a conventional
range spring. The indicating portion of the instrument
is located in a separate housing to isolate it from the
process. The motion of the displacer is transferred to
the indicator by means of magnetic coupling. Asshown
inFigure 3-7, the displacer is suspended in the liquid by
means of an extension range spring. As the level in the

N

Displacer

Figure 3-7. Spring Balance Displacer

Magnetic coupling
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tank rises or falls and the weight of the displacer
changes, the spring expands or contracts. A magnet
attached to the displacer rod rises or falls in response to
the displacer movement. Another magnet in the indica-
tor housing follows the displacer magnet and transmits
this movement to either a rotating cam on pneumatic
units, or 1o a slide wire on electronic units.

Ill’l.‘\\\\

7,

— Range spring
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Applications

Variable displacement level devices are most often
used forlocal level indication or control. In pneumatic
and electropic applications, displacers can be used to
generate a transmitted signal, which controls process
level at the field location, and provides measurement
indications at a remote location.

In the chemical and petroleum industries, control of
the interface position is an important consideration.
Field-mounted level controllers are often used for such
liquid-liquid interface applications. For example, if the
water-petroleum distillate interface level in a separator
is controlled at some point around the mid-level value,
the water can be drawn off through a valve at the bottom
of the tank. The valve must be closed when the water
level is low to prevent the loss of product, and open

when the water level is high to maintain the interface

level between the water and the distillate. Field-
mounted liquid level controllers open or close the valve
10 maintain the interface.

When it is desirable to measure as well as controt a
liquid level, devices such as duplex-type controller-
transmitters are available. This type of device operates
from a single displacer and torque tube assembly to
generate two independent signals. One is from the
control segment that positions a control element for
control purposes; the other operates for the remote level
indication or records the level value.

All of the variable level measuring devices covered in
this chapter operate on Archimedes’ Principle and are
relatively simple and reliable instruments for measur-
ing level. However, because displacers are immersed
in process fluids, their material of construction must be
compatible with the process. Displacers are also ex-
tremely sensitive to changes in the density of process
liquids. Because buoyancy is directly proportional to
density, any small variation in density will produce a
significant measurement error. Provisions must be
made to measure and compensate for such changes in
density when variable displacers are used.




| i

HEAD PRESSURE

MEASUREMENT SENSORS

Since level can be determined by pressure, or head,
many pressure measuring devices are used for indicat-
ing level. The operation of these devices is based on the
principle that hydrostatic pressure varies directly with
changes in level.

Hydrostatic Pressure

A Hiquid at rest in a vessel exerts a pressure on the
walls of the vessel. At any given point the pressure on
the wall of the vessel is proportional to the vertical
distance between that point and the surface of the liquid,
and varies with the height of the liquid.

For the purpose of illustration, assume a vessel is 12
inches high, one inch wide and one inch deep. Whenthe
vessel is filled with water at an armospheric pressure of
14.696 and a temperature of 60° F, the pressure exerted
by the weight of the column of water on the bottom of
the vessel is .433 pounds per square inch (see Figure
4-1).

The pressure is caused by the weight of the column
pushing down on a one square inch surface of the
vessel. This information can be used to calculate the
weight of 1 cubic inch of water:

p = 0433Ibs.fin.?
2z

= 0.0361 1bs./in.2

0.0361 is the pressure exerted by a 1 inch high column
of water on a 1 inch square area. Water, like other
fluids, also exerts a force on the walls of the vessel. At
any given point, this force is equal to the weight of the
number of cubic inches measured vertically from the

62.4 pounds

)

G g e S P vE G e . G ]
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144 in.2

One square inch

Figure 4-1. Relationship Between Pressure
and Column of Liquid
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measurement point to the surface of the liquid.

This is more clearly seen if it is imagined that a
vertical column of water 1 foot high has been divided
into 12 one-inch cubes. The pressure exerted at the
bottom of each cube, both on the walls of the vessel and
on the liquid below it, is equal to its own height plus the
weight of all the cubes above it. Since it has been
established that the weight of one cubic inch of water
exerts a pressure of 0.0361 Ibs., it is possible to
calculate the pressure at any point by the following
formula: -

p=h(0.0361 Ibs.fin?)
where:
* P = pressure
» h = height from the top of water

S0, the pressure at a point 4 inches from the surface
of the water would be:

p 4 (0.0361 Ibs./in.2)

0.1444 1bs./in?

Using this information, the relationship between the
weight produced by the vertical height of a column of
water and the pressure exerted on the supporting sur-
faces of the vessel can be used to determine level.
Furthermore, in addition to making it possible to calcu-
late level, the relationship between pressure and level
makes it possible to convert hydrostatic measurements
directly to level in feet or inches. In the following
equations, “WC” stands for water column and is usually
omitted from equations as understood in discussions of
hydrostatic pressure.

1lb/fin? = 231 feet water

= 27.7 inches water (WC)
1psi = 2.31 feet

= 27.7 inches

Open-Tank Head Level Measurement

By examining the previous equations, it becomes
apparent that the height of a column of liquid above a
measuring point can be determined by measuring the
pressure exerted by the liquid at that point. The appli-
cation of this principle to level measurement is funda-
mental. If a pressure gage is installed in the wall of an
open vessel, its reading will provide an indication of the
height of the interface above the measuring point.

Figure 4-2 illustrates an application where the level
value is inferred from a pressure measurement. A
pressure gage placed at a point on the tank that is level
with the surface of the liquid would indicate zero. The
pressure at the surface of an open vessel is always at
atmospheric pressure and, thus, will always indicate
zero. The gage will only provide other than a zero
indication when the pressure applied to it exceeds
atmospheric pressure. When the level in the tank is
raised, the pressure created by the hydrostatic head of
the liquid is applied to the gage. The gage indication
will be used to infer a level measurement. If the
indicated pressure is 1 psi, then the level would be 2.31
feet or 27.7 inches.

If level is to be determined and indicated by measur-
ing pressure, the specific gravity of the liquid must be
known. The specific gravity of water is 1.00. If the
liquid has a lower specific gravity, the pressure exerted
by the column of liquid will be less than that exerted by
a column of water of the same height. For liquids with
a specific gravity greater than 1.00, the pressure exerted
by the column of liquid will be greater.

To compensate for the difference in specific gravity,

the following equation is used:
h = p(231ft)
(6)
where:
* h = heightin feet

* p = pressure

Q
]

specific gravity

Given that the pressure on a gage is 8.44 psi, and the

' |
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14.696 psi

>

Hydrostatic Leve! Measurement - Open Tank

Figure 4-2,

specific gravity of the liquid is 0.65, the level in the tank
in feet can be determined as follows:

h

(8.44)(2.31)
(0.65)

= 29.99 feet

Some pressure instruments can be calibrated to
compensate for the specific gravity of the process
liquid. This eliminates the need for mathematical
conversions and allows the level measurement to be
read directly from the indicating instrument.

Diaphragm Box

Another open-tank level measuring instrument
which uses the hydrostatic head principle is the dia-
phragm box. The diaphragm box (see Figure 4-3) is
submerged in the process liquid and connected to a

pressure gage by a gage line. The hydrostatic head
produced by the level of the liquid in the tank exerts
pressure on the bottom of the diaphragm causing it to
flex upward. This action compresses the gas in the box
and the gage line. The pressure is applied to a gage or
other pressure element that is part of an indicator
assembly calibrated to indicate liquid level units.

Asthe level in the vessel rises, the pressure exerted by
the hydrostatic head on the diaphragm increases in
direct proportion. The diaphragm will continue to flex
until the pressure of the gas in the box and the gage line
is equal to the pressure exerted by the level of the liquid
on the bottom of the diaphragm.

It is essential to the accurate operation of the dia-
phragm box that the box and connecting gage line be
free of leaks. If the gas inside the tube leaked, there
would be less increase in gas pressure with an increase
in liquid level, and the indications would be inaccurate.

To place the diaphragm box in operation, the liquid
level is lowered to zero or the same Ievel as the bottom
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‘Diaphragm

Figure 4-3. Diaphragm Box

of the diaphragm. Then, the gas in the diaphragm box,
the gage line, and the pressure element are all at atmos-
pheric pressure.

There are disadvantages to this system. One disad-
vantage stems from the fact that the diaphragm is in
contact with the process liquid. This may preclude its
use in corrosive process applications. In addition, atom
diaphragm can admit gas into a process liguid. In some
instances, this can be detrimental to the process. The
system is also sensitive to changes in volume and
pressure caused by changes in temperature.

Air-Trap Sensors

A variation of the diaphragm box system uses an air-
trap sensor, or inverted bell, instead of a diaphragm box
(see Figure 4-4). As the liquid level rises, the hydro-
static head forces liquid up into the bell. As the level of

the liquid rises, it compresses the air trapped in the bell
and the gage line until an equilibrium between the air
pressure and the pressure exerted by the hydrostatic
head isreached. The pressure of the compressed air can
be used to determine level,

This design is useful where extreme operating tem-
peratures or corrosive fluid applications might damage
a diaphragm. However, one distinct disadvantage to
this system is the loss of air trapped in the bell and the
gage line due to air absorption by the process liquid.
Although this problem is more prevalent at high tem-
peratures, it does affect the accuracy of the system and
in many cases precludes its use.

Air Bubble or Surge Tube

An alternative to variations of the diaphragm system
is shown in Figure 4-5. It is known by various names,
including an air bubble, a surge tube, an air purge and
a dip tube. This type of system uses a continuous air
supply that is connected to a tube that extends into the
tank 1o a point that represents the minimum level line.

An air regulator controls air flow. It increases air flow
to the tube until all liquid is forced from the tube. At this
pressure and flow rate, the airbegins to bubble out of the
bottom of the wbe. This indicates that the air pressure
forcing the liquid out of the tube is equal to the hydro-
static head produced by the height of the process liquid
being forced into the tube. The air pressure acting
against the hydrostatic head provides the pressure indi-
cation 1o the gage.

To minimize the need to visually inspect the tank for
the presence of bubbles, a sight device is usually in-
stalled in the air line leading to the tank to monitor air
flow. It can be assumed that air is being forced through
the tube if there are bubbles in the sight glass. When the
liquid head pressure and the air supply pressure are
equalized, as can be determined by constant bubbling in
the sight device, the pressure on the air line can be used
to provide a level measurement.

Constant air flow at the correct pressure must be
maintained to produce bubbling. If there is an air flow
restriction in the tube, it can create a back pressure on
the gage which results in a false measurement reading,

An important advantage to the bubble system is that
the measuring device can be mounted at any location

L |
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Inverted bell

Figure 4-4. Air-trap Method

Air regulator
=
@ T
»
2
Sight flow indicator ;
Pressure gage 3
o)

Figure 4-5. Air Bubble
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and elevation with respect to the tank. This is most
useful for applications such as underground tanks and
water wells. However, as with other hydrostatic pres-
sure systems, the major limitation of these systems is
that they are generally limited to open-tank applica-
tions.

Closed-Tank Applications

In open tanks, measurements are referenced to atmos-
pheric pressure. At atmospheric pressure, the pressure
on the surface of the liquid is equal to the pressure on the
reference side of the pressure element in the measuring
instrument. When atmospheric pressure changes, the
change is equal on both the surface of the liquid and the

reference side of the measuring element. The result is
that no change occurs in the measurement value.

In closed processes, pressure will exert an additional
force on the surface of the liquid. Pressure applied to
the level surface reacts according to Boyle’s Law and
has an undiminished effect on the pressure exerted on
all surfaces in contact with the liquid. Thus, changes in
pressure affect the measurement regardless of where
the measurement is taken.

To compensate for the effects on level measurement
caused by such pressure variations in closed-tank appli-
cations, a differential pressure (d/p) cell is often used to
measure and indicate level. A typical application is
shown in Figure 4-6. In this application, the d/p cell
only responds to differences in pressure applied to two

High side _.__/

\—- Low side

Differential pressure cell

Figure 4-6.

Differential Pressure Cell in Closed Tank

' |
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measuring taps.

Pressure taps are connected to opposite sides of the
d/p cell. One pressure tap is the measuring point on the
tank, which is nsually below the minimum level point
for the liquid. The other tap is usually located near the
top of the tank. The tap in the liquid region of the tank
is referred 10 as the high-side; the other tap, located
above the level of the liquid, is referred 1o as the low-
side. System pressure is sensed by both the high and
low sides. In addition to system pressure, the high side
also senses the pressure exerted by the height of the
liquid. Since both sides are exposed o the same system
pressure, the effects of system pressure are cancelled
and the differential pressure cell only indicates liquid
level.

One potential problem with the differential pressure
method of measuring level is that vapor may condense
in the space above the surface of the liquid and fill the
low pressure tap of the d/p cell with liquid. This can
affect accuracy because the condensed liquid produces
its own static head which causes the d/p instrument
reading to be inaccurate. For example, it would read
below zero when there is no liquid in the tank. How-
ever, the instrument can be calibrated to compensate for
the additional static pressure created by the condensed
liquid. This compensation or adjustment is called zero
elevation.

Other means are also available to eliminate inaccura-
cies due to wet leg problems. For instance, in what is
referred 1o as a wet-leg installation, the low pressure leg
is deliberately filled with liquid. Another method in-
volves the use of a device called a pressure repeater or
one-to-one relay. The repeater is installed at the top of
the tank and linked by pipe to an air relay. The pressure
in the tank actuates the air relay, which is connected to
an air supply. When the pressure in the tank increases,
the relay increases the air pressure on the low-pressure
leg. The relay regulates the air pressure so that it is
equal to that of the tank pressure. When the pressure in
the tank decreases, the relay vents air from the low
pressure leg to maintain the equilibrium.

For corrosive, viscous, or slurry-type process liquids,
d/p cells are available with diaphragm capsules that
protect the cell from corrosion and plugging. The
diaphragm is made of corrosion-resistant material. The
high side of the d/p cell is flanged directly to the process
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vessel. The diaphragm actually serves a dual purpose
since it also prevents solid material in the bottom of the
tank from clogging the differential pressure cell.

In some applications, it may become necessary to
locate the differential pressure measuring device at a
level below the reference point on the tank. The head
pressure caused by the liquid in the connecting tap from
the zero point to the high side pressure tap will canse a
measurement indication on the instrument when there
is no liquid in the tank. To account for this, the zero
must be suppressed. This operation, known as zero
suppression, is the correction adjustment required to
compensate for error caused by the mounting position
of the instrument with respect to the level measurement
reference.
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ELECTRICAL LEVEL

A number of widely used level-sensing devices oper-
ate by detecting differences in electrical properties
created by the interface of process materials. These
properties are:

=  capacitance
* conductivity
*  resistance

SENSORS

Capacitance

Capacitance is the property of an electrical device
that permits it to store energy. Capacitors can be used
to store electricity. Figure 5-1 illustrates a capacitor
that consists of two plates separated from each other by
an insulating material called a dielectric. By connect-
ing these plates to a power supply, electrons are

Insulating media

\/

Tank wall

N

\/

I

Figure 5-1. Capacitor Formed by Two Plates

Plate size fixed

®~— probe
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attracted from one plate and on to the other. The result
is that the plates have opposite charges.

Capacitors are capable of storing and holding the
charge until they are discharged. The amount of charge
that can be stored is determined by three factors: the
area of the plates; the distance between them; and the
type of dielectric used. This relationship is expressed
by the following equation:

C = Xka
D
where:
» C = capacitance
+ K = dielectric constant
« A = areaof the plates
+ D = distance between the plates

The unit used to indicate the value of capacitance is
the farad (F). In applications involving capacitance
measuring devices, one side of the process container
. acts as one plate and an immersion electrode is used as

the other. The dielectric is either air or the material in
the vessel. This configuration is illustrated in Figure
5-2. The area of the plates and the distance between
them are both fixed values. The dielectric varies with
the level in the vessel. This variation produces a change
in capacitance that is proportional to level. Thus, level
values are inferred from the measurement of changes in
capacitance, which result from changes in the level

In applications where the tank wall is nonconductive,
a single probe which contains two electrodes can be
used. This type of probe is used for point measurement
and is installed horizontally. The terminals of the elec-
trodes are connected to a measuring device. When the
interface passes between the electrodes, the capaci-
tance changes because of the differences in the dielec-
tric constants of the process materials. A second two-
electrode probe can also be installed for high and low
level measurement. For conductive materials, an insu-
lated probe, such as a teflon-coated probe, is used.

In applications requiring continuous measurement,

Figure 5-2. Capacitor Probe

the probe is positioned vertically. Its length corre-
sponds to the measurement span.  As level changes
occur, the total capacitance will change reflecting dif-
ferent dielectric constants of the process liquid.

The change in capacitance is a direct function of the
dielectric constant. As the level of the measured mate-
nial increases, it replaces the air or dielectric between
the electrodes or plates. The dielectric constant of air
and most gases is 1. Table 5-1 indicates dielectric
constants for some solids. Dielectric constants for
granular materials are listed in Table 5-2.

Temperature can cause the dielectric constants for
liquids to vary (see Table 5-3). Anincrease in tempera-
ture usually causes a decrease in the dielectric constant.
Thus, changes in material temperature can result in
changes in dielectric constant that could cause level
measurement error. In applications in which tempera-
ture variations normally occur and accuracy is critical,
temperatre compensation is required.

In some applications in which probes are used, the
process material adheres to the probe. As the level in

H (1
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Yable 5-1. Dielectric Constants for Solids

Dielectric Dielectric
Material ' Constlant Material Constant
Acetic acid (36°F) 4.1 Paper 45.0
Aluminum phospate 6.1 Phenal (50° F) 2.0
Asbestos 4.8 Polyethylene 4-5.0
Asphalt 2.7 Polypropylene 1.5
Bakelite 5.0 Porcelain 5-7.0
Barium sulfate (60°F) 11.4 Potassium carbonate 5.6
Calcium carbonate 9.1 (BO°F) 4.3
Cellulose 3.9 Quartz 4.3
Cereals 3-5.0 Rice 3.5
Ferrous oxide (60°F) 14.2 Rubber (hard) 3.0
Glass 3.7 Sand (silicon dioxide) 3-5.0
Lead oxide 25.9 Sulphur 3.4
Lead sulfate 14.3 Sugar 3.0
Magnesium oxide 9.7 Urea 3.5
Mica 7.0 Teflon® 2.0
Napthalene 2.5 Zinc sulfide 8.2
Nylon 45.0
Table 5-2. Dielectric Constants for Granular and Powdery Materials
Dielectric constant, Dielectric constant,

Material loose packed

Ash {fly) 1.7 2.0

Coke 65.83 70.0

Gerber® oatmeal 1.47 Not tested

Linde® SA moiecular

Sieve, dry 1.8 Not tested
20% moisture 10.1 Not tested

Poiyethylene 2.2 Not tested

Polyethylene powder 1.25 Not tested

Sand-reclaimed foundry 4.8 4.8

Cheer® 1.7 Not tested

Fab® (10.9% moisture) 1.3+ 1.3+

Tide® 1.58

VEL® (0.8% moisture) 1.25 1.25
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Table 5-3. Dielectric Constants for Liquids

Material Temp. Dielectric Material Temp. Dielectric

°F constant °F constant
Acetone 71 21.4 Hexane 68 1.9
Ammonia -30 22.0 Hydrogen chloride 82 4.6
Ammonia 68 15.5 Hydrogen sulfide 48 5.8
Aniline 32 7.8 Isobuty! alcohol 68 18.7
Aniline 68 7.3 Kerosene 70 1.8
Benezene 68 2.3 Methy! alcohol 32 37.5
Bromine 68 3.1 Methyl alcohol 68 33.1
Butane a0 1.4 Methy! ether 78 5.C
Carbon dioxide 32 1.6 Napthalene 68 2.5
Carbon tetrachloride 68 2.2 Qctane 68 1.96
Castor oil 60 4.7 Qil, transformer B8 2.2
Chlorine 32 2.0 Pentane 68 1.8
Chlorocyclohexane 78 7.6 Phenol 118 9.9
Chloroform 32 5.5 Phenol 104 15.0
Cumene 68 2.4 Phosphorus 93 4.1
Cyclohexane 68 2.0 Propane 32 1.6
Dibromobenzene 68 8.8 Styrene (phenylethene) 77 2.4
Dibromohexane 76 5.0 Sulphur 752 3.4
Dowtherm 70 3.36 Sulphuric acid 68 84.0
Ethanol 77 24.3 Tetrachiorethylene 70 2.5
Ethy! acetate 68 6.4 Toluene 68 2.4
Ethylene chioride 68 10.5 Trichloroethylene 61 3.4
Ethyl ether -40 57 Urea 71 3.5
Ethyl ether 68 4.3 Vinyl ether 68 3.9
Formic acid 60 58.5 Water 32 g88.0
Freon-12 70 2.4 Water 68 80.0
Glycerine 68 47.0 Water 212 43.0
Glycol 68 41.2 Xylene 68 2.4
Heptane 68 1.9

the tank falls, a layer of liquid can remain on the probe.
This 1ayer can create the effect of 2 change in plate area,
or it may affect the distance between the plates of the
capacitor. In either instance, the amount of capacitance
stored will be affected as well as measurement accu-
Tacy.

Capacitance type level measurement devices offer
many advantages. Simple in design, they contain no
moving parts and require minimal maintenance. The
availability of corrosive resistant probes is also an
advantage.

However, as with most measuring systems, limita-
tons do exist. The most notable of these is that
' measurement is subject to error caused by temperature

changes affecting the dielectric constant of the mate-
rial. In addition, if the probes should become coated
with a conductive material, errors in measurement may
occur.

Conductivity

A material’s ability to conduct electric current can
also be used to detect level. This method is typically
used for point measurement of liquid interfaces of
relatively high conductivity. These liquids include
water-based materials such as brine solutions, acids,
caustic solutions, and certain types of beverages. Con-
ductivity applications are usually limited to alarm

H [
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devices and on/off control systems.

A common arrangement is shown in Figure 5-3. Two
electrodes are positioned in a tank. One extends to the
minimum level; the other is positioned so that its lower
edge is at the maximum level. The tank is grounded and
functions as the common, or third electrode. Usually,
a stilling well is provided to ensure that the interface is
not disturbed and to prevent false measurement.

The terminals of the electrodes are commected to
relays which transmit signals to a display or control
device. If the process level contacts any portion of the
electrode that extends to the minimura level, a conduc-
tive path is established through the grounded tank to the
electrode. If the level falls below this electrode, the path
is interrupted given that the gas or vapor is nonconduc-
tive. The level condition may then actvate a device
which sounds an alarm or energizes a control device to
operate a pump, feed conmroller or other processing
equipment that automatically adjusts the system level.

If the level rises to the point that both electrodes are
in contact with the conductive material, current wili
flow through both electrodes and the tank, or common.
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A relay connected to the electrode positioned at the
maximum level will detect the high level and transmit
a signal to an alarm or a control device to correct the
condition.

There are significant limitations to the conductivity
method. The first is that the process substance must be
conductive. Second, only point detection measure-
ments can be obtained. The possibility of sparking also
makes this method prohibitive for explosive or flam-
mable process substances.

Where conductivity level measurement can be ap-
plied, the advantages include their low cost and simple .
design, as well as the fact that there are no moving parts
in contact with the process material. These advantages
make this type of system an effective method of detect-
ing and indicating level for many water-based ma-
terials,

Resistance

Resistance type level detectors use the electrical
relationship berween resistance and current flow to

Electrodes

—/

A

= |

Relay == | Relay
Conductive fiuid '
-4
A.C. Supply 4

0_
A.C. Supply :? ¥

Figure 5-3. Conductivity Switch
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accurately measure level. The most common design
uses a probe consisting of two conductive strips (see
Figure 5-4). One strip has a gold-plated steel base; the
other is an elongated wire resistor.

The strips are connected at the bottom to form a
complete electrical circuit. The upper ends of the strips
are connected to alow voltage power supply. The probe
isenclosed in a flexible plastic sheath which isolates the
sirips from the process material.

‘When the probe is installed in an empty tank or a tank
containing vapor, the strips are only in contact at the
lowerend. Whenthe circuit is energized, current passes
through the probe and a base current reading can be
taken. As the level of the process material rises, the
hydrostatic pressure forces the resistance strips to-
gether up to the interface. This action shorts the circuit
below the interface level, and total resistance is reduced
proportionately. Above the surface, the strips remain
separated and unshorted.

The resistance element is wound 10 have two to four
contact points perinch. Consequently, as the resistance
element contacts the base conducting strip, specific

amounts of resistance are removed from the circuit.
The uniform separation on the resistance windings and
the known resistance per unit length make it possible to
determine the height of the interface. This is accom-
plished by measuring changes in current flow resulting
from changes in circuit resistance.

When resistance type level measuring devices are
used in closed-process applications, the inside of the
protective sheath is vented to the atmosphere if the tank
is at atmospheric pressure. Because it is pressure that
causes the resistance element to short out a part of the
probe’s resistance, a special venting system is required
to equalize pressure inside and outside the protective
sheathing. The venting system prevents pressurized
vapor above the interface from shorting the circuit. It
is also necessary to keep the ajr inside the sheath clean
and dry.

Resistance sensing devices can be used for liquid-gas
interfaces and for sturries or solids. As with the other
electrical level sensors discussed, resistance-type level
detectors require relatively little maintenance.

Material ieve!
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Figure 5-4. Hesistance Type Level Detector
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ULTRASONIC AND

In level measuring applications where it is not accept-
able for the measuring instrument to contact the process
material, it may be feasible to use a sonic or ultrasonic
device. These devices measure the distance from one
point in the vessel, which is usually a reference point, to
the level interface.

Sonic and ultrasonic devices operate on the echo
principle. When sound waves contact solid or liquid
surfaces, only a small proportion of the sound energy in
the wave penetrates the surface. Most of the sound is
reflected. The reflected sound wave is an echo. A
sound wave is usually generated at a frequency of about
1to 20 kHz.

Ultrasonic devices differ from sonic devices accord-
ing to their operating frequency range. For ultrasonic
instruments that range is around 20 kHz; for sonic
instruments, the operating range is approximately 10
kHz or below.

These instruments can be used to detect continuous
and point measurement. Continuous level detector
designs are categorized as under-liquid semsors and
above-liquid sensors. Point detectors can be used to
measure gas-liquid, liquid-liquid, liquid-foam and
solid-gas interfaces.

Operating Principle

Sonic conductivity can be precisely defined for any
particular substance under a given set of conditions. In

SONIC SENSORS

large measure, sonic conductivity is dependent upon
the density of the substance and the characteristics of its
surface. Sound waves tend to pass through most gases.
The waves lose their kinetic energy through friction and
are gradually absorbed. Liquid surfaces are highly
reflective. Most liquids reflect more sound than gases,
but absorb more than solids. Solid surfaces are also
highly reflective.

Substances that tend to reflect sound waves are re-
ferred 10 as live media. Substances that do not reflect
sound waves are called dead media. Sonic level meas-
uring instruments are dependent on the sound wave
striking a live medium and reflecting the wave. Dead
media absorb most of the sound energy. Consequently,
the reflection or echo is too slight to produce reliable
results.

The sound absorption coefficient of a material is
defined as:

d= Sound energy absorbed
Sound energy incident on surface

The value is strongly dependent upon the frequency
of the sound wave. It is also influenced by certain
properties of the medium such as surface porosity,
material thickness and rigidity.

The importance of the absorption coefficient
becomes apparent when it is understood that the
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interruption or detection of the generated sound waves
is the basis for point detection. For continuous level
measurement applications, measurements are based on
the time that elapses from the generation of the sound
wave to the detection of the reflected wave. Most
particularly for continuous measurements, the opera-
tion of the echo method depends on the transmitted
sound wave being reflected at the interface of the
media. Figure 6-1 illustrates a typical application of
this operation.

Point Measurement

Using either type of system, point measurement is
based on the detection or non-detection of a transmitted
sound wave. Point measurement devices, which are
commonly used to measure liquid-gas or liquid-liquid

interfaces, are typically categorized as single-sensor
element or two-sensor systems.

Figure 6-2 shows a common type of single-element
sonic system made up of a transmitter and a receiver. An
air gap separates the transmitter from the receiver. ‘The
transmitter generates sound waves in the ultrasonic
frequency range and the receiver detects these waves.
As shown in Figure 6-2A, the transmitter and receiver
may be contained in a single probe, orthe devices may
be positioned on opposite sides of the tank (see Figure
6-2B). Regardless of which arrangement is used, their
operation is similar,

When the gap between the transmitter and the re-
ceiver is filled with air or vapor, the sound waves or
beams will be transmitted to the receiver, although the
dead media may absorb some of the energy. The
strength of the ultrasonic signal increases when the

Transmitter

— Interface

Figure 6-1. URtrasonic Leve! Measurement Principle

n IR



i | |

]

(A)

TR LT
ST,

)

Figure 6-2. Single Element Sonic System

process level rises and the gapis filled with liquid or live
media. The signal can then be used to energize a relay
10 operate an alarm or control device.

Figure 6-3 illustrates another type of single-sensor
probe that can be used for many liquid interfaces. This
device senses the dampening of vibrations produced by
the frequency of the transmitter, or transducer, signal.
In this application, the vibrating face of the transducer
is exposed directly to the process. The transducer
continues to vibrate while the face is in contact with the
air or vapor in the tank. However, when the process
liquid contacts the face, the pressure of the liquid
smothers, or dampens, the vibration. A sensorenclosed
within the transducer detects the interruption and gen-
erates a signal 10 operate a level indicating or control
device.

For liquid-liquid interfaces, point measurement sys-
tems often employ a specially designed probe, which is
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Figure 6-3. Dampened Senseor
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installed in the vessel at a slight angle (see Figure 6-4).
When the probe is immersed in one of the liquid
materials, the signal it transmits is strong enough to
reach the receiver. However, when the probe is ex-
posed to the two liquids, the signal is reflected away
from the receiver. The presence of the interface is
indicated by the interruption of the signal.

Single-element designs are generally not used with
solids. In addition to having uneven or non-level
surfaces, solids have a tendency to form holes or
tunnels. Two-sensor systems are able to reduce, al-
though they cannot eliminate, the inaccuracy caused by
such factors.

A typical two-sensor arrangement is shown in Figure
6-5. The operation of this instrument is such that one
sensor emits a signal that travels through the normal air
space or vapor area from one side of the vessel to the
other. When the level of the process Kquid rises to the
point at which the wave path is interrupted, the

Figure 6-5.

Two Element System

Figure 6-4, Single Element Sensor
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interference decreases the strength of the signal re-
ceived. The instrument can then provide an indication
of level or activate an alarm or control system to adjust
level as needed.

The reliability of this type of system can be improved
by mounting the transmitter and the receiver on the
same probe. This configuration ensures that the dis-
tance of the signal path is fixed, regardless of the
dimensions of the process vessel. Two-sensor systems
are typically installed through the same opening in the
vessel. The assembly normally consists of two piezoe-
lectric transducers in the sensor, with the receiver
separated from the transmitter by a four-inch gap.
When the ultrasonic signal is interrupted by the surface
of the process liquid, the change in the value of the
signal causes the instrument to indicate the change in
level and, if necessary, activate an alarm or a control
device.

Continuous Measurement

Continuous ultrasonic level measurement systems
are designed to measure the time of flight of a reflected
sound wave. In other words, it measures the time
required for an ultrasonic sound wave to travel 1o the
process surface and be reflected back to the receiver,
The generic name for such devices is sonar.

The speed of sound travelling through various sub-
stances changes with the media and with the physical
parameters of a medium. For example, if the medium
is air, sound travels at a velocity of 1129 ft./sec., when
the air is at 20° C. If the medium were alcohol, the speed
at which sound travels at the same temperature is
considerably higher: 3890 fi/sec. A change in the
physical parameters will also affect the speed of sound.
This is especially true with temperature. Increasing the
temperature of the air from 20°C to 100°C, increases
the velocity at which sound travels 1o 1266 fi/sec.
Provided that information on the temperature and
composition of process materials is known, level meas-
urements can be determined by measuring the time of
flight.

In continuous measurement applications, the sensors
must be mounted and aimed to provide the most direct
path. The transmitter and receiver may be enclosed
together in one device, which can be mounted at the
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bottom or top of the process vessel. For solid level
applications, the sensors are mounted above the me-
dium to be measured. The measurement range can vary
from 6 inches to 100 feet, depending on the application.

Non-invasive Ultrasonic Sensors

In applications in which contact between the sensing
elements and the process material is unacceptable, non-
invasive ultrasonic sensors are an option. These sen-
sors can be used (o detect and indicate continnous level
measurements as well as point level measurements,
Non-invasive sensors are designed to be mounted on
the outside walls of the vessels. Thus, the ultrasonic
signals must be transmitted through the walls of the
vessels as well as through the process material. The
connection must be tight enough to prevent an interface
between the wall of the tank and the sensor. The
transmitter is usually located on the wall opposite the
receiver. The ultrasonic signal will only reach the
receiver when the process material is present in the
wave path. If the medium between the transmitter and
the receiver absorbs too great a proportion of the
energy, the signal will not be strong enough to activate
an indicating or control device. Nop-invasive ultra-
sonic sensors must generate sound waves of considera-
bly higher intensity than other ultrasonic devices to
penetrate the live medium of the vessel walls. Non-
invasive probes cannot be used when the walls are
constructed of materials that would absorb the ultra-
sonic signal.

Advantages and Disadvantages

Ultrasonic techniques have proven to be reliable
methods for detecting level. However, aithough these
systems are applicable to a wide range of processes,
they are significantly more expensive and sophisticated
than the more conventional measuring systems. Con-
sequently, ultrasonic techniques are generally reserved
for those applications in which the use of conventional
systems would present serious difficulties and yield
less successful results. The distinct advantages offered
by ultrasonic level measurement systems include their
capability for continuous measurement without con-
tacting the process material and their minimal mainte-
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nance requirements. More important, is the relative
freedom from concemn regarding the impact of process
variables on measurement accuracy. The temperature
and the consistency of the process material are gener-
ally the only factors that must be considered.

N
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MEASURING DEVICES

Certain types of process materials such as solids and
slurries, and applications in which process materials are
subject 1o severe agitation often require the use of
specialized level measurement systems. These systems
may employ devices such as paddles, thermal-type
level sensors, nuclear radiation detectors and strain
gages.

Rotating Paddie

A point level measurement System designed for use
with solids and slurries uses a device called a rotating
paddle or rotating paddle switch, A typical application
involving a rotating paddle is shown in Figure 7-1. In
this example, the paddle is mounted inside a process
vessel. An electric motor is used to rotate the paddie,
which tums at approximately 10 rpm.

While the paddle is surrounded by air or vapor,
rotation occurs continuously. When the process level
rises to the point where process material is in contact
with the paddle, the paddle stops rotating but the motor
contintes to turn. This causes a torsion spring to
expand, which activates a limit switch to actuate a
control device or alartm. Paddle rotation is re-estab-
lished as the process material falls away from the
paddle.

Depending on the requirements of the process, multi-
point measurements may be required. For multi-point

Figure 7-1. Rotating Paddle
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sensing, two or more rotating paddles may be installed
at different points in the vessel.

Some areas of difficulty may be encountered in using
this design. For example, the paddle must be mounted
inan area of the tank thatis free of falling solids and dust
particles. Otherwise, the debris could contact the
paddle and cause the sensing device to operate erratic-
ally. One means of preventing the problem is to install
baffles above the paddle. Powders or particles that
enter the motor shaft or bearings can also cause the
motor to stall and generate a false signal. A dust seal or
repetitive bursts of air focused on the bearing may help
to keep the motor clean and minimize problems.
Generally paddie switches are designed for low-tem-
perature and low-pressure service. Two applications
ideally suited for such operations are blending and
batch control

Vibrating Paddie

Vibrating paddles, or vibrating reeds, are devices
used primarily for liquid-gas interfaces. In these appli-
cations, a single paddle is oscillated by a driver coil at
about 120 cycles per second. As with the rotating
paddle, the vibration of the reed is unimpeded until the
level in the vessel rises to the point where it contacts the
vibrating component. That dampens the vibration of
the reed. The condition is sensed by a pickup coil,
which then generates a signal that is transmitted to a
level alarm or level control device.

Vibrating paddles can be used in much higher pres-
sure and temperature environments than rotating
paddles. In many cases, vibrating paddles can tolerate
pressure limits as high as 3000 psi with temperatures as
high as 300 degrees F.

Thermal Sensing Level Measurement

Process applications in which significant tempera-
ture variations are commonplace may require the use of
thermal-type level sensors to monitor and indicate level
measurements, Such applications inciude liquid-liquid
and liquid-gas, as well as slurries.

Thermal type level sensors detect variations in the
ability of different process substances to conduct heat.
In most instances, this type of point level measurement

system uses a thermistor as a sensing device. A typical
arrangement is illustrated in Figure 7-2.

In order to sense changes in the conductivity of the
process material, the thermistor is heated with a very
small power source. When the process material sur-
rounding the thermistor changes, there is a correspond-
ing change in the rate at which heat is conducted away
from the thermistor. This occurs because different
materials have different rates of thermal conductivity.
When a change in thermal conductivity is detected, a
signal is generated to operate a control relay that acti-
vates alarm or control functions.

In most applications, thermistors are installed in
protective wells to prevent direct contact with process
materials.

Temperature variations in process materials can be
tolerated, providing the sensing unit is calibrated to
correspond to the highest process temperature at which
the device is expected to operate. Other steps can also
be taken to ensure accurate measurements. For ex-
ample, when temperature variations in the vapor area of
the tank are great enough to cause erroneous responses,
a second thermistor can be used. The second thermistor
is mounted at a point above the maximum process level.
This thermistor is connected to a bridge circuit, replac-
ing the resistor in the bridge leg opposite the measuring
thermistor. Static temperature variations will then
cause equal changes in the resistance in opposite bridge
components and bridge stability will be maintained.

Nuclear Radiation Devices

Radioisotopes used for level measerement emit en-
ergy at a fairly constant rate and in a random fashiorn.
The disintegration of the radioactive source results in
the forrmation and emission of alpha, beta and gamma
particles. Of these three, gamma radiation is present in
high-energy, short-wave lengths that produce great
penetrating power. Consequently, gamma particles are
highly adaptable for use in level measurement tech-
niques.

The basic unit of radiation measurement is the curie.
The curie provides an indication of the number of
disintegrations generated per second by a particular
mass of material. For level-measurement applications,
millicuries are more appropriate. A millicurie repre-
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‘Figure 7-2. Thermistor-Thermal Type Level Measurement

sents one thousandth of a curie, or the radioactivity
produced by one milligram of radium.

The three common radioactive isotopes used in level
measurement applications are radium 226, cobalt 60,
and cesium 137. Radium 226 has a half life of 1585
years. Cobalt has a half life of 5.2 years. Cesium has
a half life of 33 years. An analysis of their relative
strengths shows that 1006 milligrams of radium 226,
0.88 milligrams of cobalt 60, and 11.5 milligrams of
cesium 137, all have the same power of radicactive
generation. The choice of the radioactive source de-
pends largely on the penetrating power needed.

For industrial applications, radiation field intensity is
normally measured in milliroentgens per hour. The
radiation field intensity in air can be calculated as
follows:

D = 1000 KMc
d2

where:
* D= radiation intensity in milliroentgens per hour

« Mc = the source strength in millicuries

» d = distance to the source in inches

» K = source constant:
1.3 for radium 226
0.6 for cesium 137
2.0 for cobalt 60

The radiation from the source penetrates through the
vessel wall and through the process liquid. Forpractical
application, the intensity of the field available at the
detector must be known.

Nuclear radiation measurement techniques can be
used for both point and continuous applications. The
measuring principle is the same for both types of
applications although each method requires different
hardware and different configurations.

There are two basic components required to deter-
mine point measurements: a radiation source and a
detector with an associated amplifier. In typical appli-
cations, the radiation source is located on one wall of
the process vessel. The radiation detector is mounted
on the opposite wall. The radiation source may be
placed either inside or outside of the vessel.

Figure 7-3 illustrates an application in which detec-
tors are used to determine level indication at varicus
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